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a b s t r a c t

In the past few years, a considerable amount of effort has been devoted toward the development of
biomimetic scaffolds for cardiac tissue engineering. However, most of the previous scaffolds have been
electrically insulating or lacked the structural and mechanical robustness to engineer cardiac tissue con-
structs with suitable electrophysiological functions. Here, we developed tough and flexible hybrid scaffolds
with enhanced electrical properties composed of carbon nanotubes (CNTs) embedded aligned poly(-
glycerol sebacate):gelatin (PG) electrospun nanofibers. Incorporation of varying concentrations of CNTs
from 0 to 1.5% within the PG nanofibrous scaffolds (CNTePG scaffolds) notably enhanced fiber alignment
and improved the electrical conductivity and toughness of the scaffolds while maintaining the viability,
retention, alignment, and contractile activities of cardiomyocytes (CMs) seeded on the scaffolds. The
resulting CNTePG scaffolds resulted in stronger spontaneous and synchronous beating behavior (3.5-fold
lower excitation threshold and 2.8-fold higher maximum capture rate) compared to those cultured on PG
scaffold. Overall, our findings demonstrated that aligned CNTePG scaffold exhibited superior mechanical
properties with enhanced CM beating properties. It is envisioned that the proposed hybrid scaffolds can be
useful for generating cardiac tissue constructs with improved organization and maturation.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction However, due to the complex architecture of myocardial tissue,
The extracellular matrix (ECM) of ventricular myocardium
consists of protein-based nanofibrous networks (10e100 nm in
diameter), which provide a soft and tough matrix to support car-
diac cell functions [1]. Due to the inability of the heart to regenerate
followingmyocardial infraction, there is an unmet need to engineer
functional cardiac tissue constructs in vitro [2]. Recent advances in
tissue engineering have paved the way to create cardiac grafts with
relevant physiological characteristics similar to native myocardium.
Research Center, Division of
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there are still numerous challenges in developing fully functional
and biomimetic cardiac substitutes.

In the past few years, synthetic and natural polymeric-based
scaffolds have attracted considerable amount of attention for car-
diac tissue engineering. These scaffolds have been mainly fabri-
cated from polyurethane, elastin, poly(glycerol sebacate) (PGS),
gelatin, alginate and their blends [3e9]. However, the majority of
the previously reported scaffolds are electrically insulating at bio-
logically relevant frequencies (heart muscles DC conductivity
w0.1 S/m) [10]. In addition, most of them have been morphologi-
cally and mechanically incompatible with the native myocardium
ECM. Hydrogel-based scaffolds often lack the mechanical strength
to support rigorous physiological loading conditions during cardiac
cells’ contraction cycles [11,12]. Alternatively, stiff polymeric scaf-
folds have significantly hindered the contractility of the cardiac
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cells due to extreme stiffness of the matrix [13,14]. To mimic the
native myocardium, the scaffolds should exhibit suitable mechan-
ical properties while providing sufficient flexibility to support the
cyclic functions (i.e. contraction) [15]. Although microfabricated
elastic scaffolds made of elastomeric polymers such as PGS have
been previously developed to address these criteria, the micro-
fabricated PGS scaffolds do not mimic the nanofibrous architecture
of the native myocardium [7]. Therefore, a number of previous
studies have focused on the development of nanofibrous scaffolds
with tunable mechanical properties to recapitulate the architecture
of the native myocardium ECM [9,16e18]. For instance, in our
recent work, we developed highly aligned and elastic PGS: gelatin
(PG) nanofibrous scaffolds through electrospinning process which
were shown to promote the functionality of the cardiomyocytes
(CMs) and cardiac fibroblasts (CFs) cultured on the scaffolds [9].
However, similar to most of the previous reports, these scaffolds
did not provide electrically conductive matrices along with desired
toughness (less than 270 KJ m�3) [9].

To further improve the electrical and mechanical properties of
the scaffolds, a number of studies have relied on the incorporation
of conductive nanomaterials such as gold nanoparticles and carbon
nanotubes (CNTs) within polymeric matrices for neural or cardiac
tissue engineering applications [10,19,20]. CNTs exhibit remarkable
electrical and mechanical properties that make them of potential
interest for tissue engineering applications [21e23]. For instance, in
a recent study, CNTs were used to induce the differentiation of
mesenchymal stem cells (MSCs) toward cardioprogenitor pheno-
type (or lineage) under electrical stimulation [24]. In another work,
CNTs were employed to improve the mechanical properties of
gelatin-based scaffolds for cardiac tissue engineering [8]. Despite
improved physical and electrical properties, these scaffolds did not
exhibit the desired toughness and architectural complexities suit-
able for cardiac tissue engineering.

