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characterization of electrospun
graphene/silk fibroin conductive fibrous scaffolds

Yi Yang,†a Xili Ding,†a Tongqiang Zou,a Ge Peng,a Haifeng Liu*a and Yubo Fan*ab

Electroactive scaffolds which can carry electrical stimulation to the cells growing on them have attracted

more and more attention in recent years. In this study, a conductive fibrous scaffold made of silk fibroin

(SF) and graphene was developed using electrospinning techniques. The chemical structural

characterization of the obtained scaffolds confirmed the presence of graphene in the fibrous scaffolds.

The surface morphologies, mechanical and electrochemical properties and cytocompatibility of the

scaffolds were evaluated. The average diameters of the G/SF fibrous scaffolds increased with the

addition of graphene until the content of graphene reached 4%. The G/SF scaffolds exhibited improved

thermal stability with the addition of graphene, which confirmed that they were more crystalline than

pure SF scaffolds. The 3% G/SF fibrous scaffolds showed improved electroactivity and mechanical

properties. In addition, they could support the growth and expansion of rat bone mesenchymal stem

cells (rBMSCs) based on cell morphology, viability and proliferation studies in vitro. Thus, all the data in

this study suggested that the 3% G/SF scaffolds might represent an adequate substrate to successfully

scaffold electroactive tissue during regeneration or engineering.
1. Introduction

Silk broin (SF) has been used as an attractive biomaterial for
tissue regeneration,1 which features excellent cytocompatibility,
adaptable biodegradability, and good oxygen/water vapor
permeability.2–4 Additionally, it can be processed easily into
various structures, such as meshes, membranes, hydrogels,
sponges, and bers.1,4 SF brous scaffolds created by electro-
spinning techniques have enormous potential for tissue
regeneration since they canmimic the structure and function of
native extracellular matrix (ECM).5 Moreover, the electrospun
bers have a large surface area to volume ratio, which allows for
the direct attachment of ECM ligands, growth factors, and other
biomolecules onto the ber surfaces to locally modulate cell
and tissue function and to enhance tissue regeneration.6,7

However, the eld of potential applications could be tremen-
dously expanded by developing electrospun scaffolds with
conductive properties since life involves chemical reactions and
electrical currents.8,9 Electrical stimulation of cells and tissues is
widely used to enhance their different biological functions.
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Some cells, such as cardiomyocytes, neurons, and skeletal
muscle cells, are electroactive and respond directly to electrical
impulses.8,10 Herein, there is a permanent demand for improved
electroactive scaffolds, which can carry electrical stimulation to
the cells growing on them.10

Graphene, an atomically thick, two dimensional sheet
composed of sp2 carbon atoms arranged in a honeycomb crystal
lattice,11 has attracted a lot attention in recent years due to its
outstanding properties such as excellent thermal and electrical
conductivity, high Young's modulus, large specic surface area,
and biocompatibility.12,13 Graphene has been developed for
numerous potential applications in biomedicine, such as
disease diagnostics, antibacterial and antiviral materials, bio-
sensing, cancer targeting and photothermal therapy, electrical
stimulation of cells, drug delivery, and tissue regeneration.12–16

As we all know, the high electrical conductivity of graphene is
due to its unique structure and strong C]C bonding. Low
defect density in the crystal lattice imparts single-layered gra-
phene excellent electrical conductivity.17 Moreover, conductive
graphene can signicantly improve the electrical conductivity of
the composites when being used as llers with insulating
polymer matrix. For example, graphene/polyvinylpyrrolidone
composites were produced by Wajid et al. using bulk polymer-
ization of N-vinylpyrrolidone loaded with dispersed graphene,
which resulted in improved electrical properties.18 In another
study, Khan and colleagues fabricated the electrospun poly-
acrylonitrile (PAN) and polymethyl methacrylate (PMMA)
nanober separators embedded with graphene nanoakes, and
the ionic conductivity were increased from 3.31 � 10�4 to 5.52
This journal is © The Royal Society of Chemistry 2017
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Table 1 Different contents of graphene (G) in the electrospinning
solutions

Group

Mass in 10 mL HFIP
Solute concentration
of SF (w/v)SF (g) G (mg)

