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Aims Cardiac tissue engineering has been proposed as an appropriate method to repair myocardial infarction (MI). Evi-
dence suggests that a cell with scaffold combination was more effective than a cell-only implant. Nevertheless, to
date, there has been no research into elastic biodegradable poly(lactide-co-e-caprolactone) (PLCL) scaffolds. The
aim of this study was to investigate the effect of mesenchymal stem cells (MSCs) with elastic biodegradable PLCL
scaffold transplants in a rat MI model.

Methods
and results

Ten days after inducing MI through the cryoinjury method, a saline control, MSC, PLCL scaffold, or MSC-seeded
PLCL scaffold was transplanted onto the hearts. Four weeks after transplantation, cardiac function and histology
were evaluated. Transplanted MSCs survived and differentiated into cardiomyocytes in the injured region. Left ven-
tricular ejection fraction in the MSC þ PLCL group increased by 23% compared with that in the saline group; it was
also higher in the MSC group. The infarct area in the MSC þ PLCL group was decreased by 29% compared with that
in the saline group; it was also reduced in the MSC group.

Conclusion Mesenchymal stem cells plus PLCL should be an excellent combination for cardiac tissue engineering.
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Keywords Myocardial infarction † Heart failure † Mesenchymal stem cell † Poly(lactide-co-e-caprolactone) † Cardiac tissue

engineering † Scaffold

Introduction
Despite advances in medical science, coronary artery disease
remains a major cause of mortality. Myocardial infarction (MI) is
defined as death or necrosis of the myocardium due to decreased
nutrients and oxygen supply to the heart muscle. Following injury,
the myocardium cannot replicate and is replaced with fibrous
tissue, eventually inducing ventricular remodelling and dilation,
and ultimately leading to heart failure. Therefore, the question of
how to restore the injured myocardium and ameliorate cardiac
dysfunction is a major issue. Mesenchymal stem cells (MSCs) are

pluripotent progenitor cells able to differentiate into vascular
endothelial cells and cardiomyocytes. Many researchers have
demonstrated that MSC implantation induces myocardial regener-
ation and improves cardiac function through myogenesis and
angiogenesis.1 –3 Even though implanted cells can survive and
differentiate into cardiomyocytes in the injured myocardium,
because of the lack of oxygen and adequate nutrients, the infarcted
myocardium is not an environment conducive to cell survival.

To resolve these problems, cardiac tissue engineering has
become a promising strategy. Cardiac tissue engineering is a rela-
tively new discipline that combines isolated, functional cells and
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three-dimensional (3-D) polymeric scaffolds. These scaffolds tem-
porarily provide the biomechanical support for cells until they are
able to produce their own extracellular matrix.4 –6 Many scaffolds
have been used for cardiac tissue engineering, and they have shown
beneficial effects on myocardial regeneration.7– 10 However, there
are some possible problems associated with the use of these scaf-
folds. First, due to the repeated contraction and relaxation of the
heart muscle, appropriate biomaterials for cardiac tissue engineer-
ing need to be elastic and strong enough to resist ventricular
mechanical dilation. In addition to having enough elasticity for
mechanical support, a good biomaterial must provide an excellent
environment for cell survival. Furthermore, the ideal biomaterial
should be capable of being safely replaced by newly formed
tissue and it should degrade at an appropriate time point
without producing any toxic products.11 Despite the promise of
scaffold technology and the importance of these considerations,
there have been few studies to evaluate the use of elastic and bio-
degradable scaffolds for cardiac tissue engineering.

Poly(lactide-co-e-caprolactone) (PLCL) is a synthetic biocompa-
tible polymer, which has elastic and biodegradable characteristics.
Because of these features, it has been used for artificial vessels
and other tissues that require such characteristics in a scaf-
fold.11–13 PLCL not only has elastic and biodegradable properties,
but also promotes good cellular interaction and degrades in a set
time period without toxicity.11,14,15

Therefore, PLCL could be an appropriate scaffold candidate for
cardiac tissue engineering. However, to our knowledge, there has
been no study using a PLCL scaffold for cardiac tissue engineering.

In this study, we investigated whether a bone marrow-derived
MSC (BMMSC)-seeded PLCL scaffold could repair injured myocar-
dium and improve left ventricular function in a rat MI model.

