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Abstract: Electrospun nanofibrous sheets get increasing attention in myocardial infarction (MI) treatment due to 
their good cytocompatibility to deliver transplanted stem cells to infarcted areas and due to mechanical charac-
teristics to support damaged tissue. Cardiac extracellular matrix is essential for implanted cells since it provides 
the cardiac microenvironment. In this study, we hypothesized high concentrations of cardiac nature protein (NP), 
namely elastin and collagen, in hybrid polycaprolactone (PCL) electrospun nanofibrous sheets could be effective as 
cardiac-mimicking patch. Optimal ratio of elastin and collagen with PCL in electrospun sheets (80% NP/PCL) was 
selected based on cytocompatibility and mechanical characteristics. Bone-marrow (BM) c-kit+ cells anchoring onto 
NP/PCL sheets exhibited increased proliferative capacity compared with those seeded on PCL in vitro. Moreover, we 
examined the improvement of cardiac function in MI mice by cell-seeded cardiac patch. Green Fluorescent Protein 
(GFP)-labeled BM c-kit+ cells were loaded on 80% NP/PCL sheets which was transplanted into MI mice. Both 80% 
NP/PCL and c-kit+-seeded 80% NP/PCL effectively improved cardiac function after 4 weeks of transplantation, with 
reduced infarction area and restricted LV remodeling. C-kit+-seeded 80% NP/PCL was even superior to the 80% NP/
PCL alone and both superior to PCL. GFP+ cells were identified both in the sheets and local infarcted area where 
transplanted cells underwent cardiac differentiation after 4 weeks. To the best of our knowledge, this is the first 
report that sheets with high concentrations of nature proteins loaded with BM c-kit+ cells might be a novel promising 
candidate for tissue-engineered cardiac patch to improve cardiac repair after MI.

Keywords: Hybrid electrospun nanofibers, polycaprolactone, cardiac nature protein, bone marrow c-kit positive 
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Introduction

Myocardial infarction (MI), commonly known as 
a heart attack, is worldwide a major cause of 
morbidity and mortality. A typical MI causes a 
great loss of cardiomyocytes which result in left 
ventricular (LV) remodeling, progressive con-
tractile dysfunction and eventually heart failure 
[1]. It is well-known that current clinical treat-
ment, such as drug, percutaneous intervention-
al (PCI) treatment and Coronary Artery Bypass 
Grafting (CABG), can only save residual cardio-
myocytes of forming scar tissue, but not regen-
erate new myocardium. Therefore, accumulat-
ing experimental and clinical researches have 

been evaluating transplantation of stem cells  
to improve cardiac repair [2-4]. Abundant re- 
searches showed that c-kit+ cells are promising 
candidates in the field of cell therapy and can 
be found in the heart and bone marrow among 
others. Cardiac c-kit+ progenitor cells exhibit  
all characteristics of stem cells including self-
renewal, multipotency and involvement in the 
endogenous regeneration of myocardium and 
endothelial cells [5, 6]. BM-derived c-kit+ stem 
cells, of which the source are richer than that in 
cardiac tissue, can differentiate into cardiomyo-
cytes and vascular endothelial cells [7-9]. They 
play a crucial role in mobilization of progenitor 
cells which is critical for recovery of heart func-
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tion [10]. For these reasons BM c-kit+ cells were 
selected as therapeutic stem cells for MI repair 
in this study.

In most cases, transplantation of stem cells  
is performed by peripheral or intramyocardial 
injection [11-13], but low cell retention rates 
limit the application in experimental clinical 
research [14, 15]. To overcome the problem of 
low cell retention, it was hypothesized that  
providing the cells with an environment similar 
to their original one, the cardiac extracellular 
matrix, could improve their survival and prolif-
eration [16]. And so providing a cardiac ECM to 
the cells which does not only mimic the struc-
tural properties but also biochemical compo-
nents of native myocardial ECM, seems to be 
necessary for a successful transplantation of 
stem cells. The cardiac ECM is composed of 
various proteins. With 28 subtypes of fibrillar 
collagen, it is one of the most common struc-
tural proteins of the cardiac ECM with a concen-
tration varying from approximately 460 to 500 
μg/mg; out of which Type I collagen is the most 
abundant one [17, 18]. Elastin, which is another 
natural structural protein in the ECM, can pro-
vide elastic properties [19]. In cardiac ECM, the 
normal ratio of elastin to collagen is around 
1:10 [20]. A study where they made an artificial 
ECM by seeding cells on plate which contained 
various concentrations of collagen and elastin 
reported that the scaffold was competent for 
delivering seeded cells from epicardium to 
endocardium in mice [21]. Therefore, taking 
into account the main components in cardiac 
ECM and elastic properties provided by elastin, 
collagen type I and elastin were selected in this 
study.

Recently, electrospinning has become more 
popular to provide a micron range network to 
mimic native ECM structure [22, 23]. Furth- 
ermore, hybrid nanofibers fabricated by electro-
spinning technique, using various kinds of natu-
ral proteins, were favorable for adhesion and 
proliferation of cells on the scaffolds [24-28]. 
Similarly to our work, a study where they used 
collagen (10%)/elastin (5%)/PCL (10%) electro-
spun sheets, found that combination of natural 
proteins and synthetic polymers to create elec-
trospun fibrous structures resulted in scaffolds 
with favorable mechanical and biological prop-
erties. However, the concentration of collagen 
and elastin that were mixed with PCL were low 
and the performance of electrospun sheets in 
vivo remain still unclear [29].