0% G/SF 1 0 10%
1% G/SF 1 10 10%
2% G/SF 1 20 10%
3% G/SF 1 30 10%
4% G/SF 1 40 10%
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� 10�4 S m�1.19 Thus, it could be relevant to confer SF brous
scaffolds electroconductive functionalities with graphene, since
SF-conducting brous scaffolds with excellent cytocompatibility
would carry electrical stimulation to the cells.20

In this study, we present the fabrication of a conductive
composite brous scaffold made of SF and graphene using
electrospinning technique, detecting its surface morphologies,
physicochemical and electrochemical properties. Rat bone
mesenchymal stem cells (rBMSCs) are cultured on the scaffolds
to evaluate the possibilities for their use as supporting electro-
active materials for tissue engineering.
2. Experimental details
2.1 Materials

Raw Bombyx mori silk bers were supplied from Rugao Chunqiu
Textile Co. Ltd (Jiangsu, China). 1,1,1,3,3,3-Hexauoro-2-
propanol (HFIP) was purchased from Aladdin Industrial Co.
Ltd (Shanghai, China). Na2CO3, CaCl2$2H2O and CH3CH2OH
were obtained from Guangfu Chemical Co. Ltd (Tianjin, China).
Graphene was purchased from Xianfeng Tech Co. Ltd. (Nanjing,
China).
2.2 Preparation of SF

Raw Bombyx mori silk bers were degummed in a boiling 0.02 M
Na2CO3 aqueous solution for 0.5 h and then rinsed thoroughly
with ultrapure water to purge the sericin from the bers. And
aer being dried, the degummed SF was dissolved in a ternary
solvent system of CaCl2$2H2O/H2O/CH3CH2OH solution (1/8/2
in mol ratio) which heated to 78 �C, then constant tempera-
ture heating and stirring for 2 h. Aer that, the resulting solu-
tion was dialyzed against ultrapure water using a SnakeSkin
Pleated Dialysis Tubing (PIERCE, molecular-weight cut-off
(MWCO): 3500) at indoor temperature for 24 h. Finally, the SF
solution was freeze-dried in a vacuum ambiance for 48 h so as to
form SF sponges and was kept drying for future use.
2.3 Electrospun graphene/silk broin (G/SF) brous
scaffolds

A battery of G/SF electrospinning solutions with different mix-
ing volume of graphene were prepared by dispersing them in
HFIP at a SF concentration of 10% (w/v). Graphene was added
into the prepared SF solution according to a certain proportion
aer being exposed to ultrasound for 3 h. And then, the mixed
solution was subjected to 24 h continuous stirring for intensive
mixing and preventing graphene aggregation. Detailed
components of graphene in electrospinning solutions for each
group were listed in Table 1. Electrospinning was performed
with a glass syringe that has 20 mm inside diameter capped
with a 0.9 mm inside diameter blunt needle. And the glass
syringe was loaded with varying contents of graphene in the
electrospinning solutions and was tted up in a syringe pump
with a rate of 1.0 mL h�1. A voltage of 15 kV generated by a high
voltage DC power supply was applied to the blunt needle. While
electrospinning, the graphene suspensions dispersed in SF
This journal is © The Royal Society of Chemistry 2017
solutions were drawn into bers and were collected on
a grounded aluminum foil-covered collection plate kept at
a distance of 15 cm from the needle tip. And then, the electro-
spun brous scaffolds were treated with 100% ethanol for
30 min to induce a b-sheet conformational transition, which
resulted in insolubility in water.1 All the experiments process
were performed at room temperature. And then, the electro-
spun brous scaffolds were vacuum-dried at room temperature
for 24 h and then stored in desiccators.
2.4 Characterization

2.4.1 Surface properties
Morphological observation. A transmission electron micro-

scope (TEM, HT7700, Japan) was used to determine the loca-
tions of graphene particles within the nanobers. The surface
morphology of G/SF brous scaffolds were observed under
a scanning electron microscope (SEM) (JEOL JSM-5600LV,
Japan) with an accelerated voltage of 15 kV. Before the obser-
vation, the surface of the samples were coated with a sputter
coater (BAL-TEC Inc., USA) equipped with a gold target to
increase electrical conductivity of the samples. The average
diameters of the bers were gained by measuring 100 randomly
selected bers on the electron micrographs using Image J
(National Institutes of Health, USA).