In this work, we report on the development of aligned CNT-
incorporated PG nanofibrous (CNTePG) scaffolds for cardiac tissue
engineering. It is hypothesized that the development of a tough and
flexible nanofibrous scaffold with enhanced electrophysiological
functionalities could simultaneously induce topographical, mechan-
ical and electrical cues to support cardiac cell functions. We propose
that the aligned CNTePG scaffolds could potentially provide struc-
tural integrity to guide CM alignment and enhanced electrical con-
ductivity to achieve strong CM beating behavior.

2. Materials and methods

2.1. Fabrication of CNTePG hybrid scaffolds

CNTePG scaffolds with various concentrations of CNTs were prepared by using
electrospinning technique. Primarily, PG solution was prepared (PGS:gelatin of 1:2
weight ratio) in 80% acetic acid solution according to our previously reported
procedure [9]. To obtain methacrylated gelatin (GelMA)-coated multi-walled CNTs,
25 mg of carboxyl acid group functionalized CNTs (NanoLab Inc., 30 � 15 nm in
diameter, 5e20 mm in length, 95% purity) was added in 2% GelMA polymer solu-
tion and then sonicated for 1 h (VCX 400, 80 W, 2 s on, 1 s off) at room temper-
ature to provide a homogenous dispersion of CNTs. To obtain various
concentrations of CNT embedded polymer suspensions (0.05, 0.5 and 1.5%), a
selected amount of sonicated stock suspension was added to PG solution and
stirred in order to prepare a final homogenous suspension (“as prepared” polymer
solution). To fabricate the nanofibrous scaffolds, “as prepared” polymer suspension
fed into a standard syringe was electrospun at flow rate, voltage and the needle tip
to the collector distance of 2 mL/h, 17 kV and 10 cm, respectively. A parallel
electrode made of aluminum foil was used as a collector to create aligned nano-
fibrous scaffolds. Aligned and random PG and random 1.5% CNTePG scaffolds were
also fabricated as controls. Upon electrospinning, the fabricated scaffolds were
vacuum-dried at room temperature overnight before the cross-linking process. A
solution of N,N-(3-dimethylaminopropyl)-N0-ethyl-carbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) (Sigma) in 90% ethanol was used to cross-
link gelatin in the scaffolds. EDC concentration and the molar ratio of EDC/NHS
were optimized at 75 mM and 2.5/1, respectively. After the cross-linking process,
the uncrosslinked and excess EDC and NHS were removed by rinsing the scaffolds
in Dulbecco’s phosphate buffered saline (DPBS) solution.
2.2. Characterization of the hybrid nanofibrous scaffolds

Scanning electron microscopy (SEM, Philips, Germany) was used to visualize the
structural topography of the uncrosslinked and cross-linked nanofibrous scaffolds,
whichwere sputter-coatedwith a thin layer of gold. The SEM imageswere applied in
order to measure the average fiber sizes (n ¼ 50), using NIH Image J software, and
fiber orientation, using MATLAB program (MathWorks Inc., Natick, MA) within each
scaffold. Fast Fourier Transform (FFT) analysis was used to quantify the fiber
orientation according to previous procedures [7,25]. Based on this analysis, the
orientation index approached 90� for random cell orientations; while for highly
aligned cells, the orientation index approached zero [7]. Furthermore, CNT distri-
bution within the electrospun fibers was examined using transmission electron
microscope (TEM) (Zeiss, Germany) on the samples directly collected on the carbon
coated copper grid. The functional groups on the surface of the nanofibrous scaffolds
were identified using a Senterra Raman spectroscope (Bruker, Germany) equipped
with a 785 nm laser. For impedance analysis, the scaffolds were swollen in DPBS and
then were punched between two gold sputter-coated glass slides and a.c. bias was
swept over a frequency range from 40 Hz to 1.0 MHz (Solartron-1260A, United
Kingdom). The impedance was subsequently recorded at each frequency [8].

The tensile properties of hydrated scaffolds with length: 8e10 mm, width: 6e
8 mm, and thickness: 0.10e0.25 mm were measured using a uniaxial tensile tester
machine (Instron, Norwood, MA) with cell load capacity of 10 N at 7 mm/min rate.
Before mechanical testing, the samples were soaked in DPBS for 3 days at 37 �C. The
stressestrain curveswere plotted (n¼ 5) and energy per volume (toughness), elastic
modulus, ultimate tensile strength and strain at break (elongation) were obtained.
The elastic modulus was calculated from the initial 0e10% of linear region of the
stressestrain curves while the energy per volume was measured from the area
under the stressestrain curves.

