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A B S T R A C T

Myocardium is an excitable tissue with electrical conductivity and mechanical strength. In this work, carbon
fibers (CFs) and co-axial fibrous mesh were integrated which combined the high modulus and excellent electrical
conductivity of CFs and the fibrous and porous structures of the electrospun fibers. The scaffold was fabricated by
simply integrating coaxial electrospun fibers and carbon fibers through a freeze-drying procedure. It was shown
that the integration of carbon fibers have the conductivity and Young's modulus of the fibrous mesh increased
significantly, meanwhile, upregulated the expression of CX43, α-actinin, RhoA of the neonatal rat primary car-
diomyocytes and primary human umbilical vein endothelial cells (HUVECs), and promoted the secretion of VEGF
of HUVECs. Moreover, the cardiomyocytes grown on the scaffolds increased the ability of HUVECs migration.
When implanted to the injury area post myocardial infraction, the scaffolds were able to effectively enhance the
tissue regeneration and new vessel formation, which rescued the heart dysfunction induced by the myocardial
infraction, evidenced by the results of echocardiography and histochemical analysis. In conclusion, the composite
scaffolds could promote the myocardium regeneration and function's recovery by enhancing cardiomyocytes
maturation and angiogenesis and establishing the crosstalk between the cardiomyocytes and the vascular endo-
thelial cells.
1. Introduction

Heart tissue is highly electroactive elastic and sensitive to electric
signal to complete the cardiac myocytes relaxation and contraction [1].
After acute myocardial infarction (M.I.) occurred, the injured tissue could
lead to progressive heart wall thinning, myocardial function maladap-
tation and fibrosis scar formation if proper treatments are not performed
in time [2], and the scar tissue can decrease or even block the electric
propagation and further induce the heart functional decompensation [3].
Therefore, to stop the progressive wall thinning and prevent the scar
formation are crucial for the treatment of the post M.I. In the past de-
cades, large amounts of endeavor have been made, which have led to
great achievements with mechanism insights to the important issues
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[4–8], among these, applying a local patch to the surface of the infarcted
ventricle represents a promising strategy that has exhibited superiority in
recovering the function of damaged hearts [9].

It has been documented that the conductivity of implanted scaffolds is
crucial for heart tissues besides the mechanical support as myocardium
itself is electrically conductive and excitable [10]. For example, the im-
plantation of conductive patch to the infarcted area can prevent the scar
tissue of the heart wall from thinning, which is beneficial to remaining
the cardiac function [11,12]; additionally, the conductive scaffolds allow
rapid cell-cell communications and enable the regenerated tissues to
acquire more physiological functions [13]. Therefore, an ideal novel
conductive scaffold should be able to transduce physiological electrical
signals, support the synchronous contraction [14,15] and promote
.
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neovascularization [16] providing nutrients and oxygen to car-
diomyocytes regeneration. Up to date, there have been a variety of
scaffolds under intensively investigations, mainly including hydrogels
[11,13,17], fibrous or porous meshes [18–20], composites integrating
conductive inorganic nanoparticles [21,22] or conductive polymers [23,
24], and several comprehensive review articles have summarized the
research progresses [10,25]. Nevertheless, there is still a large space in
the fabrication of 3D conductive scaffolds to guide better regeneration of
the myocardium post M.I. Although electrospun fibrous scaffolds can
well mimic the structures or components of extracellular matrices, they
are usually in film forms, and it would be more ideal for hydrogels or
porous polymer materials to acquire not only ECM-like microstructures
but also sufficient modulus and conductivity by more flexible fabrication
ways.

Carbon fibers (CFs) are synthetic fibers made especially by carbon-
izing acrylic fibers at high temperatures, featured with very high
modulus and conductivity as well as very specific weight, the carbon
content usually can be more than 93%. Therefore, CFs can bring elastic
modulus, conductivity, and high carbon content to substrates. Different
from conductive nanomaterials, the diameter of CFs can be precisely
controlled, usually 7 μm that is close to the diameter of purkinje fibers
transducing electrical signals in myocardial tissue. So far, CFs have been
widely applied as reinforcing material for polymer matrix composites in
industries [26]. In biomedical fields, CFs have been explored only in the
implantable bone grafts and hip joint [27,28], however, rarely applied to
tissue engineering scaffolds yet. We previously reported that CFs largely
increased the conductivity and stiffness of polyvinyl alcohol (PVA),
significantly enhancing the maturation and electrophysiological function
of neonatal rat cardiomyocytes (NRCMs) in vitro [29] and indicating CFs’
promising potentials in the guidance of heart tissue regeneration. In this
work, we integrated CFs with coaxial electrospun fibers of PLA@Gelatin,
aiming to combine the excellent conductivity, high modulus and
biocompatibility with the fibrous and porous structures. We showed that
the resulting composite scaffold (PLA@Gel/CF) obtained the conduc-
tivity close to that of natural heart tissue and largely increased compress
modulus, which not only accelerated the cardiomyocytes maturation and
connection, but also increased the angiogenesis and crosstalk between
cardiomyocytes and vascular endothelial cells. The implantation of
PLA@Gel/CF significantly promoted the cardiac tissue regeneration and
function recovery in vivo post M.I.

