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Silk fibroin/poly(L-lactic acid-co-e-caprolactone) electrospun
nanofibrous scaffolds exert a protective effect
following myocardial infarction
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Abstract. Electrospinning using biocompatible polymer
scaffolds, seeded with or without stem cells, is considered
a promising technique for producing fibrous scaffolds with
therapeutic possibilities for ischemic heart disease. However,
no optimal scaffolds for treating ischemic heart disease have
been identified thus far. In the present study, it was evaluated
whether electrospun silk fibroin (SF)-blended poly(L-lactic
acid-co-ge-caprolactone) [P(LLA-CL)] scaffolds that were
seeded with cluster of differentiation 117 (c-kit)* bone
marrow (BM) cells may serve a protective role in cardiac
remodeling following myocardial infarction (MI). Mechanical
characteristics and cytocompatibility were compared between
SF/P(LLA-CL) and P(LLA-CL) electrospun nanofibrous
scaffolds in vitro. It was observed that MI led to a significant
increase of the c-kit" BM cell subpopulation in mice. Magnetic
activated cell sorting was performed to harvest the c-kit*
cell population from the BM of mice following MI. c-kit*
BM cells were seeded on SF/P(LLA-CL) and P(LLA-CL)
electrospun nanofibrous scaffolds. Results indicated that
SF/P(LLA-CL) electrospun nanofibrous scaffolds were
superior to P(LLA-CL) electrospun nanofibrous scaffolds in
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improving c-kit" BM cell proliferation. Additionally, compared
with pure SF/P(LLA-CL) electrospun nanofibrous scaffolds,
SF/P(LLA-CL) scaffolds seeded with c-kit" BM cells resulted
in lower levels of MI markers and reduced infarct size, leading
to greater global heart function improvement in vivo. The
findings of the present study indicated that SF/P(LLA-CL)
electrospun nanofibrous scaffolds seeded with c-kit* BM cells
exert a protective effect against MI and may be a promising
approach for cardiac regeneration after ischemic heart disease.

Introduction

Myocardial infarction (MI), commonly known as heart attack,
can result in the loss of cardiomyocytes, cardiac dysfunction
and heart failure when the unimpaired heart tissue is unable
to compensate for the reduced cardiac output (1,2). For this
reason, MI is a considered a leading cause of morbidity
worldwide (3). To date, cell transplantation-based regenerative
therapy, including bone marrow (BM)-derived populations,
provide a promising approach for MI (4). Cluster of differentia-
tion (CD)117 (c-kit), a receptor tyrosine kinase, is an important
cell surface marker used to identify certain types of hemato-
poietic progenitors in the BM. Multipotent stem cells derived
from the BM or myocardium can express c-kit (5). Previous
findings indicate that transplantation of c-kit" BM precursor
cells may lead to recovery of cardiac function following MI.
Although it is clear that c-kit" stem cells can exert a beneficial
effect on cardiac repair, the underlying mechanism remains
unknown. Notably, previous studies have suggested that the
low rates of cell engraftment and poor cell survival may
hinder BM-derived stem cell therapy from restoring heart
function (6,7).

To overcome the problem of poor cell survival, cells
should be subjected to an environment similar to the cardiac
extracellular matrix (ECM), which may improve their
survival and growth (8,9). To date, biomaterial scaffolds have
provided a promising approach for cell retention and survival.
Cardiac tissue scaffolds are designed primarily on natural
and synthetic biomaterials (10). Electrospinning has become
a popular method for tissue engineering due to its ability
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to provide a micron-range network and its ability to mimic
the in vivo ECM structure (11-14). Electrospun poly(L-lactic
acid-co-g-caprolactone) [P(LLA-CL)] scaffolds are a copo-
Iymer of L-lactic acid and caprolactone that support the
viability and growth of a number of cell types (15). However,
multiple studies have also indicated that P(LLA-CL) scaffolds
have inadequate cell affinity due to the absence of recogni-
tion sites for cell adhesion (16-18). Silk fibroin (SF) has been
widely used in tissue and cell engineering, including in the
construction of artificial blood vessels, bone and nerves, due
to its unique advantages (good biocompatibility, good oxygen
permeability and controllable morphology) (19,20). Thus,
the blending bioactive SF with the beneficial properties of
P(LLA-CL) to produce a new material may support c-kit" BM
stem cell growth.