In this study, high concentrations of collagen 
and elastin were selected as cardiac NP for the 
composition of hybrid electrospun sheets. PCL, 
a US FDA approved polyester, was added to fab-
ricate electrospun nanofibrous sheets [27]. To 
investigate the best materials to mimic cardiac 
ECM, we optimized the ratio of collagen/elas-
tin/PCL. We also hypothesized that our hybrid 
electrospun sheets seeded with BM-derived 
c-kit+ cells would represent a promising treat-
ment option for tissue repair in myocardial in- 
farction therapy.

Materials and methods

Preparation and characterization of electros-
pun sheets

The electrospun sheets used in the present 
study were prepared according to the proce-
dures previously described [30]. Briefly, PCL 
(Mw = 80 kDa, sigma, USA) NP were blended 
with certain mass ratios (w/w = 2/8, 5/5, 8/2). 
The natural proteins consisted of elastin (He- 
rochem Biochemical reagent CO. LTD, China) 
and collagen type I (Sigma, US) with a 3/7 mass 
proportion according to our preliminary experi-
ments (data not shown). The blends were dis-
solved in Hexafluoroisopropanol (HFIP)(Aladdin, 
China) and stirred for 12 h to obtain a homoge-
neous and stable solution with a mixing solvent 
concentration of 15% (w/v). The prepared solu-
tions, 20% NP/80% PCL (20% NP), 50% NP/50% 
PCL (50% NP) and 80% NP/20% PCL (80% NP), 
were loaded into a 2 mL syringe. During electro-
spinning, the flow rate of the solution in the 
syringe was set to 0.02 mL min-1 using a syrin- 
ge pump (LSP01-1A, Baoding Longer Precision 
Pump, China). The voltage applied to the needle 
was 15 kV and the distance between the tip of 
the needle and the collector was 12.5 cm. As 
control, pure PCL electrospun sheets were simi-
larly prepared. All the experiments were con-
ducted at room temperature and relative hu- 
midity between 40-60%. The prepared electro-
spun sheets were vacuum-dried for 24 h to 
completely remove residual solvent prior to fur-
ther characterization.

Morphology of PCL and NP/PCL electrospun 
sheets were observed under the scanning el- 
ectron microscopy (SEM) (Quanta 2000, FEI, 
USA). Average diameter of fibers was deter-
mined by measuring 100 fiber segments from 
different SEM images for each type of sample 
using Image J® software. Water contact angle 
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(WCA) measurement of electrospun sheets was 
performed using sessile drop method by a vid-
eo-enabled goniometer (FM40MK2 EasyDrop, 
KRÜSS GmbH, Germany). At least 3 mL distilled 
water was placed randomly at different loca-
tions of each sample. After settling the droplets 
on the fibrous membrane sheets with no noti- 
ceable changes in their shapes, the projected 
images of the droplets were analyzed for deter-
mining contact angle.

Mechanical properties of the PCL and NP/PCL 
electrospun sheets were determined using a 
material testing machine (H5K-S, Hounsfield, 
United Kingdom) equipped with a 10 N load 
cell. At least 3 rectangular-shaped specimens 
(10×10×0.10-0.15 mm) were stretched at a 
constant cross-head speed of 10 mm/min. 
According to the stress-strain curves, Young’s 
modulus, elongation at break, and tensile st- 
rength were calculated.

Induction of MI model in mice

All C57BL/6 mice used in this study were pur-
chased from SLAC Laboratories Co. LTD (Sh- 
anghai, China). GFP+ transgenic mice were ob- 
tained from Shanghai Biomodel Organism 
Science & Technology Development Co. LTD 
(Shanghai, China). All procedures in this study 
including animal use, housing, and surgeries 
were approved by the Shanghai Jiao Tong Uni- 
versity Institutional Animal Care and Use Co- 
mmittee (IACUC).

Myocardial infarction mice models were per-
formed as previously described [31]. Briefly, 
animals were anesthetized utilizing an isoflu-
rane (Jiupai, Hebei, China) inhalational cham-
ber. Subsequently, a small skin cut, muscle dis-
section and heart externalization was perfor- 
med. Once the pericardium was opened, a 7-0 
prolene was utilized to ligate the left descend-
ing artery (LDA). Hereafter, possible gas inside 
the chest was eliminated and the wound cle- 
aned, closed by suturing and disinfected.

Isolation and culture of c-kit+ cells

C-kit+ cells were all freshly isolated from bone 
marrow of MI mice. Briefly, the bone marrow of 
the femur and tibia of 6-8 weeks old heart-
infarcted C57BL/6 or GFP+ mice was flushed 
using Hank’s balance salt solution (HBSS; Th- 
ermo, USA) with 40 μm cell strainer (FALCON, 
BD). Mononuclear cells were collected by gradi-

ent centrifugation. Finally, c-kit+ cells were iso-
lated from the mononuclear cells using a CD- 
117 MACS kit (MiltenyiBiotec, Germany). Anti-
CD117 antibody labeled with PE (BD, Germany) 
was used for examining the purity by Flow 
Cytometer (ACCURI C6, BD, Germany). Collected 
cells were cultured in DMEM supplemented 
with 15% fetal bovine serum (Gibco, Thermo, 
USA) and 1% Penicillin-Streptomycin solution 
(P/S, Thermo, USA).

PCL and NP/PCL electrospun sheets were pl- 
aced on the bottom of the 96-well plates. Sh- 
eets were washed 3-5 times using PBS (Me- 
dicago, Sweden) after sterilization of UV-light 
for 2 hours. C-kit+ cells were then seeded in 
96-well plates at concentrations of 1×105/well 
and culture performed in humidity incubator at 
37°C and 5% CO2.