2. Materials and methods

2.1. Materials, cell and animal

Poly lactide (PLA) with the average molecular weight of 80 kD was
purchased from Chang Chun Sino Biomaterial Co., Ltd, Changchun,
China. Type A gelatin was purchased from Sigma-Aldrich Co., Ltd. The
polyacrylonitrile (PAN)-based carbon fibers (CFs) of 7 μm in diameters
was produced by the National Carbon Fiber Engineering Technology
Center, Beijing University of Chemical Technology.

Adult male Sprague-Dawley (SD) rats (200 g–250 g) were purchased
from Beijing Huautong Experimental Animal Technology Co., Ltd.,
China, and the experimental protocol was approved by the Animal Care
and Use Committee of the Basic Medical Sciences, Chinese Academy of
Medical Sciences. Neonatal rat cardiomyocytes (NRCMs) were isolated
from 1~3-day-old SD rats [30] and cultured in high glucose Dulbecco's
Modified Eagle's Medium (DMEM, Gibco) supplemented with 10% fetal
bovine serum (FBS), 1% penicillin/streptomycin and 1% 5-bromodeox-
yuridine (5-BrdU) at 37 �C and 5% CO2. Primary human umbilical vein
endothelial cells (HUVECs) were purchased from ScienCell Research
Laboratories (San Diego, CA), and cultured in endothelial cell medium
with growth supplements provided by the company.
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2.2. Preparation and characterization of scaffolds

Electrospun nanofibers were prepared by coaxial electrospinning,
PLA dissolved in trifluoroethanol (TFEA) at 20% (w/v) as the core and
gelatin in TFEA at 10% (w/v) as the shell. The electrospinning condition
was set as following: voltage was 20 kV, distance was 15 cm, and the flow
rate was controlled at 1 mL/h. The collected nanofibrous film (2 g) was
cut into small pieces and dispersed in 100 mL tert-butanol by homoge-
nizing (IKA T18) for 35 min at 13,000 rpm. CFs cut into 2 cm were
dispersed in tert-butanol. and added to the nanofibers’ dispersion. The
mixture was homogenized for 5 min. Next, the mixture containing CFs of
1.0 mg/mL (PLA@Gel/CF1), 3.0 mg/mL (PLA@Gel/CF3), and 5.0 mg/
mL (PLA@Gel/CF5) was vacuumed to remove the solvent, transferred
into cell culture dishes and frozen-dried for 24 h. The PLA@Gel was
prepared as control. All the materials were then cross-linked by glutar-
aldehyde in ethanol (5%) for 10 min, washed with 0.75% glycine solu-
tions for 5 times, and then was frozen-dried to obtain 3D scaffolds.

The electrospun films were observed by scanning electronmicroscopy
(SEM, Gemini SEM 300). To examine the core-shell structure, gold
nanoparticles were added in the PLA solution and the resulting fibers
were observed by transmission electron microscopy (TEM, 1400 plus).
The morphology of the electrospun fibers was observed by SEM. The
electrical conductivity of scaffolds was measured by using four-point
probe technique (Mitsubishi Chemical Loresta-GX MCP-T700, Japan).
The scaffolds of 10 mm� 6 mmwere prepared for compression tests. The
compression strain-stress curves were measured with both dry scaffolds
and water swelled scaffolds at strain rate of 3 mm/min at room tem-
perature (Instron 5843, 1000-N loaded sensor). The densities (ρ) of the
scaffolds were calculated by the following equation:

ρ¼m=v:

where m was the mass of the scaffold, and v was the volume of the
scaffold.

The water absorption property of the scaffolds was tested by
following steps and displayed as Ra [31]. First, dry scaffolds were
weighed (W0). Then, the scaffolds were placed in a dish containing
distilled water and were taken out and weighed (W1) at 5, 15, 30, 60, and
120 min. The Ra was calculated by the equation of Ra¼(W1–W0)/W0.

The porosity (P) of the scaffolds was measured by using the ethanol
adsorption approach. In brief, the dry scaffolds were weighted (W0) and
volume was measured (V0). Then the scaffolds were immersed in ethanol
for 2 h and weighted (We). The porosity of each scaffolds was calculated
by the equation of P¼(We-W0)/(V0 � 0.79) � 100%.