Hydrophilicity test. The static water surface contact angles
were measured using a VCA optima surface analysis system
(AST Products, Inc., USA) to determine the hydrophilicity of the
G/SF electrospun scaffolds. The droplet of 5 mL deionized water
was deposited on the surface of the scaffolds. Five samples for
each group were measured.

2.4.2 Chemical structural characterization
ATR-FTIR analysis. The variation in the structure of the G/SF

scaffolds were investigated by attenuated total reectance
Fourier transform infrared spectrometry (ATR-FTIR, Nicolet
560, USA). Every spectrum was acquired in transmission mode
with a resolution of 4 cm�1 and a spectral range of 500–4000
cm�1. Three samples for each group were measured.

Raman spectroscopy. Raman spectral analysis is mainly used
to identify the molecules symmetry vibration of a material that
under test. It is an effective method that could discern the
structure and properties of graphene according to the molec-
ular structure of the graphene model. Raman (HORIBA, France)
test was implemented using a laser wavelength of 532 nm, and
RSC Adv., 2017, 7, 7954–7963 | 7955

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra26807b


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
1:

02
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a spectral range of 800–3200 cm�1. Three samples for each
group were measured.

2.4.3 Thermodynamic properties. The thermodynamic
properties of these G/SF electrospun scaffolds were determined
by differential scanning calorimetry (DSC) using a SHIMADZU
DSC-600 thermal analysis apparatus (SHIMADZU, Japan). About
5 mg of the dried sample for each group was weighed into an
aluminum oxide crucible, and the proles were recorded from
room temperature to 200 �C at a heating rate of 10 �C min�1

under a nitrogen atmosphere. Three samples for each group
were measured.

2.4.4 Mechanical properties. The G/SF electrospun brous
scaffolds were cut into rectangular samples, and their tensile
properties were measured using a Universal Testing Machine
(Instron4505, USA). Then the length, the width and the thick-
ness of these samples for testing were input into the computer.
A 100 N maximum load cell was used at a speed of 5 mmmin�1

in room temperature. Aer the tensile process, stress–strain
curves of the scaffold samples were obtained. Five samples in
dry state for each group were tested. According to the stress–
strain curves of each sample, relevant mechanical parameters
were calculated: tensile strength and Young's modulus. Tensile
strength is the stress at break. Young's modulus is the ratio of
the stress and the strain at elastic deformation phase.

2.4.5 Electrochemical properties. All the electrochemical
experiments were performed in a Metrohm one compartment,
three-electrode electrochemical cell connected to an Autolab
(CHI660D, Shanghai, China) potentiostat–galvanostat
controlled by computer through ECHEM soware. The elec-
trolyte, 0.1 M NaCl aqueous solution, provided electrochemical
behaviors similar to that of the biological ambient. As counter
electrode a steel plate having 4 cm2 of surface area was used,
aer polished, cleaned for 15 min in acetone ultrasonic bath
and rinsed with Milli-Q water before every characterization. The
working electrode is a G/SF brous membrane: 15–17 mm
length, 6–8 mm width and 90–100 mm thickness. The mass of
the used meshes ranges from 8 to 10 mg. The reference elec-
trode was a Pt/saturated calomel electrode. All the experiments
were performed at 22 �C (room temperature). Three samples for
each group were measured.

2.4.6 Cytocompatibility. rBMSCs were obtained from the
femurs and tibias of 30 day-old male Sprague-Dawley rats
(Peking University Laboratory Animal Center, Beijing, China) as
previously described.21–23 All experiments involving the use of
animals were in compliance with Provisions and General
Recommendation of Chinese Experimental Animals Adminis-
tration Legislation and were approved by Beijing Municipal
Science & Technology Commission (Permit number: SCXK
(Beijing) 2012-0001). Briey, density gradient centrifugation
was performed using the percoll technique (Pharmacia,
Uppsala, Sweden) to isolate cells from bone marrow. Then, the
cells were cultured in Dulbecco's Modied Eagle Medium-Low
Glucose (DMEM-LG; Gibco, Grand Island, NY) supplemented
with 10% fetal bovine serum (Gibco, Grand Island, NY) in cell
incubator at 37 �C with 5% CO2. When primary rBMSCs became
near conuent, they were detached from the asks with trypsin–
EDTA solution (Invitrogen, CA, USA), and expanded at
7956 | RSC Adv., 2017, 7, 7954–7963
a splitting rate of 1 : 3. The rBMSCs at passages 3–4 were used in
the following experiments.

