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a b s t r a c t

We investigated whether tissue constructs resembling structural and mechanical properties of the
myocardium would induce mesenchymal stem cells (MSCs) to differentiate into a cardiac lineage, and
whether further mimicking the 3-D cell alignment of myocardiumwould enhance cardiac differentiation.
The tissue constructs were generated by integrating MSCs with elastic polyurethane nanofibers in an
electrical field. Control of processing parameters resulted in tissue constructs recapitulating the fibrous
and anisotropic structure, and typical stress-strain response of native porcine myocardium. MSCs
proliferated in the tissue constructs when cultured dynamically, but retained a round morphology. mRNA
expression demonstrated that cardiac differentiation was significantly stimulated. Enhanced cardiac
differentiation was achieved by 3-D alignment of MSCs within the tissue constructs. Cell alignment was
attained by statically stretching tissue constructs during culture. Increasing stretching strain from 25% to
75% increased the degree of 3-D cell alignment. Real time RT-PCR results showed that when cells
assuming a high degree of alignment (with application of 75% strain), their expression of cardiac markers
(GATA4, Nkx2.5 and MEF2C) remarkably increased. The differentiated cells also developed calcium
channels, which are required to have electrophysiological properties. This report to some extent explains
the outcome of many in vivo studies, where only a limited amount of the injected MSCs differentiated
into cardiomyocytes. It is possible that the strain of the heartbeat (w20%) cannot allow the MSCs to have
an alignment high enough for a remarkable cardiac differentiation. This work suggests that pre-
differentiation of MSCs into cardiomyocytes prior to injection may result in a greater degree of cardiac
regeneration than simply injecting un-differentiated MSCs into heart.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Myocardial infarction (MI) causes a loss of heart muscle and
a decrease of heart function. Various therapeutic strategies have
been used to treat MI [1]. However, normal heart function after MI
cannot be restored because adult cardiomyocytes are less regen-
erative and endogenous cells are unable to produce sufficient car-
diomyocytes for effective regeneration. Cardiac stem cell therapy is
considered to be a promising approach for cardiac regeneration and
heart function restoration [2,3]. It delivers stem cells into the
infarcted heart where they differentiate into cardiomyocytes. The
regenerated heart muscle then integrates with the surrounding
heart muscle and functions synchronically.
All rights reserved.
Various types of stem cells have cardiac differentiation potential,
including mesenchymal stem cells (MSCs) [4e9], embryonic stem
cells (ESCs) [10], induced pluripotent stem cells (iPSCs) [11], and
cardiac progenitor cells [12e14]. Among these cell types, MSCs have
been widely used for cardiac cell therapy because they cannot only
differentiate into cardiomyocytes but also secrete growth factors
that may improve angiogenesis [4e9]. Cardiac differentiation of
MSCs can be achieved in vivo and in vitro. In vivo studies using
various animal models have demonstrated that some MSCs differ-
entiate into cardiomyocytes after injection into hearts [4e9].
Recent clinical trials also showed that MSCs significantly improved
cardiac function [15e17]. The in vitro cardiac differentiation is
accomplished by either using biochemicals such as 5-azacytidine
(5-aza) [18e20] or co-culturing with cardiomyocytes [21,22].

To deliver stem cells into hearts, a tissue engineering approach
has been used. This involves the engineering of stem cell populated
tissue constructs that are subsequently patched onto the infarcted
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heart surface. Successful myocardium regeneration and heart
function improvement are largely dependent on the properties of
scaffolds [23e25]. Biomimetic scaffolds that mimic advantageous
features of the extracellular matrix (ECM) in myocardium are
believed to facilitate tissue development, as they provide a native-
like template that allows cells to organize into the tissue specific
structure [24,25]. However, the effectiveness of the stem cells for
cardiac therapy depends on their cardiac differentiation. Thus, the
ideal tissue constructs should stimulate stem cell differentiation
into a cardiac lineage. Current cardiac tissue constructs are mostly
microporous scaffolds and hydrogels based on natural polymers
such as collagen [24e27] and polysaccharide [22,28,29], and
synthetic polymers such as polyurethane [30,31] and poly(-
glycerolesebacic acid) [23,24]. These scaffolds and hydrogels differ
from the native myocardium, either structurally or mechanically,
and are unable to produce a native-like microenvironment for stem
cell differentiation and function [32]. Studies based on these scaf-
folds have demonstrated thatMSCs cannot readily differentiate into
a cardiac lineage without using biochemicals such as 5-aza [22,29].
In this study we hypothesized that tissue constructs that mimic the
structural and mechanical properties of the myocardium, may
provide a native-like microenvironment for stimulating stem cell
differentiation into a cardiac lineage. We also hypothesized that
mimicking 3-D cell alignment in the myocardium would further
enhance cardiac differentiation in these tissue constructs.

The objective of this work was to generate tissue constructs
mimicking structural and mechanical properties of the myocardium,
achieve3-Dcell alignment in the tissueconstructs, andexamine ifMSCs
would differentiate into a cardiac lineage in the tissue constructs. The
tissue constructs were fabricated by concurrently electrospraying cells
and electrospinning elastic fibers. This allowed the fast generation of
cellularized tissueconstructs for the studyof stemcell behaviorat the3-
D level. Electrospinning techniquewas used to create fibers thatmimic
diameter and alignment of the collagen fibers in the myocardium. The
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Fig. 1. Scheme of PE
mechanical properties of the tissue constructs were manipulated in
termsoffiber polymer type,fiber alignment and cell density. In order to
achieve 3-D cell alignment, tissue constructs were stretched statically
during the culture. The relationbetween stretching strain anddegree of
cell alignment was investigated. MSC differentiation in the tissue
constructs was quantified by the expression of cardiac markers and
development of ion channels.