Cell proliferation assay

Cell proliferation was tested on day 0, 1, 3, 5, 
and 7 using the colorimetric Cell Titer 96 Aq- 
ueous One solution assay (Promega, USA) and 
examined at 490 nm using a spectrophotomet-
ric plate reader (Biotech, USA). To examine pro-
liferation marker expression, cells cultured for 
5 days were fixed by 4% paraformaldehyde and 
permeabilized by 0.5% Triton X-100. Cells were 
then incubated with rabbit anti-ki67 antibody 
(1:200, Abcam, UK) at 4°C overnight, followed 
by incubation with donkey anti-rabbit IgG H&L 
AlexaFluor 594 (1:500, Invitrogen, USA) at room 
temperature for 1 hour and 4’,6-diamidino-
2-phenylindole (DAPI) (Sigma, USA) for 1 min. 5 
visual fields were randomly selected for all 
groups and ki67 expression was determined.

Cardiac differentiation

0.4 μm transwell plates (Corning, USA) were 
used for c-kit+-seeded electrospun sheets and 
infarcted cardiac tissue co-culture. The seeded 
electrospun sheets were cultured in the lower 
layer of 24-well plate. Small amount of ground 
infarcted cardiac tissue was added into the 
upper transwell chamber. Twenty days after co-
culture, RNA from the cells located in the lower 
wells was obtained using Trizol. Complementary 
DNA (cDNA) was synthesized using the 1st syn-
thesize cDNA kit (Vanzyme Biotech) according 
to the manufacturer’s instruction. Polymerase 
chain reaction (PCR) was performed with GoTaq 
Green Master mix (Promega, USA) with the fol-
lowing genes: Gata4, Nkx2.5, Cardiac Troponin 
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T (cTnT) and alpha-sarcomeric actin (α-SMA). 
Primer information is specified in Table S1.

Transplantation of electrospun sheets

Fifty-four C57BL/6 mice were randomly assig- 
ned to 5 groups: 1) sham operation group (n = 
6); 2) MI group (n = 12); 3) PCL group (cell-free 
PCL electrospun sheets, n = 12); 4) 80% NP 
(cell-free 80% NP electrospun sheets, n = 12); 
5) c-kit+-seeded 80% NP group (c-kit+-seeded 
80% NP electrospun sheets, n = 12). Tran- 
splanted c-kit+ cells were derived from bone 
marrow of GFP+ transgenic mice to identify con-
veniently cell survival and differentiation. The 
c-kit+-seeded 80% NP electrospun sheets were 
cultured for 3 days before transplantation.

Surgical anesthetization and method of expo-
sure of mice hearts of transplanting cardiac 
patches were the same as MI surgery. Once the 
pericardium was opened, a 7-0 prolene, which 
was sutured in advance in the electrospun 
sheet, was utilized to ligate the LDA. Hereafter, 
the sheet was set to the left ventricle. The elec-
trospun sheet attached to the epicardium with-
out using glue. Finally, gas inside the chest was 
eliminated, and the wound closed by suturing. 
All mice received daily injection, starting 1 day 
before surgery until sacrifice, of cyclosporine A 
(25 mg/kg/day, Neocyspin, China) by intragas-
tric administration.

Echocardiography

In vivo cardiac function for each groups were 
assessed at week one and four by transthorac-
ic echocardiography (LG, South Korean). Briefly, 
mice were anesthetized with 5% chloralhydrate 
(Sigma, USA) by intraperitoneal injection. 2D 
mode and M-mode images were recorded by 
short axis view from the mid-LV between the 
4th to 5th intercostal space. The LV end-dia-
stolic diameter (LVEDD) and end-systolic diam-
eter (LVESD) were measured from 3-5 consecu-
tive cardiac cycles on the M-mode images. To 
assess cardiac function, the ejection fraction 
(EF) and fractional shortening (FS) were auto-
matically generated by the machine. All mea-
surements were performed by an experienced 
ultrasound doctor blinded to treatment groups.

In vivo cardiac hemodynamics

Four weeks after cardiac electrospun sheet 
transplantation, mice were monitored continu-
ously to measure pressure-volume (P/V) using 

Millar Pressure-Volume system [32] (ULTRA-
Miniature Pressure-Volume Catheter, model 
SPR-1049, Millar Instrument, USA). LabChart 
Pro v.7 software was used for analysis of le- 
ft ventricle systolic and diastolic function. All 
hemodynamic parameters were automatically 
calculated and generated. Briefly, mice were 
anesthetized using isoflurane inhalational ch- 
amber as described earlier. After calibration, 
the probe was inserted from the left common 
carotid artery to the left ventricle, enabling to 
obtain the LV pressure and conductance in real 
time. This was followed by intravenous adminis-
tration of 20% sodium chloride solution for 3 
times. After correction of volume data by mea-
surement of conductance, mice were sacrificed 
for tissue collection.

Examination of infarct size and histological 
staining

After cardiac hemodynamics measurements, 
mice were all sacrificed. Hearts (n = 6) from 
each group were cut into slices from about 2 
mm for 2, 3, 5-Triphenyltetrazolium Chloride 
(TTC) staining. The remaining hearts (n = 6) 
from each group were fixed in 2% paraformal-
dehyde and embedded in Tissue-Tek OCT Co- 
mpound (Sakura Finetek, CA). 8-10 μm sec-
tions were cut using cryostat and stained with 
H&E, Sirius Red [33]. Changes in thickness of 
LV wall was examined by comparing the aver-
age thickness of left ventricles. The scar size 
was evaluated by calculating the percentage of 
viable red areas to the whole area using Image 
J® software.