In vitro degradation test was used to determine the weight loss of the cross-
linked scaffolds (n ¼ 3) (length: 5 mm, width: 5 mm, thickness: 0.5 mm) incubated
in DPBS at 37 �C for 1, 7, 14, 21 and 28 days. The samples were rinsed in DPBS,
lyophilized using a freeze-dryer and weighted. The degradation percentage of each
sample was calculated by dividing the weight loss to the initial dry weight.

2.3. Cell culture

2.3.1. Rat cardiomyocyte isolation and culture
CMs were isolated from 2-day-old SpragueeDawley rats according to a protocol

accepted by the Institute’s Committee on Animal Care [8]. Before cell seeding, cross-
linked samples (n ¼ 3) attached on glass slides were sterilized in 70% ethanol for
30 min followed by UV light exposure for 30 min. The scaffolds with thickness of
100e250 mmwere immersed in a cardiac medium composed of Dulbecco’s modified
eagle medium (DMEM) (Gibco, USA),10% fetal bovine serum (FBS) (Gibco, USA),1% L-
Glutamine (Gibco, USA) and 100 units/ml penicillinestreptomycin (Gibco, USA) and
were seeded with CMs (1.4 � 106 cells/cm2).

2.3.2. The retention, viability and phenotype characterization of cultured
cardiomyocytes

CM retention was quantified by counting the number of CMs adhered to the
scaffolds after one day of seeding. Nuclei were stained with 1:1000 dilution of 40 ,6-
diamidino-2-phenyl indole dihydrochloride (DAPI) stain (Invitrogen) in DPBS
(5 min, room temperature) for visualization. One day after cell seeding, the samples
were fixed (30 min, room temperature) in 4% paraformaldehyde (PF) solution in
DPBS and stained with DAPI. Fluorescent images taken from 10 regions of each
sample (n ¼ 3) using an inverted microscope (Nikon TE 2000-U, Nikon Instruments
Inc., USA) were analyzed by Image J software in order to count the number of cells
per unit area.

CM viability was determined using a Live/Dead assay kit (calcein-AM/ethidium
Bromide homodimer, Invitrogen) according to the manufacturer’s instructions. Ten
selected areas within each sample (n ¼ 3) were imaged using fluorescence micro-
scope and subsequently cell viability was measured using Image J software based on
counting the number of live and dead cells. Metabolic activity of CMs seeded on the
scaffolds (n ¼ 3) was determined using an Alamar Blue (AB) assay (Invitrogen) at
days 0, 4 and 7 of culture according to the manufacturer’s protocols.

Immunocytochemistry of CM markers was performed after 7 days of culture for
cardiac-specific proteins including sarcomeric a-actinin, connexin-43 (Cx43) and
troponin I. To perform immunostaining, CMs seeded on the scaffolds were fixed in
4% PF in DBPS for 30min at room temperature and permeabilized with 0.1% Triton X-
100 for 30 min at room temperature. Then, the samples blocked in 10% goat serum
(GS) were soaked (4 �C, 24 h) in 1:200 dilution of primary antibodies specific to
sarcomeric a-actinin, Cx43 and troponin I in 10% GS. The samples were subsequently
treated with secondary antibodies (1:200 dilution) consisting of Alexa Fluor-488
conjugated goat anti-mouse antibody for sarcomeric a-actinin, Alexa Fluor-594
goat anti-mouse for troponin I, and Alexa Fluor-594 goat anti-rabbit for Cx43 in
10% GS for 40 min at room temperature. Finally, the nuclei were stained with 1:1000
dilution of DAPI stain in DPBS for 5 min. The fluorescence images were taken from
samples and then analyzed using Image J software. Finally, the cellular alignment
was quantified according to previously described procedures [26] using DAPI-
stained cells nuclei at six different locations of each sample (cell number: 500e
1000).
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2.3.3. Characterization of the contractile behavior of cultured cardiomyocytes
The contractile behavior of CMs cultured on the scaffolds, with and without

electrical stimulation (spontaneous beating), was investigated through moni-
toring their beating activity. Beating videos were obtained using a microscope
equipped with a temperature control chamber at 37 �C and a CCD camera. The
number of beats per min (BPM) of CMs was measured using video-recorded
beating sequences digitized at a rate of 20 frames per second by a custom
written MATLAB program [27]. The BPM was measured at three different points
within each scaffold.

In addition to spontaneous beating analysis, electrical stimulation was used to
precisely evaluate the effects of CNT concentration on the CM contractile behavior.
Electric field stimulation was performed at day 7 of culture using a modified carbon
electrode set up according to previously established protocols [9]. The scaffolds were
placed in culture medium between two-carbon electrode rods (3 cm spacing)
connected to an electrical stimulator and an oscilloscope to measure the output
signals. Biphasic square waveforms with 50 ms pulses were applied at amplitude of
0e7 V and frequency of 1e3 Hz. Stimulation excitation threshold (ET) andmaximum
capture rate (MCR) were also determined according to the minimum voltage for
synchronous beating of CMs and the maximum pacing frequency recognized at ET,
respectively.