2. Materials and methods

2.1. Materials

Pluronic L31 (EO2ePO16eEO2, MWw1100, BASF) and trimethylcarbonate (TMC,
Boehringer Ingelheim) were vacuum dried overnight prior to use. Butanediisocya-
nate (BDI, Fluka) and putrescine (Aldrich) were vacuum distilled before synthesis.
Stannous octoate (Sigma) and dimethyl sulfoxide (DMSO) were dried over 4 Å
molecular sieves. Gelatin (type A, Acros) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP,
Oakwood Products) were used as received.

2.2. Polymer synthesis

Block copolymer diol PTMC-PEO-PPO-PEO-PTMCwas synthesized through ring-
opening polymerization of TMC by using PEO-PPO-PEO as an initiator and stannous
octoate as a catalyst (Fig. 1) [33e35]. The molar ratio of TMC/PEO-PPO-PEO was 4.
The polymerization was conducted at 110 �C for 18 h under a nitrogen atmosphere.
The yielded copolymer was purified with ethyl ether and hexane, then dried in
a vacuum oven at 50 �C for 24 h.

The poly(ester carbonate urethane)urea (PECUU) based on the PTMC-PEO-PPO-
PEO-PTMC diol was synthesized by a two-step solution polymerization (Fig. 1)
[33,34]. In brief, the synthesis was conducted in a 250 mL three-necked flask
equipped with a nitrogen inlet and outlet. A 1 wt% BDI (7.98 mmol) solution in
DMSO was added into the flask followed by a 10 wt% copolymer diol (3.99 mmol)
solution in DMSO. Two drops of stannous octoate was then added. The reaction was
carried out at 80 �C for 3.5 h under continuously stirring. The solution was then
cooled to room temperature, and a 1 wt% putrescine solution (3.99 mmol) was
subsequently added. The reaction was continued for 12 h at room temperature. The
polymer solution was precipitated in the saturated potassium chloride solution. The
polymer was then immersed in de-ionized water for 24 h to leach out the salt, and
finally dried under vacuum at 50 �C for 24 h.
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2.3. MSC electrospraying and characterization

MSCs were electrosprayed under high voltage (28 kV) to investigate the effect of
electrical treatment on MSC survival, growth, morphology and multipotency.
HumanMSCs (Lonza) were cultured in T-175 flasks using culturemedium containing
Dulbecco’s modified Eagle’s medium (DMEM) and 10% FBS [36]. The cells at passage
10 were used. Previous work demonstrated that MSCs at this passage preserved
phenotype andmultipotency [36e38]. MSCs were suspended in the culturemedium
containing 2% gelatin A to reach a density of 1 million/mL. The MSC suspension was
electrosprayed from a sterile stainless-steel capillary (I.D. 0.047”, charged
with þ18 kV) into a T-25 flask that was placed on an aluminum plate charged with
�10 kV. The electrosprayed MSCs were divided into three parts for 1) staining with
Trypan Blue to investigate if electrical treatment under high voltage causes cell
death [39]; 2) seeding in a 96-well culture plate to determine growth rate and gene
expression of the as-electrosprayed cells; and 3) seeding into a flask to expand cells
for evaluating if electrospraying affects longer-term cell growth and multipotency.
MSCs followed the same treatment process but without applying an electrical field,
were used as the control.

To characterize growth of as-electrosprayed cells seeded in a 96-well plate, an
MTT assay was used after 1, 3 and 5 days of culture [38]. The gene expression was
characterized by RT-PCR. Total RNA was extracted by TRIzol according to the
manufacture’s instruction. Approximately 1 mg RNAwas used to synthesize cDNA by
High Capacity cDNA Reverse Transcription Kits. PCR was performed with a Master-
cycler ep gradient S thermal cycler and Platinum Taq DNA Polymerase. Primers used
are listed in Table 1. The conditions for PCR were 94 �C for 2 min, 40 cycles (94 �C for
1 min, 58 �C for 1 min and 72 �C for 2 min) and a final 72 �C extension for 10 min
[40]. The amplified product was then analyzed by electrophoresis in 2% agarose gel.

The electrosprayed cells that were seeded in the flask were expanded twice and
then subjected to cell growth and differentiation characterization. The cell growthwas
assessedbyseedingcells in a96-well plate followedbyMTTassayafter1, 3and5daysof
culture [38].As theMSCsaremultipotentandcapableofdifferentiating intoosteogenic,
chondrogenic and adipogenic lineages, the electrosprayed cells were induced to
differentiate into these lineages to investigate if electrical treatment affects multi-
potency. To induce osteogenesis, cells were cultured in an osteogenic growthmedium
(10 nM dexamethasone (DEX), 5 mM glycerophosphate, 50 mg/ml ascorbic acid (AA),
and 10 nM 1,25-dihydroxy vitamin D3). On day 21, cells were stained for alkaline
phosphatase (ALP) activity [37,41]. To induce chondrogenesis, cells were seeded in
a high density (2.5 � 105 cells/mL) and allowed to grow for 21 days in a serum-free
medium (DMEM, ITS Premix, 50 mg/ml AA, 40 mg/ml L-proline, 100 mg/ml sodium
pyruvate, 0.1 M DEX, and 10 ng/ml recombinant human transforming growth factor
TGF-b1). On day 21, alcian blue staining was performed to detect sulfated glycosami-
noglycan (sGAG) [37,41]. For induction of adipogenic differentiation, MSCs were
cultured for 21 days in an adipogenic medium containing DMEM with 10% FBS, and
supplemented with 0.5 mmol/L 3-isobutyl-1-methylxanthine (IBMX),1 mg/ml insulin,
and 1 mmol/L dexamethasone. Cell differentiation was evaluated by accumulation of
intracellular neutral lipids stained with Oil Red O [37,41].
2.4. Tissue construct fabrication

MSC-populated tissue constructs were fabricated by simultaneously electro-
spinning PECUU nanofibers and electrospraying MSCs, using an approach modified
from our previous reports [38,42]. In brief, 15 wt% PECUU in HFIP was fed at 4.5 mL/h
into a capillary charged at þ15 kV. The tip of the capillary was 15 cm away from the
collecting mandrel (diameter 11 cm). MSCs labeled with live cell marker CellTracker
Green CMFDA (5-chloromethylfluorescein diacetate, concentration 10 mM) were
suspended in the culturemediumcontaining 2%gelatinA. Twodifferent cell densities
Table 1
PCR primers.

