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ABSTRACT: Recently, we developed an optimal decellularization protocol to
generate 3D porcine myocardial scaffolds, which preserve the natural extracellular
matrix structure, mechanical anisotropy, and vasculature templates and also show
good cell recellularization and differentiation potential. In this study, a
multistimulation bioreactor was built to provide coordinated mechanical and
electrical stimulation for facilitating stem cell differentiation and cardiac construct
development. The acellular myocardial scaffolds were seeded with mesenchymal
stem cells (106 cells/mL) by needle injection and subjected to 5-azacytidine
treatment (3 μmol/L, 24 h) and various bioreactor conditioning protocols. We
found that after 2 days of culturing with mechanical (20% strain) and electrical
stimulation (5 V, 1 Hz), high cell density and good cell viability were observed in
the reseeded scaffold. Immunofluorescence staining demonstrated that the
differentiated cells showed a cardiomyocyte-like phenotype by expressing
sarcomeric α-actinin, myosin heavy chain, cardiac troponin T, connexin-43, and N-cadherin. Biaxial mechanical testing
demonstrated that positive tissue remodeling took place after 2 days of bioreactor conditioning (20% strain + 5 V, 1 Hz); passive
mechanical properties of the 2 day and 4 day tissue constructs were comparable to those of the tissue constructs produced by
stirring reseeding followed by 2 weeks of static culturing, implying the effectiveness and efficiency of the coordinated simulations
in promoting tissue remodeling. In short, the synergistic stimulations might be beneficial not only for the quality of cardiac
construct development but also for patients by reducing the waiting time in future clinical scenarios.

1. INTRODUCTION

Myocardial infarction (MI) and heart failure are the leading
causes of mortality globally.1 When coronary arteries are
blocked, the perfusion to the downstream heart muscle is
inadequate and can result in cell death.2 The pathological
progression of MI includes inflammatory responses, cardio-
myocyte death, scar formation, expansion of infarcted region,
and thinning and dilation of the left ventricular (LV) wall.3,4

Cardiac function deteriorates along with the pathological
progression of MI, and in the end stage, arrhythmias, mitral
regurgitation, and heart failure can occur and are often fatal.5,6

Heart transplantation is an effective treatment for patients
with end-stage heart failure but is limited by the shortage of
donor hearts.7 Standard treatments following acute MI involve
prompting revascularization with thrombolytic/fibrinolytic
therapy, coronary angioplasty, and coronary artery bypass
grafting; those treatments are effective in preventing the
extension of the infarction but limited in restoring the cardiac
function lost as a result of heart muscle death.8 Recent studies
on MI treatment are focused on either avoiding scar formation/
triggering tissue remodeling with stem cell injection9,10 or
replacing formed scar tissue with a functioning cardiac
construct.11,12 The hope of these new approaches is not only
to prevent further LV dilation and pathological remodeling but

also to regenerate myocardial tissues and consequently restore
cardiac function. Among the new approaches, cardiac tissue
engineering has attracted significant interest in the past three
decades because of the great promise of creating viable
myocardial tissues.13−15 Interesting progress has been made
in cardiac tissue engineering with contributions from research
groups in a variety of disciplinary backgrounds, including stem
cells, biomaterials, and tissue-derived scaffolds.16−18 However,
the complexity of myocardium, both structurally and function-
ally, still presents many challenges for tissue engineering
endeavors.
The myocardium is highly organized in structure and

possesses unique electrophysiological and mechanical proper-
ties.19 The myocardial fibers have a complex multilayered
helical architecture that is essential for well-coordinated heart
contraction.20 Among the individual myocardial fibers is a 3D
network of myocardial extracellular matrices (ECM) that are
critical to the structural integrity of the myocardium, the
tethering of myocytes, the transfer of muscle contractile forces,
and the prevention of excessive stretch in muscle fibers.21−24
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To engineer the contractile and functional equivalent of the
native myocardium, the challenges involve not only the
generation of high-density functional cardiomyocytes but also
the integration of the cells within a 3D ECM/scaffold.25−27 The
mixture of functional cardiomyocytes with ECM/scaffolds
needs to reach a delicate balance in order to generate an
optimal myocardial construct.12,28−30 It can be understood
logistically that the approaches starting from a high density of
cells experience good cell-to-cell connection and capability to
propagate electrical propagation but face hurdles in structural
strength and mechanical properties.15,31−33 However, the
approaches utilizing polymeric scaffolds and tissue-derived
scaffolds often have good mechanical behavior in the construct
but encounter challenges in reaching a high reseeding density
and cell-to-cell connections and hence lack contractility and
electrical transduction.14,34

