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ABSTRACT
A new open-hardware bioreactor capable of applying electrical field stimulation in conjunction with static or cyclic stretch is presented.
Stretch is applied to cells by a specially designed elastomeric membrane with a central seeding region. The main interest of our approach is
the fine control of the characteristics of stimulations in regard to timing and amplitude in a simple design based on affordable, easy to find
components and 3D printable parts. Our approach opens the way to more complex protocols for electrical and/or mechanical stimulations,
which are known important regulators of cardiac phenotypes.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5144922., s

INTRODUCTION

Even after huge improvement in prevention and therapies,
which have been causing mortality rates to decline significantly
since 1980,1 cardiovascular disease remains a major cause of death,
many attributable to ischemic heart disease. Although great devel-
opments have been made, there is a need for novel and individu-
alized therapeutic strategies, e.g., disease-specific or patient-specific
drugs, and cardiac tissues for regenerative medicine. To be able to
produce an optimal cardiac replacement tissue, we need to under-
stand the link between the engineered tissue physiology and its
environment. From a physiological point of view, the heart is an
organ that pumps the blood and allows its propulsion throughout
the entire vascular system. These functions are determined by a
precise combination of electrical and mechanical activation of the

cardiac cells. These cells are under the constant influence of diverse
stimuli, necessitating unceasing adaptation to the constraints of their
environment. Recent advances in the field of stem cell biology2,3
and cardiac tissue engineering4,5 have led to the development of
human cardiac tissues highly similar to native, non-engineered tis-
sues. These tissues have shown potentials to be used as a physio-
logically relevant substrate for investigations and drug testing plat-
forms.6 However, use of these tissues for discovery implies that their
phenotype must be consistent with the pathological/physiological
tissue sought.

There is strong evidence in the literature that cardiac cells
in vitro need to be grown in a controlled environment incorporat-
ing a combination of coordinated electrical7–9 and mechanical10,11
stimulations for optimized physiological functions of contractile
engineered tissue.
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Different types of materials have been used as electrodes
for electrical stimulation: silver–silver chloride,12,13 titanium,9,14
titanium-nitride,9 stainless steel,13 hydrogel,13 platinum,15–17 and
platinum–iridium,18 but carbon electrodes9,19–21 appear to be the
best option currently available.9,19,22 Carbon electrodes offer a much
greater resistance than metal,13 exhibit the best charge transfer char-
acteristics and the lowest percentage of injected charge unrecovered,
and, thus, constitute an excellent material for a bioreactor.9 In gen-
eral, electrical stimulations can be applied in two ways (local and
field stimulation) although other approaches including optogenetics
are being evaluated.23 Local stimulation aims at injecting current to
a precise location of the extra- or intracellular environment with the
use of electrodes (unipolar or bipolar) that will activate local cells;
the localized activation (with a minimum of depolarized cells) then
propagates to all connected cells.24 Field stimulation aims at depolar-
izing all cells within the culture by the application of an electric field
issued from the voltage between two parallel electrodes. Field stim-
ulation is preferable for cell culture stimulation protocols since both
isolated cells (or cell islands) and connected syncytium can be stim-
ulated simultaneously. It is worth noting that the electrode length
should be greater than twice the distance between the electrodes.
In addition, a stimulus of 5 V/cm should be used, according to the
maximal stimulation amplitude of 8 V/cm previously established.9
Field stimulation tends to improve the alignment of the cells because
charges in the cytosol will act as a dipole and align in the direction
of the field.25

In the culture, cells are sensitive to the presence or absence
of electrical stimulation. The presence of electrical stimulation will
improve the geometry, alignment of the sarcomeres, and distribu-
tion of connexin-43 (Cx-43, cell-to-cell communication) and the
mitochondria (energy).21,26,27 Two types of pulses can be used to
apply the electrical stimulation: monophasic or biphasic pulses.
Both types of pulses can increase Cx-43 expression/localization, but
biphasic pulses are more efficient.27 Biphasic pulses also upregulate
cardiac transcription factors such as MEF2D, GATA-4, and Nkx2.5
as well as the expression of sarcomeric proteins, troponin T, alpha-
actinin, and SERCA 2a in human progenitor cells.27 On the other
hand, the absence of electrical stimulation will lead to round-shaped
cells as well as the remodeling of actin and troponin-I, leading to
diminished contractile properties.28 From a functional point of view,
cardiomyocytes under the influence of the electrical stimulation will
display a greater number of synchronized contractions, a higher
entrainment frequency,26 and less hypertrophy.29 Electrical stimu-
lation helps in the formation of regular activity (contractions), pro-
moting then an optimized intracellular calcium handling,30 density,
and function of the L-type calcium channel.