Immunofluorescence staining

Immunostaining was used for tracing trans-
planted GFP+ cells and analyzing myocardium 
regeneration. Briefly, frozen sections were incu-
bated with chicken anti-GFP antibody (1:1000, 
Abcam, UK) and mouse anti-Cardiac Troponin T 
antibody (1:500, Abcam, UK) at 4°C overnight. 
Sections were then incubated with secondary 
antibody goat anti-chicken IgG AlexaFluor 488 
(1:1000, Abcam, UK) and donkey anti-mouse 
IgG AlexaFluor 594 (1:1000, Invitrogen, USA) at 
room temperature for 1 h and DAPI for 1 min. 
Images were obtained using fluorescent micros-
copy (Nikon, Japan).

Statistical analyses

All data are expressed as mean ± standard 
deviation. SPSS software (v.18.0) was used for 



Improved cardiac repair after MI by electrospun sheets

1682 Am J Transl Res 2016;8(4):1678-1694

analysis with P<0.05 set as statistically signifi-
cant. Comparisons among multiple groups we- 
re performed using one-way ANOVA with Tukey’s 
multiple post-test.

Results

Characteristics of PCL and NP/PCL electros-
pun sheets

All electrospun sheets presented porous and 
uniform structures; however, SEM observation 
demonstrated that mixing NPs with PCL ch- 
anged the morphology of electrospun sheets 
(Figure 1A). Interestingly, diameter of fibers in 
electrospun sheets decreased with the incr- 
ease of weight ratio of NP to PCL. The fiber 
diameter of PCL (925.25 ± 127 nm) was signifi-
cantly higher than those of hybrid nanofibrous 
sheets (P<0.01). The fiber diameter of 20% NP 
group (684.65 ± 123.61 nm) was significantly 

higher than 50% NP group (526.7 ± 113.11 
nm) and 80% NP group (497 ± 104.01 nm; 
Table 1). There was also significant difference 
between 50% NP and 80% NP (P<0.01; Figure 
1A, 1C).

Wettability measurement of electrospun sheets 
in each group indicated that addition of pro-
teins endowed electrospun sheets with better 
hydrophilicity (Figure 1B, 1D). The hybrid elec-
trospun sheets were more hydrophilic as com-
pared with pure PCL electrospun sheets (141.1 
± 4.6°; P<0.01). The static water contact ang- 
le decreased with the increase of NP content 
from 71.1 ± 1.1° of the 20% NP group to 50.0 
± 2.6° of 50% NP and 45.9 ± 3.3° of 80% NP 
(P<0.01).

Mechanical properties of electrospun sheets 
changed significantly with addition of NPs 
(Table 1). The Young’s modulus of high concen-

Figure 1. Characteristics of PCL and NP/PCL electrospun sheets. 3:7 ratio of elastin to collagen in 20% NP/80% PCL 
(20% NP), 50% NP/50% PCL (50% NP), 80% NP/20% PCL (80% NP) groups are shown as well as PCL. A. Scanning 
electron microscope (SEM) analysis of PCL and NP/PCL electrospun sheets. Scale bar = 30 μm. B. Photographs of 
contact angle. C. Statistical analysis of fiber diameter of PCL, 20% NP, 50% NP and 80% NP electrospun sheets. 
D. Statistical analysis of static water contact angle for PCL, 20% NP, 50% NP and 80% NP electrospun sheets. 
*P<0.05; **P<0.01.
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tration protein hybrid electrospun sheets was 
higher than PCL (3.73 ± 0.59 MPa; P<0.01). 
Young’s modulus of 80% NP electrospun sheet 
(23.14 ± 1.76 MPa) was significantly higher 
compared to 20% NP (10.32 ± 0.41 MPa) and 
50% NP (16.80 ± 1.33 MPa) sheets (P<0.01). 
In addition, with the increase of NP content in 
electrospun sheets, tensile strength of sheets 
first shows an increased and followed by a 

decrease. The tensile strength values of 20% 
NP (10.970 ± 2.116 MPa) and 50% NP (3.683 
± 0.444 MPa) electrospun sheets were higher 
than those of the PCL (1.742 ± 0.437 MPa; 
P<0.01) and 80% NP (2.348 ± 0.346 MPa; 
P<0.01) electrospun membranes. Moreover, 
the elongation at break of PCL (118.970 ± 
28.826%) was significantly longer compared 
with that of hybrid electrospun sheets (P<0.01). 

Table 1. Mechanical characteristics of electrospun sheets
Sample PCL 20% NP 50% NP 80% NP
Young’s modulus (Mpa) 3.73 ± 0.59 10.32 ± 0.41# 16.80 ± 1.33#,& 23.14 ± 1.76#,&,†

Tensile strength (Mpa) 1.742 ± 0.437 10.970 ± 2.116# 3.683 ± 0.444#,& 2.348 ± 0.346&,†

Elongation at break (%) 118.970 ± 28.826 59.052 ± 16.226# 32.490 ± 18.712# 10.680 ± 4.685#,&

#compared with PCL electrospun sheets, #P < 0.01; &compared with 20% NP electrospun sheets, &P < 0.01; †compared with 
50% NP electrospun sheets, †P < 0.01; Data are mean ± SEM of five experiments.

Figure 2. NP/PCL electrospun sheets promote proliferation of c-kit positive cells in vitro. A. Optical microscope pho-
tographs of c-kit+ cell proliferation for different study groups. Scale bar = 25 μm. B. Cell proliferation assessed using 
Ki67 immunofluorescene staining. Positive cells stained red. Scale bar = 25 μm. C. Percentage of ki67-positive cells 
from immunofluorescence staining calculated by counting positive cells in 5 different random view fields. D. The 
proliferation tested by MTS assay on day 0, 1, 3, 5, and 7. *P<0.05; **P<0.01.
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NP/PCL electrospun sheets promote prolifera-
tion of BM c-kit+ cells in vitro