Recently, the potential of acellular myocardial scaffolds has
been revealed by Ott et al. in their work on a revitalized beating
rat heart made from a decellularized intact rat heart perfused
with cardiac and endothelial cells.35 Early-stage scale-up
research on a whole pig heart was also reported and discussed
by Badylak et al. and Taylor et al.36,37 Our group, however, has
undertaken an effort to harness the potential of decellularized
porcine myocardium as a scaffold material (e.g., for making a
cardiac patch).38,39 Until now, studies have emerged not only
on acellular porcine and rat myocardial scaffolds38−40 but also
on acellular human myocardial scaffolds.41 As shown in our
previous publications,38,39 we have developed an optimal
decellularization protocol to generate 3D porcine acellular
myocardial scaffolds in which 3D cardiomyocyte lacunae and
ECM networks were well preserved along with mechanical
anisotropy and vasculature templates;38,39 the acellular
myocardial scaffolds also showed good stem cell recellulariza-
tion and differentiation potential and experienced positive
tissue remodeling manifested by a recovering trend in tissue
mechanical properties.38

To improve further the effectiveness and efficiency of cell
differentiation and tissue remodeling of the stem-cell-reseeded
acellular myocardial scaffolds, in this study we have explored
the effect of physical stimulations on the outcomes of the tissue
construct fabricated with the acellular myocardial scaffolds and
mesenchymal stem cells. As pointed out by Vogel et al.,
physical stimulations can affect the cell proliferation, differ-
entiation, and migration and consequently the biological,
mechanical, and other properties of the cardiac construct.28,42

For cardiac tissue engineering, two types of physical simulations
are important in assisting in the development of the tissue
construct: one is mechanical stretching, and the other is
electrical current stimulation. In an in vitro study, Zhuang et
al.43 reported that 10% cyclic uniaxial stretch produced the
upregulation of connexin-43 and N-cadherin in the intercellular
junctions and increased the propagation velocity. Yamada et al.
also reported the cyclic stretch (10%) upregulated expression of
both the electrical junction protein (connexin-43) and the
mechanical junction proteins (plakoglobin, desmoplakin, and
N-cadherin) via the integrin-dependent activation of focal
adhesion kinase (FAK).44,45 Moreover, Zimmerman et al.46

found that the encapsulated neonatal rat cardiomyocytes in a
gel matrix formed intensively interconnected, longitudinally
oriented cardiac muscle bundles under uniaxial stretching, and
the tissue construct showed contractile properties similar to
those of native myocardium. For electrical stimulation, Radisic
and Vunjak-Novakovic observed that spontaneous construct

beating took place in a construct (collagen sponge) reseeded
with rat cardiomyocytes under ∼5 V and 1 Hz electrical
stimuli.47,48 In Ott’s study,35 electrical stimulation from a 5−20
V (10 ms) pulse was also applied to the recellularized rat heart
using epicardial leads.
The synergistic effects of the mechanical and electrical

stimulations on cardiac patch tissue engineering have not yet
been fully investigated. We thus designed and fabricated a
bioreactor to provide multistimulations to the tissue construct
made of the acellular myocardial scaffolds and mesenchymal
stem cells (MSCs). We hypothesize that the combined
mechanical and electrical stimulations will more efficiently
promote cell repopulation, cardiomyocyte differentiation, and
remodeling of the engineered cardiac construct. To sort out the
effects of the applied mechanical and/or electrical stimulations
during in vitro culturing, acellular myocardial scaffolds were
reseeded with rat MSCs and subjected to various bioreactor
conditioning. The in vitro conditioning parameters examined
include mechanical stretching, electrical stimulation, and tissue
culture times. The hope is to shed light on how physical
stimulation plays a role in the tissue remodeling of the
engineered cardiac construct derived from acellular myocardial
scaffolds.

2. MATERIALS AND METHODS
2.1. Design of a Multistimulation Bioreactor. The working

principle of the multistimulation bioreactor, which was capable of
delivering both mechanical and electrical stimulations to the cardiac
construct, is shown in Figure 1a,b. Linear movement was applied by a

movable arm driven by an Xslide assembly and a stepper motor
(Velmex, New York, NY) (Figure 1c). Electrodes were made from a
Teflon-coated silver wire of 75 μm diameter (A-M Systems, Carlsborg,
WA). Teflon insulation was stripped from the end of the wire, and the
naked wires were inserted into the two opposite edges of the tissue
construct. To simulate what myocardial tissue experiences, electrical
pulses were applied when each unloading cycle started (Figure 1b).
The frequency and amplitude of the cyclic stretches and electrical
pulses were controlled by a custom-written LabView program. The
program was capable of delivering multiple protocols of mechanical
stretching and various waveforms of electrical stimulation (Figure 1d).

