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Abstract
Cardiac tissue engineering is of great importance for therapeutic and pharmaceutical applications.
The scaffolds that can provide electrical conductivity and structural organization will be highly
beneficial for cardiac tissue engineering. Here, we developed conductive scaffolds with electrical
conductivity and porous structure composed of chitosan (CS) blending with graphene oxide (GO)
for cardiac tissue engineering. Our results showed that the swelling, porosity, and conductive
properties of GO/CS scaffolds could be modulated via adjusting the ratio of GO to CS. More
importantly, GO/CS scaffolds had a swelling ratio ranging from 23.20 to 27.38 (1000%) and their
conductivity (0.134 S/m) fell in the range of reported conductivities for native cardiac tissue.
Furthermore, we assessed their biological activity by seeding heart H9C2 cells in GO/CS scaffolds.
Our data showed that these GO/CS scaffolds exhibited good cell viability, promotion of cell
attachment and intercellular network formation, and upregulation of the cardiac-specific gene and
protein expression involved in muscle conduction of electrical signals (Connexin-43). Overall, it is
concluded that theGO/CS scaffolds promote the properties of cardiac tissue constructs. Our findings
provide a new strategy and insight in developing new scaffolds for cardiac tissue engineering.

Keywords Cardiac tissue engineering . Cardiomyocytes . Conductive scaffolds . Chitosan .

Graphene oxide

Introduction

Myocardial infarction (MI), commonly known as a heart attack, is associated with significant
cell death and consequently leads to loss of heart function [1]. When MI occurs, due to a
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minimal regeneration potential of cardiomyocytes, the damaged adult heart muscle has a poor
capability to repair itself [2]. So far, heart transplantation, cell therapy, and tissue engi-
neering have been considered as promising strategies for the treatment of MI. Among
them, cardiac tissue engineering offers a promising approach to repair damaged heart
tissue thanks to the engineering of three-dimensional (3D) cellularized tissue constructs
provided by 3D proper scaffolds [3].

In the past few years, various synthetic and natural materials have been proposed as
scaffolds to be used for cardiac tissue engineering applications [2, 4–6]. Chitosan (CS), an
abundant natural product, is an ideal material for tissue engineering due to its outstanding
biocompatibility, antibacterial, and immunologic activity [7–11]. The CS cardiac scaffolds
have been found to promote interconnectivity of cells [12] and improve the cardiac function
following MI [13, 14].

Although CS scaffolds can offer extracellular matrix-like microenvironment to support
cardiac cell functions, poor electrical properties of these CS scaffolds limit to replicate the
characteristics of the native myocardium [15, 16]. Since these CS scaffolds are nonconductive,
their electrical properties can be improved by adding conductive material such as graphene
oxide (GO). GO is an ideal material as it possesses limited cytotoxicity, enhances mechanical
properties, and is responsive for electrical signal conduction [17, 18]. Cardiomyocytes cultured
in scaffolds containing GO have demonstrated enhanced adhesion, proliferation, and expres-
sion of cardiac-specific markers [19]. GO can therefore greatly improve the performance of
cardiac scaffolds by allowing enhanced cell–cell communication and hence supporting the re-
establishment of synchronous contractile activity in the scaffolds.

Here, we aimed to generate a novel electrically conductive scaffold based on GO and CS
for cardiac tissue engineering. We hypothesized that GO/CS scaffolds would improve
cardiomyocytes function by increasing expression of connexin-43 (CX-43) protein even
without electrical stimulation. Our strategy was to combine the biocompatibility and biode-
gradability of CS with the electrical properties of GO. Furthermore, H9C2 cells were seeded
into the conductive scaffolds, and their viabilities and expression of the cardiac-specific genes
and proteins were studied.

