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Abstract

Cardiac tissue engineering aims to efficiently replace or repair injured heart tissue using scaffolds, relevant cells, or their
combination. While the combination of scaffolds and relevant cells holds the potential to rapidly remuscularize the heart,
thereby avoiding the slow process of cell recruitment, the proper ex vivo cellularization of a scaffold poses a substantial chal-
lenge. First, proper diffusion of nutrients and oxygen should be provided to the cell-seeded scaffold. Second, to generate a
functional tissue construct, cells can benefit from physiological-like conditions. To meet these challenges, we developed a
modular bioreactor for the dynamic cellularization of full-thickness cardiac scaffolds under synchronized mechanical and
electrical stimuli. In this unique bioreactor system, we designed a cyclic mechanical load that mimics the left ventricle volume
inflation, thus achieving a steady stimulus, as well as an electrical stimulus with an action potential profile to mirror the
cells” microenvironment and electrical stimuli in the heart. These mechanical and electrical stimuli were synchronized ac-
cording to cardiac physiology and regulated by constant feedback. When applied to a seeded thick porcine cardiac extracellu-
lar matrix (pcECM) scaffold, these stimuli improved the proliferation of mesenchymal stem/stromal cells (MSCs) and in-
duced the formation of a dense tissue-like structure near the scaffold’s surface. Most importantly, after 35 d of cultivation,
the MSCs presented the early cardiac progenitor markers Connexin-43 and a-actinin, which were absent in the control cells.
Overall, this research developed a new bioreactor system for cellularizing cardiac scaffolds under cardiac-like conditions,
aiming to restore a sustainable dynamic living tissue that can bear the essential cardiac excitation—contraction coupling.
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1 Introduction

The aim of cardiac tissue engineering is to generate in vitro
myocardial tissue that will offer a solution for cardiac condi-
tions such as myocardial infarction (MI). Resulting from
cardiac ischemia, MI leads to the formation of a necrotic
malfunctioning tissue that interferes with cardiac contrac-
tion and electrical conductance and can lead to progressive
heart failure [1]. The cardiac tissue engineering approach
suggests that the necrotic area can be replaced by an engi-
neered scaffold to halt tissue deterioration and improve car-
diac function [2]. In particular, the left ventricle (LV),
which endures the highest pressure within the heart and is
therefore the area that is most susceptible to cardiovascular
diseases, can benefit from the implantation of an engineered
scaffold. The LV is also the thickest muscle within the
heart; hence, its replacement with a full-thickness cellular-
ized scaffold could restore a sustainable dynamic living tis-
sue that would then be able to bear the essential cardiac
excitation—contraction coupling [3]. Nevertheless, the de-
sign and, particularly, the proper cellularization of such a
thick scaffold is challenging because of the poor nutrient
and oxygen availability in its internal parts. Furthermore,
previous studies have shown that, to generate a functional
tissue construct, cells should be provided with an environ-
ment that mimics the physiological one [4, 5]. In our previ-
ous work, we developed a unique, custom-designed perfu-
sion bioreactor that enabled the recellularization of a thick
porcine cardiac extracellular matrix (pcECM) scaffold, thus
supporting ex vivo angiogenesis and vascularization and re-
storing the micro- and macro-mechanical properties of the
heart tissue [6—10].

In the present study, for the engineering of a functional
LV construct, our goal was to provide the recellularized
scaffold with a physiological-like microenvironment through
cardiac-like electrical and mechanical stimulations that will
facilitate a functional integration with the LV muscle.

Previous studies have demonstrated that electrical stimu-
lation improves the cells’ functional assembly and enhances
cell differentiation and elongation in vitro [2, 11-13]. Using
cardiomyocytes, these studies have applied an electrical
stimulation designed as a rectangular wave to imitate the
function of sinus atrial nodes, which activate the action po-
tential in cardiomyocytes [11, 14—17]. Nevertheless, the
transplantation of cardiomyocytes can be hindered by their
high sensitivity and extremely low proliferation rate [18, 19].
Therefore, a popular alternative in cardiac cell-based regen-
erative therapy is the use of mesenchymal stem/stromal cells
(MSCs) [20-25], due to their proliferative nature [26-29]
and their potential to differentiate into cardiac-like cells [6,
30-33]. Unlike cardiomyocytes, MSCs are not triggered to
create an action potential [18]; therefore, the advantages of
using a rectangular wave would not be the same as those
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observed with cardiomyocytes. Instead, the wave shape of
an action potential that mimics the electrical environment in
the heart could be more beneficial. As this wave shape rep-
resents the transmembrane potential in cardiomyocytes, it
generates extracellular electric fields that would be encoun-
tered by the MSCs upon scaffold transplantation [34, 35].

Mechanical stimulation has been shown to improve cell
growth and enhance the synthesis of ECM, collagen, and
cell proteins [30, 36, 37]. It has also been found that a simple
cyclic strain mechanical stimulation [38—40] enhanced cell
elongation, tissue formation, and tissue strength. Neverthe-
less, because the actual mechanical stimulation in the heart
occurs via inflation, we hypothesized that a mechanical
stimulation designed to mimic the inflation-derived shape
of the LV over time can be more advantageous.