The bioreactor chamber and parts were designed using Solidworks
3D CAD software (Solidworks Corp., Concord, MA). The structural
elements of the device were machined from either acrylic or
polysulfone that provided abrasion resistance and excellent thermal/
chemical stability. The bioreactor consisted of one tissue culture
chamber, in which two to four pieces of tissue constructs (20 mm × 20

Figure 1. (a) Schematic illustration of the engineered scaffold
subjected to cell injection and mechanical and electrical stimulations.
(b) Wave forms of the applied mechanical stretch and electrical pulses.
(c) Bioreactor placed in the incubator. (d) User interface of the
custom-written LabView program.
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mm × ∼3 mm) could be mounted between a fixed clamp and a
movable clamp (Figure 1c). Ti-corn blue sutures (no. 0) were used to
connect the sample with two clamps. The cover of the tissue culture
chamber was fabricated with 1/4-in.-thick clear polycarbonate (Small
Parts, Inc. Logansport, IN). A hole 2 cm in diameter was made on the
cover and then sealed with the pentafluoroisopropenyl fluoromethyl
ether (PIFE) membrane with 0.2 μm pore size (Millipore, Billerica,
MA) to enable air exchange (Figure 1c).
2.2. Preparation of Acellular Myocardial Scaffolds, MSC

Reseeding, and Cardiomyocyte Differentiation. 2.2.1. Prepara-
tion of Acellular Myocardial Scaffolds. The decellularization method
for porcine myocardium was the same as in our previous study.39 Forty
fresh pig hearts were harvested from ∼6-month-old pigs and
transported from the local slaughterhouse to our laboratory in
phosphate-buffered saline at 4 °C. From the middle region of the
anterior left ventricular wall, we were able to trim square-shaped
myocardium samples (20 mm × 20 mm × ∼3 mm), of which one
edge aligned along the muscle fiber preferred direction (PD) and the
other edge aligned along the cross-fiber preferred direction (XD).
Note that the PD direction was determined on the basis of overall
muscle fiber texture and heart anatomy.39 Two edges of the square
sample were then perforated with 27G × 31/2 BD Quincke spinal
needles that were later affixed by two rectangular plastic frames.39 The
purpose of this frame-pin supporting system was to prevent the
contraction of tissue macrogeometry and the collapse of internal
cardiomyocytes lacunae.39 The mounted myocardium samples were
then decellularized in a rotating bioreactor using 0.1% sodium dodecyl
sulfate (SDS) (Sigma-Aldrich Inc., St. Louis, MO) with 0.01% trypsin
(VWR), 1 mM phenylmethylsulfonylfluoride (PMSF, protease
inhibitor) (Sigma-Aldrich Inc., St. Louis, MO), 20 μg/mL RNase A
(Sigma), 0.2 mg/mL DNase (Sigma-Aldrich Inc., St. Louis, MO), and
100 U/mL penicillin and 100 μg/mL streptomycin at room
temperature for 2.5 weeks. Ten-minute ultrasonic treatment (50 Hz,
Branson) was applied each day; the solution was changed every 2 days
to avoid contamination and tissue deterioration.
2.2.2. MSC Preparation, Reseeding, and Cardiomyocyte Differ-

entiation. Well-characterized Lewis rat mesenchymal stem cells
(MSCs, fourth passage) were obtained from the Stem/Progenitor
Cell Standardization Core (SPCS) at the Texas A&M Health Science
Center (NIH/NCRR grant). These cells were resuspended in
mesenchymal stem cell medium (L-DMEM, 10% FBS, 100 U/mL
penicillin, and 100 μg/mL streptomycin) and seeded in 175 mm flasks
at a density of 3 × 103 cells/cm2. The medium was changed twice a
week. After confluency was reached, aliquots of the MSCs were
prepared for reseeding and differentiation.
Before cell reseeding, the square samples of acellular scaffolds were