Methods

Model of acute myocardial infarction
Male Lewis rats weighing 250–300 g (SLC, Hamamatsu, Japan) were
used in this study. The investigation conformed to the Guide for the
Care and Use of Laboratory Animals published by the US National
Institute of Health (NIH Publication No.85-23, revised 1996), and all
protocols were approved by the Hanyang University Animal Care
and Use Committee.

To standardize infarct size, MI induction was performed by the
cryoinjury method. This standardized procedure (using the same size
probe) minimizes the variation in infarct size commonly seen with
the ligation of coronary artery induced infarct.16 The rats were anaes-
thetized with a mixture of ketamine hydrochloride (100 mg/kg) and
xylazine hydrochloride (10 mg/kg). The anaesthetized rats were venti-
lated with a rodent ventilator (Model 683, Harvard Apparatus, USA). A
left thoracotomy was performed in the fourth intercostal space, and
the pericardium was removed. Cryoinjury was conducted with a
metal probe (8 mm in diameter) cooled by immersion in liquid nitro-
gen. The cooled metal probe was applied to the left ventricle free wall
for 10 s each time and applied three times.

Synthesis of poly(lactide-co-e-caprolactone)
scaffold
The polymerization of PLCL was carried out as described by S.I.J.11,12

The ampoule containing L-lactide (100 mmol), 1-caprolactone

(100 mmol), 1,6-hexanediol (0.5 mmol), and stannous octoate
(1 mmol) was sealed under vacuum after purging three times with
nitrogen at 908C and subsequently heated to 1708C in an oil bath
for 24 h, with stirring. After the reaction, the product was dissolved
in chloroform and micro-filtered through a 0.45 mm pore membrane
filter. The polymer was precipitated with an excess of methanol, fil-
tered, and dried under vacuum. The overall reaction yield was
�90%. The molar ratio of L-lactide to 1-caprolactone was determined
by nuclear magnetic resonance spectroscopy (5.1:4.9—L-lactide to
1-caprolactone).

Mesenchymal stem cell culture and seeding
on poly(lactide-co-e-caprolactone) scaffold
Bone marrow cells were obtained by flushing femurs and tibias
with phosphate-buffered saline (PBS) and were fractionated over
1.073 g/mL Percoll solution (Sigma, USA). The obtained bone
marrow cells were cultured in Dulbecco’s Modified Eagle’s Medium
(Gibco BRL, USA) supplemented with 10% foetal bovine serum
(FBS) and 50 IU/mL penicillin–streptomycin (Gibco BRL) and was
kept at 378C in humidified air with 5% CO2. The non-adherent cells
were discarded with the media changes, which were performed
every 3 days. When the cultures became nearly confluent, adherent
cells were detached with trypsin–EDTA and subsequently passaged.
After four to five passages, cells were harvested and then used for
cell implantation. Cultured MSCs were labelled with the carbocyanine
dye CellTracker CM-DiI (Molecular Probes, Eugene, OR, USA)
according to the manufacturer’s protocol. In brief, 2 mg/mL of
CM-DiI was diluted into Hanks’ balanced salt solution to a final
concentration of 5 mg/mL. The cells were incubated in the diluted
CM-DiI solution for 5 min at 378C, followed by 15 min at 48C.
After labelling, the cells were washed with PBS. After overnight cultur-
ing, the cells were examined by fluorescence microscopy with a rho-
damine filter to determine the labelling efficiency. MSCs (1 � 106

cells) were seeded onto PLCL scaffolds (10 mm�10 mm) and cell-
seeded scaffolds were maintained in FBS in preparation for implan-
tation. Cell-free scaffolds were produced by the same method but
without cells.

Mesenchymal stem cell and
poly(lactide-co-e-caprolactone) implantation
Ten days after MI generation, rats were randomly assigned into four
groups: the PLCL þ MSC group received implantation of MSC-seeded
scaffold (n ¼ 8), the PLCL group received a cell-free scaffold (n ¼ 8),
the MSC group had only MSCs implanted (n ¼ 8), and the control
group was injected with saline (n ¼ 8). MSCs (1 � 106 cells) in
100 mL medium or saline were injected into the border of the infarc-
tion using a 30 gauge needle. An MSC (1 � 106 cells)-seeded PLCL
scaffold and a cell-free PLCL scaffold were sutured with 7-0 silk
onto the epicardial surface over regions of infarcted myocardium
and adjacent infarction border zones.