2.4. Statistical analysis

Statistical analysis was measured by one-way ANOVA analysis followed by
Tukey’s post-hoc test using GraphPad Prism Software (V.5). Data was reported as
mean � standard deviation (SD). A P-value <0.05 was taken to be significant.
Fig. 1. Structural characteristics of CNTePG scaffolds. A) Schematic drawing showing the i
images showing uncrosslinked 1.5% CNTePG scaffold. D) A representative TEM image of 1.5
axis. E) Raman spectra of the CNTs and CNTePG scaffolds. F) SEM and FFT (inset) images of c
of nanofibrous scaffolds, demonstrating that increasing CNT content resulted in reduced fibe
a control) (*P < 0.05).
3. Results and discussion

3.1. Fabrication and characterization of the hybrid nanofibrous
scaffolds

Native ventricular myocardium consists of nanofibrous
collagen-based ECM and electrically conductive Purkinje fibers.
Such unique architecture maintains aligned and elongated tissue
structure and enables electrical signal propagation along the car-
diac cells, which ultimately facilitates strong synchronous con-
tractions of the tissue [28]. In order to mimic the native
myocardium ECM, aligned CNTePG scaffolds were fabricated using
electrospinning (Fig. 1A and Fig. S1A). SEM images (Fig. 1B, C)
demonstrated successful fabrication of the aligned 1.5% CNTePG
scaffold (1.5% CNTePG) with highly uniform morphology. The
average fiber size of 1.5% CNTePG scaffold was in the range of
167 � 82 nm (Fig. S1B). Compared to other CNT incorporated
scaffolds and the control group (random 1.5% CNTePG scaffold),
the smaller fiber sizes of the scaffolds as a result of increased CNT
concentration might be due to higher conductivity of the pre-
polymer solution. In particular, the conductivity of the polymeric
nteractions of CNTs with PG scaffold upon cross-linking with EDC/NHS. B and C) SEM
% CNTePG confirming the well dispersion of CNTs (arrow) aligned along the nanofiber
ross-linked 1.5% CNTePG scaffold. G and H) The average fiber size and orientation index
r size and enhanced fiber orientation (random 1.5% CNTePG scaffold was considered as
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solution provided a stronger electrical force in the electrospinning
process leading to the enhanced elongation and decreased fiber
size [29]. Moreover, TEM analysis showed individual CNTs
(25 � 12 nm in diameter) in parallel orientation within the
nanofiber axis (Fig. 1D). Therefore, it was confirmed that during
the fabrication process, randomly distributed CNTs within the pre-
polymer solution were well dispersed and ultimately aligned along
the nanofiber axis due to the uniaxial direction of the fluid jet
[30,31]. The successful dispersion of CNTs was due to their bio-
functionalization through coating with GelMA polypeptide
chains. The CNT surfaces are highly hydrophobic, which usually
results in precipitation and aggregation in biological media or
polymer solution [32]. However, the interaction between the
polymeric chains and the surface of CNTs has been shown to be an
effective way to coat and separate nanotubes within the polymeric
solution [33]. Our previous findings also confirmed that a thin
layer of GelMA could be uniformly coated on the CNT surfaces due
to the hydrophobic interactions between the polypeptide chain
and the CNT sidewalls [34]. A critical issue during the dispersion of
CNTs into the pre-polymer solution is the introduction of structural
defects on CNTs leading to reduced electrical and mechanical
properties of the composite scaffolds [34]. In Raman spectra of the
pure CNT and CNTePG scaffold (Fig. 1E), the ratio between the G-
band and D-band [34] of CNTs, observed at 1609 cm�1 and
1300 cm�1 respectively, was similar to those from bare CNTs and
composites. Therefore, the short sonication time (w1 h) led to well
dispersion of CNTs in the polymeric matrix with minimal struc-
tural damage, which improved the mechanical properties of hybrid
scaffolds.