Bioreactors providing both electrical and mechanical
stimulation to cell-supporting scaffolds have been intro-
duced over the years by different groups that mostly applied
uniaxial stretch-based mechanical stimuli and rectangular-
shaped electrical stimuli in a static culture [41-45]. The ap-
plication of these stimuli has been shown to result in di-
verse beneficial effects on cultured cardiomyocytes, such as
increased expression of functional proteins [42, 45], cardio-
myocyte maturation [41], and improved contraction [42].

However, when aiming to provide the cultured cells with
both action potential-shaped electrical stimulation and
physiological-like mechanical stimulation, it is particularly
important to ensure these stimuli are synchronized. For
such synchronization to occur in a physiological-like man-
ner, it is essential to understand the excitation—contraction
coupling in the heart. In the heart, the electrical current runs
through the Purkinje fibers and triggers an action potential
pulse that results in cell contraction. This does not automati-
cally create a cardiac beat, as the accumulation of blood in-
side the LV prevents its compression. Instead, it causes iso-
volumetric contraction, which leads to an increase in pres-
sure. Hence, the actual tissue movement will occur only
later, after the aortic valve opens, leading to blood ejection
and depletion from the LV and a consequent reduction in its
volume. Considering the gap between cell and organ con-
tractions, the electrical stimulation and cyclic mechanical
load applied to a cellularized scaffold should be synchro-
nized by activating the electrical stimulation at a specific
time after the maximal inflation volume is reached, which is
relative to the number of beats per minute [46, 47].

In the present study, our goal was to bring innovation to
the field of bioreactors for cardiac tissue engineering by de-
signing the applied stimuli and their synchronization in a
more physiologically relevant manner and applying them
within a perfusion bioreactor. Each of the stimuli as well as
their relative start and end points was shaped to mirror the
physiological environment in the heart, based on the hypoth-
esis that cells cultured under these conditions will better
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reacclimate following transplantation. User adaptability and
real-time monitoring of the system are additional aspects
critical for its prospective clinical application.

2 Materials and methods
2.1 Preparation of the pcECM scaffold

Thick porcine cardiac LV tissues were harvested from
healthy commercial slaughter-weight pigs purchased
from LAHAV C. R. O’s slaughterhouse (LRI, Lahav,
Israel). Decellularization was performed using our previ-
ously published protocol [10]. In brief, the LV tissues
were subjected to two cycles of alternating hyper/hypo-
tonic NaCl solutions, enzymatic treatment using trypsin
(Sigma-Aldrich, USA), and detergent washes with Triton-
X-100 (Merck Millipore, USA). Then, the tissue slabs
(60 mmx20 mm) were sterilized using 70% ethanol and
washed in phosphate-buffered saline (PBS) and culture
media.

2.2 Cell culture

Bone marrow primary human MSCs (hMSCs; Lonza, Ba-
sel, Switzerland) were cultured in a humidified incubator at
37 °C with 5% CO> using alpha-modified Eagle’s medium
(a-MEM; Biological Industries, Israel) supplemented with
10% fetal calf serum (Biological Industries), 1% Pen-
Strep®, 0.4% fungizone (Life Technologies, Israel), and ba-
sic fibroblast growth factor (5 ng/mL; Biological Indus-
tries). The medium was replenished every other day.

2.3 Cell seeding on acellular pcECM scaffolds

The pcECM matrices were inserted into a custom-made
Teflon seeding chamber containing six wells with a
length of 50 mm, width of 20 mm, and height of 37 mm.
Cells were seeded at a density of 200000 cells/cm?, for a
total of 2.4x10° cells seeded on top of each matrix. Fol-
lowing a 90-min incubation period, 20 mL of medium
was added, and the matrices were incubated overnight.
On the following day, the seeded matrices were trans-
ferred into culture flasks, and 60 mL of culture medium
was added. The cells were labeled via pre-staining with
green PKH67 (PKH67 Fluorescent cell linker kit; Sigma-
Aldrich, USA) according to the manufacturer’s protocol
before seeding.

2.4 Cell cultivation on seeded pcECM
scaffolds

Four days after cell seeding, sterile entry catheters (20 Ga,
10 cm, Single Lumen Biometrix ™, Israel) were sutured to

the left anterior descending coronary artery of the matrices
and injected with medium to ensure a smooth perfusion
flow. Another catheter was sutured to the other side of each
matrix. On Day 5, some matrices were transferred to the
perfusion bioreactor for dynamic cultivation, while others
were left in the culture flasks to serve as controls. During
the 35-d period of cultivation in the bioreactor, pH of the
culture medium was monitored and glucose concentration
was measured using a glucometer (FreeStyle Freedom
Lite®, USA; n=3) following its validation for the complete
culture medium. The Alamar Blue™ viability test was con-
ducted according to the manufacturer’s protocol (AbD Se-
rotec, Israel; n=4).