Materials and Methods

Preparation of GO/CS Scaffolds

GO/CS scaffolds were fabricated by freezing and lyophilization of GO solution blended CS
powder as reported previously [8]. Briefly, to synthesize composite electronically conductive
polyporous scaffolds with different fractions of GO (50, 100, 150, 600 mg/L of GO), the CS
power (20 g/L) was ultrasonically dispersed in different concentration GO solutions for
30 min. Then the acetic acid was slowly dropped into suspension in the ratio 0.6% (v/v).
Subsequently, GO/CS dispersions were vigorously mixed using a magnetic stirrer for 12 h at
room temperature to obtain a homogenous mixture. Next, the obtained GO/CS dispersions
were transferred to 96-well plates, frozen at − 80 °C for 48 h and lyophilized in a freeze dryer
(LABCONCO FreeZone Triad Freeze Dry Systems). Pure CS scaffolds were also fabricated as
controls. Following immersing with 100% ethanol for 12 h, the GO/CS electrically conductive
scaffolds were washed three times with distilled water (30 min each). The pure CS and GO/CS
scaffolds were then sterilized under a UV lamp for 30 min.
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Physical Characterization of the Scaffolds

Scanning Electron Microscopy Analysis

To study the microstructure morphology, pore features of the scaffolds, and
cardiomyocytes adhesion on scaffold, the samples were examined with scanning electron
microscopy (Nova NanoSEM 450, Thermo Fisher Scientific) as reported previously [20].
Briefly, the samples were washed with PBS and then were fixed with 2.5% glutaralde-
hyde for 30 min. After this, the samples were dehydrated with 30%, 50%, 70%, 80%,
90%, 95%, and 100% ethanol for 10 min each. Following incubating in 50% Hexamethyl
Disilazane (50% Hexamethyl Disilazane and 50% ethanol) for 10 min, the samples were
soaked in 100% Hexamethyl Disilazane for 5 min and dried overnight under vacuum. At
last, three dry samples for each group were coated with gold powder using a high-
resolution turbomolecular pumped sputter coater (Nicolet iS 50, Thermo Fisher Scien-
tific) for enhanced conductivity, and observed under an operating voltage of 20 kV.

Swelling Behavior Analysis

The swelling ratios of the scaffolds were determined gravimetrically by incubating
pre-weighed GO/CS composite scaffolds with different contents of GO in PBS
(pH 7.4) at 37 °C [21]. Briefly, lyophilized samples were immersed in PBS
(pH 7.4) at 37 °C for 24 h, and the swollen weight of the scaffolds was recorded
after removal of excess water using filter paper. The swelling ratios were calculated
according to the following equation:

Swelling ration %ð Þ ¼ W s−Wð Þð Þ=W � 100 ð1Þ

where Ws and W represented the swollen and dry weights of the samples, respectively.
All experiments were separately performed in triplicate.

Porosity Analysis

The porosity of different concentration GO/CS scaffolds was evaluated by liquid
displacement method [22] using ethanol and gravity bottle. The scaffolds (dry weight)
were immersed in the ethanol for 2 h, and the weight of the scaffolds in gravity bottle
filled with ethanol was considered. The porosity of the scaffolds was measured
according to the following equations:

Porosity ¼ 1−m1= v� ρrealð Þð Þ � 100% ð2Þ

ρreal ¼ m1� ρethanolð Þ= m1þ m2−m3ð Þ ð3Þ
where m1 represented dry weights of the scaffolds, m2 represented weights of gravity bottle
filled with alcohol, and m3 represented weights of gravity bottle fitted with alcohol and dry
scaffolds. The data were shown as a mean ± SD (n = 3).
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Electrical Conductivity Analysis

The electrical conductivity of the GO/CS composite scaffolds was measured with electro-
chemical workstation (PARSTAT MC, Princeton, USA) by using a previously published
method [23]. The two thin metal electrodes were used to join two ends of the scaffolds.
Electrical conductivity was calculated by measuring the voltage drop across the two electrodes.
The experimental determination was repeated three times for each sample to evaluate the
sample accuracy. The electrical conductivity (σ) was calculated using the following formula:

σ ¼ 1=ALð Þ � I=Vð Þ ð4Þ

where Awas the area of the electrodes, Lwas the thickness of the scaffolds, Iwas the current, V
was the voltage, and σ was electrical conductivity.