To evaluate possible cell-material adhesion, 
murine BM c-kit+ cells (1×105 cells/cm2; c-kit+ 
purity over 85%) were seeded on electrospun 
sheets and cultured for 7 days. C-kit+ cells ad- 
hered well on electrospun sheets (Figure 2A). 
After seeded onto the electrospun sheets and 
cultured for 7 days, cell number increased pro-
portionally with NPs concentration, while cells 
in c-kit+ only group did not show obviously prolif-
eration (Figure 2A). In addition, cell prolifera-
tion was also assessed by immunofluoresc- 
ence staining. Ki67, a proliferation marker, was 
expressed significantly higher in c-kit+-seeded 
electrospun sheet groups compared to c-kit+ 

only group (Figure 2B, 2C). The percentage of 
ki67 positive cells in electrospun sheet groups 
were significantly increased compared with 
c-kit+ cells only group after cultured for 5 days 
(1.8 ± 0.4%; P<0.01). The hybrid electrospun 
sheet groups led to a significantly increased 
ki67-positivive rate compared with PCL (12.7 ± 
3.0%) group in which the most effective group 
was 80% NP.

Proliferation was also investigated by MTS 
assay on day 0, 1, 3, 5 and 7. An increase in 
proliferation was observed from day 1 to day 7 
in all groups, reaching the maximum on day  
5. Hereafter, proliferation gradually decreased. 
However, the 80% NP nanofibers was superior 
in promoting cell proliferation in general, and 

Figure 3. Holistic view and mea-
surement of infarct size. Mice 
hearts were collected at day 28 
after transplantation. A. All elec-
trospun sheets covered well the 
epicardium of left ventricles wh- 
en hearts were collected. Yellow 
short dash line indicates the area 
of ventricle aneurysms in MI mod-
el. Yellow arrows point to branch-
es of new blood vessels. Scale bar 
= 1000 μm. B. TTC staining of the 
study groups 28 days after trans-
plantation. Healthy myocardium 
is stained red and infarcted area 
stained white. Scale bar = 1000 
μm. C. Statistical analysis of in-
farcted area ratio in whole tissue. 
*P<0.05; **P<0.01.
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significantly higher than 50% NP group from 
day 1 to day 7 (day 1, 3 and 7: P<0.05, day 5: 
P<0.01; Figure 2D). In general, we observed a 
positive correlation of NPs content and c-kit+ 
cell proliferation. In addition, proliferation tests 
were also performed in different ratios of elas-
tin to collagen NP/PCL hybrid electrospun sh- 
eets, and the 3:7 ratio of elastin to collagen in 
the NP/PCL group significantly promoted prolif-
eration of c-kit+ cells compared to other ratios 
(data not shown). Therefore, the 3:7 ratio of 
elastin to collagen was selected for following 
experiments.

In vitro experiments showed that c-kit+ cells 
underwent cardiac differentiation when co-cul-
tured with infarcted cardiac tissue. Reverse 
transcription PCR showed that immature and 
mature cardiac marker genes including Ga- 
ta4, Nkx2.5, cTnT and α-SMA were expressed 
(Figure S1). The expression of these cardiac dif-
ferentiation makers was the same in cell seed-
ed electrospun sheets or cell-only group. Our 
results indicate that collagen and elastin added 
into the electrospun sheets cannot further 
induce cardiac differentiation of c-kit+ cells in 
vitro.

Figure 4. Echocardiographic examination one and four weeks after MI/implantation. A. M mode echocardiography. 
The movement of LV wall was significantly improved in c-kit+ 80% NP group (arrows indicate the movement of LV free 
wall). B-E. EF, FS, LVEDD, and LVESD of the study groups, respectively. *P<0.05; **P<0.01.
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80% NP and c-kit+-seeded 80% NP electros-
pun sheets improve cardiac repair in vivo

Based on obtained results in vitro, 80% NP was 
selected for transplantation due to the best 
ECM simulation and cytocompatibility. C-kit+-
seeded electrospun sheets and cell-free elec-
trospun sheets were sewed on the epicardium 
of left ventricles which at the same time occlud-
ed the left anterior descending coronary artery. 
Cell-free and cell-seeded 80% NP electrospun 
sheets are shown in Figure S2A and S2B. To 
ensure a complete cover and adhesion on the 
surface of left ventricle of the beating heart, 
forceps were used to gently place the patch 
and keep it flat (Figure S2C). Because 6 electro-
spun sheets folded and could not be unfolded 
in time during operation, 6 mice were excluded 
from this study (two mice in PCL, 80% NP, and 
80% NP+c-kit+ groups dead during operation). 
All other mice survived until sacrifice. All sheets 
covered the epicardium of the left ventricles 
completely when hearts were collected (Figure 
3A). In addition, formation of neovascular net-
works were observed in thin connective tissue 
membranes attached to the surface of electro-
spun sheets but no neovascularization in MI 
group was present. Moreover, left ventricular 
aneurysm formation was observed in MI group 
(short dash line Figure 3A).

To quantify the area of myocardial infarction, 
TTC staining was performed 28 days after 
transplantation (Figure 3B). Healthy myocardi-
um stained red while the infarcted area stained 
white. The infarcted area ratio in the whole tis-
sue was acquired using Image J® software. The 
infarcted area for electrospun sheets was  
significantly smaller than that in MI group 
(24.3128 ± 3.814%; P<0.05). The infarcted 
area for hybrid electrospun sheet groups were 
significantly decreased compared to PCL group 
(19.1613 ± 2.4799%; P<0.05). Compared with 
cell-free group (18.6808 ± 2.6486%), the cell-
seeded group (8.929 ± 1.5483%) was signifi-
cantly smaller in infarcted area (P<0.01; Figure 
3C). Moreover, obvious compensatory hypertro-
phy appeared in the survival healthy myocardi-
um in MI, PCL and 80% NP groups.