mounted between the fixed clamp and the movable clamp using the
surgical Ti-corn blue sutures (no. 0). The acellular scaffolds were then
sterilized in 70% ethanol in the tissue culture chamber for 2 h and
rinsed with sterilized phosphate-buffered saline (PBS) four times. The
entire tissue culture chamber with the mounted scaffolds was further
sterilized with UV light for 20 min. After the completion of the
sterilization protocol, each scaffold sample was injected with 1 mL of
MSC solution at a concentration of 106 cells/mL using a syringe (1
mL, 26G Permanent needle, BD Inc.). One milliliter of MSC solution
was injected evenly at nine points (∼0.1 mL/point, located in a 3 × 3
array) in the middle region of the square sample (Figure 1a).
After cell injection, the tissue constructs were cultured in 5-

azacytidine differentiation medium (L-DMEM, 10% FBS, 3 μmol/L 5-
azacytidine (MP Biomedicals Inc.), cardiac myocyte growth supple-
ment (ScienCell Research Laboratories), 100 U/mL penicillin, and
100 μg/mL streptomycin) for the first 24 h. After the 5-azacytidine
treatment, the medium was changed to the complete medium (L-
DMEM, 10% FBS, cardiac myocyte growth supplement (ScienCell
Research Laboratories), 100 U/mL penicillin, and 100 μg/mL
streptomycin) for the remaining tissue culture protocols.
2.3. Protocols for in Vitro Bioreactor Conditioning. To

compare the influence of mechanical and electrical stimulations on the
tissue-engineered cardiac construct, we randomly divided all of the
acellular scaffolds into four groups, which were designed as follows: (i)

the control group in a static culture; (ii) 20% strain stimulation; (iii) 5
V electrical stimulation; and (iv) 20% strain + 5 V electrical
stimulation. For the control group (group i), samples were injected
with the same number of MSCs and were placed in the same culture
chamber without mechanical or electrical stimulation. For tissue
constructs subjected to only stretch conditioning (group ii), samples
were mounted between the fixed clamp and the movable clamp and
immersed in cell culture medium. For the group given only electrical
stimulation (group iii), the positive and negative electrodes were
mounted on the two opposite sides of the sample without application
of the clamp stretch. For group iv, the stretch and electrical
stimulations were simultaneously applied. Note that for the applied
stimulations both the triangular strain waveform and square wave
electrical pulse were set at a frequency of 1 Hz, which simulates the
physiological frequency experienced by the heart muscles. In each
group, four tissue constructs were fabricated and used for character-
izations such as cell viability, histology, and immunofluorescence
staining. For groups subjected to tissue mechanical assessment, four
additional tissue constructs were produced and used for biaxial testing.

2.4. Cell Viability, Histology, and Immunohistological
Characterizations. 2.4.1. Cell Viability. Cell viability in the tissue
construct was examined with a live/dead assay (L3224, Life
Technologies Inc., Grand Island, NY) according to the manufacturer’s
instructions. Briefly, calcein-AM (2 mM) and ethidium bromide
homodimer (4 mM) were mixed in PBS. The tissue constructs were
then incubated in the above solution for 20 min at room temperature
and rinsed in PBS three times for laser scanning confocal microscopy
(LSCM) (Zeiss LSM 510). Ten regions were selected randomly in
each sample under high magnification (40×) to analyze the cell
viability. The ratio of living cells was estimated by living cells divided
by the total number of cells (green indicates living cells and red
indicates dead cells).

2.4.2. Histology. Samples prepared for histology were fixed in 2%
paraformaldehyde solution for 2 h, embedded in paraffin, subjected to
sectioning, stained with hematoxylin and eosin (H&E) or Masson’s
trichrome, and imaged with bright-field light microscopy (Nikon
EC600). Histological images were taken randomly in each section at
40×. The number of reseeded cells was counted in each image, and the
cell density was estimated by normalizing the cell number to the area
of the selected regions.

2.4.3. Immunofluorescence Staining. For immunofluorescence
staining, after rehydration and antigen retrieval with 0.05% trypsin for
10 min at 37 °C, tissue sections were blocked with 1% bovine serum
albumin (BSA) for 2 h. Tissue sections were then incubated at 4 °C
overnight with primary antibodies targeting myosin heavy chain
(GenWay), sarcomeric α-actinin (Sigma), cardiac troponin T (abcam),
Connexin-43 (Sigma), or N-cadherin (Sigma). After thorough rinsing,
secondary antibodies, Cy3 AffiniPure goat antimouse IgG, Cy5 Affini-
Pure donkey antimouse IgM, DyLight 649 goat antimouse IgG, and
DyLight 549 Affini-Pure donkey anti-mouse IgG (Jackson Immuno
Research) were applied at room temperature for 1 h. Finally, all tissue
sections were stained with Hoechst (Invitrogen) for cell nuclei.
Immunofluorescence slides were observed with an inverted LSCM
(Zeiss LSM 510). Positive controls were prepared by following the
same protocols with sections of native porcine heart. Negative controls
were prepared by following the same protocols with the omission of all
of the primary antibodies.