Gene Prime sequences (forward and reverse) Tm (�C)a

Collagen type 1 (a1) 50-CCGGAAACAGACAAGCAACCCAAA-30 73.2
30-AAAGGAGCAGAAAGGGCAGCATTG-50 71.8

Osteonectin 50-TTCTGCCTGGAGACAAGGTGCTAA-30 69.8
30-TCTGTTACTTCCCTTTGCCCACCT-50 69.4

PPARg2 50-CTGTTTGCCAAGCTGCTCCAGAAA-30 72.1
30-AAGAAGGGAAATGTTGGCAGTGGC-50 71.6

Nkx2.5 50-GGTGGAGCTGGAGAAGACAGA-30 65.7
30-CGACGCCGAAGTTCACGAAGT-50 67.8

GATA4 50-AGCAGCTCCTTCAGGCAGT-30 66.2
30-GCCCATGGCCAGACATC-50 62.9

MEF2C 50-GATCATCTTCAACAGCACC-30 59.5
30-GTTCAATGCCTCCACGA-50 60.5

CACNA1c 50-CAGAAACTACAGGAGAAGAGG-30 59.5
30-AAGAAGAGGATCAGGTTGGT-50 60.5

b-Actin 50-AAGATCAAGATCATTGCTCCTC-30 61.2
30-GGACTCATCGTACTCCTG-50 59.5

a Tms were calculated by NIH PerlPrimer software.
8 and 30 million/mL were used. The cell suspension was fed at 15 mL/h into a sterile
capillary thatwas charged atþ10 kV and 5 cmaway from the collectingmandrel. Two
capillaries were offset at 135� to avoid electrical field interference. The collecting
mandrel was charged at �10 kV and rotated at 1500 rpm. The fabrication typically
lasted for 40 min, which yielded tissue constructs with a thickness w200 mm. For
clarity, the tissue constructs fabricated from cell densities 8 and 30 million/mL were
abbreviated as 8 M and 30 M, respectively. After fabrication the tissue constructs were
peeled off from the mandrel and immersed in the culture medium to remove any
possible residual solvent. The medium was changed twice every 30 min. The fabri-
cated tissue constructs were then cultured in the medium for 24 h.

2.5. Characterization of as-fabricated tissue constructs

The as-fabricated tissue constructs were characterized in terms of cell distri-
bution in the construct, fiber alignment and mechanical properties. The cell distri-
bution was imaged by a Zeiss LM 550 confocal laser scanning microscope (CLSM).
Representative images were taken as a series of stacked images. Fiber morphology
was characterized by SEM. Before imaging, samples were immersed in phosphate
buffered saline (PBS, pH ¼ 7.4) for 3 days to completely remove gelatin and cells on
the surface. This process allowed better imaging fibers that otherwise cannot be
clearly imaged due to the interference of gelatin and cells. The samples were then
lypholized, sputter-coated and imaged in a FEI NOVA nanoSEM. Fiber alignment was
calculated according to a method described previously [43]. Vertical lines were
drawn in a SEM image (at least three images were used), and angles between the
fibers and the vertical lines were measured using Image J software. At least 100
angles were measured from each SEM image. The mean angle was calculated and
considered as the alignment direction (0�) of the scaffold. Themeasured angles were
then normalized. Histograms of these angles were plotted over aþ90� to�90� range
in 5� intervals. The degree of alignment was defined as the percentage of fibers
within �20� of the alignment direction.

Tissue construct mechanical properties were measured by biaxial tensile testing.
Thebiaxial testing is consideredtobemuchmorephysiologically relevantespecially for
soft tissues likemyocardiumthatexhibits complex,mechanicallyanisotropicbehaviors
[44]. To test biaxial mechanical properties, samples were cut into size of
12 mm � 12 mm, with one edge aligned along the fiber-preferred direction (PD) and
anotheredgealignedwithcross-fiberdirection(XD). Thebiaxialmechanicalproperties
ofporcineheartswere also tested to compare theirmechanical propertieswith thoseof
the tissue constructs. Fresh porcine hearts were obtained from a local slaughterhouse
and transported to the laboratory in chilled PBS. Similarly, a 12 mm� 12 mm� 2mm
square specimen was trimmed from the fresh hearts with edges along PD and XD
directions of the specimen. Three specimens were tested for each group.

A detailed description of the biaxial device and testing protocol was reported in
references [45,46]. In brief, four fiducial markers were placed in the center of the
specimen to track the deformation. A total of 8 loops of 000 polyester suture of equal
length were attached to the sample via stainless steel hooks, with two loops on each
side. The tests were implemented with the samples completely immersed in PBS at
room temperature. Membrane tension (force/unit length) was applied along each axis
and was ramped slowly from a pre-stress, w0.5 N/m, to a peak value that depended
upon the protocol by using a triangular waveform. Specimens were first precondi-
tioned for 10 contiguous cycles and then loaded up to 30:30 N/m equibiaxial tension.
Due to possible tissue tear at the hook sites at higher tension level, porcine myocar-
dium specimenswere only loaded up to 30 N/m, which corresponds to a stress level of
10 kPa. Biaxial behavior of tissue constructs and native myocardium was corre-
spondingly compared in a stress range from 0 to 10 kPa. Net extensibility was char-
acterized by an areal strain under 10 kPa stress, (lPD lxD e 1) � 100%, where lPD and
lxD were themaximum stretches along PD and XD directions, respectively. Hysteresis,
a parameter that reflects energy dissipation, was measured by normalizing the
enclosed area of loading and unloading curves (stress vs. strain) to the area under-
neath the loading curve [45,46].