To stabilize the structure of nanofibrous scaffolds in biological
media, gelatin was chemically cross-linked using EDC/NHS cross-
linking agents according to our previously reported method [9].
SEM images of cross-linked scaffolds (Fig. 1F and Fig. S2) revealed
the alterations in the morphology of scaffolds (increased average
fiber diameter), which was due to the swelling of the nanofibers
through the cross-linking process. Such observations agreed well
with our previous study conducted on PG scaffolds [9]. Addition-
ally, similar to uncrosslinked versions, the average fiber sizes of the
scaffolds significantly reduced through increasing the CNT con-
centration (Fig. 1G). In particular, the average fiber diameter of the
cross-linked 1.5% CNTePG scaffold was in the range of 210� 91 nm.
While the average fiber size of 1.5% CNTePG scaffold did not show
any significant differences compared to random 1.5% CNTePG
scaffold (control), and it was smaller than those made of pure PG
(280 � 56 nm). We evaluated the alignment degree of CNTePG
hybrid scaffolds as the key architectural factor affecting the orga-
nization of the cardiac cells. Fiber orientationwas quantified by the
FFT-based analysis technique using SEM images (Fig. 1F and
Fig. S2A). The FFT analysis was performed to obtain the fraction
curves from SEM images. The orientation index was calculated by
measuring angular increment, encompassing 50% of the total area
under the fraction curve centered at the angle of highest frequency
(Fig. S2B). The lower orientation index indicated a narrower mean
distribution andmore parallel fibers as shown in Fig.1H. Our results
showed that the orientation index of 1.5% CNTePGwas significantly
lower than that of other scaffolds. This could be as a result of
enhanced molecular orientation of the composite matrix, mainly
due to the fact that the CNTs acted as nucleating sites for the for-
mation of oriented crystallites. These results are consistent with the
previous studies on other polymeric matrices such as poly(vinyl
alcohol) (PVA) and polyaniline [35e37]. Such orientation index
values (Fig. 1H) of the developed scaffolds are expected to enhance
the alignment of cardiac cells. Notably, the orientation index value
of 1.5% CNTePG (38 � 4�) closely mimicked the adult rat right
ventricular myocardium (w40�) [7], confirming that these scaffolds
can be used as a suitable matrix to recapitulate the aligned struc-
ture of the native myocardium ECM.

The highly aligned CNTePG scaffolds exhibited robust me-
chanical properties along with controlled flexibility (Fig. 2A). To
evaluate the effects of CNTs on the mechanical properties of PG
scaffolds, uniaxial tensile tests were performed on the scaffolds,
submerged in DPBS. The stressestrain curves of the fabricated
scaffolds (Fig. 2B) indicated that their mechanical properties were
significantly modulated by the addition of CNTs. In particular,
incorporation of 1.5% CNTs significantly enhanced the toughness,
tensile strength and elastic modulus of scaffolds by 7-, 5.9- and 4-
fold, respectively, compared to PG scaffolds. However, the elonga-
tion of the hybrid scaffolds was close to that of the PG scaffold
(Supplementary Table S1). The enhanced mechanical properties of
the CNTePG hybrid scaffolds might be due to the orientation of
CNTs along the preferred axis of the fibers as well as the strong
interaction between CNTs and the polymeric matrix [38]. As
depicted in Fig. 1A, the carboxyl (COOH) and the amide (NH2)
groups of GelMA-coated CNTs and gelatin cross-linked after treat-
ment with EDC/NHS. These strong interactions are expected to be
the main mechanism, which efficiently transfers the mechanical
stress from the polymer matrix to CNTs, leading to higher stiffness
and tensile strength. Additionally, the improved toughness of
scaffolds (1948.7 � 156 kJ m�3) is attributed to higher energy ab-
sorption during the loading condition due to slippage at the CNTe
polymer matrix interface [39]. Therefore, a superior property of the
developed hybrid scaffolds is their high toughness as compared to
previously reported nanofibrous scaffolds (Fig. 2C) [18,23,40e46].
To name a few examples, the toughness and elastic modulus of CNT
incorporated PVA fibrous scaffolds were about 228 kJ m�3 and
158 kPa, respectively [40], which were significantly lower than the
values obtained for 1.5% CNTePG scaffold (1948.7 � 156 kJ m�3 and
373.5 � 47 kPa).

With respect to the electrical properties of the scaffolds, con-
ductivity of the hybrid scaffolds was enhanced through the incor-
poration of CNTs. Due to the capacitive currents at high frequencies
(>10 kHz), all scaffolds revealed low impedance values (Fig. 2D). At
physiologically relevant frequencies (below 0.1 kHz), the imped-
ance of CNTePG was lower than PG scaffold. Degradation of fibrous
scaffolds is usually dependent on their chemical and physical (i.e.
fiber diameter, pore size, and porosity) properties. The average fiber
diameter of CNTePG scaffolds was smaller than that of pristine PG.
The incorporation of CNTs reduced the degradation rate of CNTePG
scaffolds compared to that of pristine PG (Fig. S3). Therefore, the
degradation rates of the scaffolds could be precisely tuned by
varying the concentration of CNTs attributed to the strong binding
between the CNTs and the PG matrix. Previous reports have shown
that conductive scaffolds facilitate maturation of CMs and improve
beating propagation among CMs compared to insulating polymer
[5,10,47]. However, most of these conductive scaffolds lacked
aligned nanofibrous architectures to regulate essential cellular
functions such as morphogenesis. The engineered conductive
construct in our study supported CM alignment in the direction of
aligned fibers presentedwithin the 3D structure of the scaffold. Our
results suggest that the CNTePG hybrid scaffolds have the potential
to be useful for engineering myocardium tissue due to its high
toughness, enhanced conductivity, anisotropic structure, and
proper degradation profile.