2.5 Sterilization of the bioreactor system
between subsequent experiments

Before each experiment, the bioreactor was disassembled
and cleaned using water and soap, followed by washing
with sodium hypochlorite. The metal screws and connectors
were sonicated in a bath sonicator, and all parts were auto-
claved. Then, the system was reassembled under sterile con-
ditions. Electrodes, plastic tubing, and all non-autoclavable
parts were replaced with new ones and immersed in EtOH
before system assembly. The reassembled system was
washed first with EtOH, then with PBS supplemented with
2% Pen-Strep® and 0.8% fungizone (Life Technologies),
and finally with culture medium.

2.6 Sample fixation and analysis

After culturing, the matrices were cut and analyzed. Specifi-
cally, the samples to be subjected to fluorescence and im-
munofluorescence analyses were washed three times in
PBS and fixed using 4% paraformaldehyde (PFA) in PBS at
room temperature (RT) for 1 h. Subsequently, sterile PBS
was added to dilute the solution into 2% PFA for another
hour. The samples were then replenished with PBS, dried,
and embedded in Tissue-Tek optimal cutting temperature
(OCT) tissue embedding compound (Sakura, Torrance,
USA) at RT. After 1 h, the OCT was replaced, and the
molds were frozen and stored at —80 °C until use. For stain-
ing, the samples were sectioned using a cryostat (Leica CM-
1900; Leica Microsystems, Germany) and mounted on posi-
tively charged glass slides (Menzel-Glaser, Germany). They
were then stained for actin using Alexa Fluor™ 555 Phal-
loidin (Thermo Fisher Scientific, Massachusetts, USA) and
immunostained for Connexin-43 (1:100, Sigma-Aldrich,
#MAB3068) and a-actinin (1:200, Sigma-Aldrich, #A7811).
Secondary antibodies included goat anti-mouse IgG (1:300,
Sigma-Aldrich, F8521) and rabbit anti-mouse IgG (1:300,
Santa Cruz, Sc45090). Counterstaining for nuclei was per-
formed using Hoechst (Life Sciences, #H21491). For
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histological analyses, samples were embedded in paraffin
blocks and cross-sectioned using a microtome (Shandon Fi-
nesse 325, Microtome) prior to staining with Masson Tri-
chrome reagent (MTC, Bio-Optica, Italy) or Hematoxylin
and Eosin (H&E, Sigma-Aldrich, St Louis, MO, USA) ac-
cording to the manufacturer’s protocols.

2.7 Scanning electron microscopy (SEM)

The samples were submerged in PBS, mounted on alumi-
num stubs using tissue freezing medium (Ted Pella, Inc.,
AC, USA), and frozen to —-25 °C using a temperature-
controlled sample holder (Deben UK Ltd., Suffolk, UK).
The analysis was performed using a Phenom Pro X scan-
ning electron microscope (PhenomWorld, Eindhoven, The
Netherlands), and images were captured using an accelerat-
ing voltage of 15 kV.

2.8 Fourier transform infrared (FTIR)
spectroscopy

After culturing, the samples (n=3) were lyophilized and
analyzed using a Thermo 6700 FTIR spectrophotometer
with a smart iTR Attenuated total reflectance diamond plate
at a wavelength of 500-3500 cm™!. A total of 64 scans at a
resolution of 4 cm™! were conducted. Data were recorded
and Fourier deconvoluted [48] using OMNIC™ (version 8,
Thermo Scientific). The wavelength peaks were normalized
by dividing each peak by each graph’s area.

2.9 Statistical analysis

In each cultivation experiment, two matrices were dynami-
cally cultivated and two other matrices were statically culti-
vated as controls. Each experiment was repeated at least
twice, resulting in at least four replicates per group. Each
analysis was repeated as indicated in each section. Statisti-
cal significance was calculated using two-way analysis of
variance (ANOVA) with Tukey—Kramer’s post-hoc correc-
tion, and differences were considered significant at p<0.05.
Calculations were performed using the SAS statistical soft-
ware (v. 10.0).

3 Results and discussion

In our previous work, we developed a custom-built perfu-
sion bioreactor to support the cellularization of thick
pcECMs [6, 10, 26]. Our next challenge, however, was to
equip this perfusion bioreactor with synchronized mechani-
cal and electrical stimuli that would simulate the cardiac
physiological conditions, thus enabling the production of a
dynamic functional living tissue.
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3.1 Apparatus for the mechanical stimulation -
general design

