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Objective(s)Cardiomyocyteshave small potentials for renovation and proliferation in adult life. The
most challenging goal in the field of cardiovascular tissue engineering is the creation of an engineer.
heart muscle. Tissue engineering with a combination of stem cells and narwfius scaffolds has
attracted interest with regard to Cardiomyocyte creation applications. Human adiposderived stem

cells (ASCs) are good candidate for use in stem ebised clinical therapies. They could be culturec
and differentiated into several lineages such as cartilage, bonmuscle, neuronal cells, etc.

Materials and Methoddn the present study, human ASCs were cultured on random and aligne
polycaprolactone (PCL) nanofibers. The capacity of random and aligned PCL nanofibreaaffolds to

support stem cells for the proliferation was studied by MTT assay. The cardiomyocyte phenotype we
first identified by morphological studies and Immunocytochemistry (ICC) staining, and then confirmec
with evaluation of specific cardiac relatel gene markers expression by redaiime RT-PCR.

ResultsThe proliferation rate of ASCs on aligned nanofibrous PCL was significantly higher the
random nanofibrous PCL. ICC and morphological studies results confirmed cardiomyocy
differentiation of ASCs orthe nanofibrous scaffolds. In addition, the expression rate of cardiovascula
related gene markers such as GAFA |-MHC and MyeD was significantly increased in aligned
nanofibrous PCL compared with random nanofibrous PCL

ConclusionOur results show that the aligned PCL nanofibers are suitable physical properties a
polymeric artificial scaffold in cardiovascular tissue engineering application
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Introduction

There are three strategies inrepairing heart

Cardiovascular diseases pose a major pub“c damaged tissues. The first one is the therapies that

health problem in both industrialized and secalled . W
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are responsible for close to 102.45 deaths from I

100000 deaths per year (24.14% of all deaths)1).

The heart is the center of the circulation system
and cannot regenerate significantly after injury, since
adult cardiac myocytes are terminally differentiated
and cannot renew after any injury (2). The most
challenging goal in tissue engineering is to create,
repair or replace tissues and organs by using
combinations of cells, scaffolds, and biologically
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prompt the heart to renew damage tissues. The

rectly into the damaged environments of the tissue.
The third one is the tissue engineerig technigues, in
which cells are grown in 3D scaffolds and then
implanted to damaged siteg(3).

New findings in stem cell biology imply that stem
cells are a good candidate to create an engineered
heart muscle and can be used by clinicians to rebuild
or replace damaged heart tissue.

The optimal cell source to create engineered

active molecules. So cardiac tissue engineering cardiomyocyte should be easy to harvest wh high

strategies promise to revolutionize current therapies
for irreversible myocardial damage, heart failure,
and significantly improve the quality of life for

millions of patients.

proliferation rate and no immunogenic effects. It
should also be able to differentiate into mature
functional cardiomyocyte(4). Adipose tissue as a
stem cell source can easily be haested in large
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guantities and has several advantages compared to
other sources (5). Its harvesting procedure is easy
with minimal invasive and isolation of adipose
derived mesenchymal stromal/stem cells yields a
high amount of stem cells and has the capacity to
differentiate into several cell types including
cardiomyocyte, which is essential for stercell-based
therapies and tissue engineering6).

Nanofibers are the important part of tissue
engineering and have advantages over traditional
scaffolds because of increasedurface/volume ratio,
which increases cellscaffold interactions. The size and
3-dimensionality of these fibers mimic the
extracellular matrix (ECM), thereby increase the
adherence of cells on scaffolds, promote migration
and proliferation of cells and asa result improve this
approach function (7). Cardiomyocytes are highly
aligned in the heart. The unigue physical and electrical
properties of myocardium make its structure
unbeatable. Mimicking this unique property of
myocardium may advance cardiac tissue engineering.