3.2. Organization of cardiomyocytes cultured on the hybrid
nanofibrous scaffolds

As native myocardium is exposed to large and continuous me-
chanical stresses, high level of toughness is required to avoidmatrix
failure during tissue contraction [48]. Furthermore, since an



Fig. 2. Physical and electrical characteristics of CNTePG scaffolds. A) A representative optical image of tough 1.5% CNTePG scaffold demonstrating easy manipulation of the scaffold.
B) Representative stressestrain curves of cross-linked scaffolds after 3 days of soaking in DPBS demonstrating significant improvement in mechanical properties of the scaffolds by
increasing the CNT concentration. C) Comparison of the elastic moduli and toughness for previously reported compliant fibrous scaffolds (open circle) [18,23,40e46] and the
proposed CNTePG scaffolds consisting of 0% (purple circle), 0.05% (blue circle), 0.5% (red circle) and 1.5% (green circle) CNTs in hydrated state; The dashed window demonstrates the
region including the previously developed and the presented tough CNTePG nanofibrous scaffolds. As indicated by the arrow, the toughness of the PG scaffolds significantly
enhanced through increasing the CNT concentration. D) The overall impedance of 60 mm thick scaffolds as a function of CNT concentration showing a drastic decrease in impedance
through CNT content. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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extremely stiff matrix (elastic modulus > 0.8 MPa) [13,14], inhibits
the maturation and contractile properties of cardiac cells, engi-
neered matrices should be relatively elastic (similar to native tissue
w54e240 kPa [7]) to provide a suitable microenvironment for the
contractile activities of cardiac cells [49]. To investigate the suit-
ability of the developed tough CNTePG scaffolds in supporting
cardiac cells functions, CMs were seeded on the CNTePG scaffolds.
Cell attachment, viability and proliferation were then investigated
over a period of 7 days of culture. Phase contrast images after one
day of culture (Fig. 3A) indicated that CMs homogenously distrib-
uted and grew on both PG and CNTePG scaffolds. However, cell
retention on CNTePG scaffolds was significantly higher than those
of pure PG scaffold (Fig. 3B). Such behavior could be due to smaller
fiber diameter and higher surface-to-volume ratios, which
enhanced ECM protein adsorption [50]. Live/dead assay indicated
high percentage of viable cells after one day of culture (upon
89 � 5%). In fact, CNTePG hybrid scaffolds significantly increased
CM viability as compared to the PG scaffold (Fig. 3C and Supple-
mentary Fig. S4). Consistent with our findings, previous studies also
reported higher cellular attachment and retention on CNT
embedded GelMA hybrid hydrogel scaffolds compared to pure
GelMA due to increased stiffness of the matrix through incorpo-
ration of CNTs [34]. In addition, cardiac cells exhibited higher
metabolic activities on the CNTePG hybrids compared to the PG
scaffold after 4 and 7 days of culture (Fig. 3D). As the neonatal rat
cardiac isolation contains immature CMs along with CFs [51],
significantly enhanced cellular proliferations might be due to the
proliferative capacity of CFs seeded along with CMs on the scaf-
folds. Considering that CF metabolic activity was previously shown
to vary as a function of chemical and mechanical properties of the
scaffolds [9], the increased CF metabolic activity could be due to
the higher stiffness of the CNTePG hybrid scaffolds as compared to
the PG scaffold. Therefore, CNTs promoted cell retention, viability,
proliferation without inducing cytotoxicity during the 7 days of
culture.