2.6. Tissue construct culture

After fabrication and culturing in the culture medium for 24 h, the tissue
constructs were cut into 5 cm � 2.5 cm pieces. The samples were divided into two
groups: one for culture without stretching, the other was stretched to achieve 3-D
cell alignment. To culture tissue constructs without stretching, the constructs were
placed in spinner flasks and stirred at 20 rpm. Each spinner flask was supplemented
with 100 mL of culture medium. To culture tissue constructs under stretching, the
constructs were placed in a stretching apparatus, and each received a predefined
strain (25%, 50% or 75%). The apparatuses were then placed in the spinner flasks.

2.7. Tissue construct characterization

At defined time points (1, 3 and 7 days), the tissue constructs were taken out for
characterization of DNA content, cell morphology, cell alignment, and mRNA
expression. To measure DNA content, tissue constructs were digested with papain
solution (0.125 mg/mL papain in 100 mM sodium phosphate, 10 mM EDTA buffer,
100 mM L-cystein, pH ¼ 6.5) at 60 �C. The DNA content was quantified with a Pico-
Green dsDNA (for live cells) assay [47].
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Cellmorphologywas characterizedbyCLSM. Sampleswere rinsedwithPBS,fixed
with 3.7% paraformaldehyde, permeabilized with 0.1% Triton X-100 and stainedwith
rhodamine phalloidin (Molecular Probes) for F-actin. Representative images were
taken as a series of stacked images. Cell alignment in the tissue constructs was
characterized by cell anisotropic index. A customized MATLAB programwas devised
to calculate the cell anisotropic index [24,48]. In general, the CLSM images were first
processed by the Welch window method to remove the edge effect. A fast Fourier
transformation algorithm was then applied to obtain the power spectrum pattern
from the windowed image. An intensity-orientation histogram plot was calculated
based on the power spectrum. The anisotropic indexwas defined as the possibility of
cells being aligned within �20� of the principle aligned axis, normalized to that of
a purely random sample. This makes the anisotropic index value for a completely
round cell 0. A higher anisotropic index means higher degree of cell alignment.

To analyze mRNA expression of MSCs during the culture, tissue constructs were
placed in the TRIzol solution to extract RNA. cDNA was synthesized using High
Capacity cDNA Reverse Transcription Kits. Real time RT-PCR was performed in
triplicate for each sample with Maxima SYBR green/fluorescein master mix on an
Applied Biosystems 7900 system with an annealing temperature of 55 �C. Cardiac
markers MEF2C, GATA4 and Nkx2.5 (sequences are listed in Table 1) were assessed.
Fold differences were calculated using the standardDDCtmethodwith b-actin as the
housekeeping gene [49].

2.8. Statistics

Results are expressed as the mean � standard deviation. Two-way ANOVA was
employed to evaluate MSC viability (by MTT), DNA content, mechanical properties
and cell differentiation. The NeumaneKeuls test was used for post hoc assessments
of the differences between samples.

3. Results

3.1. PECUU synthesis

The PECUU was synthesized using a pentablock copolymer
PTMC-PEO-PPO-PEO-PTMC as the soft segment, and 1,4-diisocya-
natobutane and putrescine as the hard segment. PECUU film was
highly flexible and soft, with a tensile strength of 8.1 � 0.2 MPa,
breaking strain of 363 � 61%, and modulus of 5.5 � 0.9 MPa. The
polymer had aweight loss of 5% after incubation in PBS for 6 weeks.
The PECUU was cytocompatible. Considering the adherent smooth
muscle cell density on the tissue culture plate to be 100%, the cell
adhesion on the PECUU was 109%. There was no significant differ-
ence between the tissue culture plate and PECUU.

3.2. Effect of electrical treatment on MSC growth and multipotency

Tissue constructs were fabricated by simultaneously electro-
spinning PECUU fibers and electrospraying MSCs. Prior to tissue
construct fabrication, MSCswere electrosprayed under high voltage
to evaluate if the electrical treatment affected MSC survival, growth
and multipotency. After electrospraying under 28 kV, 93 � 1% of
cells remained viable. Fig. 2A shows the growth kinetics of MSCs
right after and two passages after electrospraying. The growth
kinetics of the electrosprayed MSCs did not show any significant
difference from that of the non-electrosprayed MSCs, even two
passages after electrospraying. Phase contrast images (not shown)
demonstrated that there was no morphological difference between
cells with or without electrospraying. These results demonstrated
that the electrospraying under high voltage did not change MSC
growth and morphology.

Further studies evaluated the influence of electrospraying on
MSC multipotency. Fig. 2B shows the gene expression of MSCs
before and after electrospraying. The mRNA markers correspond-
ing to ostogenesis (COL1A1 and osteonectin) and chondrogenesis
(PPARg2) were evaluated. Similar to MSCs without electrical
treatment, the electrosprayed MSCs exhibited all of these markers,
demonstrating that the cells remained multipotent after electrical
treatment. Multipotency of the electrosprayed MSCs was further
confirmed by their differentiation potential. Following the estab-
lished differentiation protocols used to identify MSC multipotency,
the electrosprayed MSCs were induced to differentiate into osteo-,
chondro- and adipo-lineages. The differentiation was conducted in
osteogenesis, chondrogenesis or adipogenesis growth medium for
21 days, respectively. Successful differentiation was confirmed by
Alcian blue staining for sulfated proteoglycan (chondrogenesis,
Fig. 2C1), alizarin red staining for calcified extracellular matrix
(osteogenesis, Fig. 2C2), and oil red O staining for lipid droplets
(adipogenesis, Fig. 2C3). These results demonstrated that the
electrical treatment under high voltage retained MSC
multipotency.