All electrospun brous scaffolds were sterilized by
immersing in 75% ethanol for 2 h, being exposed to the UV
radiation. Then they were rinsed three times with phosphate
buffered saline (PBS) to remove ethanol. rBMSCs were seeded
at a density of 1.0 � 105 cells per scaffolds onto 0% G/SF to 4%
G/SF scaffolds placing in the wells of a non-treated 6-well
culture plate. Aer pipetting 150 mL of cell medium suspen-
sion onto the scaffolds, the plates were incubated for 2 h to
allow cell attachment. And then, cell-free medium was added
to bring the total well volume to 2 mL. The cell-seeded scaf-
folds were grown in vitro in a 5% CO2 incubator at 37 �C with
the medium being replaced every 3 days. The viability of the
cells growing on the brous membranes was checked using
CCK-8 test (Cell Counting Kit-8, Beyotime, China). Aer
completion of the incubation period (1, 4, and 7 days), the
medium in the 6-well plates was replaced with fresh medium
containing 10% CCK-8 solution. These plates were incubated
for 2 h, and the absorbances of the reaction medium from
each well were measured at 450 nm using a microplate reader
(Thermo Scientic, USA). For each experiment, 5 samples were
evaluated.

The cell morphology of the rBMSCs on the scaffolds was
examined by confocal microscopy on day 7. Cells were xed in
4% paraformaldehyde, permeabilized with 0.1% Triton X-100 in
PBS and then blocked in 1% bovine serum albumin. Aer
washing with PBS, the cells were incubated in phalloidin
(Sigma-Aldrich, USA) for 30min to stain all lamentous actin (F-
actin) laments and with 4,6-diamino-2-phenyl indole (DAPI)
(Sigma-Aldrich, USA) for 5 min to label the nuclei at room
temperature. Subsequently, cells were observed using an
inverted uorescence microscope (Olympus Inc., Japan).
2.5 Statistical analysis

All data were expressed as means � standard deviation (SD) for
repetitive tests. One-way analysis of variance (ANOVA) statistical
analysis was carried out to assess the statistical signicance of
results between groups. The statistical analysis was performed
with the soware SPSS (version 19.0) at a condence level of
95%. Differences were considered to be statistically signicant
for values of p < 0.05.
3. Results and discussion
3.1 Surface properties

The morphology of graphene was characterized by TEM. Fig. 1A
showed the deposited graphene structure on the TEM grid.
Some areas appeared darker, which indicated that several small
fragments of graphene were stacked together. Dispersion of
graphene in the SF matrix without re-stacking together is the
key to determine the composite performance. Therefore, the
graphene powders were dispersed in HFIP via sonication, and
the electrospinning solution was prepared by adding SF solu-
tion. As shown in Fig. 1B, graphene was identiable in the TEM
images of electrospun bers.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of G/SF fibrous scaffolds. 0% G/SF (A, F and K), 1% G/SF (B, G and L), 2% G/SF (C, H and M), 3% G/SF (D, I and N), 4% G/SF (E, J
and O). (A–E) Scale bars ¼ 100 mm; (F–J) scale bars ¼ 30 mm; (K–O) scale bars ¼ 10 mm.

Fig. 1 TEM images of graphene (A) and electrospun G/SF fiber (B).
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The surface morphologies of G/SF brous scaffolds were
examined by SEM. As shown in Fig. 2, all of the G/SF brous
scaffolds exhibited similar surface morphologies. The
diameter distributions of the electrospun bers were shown
in Fig. 3. The average ber diameter of the pure SF (0% G/SF)
scaffolds was smaller than that of all the other groups.
Compared with pure SF bers, the diameter of the bers
showed an increasing trend aer adding graphene. The
reason could be that the addition of graphene improved the
conductivity and the viscosity of the spinning solution, which
affected the ber diameter. In the beginning, the viscosity
was considered as the dominant factor of diameter variation.
Graphene was easily gathered into ake or graininess in the
spinning solution, which led to the enhancement of the
viscosity of the spinning system, resulting in the increase of
the ber diameter. However, when the content of graphene
reached to 4 mg mL�1, the average diameter of the bers
This journal is © The Royal Society of Chemistry 2017
suddenly decreased. The stretching of the solution mainly
owed to the repulsive forces between the charges on the
electrospinning jet in the process of electrospinning.24 With
the increase of the graphene contents, the conductivity
became the dominant factor on the variety of ber diameters.
The increased charge density would enhance the elonga-
tional forces that exerted on the ber jet to yield a smaller
ber.25 While the graphene contents were too high, graphene
akes could not be fully dispersed in the solution. Moreover,
the spinning solution would jam the syringe needle and
hinder the jet ow in motion during the electrospinning
process, which made the ber diameter nonuniform (Fig. 2E,
J and O).