Aiming to provide the cultured cells with a mechanical stimu-
lation that best mimicked the cardiovascular movement,
we designed a mechanical load that resembled the cardiac
contraction shape through the inflation of a tube that was
placed under the cultured scaffold. The tube inflation was
designed according to the pattern of physiological changes
in the left ventricle volume (LVV) over time during cardiac
contraction (Fig. 1a). To this end, a Matlab® program that
acquired the known pattern of LVV variation over time was
created [27, 31] for the production of a set of coordinates
that were used as a traveling pattern for the linear actuator.
This actuator, in turn, traveled to the appointed location and
thus inflated the latex tube according to the predetermined
pattern. This was achieved by inputting the coordinates into
the SmartMotor Interface (SMI) software to practice as a
point-by-point interval for the linear actuator (Moog
Animatics, VLCT-555) governed by a servo motor (Smart-
Motor™ ms23165DT) that acts as the driving force, apply-
ing the mechanical load. The servo motor controls the linear
actuator that is connected to four piston pumps (Metal
Work, 1120250100cp) fixed to a guide unit (Metal Work,
WO700502320). The linear actuator moves in and out in a
cyclic manner according to the given coordinates, while the
piston pumps thrust air into and out of the latex tube that is
placed over a custom-made stainless-steel pipe inside the
bioreactor. Consequently, the inflation and deflation of the
tube precisely mimic the change in the LVV over time, me-
chanically stimulating the seeded matrix located above the
latex tube (Fig. 1a). To avoid air loss from the system, a
constant air pressure was pumped into the pistons, thus
maintaining a minimum steady pressure (Fig. 1a).

3.2 Designing the coordinates for the
stimulation pattern

To determine the appropriate coordinates for simulating
heart contraction, an image of the LVV plotted as a func-
tion of time [31] was imported into Matlab® and converted
to a matrix of values according to the color shade of each
pixel. Then, this matrix was further converted to a black
and white matrix (O=black, 256=white, Fig. 1b). The aver-
age location of all the white pixels in each column was cal-
culated and inserted into an array of coordinates. All the col-
umns with no pixels were deleted as well as the margins
(Fig. 1c). The displacement array was then adapted to the
desired minimum and maximum values that were deter-
mined by trial and error with the aim of reaching about
60-70 mmHg (1 mmHg=133 Pa) systolic to diastolic differ-
ence (Fig. 1d). When using approximately 120 mmHg—
typical LV pressure [49]—the cells were detached from the
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Fig. T Mechanical stimulus system. (a) System rationale. Graphical representation of the physiological changes in the LVV over time that were
used to create a set of coordinates in Matlab®. Values were input into the designated software to create a point-by-point path that was sent to a servo
motor connected to a linear actuator activating four pistons which would inflate and deflate a latex tube beneath the scaffold. Constant air pressure
compensated for any air loss due to instrument deterioration. The actual volume was measured and presented in Matlab®. (b) Original image used
for designing the shape of the mechanical stimulus (left) and closeup of the black and white matrix obtained from the same picture, where a single
pixel corresponds to an X unit (right). (c) Pixel locations translated into a series of data points (left). The arrow points at misplaced data. Data
series after adjusting the misplaced points (right). (d) Adjustment of the Y axis to displacement values corresponding to pressure values of 60—
70 mmHg. On the left and right are the displacement data before and after changing the Y scale, respectively. (e) Adjustment of the X axis to serial
values matching the actuator’s program. (f) Image of the entire linear actuator system including a fixation unit, four pistons, and a linear actuator
with a servo motor. (g) Image of the linear actuator connected via a guide unit to a metal board attached to the four pistons. (h) Image of one
piston’s air inlet and outlet port, through which the air is thrust into the bioreactor. (i) Image of the three-way connector, combining two pistons’
external air inlets and the bioreactor’s inflation system. (j) Image of the preventive air depletion system, including a pressure regulator and a one-
way adaptor that allows for maintaining the cyclic stimulation pattern. (k) Image of the custom-made stainless-steel tube for the inflation/deflation
device. (1) Image of the latex tube with O-rings that are wrapped around the stainless-steel tube. (m) Image of the latex tube placed into the bioreac-
tor bath. (n) Image of the matrix fixed at both sides that is placed above the latex tube. (0) Measured pressure change in the latex tube before and
after inserting the matrix (data are expressed as mean+standard deviation, n=4). (p) Measured pressure received from the pressure gauge maintains
its applied shape from the piston pump. 1 mmHg=133 Pa; 1 bar=100 kPa
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matrix. Therefore, the pressure was adjusted to 60—
70 mmHg, which is the maximal pressure allowing cell
culture.

Next, the X axis was converted from time in milliseconds
toward serial values matching the actuator’s program
(Fig. le). Finally, the acceleration and velocity data were
examined to determine the suitability of the coordinates ac-
cording to the motor specifications, and the curve was
smoothed to avoid stagnation of the actuator. Consequently,
the program resulted in two columns (corresponding to the
X and Y coordinates) representing the number of coordi-
nates and the position at a At-x time, respectively, with At
being determined using the SMI software according to the
desired heartbeat rhythm.