2.3. Cell viability and cytokine assay

NRCMs or HUVECs of 1 � 104 cells/well were seeded on PLA@Gel
and PLA@Gel/CF3 for 5 days. The cell viability was measured using cell
counting kit 8 (CCK-8; Dojindo). NRCMs or HUVECs of 8 � 105 were
seeded on PLA@Gel and PLA@Gel/CF3 in a 6-well culture plate, the
supernatants were collected at 48-h. Vascular endothelial growth factor
(VEGF) expression of NRCMs and plasminogen activator inhibitor-1 (PAI-
1) expression of HUVECs were measured by ELISA kit (Neobioscience,
China).

2.4. Western blot

NRCMs or HUVECs of 1 � 106 were seeded on PLA@Gel and
PLA@Gel/CF3 in 6-well culture plates. After incubation, the cells were
washedwith phosphate buffered saline (PBS, pH¼ 7.4) and lysed in RIPA
buffer and the protein concentration was determined with Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific). Primary antibodies of anti-
connexin 43 (Cx43, CST), anti-Sarcomeric α-actinin (Abcam), anti-CD31
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(Abcam), anti-VE-cadherin (Abcam), anti-RhoA (CST), anti-hypoxia-
inducible factor 1α (HIF-1α, CST) and anti β-actin (CST) were applied.
The relative expression of each protein was quantified using ImageJ
analysis software.

2.5. HUVECs morphology and collagen expression

HUVECs were fixed with glutaraldehyde and dehydrated through
graded ethanol solutions (30%, 50%, 70%, 90% and 100%) and critical
point drying following 3-day incubation on the scaffolds. The
morphology of HUVECs was observed using environmental scanning
electron microscope (Quanta 200 FEG).

HUVECs of 2� 104 were seeded on PLA@Gel/CF3 or PLA@Gel in 24-
well culture plates. After 2-day culture, trypsin/EDTA (Ethylene Diamine
Tetraacetic Acid) was added and cells were removed. The scaffolds left
were washed, blocked with 1% BSA(bovine serum albumin)/PBS, and
incubated with rabbit anti-human type IV collagen (GeneTex) for 1 h.
The HRP (horseradish peroxidase)-conjugated goat anti-rabbit IgG
(Abcam) was added, followed by TMB (Tetramethyl benzidine) substrate
addition. The absorbance at 450 nm was measured with a microplate
reader (BioTek).

2.6. HUVEC migration and angiogenesis with NRCMs conditioned medium

NRCMs (1 � 106) were seeded on PLA@Gel or PLA@Gel/CF3 in a 6-
well culture plate. After 48 h-incubation, the medium without 5-BrdU
were added and the cells were cultured for another 48 h, the superna-
tants were collected as conditioned medium (CM).

HUVECs (2 � 105 cells) were cultured in 24-well plate and a straight
line was scratched across with a 200 μL pipet tip when the cells became
confluent. Thereafter, CM of 500 μL was added to HUVECs. The cells
were observed under microscope (Olympus IX71) at 0 h, 6 h, 12 h, and
24 h. The wound width was analyzed with ImageJ software.

HUVECs (3 � 104 cells) were seeded in the growth factor reduced
Matrigel (BD) in 96-well culture plate. The CM of 100 μL was added into
the wells and incubated for 12 h with supplemented calcein-AM (Mo-
lecular Probe). The tube number and total tube length were quantified by
ImageJ analysis software in five randomly selected fields at 4 �
magnification.

2.7. Left ventricular ligation and cardiac patch implantation

Adult SD male rats were randomly divided into four groups (8 rats per
group). After being anesthetized with isoflurane, the rats were intubated
and connected to the ventilator (Kent Scientific). The rats’ hearts were
exposed, and the left anterior descending coronary artery (LAD) was
ligated with a 7-0# needle suture. The electrocardiograph (ECG) dis-
played a T wave inversion (II lead) after the ligation, indicating the
myocardial infarction (M.I.) model successful establishment. Patches of
PLA@Gel or PLA@Gel/CF3 of 6 mm in diameter were carefully placed to
theM.I. area andmanual compression was applied. For the control group,
the chest of rats was closed after the ligation. For the sham group, the
animals were operated with the same procedure without ligation.

2.8. Transthoracic conventional echocardiography

Standard parasternal long-axis ultrasound examination was per-
formed using a 13–24 MHz linear-array transducer (MS-250) with a
digital Vevo 2100 small animal ultrasound system (FUJIFILM Visual-
Sonics Inc., Toronto, Canada). The Rats were anesthetized with 2% iso-
flurane and were placed on thermostatic platform. B- and M-mode scans
were applied at the midventricular level and cine loop images (300
frames) were stored. Speckle-tracking echocardiography (STE) was per-
formed in the PSLAX view at the B-Mode cine loops to provide the
reproducible orbits of myocardial movements. Measurements were ob-
tained from four consecutive cardiac cycles by using the VevoLab
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software (Version 5.6.0, FUJIFILM). The movement at each point was
displayed as blue when the tissue was moving away from the apex and as
red when the tissue was moving towards the apex. The following cardiac
functions parameters were collected, LV ejection fraction (EF %), LV
fractional shortening (FS %), LV cardiac output (ml/min) and global
longitudinal strain (GLS). The negative GLS values indicated cardiac fiber
shortening. At the end of the examination, all rats recovered from
aesthesia.