2.5. Biaxial Mechanical Characterization of Tissue Con-
structs. Biaxial mechanical testing has high sensitivity to capture
mechanical behavior changes resulting from subtle structural/
compositional alterations in tissues.38,49,50 Details for biaxial testing
such as system setup and testing protocols can be found in the
previous publications.49,50 In this study, biaxial loading was applied
along the muscle/scaffold fiber-preferred direction (PD) and cross-
preferred direction (XD). After 10-cycle preconditioning, the tissue
construct was subjected to an equibiaxial tension protocol (TPD/TXD =
60:60 N/m), where TPD and TXD were the applied tensions along PD
and XD, respectively. The extensibility of the tissue construct was
characterized by the maximum stretch along PD (λPD) and the
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maximum stretch along XD (λXD) at an equibiaxial tension of 60 N/m.
Tissue constructs were tested in a PBS bath at 37 °C.
2.6. Statistical Analysis. Mean ± standard deviation was used for

presenting experimental data. One-way analysis of variance (ANOVA)
was applied in statistical analyses, with the Holm-Sidak test for post
hoc pairwise comparisons or comparisons versus the control group
(SigmaStat 3.0, SPSS Inc., Chicago, IL). The differences were
considered to be statistically significant when p < 0.05.

3. RESULTS
3.1. Acellular Myocardial Scaffold. An acellular my-

ocardial scaffold was obtained after 2.5 weeks of decellulariza-
tion treatment. The morphological difference between the
acellular myocardial scaffold and the native myocardium is
shown in Figure 2a in which the acellular myocardial scaffold

exhibits the bright-white color of typical collagenous materials.
Complete removal of the cellular contents and good
preservation of subtle ECM structure have been verified in
our previous publications.38,39 Cells, cell debris, DNA frag-
ments, and α-Gal porcine antigens were completely removed
from the acellular myocardial scaffolds while preserving the
myocardial ECM and microstructures such as cardiomyocyte
lacunae, blood vessel templates, and cardiac elastin.38,39 Figure
2b,c shows the histological comparison of the native
myocardium and the acellular myocardial scaffold by Mason’s
trichrome staining.
3.2. Effect of in Vitro Bioreactor Conditioning on

Construct Recellularization. The cell density, distribution,
and viability after 2 days of tissue culturing were compared
among various bioreactor conditioning protocols using H&E
and live/dead cell staining (Figure 3). H&E staining showed
that the cell densities in the 20% strain stimulation group

(group ii, Figure 3c), 5 V electrical stimulation group (group iii,
Figure 3e), and 20% strain + 5 V combined stimulations group
(group iv, Figure 3g) are greater than those in the static control
group (group i, Figure 3a). Moreover, the live/dead staining
results further verified this observation, and the ratios of living
cells in the bioreactor conditioning groups (groups ii−iv, Figure
3d,f,h) were also higher than those in the static control group
(group i, Figure 3a).
Compared to the static control group (group i, Figure 3a,b),

higher cell density and certain cell alignment were observed in
the 20% strain stimulation group (group ii, Figure 3c,d); high
cell density was also found in the 5 V electrical stimulation
group (group (iii, Figure 3e,f), although there were no obvious
cell alignments in this group. In the multistimulation group
((20% strain + 5 V, group iv), a higher cell density was
observed, and the reseeded cells exhibited better morphology
and alignment (Figure 3g,h). Statistical analysis showed that
there was a significant difference when comparing group iv to
group iii, group ii, or group i (p < 0.05, pairwise comparison
using the Holm-Sidak method) (Table 1).
It could be seen from the above observation that the

multistimulation (20% strain + 5 V, group iv) resulted in better
construct recellularization. We further assessed the cell
morphologies of the multistimulation group (20% strain + 5
V, group iv) after 1, 2, and 4 days of tissue culturing. Mason’s

Figure 2. (a) Native (left) and decellularized (right) porcine
myocardial scaffold. (b) Mason’s trichrome staining of the native
porcine myocardium. (c) Mason’s trichrome staining of the
decellularized myocardial scaffold showing well -preserved cardiomyo-
cyte lacunae. Note that red denotes cardiomyocytes and blue denotes
collagen.