Echocardiographic examination
Transthoracic echocardiography was performed by a blinded investi-
gator 4 weeks after treatment. Rats were anaesthetized with ketamine
hydrochloride and xylazine hydrochloride for echocardiography
examination. Two-dimensional targeted M-mode traces were
obtained at the papillary muscle level using an echocardiography
system (128 XP, Acuson, Mountain View, CA, USA) equipped with
a 7.0 MHz transducer. Left ventricular end-systolic diameter
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(LVESD) and left ventricular end-diastolic diameter (LVEDD) were
measured by the American Society for Echocardiography leading-edge
method from at least three consecutive cardiac cycles. LV volume
and ejection fraction were calculated on the basis of the Teichholtz
formula.

Analysis of protein expression
After echocardiographic examination, heart tissue was obtained from
the infarct area in individual rats and was used for comparison
between the four groups (n ¼ 3 each). These samples were hom-
ogenized on ice in 0.1% Tween 20 homogenization buffer with a pro-
tease inhibitor. Then, 40 mg of protein was transferred into sample
buffer, loaded onto a 7.5% sodium dodecyl sulphate–polyacrylamide
gel, and blotted onto a polyvinyledene fluoride membrane. After
being blocked for 120 min, the membrane was incubated with
primary antibody at a dilution of 1:200. The membrane was then
incubated with peroxidase-labelled secondary antibody at a dilution
of 1:1000. Positive protein bands were visualized with an ECL kit.
Western blotting was performed with rabbit polyclonal antibody
against cardiac a-actin, myosin heavy chain (MHC), and troponin I
(TnI). A mouse polyclonal antibody raised against glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a protein-loading
control.

Analysis of gene expression
Total RNA was extracted from infarcted heart tissue with Trizol
reagent (Invitrogen, Carlsbad, CA, USA) for reverse transcription–
polymerase chain reaction (RT–PCR). The reverse transcription reac-
tion was performed with 5 mg of pure total RNA using SuperScript II
reverse transcriptase (Invitrogen). Synthesized cDNA was amplified
by PCR using the following primer: GATA-4, sense 50-CTGTCATCTC
ACTATGGGCA-30, antisense 50-AAATTCCTGCTCGGACTTGG-30;
and (GAPDH), sense 50-CCTTCATTGACCTCAACTACA-30, anti-
sense 50-CTGGCGTCTTCACCACCATG-30. PCR was carried out
for 30 cycles of denaturing (948C, 30s), annealing (608C, 30s), and
extension (728C, 60s), with a final extension at 728C for 7 min. The
PCR products were visualized by electrophoresis on 2% (w/v)
agarose gels. The sizes of the RT–PCR products for GATA-4 and
GAPDH are 257 and 168 bp, respectively.

Histological and immunohistochemical
analysis
Heart tissue was fixed in 10% buffered formaldehyde, embedded in
paraffin, and sections were cut from the injured site at 1 mm intervals
vertical to the long axis of the heart. Five sections were selected at
the middle of the injury site and stained with Masson’s trichrome.
Each stained section was scanned and computerized with a digital
image analyzer (ImagePro plus, USA). The infarct area was measured
as the ratio (%) of the injured area divided by the whole LV area
and averaged over the five sections in each rat. For immunofluorscence
staining, heart tissues were embedded in an optimal cutting
temperature compound and snap frozen in liquid nitrogen. Four
micrometer-thick tissue sections were stained with antibodies against
TnI (Serotec, NA, USA) using fluorescein isothiocyanate-conjugated
anti-goat immunoglobulin G antibody as a secondary antibody.

Statistical analysis
Numerical values are expressed as mean+ SEM unless otherwise
indicated. Comparisons of parameters among the four groups were

performed with one-way ANOVA. A value of P , 0.05 was considered
statistically significant.