As shown in Table 2, the contact angles for each group were
measured. Besides, while the contact angles were measured,
water droplets on the scaffold surfaces were photographed
(Fig. 4). The surface of the pure SF scaffolds had a small contact
RSC Adv., 2017, 7, 7954–7963 | 7957
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Fig. 5 FTIR spectra of graphene powder and G/SF fibrous scaffolds.

Table 2 Static contact angles of G/SF fibrous scaffolds

Group
Graphene ratio
(mg mL�1)

Static contact
angles (�)

0% G/SF 0 21.93 � 2.69
1% G/SF 1 22.15 � 1.16
2% G/SF 2 24.01 � 2.16
3% G/SF 3 28.41 � 4.51
4% G/SF 4 31.90 � 3.78

Fig. 3 The average diameters and diameter distributions of G/SF fibrous scaffolds.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
1:

02
:0

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
angle of 21.93� � 2.69�. For those of 1%, 2%, 3%, and 4% G/SF
scaffolds, the contact angles increased with the addition of
graphene. A smaller contact angle means a more hydrophilic
surface of a material. There were a number of hydrophilic
groups in SF, such as amine, hydroxyl and carboxyl groups.26

However, the graphene layer is hydrophobic.27,28 With the
addition of graphene in SF, the contact angles showed a grad-
ually increasing trend, i.e., the hydrophobicity of blend brous
scaffolds increased with the addition of graphene. Many
previous studies demonstrated that moderately hydrophilic
surfaces (20� to 55� water contact angle) benetted cell
Fig. 4 Photographs of water droplets on G/SF fibrous scaffolds.

7958 | RSC Adv., 2017, 7, 7954–7963
attachment and growth on the scaffolds.29–32 In this study, the
contact angles of all groups were within the suitable range for
cell growth.
This journal is © The Royal Society of Chemistry 2017
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3.2 Chemical structural characterization

Fig. 5 showed the ATR-FTIR spectra of G/SF scaffolds prepared
with different contents of graphene. The peak at 1589 cm�1 was
C]C stretching vibration peak for graphene in graphene
powder.33 Strong absorption bands at 1528 cm�1 and 1650 cm�1

were observed for all G/SF brous scaffolds, which could be
attributed to the silk-II structure.5,34 ATR-FTIR spectra of the
1%, 2%, 3%, and 4% G/SF brous scaffolds did not revealed the
band at 1589 cm�1 possibly because the little amount of gra-
phene in SF. The characteristic spectral lines of the composite
brous scaffolds in 1%, 2%, 3%, and 4% G/SF had the same
absorption peaks as that of pure SF, which showed that the
added graphene had no interactions with SF and had no
Fig. 6 Raman spectra of graphene powder and G/SF fibrous scaffolds. (A
and 4% G/SF fibrous scaffolds, respectively. # Means the characteristic p

This journal is © The Royal Society of Chemistry 2017
signicant effect to the chemical structure of SF. Aznar-
Cervantes et al.10 obtained similar results for the infrared
analysis of SF and graphene composites.

Raman spectroscopy is a powerful nondestructive technique
to study carbonaceous materials such as graphene, especially
for examining the ordered and disordered crystal structures and
also distinguishing the single-, bi-, and multilayer characteris-
tics of graphene and/or graphene oxide layers.35 The typical
features of carbon materials in Raman spectra are the G line
(�1580 cm�1) and the D line (�1350 cm�1). In addition, it has
been reported that the shape and position of the overtone of D
line (2D band at �2700 cm�1) were a notable ngerprint that
could be related to the formation and the layer numbers of
–F) Represents graphene powder, pure SF, 1% G/SF, 2% G/SF, 3% G/SF,
eaks of SF; * means the characteristic peaks of graphene.