3.3. Tissue construct fabrication

Tissue constructs were generated by concurrently electro-
spraying MSCs and electrospinning PECUU fibers. This process
sustained rapidly forming cell populated tissue constructs with
controlled cell density. After 40 min of fabrication, the obtained
tissue constructs typically assumed a thickness of w200 mm.
MSCs were distributed uniformly along the thickness of the
tissue constructs, as confirmed by the Z-stack CLSM images of
CMFDA-stained, live MSCs (Fig. 3A). MSC density in the tissue
constructs was controlled by initial MSC density in the cell
suspension. dsDNA content (for live cells) was used to charac-
terize MSC density in the construct, which was found to be
proportional to the initial MSC density (Fig. 6). Increasing initial
MSC density from 8 to 30 million/mL increased the dsDNA
content from 219.2 � 27.4 to 755.5 � 43.3 ng/mg scaffold. The
tissue constructs appeared to be highly cellularized when the
initial cell density was 8 million/mL (Fig. 3A). These results
demonstrated that the electrospinning/electrospraying technique
is efficient in the fast fabrication of tissue constructs populated
with stem cells.

To generate anisotropic fiber structure that mimics myocardial
anisotropy, the tissue constructs were collected on a rotating
mandrel. The fiber alignment was related to mandrel diameter and
rotation speed. We found that a small diameter mandrel (�5 cm)
required a high rotation speed to achieve fiber alignment. However,
the high rotation speed caused the electrosprayedMSCs to fly out of
the mandrel. Using a bigger mandrel (diameter 11 cm) and a fairly
high rotation speed (1500 rpm), the fabricated constructs showed
an aligned structure (Fig. 3B) and prevented MSCs to fly out of the
mandrel. The degree of fiber alignment determined from SEM
images was 72.5%.

3.4. Tissue construct mechanical properties

Biaxial mechanical properties were measured for the 8 M and
30 M constructs. Native porcine myocardium was used as a control.
Both tissue constructs demonstrated a nonlinear anisotropic
mechanical behavior (Fig. 4). The fiber-preferred direction (PD) was
stiffer than the cross fiber-preferred direction (XD). This behavior is
similar to that of the native porcine myocardium (Fig. 4A).
Comparing the biaxial stress-strain curves of the two constructs
with that of the porcine myocardium, the 8 M construct was found
to mimic the porcine myocardium more closely (Fig. 4B).

Fig. 5 shows areal strains at 10 kPa, strains at 10 kPa and
hysteresis of the tissue constructs and native myocardium. The 8 M

construct exhibited the same areal strain as the porcine myocar-
dium, while the 30 M construct had significantly lower areal strain
(p < 0.01, Fig. 5A). Both constructs and porcine myocardium had
higher strain at 10 kPa (Fig. 5B) in the fiber cross-preferred direc-
tion than in the fiber-preferred direction. In the fiber cross-
preferred direction, strain of the 8 M construct was slightly higher
than that of the porcine myocardium although no significant
difference was observed (p > 0.1). In contrast, the strain of 30 M



Fig. 2. (A) Growth kinetics of electrosprayed MSCs. Cell growth was quantified by MTT assay; (B) gene expression of osteogenic and adipogenic markers of electrosprayed and non-
electrosprayed MSCs. Note that these genes were selected to confirm MSC multipotency; and (C) differentiation of electrosprayed MSCs. C1 is Alcian blue staining for chondro-
genesis. C2 is alizarin red staining for osteogenesis. C3 is Oil Red O staining for adipogenesis.
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construct was significantly lower than those of the 8 M construct
and porcine myocardium (p < 0.01). In the fiber-preferred direc-
tion, both constructs displayed the same strain as the porcine
myocardium. Comparing hysteresis of the constructs and porcine
myocardium, the 30 M construct had the highest hysteresis
(p < 0.05, Fig. 5C), while the 8 M construct showed a similar
hysteresis to the porcine myocardium. These results demonstrated
that biaxial mechanical behavior of the constructs was dependent
on cell density. Controlling cell density enabled to fabricate
constructs closely mimicking the anisotropic mechanical response
of the native porcine myocardium.

3.5. MSCs growth and alignment in tissue constructs

The fabricated tissue constructs were cultured in spinner flasks
for 7 days. Both tissue constructs, regardless of cell density, increased
their dsDNA content (for live cells) during the culture (Fig. 6). At day
7, the dsDNA content in both constructswas significantly higher than



Fig. 3. (A) Z-stack confocal images of the tissue construct at different depth after one day of culture. Cells were stained with live cell stain CMFDA. (B) Surface topology of the tissue
construct. The tissue construct was immersed in PBS for 1 day to completely remove gelatin and cells on the surface. This process allowed better imaging fibers, which otherwise
cannot be clearly imaged due to the interference of gelatin and cells.
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that at day 1 (p < 0.05). Fig. 7 represents typical CLSM images of
MSCs within the constructs cultured under dynamic conditions. All
images were taken at a depth of 45 mm. The MSCs were distributed
evenly in the constructs during the culture period. The 30 M

construct showed higher cell density at each time point than the 8 M

constructs. However, MSCs in both tissue constructs assumed
a round morphology. No obvious cell alignment was observed, even
though the cells were situated in aligned tissue constructs.