Nanofibrous scaffolds in tissue engineering have attracted
interest, predominantly due to their structural similarity to
the natural ECM. Previous studies reported that blending
P(LLA-CL) and SF created electrospun fibrous structures,
which resulted in scaffolds with good mechanical and
biological properties (21,22). However, the function of
electrospun SF/P(LLA-CL) nanofibrous scaffolds in the
protection of impaired heart tissue remains unknown.

In the present study, the contact angle and physical property
of SF/P(LLA-CL) and P(LLA-CL) scaffolds were compared
for the purpose of collecting accurate data using controlled
concentrations of SF and P(LLA-CL). The present study also
assisted to elucidate the accuracy of previously published
studies (22,23). The present study explored the proliferating
potential of c-kit* BM cells seeded on SF/P(LLA-CL) and
P(LLA-CL) electrospun nanofibrous scaffolds in vitro.
The aim of the present study was to clarify if electrospun
SF/P(LLA-CL) nanofibrous scaffolds seeded with c-kit" BM
cells were superior to pure SF/P(LLA-CL) electrospun nano-
fibrous scaffolds with regard to their effectiveness on cardiac
repair following MI in vivo. To the best of our knowledge,
the present study is the first to demonstrate the effects of the
combination of SF and P(LLA-CL) created electrospun nano-
fibrous scaffolds with cardiac repair function compared with
P(LLA-CL) scaffolds. The present findings may be useful for
providing a novel treatment of MI.

Materials and methods

Preparation of electrospun scaffolds. The electrospun scaf-
folds used in the present study were prepared according to
procedures described previously (21). Raw silk (Zhejiang
Jiaxin Silk Co., Ltd., Zhejiang, China) was degummed three
times using a 0.5% (w/w) Na,CO; (Sigma-Aldrich; Merck
KGaA; Darmstadt, Germany) solution at 100°C for 30 min
and subsequently washed three times. Degummed silk was
dissolved in a ternary solvent system of CaCl,/H,O/ethanol
(mole ratio: 1/8/2) for 1 h at 70°C. The SF solution was
dialyzed using a cellulose tubular membrane (250-257 um,
Sigma-Aldrich; Merck KGaA) in distilled water for 3 days at
room temperature. The SF solution was subsequently filtered
and lyophilized to obtain regenerated SF sponges. SF blended
with P(LLA-CL) (25:75) and pure P(LLA-CL) were dissolved
in 1,1,1,3,3,3-hexafluoro-2-opropanol solvents (Daikin
Industries Ltd., Osaka, Japan). Subsequently, the blending
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solutions were stirred at room temperature for 6 h and the
prepared solutions were loaded into a 2-ml syringe with a
blunt-end needle. The syringe was loaded in a syringe pump
(Cole-Parmer Instrument, LLC, Vernon Hills, IL USA). The
flow rate was set to 1 ml/h. Electrospinning was performed
using a high-voltage power supply (BGG6-358; Bmei Co., Ltd.,
Beijing, China) and a voltage of 12 kV was applied across the
needle and ground collector. The distance between the tip of
the needle and the collector was 11 cm. The obtained material
films were vacuum-dried for 24 h.

Scanning electron microscope (SEM) analysis. The
morphology of the resultant scaffolds was observed with a SEM
(Jeol,Ltd., Tokyo,Japan). A total of 100 random fibres observed
on SEM images were selected and the mean diameters were
subsequently measured using ImagelJ software, version 1.8.0
(National Institutes of Health, Bethesda, MD, USA).

Water contact angle determination. The contact angle was
measured using a video contact angle analyzer (DataPhysics
Instruments GmbH, Filderstadt, Germany). Distilled water
was used as the reference liquid, which was dropped randomly
in different places of each sample. The contact angle was
measured three times from different positions and the mean
value was calculated.

Determination of mechanical properties. Mechanical proper-
ties were examined using a materials testing machine (H5K-S;
Tinius Olsen TMC, Horsham, PA, USA). The elongation speed
was set at 10 mm/min. At least 6 rectangular-shaped samples
(10x10x0.10 mm) were stretched. Each sample was measured
six times.