M mode and 2-D mode echocardiography were 
performed (Figure 4A) to assess left ventricular 
function (LVF) after electrospun sheets trans-
plantation for each group, which showed ejec-
tion fraction (EF%), fractional shortening (FS%), 
left ventricle end-systolic diameter (LVESDmm) 

and left ventricle end-diastolic diameter 
(LVEDDmm; Figure 4). Electrospun sheets dra-
matically improved cardiac function indices, as 
shown by the significantly increase in EF and FS 
on both day 7 and day 28 after transplantation, 
and by statistically decrease in LVESD on both 
day 7 and day 28 as well as LVEDD on day 28 
after transplantation compared with MI group 
(Figure 4B-E). In addition, EF, FS and LVESD on 
day 7 and day 28 as well as LVEDD on day 28 
after transplantation for hybrid electrospun 
sheet groups performed significantly better 
compared with PCL group. Moreover, c-kit+ 
seeded 80% NP group was better than the cell-
free 80% NP group in EF, FS, LVESD on day 7 
and day 28 as well as LVEDD on day 28 after 
transplantation (Figure 4B-E).

To determine the effect of electrospun sheets 
on cardiac hemodynamics improvement, mice 
hearts underwent catheter tests. Cardiac out-
put (CO) for each study group was examined for 
comprehensive assessment for cardiac hemo-
dynamics. CO increased significantly in hybrid 
electrospun sheet groups compared with MI 
(2481.1 ± 1144.7 μL) and PCL group (3128.0 ± 
1777.6 μL). Cell-seeded hybrid electrospun 
sheet group (4610.0 ± 850.6 μL) performed 
better than the cell-free hybrid electrospun 
sheet group (3600.0 ± 1643.3 μL; P<0.05; 
Figure 5A). The 80% NP alone as well as the 
c-kit+ cell-seeded 80% NP electrospun sheets 
significantly improved cardiac systolic and  
diastolic indices, as shown by the statistically 
increased Stroke volume (SV), LV end-systolic 
pressure (LVESP), LV end-diastolic pressure 
(LVEDP), and decreased minimal peak rate of 
LV pressure (dp/dt min) compared to pure PCL 
group (Figure 5B, 5C, 5F, 5G). In addition, the 
c-kit+ cell-seeded 80% NP was superior to 80% 
NP alone to increase the SV, maximal peak rate 
of LV pressure (dp/dt max), and LV end-diastolic 
volume (LVEDV), as well as to improve dp/dt 
min and LV end-systolic volume (LVESV) (Figure 
5B, 5D, 5E, 5G, 5H).

80% NP and c-kit+-seeded 80% NP electros-
pun sheets restrain LV remodeling

To assess the remodeling of left ventricles and 
histological changes after patch transplanta-
tion, H&E staining was performed 4 weeks after 
transplantation. The results indicate that a thin, 
expanded, inflammatory cell-laden anterior wall 
appeared in the left ventricles in the MI groups. 
The PCL, 80% NP and c-kit+-seeded 80% NP 
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Figure 5. Hemodynamic measurements via a Millar pressure-volume catheter. A. CO for each study groups was 
examined for comprehensive assessment for cardiac hemodynamics. B-E. SV, LVESP, dp/dt max, LVESV was exam-
ined for systolic function parameter, respectively. F-H. LVEDP, dp/dt min, LVEDV was examined for systolic function 
parameter, respectively. *P<0.05; **P<0.01.
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groups showed thicker left ventricular walls 
with surviving myocardium (Figure 6A). Average 
thickness of left ventricles of the MI group 

(0.7272 ± 0.1260 mm) was significantly lower 
than that of the electrospun sheet groups 
(P<0.05). The LV wall for hybrid electrospun 

Figure 6. Histological examination. A, B. H&E and Sirius Red staining for transverse frozen sections for each groups 
4 weeks after electrospun sheet transplantation, respectively. Upper panel shows the microphotographs for each 
group (scale bar = 50 μm), the lower panel shows enlarged photographs of black box from the top panel (scale bar 
= 50 μm). For Sirius Red staining, the fibrous tissue is stained red, while myocardium is stained yellow. C. Statistical 
analysis of H&E staining for average thickness of left ventricles. *P<0.05; **P<0.01. D. Statistical analysis of Sirius 
Red staining of scar size which is the ratio of red to the whole area. *P<0.05; **P<0.01.
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sheets was significantly thicker when com-
pared to the PCL group (0.8754 ± 0.0385 mm). 
The c-kit+-seeded hybrid electrospun sheet 
(1.3951 ± 0.0748 mm) group possessed sig-
nificantly thicker LV wall than 80% NP electros-
pun sheet group (0.9996 ± 0.0571 mm; P< 
0.01; Figure 6C).

An MI is often followed by formation of a fibrotic 
area due to inflammatory cells and myofib- 
roblast recruitment. Therefore, collagen hyper-

plasia and survival myocadium were evaluated 
for all groups 4 weeks after MI. As shown by 
Sirius Red staining, a large number of collagen 
was deposited in the local myocardial infarction 
area and survival myocardium was hardly 
detectable in the MI group (Figure 6B). On the 
contrary, in the c-kit+-seeded 80% NP group, 
collagen hyperplasia was clearly lower and a 
large proportion of the myocardium can be 
observed under the epicardium (Figure 6B). 
Collagen hyperplasia in MI group (31.2 ± 

Figure 7. Increase in myocardium in PIA (para-infarcted area) and IA (infarcted area) after 4 weeks transplantation. 
A. Visualization of myocardium in the region of PIA and IA. Scale bar = 25 μm. The regenerated or remaining myo-
cardium was identified by immunofluorescence staining of c-TnT. For PIA in the upper two panels, IA in the lower 
two panels. The second and the fourth row of photos in A showed the merged photos in which the box represents 
magnified photos (400×). B. The survival of transplanted cells was identified by immunofluorenscent staining of 
GFP. In merged photographs the box represents magnified photos (400×). ***Represents the electrospun sheets. 
Scale bar = 25 μm.
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2.48%) was significantly greater than in electro-
spun sheet groups. There was also a significant 
lower collagen hyperplasia seen in the hybrid 
electrospun sheet groups compared to the PCL 
group (24.93 ± 3.13%). The c-kit+-seeded 80% 
NP group (12.91 ± 3.12%) showed a significant-
ly reduced collagen hyperplasia compared to 
80% NP group (P<0.01; Figure 6D).