To achieve 3-D cell alignment, the tissue constructs were
cultured while being stretched along the fiber alignment direction.
Three stretching strains namely 25%, 50% and 75% were applied.
After 7 days of culture, 3-D cell alignment was observed in all the
stretched tissue constructs (Fig. 8). The degree of cell alignment
was characterized by the cell anisotropic index. Cells in the tissue
constructs stretched with a higher strain exhibited a higher
anisotropic index. MSCs in the tissue construct without stretching
had an anisotropic index of 0.14, while in tissue constructs
subjected to 25%, 50% and 75% of strain had an anisotropic index of
1.82, 2.46 and 3.28, respectively.

3.6. MSCs differentiation in tissue constructs

To investigate whether the native-like microenvironment
stimulated cardiac differentiation of MSCs, gene expression of the
cells in the constructs was characterized. Makers for early cardiac
differentiation (GATA4, MEF2C and Nkx2.5) were used. Compared
to MSCs cultured on the tissue culture plate, cells in the tissue
constructs without stretching slightly (w2 times) but significantly
upregulated MEF2C and Nkx2.5 expressions (p < 0.05 for both
expressions), and strongly upregulated GATA4 expression
(increased more than 700 times, Fig. 9). This result indicates that
the cardiac-like structural and mechanical microenvironment
substantially induced MSCs to undergo cardiac differentiation. The
level of cardiac gene expression for the aligned MSCs was closely



Fig. 4. Biaxial stress-strain curves of the porcine myocardium (A), 8 M (B) and 30 M (C) tissue constructs.
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related to the anisotropic index. MSCs with an anisotropic index of
1.82 (with application of 25% strain) expressed GATA4 more than 7
times higher than those with an anisotropic index of 0.14 (without
stretching); however, the MEF2C and Nkx2.5 expression levels
were similar. When the anisotropic index was increased to 3.28, the
expression levels of all three cardiac markers were remarkably
increased, demonstrating that a high degree of cell alignment led to
extensive cardiac differentiation.

The calcium channel gene is a vital component for the differ-
entiated cells as this allows the cells to have electrophysiological



Fig. 5. Areal strain (A), strain at 10 kPa (B) and hysteresis (C) of the porcine myocardium and tissue constructs (8 M and 30 M).
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properties. We found that expression of the calcium channel gene
was upregulated in the tissue constructs (Fig. 9C). MSCs with
anisotropic indexes 0.14 and 1.82 demonstrated a low expression of
this gene. However, when the anisotropic index was increased to
3.28, its expression was increased more than 450 times.

4. Discussion

Cardiac cell therapy has been widely accepted as an effective
strategy for myocardium regeneration and cardiac function
improvement of infarcted hearts [2,3]. Administration of stem cells
into infarcted hearts has mainly focused on three approaches:
injection of stem cells alone into the heart [11,14,50], injection of
stem cells/injectable biomaterial into the heart [51,52], and patching
a stem cell populated 3-D tissue construct onto the heart [46,53].
Compared to the injection approaches, the patching approach is
more versatile in controlling properties of the tissue constructs.

The patching tissue constructs are often fabricated by
combining a prefabricated scaffold with stem cells, followed by
a period of culture to reach high cell density. This traditional tissue
construct fabrication method is generally time-consuming as it
basically relies on cell migration and proliferation to obtain high
cell density. The cell migration and proliferation rates in 3-D
constructs are largely affected by the scaffold properties, and
nutrient and oxygen transport in the scaffolds. The highly cellu-
larized tissue constructs can only be obtained when the scaffolds
and culture conditions are appropriate. By combining
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Fig. 6. dsDNA content (for live cells) of tissue constructs with different cell density
after 1, 3 and 7 days of culture.
electrospraying and electrospinning, we fabricated cellularized
tissue constructs within 40 min. Since the fabricated tissue
constructs are highly cellularized, they may be implanted directly
onto the heart. These cellularized tissue constructs also provide an
efficient way to investigate stem cell fate at the 3-D level. This work
examined whether these cellularized tissue constructs mimicking
structural and mechanical properties of the myocardium would
induce MSCs to differentiate into a cardiac lineage, and whether
furthermimicking the 3-D cell alignment of themyocardiumwould
enhance cardiac differentiation.
4.1. Effect of electrical treatment on MSC survival, growth and
multipotency

One concern raised in regard to electrospraying stem cells under
high voltage is whether this treatment causes cell death, affects cell
proliferation andmultipotency. This motivated us to investigate the
effect of high voltage on MSC. We found that electrospraying
preserved more than 90% of viable MSCs even when the voltage
was as high as 28 kV. The electrical treatment did not alter MSC
proliferation kinetics even two passages after electrospraying
(Fig. 2A). Electrospraying also preserved MSC multipotency, as
confirmed by mRNA expression and MSC differentiation (Fig. 2B
and C). At the mRNA level, MSCs showed representative markers
corresponding to osteogenic and chondrogenic lineages. When
cultured in the differentiation media, electrosprayed MSCs
successfully differentiated into osteogenic, chondrogenic and adi-
pogenic lineages. These three differentiations are commonly used
to identify MSC multipotency [37,41]. Since MSCs are also capable
of differentiating into cardiomyocytes [15e22], we speculated that
the electrosprayed MSCs would also differentiate into cardiac
lineage. The electrospraying voltage used to preserve MSC multi-
potency in this studywas higher than that used by Sahoo et al., who
reported that MSCs retained their multipotency only when the
voltage was below 7.5 kV [54]. The discrepancy may be due to the
different media used for electrospraying. Whereas we used
a medium containing gelatin, Sahoo et al. employed a medium
without gelatin. It is possible that gelatin has a protective effect on
MSCs under high voltage.
4.2. Tissue construct myocardium-like structural properties