MI mouse model construction. A total of 36 C57BL/6 mice
(male; weight range, 20-25 g) were obtained from Shanghai
Laboratory Animal Center, Chinese Academy of Sciences
(SLACCAS, Shanghai, China). All animals were housed
under a 12 h light/dark cycle, with a controlled temperature
range (20-24°C) and relative humidity range (40-70%). All
animals received free access to food and water. Mice were
randomly divided into four groups (each, n=9) as follows: i) A
sham group; ii) an SF/P(LLA-CL) + c-kit+ group; iii) a pure
SF/P(LLA-CL) group; and iv) an MI group. The study was
approved by the ethics committee of Renji Hospital (Shanghai,
China). To induce MI, mice were anesthetized by inhalation of
3% isoflurane in a chamber. A rodent ventilator (model 683,
Harvard Apparatus, Inc., Holliston, MA, USA) was used with
1.5% isoflurane during the surgical procedure. Depth of anes-
thesia was assessed as adequate in the absence of either motor
or autonomic responses to nose pinching. Palpebral reflexes
were also monitored continuously and the disappearance of
palpebral reflexes was considered to mean that animals were
fully anesthetized. The mice were kept warm using heat lamps
and heating pads. Rectal temperature was monitored and main-
tained between 36.5 and 37.5°C. The chest was opened with a
horizontal incision through the muscle, between the ribs at the
third intercostal space, and ischemia was achieved by ligating
the anterior descending branch of the left coronary artery
(LAD) using a 7-0 nylon suture. Subsequently, the incisions
were closed and the wounds were cleaned and disinfected.
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Sham-operated mice underwent the same procedure, with the
exception of the LAD ligation. Clinical observations (respira-
tion, heartbeat and neural reflex) were performed daily in all
mice following the operation.

Cell isolation and flow cytometry analysis. BM mononuclear
cells were isolated from the BM tissue of mice by density
gradient centrifugation 7 days following MI induction. In brief,
femurs and tibias were harvested from C57BL/6 mice. The
BM was collected by repeated washing of the BM cavity with
Hank's balanced salt solution (Biowest, Nuaillé, France), and
loaded on Ficoll solution (Dakewe Biotech Co., Ltd., Shenzhen,
China). For gradient centrifugation, cells were centrifuged at
400 x g for 20 min at room temperature. Subsequently, the cell
layer was isolated and combined with three times the volume
of Hanks solution (Biowest, Nuaillé, France). The mixture
was centrifuged at 300 x g for 5 min at room temperature and
cells were resuspended in PBS containing 1% bovine serum
albumin (Biowest, Nuaillé, France). Subsequently, anti-c-kit,
anti-sca-1 and anti-CD34 antibodies (BD Biosciences, San
Jose, CA, USA) were diluted 1:100 in PBS/1% bovine serum
albumin (Biowest). Samples were incubated 30 min in the dark
on ice. Finally, cells were washed with PBS and subjected to
a BD Accuri C6 flow cytometer. Fluorescence was analyzed
with CFlow Plus software, version 1.0.227.4 (BD Biosciences).

c-kit* BM cell culture and the cell proliferation assay.
c-kit* cells were positively selected using a c-kit" magnetic
activated cell sorting kit (Miltenyi Biotec GmbH, Gladbach,
Germany). SF/P(LLA-CL) and P(LLA-CL) electrospun scaf-
folds were added to the base of 96-well plates. Subsequently,
c-kit* BM cells were cultured in the absence of scaffolds or
on the SF/P(LLA-CL) or P(LLA-CL) electrospun nanofibrous
scaffolds, respectively, at concentrations of 1x10° cells/well.
Cells were cultured in Iscove's modified Dulbecco's medium
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA)
supplemented with 10% fetal bovine serum (Biowest).

CellTiter 96® AQueous One Solution reagent (Promega
Corporation, Madison, WI, USA) was added to the wells
according to the manufacturer's instructions. The wells were
incubated at 37°C for 4 h for 0, 1, 3, 5 and 7 days. The absor-
bance (OD 490 nm) was measured using a Biotek Synergy™
HT Multi-Mode Microplate Reader (BioTek Instruments, Inc.,
Winooski, VT, USA).