PCL is a FDA approved polymer which has a long
history of safe use in humans. This biomaterial is
biodegradable and biocompaible with high range of
hydrophobicity (8). The surface hydrophobicity of
these polymeric nanofibers scans decrease with
certain surface treatment methods such as plasma
treatment (9). Plasma treatmem is one of the best
techniques to increase the surface hydrophilicity of
nano-scaffolds; thereby improve cell attachment,
expansion, and proliferation on them(10-12).

Several studies have shown the differentiation of
animal ASCs toward cardiomyocytesfter treatment
with chemical substances such as -8zacytidin.
Furthermore, in vivo animal ASCs studies have
shown that when ASCs were transplanted after
myocardial infarction (M), the differentiation of
ASCs towards cardiomyocytes increased and cardiac
function was improved (13,14). Spontaneous
differentiation of ASCs towards cardiomyocytes has
also been described. However, studies on human
ASCs are limited. In recent years, several studies
demonstrated differentiation of human ASCs into
cardiomyocytes without using any scaffold (4, 15).

In the present study, human ASCs were cultured
on random and aligned PCL nanofibrous scaffolds and
then their biological behavior and cardiomyocyte
differentiation were investigated in vitro.

Materials and Methods
Electrospun nanofibers

PCL nanofibers were produced by an
electrospinning method in our laboratory using
procedures reported earlier (10). Briefly, a PCL
solution (5% w/w) was prepared in chloroform and
dimethylformamide (DMF) in7.5:2.5 ratios. The
polymer solutions fed into a blunted needle attached
to a pump on a vertical mount. A rotating cylindrical

drum was used as a collector and placed at a distance treated with RBC

of 18 cm from the needle. For random scaffolds, the
collecting rate was at 250 rpm and for aligned
scaffolds at 2800 rpm.Voltage was 25 kV and flow
rate was 0.5 mL/h. The copper plate was a plate with
10nj diameter and 30Nj length. To increase the
hydrophilicity of the nanofibers, surface modification
of the PCL scaffold was performed by plasma
treatment. A low frequency plasna generator (40
kHz) with a cylindrical quartz reactor (Diener,
Electronics, Ebhausen, Germany) was used. The
pressure of pure oxygen gas was at a 0.4 mbar, and
the glow discharge was ignited for 2.5 min. Plasma
treated sheets were punched with a devicefol cm
diameter.

Characterization of nanofibers

Morphology studyThe morphology of the random
and aligned PCL nanofibers was studied by scanning
electron microscopy (SEM; XL30; Philips, Eindhoven,
Netherlands).

Mechanical properties: The tensile properties
were performed on the nanofibrous webs using
Galdabini testing equipment. Prepared scaffolds
were cut into 10 mmx 60 mm x 0.11 mm specimens
and tensile test was conducted at 50 mm/min
crosshead speed at room temperature.

Porosity: For porosity determination, four
randomized circular samples with the diameter of 20
mm were used and the estimated porosity of each
sample was calculated by the following equation:
Porosity=1-(calculated  scaffold  density/known
material density) x 100

Conact angle measurementThe hydrophilicity of
the nanofibrous after surface modification was
measured by contact angle goniometer (Kruss,
Hamburg, Germany), at room temperature. A water
droplet was dropped on surface of the nanofibers, and
the contact angé was measured after 10 seconds.

Isolation and characterization of ASCs

Human ASCs Isolation:Human subcutaneous
adipose tissue samples were obtained as waste
materials after liposuction surgery from the
abdomen region (Erfan hospital in Tehran, Iran) and
donated after informed consent according to
guidelines of the Medical Ethics Committee, Ministry
of Health IR Iran. Seven healthy norobese female
donors (age range: 3345 years) were included in
this study. Adipose tissue was stored in sterile
phosphate buffered saline containing penicillin and
streptomycin 3X and amphotericin 3X at 4°C and
processed within 24 hours after surgery as described
previously. In brief, after three times washes with
PBS, the tissue was digested with 0.2% collagenase |
(Roche Dagnostics, Mannheim, Germany) under
intermittent shaking for 45 min at 37°C. Then, the
material was centrifuged for 15 minat 1200 rpm and
supernatant was removedand the cell pellet was
lysis buffer (Dako, Glostrup,
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Denmark) at room tempeature for 5 min. After
centrifuged of samples at 1200 rpm for 5 min, the
cell pellet was resuspended on the 75 cinculture
flask (Nunk) under Dulbecco's Modified Eagle's
Medium (DMEM, Invitrogen Co, Carlsbad, CA, USA)
with 10% Fetal Bovine Serum (FBSInvitrogen Co.,
Carlsbad, CA, USA) incubated with 95% air and 5%
CQ at 37°C(16). After reaching confluence (about
80-85%) during ten days, cells were detached using
trypsin and replated.