When fabricating tissue constructs for cardiac tissue engi-
neering, mimicking structural properties of the myocardiumwould
offer two benefits. First, it might allow the stem cells to arrange



Fig. 7. Representative Z-stack confocal images of MSCs in the 8 M and 30 M tissue constructs at day 1, 3 and 7. All images were taken at a depth of 45 mm. The tissue constructs were
cultured dynamically in spinner flasks. Cells were stained with rhodamine phalloidin for F-actin.
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properly within the tissue constructs to develop a tissue resembling
the structure of the native myocardium [24,32]. Second, the
mechanical properties are related to structural properties. The
alignment would allow the tissue constructs to show anisotropic
mechanical properties that the native myocardium exhibits. Using
electrospinning technique, the generated fibers had diameters
ranging from 600 to 800 nm, within the size range of the collagen
fibers in the myocardium [55]. Collecting the electrospun nano-
fibers on a rotating mandrel resulted in tissue constructs that
resemble the aligned structure of the native myocardium (Fig. 3).

4.3. Tissue construct myocardium-like mechanical properties

The importance of mimicking biomechanical properties of the
cardiac muscle is three-fold. First, it might provide an appropriate
biomechanical microenvironment for stem cells to differentiate in
the heart. Various studies have demonstrated that stem cells
differentiate into different lineages in response to matrix
mechanical properties [56,57]. Second, the matching of mechanical
properties would enable tissue constructs to respond synchroni-
cally with heart contraction and relaxation. This allows efficient
mechanical signal transfer from the nativemyocardial environment
to the stem cells, allowing them to differentiate into cardiac lineage
in the native environment [32]. Third, simulating cardiac muscle
properties would effectively decrease wall stress of the infarcted
hearts and thus attenuate cardiac dilation [58].

In fabrication of tissue constructs with myocardium-like
mechanical properties, commonly used biodegradable polyesters,
such as polylactide (PLA) and copolymers are not well-suited as they
are relatively stiff. Scaffolds based on ECMs have limited mechanical
properties, particularly in terms of their elasticity [46]. One of the
options to fabricate cardiac tissue constructs is to use flexible and
soft polymers [23,24]. The polyurethane used in this study is highly
flexible and soft. It generated tissue constructs with mechanical
properties close to those of the myocardium (Figs. 4 and 5).

Biaxial testing demonstrated that the anisotropic structure
allowed tissue constructs to possess anisotropic mechanical prop-
erties, where the fiber-preferred direction was stiffer than cross
fiber-preferred direction. The biaxial mechanical properties were
closely related to cell density. Control of cell density enabled fabri-
cation of tissue constructs that closely mimicked the anisotropic
stress-strain response of the native porcine myocardium. The 8 M

construct was found to mimic the porcine myocardiummore closely
(Fig. 4). Further characterization demonstrated that areal strains at
10 kPa, strains at 10 kPa, and hysteresis of the 8 M tissue construct,
were the same as those of the native myocardium (Fig. 5). The 30 M

construct showed a stiffer mechanical response than the 8 M

constructs in biaxial testing. This phenomenon is similar to that
reported by Amoroso et al. [59], where incorporating smoothmuscle
cells into the scaffold stiffened the tissue constructs. A possible
interpretation is that a cell serves as a fiber bonding site when it is
adhered to two or more fibers. The elevated fiberefiber interaction
leads to an increase in stiffness. When the cell density is not high
enough, cells are mostly distributed in pores and contact with each
other. Thus, an increase in cell density does not significantly increase
the number of cells bonding to multiple fibers and the mechanical
properties remain unchanged. In contrast, when the cell density is
high enough, the pores are saturated with cells; the rest of cells are



Fig. 9. Real time RT-PCR analysis of cardiac specific genes GATA4, Nkx2.5 and MEF2C, and calcium channel CACNA1c. MSCs cultured on tissue culture plate were used as control
(ctrl). The expression of these genes in control group was used for normalization.
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forced to bond to multiple fibers causing a significant increase in
bonding sites and, consequently, increased stiffness.

4.4. MSC growth and 3-D alignment in tissue constructs

The ability of MSC proliferation in the fabricated tissue
constructs was evaluated by monitoring changes in the DNA
content of live cells during culture. Fig. 6 shows that the DNA
content of both 8 M and 30 M tissue constructs was significantly
increased at day 7, indicating that MSCs were able to proliferate in
the tissue constructs. In addition, MSCs were distributed uniformly
in the constructs during culture (Fig. 7). These results demonstrated
that the tissue constructs possessed a pore size suitable for cell
growth. It is possible that having a larger pore size may allow the
cells to proliferate at a greater rate. This could be achieved by
refining the processing parameters such as polymer concentration
and distance between the spinneret tip and collection mandrel
[60]. However, increasing the pore size may change the biaxial
mechanical properties of the tissue constructs.

Electrospun scaffolds are attractive for tissue engineering in that
they resemble the scale and fibrous structure of the ECM. However,
a critical disadvantage of these scaffolds is the effective placement
of cells within the matrices. Electrospun scaffolds generally possess
small pores, limiting cellular migration and ingrowth within the
scaffold. Previous attempts to increase scaffold pore size include
incorporation of salt particles during the electrospinning process
[61], co-electrospinning with water soluble polymer fibers that can
be leached out subsequently [62], and making extremely sparse
scaffolds [63]. However, the time period needed for cellular
ingrowth in these scaffolds to achieve high cell density can take
weeks [61e63]. To overcome these limitations, Yang et al. devel-
oped a layer-by-layer technique that sequentially electrospins
nanofibers and electrosprays cells to form a tissue construct [64].
The disadvantage of this technique is that the formed layer-by-layer
structure differs from that of the native tissue, where cells are
intactly surrounded by ECM nanofibers. The simultaneous elec-
trospinning/electrospraying technique employed in this study not
only allowed us to incorporate high density of cells in the tissue
constructs quickly, but also permitted the cells to be intactly sur-
rounded by nanofibers and distributed uniformly in the construct.