The mechanical environment plays an important role in car-
diomyocyte function and, therefore, is inherent to the physio-
logical development of the heart or cardiac pathologies.31 Car-
diomyocytes are subject to extreme dynamic changes in terms of
stress and strain32 and therein, are ideal targets to study stretch
related conditions. The electrical activity of a cardiomyocyte is
directly linked with its mechanical activity through the excitation–
contraction coupling principle. The presence of a mechanical–
electrical feedback is also emerging as a key modulator of both
cellular and tissue electrophysiological properties.33 For example,
acute stretching activates channels that alter cardiac automaticity,
evoking depolarizing currents in cardiomyocytes (entry of calcium

and sodium). The entry of calcium enhances the influx of sodium by
the sodium–calcium exchanger and can lead to the formation of the
action potential.34 Acute stretch is known to decrease the cardiac
conduction velocity as a function of the stretch level and orienta-
tion relative to impulse propagation.35 Interestingly, chronic stretch
can also modulate the electrical propagation by increasing Cx-43
expression, then leading to an increase in the conduction velocity.36

To mimic the mechanical environment of the cardiac cells,
the use of pressure variation or motors is required to apply a
deformation to the substrate.

We aim at developing a bioreactor (BioR) to optimize in vitro
development of cardiac replacement tissues. We describe here our
BioR and characterize the impact of electrical field stimulation
and mechanical stimulation, applied individually or combined, on
neonatal rat cardiomyocyte physiology.

METHOD

Characterization of electrical and mechanical
sub-systems

Data for the evaluation of the electrical stimulation sub-system
were acquired using NI USB-6221 DAQ (National Instruments, Inc.,
USA) controlled by a custom Python program using the PyDAQmx
library. Acquisitions were sampled at 10 kHz to test the period
of stimulation and at 100 kHz to evaluate the bipolar stimulation
duration.

Data for the evaluation of the mechanical stimulation sub-
system were acquired using a large field universal serial bus (USB)
camera (Dino-Lite, Taiwan). Images at different displacements of
the motors were acquired to estimate the deformation of the seed-
ing template. Video recordings (frame rate of 15 fps) were acquired
and analyzed using Matlab to validate the temporal period of cyclic
stretch.

Tests with cells in the BioR were done in a Thermo Forma
Series II incubator kept at 37 ○C with 5% CO2.

Cardiomyocyte isolation procedure

All animal-handling procedures were in concordance with the
Canadian Council on Animal Care guidelines and were approved by
the institutional animal research ethics committee. Cardiomyocyte
isolation was performed according to the protocol of the neonatal
cardiomyocyte isolation kit from Worthington. In summary, 1 to
3 day old rats (Sprague–Dawley, Charles River) were killed by decap-
itation. Beating hearts were removed from the rats and immediately
put in cold Ca2+ and Mg2+-free Hank’s Balanced Salt Solution. Ven-
tricular muscle was selected by excision, and tissue was minced on
ice into 1–3mm3 pieces. Themixture was subjected to purified enzy-
matic digestion (trypsin and collagenase). Isolated cells (enriched
cardiomyocytes) were counted and seeded at a density of 6.5 × 105
cells/cm2 in the seeding area of the membrane pre-coated with 0.2%
porcine-derived gelatin (G1890, Sigma) and 0.001 25% fibronectin
solution (F1141, Sigma). Cells were grown for 48 h in Dulbecco’s
Modified Eagle’s Medium (DMEM, 319-050-CL, Wisent) with 10%
fetal bovine serum (SH30396.03, Fisher Scientific Co. Ltd.) and 1%
penicillin/streptomycin (450-201-EL, Wisent). A concentration of
100 �g/ml of Normocin (ANT-NR-1, InvivoGen) was used in a sub-
set of experiments. Fetal bovine serum was then reduced to 5%
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in DMEM with 1% penicillin/streptomycin to limit the impact of
hypertrophy.