Survival of seeded GFP+ cells in vivo

In order to detect cardiomyogenesis and tra- 
ce grafted GFP+ cells in the local myocardial 
infarcted area of host C57 mice, immunofluo-
rescence staining was performed. cTnT staining 
showed that infarcted myocardium co-existed 
with some injured myocardium in the para-
infarcted area(PIA)(upper two panels in Figure 
6A). Some surviving myocardium still main-
tained the normal morphology, while some 
other morphological characteristics were lost. 
In the infarcted area (IA), the typical myocardi-
um disappeared but cTnT-positive cells were 
present which may indicate cardiomyogenesis 
(lower two panels in Figure 7A). The survival of 
transplanted cells was identified by immunoflu-
orescent staining with GFP (Figure 7B). GFP+ 
cells were detected within patches and local 
infarcted tissues of c-kit+ seeded 80% NP pa- 
tches, suggesting that some transplanted ce- 
lls migrated into the infarcted myocardial wa- 
ll (Figure 7B). Moreover, some GFP+ cells ex- 
pressed the cardiomyocyte-specific marker 
cTnT, indicating the possibility that transplanted 
stem cells underwent cardiac differentiation 
which could be one of the reasons for improved 
cardiac function.

Discussion

In this study, we have developed high concen-
tration cardiac NP hybrid PCL electrospun na- 
nofibrous sheets, containing elastin and colla-
gen. These sheets showed to be effective as 
cardiac-mimicking microenvironments to pro-
mote cell survival and proliferation of seeded 
cells, as well as in improving cardiac function 
and attenuating LV remodeling within 4 weeks 
after MI. Based on the cytocompatibility and 
mechanical characteristics, the optimal ratio of 
elastin and collagen with PCL in our electros-
pun sheets was selected. After tracing GFP+ 
cells, we found that transplanted cells could be 
identified both in the electrospun sheets and 
into the local infarcted area. The transplanted 
cells showed cTnT expression after 4 weeks 

which can partly explain the improved cardiac 
function since cTnT is considered as myocardial 
marker.

Via the composition and structure of the ECM, 
it contains various cytokines which are secret-
ed by cells and which guarantee good-function-
ing cells in the heart [34, 35]. Moreover, the 
ECM, acting as a scaffold for tissue, provides 
the right microenvironment for therapeutic st- 
em cells by positively influencing the differenti-
ation of cells when transplanted into myocardi-
um[35, 36]. Fibrillar collagen, of which type I is 
the most abundant in the cardiac ECM, and 
elastin, which mediate the elastic properties of 
the ECM, are two important proteins present in 
cardiac ECM [19, 37]. Therefore, collagen and 
elastin were selected as components in our 
hybrid electrospun sheets.

In this study we found that c-kit+ cells show- 
ed improved proliferation on PCL electrospun 
sheets compared with c-kit+ only group, and 
performed even better in hybrid NP/PCL groups, 
especially the 80% NP group. Similar to our 
observation, a study reported that collagen 
added to electrospun sheets can increase the 
ability to induce proliferation of seeded cells 
[38]. Moreover, another study reported that 
vascular smooth muscle cell proliferation on 
hybrid electrospun sheets composed of urinary 
bladder matrix and polyester-urethane urea 
with higher matrix concentrations was incre- 
ased compared with that of lower matrix con-
centration hybrids or pure synthetic electros-
pun sheets. This suggest a beneficial effect of 
high density protein electrospun sheets on pro-
liferation [39]. In line with our work, a study 
where they used collagen (10%)/elastin (5%)/
PCL (10%) electrospun sheets, found that com-
bination of natural proteins and synthetic poly-
mers to create electrospun fibrous structures 
resulted in scaffolds with favorable mechanical 
and biological properties. However, the concen-
tration of collagen and elastin they mixed with 
PCL were lower and the performance of electro-
spun sheets in vivo remain still unclear. Being 
the first in this field, we developed a novel high 
concentration NP/PCL hybrid electrospun she- 
ets which showed improved proliferation of 
seeded cells. In fact, proliferation of c-kit+ cells 
on hybrid NP/PCL electrospun sheets increased 
proportionally with increasing concentrations 
of NPs. However, the underlying mechanism 
still remains largely unknown. A possible expla-
nation is that it is due to the hydrophilic charac-
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ter, morphology and composition of cell-seeded 
substrates but the details need to be illustrated 
further.

The newly-developed high concentration hybrid 
electrospun sheets did not induce cardiac dif-
ferentiation of c-kit+ cells. Taking into consider-
ation that there are various cytokines present 
in ECM, we assume that collagen/elastin addi-
tion is not sufficient for inducing cardiac differ-
entiation of c-kit+ cells. Consequently, further 
work needs to be performed in the future, e.g. 
addition of cytokines or growth factors to the 
matrices.