Electrospun scaffold transplantation. The hearts of mice were
exposed for the MI surgery as described above. Following expo-
sure of the hearts, a 7-0 prolene was first sutured in advance in the
cardiac scaffolds, then, it was utilized to ligate the left descending
artery. Hereafter, the patches were attached to the surface of the
left ventricle. The incision was closed and the wound was cleaned
and disinfected. The mice were divided into four groups (each,
n=9) as follows: i) Sham group; ii) SF/P(LLA-CL) + c-kit* group;
iii) pure SF/P(LLA-CL) group; and iv) MI group.

Survival analysis. Survival analysis was performed for
30 days following transplantation of electrospun scaffolds.
The mice exhibited no cardiorespiratory symptoms until they
succumbed to MI. Any mice that did not succumb to MI by the
end of the experiment were euthanized. Mice were euthanized

EXPERIMENTAL AND THERAPEUTIC MEDICINE 17: 3989-3998, 2019

3991

with carbon dioxide and once unconscious, were subjected to
cervical dislocation. Of note, to avoid causing pain, the flow
rate of carbon dioxide was displaced at 10-30% of the chamber
volume per minute.

Myocardial damage assessment. Myocardial damage was
evaluated by measuring the levels of creatine kinase, MB Form
(CK-MB) and lactate dehydrogenase (LDH) in the blood. A
total of 3 days post-MI induction, blood was collected from the
carotid artery and incubated at room temperature for 30 min.
Subsequently, the serum was separated by centrifugation
(400 x g for 20 min at room temperature) and stored at -70°C.
CK-MB (H-197; Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) and LDH (A020-2; Nanjing Jiancheng
Bioengineering Institute) levels were measured using commer-
cial kits according to the manufacturer's instructions.

Echocardiographic studies. Heart function was assessed
by transthoracic echocardiography using a Vevo 2100
high-resolution imaging system 7 and 28 days following
transplantation. The mice were anesthetized with 3% isoflurane
inhalation, and maintained with 1.5% isoflurane during
examinations. Mice were placed in the supine position. The
fur on the chest was removed using a depilatory cream.
Two-dimensional echocardiographic images and M-mode
traces were captured from the parasternal short-axis view
at the level of the papillary muscles. To evaluate ventricular
volume changes, left ventricular end-diastolic volume (EDV)
and left ventricular end-systolic volume (ESV) were measured.
Furthermore, the ejection fraction (EF) was calculated as an
indicator of systolic function.

Infarct size measurement. Infarct size was determined 28 days
following transplantation. Mice were anesthetised with carbon
dioxide. When the mice were insensible, they were sacrificed
using cervical dislocation. Once each assessed mouse was
euthanized, the hearts were carefully removed, sectioned into
~2-mm transverse sections and placed in 1% 2,3,5-triphenyltet-
razolium chloride (Sigma-Aldrich; Merck KGaA) for 30 min
at 37°C. The infarcted areas of each slice were measured using
Imagel] software, version 1.8.0 (National Institutes of Health,
Bethesda, MD, USA).

Statistical analysis. Results were presented as the mean + stan-
dard error of the mean. Each experiment was repeated at least
three times. Differences between two groups were analyzed
using the Student's t-test. Survival differences were compared
using the Kaplan-Meier curve with log-rank analysis and
multiple comparisons between groups were performed using
Bonferroni's method. One-way analysis of variance with Tukey's
post-test was used for multiple comparisons. P<0.05 was used to
indicate a statistically significant difference. SPSS 16.0 software
(SPSS Inc., Chicago, IL, USA) was used for statistical analysis.

Results

Characteristics of SF/P(LLA-CL) and P(LLA-CL) electro-
spun scaffolds. All scaffolds used in the present study were
60-100 pm in thickness and exhibited uniform interconnected
pore structure. Furthermore, SEM observation demonstrated
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that mixing SF with P(LLA-CL) changed the morphology
of the electrospun scaffolds. Notably, the diameter of fibers
in P(LLA-CL) electrospun scaffolds (0.6217+0.03007 pxm)
were significantly thicker when compared with those blended
with SF (0.2966+0.06811 ym; P<0.001; Fig. 1A and B). To
evaluate the surface properties between the two fibrous scaf-
folds, the wettability was measured using water contact angle
analysis (Fig. 1C). The results indicated that the addition of
SF enhanced the hydrophilicity of the electrospun sheets
when compared with the pure P(LLA-CL) scaffold alone. As
indicated in Fig. 1D, the static water contact angle was signifi-
cantly decreased with the addition of SF content [108.8+5.296°
of the P(LLA-CL) group compared with 86.90+3.955° of the
SF/P(LLA-CL) group; P<0.01].