2.9. Histochemical assay

On day-27 after the implantation, the rats were sacrificed, the heart
were separated and collected. After being injected with 4% para-
formaldehyde through the aorta to remove the blood, the hearts were
immediately immersed in the paraformaldehyde solution (4% in PBS)
overnight. After conventional processing, paraffin-embedded sections
were stained with hematoxylin/eosin (H&E), Masson trichrome and
primary antibodies of rabbit anti-Cx43 and anti-α-SMA (1:500). After
washing, the immunohistology sections were further stained with cor-
responding fluorescence second antibody and DAPI.

2.10. Statistical analysis

All experiments were performed at least three times. Three replica-
tions were set for each experiment at least. For cell experiments, Data
were presented as means � SD. For animal experiment, data were pre-
sented as means � SEM. Multiple comparisons of different groups were
analyzed using GraphPad Prism Software (V.5) with one-way ANOVA.
Two groups comparisons were analyzed using t-test. The p values lower
than 0.05 were considered statistically significant, *p< 0.05, **p< 0.01.

3. Results

3.1. Preparation and characterization of composite scaffolds

SEM images showed that the electrospun fibers were homogenous
(Fig. 1A) with the average diameter of 760 nm (Fig. 1B). With the
addition of gold nanoparticles in the PLA solution in the electrospinning,
the core-shell structure was clearly seen (inserted figure) due to the
higher density of the gold nanoparticles. The nanofibrous film could be
cut into small pieces and dispersed in tert-butanol by homogenizing
(Fig. S1A), and themajority of the length for CFs dispersed in tert-butanol
was not longer than 1 mm (Fig. S1B). In the composites, it could be seen
that the CFs was distributed in the porous composite scaffolds (Fig. 1C).
Moreover, the resulting scaffolds were easy to mold into designed shapes
(Fig. 1D).

The incorporation of CFs improved the physical properties of the
scaffolds. As shown in Fig. 2A, the density of the scaffolds decreased with
the increase of CFs content, suggesting the scaffolds with more CFs ob-
tained larger porous volume compared with the control scaffold with the
same mass. This is likely because CFs provided rigid support for the
porous structure of the scaffolds, which resisted the volume shrinkage in
the cross-linking and lyophilization process. At the same time, as the
porous volume increased, the water absorption capacity for the scaffolds
was increased as well (Fig. 2B), the maximum water absorption of
PLA@Gel, PLA@Gel/CF1, PLA@Gel/CF3, and PLA@Gel/CF5 at 5 min
was 964.33%, 1025.99%, 1142.28% and 1206.93% respectively, indi-
cating that the composite scaffolds were able to hold more aqueous so-
lution. The porosity of the scaffolds was increased proportionally with
the addition of CFs (Fig. 2C). After adsorbing water, the scaffold became
dark and was easily to be folded (Fig. 2D, Video S1). Interestingly, the
compressive stress-strain of the scaffolds was significantly improved
along with the increase of CFs content (Fig. 2E). Considering the
compression strain-stress curves were measured with the dry scaffolds
and the scaffolds would inevitably contact water in the application, the
curves of water swelled PLA@Gel and PLA@Gel/CF3 were measured as



Fig. 1. Morphology of the fibrous film and the composite scaffolds. (A) Images of SEM and TEM (inserted) for the co-axial electrospun fibers. (B) Diameter distribution
of the electrospun fibers. (C) SEM images of the composite scaffold PLA@Gel, PLA@Gel/CF1, PLA@Gel/CF3 and PLA@Gel/CF5. (D) Photographs of the cartoon
composite scaffolds made of PLA@Gel, PLA@Gel/CF1, PLA@Gel/CF3, and PLA@Gel/CF5 (from left to right) with different shapes.
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Fig. 2. Physical properties of the composite scaffolds. (A) Density (n ¼ 3), (B) water absorption percentage (n ¼ 3), (C) Porosity (n ¼ 3), (D) photograph of conductive
composite scaffold of PLA@Gel/CF3 after soaking in water, (D) compressive stress-strain curves, and (E) conductivity of the scaffolds (n ¼ 3).
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well, and the elastic moduli of the swelled scaffolds were 145.3 kPa and
389.7 kPa respectively (Fig. S2), which were located in the range of that
for natural rat heart during diastole and systole [32]. Besides, the con-
ductivity of PLA@Gel/CFs was significantly increased compared with
that of PLA@Gel (Fig. 2F), which was attributable to the excellent con-
ductivity of CFs [33,34]. Importantly, the electrical conductivity of
PLA@Gel/CF1 and PLA@Gel/CF3 was 0.16 S/m and 0.58 S/m, respec-
tively, which fell in the conductivity range of ventricular muscle, blood,
and skeletal muscle (0.03–0.6 S/m) [35]. Considering that in the suitable
conductivity range, higher conductivity would harness and facilitate
cardiomyocytes viability [36], and it would be better for scaffolds to have
lower density and higher swelling ratio, in the following experiments,
PLA@Gel/CF3 was selected as a representative of the conductive com-
posite scaffold, and PLA@Gel was used as control.
3.2. PLA@Gelatin/CF3 enhanced NRCMs maturation