3.3 Converting the pattern into inflation and
deflation

To translate the linear actuator’s movement into an inflating/
deflating force, the linear actuator was connected to a fixa-
tion unit that facilitated the thrusting of a metal board at-
tached to the rods of the four fixed pneumatic pistons, one
for each side of the actuator (Figs. 1f and 1g), making it the
center of mass. Once the linear actuator rod entered the
actuator, the pistons were pressed, compressing the trapped
air inside, which consequently escaped through a plastic
tube connected to the pistons’ inlet/outlet port (Fig. 1h).
The air that exits from each pair of antagonistic tubes was
joined together to increase the entrapped air volume
through a micro ball valve that is then used to fill the pis-
tons with air or empty them while maintaining the equilib-
rium of moments (Fig. 1i). The other side of the plastic tube
was connected to a spindle filter, which sterilized the air en-
tering the latex tube in the bioreactor. When the linear ac-
tuator’s rod exits the actuator, it pulls the rods of the four
pistons, which draw the air out of the latex tube back into
the pistons. To avoid air losses from the inflation system
over time, air was constantly supplied through a pressure
regulator that kept the system at its minimum pressure
value (Fig. 1j). The pressure regulator was connected to a
one-way adaptor, allowing air supply while blocking leaks
and maintaining a steady state of the tube’s inflation—
deflation cycle.

3.4 Inflation device

The latex tube was inflated by placing it around a stainless-
steel hollow tube with centrally located air inlet O-rings
(Figs. 1k and 11). This device was located within the biore-
actor’s bath (Fig. 1m), and the matrix was placed above the
latex tube, with its margins affixed to the bath so as to be
stretched according to the tube inflation pattern (Fig. 1n).
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3.5 Total pressure applied on the matrices

To monitor the pressure applied on the matrices, pressure
measurements were taken before and after fixing the matri-
ces in the bioreactor. These data were interpolated in
Matlab® to extract the maximum pressure values, calculate
the difference between averages, and convert them into
mmHg. The results indicated that the matrices endured a
pressure of AP=69.83 mmHg (Fig. 10). Furthermore, pres-
sure was constantly measured during these experiments us-
ing a pressure gauge, and the acquired data resulted in a
steady state pressure curve, indicating that no air was de-
pleted over time and that the LVV pattern was successfully
preserved (Fig. 1p).

3.6 Apparatus for electrical stimulation

In the heart, cardiomyocytes are given a sinus current to
reach a threshold that triggers an action potential, leading to
cell contraction. Previous cardiac tissue engineering studies
have demonstrated that electrical stimulation also affects
cells in vitro by improving their functional assembly while
enhancing cell differentiation and elongation [12]. In these
studies, a rectangular electrical wave was used to mimic the
function of the sinus atrial nodes, thus activating the action
potential [14, 15]. This waveform is highly beneficial
when working with cardiomyocytes. Nevertheless, when
culturing MSCs as a cell model for cardiac tissue engineer-
ing [20-25], their inability to be triggered and create an ac-
tion potential [18] should be considered. Therefore, in the
present study, to mimic the electrical environment that these
cells would experience in the heart following transplanta-
tion, an action potential-like waveform was chosen for their
in vitro stimulation. This waveform comprised three phases
in the following order: a fast increase in the membrane po-
tential (depolarization phase), a plateau phase, and a final
repolarization phase (Fig. 2a) [50].

To apply the electrical stimulation, we designed a system
in which an electrical signal created by a computer was con-
verted into an analog signal that stimulated the scaffold and
its residing cells using a set of two parallel platinum elec-
trodes (Fig. 2a).

To create an action potential-shaped signal, we used the
same Matlab® program that was used to create the me-
chanical LVV-shaped stimulation coordinates. An action
potential waveform plot of voltage versus time was trans-
lated into coordinates and adjusted to a predetermined am-
plitude and number of coordinates (Fig. 2b). The program
output included three electrical signals, the first two of
which were transferred to the bioreactor baths, while the
third was transferred to the analog-to-digital converter (Na-
tional Instruments, NI-9269) and returned to the software for
feedback and monitoring. Thus, a sample of 5000 values
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Fig. 2 Electrical stimulus system. (a) Design of the system for electrical stimulation. The action potential wave-shaped pulse was created using
LabVIEW and transferred through an NI digital-to-analog converter to electrically stimulate the matrix with platinum foil electrodes placed
within the bioreactor. (b) Results of the action potential from the written Matlab software after translating the image pixels to data points, adjust-
ing the Y scale according to the predefined voltage values, and applying the smooth function. Values are shown before and after the adjustment
of the X axis. (c) Electrical signals obtained at +30 min (left) and +30 s (right) of measurements showing stability over time and the preserva-
tion of the voltage waveform that reached the electrodes. (d) Image of an electrode. (e) Image of the tin-plated copper wire connected via a
screw before ironing the heat-shrink sleeve. (f) Images of the banana plug connectors and the bioreactor’s hollow pole allowing the transfer of
electricity from a sterile environment to the outside of the bioreactor. (g, h) Representative images of cells cultured under electrical stimulation
obtained via confocal microscopy: electrically stimulated matrix (g) and control non-stimulated matrix (h). The green and blue colors denote the
matrix (autofluorescence) and the cells’ nuclei (DAPI), respectively. DAPI: 4',6-diamidino-2-phenylindole

from the electrical stimulation feedback was recorded ev-
ery hour to ensure proper system maintenance. The col-
lected data reflected a steady electrical current with mini-
mal reduction that also preserved the action potential
shape (Fig. 2c¢).