HEK239t cell culture

HEK293t was used to test adhesion of cultured cells during
deformation of the flexible culture template within the BioR. Briefly,
amplification of theHEK293t into a 100mm2 cell culture dish is con-
tinued until approximately 90% confluence is obtained by changing
the complete DMEM media (10% fetal bovine serum and 1% peni-
cillin/streptomycin) every 3 days. Then, cells were detached from
the Petri dish using a mixture of trypsin/ethylenediamine tetraacetic
acid (EDTA) 1× (5 min at 37 ○C). Cells were then seeded on the
membrane template (5 × 105 cells/ml) in the BioR. Cells were rested
for 24–48 h prior experimentation to ensure optimal adhesion and
density.

Fluorescence of calcium dynamics

Calcium transients were recorded to evaluate the electrical
stimulation sub-system. After 5 days of culture, cardiomyocytes
were washed with fresh media and incubated with 10 �M of fluo-4
AM (F-14201, Life technologies, Burlington, ON, Canada) and 0.2%
pluronic acid F-127 (P-3000 MP, Life Technologies) for 30 min at
37 ○C. Fluo-4-loaded cardiomyocytes were then washed four times
with fresh phenol-red-free media, followed by a 15 min resting
period to allow de-esterification of the dye. Calcium transient map-
ping experiments were performed in phenol-red-free DMEM, at
37 ○C. Fluorescence was recorded for 30 s at 125 Hz with a Car-
dioCCD camera (RedShirt Imaging, Decatur, GA, USA). The dye
was excited with a quartz tungsten halogen lamp (Oriel Instruments
Inc., Stratford, CT). The filters used for excitation and emission

were λexcitation ≈ 480 ± 20 nm (Chroma Technology Corp, Bellows
Falls, VT) and λemission ≈ 535 ± 25 nm (Semrock, Inc., Rochester,
NY), respectively. Signals were filtered and analyzed using an in-
house program using Matlab software (R2008, MathWorks, Inc.,
Natick,MA).

SYSTEM DESCRIPTION AND RESULTS

Physical design of the bioreactor

The 3D layout of the BioR is presented in Fig. 1. The key com-
ponents of the system are highlighted and include the items needed
for the mechanical and electrical stimulation. BioR is designed
around a “safe for food” crystal clear polystyrene disposable and
recyclable enclosure (4 1/4′′ × 1 1/2′′ unhinged container, Gary Plas-
tic Packaging Corp., NY), which sits on a custom-made Lexan sup-
port with two linear stepper motors (Haydon 28000 Series size 11 ID
7, Haydon Kerk Motion Solutions, Inc.). These motors have a step
size of 3.175 �m at full step. Each motor is physically connected to
a 3D printed acrylonitrile butadiene styrene (ABS) membrane sup-
port that transfer the shaft translation to an elongation of the poly-
dimethylsiloxane (PDMS) membrane on which adherent cells are
cultured. The displacement is restricted along the lengthiest dimen-
sion of the enclosure and guided by two parallel 17-4 PH stainless
steel rods (diameter = 2.38 mm, length = 101.6 mm,McMaster-Carr,
Inc.). The rods are anchored in a 3D printed ABS frame (bottom
left inset of Fig. 1), which also houses the carbon electrodes (dimen-
sions: 3.175 mm × 6.35 mm 96.164 mm, SK-05 ISO Graphite Plates,
Industrial Graphite Sales LLC) for electrical stimulation. The BioR
is compatible with cell culture within an incubator. All electronics
except the motors and the carbon electrodes are located outside the
incubator.

FIG. 1. Overall design of the bioreactor
showing the mechanical and electrical
stimulation sub-systems. The mechan-
ical stimulation is applied to the cells
attached to a homemade PDMS mem-
brane through elongation of the mem-
brane. Stretch of the membrane is done
by the controlled displacement of two
motor shafts. The displacement is con-
strained along two stainless steel rods
by the movement of 3D printed mem-
brane ABS holders. The stainless steel
rods are held in place by an ABS
frame, which also serves to stabilize the
carbon electrodes for electrical stimu-
lation. Bottom left inset: Schematic of
the frame showing the carbon electrode
positions and membrane holders. The
membrane holders have Teflon cylindri-
cal inserts through which stainless steel
rods pass through for decreased resis-
tance to movement. Upper right inset:
The bioreactor is shown with the trans-
parent cover to allow direct imaging tech-
niques.
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PDMS membrane and culture seeding area