Biological Characterization of the Scaffolds

Cytotoxicity Analysis

The cytotoxicity of GO/CS scaffolds in vitro was assessed using MTT (Sigma) assay on the
seventh day [24]. Briefly, all scaffolds were sterilized by immersing in 75% ethanol for 12 h,
rinsing with sterile phosphate buffered saline (PBS) three times, and prewetting with culture
medium (DMEM) overnight. Then all scaffolds were seeded with 2 × 106 cells/mL cells
suspension (10 μL per scaffold). Optical density (OD) from various ration GO/CS scaffolds
and CS scaffold was detected using a microplate system (Synergy H1, BioTek). All measure-
ments were performed in triplicate.

Western Blot

To investigate the influence of scaffolds on cardiac-specific proteins, two of the positive
control factors for the conductive function of cardiac tissue, connexin-43 (CX-43) and cardiac
troponin T (cTnT), were detected with western blot analysis with the method described
previously [25]. Total protein was extracted from the scaffolds seeded with cardiomyocytes
(H9C2 cells) after 7 days of cultivation. We performed western blotting with anti-connexin-43
antibody and anti-cardiac troponin T antibody as described [26]. Briefly, samples were
denatured in boiling water for 3 min. Then samples were resolved by 12% sodium dodecyl
sulfate–polyacrylamide gel electrophoresis. After transferring onto a PVDF membrane
(Millipore, USA), the membrane was blocked 5% skimmed milk powder in PBS and then
incubated in primary antibodies overnight at 4 °C. The membrane was incubated in secondary
antibodies for 1 h at room temperature and was detected using the Enhanced Chemilumines-
cence (ECL Plus) system. All antibodies for Western blot analysis were purchased from
Abcam (USA). Results were reproducible in repeated experiments.

RNA Extraction and Real-time Reverse Transcription PCR

The expression of specific cardiac makers including cardiac troponin T and connexin-43 were
analyzed by real-time quantitative PCR [27]. After 7 days of cultivation, scaffolds with
cardiomyocytes (H9C2 cells) were harvested for the evaluation of the mRNA levels of specific
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cardiac genes. Total RNAs were extracted by using RNeasy kit (Takara, Japan) according to
the manufacturer’s protocols. The primer pairs used for Real-time PCR reaction were listed in
Table 1. Complementary DNA (cDNA) was prepared by utilizing PrimeScript™ RT reagent
Kit (Perfect Real Time) (Takara, Japan). Quantitative real-time PCR was performed using the
SYBRR Premix Ex Taq™ II (Tli RNaseH Plus) (Takara, Japan). All cycle threshold (Ct) values
calculated from the target genes were normalized to housekeeping gene such as β-actin, and
data were calculated as fold change relative to the control.

Statistical Analysis

Statistical analysis was performed by GraphPad Prism 5 software (GraphPad Software, USA).
Results were expressed as mean ± standard deviations, and 95% confidence limits were
calculated for each set of results. Data were compared using one-way ANOVA. A p value <
0.05 indicated statistical significance.

Results

Influence of GO Concentration on Scaffold Macro- and Microscopic Structure

To explore the influences of GO concentrations on morphological of GO/CS scaffolds, we
observed the macro- and microscopic structure of the GO/CS scaffolds with different concen-
trations. Table 2 showed representative samples of pure CS scaffold and of GO/CS scaffolds
composites containing different concentrations of GO. Figure 1 showed the effects of GO
concentration on morphological and structural properties. As shown in Fig. 1, all samples,
including CS scaffold and GO/CS scaffolds, exhibited the similar sponge-like microstructure
after lyophilization. The color of the samples darkened with increasing concentration of GO in
the composites (Fig. 1a). Furthermore, SEM analysis showed that all samples had similar
anisotropic and symmetric porous structures irrespective of GO concentration (Fig. 1b).
However, scaffolds with GO had smaller pore diameter distributions than that without GO.