3.7 Electrode design

The electrodes were produced from platinum (99.95%,
Goodfellow, Germany) using electrical discharge machin-
ing (Harpaz Industries, Israel). A rectangle of 60 mmx
25 mmx0.1 mm was added with an L-shaped section at one
side of the electrode (Fig. 2d). The electrodes were con-
nected to tin-plated copper wires (NTE Electronics, Inc.,
USA) using 2-mm screws and covered with heat-shrink

tubes to avoid corrosion (Fig. 2e). The wires were then con-
nected through a hollow pole in the perfusion bioreactor to
allow the association of sterile parts with the outer environ-
ment (Fig. 2f). On the other side, the wires were connected
to the analog output system for data acquisition.

3.8 Electrical stimulation supports cell
culture

Previous studies demonstrating the beneficial effect of elec-
trical stimulation on cultured cells have applied voltages
ranging between 2 V and 50 V per cm of electrode
distance [51]. Nevertheless, the rectangular waveform was
only applied for 1-5 ms [52-54], while the action potential
duration was 350 ms [55]. Therefore, to apply an action
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potential-like stimulus for 350 ms, it was necessary to use
an electrical stimulus at a lower voltage to avoid cellular
damage [5, 48]. Accordingly, an amplitude of -9 to 4 V
was used at 80 beats per minute (BPM), which is equivalent
to 1.33 Hz. To rule out any negative effect of the designed
electrical stimulus on the cells, thick pcECM scaffolds were
seeded with MSCs and cultured. The seeded scaffolds
were cultivated for 14 d without stimulation and then sub-
jected to the designed electrical stimulus, but without per-
fusion, in order to isolate their effect. The control groups
were not subjected to any electrical stimulus. After 7 d, the
samples were fixed and the cell nuclei were stained with
4',6-diamidino-2-phenylindole (DAPI), which contrasted
the green autofluorescence of the pcECM matrix [56], thus
confirming the presence of cells on both the electrically
stimulated scaffolds (Fig. 2g) and on the non-stimulated
control (Fig. 2h).

3.9 Synchronization of the designed
mechanical and electrical stimuli

The two types of stimuli were synchronized with the aim of
optimally replicating the cardiac physiological conditions.
In the heart, the LVV reaches two extremum values, i.e.,
the maximum value, which is obtained immediately after
the action potential increases, and the minimum value,
which is obtained following the entire action potential
cycle, as previously described in the Wiggers diagram [57].
Hence, the excitation—contraction coupling in the heart is a
matter of cause and effect. The cells’ action potential
causes the contraction of single cells. Numerous contract-
ing cells apply pressure on the cardiac tissue toward con-
traction, which, however, is resisted by the blood within
the heart as well as the entire vascular system, resulting in
the volume barely changing as pressure increases. Eventu-
ally, the pressure is sufficiently high to open the aortic
valve that allows contraction and the reduction of the car-
diac LVV.

When designing the synchronization between the stimuli
in our bioreactor, it was decided to replace the cause and ef-
fect of the physiological system. This was done because the
designed electrical stimulation is more easily manipulated
and immediately responsive, while the mechanical system
is more robust and delayed by friction.

Hence, a pressure follow-up curve was used to define
the timing for the initiation of the electrical stimuli. A pres-
sure gauge (ADZ-SML 10.0, ADZ Nagano Sensortech-
nik) was connected to the bioreactor’s latex tube outlet to
constantly measure the pressure applied on the matrix. The
pressure data were acquired using a LabVIEW program,
through which they were filtered and converted to bar
units (1 bar=100 kPa). Real-time extremum values were
then used to trigger the cue for commencing the electrical
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stimulation process (Fig. 3a). A time suspension mecha-
nism was set to enable the control of the time gap between
the LVV waveform maximum and the start of the action
potential waveform by adding a user-defined number of
electrical resting voltages, thus adjusting the delay to
mimic human physiology (Figs. 3b and 3c).

3.10 System monitoring and validation

During cultivation, the LabVIEW software was pro-
grammed to acquire useful data such as the BPM, which
measured the time between two maximum pressure values
and allowed the maintenance of the desired physiological
rhythm (60 BPM in our study, Fig. 3b). Data were also ac-
quired for an indicator termed “maximum pressure array,”’
which added the maximum pressure value of each inflation
cycle to an array of values, demonstrating the stability of
tube inflation over time (Fig. 3c). To enable the conduction
of long-term studies, it was necessary to address challenges
such as material deterioration, sterility maintenance, and po-
tential operational mistakes. To this end, high-tolerance ma-
terials were selected, processes were constantly monitored,
and careful practice of sterile procedures was implemented.
Furthermore, several measures were taken at the design
level to monitor and validate the proper system operation.
First, to prevent system damage resulting from mistakenly
connecting opposite electrical wires, the pressure gauge cir-
cuit was designed to include a safety diode protecting the
current direction (Fig. 3d). Second, a light indicator of the
power supply and an on/off switch were installed in the
pressure system power supply. An additional challenge
was to use a single pressure gauge for parallel experi-
ments. For this purpose, a ball valve connector was in-
stalled, ensuring a clear path from one inflating tube while
blocking the other, thus allowing user control of the ex-
periment. Moreover, to avoid wire entanglement, a plugin
connector was fitted (Fig. 3d). Finally, the mechanical
pressure and electrical signals obtained from the pressure
gauge as well as the electrical feedback path were dis-
played in real time, side by side, to verify that both signals
were synchronized in a way that mimicked physiological
conditions [50] (Fig. 3e).