Results

Improvement in cardiac function
Four weeks after treatment, an echocardiography study showed
that the MSC-seeded PLCL scaffold and implanted MSCs attenuated
LV dilation and improved cardiac function compared with saline and
PLCL only implantation. LVEDD in the MSC þ PLCL group was sig-
nificantly decreased compared with the saline and PLCL groups
(6.7+0.3 vs. 8.6+0.4 mm, P ¼ 0.02; 6.7+0.3 vs. 8.4+ 0.5 mm,
P ¼ 0.03). LVEDD in the MSC group was also significantly decreased
compared with the saline and PLCL groups (7.2+0.2 vs. 8.6+
0.4 mm, P ¼ 0.03; 7.2+0.2 vs. 8.4+ 0.5 mm, P ¼ 0.03). Even
LVEDD in the MSC þ PLCL group was smaller than that in the
MSC group, but there was no difference between the two groups
(6.7+0.3 vs. 7.2+0.2 mm, P ¼ 0.06). LVEDD in the saline group
was similar to the PLCL group (8.6+0.4 vs. 8.4+0.5 mm, P ¼
0.80) (Figure 1A). LVESD in the MSC þ PLCL group was significantly
reduced compared with the saline and PLCL groups (5.2+ 0.3 vs.
6.7+ 0.2 mm, P ¼ 0.017; 5.2+0.3 vs. 6.4+ 0.2 mm, P ¼ 0.02).
Also, LVESD in the MSC group was smaller than that in the saline
and PLCL groups (5.7+0.2 vs. 6.7+0.2 mm, P ¼ 0.035; 5.7+
0.2 vs. 6.4+0.2 mm, P ¼ 0.03). However, LVESD in the MSC and
MSC þ PLCL groups (5.7+0.2 vs. 5.2+0.3 mm, P ¼ 0.18)
showed no difference. LVESD in the PLCL group showed no
difference compared with the saline group (6.4+0.2 vs. 6.7+
0.2 mm, P ¼ 0.35) (Figure 1B). Left ventricular ejection fraction
(LVEF) in the MSC þ PLCL group was significantly increased com-
pared with the saline and PLCL groups (52.5+ 2.4 vs. 40.1+
1.6%, P ¼ 0.021; 52.5+ 2.4 vs. 42.4+2.1%, P ¼ 0.03). The LVEF
in the MSC group was also higher than in the MSC and PLCL
groups (48.7+2.3 vs. 40.1+1.6%, P ¼ 0.03; 48.7+ 2.3 vs.
42.4+ 2.1%, P ¼ 0.04). The LVEF in the MSC þ PLCL group was
slightly higher than in the MSC group; nevertheless, there was no
difference between the two groups (52.5+ 2.4 vs. 48.7+2.3%,
P ¼ 0.07). The LVEF in the saline group was similar to that in the
PLCL group (40.1+1.6 vs. 42.4+ 2.1%, P ¼ 0.64; Figure 1C).

Induction of myogenesis
Fluorescence microscopy showed that MSCs labelled with the
fluorescent dye CM-DiI prior to implantation were detected
within the injured region and were positive for cardiac TnI 4
weeks after implantation (Figure 2). These implanted MSCs were
engrafted into the myocardium and expressed cardiac markers.
The MSC-seeded PLCL scaffold implantation expressed more
a-actin and TnI than the MSC-only implantation.

Western blot analysis demonstrated that MHC, a-actin, and
troponin-I cardiac markers were detected in the injured heart
tissue. These cardiac markers were expressed more in the
MSC þ PLCL group than in the other group (Figure 3).

The RT–PCR analysis showed that implanted MSCs expressed
cardiac transcription factor GATA-4 in the injured myocardium.
Furthermore, the MSC-seeded PLCL scaffold implant expressed
more GATA-4 than any other group (Figure 4).

Effect of transplanted MSCs within a PLCL scaffold on cardiac function 149
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Reduction of myocardial infarct area
Masson’s trichrome staining showed the amount of viable tissue
and fibrous tissue present in the heart tissue samples. Injured myo-
cardium, which is replaced with fibroblasts and collagen, appears
blue, and viable myocardium appears red (Figure 5A). The infarct
area in the MSC þ PLCL group was significantly reduced com-
pared with that of the saline, PLCL, and MSC groups (30.2+2.6
vs. 38.8+4.3%, P ¼ 0.01; 30.2+ 2.6 vs. 37.8+ 3.2%, P ¼ 0.018;
30.2+ 2.6 vs. 34.2+ 3.6%, P ¼ 0.03). The MSC implantation also
significantly decreased the infarct area compared with saline and
PLCL implantation (30.2+ 2.6 vs. 38.8+ 4.3%; 30.2+2.6 vs.
37.8+ 3.2%, P , 0.05, respectively). The infarct area in the saline
group was similar to that in the PLCL group (38.8+4.3 vs.
37.8+ 3.2%, P ¼ 1.00; Figure 5B).