Human ASCs characterization: Cells were
characterized by flow cytometric analysis of the
expression of cell surface markers according to
protocol reported by Ardeshirylajimi et a(17). In
briefly, the expression of mesenchymal cell surface
markers were evaluatedusing monoclonal antibodies
including fluorescent isothiocyanate (FITCxonjugated
mouse antthuman CD45 (leukocyte common antigen),
CD 44, CD 73 (ectd6Nj nucleotidase), CD 34,
phycoerythrin (PE)-conjugated CD105 (Endoglin or
SH2) and CD90.

MTT assay

The proliferation rate of human ASCs on random
and aligned PCL nanofibrous scaffolds was measured
by MTT assay. Aligned and random PCL nanofibers
after being sterile were placed in a 24well culture
plate and seded with a ASCs density of 4xEGCells
per cn? and incubated at 37°C, 5% COAfter 1, 2, 3,
4 and 5 days of cell seeding, 5QI of MTT solution
(5 mg/ml in DMEM) was added to each well. For
conversion of MTT to formazan crystals by
mitochondrial dehydrogenases of living cells, the
plates were incubated at 37C for 4 hr. Then
supernatant was removed and constant amount of an
appropriate solvent was added. The optical density
was read at a wavelength of 570 nm in a micrplate
reader (BioTek Instruments, USA). The same
procedure was performed for cultured cells in tissue
culture polystyrene (TCPS) as control.

Scaffold
differentiation
Isolated stem cells were seeded at 1x2@ells/cm?2

and cultured for several passages in DMEM
supplemented with 10% FBS, (all from Invitrogen Co.,
Carlsbad, CA, USA), in a humidified atmosphere of 5%
CQ at 37°C. Media were changed twice a week. Once
80%z790% confluency has been reached, cells were

seeding and cardiomyogenic

St. Louis, Mo. USA) in DMEM supplemented with 15%
&"3h pmnm 57i1 PDATEAEI T ETh
mM L-glutamine and 1% ITS + premix (BD
Biosciences, Bedford, Mass., USA). Culture stem cells
with this condition of 5-aza-deoxycytidine hasbeen
shown to induce differentiation of rabbit ASCs
towards cardiomyocytes on uncoated culture plates
(18). The cells were observed daily, and the medium
changed three times per week until the experiment
was terminated.

Immunocytochemistry analysis

Cells were fixed with 4% paraformaldehyde for 20
minute at room temperature, then permeabilized with
Triton X-100 (0.3%) for 20 min and processed for
immunocytochemistry using primary antibodies to
r40AO0I ET ))) pdum
St. Lauis, Mo. USA), and Neurofilamert! (NFM) 1:500
(mouse monoclonal; Sigma Aldrich, St. Louis, Mo.
USA). For fluorescence, FITC conjugated (Sigma
Aldrich, St. Louis, Mo. USA) anthouse secondary
antibody 1:500 was applied. After washing with PBS,
cells were incubated with DAPI (4\j6-diamidino-2-
phenylindole; 1:1000) for nuclear staining.