The neonatal rat cardiomyocytes (NRCMs) proliferated at a similar
rate on PLA@Gel/CF3 and PLA@Gel according to the results of the cell
viability (Fig. 3A). Physiological functions of the cells grown on the two
scaffolds were evaluated by examining the expression of connexin-43
(Cx43), cardiac α-sarcomeric actinin (α-actinin) and RhoA, because
Cx43 forms gap junction channel to accomplish intercellular electrical
coupling and regulates electrical signal transmission between NRCMs
[35,37], α-actinin is a cardiac-specific contractile protein for myofila-
ment reassembly [38], and Rho family small GTPases like RhoA is re-
ported to regulate cell-cell junctions [39,40]. The results showed that
NRCMs grown on PLA@Gel/CF3 expressed significantly higher level of
Cx43, α-actinin and RhoA compared with those on PLA@Gel (Fig. 3B and
C), indicating the addition of CFs enhanced the intercellular adhesive
junctions and electrochemical junctions in the NRCMs. It could be noted
that the level of HIF-1α for NRCMs grown on PLA@Gel/CF3 was signif-
icantly up-regulated compared with those on PLA@Gel (Fig. 3B and C).
5

As HIF-1α plays a central role in regulating VEGF [41], and VEGF is one
of the most important growth factors regulating neovascularization, the
production of VEGF for the cells was measured, showing that NRCMs
grown on PLA@Gel/CF3 produced more VEGF than the control (Fig. 3D),
indicating that the conductive composite scaffolds could enhance the
cells to establish an angiogenic microenvironment that was beneficial for
recruiting endothelial cells to realize neovascularization.
3.3. PLA@Gel/CF promoted HUVECs angiogenesis

Next, we investigated whether the scaffolds could support the growth
of vascular endothelial cells and induce vascularization. Both PLA@Gel
and PLA@Gel/CF3 were able to well support the growth of HUVECs
(Fig. 4A). Moreover, western blot results showed that the level of VE-
cadherin, Cx43, CD31, and RhoA was all up-regulated significantly for
HUVECs grown on PLA@Gel/CF3 compared with that for the cells grown
on PLA@Gel (Fig. 4B and C). VE-cadherin is particularly important in
neovascularization [42], Cx43 forms the gap junction channel that reg-
ulates electrical signal transmission between cells, CD31 makes up the
intercellular junctions between endothelial cells [43], and RhoA plays a
key role in regulating angiogenesis [44]. These results indicated that the
conductive composite scaffolds could provide angiogenesis stimulus for
HUVECs. Noted that HUVECs grown on PLA@Gel/CF3 were able to form
vessel-like structures and exhibit a spreading morphology, on the con-
trary, HUVECs grown on PLA@Gel mainly displayed separate and flat
appearance (Fig. 4D). These results suggested that the conductive CFs
facilitate the endothelial cell vessel-like structure formation, which is an
important indicator of angiogenesis. We further investigated whether
HUVECs grown on PLA@Gel/CF3 maintained the anticoagulant func-
tion. The results showed that HUVECs grown on PLA@Gel/CF3 secreted
less PAI-1, indicating the conductive scaffold was favor for maintaining
the anticoagulant function than those on PLA@Gel (Fig. 4E). In addition,
HUVECs grown on PLA@Gel/CF3 produced much more Type IV collagen



Fig. 3. PLA@Gel/CF3 enhanced NRCMs maturation and recruited endothelial cells. (A) Cell viability of NRCMs grown on the scaffolds for 3 or 5 days (n¼4). (B)
Representative bands of western blot for HIF-1α, α-actinin, Cx43, and RhoA for NRCMs. (C) Quantification expression of HIF-1α, α-actinin, Cx43, and RhoA for NRCMs
(n¼3). (D) VEGF secreted by NRCMs (n¼3). *p < 0.05, **p < 0.01 vs that of PLA@Gel.
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(Fig. 4F) that can initiate angiogenetic response and result in the for-
mation of a new basement membrane [45].