Discussion
In this study, we showed that a BMMSC-seeded, elastic, biodegrad-
able PLCL scaffold repaired injured myocardium and effectively
improved LV function in an MI rat model. The PLCL served as a
mechanical extracellular matrix, allowing the seeded BMMSCs to
survive and differentiate into cardiomyocytes, thereby regenerating
the myocardium and ultimately ameliorating cardiac dysfunction.

After injury, the myocardium was replaced with fibrous tissue.
Fibrous tissue lacks elasticity, so it becomes thin and dilates due
to ventricular pressure and this ultimately leads to heart failure.
Therefore, finding a way to restore the injured myocardium and
reverse ventricular dilation induced cardiac dysfunction is a key
goal for cardiac research. According to our findings, stem cell
therapy may be a possible strategy for treatment of MI.

Mesenchymal stem cells represent a stem cell population
present in adult tissues that can be isolated, cultured, and charac-
terized in vitro and in vivo.3,18,19 Some studies have demonstrated
that MSCs can be detected at the site of implantation, can differ-
entiate into cardiomyocytes, and effectively regenerate the
myocardium.1,17,20 Additionally, despite expressing major histo-
compatibility complex I (MHC I), MSCs have low levels of MHC
II, meaning they do not initiate an allogeneic immune response,21,22

making MSCs a promising stem cell candidate for cardiac cell
therapy. In our study, LVEF in the MSC group was increased by
18% compared with LVEF in the saline group. The LVEDD and
LVESD in the MSC group were attenuated by 11% and 9%,
respectively, compared with the same measurement in the saline
group. These findings indicate that MSC therapy effectively regen-
erates myocardium and improves cardiac function.

Even though implanted stem cells survived and regenerated
myocardium at the site of injury, the site of MI is a poor environ-
ment for cell growth. To increase cell viability, some factors to
improve such an infertile environment are required. There have
been several studies of different scaffolds for cardiac tissue
engineering,23 –25 but there has been little research focused on
elastic, biodegradable scaffolds. An elastic scaffold can resist
pressure-induced ventricular dilation while providing a structure
that enhances the potential for excellent cell growth.

Unexpectedly, the differences in the LVEDD, LVESD, and LVEF
between the MSC þ PLCL group and the MSC group were not

Figure 1 Echocardiography 4 weeks after treatment. (A) Left
ventricular end-diastolic diameter (LVEDD) in the MSC þ PLCL
group and the MSC group was significantly decreased compared
with that in the saline and PLCL groups, but no significant differ-
ence was seen between the MSC and PLCL þ MSC groups.
There was no difference in the LVEDD between the saline
and PLCL groups. (B) The left ventricular end-systolic diameter
(LVESD) in the MSC þ PLCL and MSC groups was significantly
decreased compared with that in the saline and PLCL groups,
but no significant difference was seen between the MSC and
PLCL þ MSC groups. There was no difference in the LVESD
between the saline and PLCL groups. (C) Left ventricular ejec-
tion fraction (LVEF) in the MSC þ PLCL and MSC groups was
significantly increased compared with that in the saline and
PLCL groups, but no significant difference was seen between
the MSC and PLCL þ MSC groups. There was no difference
in the LVEF between the saline and PLCL groups. *P , 0.05
vs. saline group. †P , 0.05 vs. PLCL group. Data shown are
mean+ SEM.
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statistically significant (6.7+0.3 vs. 7.2+ 0.2 mm, P ¼ 0.061;
5.2+ 0.3 vs. 5.7+0.2 mm, P ¼ 0.17; 52.5+ 2.4 vs. 48.7+2.3%,
P ¼ 0.073). The lack of significance may be due to the fact that

Figure 2 Fluorescent immunohistochemical staining of CM-DiI-labelled MSCs in infarcted myocardium for cardiac troponin I. CM-DiI-labelled
MSCs appear red (white arrows); cardiac troponin I appears green (white arrows). Merged image shows transplanted MSCs differentiated into
cardiomyocytes.