Influence of GO Concentration on Scaffold Swelling and Porosity

The ability of a scaffold to absorb and retain water is an important characteristic for assessing
its biocompatibility for cardiac tissue engineering. The effects of GO concentration on swelling
ratio of scaffolds were shown in Fig. 2a. The swelling ratio of GO/CS scaffolds decreased with

Table 1 Primers used for RT-PCR

Gene Primer sequence (5′–3′) Number bases Annealing (°C)

Connexin-43 TCTTCATGCTGGTGGTGTCC 20 57.7
AGTGGTGGCGTGGTAAGGAT 20 59.0

cTnT GACGAGCAAGAGGAGGCAGT 20 60.1
TGGCTTCTTCATCAGGACCA 20 56.0

β-actin TGTCACCAACTGGGACGATA 20 58.37
GGGGTGTTGAAGGTCTCAAA 20 57.46
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GO concentration, but there were no significant differences compared with a non-GO scaffold
(0 mg/L) except for 600 mg/L GO/CS scaffold (p < 0.05).

An important criterion of a scaffold is the interconnected porous structure. The effects of
GO concentration on the porosity of scaffolds were assessed and were shown in Fig. 2b. All
the scaffolds possessed of the similar porosity (83–90%). The porosity of scaffolds decreased
with GO concentration, but there were no significant differences compared with a non-GO
scaffold (0 mg/L) unless 600 mg/L GO/CS scaffold (p < 0.05).

Influence of GO Concentration on Cell Viability

The influences of GO concentration on cell activities were assessed by MTT assays, and
the results were shown in Fig. 2c. After 7 days of cultivation, cell activities decreased
with GO concentrations. The percentage of cell activities were over 80% in low con-
centration (0, 50,100,150 mg/L) GO/CS scaffolds, and there were no significant differ-
ences compared with the non-GO scaffold. However, 600 mg/L GO/CS scaffold caused a
significant reduction in cell viability (< 60%) (p < 0.05). Based on the above the results,
the suitable concentration for GO/CS scaffolds was likely to be 150 mg/L taking into

Table 2 Composition of CS/GO scaffolds

Scaffold CS solution
(0.6% acetic acid)

GO
(aqueous solution)

GO/CS

GO/CS 1 20 g/L 0 mg/L 0
GO/CS 2 20 g/L 50 mg/L 50
GO/CS 3 20 g/L 100 mg/L 100
GO/CS 4 20 g/L 150 mg/L 150
GO/CS 5 20 g/L 600 mg/L 600

Fig. 1 Macro- and microscopic structural properties of GO/CS scaffolds. aMacrograph and b SEMmicrographs
of GO/CS scaffolds with different concentrations revealed that higher GO concentration yielded darker samples
and smaller pore size samples
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account the balance between physical characterization and cell survival rate. Therefore,
150 mg/L GO/CS scaffold was chosen to be used in the subsequent experiments.

Effect of GO on Electrical Conductivity

The electrical conductivity of GO/CS scaffolds was measured after the scaffolds were hydrat-
ed. A comparative analysis of the conductivity of the non-GO scaffold and 150 mg/L GO/CS
scaffold were shown in Fig. 3. The slopes of the I-V curve represented the conductivity of the
scaffolds. The 150 mg/L GO/CS scaffold (0.134 S/m) increased its conductivity compared
with a non-GO scaffold (1.63 × 10−3 S/m). The results showed that GO could improve the
electrical conductivity of the scaffolds.