Mechanical properties of electrospun scaffolds. The
mechanical properties of P(LLA-CL) and SF/P(LLA-CL)
scaffolds were measured using typical tensile stress-strain
curves (Fig. 2). The results indicated that the P(LLA-CL) scaf-
folds transformed from flexible to brittle when blended with
SF. However, no significant differences were observed between
P(LLA-CL) and SF/P(LLA-CL) electrospun scaffolds, even
though tensile strength values of P(LLA-CL) electrospun
scaffolds were increased (9.17+0.82 MPa) compared with
SF/P(LLA-CL) electrospun scaffolds (7.93+1.00 MPa). In
addition, the elongation at break of P(LLA-CL) was signifi-
cantly longer (377.90+21.19%) compared with SF/P(LLA-CL)
(83.15+11.47%; P<0.001).

Ml increases the expression of c-kit* cells in the BM. The stem
cell surface markers c-kit, CD34 and sca-1 were evaluated in
the present study (Fig. 3A). Notably, the c-kit expression levels
in BM mononuclear cells were significantly upregulated in
response to acute ischemic injury (7.53+0.69%) compared with
the sham group (1.65+0.37%; P<0.001; Fig. 3B). Conversely,
the CD34 and sca-1 expression levels were not significantly
altered (Fig. 3C and D).

Effect of SF/P(LLA-CL) nanofibrous scaffolds on the
proliferation of c-kit* BM cells. To evaluate the effect of
P(LLA-CL) and SF/P(LLA-CL) electrospun scaffolds on
cell proliferation, c-kit* BM cells were seeded on different
scaffolds and the cell proliferation ability was measured
using the CellTiter 96 AQueous One Solution reagent on
day 0, 1, 3, 5 and 7. The SF/P(LLA-CL) electrospun scaf-
folds were superior in promoting cell proliferation compared
with P(LLA-CL) electrospun scaffolds (P<0.05; day 5 and 7,
Fig. 3E). Thus, the SF/P(LLA-CL) electrospun scaffolds were
more suitable for promoting proliferation in c-kit* BM cells.

SF/P(LLA-CL) electrospun scaffolds seeded with c-kit* BM
cells attenuate myocardial damage and improve survival
post-MI. To further assess the role of SF/P(LLA-CL) elec-
trospun scaffolds in cardiac repair, myocardial damage was
evaluated by measuring the release of several markers in
the serum, including CK-MB and LDH (Fig. 4). Analysis
revealed that SF/P(LLA-CL) + c-kit" treatment significantly
decreased the serum levels of CK-MB (P<0.05) and LDH
(P<0.001) compared with the MI group. Furthermore, the
survival rates were evaluated following MI induction for up to
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Figure 1. Characteristics of P(LLA-CL) and SF/P(LLA-CL) electrospun
nanofibrous scaffolds. (A) Scanning electron microscopic analysis of
P(LLA-CL) and SF/P(LLA-CL) electrospun nanofibrous scaffolds (scale
bar, 20 ym). (B) Statistical analysis of the fiber diameters of P(LLA-CL)
and SF/P(LLA-CL) electrospun nanofibrous scaffolds. (C) Images of contact
angle. (D) Statistical analysis of static water contact angle of P(LLA-CL) and
SF/P(LLA-CL) electrospun nanofibrous scaffolds. “P<0.01 and ““P<0.001 as
indicated. SF, silk fibroin; P(LLA-CL), poly(L-lactic acid-co-g-caprolactone).

30 days in SF/P(LLA-CL) + c-kit*", pure SF/P(LLA-CL) and
MI groups (Fig. 4). The survival rate of the surgery was consis-
tent with previous research (24-26). The results demonstrated
that the SF/P(LLA-CL) + c-kit" group exhibited significantly
improved survival at 30 days post-MI compared with the MI
group (P<0.05). However, no significant differences were
observed between the pure SF/P(LLA-CL) group and MI

group.