It is well known that the topographical cues within the matrix
play a crucial role in regulating cells morphology [52]. In our study,
CMs were able to sense the underlying topography and progres-
sively align along the fiber direction quantified through the align-
ment of cellular nuclei (Fig. 3E). In particular, distribution of cells’
nuclei alignment at day 7 of culture on different scaffolds (Fig. 3E,F)
revealed that on 1.5% CNTePG scaffolds, CMs exhibited significantly
higher alignment (w72% within 0e10� preferred angle) compared
to PG (w55%) and random 1.5% CNTePG scaffolds (control). Due to
the anisotropy of the aligned nanofibrous scaffolds, the traction
forces exerted by filopodia were mainly guided in the direction of
the fibers axis, ultimately leading to the alignment and organiza-
tion of the CMs [53]. The different degrees of cellular organization
on the aligned nanofibrous scaffolds are likely due to the coupled
effects of structural, chemical and mechanical cues of the scaffolds
[9]. This assumption is supported by our previous results in
Figs. 1G,H, and 2B. The fiber size (Fig. 1G), orientation index
(Fig. 1H), elastic modulus (Fig. 2B), and cell retention (Fig. 3B) with
varied CNT concentrations followed the same trend as the align-
ment of CMs on the scaffolds. These results suggest that cell
binding, mechanical stiffness, and topographical factor play an
important role in regulating cellular organizations. Thus, we can
infer that CNT incorporated aligned nanofibrous scaffolds



Fig. 3. CM adhesion, viability, metabolic activity, and maturation. A) Phase contrast images of CMs after one day of culture indicating enhanced CM retention on 1.5% CNTePG
compared to PG scaffold. Quantified results of B) cell retention (day 1), C) live/dead assay (day 1) and D) normalized metabolic activity, confirming significantly improved cell
survival and proliferation as a function of CNT content (*P < 0.05). E) Quantified average preferred nuclei alignment between 0 and 10� and F) nuclei alignment distribution on the
developed scaffolds after day 7 of culture, indicated significantly enhancement in cellular alignment as a function of CNT content (*P < 0.05) (Random 1.5% CNTePG scaffold was
considered as a control). Representative images of CM proteins expression stained for G) Sarcomeric a-actinin (green), Cx43 (red) and DAPI (blue), and H) Troponin I (red) and DAPI
(blue) after 7 days of culture, revealing organized sarcomeres with higher Cx43 expression on 1.5% CNTePG than PG scaffold. A high magnification image (inset in Fig. 3G) shows
interconnected sarcomeric structures perpendicular to the direction of the nanofibers. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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promoted the organizations of CMs by resembling the physical
features of nanofibrous collagen-based ECM.

3.3. Expression of cardiac markers of cardiomyocytes cultured on
hybrid nanofibrous scaffolds

The effects of CNTs and the scaffold architecture on the matu-
ration of CMs were also assessed using immunofluorescence
staining for specific cardiac markers including contractile protein
sarcomeric a-actinin, calcium binding troponin I, and cardiac gap
junction protein Cx43 (Fig. 3G,H and Fig. S5). The sarcomeric a-
actinin is a crucial marker for strong contractility andmaturation of
CMs [2]. Immunofluorescence staining demonstrated that cardiac
tissue cultured on 1.5% CNTePG and PG scaffolds exhibited well-
developed interconnected sarcomeric structures. However, the
alignment of sarcomeres along the major direction of nanofibers
was more pronounced on the 1.5% CNTePG compared to the PG
scaffold (Fig. 3G). Additionally, as a result of multiple overlapping
cross-striations, cardiac tissue constructs did not exhibit any
preferred orientation on the random CNTePG and PG scaffolds
(Fig. S5A). CMs exhibited higher expression and uniform
distribution of Cx43 (responsible marker for cellecell communi-
cation, regulating electrical and mechanical junctions [54]) on the
1.5% CNTePG scaffolds as compared to PG and random 1.5% CNTe
PG scaffolds, indicating enhanced cellecell coupling and improved
contractile properties (Fig. 3G and Fig. S5A). The expression of
troponin I, a marker involved in muscle calcium binding, cyto-
skeletal organization and cellular contraction [55], was similar for
the tissues developed on the aligned and random 1.5% CNTePG and
PG scaffolds. However, on the random scaffolds, troponin I was less
organized with fewer connections compared to the aligned scaf-
folds (Fig. S5B). Our findings demonstrated that aligned nano-
fibrous scaffolds enhanced CM maturation in comparison to
random ones.

3.4. Beating behavior of the engineered cardiac tissue

All the cardiac tissues cultured on the developed scaffolds
started spontaneous synchronous beating only after one day of
culture and demonstrated enhanced beating rate during 5 days of
culture (Fig. 4A). The CM beating rate (BPM) on the CNTePG scaf-
folds was significantly higher than those on the PG scaffold (i.e.