Figure 3. (a) H&E and (b) live/dead staining of the static control
group (group i). (c) H&E and (d) live/dead staining of the 20% strain
stimulation group (group ii). (e) H&E and (f) live/dead staining of
the 5 V electrical stimulation group (group iii). (g) H&E and (h) live/
dead staining of the 20% strain + 5 V stimulation group (group iv).
Images were taken from the constructs after 2 days of tissue culturing.
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trichrome staining showed that after 2 day of the combined
stimulations the cells showed good morphology of cell
aggregation (Figure 4b); this trend was even more obvious in
the 4 day combined stimulation group (Figure 4c).
3.3. Cell Phenotype Characterizations. As shown in

section 3.2, we found that the combination of 20% strain and 5
V electrical stimulation (group iv) generated the best result
when compared to other conditioning protocols. The tissue
constructs subjected to 20% + 5 V combined stimulations were
thus processed for cell phenotype characterization using
immunofluorescence staining. Figure 5 showed that the
differentiated cells displayed a cardiomyocyte-like phenotype
by expressing myosin heavy chain, sarcomeric α-actinin, and
cardiac troponin T (Figure 5a−c). The existence of an electrical
gap junction protein and an adherens junction protein was also
verified by positive staining of connexin-43 and N-cadherin,
respectively (Figure 5d,e). There was no positive staining in the
negative controls, which indicates that the immunohistological
images (Figure 5) showed specific staining.
3.4. Biaxial Mechanical Properties. The biaxial tissue

behavior of the native myocardium, decellularized myocardial
scaffolds, 2 and 4 day static control groups (group i), and 2 and
4 day combined stimulation groups (20% strain + 5 V, group
iv) was evaluated, and the averaged stress−strain curves are
plotted in Figure 6. The tissue extensibilities were compared by
the maximum stretches in the PD direction and the XD
direction (Table 2). Both the PD and XD directions of the
decellularized myocardium scaffold showed stiffer stress−strain
responses (p < 0.01) (Figure 6b compared to Figure 6a). By
examining the stress−strain curves in Figure 6, we found that
panel f (i.e., 4 days of in vitro conditioning with 20% strain and
5 V electrical simulations) showed nonlinear anisotropic
mechanical behavior that was close to the biaxial behavior of
the native myocardium (Figure 6f compared to Figure 6a). This
recovery trend in biomechanical behavior was more evident
when comparing the native myocardium (Figure 6a), acellular
myocardial scaffolds (Figure 6b), 2 days of multistimulation
conditioning (Figure 6e), and 4 days of multistimulation
conditioning (Figure 6f). The 2 and 4 day static control groups
(Figure 6c,d) showed a small softening trend when compared
to the acellular myocardial scaffolds (Figure 6b), which can be
explained by the remodeling of the injected cells. However, we
noticed that the tissue constructs of the static control group
(Figure 6c,d) exhibited less anisotropy when compared to the
multistimulation group (Figure 6e,f).

4. DISCUSSION
In our previous studies, the rotating bioreactor38 allowed better
oxygenation of the recellularized scaffolds than did static tissue
culturing; however, the efficiency of recellularization and cell
differentiation were still relatively low. In this project, the
multistimulation bioreactor has been designed and built to
provide mechanical stretch to the tissue construct periodically
and to apply electrical pulses to stimulate cell differentiation
and construct development. During the study, the bioreactor
was able to ensure good cell viability under sterile conditions
for an extended period of time, and experiments showed
excellent reproducibility. Other advantages of the designed
multistimulation bioreactor are easy sample mounting, visibility
of the sample chamber, and flexibility in implementing
complicated protocols.

Table 1. Cell Density and Ratio of Living Cells of the Static
Control Group (Group i), 20% Strain Stimulation Group
(Group ii), 5 V Electrical Stimulation Group (Group iii),
and 20% Strain + 5 V Stimulation Group (Group iv) after 2
Days of in Vitro Culturing

group i group ii group iii group iv

reseeded cell
density
(cells/mm2)

0.91 × 102b 2.21 × 102 2.37 × 102 3.28 × 102a

ratio of living
cells

51.43%b 80.35% 80.98% 79.38%

aDenotes a significant difference when comparing group iv to group iii,
group ii, or group i (p < 0.05, pairwise comparison using the Holm-
Sidak method). bDenotes a significant difference when comparing
group i to group ii, group iii, or group iv (p < 0.05, pairwise
comparison using the Holm-Sidak method).