SF/P(LLA-CL) electrospun scaffolds enhance cardiac repair
in vivo. SF/P(LLA-CL) electrospun scaffolds were superior to
P(LLA-CL) scaffolds in terms of promoting cell proliferation
in vitro. To further assess the role of SF/P(LLA-CL)
electrospun scaffolds in cardiac repair, sorted cells were
immediately seeded with SF/P(LLA-CL) electrospun scaffolds
and cultured for 5 days prior to transplantation. Experimental
mice were divided into four groups: i) Sham group;
ii) SF/P(LLA-CL) + c-kit* group; iii) pure SF/P(LLA-CL);
and iv) MI group. Images of the surgical procedure and a



@ﬁ SPANDIDOS
%,.“ PUBLICATIONS

A ——P(LLA-CL)
. ——SF-P(LLA-CL)
g 6
=
]
£ o
h
24
o - v - r
100 200 300 400
Strain (%)
B s CA 500
E é * ek
E i 4004  ——
£ 104 —— e
5 S 3004
= -
g c
7 & 2004
2 5 5
§ g‘wu-
= w
0 T 0 T
P(LLA-CL) SF/P(LLA-CL) P(LLA-CL) SFIP(LLA-CL)

Figure 2. Physical property of SF/P(LLA-CL) and P(LLA-CL) scaffolds.
(A) Tensile stress vs. strain curve of pure P(LLA-CL) and SF/P(LLA-CL)
(25:75 ratio). (B) Tensile strength of pure P(LLA-CL) and SF/P(LLA-CL)
(25:75 ratio). (C) Elongation at break of pure P(LLA-CL) and SF/P(LLA-CL)
(25:75 ratio). “P<0.001 as indicated. SF, silk fibroin; P(LLA-CL),
poly(L-lactic acid-co-e-caprolactone).

holistic view of the MI heart with scaffold implantation are
presented in Fig. 5SA. Echocardiography examinations were
performed on days 7 and 28 following transplantation. At
7 days post-transplantation, even though the SF/P(LLA-CL)
+ c-kit+ electrospun scaffolds group exhibited significantly
improved EF values (Fig. 5B), no significant differences were
observed between the SF/P(LLA-CL) + c-kit+ electrospun
scaffolds group and SF/P(LLA-CL) electrospun scaffolds
group regarding EDVs. Furthermore, the SF/P(LLA-CL)
+ c-kit* electrospun scaffolds group exhibited significantly
improved EDVs (P<0.01) and ESVs (P<0.001) compared with
the MI group; (Fig. 5C and D). At 28 days, the reductions in
EDV and ESV were associated with increased EF values in the
SF/P(LLA-CL) + c-kit+ electrospun scaffolds transplantation
group. Mice with SF/P(LLA-CL) + c-kit* electrospun scaffolds
had significantly decreased EDVs (P<0.01) and ESVs (P<0.001)
compared with the MI group. However, no significant differences
were present between the SF/P(LLA-CL) + c-kit* electrospun
scaffolds and SF/P(LLA-CL) electrospun scaffolds groups
regarding EDV and ESV (Fig. 5B, C and D). These findings
suggested that SF/P(LLA-CL) + c-kit* electrospun scaffold
transplantation moderately attenuated post-MI left ventricular
function. Pure SF/P(LLA-CL) electrospun scaffolds were not
as effective as SF/P(LLA-CL) + c-kit* electrospun scaffolds in
protecting cardiac function post-MI.

Examination of infarct size. All electrospun sheets covered
the epicardium of the left ventricles when the hearts were
collected (Fig. 4A). Notably, SF/P(LLA-CL) + c-kit*
(P<0.001) and pure SF/P(LLA-CL) (P<0.05) electrospun
scaffold transplantation significantly reduced the infarct
size compared with untreated MI (Fig. 6). Furthermore,
infarct size in mice treated with SF/P(LLA-CL) + c-kit*
were reduced more compared with the pure SF/P(LLA-CL)
treated-mice (P<0.05). Thus, SF/P(LLA-CL) + c-kit*
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electrospun scaffolds can reduce infarct volume to a
greater extent compared with pure SF/P(LLA-CL) scaffolds
following transplantation.