Providing mechanical support to bridge the LV 
scar area is another superiority of electrospun 
cardiac patches. Synchronizing ventricle move-
ment can reduce the burden of myocardial 
compensation outside of aneurysms and pre-
vent heart failure progress [27]. In this treat-
ment strategy, the resistance of materials to 
repeated contraction force in vivo is required. 
Concerning the tensile strength, the 80% NP 
hybrid electrospun sheet was superior to the 
PCL. PCL has been shown to be a much stiffer 
material than the myocardial tissue (200-500 
KPa at the beginning of the systole) [17, 18]. 
Increasing concentrations NP mixed with PCL 
did not improve the Young’s modulus for the 
hybrid electrospun sheets. However, all the 
electrospun sheets were competent for per-
fectly covering the epicardium without any frac-
ture. Although the used nanofibrous sheeds 
showed imperior mechanical characteristics, 
80% NP was selected for in vivo experiments 
since those mixed scaffolds presented better 
proliferation capabilities for possible future 
cell-based applications.

Bone marrow stem cells (c-kit+ cells) have been 
proven to contribute to myocardium regenera-
tion in vitro and in vivo [8, 9, 40]. Since our 80% 
NP hybrid sheets showed sufficient mechanical 
and bioactive characteristics acting as cardiac 
patch, we seeded c-kit+ cells on them before 
transplantation. We observed significantly res- 
trained LV remodeling, improved cardiac func-
tion and possible improved myocardium sur-
vival compared to cell-free patch after MI. Thus, 
the combination of ECM-mimicking hybrid elec-
trospun sheets and seeded c-kit+ cells could be 
considered as a possible treatment option. The 
electrospun sheets (PCL and 80% NP) are hy- 
pothesized to provide mechanical support for 

the brittle and thinning LV wall, partially pre-
venting the expansion of LV, which is important 
to improve cardiac function. Moreover, the 
c-kit+ cell-seeded 80% NP/PCL was even supe-
rior to the 80% NP alone and both superior to 
the pure PCL for improvement of cardiac func-
tion. We identified large numbers of implanted 
GFP+ cells expressing cTnT in the local infarcted 
area. Interestingly, the GFP+ cells located within 
the patch were not cTnT positive. This suggests 
that only grafted GFP+ cells which migrated 
deep into local tissue might have undergone 
cardiogenic differentiation, most probably ba- 
sed on the microenvironment. Another possible 
explanation is that the GFP+ cells participated 
in myogenesis through a fusion phenomenon. 
Alvarez-Dolado el al. [41] reported that bone-
marrow-derived cells underwent fusion with 
cardiac muscle cells in the heart when they 
were transplanted in vivo, suggesting that cell 
fusion may also be an important mechanism 
for injured tissue repair. Whether or not the car-
diac function improvement was based on cell 
fusion needs to be further investigated. Be- 
sides, as shown recently, bone marrow-derived 
c-kit+ cells might activate endogenous cardiac 
progenitors to regenerate myocardium [42]. 
This study cannot rule out with certainty that 
cardiomyogenesis might also be performed by 
endogenous cardiac progenitors, activated by 
exogenous c-kit+ cells. Moreover, it is suggest-
ed [43] that paracrine and trophic effects may 
also have a prominent contribution in inducing 
endogenous cardiogenesis. Although we found 
promising results, questions still remain that 
need to be answered. For example, further 
work should be performed to investigate pos- 
sible regeneration of myocardium tissue in 
response to application of our c-kit+ cell-seed-
ed patch, as well as evaluating the differentia-
tion potential of seeded cells into cardiomyo- 
cytes.

In summary, we successfully developed a new 
ECM-mimicking hybrid electrospun sheet, con-
taining high concentrations of NPs (collagen 
and elastin). The sheets were evaluated as 
treatment option in MI mice models. The 80% 
NP hybrid electrospun sheet possessed a high 
capability for inducing c-kit+ cell proliferation. 
C-kit+-seeded 80% NP electrospun sheets also 
performed significantly better to restrain LV 
remodeling, improve cardiac function and re- 
generate myocardium compared with cell-free 
PCL and 80% NP sheets.
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Table S1. Sequence of primers for cardiac differentiation PCR detection
Primers Primer type Sequence (5’-3’)
β-actin Forward 5’-GGCTGTATTCCCCTCCATCG-3’

Reverse 5’-CCAGTTGGTAACAATGCCATGT-3’
Gata 4 Forward 5’-CCCTACCCAGCCTACATGG-3’

Reverse 5’-ACATATCGAGATTGGGGTGTCT-3’
Nkx 2.5 Forward 5’-CAATGCCTATGGCTACAACGC-3’

Reverse 5’-GAGTCATCGCCCTTCTCCTAAA-3’
cTnT Forward 5’-CCATCGACCACCTGAATGAAGA-3’

Reverse 5’-CATTGATCCGGTTTCGCAGA-3’
α-SMA Forward 5’-CAGCCCTCTTTCATTGGT-3’

Reverse 5’-CTGCCTCATCATACTCTTGC-3’

Figure S1. Differentiation of c-kit+ cells in vitro. A. C-kit+ cells can differentiate cardiogenically when co-cultured with 
infarcted cardiac tissue. RT-PCR showed expression of immature and mature cardiac marker genes in c-kit+ only, 
PCL+ c-kit+, 80% NP + c-kit+. B-E. Relative level of Gata 4, Nkx 2.5, cTnT and α-SMA was shown in the histogram.
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Figure S2. Photographs of electrospun sheet implantation. A. Cell-free electrospun sheet (80% NP). B. C-kit+-seeded 
electrospun sheet (80% NP). Cell seeding did not changed the morphology of electrospun sheets. C. C-kit+-seeded 
80% NP sheet on the LV. Electrospun sheets were grafted on the epicardial surface of LV with a sewing which at 
the same time occlude the left anterior descending coronary artery of mice. The electrospun sheet covered well the 
epicardium of LV.