3.4. PLA@Gel/CF3 enhanced the crosstalk between cardiomyocytes and
endothelial cells

The supernatants of NRCMs grown on PLA@Gel and PLA@Gel/CF3
were supplemented in the culture system of HUVECs, referred as CM/
PLA@Gel and CM/PLA@Gel/CF3 respectively. The HUVECs treated with
CM/PLA@Gel/CF3 showed a quick gap close (Fig. 5A), indicating that
the CM promoted the endothelial cells proliferation and migration.
Meanwhile, the cells formed more vessel-like tubes than those incubated
with CM/PLA@Gel (Fig. 5B). The average tube number and tube length
was increased to 1.8 folds and 1.2 folds respectively for the HUVECs
incubated with CM/PLA@Gel/CF3 compared to that with CM/PLA@Gel
(Fig. 5C and D). These results indicated that the NRCM grown on
PLA@Gel/CF3 could sense the physical characteristics and transfer them
in the form of biochemical cues, enhancing the endothelial cells functions
by the effective crosstalk between the two types of the cells.

3.5. Echocardiographic analysis of rat cardiac function

The synchronized contraction of M.I. heart with/without the im-
plantation of the scaffolds was recorded by the echocardiography (Videos
S2–4, supporting information) 3 weeks post the scaffolds implantation. It
could be seen that the local muscle movements of the infracted area were
different, though the hearts continued to contract and dilatate in all the
6

groups. First, from the images of M-Mode (Fig. 6A), it could be seen that
the LV anterior wall (LVAW, red arrow) ultrasonic scattering density was
very low for the M.I. group, indicating the heart muscles were damaged.
The scaffolds implantation increased the LVAW ultrasonic scattering
density, especially PLA@Gel/CF3. To clarify the detail of LVAW move-
ments, speckle tracking analysis was applied (see B-Mode in Fig. 6A). The
strain-based orbit line mapping showed that the muscle movements of
the M.I. heart was limited with a shorten orbit (yellow arrow), implying
the strength of muscle was decreased. The muscles function was recov-
ered with increased orbit of muscle movement (blue arrow), demon-
strating that the PLA@Gel/CF3 implantation retarding the injury. The 3D
global left ventricle radial and longitudinal strain displayed a discordant
color of the muscle movement, indicating the infracted area was passive
to the whole heart movement. PLA@Gel/CF3 improved the coordination
of the infracted muscle, providing another proof that the composite
scaffolds were benefit for infracted muscle regeneration. These results
indicated that the contraction and dilation of the cardiac function were
improved by PLA@Gel/CF3 implantation.

The movement difference for the infracted area could be reflected by
the cardiac function indicators calculated from the echocardiography
analysis, including LV ejection fractions (EF, %), fractional shortening
(FS, %), cardiac output (CO) and global longitudinal strain (GLS)
(Fig. 6B). Rats of M.I. group displayed decrease of EF, FS and CO. The
implantation of scaffolds increased the EF, FS, and CO of LV. In partic-
ular, the GLS was significantly enhanced by PLA@Gel/CF3. These results
together proved that the cardiac dysfunction induced by myocardia
infraction was reversed by the PLA@Gel/CF3 implantation.



Fig. 4. Morphology and functions of HUVECs grown on the composite scaffolds. (A) Cell viability of different incubation time determined by CCK-8 assay (n¼4). (B)
Representative western blot bands showing the expression of VE-cadherin, CD31, Cx43 and RhoA. (C) Quantification of the western blot results (n¼3). (D) ESEM
images of HUVECs (pink) and carbon fibers (blue) in the scaffolds. The level of plasminogen activator inhibitor-1 (PAI-1) (E) and type IV collagen (F) secreted by
HUVECs grown on the scaffolds for 2 days. (n¼3). *p < 0.05, **p < 0.01 vs that of PLA@Gel.

Fig. 5. Conductive composite scaffolds enhanced the crosstalk between NRCMs and HUVECs. (A) Wound healing of HUVECs at different times. The supplement of
CM/PLA@Gel/CF3 increased the HUVECs migration and proliferation with a quick gap close. (B) Representative endothelia cell tube formation in conditioned media.
Quantification of the tube number (C) and length (D) for HUVECs in conditioned media, n¼5. *p < 0.05 vs that of PLA@Gel.
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3.6. Histological analyses of rat cardiac structure

Hematoxylin/eosin (H&E) and Masson staining (Fig. 7A) showed the
infracted heart wall of the M.I. rats became thin and was filled with scar
tissues, composed of collagen and fibroblast cells, and muscle cells were
hardly seen in the scar tissues. The pathology characteristics were
consistent with the speckle tracking analysis of the decreased longitu-
dinal strain because of the infraction. The PLA@Gel scaffold implantation
was able to inhibit the infracted heart wall to become thin, and the heart
7

wall was composed of loose collagen fibers, fibroblast cells and scattered
heart muscle cells, indicating that the muscles injury was attenuated. For
the group of PLA@Gel/CF3 implantation, the infracted heart wall
showed the most thickness in the three groups, at the same time, the scar
area was the smallest; only a small part of the heart tissue was stained
blue, implying that most of the area was filled with cardiomyocytes
instead of scar tissue. The thickness of the heart wall and relative area of
the heart muscle in the infracted area were calculated from five random
fields of each group with 20�magnification. The results showed that the