Discussion

In the present study, cardiac SF/P(LLA-CL) electrospun nano-
fibrous sheets were developed, which served a protective role
in cardiac performance when patched onto infarcted hearts in
mice. SF/P(LLA-CL) electrospun scaffolds and P(LLA-CL)
scaffolds were compared in terms of their mechanical and
biotic characteristics in vitro. SF/P(LLA-CL) + c-kit* scaf-
folds and pure SF/P(LLA-CL) scaffolds in cardiac repair were
also examined following MI in vivo. The results demonstrated
that SF/P(LLA-CL) electrospun scaffolds were superior to
the P(LLA-CL) electrospun scaffolds in improving c-kit*
BM cell survival and proliferation in vitro. Furthermore,
SF/P(LLA-CL) + c-kit* electrospun scaffolds prevented cardiac
rupture, ameliorated myocardial damage and left ventricular
remodeling and reduced infarct size post-MI induction in vivo.
In conclusion, the data suggested that transplantation of
SF/P(LLA-CL) + c-kit" electrospun scaffolds may be useful
in MI treatment.

BM cells are easily accessible and grow rapidly in vitro.
Thus, cell therapy using BM-derived stem cells has been
considered in cardiac tissue engineering (1,27). Cumulative
animal studies have revealed that c-kit* BM-derived stem
cell transplantation can improve heart function following
MI (28). However, its therapeutic efficiency remains low due
to poor cell survival (2,29). Thus, it is critical to establish a
method to improve cell retention and survival rate. In the
present study, it was observed that the c-kit" BM subpopula-
tion was significantly increased in response to MI in mice.
This indicated that the c-kit" BM subpopulation may serve a
role post-MI. Additionally, several studies have revealed that
the nanofibrous architecture of scaffolds may be beneficial
to the proliferation of engrafted cells (30). Therefore, the
engraftment of a c-kit* BM cell population in P(LLA-CL) and
SF/P(LLA-CL) scaffolds was investigated and it was analyzed
whether these scaffolds enhanced the engrafted c-kit* cell
survival and proliferation in the present study.

Previous studies have used P(LLA-CL) as a scaffold in
tissue engineering, primarily due to its excellent mechanical
properties and good biocompatibility (6,31). However,
P(LLA-CL) polymers have certain disadvantages, including
inertness, low bioactive properties and hydrophobicity,
which result in limited cell-cell interactions (21,32,33). SF, a
natural protein, has been widely used in tissue engineering
due to its unique properties, including good biocompatibility,
good water vapor permeability and low cost. However,
the brittleness of SF may hinder its use for further study of
tissue regeneration (34,35). In the present study, SF was
blended with P(LLA-CL) to develop a hybrid electrospun
nanofibrous scaffold in order to combine the advantages of
SF and P(LLA-CL). It was revealed that P(LLA-CL) scaffolds
transformed from flexible to brittle when blended with SF.
Thus, to maintain the flexibility of the electrospun scaffolds
used in the present study, 25:75 ratios of SF and P(LLA-CL),
respectively, were used. SEM observation demonstrated
that mixing SF with P(LLA-CL) changed the morphology
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Figure 3. Flow cytometric analysis and proliferation assay. (A) Flow cytometric analysis plots of c-kit", CD34* and sca-1* cells isolated from MI and sham
mice. (B-D) Expression analysis of c-kit*, CD34*and sca-1* in BM cells. ““P<0.001 as indicated (n=6 for each group). (E) CellTiter 96® AQueous One Solution
reagent was used to assess c-kit" BM cells seeded on P(LLA-CL) or SF/P(LLA-CL) or those cultured without scaffolds at indicated time points. "P<0.05 (n=6

for each group). SF, silk fibroin; P(LLA-CL), poly(L-lactic acid-co-e-caprolactone); MI, myocardial infarction; BM, bone marrow; CD, cluster of differentia-
tion; CD117, c-kit; sca-1, stem cell antigen-1; OD, optical density.
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Figure 4. (A) Electrospun scaffold transplantation surgery and representative image of electrospun scaffolds covered the epicardium of the left ventricles
when the hearts were collected. (B) Survival curve post-MI in SF/P(LLA-CL) + c-kit*, SF/P(LLA-CL) and MI groups analyzed using the log-rank test.
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Figure 5. Echocardiographic evaluation. (A) M-mode images revealed cardiac function. (B) Ejection fraction, (C) end-diastolic volume and (D) end-systolic
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of electrospun scaffolds, and may therefore increase the
cell affinity. Furthermore, wettability results indicated
that the addition of SF provided electrospun scaffolds with
more prominent hydrophilic properties compared with pure
P(LLA-CL).