Figure 4. Mason’s trichrome staining of tissue constructs of group iv
(a) after 1 day of bioreactor conditioning, (b) after 2 days of
bioreactor conditioning, and (c) after 4 days of bioreactor
conditioning. Group iv delivers 20% strain + 5 V stimulations.
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To increase the efficiency of cell reseeding, we employed a
needle injection method for cell implanting with a total cell
quantity of 106 cells/scaffold in this study. The scaffold was
injected at nine points (∼0.1 mL/point) that were separated

evenly within the central square region (∼1 cm × 1 cm).
During the injection, effort was taken to ensure that the
implanted cells were distributed in an even manner. However,
because of the porous structure of the acellular myocardial

Figure 5. Immunofluorescence staining of tissue constructs after 2 days of bioreactor conditioning (group iv: 20% strain + 5 V). The reseeded cells
exhibited a cardiomyocyte-like phenotype by expressing (a) myosin heavy chain (MHC), (b) sarcomeric α-actinin, and (c) troponin T; the electrical
gap junction protein and adherens junction protein were verified by (d) connexin-43 and (e) N-cadherin staining.

Figure 6. Biaxial mechanical behavior: (a) native myocardium, (b) acellular myocardial scaffolds, (c) 2 day static control (group i), (d) 4 day static
control (group i), (e) 2 day in vitro conditioning (group iv: 20% strain + 5 V), and (f) 4 day in vitro conditioning (group iv: 20% strain + 5 V).

Table 2. Biaxial Mechanical Properties of the Native Myocardium, Acellular Myocardial Scaffolds, and Tissue Constructs of
Groups i and iv after 2 and 4 Days of Culturing

group i group iv

native acellular 2 days 4 days 2 days 4 days

maximum stretch (PD) 1.062 ± 0.004 1.024 ± 0.008a 1.080 ± 0.008 1.131 ± 0.015a 1.115 ± 0.007 1.065 ± 0.006
maximum stretch (XD) 1.293 ± 0.012 1.102 ± 0.025a 1.154 ± 0.006a 1.186 ± 0.030a 1.203 ± 0.012a 1.254 ± 0.021

aDenotes a significant difference when compared to the native myocardium (p < 0.05).
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scaffold, a small amount of leakage did happen during cell
injection. For this kind of situation, we injected the leaked
medium back into the same region of the acellular patch.
To explore further the effects of mechanical stimulation

alone, electrical stimulation alone, and the combined
mechanical and electrical stimulations on cell repopulation
and alignment, we compared the cell density, morphology, and
viability after 2 days of in vitro culturing among the static
control (group i), 20% strain stimulation (group ii), 5 V
electrical stimulation (group iii), and 20% strain + 5 V
combined stimulations (group iv). The cell density of the
control group after 2 days of culturing was 0.91 × 102 cells/
mm2, and no obvious cell alignment was found (Figure 3a). In
the bioreactor conditioning groups, the cell densities were 2.21
× 102 cells/mm2 (group ii), 2.37 × 102 cells/mm2 (group iii),
and 3.28 × 102 cells/mm2 (group iv). Using the Holm-Sidak
method for pairwise multiple comparison, we found that there
was a significant difference when comparing group iv to group
iii or group ii (p < 0.05), which demonstrated that the
combined mechanical and electrical stimulations (group iv)
promoted cell repopulation in the myocardial scaffolds (Figure
3c,e,g, Table 1). Although there was no obvious cell alignment
in group iii (Figure 3e,f), cell alignment was observed in both
groups ii and iv (Figure 3c,d,g,h), implicating that the
mechanical stimulation likely assisted in cell alignment during
in vitro conditioning.
Previous studies have shown that cyclic mechanical

stimulation can assist with cell alignment, stimulate ECM
formation,51,52 and improve the cardiomyocytes’ development
and function.46,53 Our findings are consistent with the
observations of the above-mentioned studies focusing on
mechanical stimulation.46,51−53 Because the cell density of the
combined stimulations (20% strain + 5 V, group iv) (Figure 3g)
was higher than the 20% strain stimulation (group ii) (Figure
3c), it might indicate that electrical stimulation, along with
mechanical stimulation, seems to have a synergistic effect.
Electrical stimulation is believed to be able to induce transient
calcium levels that will in turn further improve the quantity and
organization of sarcomeres in the cardiac tissue.54 Furthermore,
electrical stimulation has been found to facilitate cell
proliferation and promote the formation and localization of
electric gap junctions.55,56 Our results show that synergistic
treatment with both mechanical and electrical simulations did
promote the repopulation and alignment of the reseeded cells.
Biaxial testing results further show that the 20% strain + 5 V