Real-time reverse transcription -polymerase chain
reaction

For relative quantification of the gene expression,
total cellular RNA was extracted using TRieagent
(Sigma Aldich, St. Louis, Mo. USA). Synthesis of cDNA
was carried out with M-MuLV reverse transcriptase
(RT) and random hexamer as primer, according to the

j i1 O00A i
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Canadd. PCR amplification was performed using a
standard procedure with Taq DNA Polymerase
(Fermentas, Burlington, Canadawith denaturation at
94°C for 15 second, annealing at 56 or 60C for 30
sec according to the primers, and extension at 7Z for
45 sec Depending on the abundance of particular
MRNA, thenumber of cycles varied between 30 and
40. The primers sequences and product lengths are
listed in Table 1.

Statistical analysis

The reattime RT-PCR data were analyzed by
REST 2009 software (Qiagen Inc., Hilden, Germany).
Each experiment was repeated indpendently at

Table 1. Primers used in reaitime RT-PCR

detached with 0.5 mM EDTA trypsin (Invitrogen Co,

~ Product length

Carlsbad, CA, USA), for 5 miat 37°C and replated.
To assess the ASCs differentiation towards
cardiomyocytes, cultureexpanded cells (p3) were
plated into 6-well cultur e dishes at a density of 20,000
cells per well, each well having normal culture
medium. The cells were then cultured in DMEM
containing 15% FBS and when the confluency has
been reached 5@60%, stimulated with 5-aza2-

Gene 00EIi AO OANOGAT A (base pain
TrooomnT  CCAGGGCAGAAGAAGATG 135
P CCACTCTCTCTCCATCGG
MHC GCTTCACTTCAGAGGAGAAAC 135
1 CCGACTTGTCAGCATCTTC
CACCAGCAGCTCCTTCAG
GATA4  GCCCGTAGTGAGATGACAG 138
ACGGCATGATGGACTACAG
MYOD CGGAGGCGACTCAGAAG 218
Actin CTTCCTTCCTGGGCATG a5
I GTCTTTGCGGATGTCCAC

deoxycytidine for 24 brj w t - N igknk Aldtidah
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least three timesin vitro. Data were reported as the
mean = SD. Onavay analysis of variance (ANOVA)
was used to compare theresults. All analyses were
performed by using SPSS 17.0 softwareSPSS,
Chicago, IL, USA)P-values of less than 0.05 were
considered as statistically significant.

Results
Characterization  of
mesenchymalstem cells
Isolated stem cells from adipose tissue were
characterized based on their surface markers. AT
MSCs were negative for CD45 and CD34 and were
positive for CD90, CD 44, CD73 and CD105 (g 1).

adipose tissue derived

Characterization of nanofibers
Morphology study

SEM images of random andligned PCL scaffolds
are shown in Figure 2 (A and C). Obviously the PCL
nanofibrous scaffolds were highly porous with a
uniform and smooth morphology. The diameters
distribution is in the range of 4502800 nm with an

average of 565+30 nm. The extra cellutamatrix of
the cells in human tissues is nanostructured and is
composed of protein fibers which make a 3D matrix
for cells to attach, differentiate and prolife rate. As it
shown in the SEM images, the electrospun PCL
nanofibers are nanestructured and highly porous
which makes it a good candidate to be used in tissue
engineering. The tensile strength of random PCL
nanofibers was 3.83+0.58 MPa and elongation at
break of 63.45+1.28%. And for aligned PCL
nanofibers was 2.53+0.58 MPaand elongation at
break of 42.72+2.46%. The porosity of random PCL
scaffolds was calculated as 72.27%+1.24% and for
aligned PCL scaffolds was 84.56%+0.94%.

Contact angle measurement

The contact angle of PCL nanofibers decreased
from 132° to 0" after surface treatments. It shows
that the hydrophilicity of the surfaces have been
increased after surface modification. After plasma
treatment the results prove the role of hydrophilic
groups (OH and COOH) to increase the hydrophilicity
of the surface.
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Figure 1. Flow cytometry analysis of human ASCs. Data showed that
but CD90, CD105, CD 44 and CD 73 was positive

the expression cell surface markers such as CD45, CD34 was hegative,

Iran J Basic Med Sci, Vol. 17, No. 11, Nov 2014



Safaeljavanet al

Cardiogenic differentiation of human ASCs

Figure 2. SEM images of nanofibrou$CL scaffolds. Aligned PCL scaffold without (a) and with (b) stem cells and random PCL scaffold

without (c) and with (d) stem cells
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Figure 3.Proliferation rate of ASCs on aligned and random
nanofibrous PCL scaffolds gring a 5 day cell culture period,
asterisk shows significant difference withP<0.05