Cardiomyocyte Morphology in the Scaffolds

To evaluate the effect of GO on cardiomyocyte morphology in scaffolds, SEM was taken to
visualize cellular adhesion and extension of cells in scaffolds after 7 days of cultivation. Cells
in non-GO (Fig. 4a, b) and GO/CS scaffolds (Fig. 4c–f) had secretion of extracellular matrix
and exhibited a spherical morphology. Contrastively, it attached much more cells in GO/CS
scaffolds (Fig. 4 D, F) than that in non-GO scaffolds (Fig. 4b). Moreover, abundant

Fig. 2 Influence of GO concentration on swelling properties, porosity, and viability. a The swelling ratio and b
the porosity of scaffolds decreased with GO concentration, but there were no significant differences compared
with a non-GO scaffold (0 mg/L) unless 600 mg/L GO/CS scaffold (p < 0.05). c However, 600 mg/L GO/CS
scaffold cause a significant reduction in cell viability (< 60%) (p < 0.05)
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outstretched filopodia (as indicated by white arrows) were observed on cells in GO/CS
scaffolds (Fig. 4d, f), which indicated the better cell–cell interactions.

Protein and Gene Expression of Cardiomyocytes in Scaffolds

To evaluate the effect of GO on the expression of specific cardiac proteins and genes,
cardiac protein and gene expressions were analyzed for cardiomyocytes cultured in
non-GO and GO/CS scaffolds. After 7 days of cultivation, it was observed that the
expression of specific cardiac proteins in GO/CS scaffolds was stronger than that in
the non-GO scaffold. There were significant increases in the expression of CX-43
(4.1-fold) and cTnT (1.3-fold) (Fig. 5a, b) (p < 0.05).

After 7 days of cultivation, significant upregulation of CX-43 gene (important for
conduction of electrical signals) and downregulation of cTnT gene (important for
contractile function) were observed in cells in GO/CS scaffolds (Fig. 5c) (p < 0.05).
The expressions of two genes in cells in GO/CS scaffolds were different. The expression
of CX-43 increased 2.3 folds, but the cTnT gene was downregulated to 0.88 fold. The
higher CX43 protein and gene level on the seventh day, without electrical stimulation,
suggested that GO affected physiology independently of possible complementary effects
of the external electrical field.

Discussion

Development of conductive scaffold is of great importance in myocardial tissue engi-
neering. In a recent study [28], they found that electrical stimulation induced remarkable
enhancement of cell alignment, coupling, and ultrastructural organization. More and
more researchers have confirmed that cardiac tissue engineering and electrical signal
conduction are inseparable. In addition, scaffolds, made of either metal or metalloids
such as carbon nanotube [29, 30], polypyrrole [15], graphene oxide flakes [19], and gold

Fig. 3 Effect of GO on electrical conductivity. The GO/CS scaffold (0.134 S/m) markedly increased its
conductivity compared with a non-GO scaffold (1.63 × 10−3 S/m). The results showed that GO could improve
the electrical conductivity of the scaffolds
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Fig. 4 Effect of GO on cardiomyocyte morphology in scaffolds. Cells in non-GO (a, b) and GO/CS scaffolds (c,
d, e, f) had secretion of extracellular matrix and exhibited a spherical morphology. Contrastively, it was attached
much more cells in GO/CS scaffolds (d, f) than that in non-GO scaffolds (b). Moreover, abundant outstretched
filopodia (as indicated by white arrows) were observed on cells in GO/CS scaffolds (d, f), which indicated the
better cell–cell interactions

Fig. 5 Effect of GO on the expression of specific cardiac proteins and genes for cardiomyocytes cultured in
scaffolds. After 7 days of culture, significant increases were observed in the expression of specific cardiac
proteins in cells in GO/CS scaffolds, the expression of CX-43 and cTnT increased 4.1 and 1.3 folds, respectively
(a, b) (p < 0.05). However, the expressions of two genes in cells in GO/CS scaffolds were different. The
expression of CX-43 significantly increased 2.3 fold, but the cTnT gene was downregulated to 0.88 fold (c)
(p < 0.05)
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nanoparticle [7], have been used in cardiac tissue engineering because of their excellent
electrical conductivity. In this study, using freezing and lyophilization, we described
electrically conductive composite scaffolds based on CS, designed to have electrical
conductivity properties similar to those of cardiac muscle by addition of GO.