RSC Adv., 2017, 7, 7954–7963 | 7959
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graphene sheets.32 In the current study, the value of 1582 cm�1

for the G band and the peak position of 2D band located at 2682
cm�1, conrmed the substantial formation of single-layer gra-
phene sheets36–38 (Fig. 6A). As shown in Fig. 6B, the strongest
bands of 0% G/SF brous scaffolds were due to the peptide
bonds, including the amide I vibration at 1668 cm�1 (mainly
C]O stretching vibration),the amide III vibration at 1230 cm�1

(mainly N–H in-plane bending and C–N stretching vibrations),39

which suggested that the SF scaffolds were predominantly in b-
turn and unordered conformation.40 Both the characteristic
peaks of graphene and SF were visible from the characteristic
spectral line of the brous scaffolds (Fig. 6C–F), which
demonstrated that graphene was successfully incorporated in
the G/SF brous scaffolds.

3.3 Thermodynamic properties

Thermal behaviors of the G/SF brous scaffolds were investi-
gated using DSC in order to understand the inuence of gra-
phene on the crystallization of the G/SF brous scaffolds. As
shown in Fig. 7, the glass transition temperature of the pure SF
scaffold was 90 �C. With the addition of graphene, the glass
transition temperature of the brous scaffolds showed an
increasing tendency. Graphene in blended scaffolds might
increase the stable reticulation at structure in the ber, which
Fig. 8 Mechanical properties of G/SF fibrous scaffolds: (A) stress–stra
significant difference of p < 0.05.

Fig. 7 DSC thermograms of G/SF fibrous scaffolds.

7960 | RSC Adv., 2017, 7, 7954–7963
made the glass transition temperature of the brous scaffolds
increased. In addition, the melting temperature of the brous
scaffolds improved gradually with the addition of graphene.
There was an endothermic peak at 183 �C with the enthalpy of
11.18 J g�1 for 0% G/SF. For 4% G/SF, there was an endothermic
peak at 191 �C with the enthalpy of 59.87 J g�1. Larger enthalpy
reected higher degree of crystallization, in other words, G/SF
scaffolds were more crystalline than pure SF scaffolds. The
polymer molecular chain of the composite brous scaffolds was
xed by the hydrogen bond between graphene and SF, which
was helpful for crystallizing SF molecules and increasing their
melting temperatures.
3.4 Mechanical properties

The addition of graphene has been demonstrated to be able to
improve the mechanical properties of the composite mate-
rials.41,42 Thus, we integrated graphene into the SF bers in the
current study to fabricate a G/SF brous scaffold with better
mechanical properties. The stress–strain curves showed that the
mechanical properties of the G/SF electrospun brous scaffolds
were affected by the contents of graphene (Fig. 8A). The Young's
modulus increased from 43.44 � 6.81 MPa for 0% G/SF scaf-
folds to 56.05 � 3.42 MPa for 3% G/SF scaffolds (Fig. 8C).
Moreover, it was shown in Fig. 8B that the tensile strength
gradually improved from 2.01 � 0.67 MPa for 0% G/SF scaffolds
to 4.28 � 1.36 MPa for 3% G/SF scaffolds; i.e., the tensile
strength increased by 113%. This might be attributed to the
intermolecular forces formed between the SF and graphene,
which restricted the movement of the polymer chains.38 In
addition, as demonstrated by the DSC results, the crystallinity
of G/SF scaffolds increased with the increase of graphene
contents. The crystalline regions might be regarded as cross-
linking points of amorphous molecules. The increase of the
crystallinity densied the crosslinking points, which could
restrain the amorphous molecules from slipping off during the
mechanical test.19 However, when the graphene content
reached 4%, the tensile strength and Young's modulus of the G/
SF scaffolds were lower than those of the pure SF scaffolds
(Fig. 8B and C). The reason might be that when further adding
graphene to SF solution, graphene would restack together due
to van der Waals force of the nanosheets. As mentioned by Zhao
et al., there exists a critical point of the mechanical properties
upon the graphene nanosheet contents.42 Lower than this
in curves, (B) tensile strength, and (C) Young's modulus. *Indicates

This journal is © The Royal Society of Chemistry 2017
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content, the exfoliated graphene nanosheets can be well-
dispersed in the SF, and the increase of graphene content can
improve the mechanical properties. However, further
increasing of graphene content, higher than this content, may
cause the nanosheets stacking together, weakening the
mechanical properties of G/SF scaffolds.
3.5 Electrochemical properties