Biocompatibility

Biocompatibility of the scaffolds was evaluated
using MTT assay and SEM analysis. After 21 days
cultured stem cells under basal medium
(DMEM/FBS10%) on random and aligned PCL
nanofibrous scaffolds, the samples were fixed

and then investigated by SEM (Fige 2 B and D).

Results of MTT assay have demonstrated that the
viability and proliferation rate of ASCs increased in
PCL nanofibrous scaffold compared with TCPS. As it
shown in Figure 3, also, significant differences were
observed in proliferation rate of cells in aligned PCL
compared with random PCL.
Evaluation of cardiogenic differentiation micros-
copicstudy

Isolated ASCs from human adipose tissue
displayed a fibroblast and spindlelike morphology
after 2 passages (Figre 4A). As showed in Figre 4B,
the morphology of the cells was changed after 3 weeks
incubation under cardiomyocyte
differentiationmedium.

Immunocytochemistry

y## AT AT UUA xAO OOAA OIi
Il as an intracellular protein and poved its
expression in the cells cultured on random and

Figure 4.The morphology of stem cells under basal medium after 2 passages (A) and after a 21 days culture under cardiogenic induction
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Figure 5.Immunofluorescent staining of differentiated stem cells on PCL nanofibers. Stalnlng of DAPI in random (A) and aligned (C) PCL ]
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Figure 6. Relative expression of troponin T, GATA, Myo-D and) -MHC on days 7, 14 and 21 in the human ASCs during cardiogenic
differentiation, asterisk shows significant difference between two groups on each day B&0.05

Immunocytochemistry scaffolds on cardiomyocyte differentiation, relative

) ## AT AT UUA xAO OOAA Ol expréséoh 6f @i ihpodaht caiiadelatedignastnasE 1
Il as an intracellular protein and proved its investigated in three time points during cardiomyocyte
expression in the cells cultured on random and differentiation of ASCs (Figre 6). All experiments were
aligned PCL scaffolds under differentiation medium. performed in three groups including ASCs seeded on
The AOOT O OET xAA OEA bDOAOAdighell arid Aandprd BOL GhdETICPS) ap fontr&l.l The
cells which cultured on both scaffolds(Figures 5B expression of all genes increased significantly in
and D). The appropriate nuclear localization of these scaffolds compared with TCPS.

markers was confirmed after merging by DAPI The expression of troponinT as an early cardiac
(Figures 5 A and C). gene marker in random scaffolds at day 7 was

significantly increased compared with aligned
Gene &pression scaffolds, but at day 14 the higher expression of

To investigate the effects of random and aligned PCL troponin-T was observed in aligned scaffold. Three
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weeks after treatment, the expression of troponinT
was decreased in both scaffolds. The expression of
GATA4 as another early cardiac gene marker, after 7
and 14 days, significantly increased in aligned
scaffolds compared with random scaffolds and
GATA4 expression wasdown-regulated on day 21 in
both scaffolds.

At day 14 the highest amounts of -MHC was
observed in aligned scaffolds. My® was expressed
in a significantly higher level on day 7 and 14 in
aligned scaffolds compared with random scaffolds.

Discussion

Many studies have been reported the application
of tissue engineering toalleviate many disease€l0,
19, 20). As we know stem cells have very potentials
for cell therapy of various diseases(21). Artificial
scaffolds and stem cells are utilized to regarate
cardiac tissue and restore heart functions after any
heart injuries. However, the injection of cells directly
into the infracted area involves the problems of low
cell retention and engraftment rate (22, 23). A
bioactive, biocompatible scaffold mimicking native
tissue biochemical and biomechanical envanment
are needed for successful cardiac tissue regeneration
(24, 25). Nanofibrous PCL scaffolds, because of their
native tissue like properties are widely used as the
cell delivery carriers and supporting matrices for
cardiac tissue regeneration. It would seem that due
to their characteristics, such as capacity for mukHi
linage differentiation and selfrenewal potential,
among all human adult stem cells, the ASCs exhibit
the greatest potential(13).