Fig. 6. Effects of the implanted scaffolds on the LV function and movement. (A) Representative M-Mode, B-Mode, and 3D global left ventricle longitudinal strain
movement images for different groups. PLA@Gel/CF3 implantation improved the LV movement coordination. Differences of hearts EF (B), FS (C), CO (D), and GLS (E)
for the rats of the four groups. For sham and M.I. groups, n¼7; for PLA@Gel group, n¼6; for PLA@Gel/CF3 group, n¼8; *p < 0.05, **p < 0.01.

J. Meng et al. Materials Today Bio 16 (2022) 100415
heart wall was thicker with the implantation of PLA@Gel/CF3 than that
of PLA@Gel as well as that of the M.I. groups, and the thickness was
similar to that of the healthy rats (Fig. 7B). At the same time, the heart
muscle area was significantly increased for the PLA@Gel/CF3 group
compared with that of PLA@Gel group, meanwhile, the collagen area
was decreased (Fig. 7C).

The immunohistological staining of Cx43 and α-SMA was applied to
the heart tissue (Fig. 8A), showing that there were no Cx43 positive cells
observed in the tissue of the infracted area for M.I. group, demonstrating
the muscle tissue were totally replaced by the scar. For PLA@Gel im-
plantation group, the Cx43 expression was increased to a certain extent in
reference to the M.I. group though the level was still low. For the
PLA@Gel/CF3 group, the expression of Cx43 was significantly increased,
strongly suggested effective tissue regeneration in the infraction area. In
addition, α-SMA staining indicating blood vessel structure was examined.
Among the three groups, more blood vessels stained with circular α-SMA
positive structure could be seen in the PLA@Gel/CF3 group. By com-
parison, one could see many vessel structures with very small diameters
in the heart with implantation of PLA@Gel, while more vessel structures
with larger diameters were observed in the heart with PLA@Gel/CF3
suggesting that the implantation of PLA@Gel/CF3 promoted angiogen-
esis that beneficial to the myocardial regeneration. The angiogenesis of
the tissue was evaluated with the vessel density indicated by the α-SMA
positive circular structures. The statistical analysis was performed by
counting the circular structure five random fields of each group under 40
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� magnification. The results showed that the PLA@Gel/CF3 scaffolds
significantly increased the vessel density, which was about 3 times of that
of M.I, and significantly higher than that of PLA@Gel as well (Fig. 8B).

4. Discussion

Scaffolds stand the central position in guiding tissue regeneration. For
uses in cardiac tissue engineering, scaffolds need sufficient stiffness and
conductivity as well as fibrous structures that provide environment
mimicking the heart muscle. Although electrospinning technique has
been widely applied to generate fibrous scaffolds in the cardiac tissue
regeneration [20,46], it was usually applied to produce fibrous mem-
branes instead of three-dimensional scaffolds. In addition, the stiffness of
fibrous membranes alone usually is too low to meet the requirement of
cardiac tissue contraction. Besides stiffness, it has been recognized that
conductivity is necessary and holds certain advantages in aspect of
enhancing cardiomyocyte maturation and electrophysiological function
[19]. Up to date, various conductive nanomaterials have been explored
to increase the conductivity of insulating polymeric materials effectively,
mainly including carbon nanotubes [21,47,48], graphene [19,49], and
gold nanoparticles [22,50].

One advantage of the present study is the utilization of carbon fibers
(CFs). CFs have high strength and highmodulus, therefore can be an ideal
reinforcing material [51,52]. Additionally, CFs hold attractive electrical
conductivity that is even close to that of metals [33,34]. Different from



Fig. 7. Histochemical observations of M.I. heart of rats with scaffolds implantation. A. Hematoxylin/eosin (H&E, first row) and Masson's trichrome staining (second
and third row) of the infracted heart wall post 4 weeks of the implantation. Collagen was stained in blue and muscle in red. Heart wall thickness (B) and muscle area
(C) of the infracted heart for the M.I., PLA@Gel, and PLA@Gel/CF3 group (n ¼ 5), **p < 0.01 vs that of M.I., ##<0.05.

Fig. 8. Immunofluorescence of muscle and vessel maturation for the infracted heart of rat received different treatments post M.I. A. Representative image of Cx43
(green) and α-SMA (red), the nuclear was co-stained with DAPI (blue). B. The calculation of vessels density in the infracted heart for different groups (n ¼ 5), **p <

0.01 vs that of M.I., #<0.05.