Honeycomb scaffolds could overcome principal structural–mechanical limitations of scaf-
folds for myocardial tissue engineering [5]. Our data showed that scaffolds structure of GO/CS
and non-GO, whether seeded with H9C2 rat myocardial cells or not, were homogeneous and
not collapsed after 7 days of cultivation. It indicated that our three-dimensional porous
scaffolds were strong and tough [23]. Furthermore, good scaffold’s characteristics will benefit
cell in-growth, vascularization, nutrient delivery, and metabolite transport [31]. In this study,
we observed that the hydrophilicity and biocompatibility of GO/CS scaffolds did not weaken
significantly due to the addition of GO.

Additionally, the formation of the extracellular matrix is very important for electrical signal
conduction [32]. Our results found that large amounts of extracellular matrix were secreted by
cardiac cells in GO/CS scaffolds. It demonstrated that GO/CS scaffold was excellent and could
be applied in cardiac tissue engineering. GO has been verified that it could effectively prevent
a series of adverse cell-signaling cascades for cardiac repair [19]. On the basis of these
findings, we measured the conductivity of GO/CS and non-GO scaffolds, and found that
GO could increase the conductivity of GO/CS scaffold. Moreover, we demonstrated that GO
not only increased the conductivity of GO/CS scaffold but also enhanced the expressions of
specific protein and gene (CX-43), involved in muscle contraction and electrical coupling, an
observation broadly consistent with the previous works [33, 34]. Significant increase was
observed in the expression of the cTnT protein in cells in GO/CS scaffolds, but the cTnT gene
expression was significantly downregulated, which was consistent with the results of Gao et al.
[35] and Hao et al [36] Our data confirmed that the presence of GO in CS scaffolds enhanced
the cardiogenic phenotype and expression of cardiac markers after 7 days of cultivation,
without external electrical stimulation. GO/CS scaffold is a suitable biomaterial for the
application of cardiac tissue engineering.

Until now, the mechanism of GO/CS conductive scaffold increasing the capacity of
cardiac tissue regeneration remains unclear. Several researchers have suggested that the
conductivity of scaffold have the ability to induce cell alignment, elongation functional
maturation, and anisotropy of myocardial cell between different layers [30]. A previous
study demonstrated that GO flakes affected cardiac repair by enhancing secretion of
reparative paracrine factors and reduced apoptosis of cardiac tissue [19]. Additionally, it
was found that GO promoted the proliferation and spreading of the nerve cell [17]. In
another study, graphene and GO accelerated the mesenchymal stem cell adhesion,
proliferation, and differentiation [37]. In these studies, CX-43 was demonstrated to be
the most important myogenic signal transmitted by cardiomyocyte. Here, we hypothe-
sized that GO might promote the conductivity of the scaffolds to establish good signal
conduction between the cells and the scaffolds. Then, the extracellular matrix increased
with the increase of cell electrical physiological activity and CX-43 secretion. The
extracellular matrix continued to participate in the transmission of electrical signals
between cells and cells, and cells and scaffolds, to promote the electrical conductivity
of cardiac myocytes and form a benign cycle. However, to get a more clear vision of
regeneration cardiac tissue and eventual functionality of the construct, further investiga-
tions should be performed. Our future studies will focus on the application of GO/CS
conductive scaffolds in vivo, particularly in myocardial infarction models.
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Conclusion

In this study, we described electrically conductive composite scaffolds based on chitosan (CS),
designed to have electrical conductivity properties similar to those of cardiac muscle by addition
of graphene oxide (GO). The GO/CS scaffolds, supported adhesion and extension of cardiac cells,
were better for cardiac cells clustered together and cell–cell interactions, and enhanced expression
of specific cardiac proteins and genes without exogenous electrical stimulation.
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