Some of thestudies have been reported thein
vitro differentiation of animal ASCs towards
cardiomyocytes after treatment with chemical agents
such as 5azacytidine(7, 14, 26).

Neofytou et al described the differentiation ability
of mouse adipose derived stem cells into
cardiomyocyte (7). Rangappat al demonstrated the
appearance of beating cells on treatment of
mesenchymal stem cells isolated from rabbit adipose
tissue (18) and also PlanatBénardet al showed the
ASCs towards cardiomyocytes can differentiate
spontaneously (2). However, not many studies
reported cardiomyocyte differentiation of human
ASCs.

In recent years, several approaches to modify
cardiomyogenic differentiation of human ASCs were
reported. Van Dijket al showed that use of laminin as
ECM molecules during cell culture lead to higher rate
of differentiation (27). Choiet al demonstrated that

co-culture the human ASCs with contracting
cardiomyocyteswas a key inducer for
cardiomyogenic differentiation (4). Metzeleet al

found that human ASCs exhibit both stemetl and
cardiomyocyte properties after fusion with rat
cardiomyocytes(15).

RT-PCR analyses of cardiac related gemearkers

Iran J Basic Med Sci, Vol. 17, No. 11, Nov 2014

including troponin-4 h ' | 4-MHCh and] MyeD
showed that the expression of cardiac markers were
increased on nanofibrous scaffolds compared to
TCPS because of the presence of these
physicochemical structures. Moreover, it can also be
observed that ' ! 4! 1-MHC jand MyeD gene
markers were highly expressed in aligned scaffolds
compared with random ones.

Troponin-T is one of the essential proteins for
contractile  function and an indicator of
differentiation in cardiomyocytes(28). GATA4 is
known as a key transcription factor for commitment
to cardiac lineage(29). Expression of MyeD and | -
MHC as secondary gene markerfollow the same
pattern. Expression of all four genes increased
significantly when the cells cultured on scaffolds
compared with the cells which cultured on TCPS.
This result confirmed the positive effects of
nanofibrous  scaffolds on proliferation and
differentiation of stem cells. As we know GATA4 and
troponin-T genes are early cardiac related gene
markers and it is expected that their expression
decreases during differentiation. Although we
expected to have increased expression of two other
C A1 A-®HQ ayd Myo-D) during differentiation, but
not like this. However, these genes showed higher
expression compared to the control samples. They
also had higher expression in stem cells cultured on
aligned nanofibers. In addition, the expression of
GATA4, MyeD ard |-MHC increased more
significantly in aligned nanofibers compared with
random nanofibers.

However, the expression of troponinaT in random
PCL was higher than aligned PCL at day 7; this may
be done via different signaling pathways with GATA4
as another arly cardiomyocyte gene marker. In
another hand, random fibers may act through
activation of Troponin-T and aligned may act
through GATA4(30).This proper supporting matrix
can hold cells at the infracted area initially and
further provide support for cell survival and
functioning. We hypothesized that in the presence of
certain physical and chemical cues, ASCs
differentiate into cells that resemble cardiac
myocytes and may be applicable for cardiac
regeneration. With this approach cells would remain
adhered to the nanofibrous scaffold preventing cell
loss and providing a more site directed repair
mechanism. It is accepted that physical cues play
key role in cell growth and tissue assembly(31).
These signals are important in stem cells during self
renewal, proliferation, and differentiation. A softer
substrate and the aldity to tune the mechanical
properties within a given range could be
advantageous as cell differentiation was shown to be
affected by substrate stiffness. Additionally, it has
been estimated that a cell number on the order of
one billion would need to bereplaced in patients
with heart failure (3).
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