MSCs assumed a round morphology in the fabricated tissue
constructs (Fig. 7). The aligned fibers did not guide 3-D alignment
of MSCs. This is different from 2-D culture, where cells on the
scaffold surface often align along the aligned fibers [31]. This
implies that an aligned fibrous scaffold does not necessarily guide
3-D cell alignment. To achieve 3-D cell alignment, we stretched
tissue constructs statically during the culture. It was found that
a 25% or higher strain could induce 3-D cell alignment (Fig. 8).
Higher levels of strain led to a higher degree of cell alignment.
Stretching induced cell alignment may be the result of compression
mediated deformation [59]. Stretching causes a decrease in space
between fibers compared to unstretched tissue constructs. This
forces the cells to adjust their morphology to fit in the decreased
space and form an aligned structure. An increase in stretching
strain leads to a further decrease of space, resulting in a higher
degree of cell alignment. Compression mediated deformation has
previously been observed in aortic valve interstitial cells [59].

4.5. Effect of 3-D cell alignment on MSC cardiac differentiation

When implanting MSC-populated tissue constructs in hearts,
cardiac differentiation is needed to guarantee myocardial regen-
eration and heart function improvement. Cardiac differentiation
can be induced by local biochemical and biomechanical aspects of
the native myocardial environment [44,45]. However, the tissue
construct itself may also encourage MSC differentiation. The
hypothesis in this study was that biomimetic tissue constructs that
mimic the structural and mechanical properties of the myocardium
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may provide a native-like microenvironment to guide MSCs
differentiation into a cardiac lineage. Real time RT-PCR results
(Fig. 9) showed that the biomimetic tissue constructs substantially
induced cardiac differentiation of MSCs. The expression level of
cardiac markers MEF2C and Nkx2.5 was increased w2 times, and
the expression level of GATA4 was largely increased. This implies
that the tissue constructs recapitulating myocardial structural and
mechanical properties stimulated cardiac differentiation of MSCs,
although the differentiation is not extensive.

We further hypothesized that mimicking 3-D cell alignment in
the myocardium may enhance cardiac differentiation of MSCs. The
aligned MSCs with an anisotropic index of 1.82 (with application of
25% strain) showed a remarkably higher level of GATA4 expression
than the MSCs with an anisotropic index of 0.14 in the unstretched
tissue constructs (Fig. 9). However, their MEF2C and Nkx2.5
expressions were similar. This indicates that even a 25% strain did
not allow the MSCs to have a degree of alignment that could
stimulate extensive cardiac differentiation. Remarkable cardiac
differentiation was found when the MSCs had an anisotropic index
of 3.82, which was achieved by 75% of strain. The expression levels
of all three cardiac markers were remarkably increased, compared
to MSCs with an anisotropic index of 0.14. Interestingly, the MSCs
with an anisotropic index of 3.28 also showed a high expression
level of CACNA1c, a marker for calcium channel. Calcium channel is
a critical component of normal physiology of the cardiomyocyte.
The contraction/relaxation of cardiomyocyte is triggered by calcium
ions flowing across the cell membrane.

The relationship between cell alignment and cardiac differenti-
ation of MSCs in this report may to some extent explain the outcome
of many in vivo studies, where a limited proportion of the injected
MSCs differentiated into cardiomyocytes [4e9]. A typical heartbeat
cycle experiences w20% of strain [24]. Based on the current study,
this level of strain may not be enough to guide the injected MSCs
towards a high degree of alignment, and thus cannot induce
extensive cardiac differentiation. Previous in vivo studies and our
own work suggest that pre-differentiation of MSCs in vitro into
cardiomyocytes may result in a greater degree of cardiac regenera-
tion than simply injecting un-differentiated MSCs into the heart.

The role of cell alignment in differentiation has been observed in
other studies. Lim et al. found that aligned adult neural stem cells
cultured on aligned polycaprolactone fibers effectively upregulated
neuronal differentiation [65]. Bashur et al. studied the differentia-
tion of MSCs cultured on the surface of aligned polyurethane fibers
[66]. The aligned MSCs exhibited a slightly upregulated mRNA
expression for tendon fibroblasts. However, the polyurethane used
in the study had mechanical properties that did not match those of
the native tendon (w50 times lower). It should be pointed out that
these studies were limited to 2-D, whereby cells were cultured on
the scaffold surface. These cells may behave differently from those
in the 3-D due to a different microenvironment [56,57]. Our report
investigated stem cell differentiation not only in 3-D but also in
a mechanical and structural microenvironment that mimicked that
of themyocardium. The developed tissue constructs may be used as
an ex vivo microenvironment to investigate differentiation of
different types of stem cell for cardiac therapy.

5. Conclusions

In this study we fabricated tissue constructs mimicking nano-
fibrous and anisotropic structure, and mechanical properties of the
myocardium. These tissue constructs were found to substantially
stimulate cardiac differentiation of MSCs. Enhanced cardiac differ-
entiation was achieved by 3-D alignment of cells in the tissue
constructs to reach a high degree of cell alignment. These tissue
constructs have the potential to serve as patches for cardiac
regeneration. This work represents a new approach to improve
MSC cardiac differentiation in a 3-D structure, without using
biochemicals or co-culturing with other cells. This work also
demonstrates that stem cells may differentiate into the specific
lineage of a target tissue in vitro in a tissue construct that mimics
structural and mechanical properties, and cellular organization of
the target tissue.
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