stimulations (group iv) generated a good tissue remodeling
trend (Figure 6e,f) and desirable nonlinear anisotropic tissue
construct behavior (Figure 6f) (i.e., 4 day in vitro conditioning
of group iv resulted in a biaxial stress−strain behavior (Figure
6f, Table 2) similar to that of the native myocardium (Figure
6a, Table 2)). Our observations of recellularization and tissue
mechanical behavior demonstrate positive tissue remodeling
taking place in group iv (20% strain + 5 V) (Figure 6, Table 2).
To understand further the synergistic effects of multi-

stimulation on stem cell differentiation, we performed
immunofluorescence staining on the tissue constructs produced
by 2 days of multisimulations (20% strain + 5 V, group iv). Our
results indicated that the differentiated cells clearly demon-
strated cardiomyocyte-like phenotypes by abundantly express-
ing myosin heavy chain, sarcomeric α-actinin, and cardiac
troponin T (Figure 5a−c). Connexin-43 and N-cadherin were
also observed in tissue constructs (Figure 5d,e). As we know,
connexin-43 is the major electrical gap junction protein, and N-

cadherin is the fascia adherens junction protein in heart
muscles. These junction proteins play important roles in
synchronizing and coordinating the myocardium contrac-
tion.57,58 The myocardium contracts synchronously because
ion currents are conducted through the tissue by intercellular
gap junctions, which directly couple the cytoplasmic compart-
ments of adjacent cells.57,58 Yamada et al. found that
mechanical stretch could upregulate the expression of both
electrical and mechanical junction proteins.44 Zhuang et al. also
proved that an in vitro pulsatile linear stretch could upregulate
the expression of both electrical and mechanical junction
proteins.43 Our study also demonstrated that the combined
mechanical and electrical stimulations facilitated the formation
of electrical gap junctions and mechanical junctions.

5. CONCLUSIONS

In this study, we have successfully built a bioreactor that is able
to apply both mechanical and electrical stimulations to facilitate
tissue construct development. We found that the recellulariza-
tion, cardiomyocyte differentiation, and tissue remodeling were
more effectively and efficiently promoted by the combined
mechanical and electrical stimulations (20% strain + 5 V, group
iv). The benefit of this combination of stimulations (20% strain
+ 5 V) was evidenced by good cell viability, repopulation,
differentiation, and positive tissue remodeling within a short
period of time (2−4 days). In future clinical settings, patients
will have to wait for cell expansion, tissue culturing, and cell
reconstruction until a regenerated functional tissue can be
applied in surgical treatment. Our results show that the
synergistic stimulations might be beneficial not only for the
quality of cardiac construct development but also for patients
by reducing the waiting time in future clinical scenarios.

6. LIMITATIONS AND FUTURE STUDIES

Because of the structural complexity of the bioreactor, we
adopted 70% ethanol sterilization for the acellular myocardial
scaffolds and the culturing chamber; for the other parts of the
bioreactor that could not be immersed in ethanol, we used UV
light for sterilization. The sterilization protocol can be further
optimized to reduce sterilizing treatments to a minimal level. As
for mechanical stretch, the applied tissue construct strain was
estimated by normalizing the displacement of the movable arm
to the original distance of two sample mounting arms. The use
of the clamp-to-clamp displacement in strain estimation was
not an ideal method of accurately measuring the tissue
construct strain. Our future improvement will be the real-
time tracking of markers on the tissue construct using a camera.
In the bioreactor conditioning protocols, note that only

simple combinations were examined in this study because of an
excessive workload. More complicated combination of
stimulations will be investigated in the future because changes
in parameters in mechanical and electrical simulation (e.g.,
various stretch levels, voltage magnitudes, stimulation frequen-
cies) will likely affect the structural alignment, cell−scaffold
interaction, and construct remodeling accordingly. Moreover,
we have not observed the electrophysiological response in the
engineered cardiac tissue constructs using a microelectrode
array technique developed for in vitro measurement.59 The lack
of electrophysiological response is likely caused by the still low
cell density (compared with native tissue) and lack of cell-to-
cell connections both locally and globally in our current tissue
constructs. In short, future investigation is warranted to identify
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the optimal reseeding and bioreactor conditioning protocols in
order to produce functional cardiac tissue. Finally, a future
study will assess the potential of the engineered construct in
cardiac repair/regeneration using a well-established rat model.60
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