3.11 Scaffold recellularization using our
designed bioreactor

The efficiency of the stimulated perfusion bioreactor for
scaffold cellularization was ultimately assessed. Cells were
seeded on a full-thickness vascularized ECM scaffold, and
after 5 d of cultivation (Day 0), the scaffolds were trans-
ferred to the perfusion bioreactor under synchronized me-
chanical (frequency: 1 Hz; pressure: 1.1 bar) and electrical
(amplitude: 0—1 V; duration: 312.5 ms) stimulation.
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Fig. 3 Synchronization of the mechanical and electrical stimuli. (a) Scheme of the synchronization system. After the air inflates the latex tube, a
pressure gauge connected to the other end of the tube transforms the pressure in bars into analog voltages ranging from 0 to 10 V. Subsequently,
a data acquisition device converts the analog voltages into digital data, which are imported into LabVIEW software and filtered. In this
software, the maximum values are then used to trigger a time suspension followed by an electrical signal shaped as an action potential that is ap-
plied on the tissue inside the bioreactor. (b) Beats per minute (BPM, measured by the system over time) showing a steady mechanical stimulation,
with computer-based recognition of every beat. (c) Maximum pressure values as identified by the pressure gauge for each recognized step, thus
verifying the system’s steady state. (d) Scheme of the monitoring and validation system: a power supply was connected to the pressure transmitter
alongside a data acquisition instrument; the system included a plugin/out and an indication diode. (e) Graphs of the synchronized stimuli over time.

LED: light emitting diode. 1 bar=100 kPa

As shown in Fig. 4a, the steady state of glucose consump-
tion confirmed that the stimulated culture and the control
were free of contamination. Similarly, the pH measure-
ments indicated proper culture conditions (Fig. 4b). A
follow-up assay of cell viability showed fluctuations in vi-
ability levels in both the stimulated and non-stimulated scaf-
folds, reflecting the natural balance between dying and
proliferating cells. No differences were observed between

the bioreactor-cultured scaffolds and the control scaffolds
during the first week of culture in the bioreactor. Neverthe-
less, after 2 weeks, some differences were detected. Specifi-
cally, toward the end of the experiment, the mechanically
and electrically stimulated scaffolds exhibited a higher
viability level compared with the non-stimulated scaffolds
(Fig. 4c), which was also seen to a lesser extent when
each individual stimulus was applied (Fig. S1 in the
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mechanical and electrical stimuli in the bioreactor compared with the control. (c) Cell viability over time. (d, e) Representative confocal micros-
copy images of cells cultured on the ECM matrix under synchronized mechanical and electrical stimuli in the bioreactor (upper panels) com-
pared with the control (lower panels). (d) Green, cell membranes (PKH67); blue, cell nuclei (Hoechst); red, matrix (autofluorescence). (e) Red,
actin (phalloidin); blue, cell nuclei (Hoechst); scale bars: 50 pm. (f) SEM images showing the cultured MSCs on the stimulated and control
ECM matrix; the arrows point at the cells. Scale bars: 80 pm. Masson trichrome (g) and H&E (h) staining of the ECM matrix cellularized under
synchronized mechanical and electrical stimuli in the bioreactor (upper panels) compared with the control (lower panels). Scale bars: 500 and
100 pm, respectively. (i) Cardiac marker staining of MSCs cultured on the ECM matrix under synchronized mechanical and electrical stimuli in
the bioreactor (upper panels) compared with the control (lower panels). The cardiac early markers Connexin-43 and a-actinin are indicated in
green, while the cell nuclei are indicated in blue; scale bars: 20 pm. MEP-AP: mechanical and electrical stimulation. Data in (a—c) are expressed
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supplementary information). These results imply that con-  controls (Fig. 4d). These findings were further confirmed
tinuous stimulation slowly leads to a significant effect on by the results obtained from the recellularized scaffolds
cell proliferation, which would not be observed in short- fluorescently stained for actin (Fig. 4e) and from SEM
term studies. Moreover, confocal analyses of cellularized  analyses, which demonstrated the fibrous scaffold topogra-
pcECM scaffolds after 35 d of culture showed a higher cell ~ phy supporting the cultured cells (Fig. 4f). Masson’s tri-
density for scaffolds cultured under synchronized mechani-  chrome staining (Fig. 4g) as well as H&E staining (Fig. 4h)
cal and electrical stimulation than for the non-stimulated  of the recellularized scaffolds revealed that both the
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stimulated and non-stimulated scaffolds were well popu-
lated. Cells were concentrated in a sparse layer on the scaf-
fold’s surface, probably due to the higher nutrient and oxy-
gen availability. Nevertheless, the cells in the stimulated
scaffolds were organized in a dense tissue-like structure,
while those in the control scaffolds exhibited a looser, non-
organized growth. These results are in line with previous
studies showing that short-term dual stimulation for 2—4 d
(including unsynchronized co-stimulations and different am-
plitude shapes) promotes cell repopulation and viability as
well as positive tissue remodeling [44].