The electroactivity of the electrospun G/SF brous scaffolds
were studied by submitting the scaffolds to voltammetric cycles
(50 cycles) in aqueous 0.1 M NaCl. Aer several consecutive
potential cycles (voltammograms between �0.5 V and 0.5 V),
stationary voltammetric responses from the scaffolds with
different contents of graphene were shown in Fig. 9. The results
Fig. 10 Immunocytochemistry staining of rBMSCs cultured on G/SF fibro
G/SF, and 4% G/SF fibrous scaffolds, respectively. (A–E) Scale bars ¼ 50

Fig. 9 Stationary voltammetric results of G/SF fibrous scaffolds.

This journal is © The Royal Society of Chemistry 2017
showed that the G/SF scaffolds with higher graphene contents
exhibited higher currents and thus higher conductivity, which
indicated that the G/SF scaffolds could support the ow of
a range of anodic and cathodic currents (<�1.5 mA) in the
culture medium and carry electrical stimulation to the cells.

3.6 Cytocompatibility

Confocal microscopy analysis of rBMSCs cultured on the G/SF
scaffolds revealed their morphological features aer culturing
for 7 days (Fig. 10). The cells were stained with phalloidin
specic for F-actin laments, and DAPI to visualize the nuclei.
The confocal micrographs showed that rBMSCs exhibited
spindle shape on all the scaffolds, which meant that the cells
spreaded widely on the scaffolds with distinct spread actin
laments. In addition, the viability and proliferation of rBMSCs
cultured on the scaffolds were determined by CCK-8 assay. In
CCK-8 tests, metabolically active cells react with a tetrazolium
salt in the reagent to produce a soluble formazan dye that gives
an absorbance at a wavelength of 450 nm. A higher optical
density (OD) value signies better cell viabilities and more live
cells. As shown in Fig. 11, an obvious increase of cell prolifer-
ation was observed during the 7 day culture in standard
conditions, which demonstrated that all samples were nontoxic
and rBMSCs were able to adhere and proliferate normally.
However, the cell proliferation trend was distinct for different
culture times and different scaffolds. The cell viabilities on all
the scaffolds increased relatively slowly on day 1 and day 4,
while by day 7 the cell numbers increased sharply. Moreover,
there were no signicant differences between the viabilities of
cells cultured on all the scaffolds on day 1 and day 4 (p > 0.05).
However, aer 7 days of culturing, the cells on 4% G/SF scaf-
folds showed a signicant lower proliferation rate than those on
the other scaffolds (p < 0.05), while no signicant differences
us scaffolds for 7 days. (A–E) Represents 0% G/SF, 1% G/SF, 2% G/SF, 3%
mm.
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Fig. 11 CCK-8 assays of rBMSCs cultured onG/SF fibrous scaffolds. “*”
Indicates significant difference of p < 0.05.
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were detected between 1%, 2%, 3% G/SF scaffolds and the pure
SF scaffolds (p > 0.05). The results indicated that the viabilities
and proliferation of rBMSCs on G/SF scaffolds were affected by
the contents of graphene.

The results of the in vitro cytocompatibility evaluation
demonstrated that the incorporation of graphene did not affect
the excellent cytocompatibility of the SF background, but made
SF scaffolds become electronic conductors and active. Previous
study by Wang et al. indicated that uorinated graphene (FG)
sheets could enhance the neural differentiation of human bone
marrow derived mesenchymal stem cell (hBMSC) and the effect
could be further enhanced with neuron inducer.43 Thus, such
properties make the brous scaffolds developed in this study
(especially the 3% G/SF scaffolds) useful for the application of
local electric elds and/or ionic currents to cell culture and
differentiation in our future work.

4. Conclusions

In this study, a conductive brous scaffold made of SF and
graphene was developed using electrospinning technique. An
increase in the average diameter of the G/SF brous scaffolds
was observed as the graphene contents in the composite rose till
4%. The 3% G/SF brous scaffolds with improved electroactivity
and mechanical properties supported the growth and expan-
sion of rBMSCs based on cell morphology, viability and prolif-
eration studies in vitro. Therefore, this could be promising and
the 3% G/SF scaffold may allow the potential application of
local electric elds or local ionic currents to cell cultures, bio-
logical interfaces or animal studies.
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