Fig. 4. Electrophysiological functions of engineered cardiac constructs. A) Beating frequency (BPM) of constructs as a function of CNT concentration and incubation time. B)
Representative spontaneous contraction patterns of CMs cultured on PG scaffolds and CNT incorporated scaffolds recorded after 7 days of cultivation. C) Phase contrast images
indicating organized tissue construct and non-continuous aligned tissue (red arrows) on the CNTePG and PG scaffolds, respectively after 7 days of culture. D) Representative
contraction patterns of electrically stimulated CMs on PG scaffold compared to CNTePG scaffold after 7 days of culture (frequency ¼ 1). E) Excitation threshold and F) maximum
capture rate of CMs seeded on scaffolds, indicating that increasing the CNT concentration and aligned structures significantly reduced excitation threshold and enhanced maximum
capture rate (CMs cultured on random 1.5% CNTePG scaffold was considered as control). (*P < 0.05). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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98.5� 6.2 BPM on 1.5% CNTePG hybrid compared to 47.2� 8.5 BPM
on PG scaffold on day 5). In addition, the beating rate of CMs on the
CNTePG scaffolds did not appear to be significantly altered as a
function of CNT concentrations. However, the beating rate of car-
diac cells cultured on CNTePG scaffolds was consistent with strong
and synchronized beating behavior as the concentration of CNTs
was increased (Fig. 4B and Supplementary Video S1). This could be
due to the enhanced cellular alignment (Fig. 3E), higher flexibility
and toughness (Fig. 2C and Table S1) of scaffolds and higher
expression of cardiac markers on CNTePG scaffolds (Figs. 3G,H).
While aligned tissue sheets were formed on both PG and 1.5% CNTe
PG scaffolds (Fig. 4C), the uniformity of the engineered tissue
constructs was more pronounced on the 1.5% CNTePG scaffolds
(the red arrows showed uneven distribution of CMs on PG
compared to 1.5% CNTePG).

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.biomaterials.2014.05.014.
The effect of CNTs on beating behavior of the cardiac tissues was
also estimated through electrical excitability of the tissue. Electrical
stimulation markedly enhanced the contraction of the tissues on
PG and CNTePG scaffolds observed through stronger and syn-
chronous beating patterns (Supplementary Video S2 and Fig. 4D).
The ET indicating the minimum voltage which induced synchro-
nized beating at each frequency, was the lowest on the 1.5% CNTe
PG scaffold (2.0 � 1.0 V, at 3 Hz), which followed an increasing
trend (3.5-fold) by decreasing the CNT content to 7.0 � 1.0 V (at
3 Hz) on PG scaffolds (Fig. 4E). Furthermore, theMCR, indicating the
contractile versatility of the CMs and their ability to beat at high
frequencies, was highest on the 1.5% CNTePG scaffold (Fig. 4F).
Within the random 1.5% CNTePG scaffold (control), ET and MCR
were significantly higher and lower, respectively, compared to
aligned CNTePG and PG scaffolds. These results suggest the posi-
tive correlation of CM attachment and organization on the aligned
scaffolds with the electrical excitability of the engineered tissue
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construct. Similar findings were also reported for CNTeGelMA
scaffolds confirming higher CM attachment, organization and
spontaneous synchronous beating (about 3-fold) and lower exci-
tation threshold compared to pure GelMA hydrogels [8]. Taken
altogether, our findings indicated that simultaneously enhanced
toughness and electrical properties of CNTePG hybrid scaffolds
along with their highly organized architectures promoted CM
viability, retention, alignment, maturation, and function. Further-
more, increasing CNT concentrations up to 1.5% resulted in the
formation of a more homogeneous cardiac tissue construct with
strong contractile properties.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.biomaterials.2014.05.014.

4. Conclusion

In summary, GelMA-coated CNTs were successfully incorpo-
rated within PG nanofibrous scaffolds using an electrospinning
process. Physical interactions between CNTs and the PG matrix
enabled homogeneous dispersion of CNTs in the scaffolds and
resulted in significantly improved electrical and mechanical prop-
erties. Notably, incorporation of 1.5% CNTs enhanced the toughness
of the scaffolds by 7-fold while elongation did not significantly
change. Increasing the CNT content resulted in enhanced fiber
orientation, mimicking the anisotropic structure of left ventricular
myocardium. The alignment of CMs was mainly affected by the
architecture of the scaffolds and enhanced as a function of CNT
concentrations. In addition, the contractile properties of the CMs
were significantly improved through incorporation of CNTs. The
aligned nanofibrous architecture along with enhanced electrical
conductivity and toughness of the CNTePG scaffolds provide a
suitable matrix to support cardiac cell functions. The developed
hybrid scaffolds can be potentially used as a graft for cardiac or
neuron tissue constructs. In our future work, we aim to stack these
layers and create a complex thick tissue incorporated with vascular
networks for delivery of nutrients. Therefore, this CNT polymeric
hybrid scaffold can be useful for in vitro cell studies or fabricating
complex biomimetic tissue-like structures for organs-on-a-chip
applications and drug studies.
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