To preliminarily assess the fate of the cultured cells, im-
munofluorescent staining analyses were performed for the
early cardiac progenitor markers Connexin-43 and o-actinin,
whose expression was observed in the stimulated cells but
not in the control matrices (Fig. 4i). Notably, Connexin-43
was not located at the interface of adjacent cells, most likely
due to the cells’ immature stage or to the insufficient cell
density disabling such an interface. These results were in
line with previously published research showing that the
cardiac microenvironment provided to the cells using elec-
trical and mechanical stimulation or even by the presence of
cardiomyocytes promotes MSC differentiation toward
cardiac-like cells [58—61]. Nevertheless, the application of
both electrical and mechanical stimuli that are synchronized

based on a physiological-like timing on MSCs has not been
published before, and our findings can thus lead to a new
promising approach for cardiac tissue engineering.

3.12 Effect of culture conditions in the
bioreactor on the scaffolds’ molecular
structure

Previous studies have suggested that electrical stimulation in-
duces ECM deterioration due to excessive voltage [62, 63],
while mechanical stimulation causes ruptures due to
overload if applied for long periods [30]. To address the im-
pairment of recellularized pcECM scaffolds, a comparative
analysis of stimulated and non-stimulated scaffolds was
conducted via FTIR spectroscopy (Fig. 5a), and the protein
secondary structures were quantified using Fourier self-
deconvolution (Figs. 5b and 5c). The comparison between
the stimulated and control scaffolds revealed that the sec-
ondary structures of random coil, B-sheet, and a-helix main-
tained their original relative quantity in the matrices, while
the relative quantity of f-turn and other structures signifi-
cantly differed (Fig. 5¢c, p<0.05). Nonetheless, as observed
in the Fourier self-deconvolution curves, the p-sheet and
random coil structures are very close in the wavelength ab-
sorbance, and at least some of the differences may be due to
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Fig. 5 Molecular structure of the scaffolds. (a) FTIR analysis of the ECM matrices cellularized under synchronized mechanical and electrical
stimuli in the bioreactor compared with the non-stimulated control. (b) Deconvolution of the FTIR spectra to determine the protein secondary
structures. (c) Table summarizing the relative amounts of protein secondary structures quantified from the FTIR deconvolution graphs.
(d) Peaks of the FTIR spectra extracted and normalized by graph area; each peak indicates the amount of a certain chemical bond or material
within the cellularized matrices. Data are expressed as mean+standard deviation (n=3). *p<0.05
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very small shifts in the ECM structures. In terms of the pres-
ence of different bonds, our results showed a decrease
in amide A (3284 cm‘l) in the stimulated matrices but no
differences in amide B (2924 cm™) or in the main colla-
gen fingerprint bonds (amide I (1630 cm™'), amide II
(1539 cm™!), and amide III (1231 cm™")). Glycogen levels
(1030 cm_l) [64, 65] were shown to increase in the
stimulated matrices (Fig. 5d). Overall, while the stimu-
lated matrix conserved most of its structures, some of them
were modified, potentially due to the stimulation itself but
also to the higher numbers of populating cells.

4 Conclusions

In the present study, a modular system was developed for
the dynamic cellularization of thick cardiac scaffolds under
mechanical and electrical stimuli. The system was designed
with user adaptability for the selection of the shape, type, in-
tensity, and frequency of each stimulus while maintaining a
highly sterile environment. A cyclic mechanical load that
mimics the left ventricle volume inflation was successfully
designed, achieving a steady stimulus over a period of at
least 35 d. Moreover, the electrical stimulus was designed
to have an action potential profile mimicking the microenvi-
ronment of cells in the heart tissue. Finally, the mechanical
load and electrical stimulation were synchronized according
to cardiac physiology, with constant regulatory feedback.
These synchronized stimuli provided an improved prolifera-
tive profile for MSCs that were cultivated on thick pcECM
scaffolds. Such cell proliferation resulted in a dense tissue-
like structure near the scaffold’s surface. Notably, after
35 d of cultivation in the designed bioreactor under stimula-
tion (and without any additional chemical stimulation), the
cells presented early cardiac markers that were not detect-
able in the control. Overall, our research offers a validated
bioreactor system that mimics the physiological conditions
of the heart, supports cell proliferation, and directs cellular
differentiation toward cardiac-like cells. This system
opens new possibilities for tissue engineering researchers
in cellularizing different types of cardiac scaffolds prior to
their transplantation, thus potentially generating a more
functional graft. Furthermore, the adaptability of this sys-
tem enables the optimization of each stimulus according to
the studied scaffold and seeded cells. This bioreactor sys-
tem, relying on the controllable physiological-like environ-
ment, can also be used for ex vivo research of the heart under
different cardiac conditions and corresponding treatments.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1631/bdm.2400370.
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