J. Meng et al. Materials Today Bio 16 (2022) 100415
conductive nanomaterials in size, CFs are a kind of conductive fibers with
a diameter of 7 μm that is close to the size of purkinje fiber transducing
electrical signals in myocardial tissue. In this work, CFs were applied to
act not only as a rigid supportive frame for the soft fibrous matrix, but
also as conductive fibers mimicking micro-scaled purkinje fibers in the
heart. Additionally, as one kind of carbon materials, CFs provided the
compatibility to the cardiomyocytes and vascular endothelial cells,
which will be further discussed below.

In the development of conductive 3D scaffolds, it would be better to
fabricate the scaffolds by more flexible ways. In this work, the techniques
of co-axial electrospinning and freeze-drying were combined to fabricate
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the 3D composite scaffolds, which could mold the scaffold into various
shapes easily as well as integrating the advantages of hydrogel and
nanofibrous scaffold. In the composition of the coaxial fibers, PLA was
selected as the core content, because the hydrophobicity of PLA hinders
the adhesion and proliferation of cells [53] while its tensile strength is
necessary for the fibers, and gelatin was used as the shell, because it
contains lysine and arginine residues with positive charge and specific
cell adhesion site, which has better biocompatibility and can promote cell
adhesion [54,55]. At the same time, CFs provided themechanical support
to allow the formation of 3D scaffolds. By this simple approach, the
porosity andmodulus of the prepared scaffolds were comparable with the
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electroactive 3D scaffold composed of silk fibroin and conducting
poly(anilineco-N-(4-sulfophenyl) aniline) (PASA), while the conductivity
was higher [56].

It was noticeable that the expression of HIF-1α for NRCMs grown on
PLA@Gel/CF3 was significantly increased, which was attributable to the
hypoxia caused by the stronger beating of NRCMs grown on the scaffold
that had higher stiffness than control [34]. It has been well documented
that HIF-1α can mediate the expression of VEGF gene and promote
angiogenesis during tissue repair under hypoxia [41]. In the present
study, it was found out that NRCMs on PLA@Gel/CF3 expressed a higher
level of VEGF than those on PLA@Gel. Therefore, we would suggest that
PLA@Gel/CF3 is capable of enhancing NRCMs to secrete VEGF by
inducing a proper hypoxic status of the cells, which recruited and pro-
moted the endothelial cells to form vessel-like structures.

Rapid formation of confluent endothelial layer is critical for vascular
remodeling and myocardial tissue engineering. Here we tried to figure
out whether the NRCMs could transfer the cues of scaffolds to the
HUVECs, which would be beneficial to the recruitment of endothelial
cells into the scaffolds. It was interesting that the NRCMs could sense the
different features of the scaffolds and deliver the beneficial environ-
mental cues to the HUVECs by secreting more VEGF that directly par-
ticipates in angiogenesis by recruiting endothelial cells to hypoxic and
avascular areas and by stimulating their proliferation, which led to the
more vessel-like structures formation (Fig. 4D). On the other hand, the
conductive 3D composite scaffold of PLA@Gel/CF3 could interact with
HUVECs directly as well. It has been documented that carbon materials
can have various protein molecules strongly adsorbed on their surface,
which makes the surface blood compatible [57–59]. Therefore, the
integration of CFs would provide more friendly interface to the endo-
thelial cells. Additionally, it has been recognized that utilizing electro-
active materials in scaffolds can greatly improve the functional outcomes
of cells [60]. Although endothelial cells are not inherently electrically
dependent, the conductive composite noticeably increased the cells
proliferation and NO release [43]. It should be noted that the level of
Cx43 and VE-cadherin was up regulated significantly when HUVECs
were grown on PLA@Gel/CF3, indicating the conjugation for the cells
was enhanced, and that is essential for endothelial cells to maintain
cell-cell communication, which subsequently directs endothelial cell
morphogenesis and guides the development and integrity of confluent
endothelial monolayer [55]. Meanwhile, RhoA was also increased. The
higher expression of RhoA would benefit the organization of cytoskel-
eton and cell morphology and enhanced the migration and angiogenesis
of HUVECs in vitro [61]. Taken above together, the scaffold PLA@-
Gel/CF3 was able to enhance the growth of endothelial cells and the
formation of vessel-like structures through cell-cell interaction and
cell-scaffold interaction.

5. Conclusion

A novel 3D conductive composite scaffold was fabricated by inte-
grating carbon fibers and co-axial fibers, which possessed proper con-
ductivity, stiffness and fibrous structures. The conductive composite
scaffold not only enhanced NRCMsmaturation and VEGF production, but
also promoted HUVECs to form vessel-like structures and to keep the
anticoagulant function, moreover, enhanced the crosstalk between the
NRCMs and HUVECs. These effects together led to the functional heart
tissue regeneration post myocardial infarction.
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