Figure 3 Western blot analysis of myosin heavy chain (MHC),
a-actin, and troponin-I expression in injured myocardium. MHC,
a-actin, and troponin-I were more abundantly expressed in the
MSC þ PLCL group than in the other three groups.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as a loading control.

Figure 4 Reverse transcriptase–polymerase chain reaction
analysis of GATA-4 expression in injured myocardium. GATA-4
was more abundantly expressed in the MSC þ PLCL group
than in the other three groups. GAPDH was used as a loading
control.

Effect of transplanted MSCs within a PLCL scaffold on cardiac function 151
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our study involved only a small number of subjects (10 in each
group) and used a relatively short-term time scale (4 weeks) for
observation. With a larger sample size or different observation
time points, it is likely that the increased effectiveness of the
MSC þ PLCL treatment observed in our study would become
statistically significant.

In addition to regeneration of the myocardium, decreasing the
size of the infarct is also an important step towards improving
cardiac function. In this study, the infarct areas of the MSC þ
PLCL group and the MSC group were decreased by 29% and
18%, respectively, compared with those in the saline group.
In addition, the infarct area in the MSC þPLCL group was
significantly reduced compared with that in the MSC group
(30.2+ 2.6 vs. 34.2+ 3.6%, P ¼ 0.03). Also, the MSC-seeded
PLCL scaffold implantation expressed more cardiac markers
(MHC, a-actin, troponin-I) and cardiac transcription factor

(GATA-4) than the MSCs implanted without a scaffold. PLCL scaf-
fold has some desirable physical characteristics including large pore
size, interconnected pore structure, and a lack of skin layer on the
external surfaces, all of which assist in induction of tissue formation
via nutritional diffusion and cell migration.11 These scaffold charac-
teristics should increase the survival and differentiation of MSCs.

Unexpectedly, the cell-free PLCL group showed similar results to
those of the saline group, which is not in agreement with the findings
of another study. Piao et al.26 demonstrated that cell-free scaffold
implantation could affect the resident cardiac stem cells and
recruit influent stem cells to the injured myocardium, showing
that cell-free scaffolds also have a beneficial effect on MI. Accord-
ing to our knowledge, even if scaffolds have such positive effects,
the implanted stem cells would be expected to play a key role in
myocardial regeneration. In fact, many researchers doubt that
the implanted stem cells are enough to directly affect myocardial
regeneration and believe that the paracrine effects of the implanted
cells are more likely to influence the growth of myocardium than
any direct effect of the implanted stem cells. Our findings indicate
that stem cells and scaffold in combination have synergistic effects
and are more effective than stem cells or scaffolds alone.

Some reports have claimed that the appropriate biomaterials for
cardiac tissue engineering should not have elastic characteristics
because non-elastic scaffolds are not compliant with the ventri-
cular pressure thus could resist ventricular dilation.27 However,
because of the heart’s physiological characteristics of repeated
contraction and relaxation, a non-elastic patch could resist the
heart’s natural motion. Therefore, a non-elastic scaffold would
not be appropriate for cardiac tissue engineering.

In this study, we investigated only one elastic biodegradable
scaffold in subjects with MI. Further study should investigate the
difference between elastic and non-elastic scaffolds in myocardial
regeneration. To our knowledge, this is the first report to evaluate
the effects of BMMSC-seeded, elastic, biodegradable PLCL scaf-
folds in a rat MI model.

In conclusion, a BMMSC-seeded, elastic, biodegradable PLCL
scaffold implant effectively attenuated LV dilation and improved
LV function in a rat MI model. The PLCL served as a mechanical
extracellular matrix where seeded BMMSCs survived and differen-
tiated into cardiomyocytes, ultimately regenerating the myocar-
dium and improving cardiac function. Therefore, the stem
cell-seeded elastic biodegradable scaffold can be considered as
an alternative therapeutic strategy for MI-induced heart failure.
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