Good mechanical properties of a scaffold are helpful
for successful cell transplantation (36). In the present study,
it was observed that BM c-kit* cells exhibited improved
proliferation on SF/P(LLA-CL) and P(LLA-CL) electrospun
sheets compared with the c-kit" only group. Notably, cell
proliferation was the greatest in the SF/P(LLA-CL) group. The
present data demonstrated that the SF/P(LLA-CL) nanofibrous
scaffolds exhibited improved cytocompatibility, which is a
requirement for any biomaterial used for treatment. In summary,
it was revealed that blending SF (25%) with P(LLA-CL) (75%)
resulted in scaffolds with favorable mechanical and biological
properties. However, the mechanisms by which SF/P(LLA-CL)
exerts its effects in stem cell proliferation are not clear and
require further investigation. Thus, SF/P(LLA-CL) nanofibrous
scaffolds were assessed in vivo in the present study. Providing
mechanical support to the infarcted left ventricle area is a unique
superiority of electrospun cardiac scaffolds (37). It can prevent
paradoxical movement of aneurysms in order to synchronize
ventricle movement and consequently prevent heart failure
progression (38,39). Notably, good flexibility of the cardiac
scaffold is required to withstand repeated left ventricular
contractions in vivo. Previous evidence has indicated that one of
the biggest drawbacks of SF is its brittleness (21,23). In the present
study, 25% SF was blended with 75% P(LLA-CL) to develop a
hybrid electrospun nanofibrous scaffold in order to maintain
the advantages of SF, including its good biocompatibility, water
vapor permeability and cell affinity, in addition to preserving the
flexibility of P(LLA-CL). c-kit* BM cells have been demonstrated
to support myocardial regeneration in vitro and in vivo (40).
Consequently, c-kit" cells were seeded on SF/P(LLA-CL)
nanofibrous scaffolds prior to transplantation in the present

study. A key finding in the present study was that engrafting the
SF/P(LLA-CL) nanofibrous scaffold seeded with c-kit" BM cells
at the time of coronary ligation attenuated structural remodeling
and improved cardiac function compared with cell-free scaffolds
following MI at days 7 and 28 post-transplantation. In the late
phase of acute myocardial infraction, left ventricle remodelling
is secondary to architectural rearrangements of the surviving
myocardium involving myocyte hypertrophy, interstitial fibrosis,
thinning and dilation of the infarcted myocardial wall (41).
Thus, the 28th day was chosen as the end of the present in vivo
experiment due to its match of the late phase of acute MI in
humans (42-44). In addition, the present study demonstrated
that SF/P(LLA-CL) nanofibrous scaffolds seeded with c-kit*
BM cells prevented cardiac rupture and attenuated myocardial
damage in the early post-MI phase. Thus, the ECM-mimicking
hybrid electrospun scaffolds seeded with c-kit" cells may be
considered a viable MI treatment option. Although the present
results are promising, there are still many questions that
require answering. For example, further experiments should be
performed to investigate the regeneration of myocardium tissue
in response to transplantation of the SF/P(LLA-CL) electrospun
scaffold. In addition, more differentiation potential seeds of cells
should be evaluated in cardiac tissue engineering.

In conclusion, in the present study, a new electrospun nano-
fibrous scaffold was developed. In vitro, it was demonstrated
that cultured c-kit* BM cells with SF/P(LLA-CL) electrospun
scaffolds are superior in terms of their proliferative capacity
compared with P(LLA-CL) electrospun scaffolds or c-kit" BM
cells alone. Furthermore, the present study provided evidence
that the SF/P(LLA-CL) electrospun scaffold serves as an ECM
to support c-kit* BM cells survival and retention in the early
phase of MI. In the late phase post-MI, SF/P(LLA-CL) electro-
spun scaffold are able to support the infarcted left ventricular
area and prevent paradoxical movement of aneurysms in order
to synchronize ventricle movement, ultimately improving
overall heart function and reducing infarct size in a MI mouse
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model. The present findings suggest that SF/P(LLA-CL)
electrospun scaffolds may support the brittle and thinning
infarct wall, improve c-kit" BM cell survival and support
cardiomyocyte performance following MI. Thus, the use of
SF/P(LLA-CL) electrospun sheets may be a novel approach
to MI treatment.
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