A polydimethylsiloxane (PDMS)-based cell culture membrane
was used considering that the mechanical properties are easily mod-
ulated within physiologically relevant ranges37 and it is resistant to
mechanical deformations. PDMS is also biocompatible and easy to
use38 as well as transparent. Cells were cultured on an elastomeric
PDMS (SYLGARD 184, DowCorning)membrane that was designed
with T-shaped ends to be held by the membrane supports and a cen-
ter depressed region for cells (see Fig. 2 for details on dimensions).
An aluminum mold was designed using Solidworks (Dassault Sys-
tems Corp.), where parts A and B were designed and machined (left
insets of Fig. 2) with an open top to let air bubbles escape from the
mold. Degassing was performed before injecting the PDMS into the
mold with a vacuum pump (Platinum DV-85N, JB Industries). The
degassed binary compound (a mixture of a base and curing agent)
was injected through a luer-lock tip hole. A ratio of compounds
(curing agent:base) of 1:20 was used as this ratio has a Young’s mod-
ulus similar to physiological cardiac tissue while still being easy to
handle.39

Electronic control module for electrical
and mechanical stimulation

The prototype was built with a central microcontroller to con-
trol the timing of both the electrical andmechanical stimulation sub-
systems, as shown in Fig. 3. AnArduinoMega 2560 (Arduino.cc) has
been chosen for faster and more accessible development. Addition-
ally, this variant of prototyping Arduino boards offers more digital
outputs in comparison with the UNO or other smaller boards. These
additional digital outputs are needed to drive both electrical and
mechanical sub-systems. The microcontroller within the Arduino is

an ATmega2560 with 256 KB of flashmemory (of which 8 KB is used
for the bootloader), 8 KB of static random access memory (SRAM),
and 4 KB of electrically erasable/programmable read-only memory
(EEPROM).

Characteristics of the electrical stimulation
sub-system

The timing and waveform of the electrical stimulation were
driven by the microcontroller, which changes the digital output of
pins 46–53 tomodulate the output of the 8-bit digital-to-analog con-
verter (TLC7226CDW, Texas Instruments), as shown in Fig. 3. A
power operational amplifier (LM675T, Texas Instruments) was used
with 5W resistors R1 and R2 to form a non-inverting amplifier con-
figuration. The gain (×3.33) of the amplification increases the output
from the level selected by the user using a scaling factor in the code.
The electric field is applied to the cells via a pair of parallel carbon
plate electrodes [depicted in Fig. 4(a)]. The system allows voltage
amplitudes up to ±16 V. The current is limited to 250 mA by the
resistance R3 (in series with the cell culture setup resistance, as seen
Fig. 3).

Electrical stimulation protocol

The electrical stimulation is based on field stimulation with
a voltage difference applied to the cells via carbon electrodes
[schematically shown in Fig. 4(a)]. A biphasic stimulation wave-
form, with sequential positive/negative polarities per pulse, was
chosen to decrease accumulation of charges at the electrodes. Tem-
poral resolution of the stimulation is of the order of the microsec-
onds. Examples of output measured at R3 are shown in panel (b)
for a combined tstim ms up and tstim ms down square pulses (set

FIG. 2. Characteristics of the homemade
PDMS cell culture template (all dimen-
sions are in mm). (a) Close-up of the
membrane in the bioreactor where the
cells are cultured. (b) Cross section of
the PDMS membrane showing the side
T morphology for anchoring to the mem-
brane holder. The thinner section in the
middle corresponds to the area where
cells are seeded. (c) The membrane is
created by the molding technique with
a symmetric two-part mold (part 1 and
2). (d) Dimensions of one part of the
mold. (e) Simulated spatial dispersion of
the stress when elongation is applied
along the length of the membrane show-
ing that the maximum stress is found
within the seeding region (red regions of
the membrane).
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FIG. 3. Details of the bioreactor electronic components for the mechanical and electrical sub-systems that are both controlled by the Arduino MEGA board. Inset (a): Electrical
stimulation sub-system showing the digital-to-analog converter with the output from port A feeding the non-inverting amplifier circuit. Inset (b): Schematic of the shield and
connection that controls the linear stepper motor movement.

FIG. 4. Electrical stimulation. (a) The
electrical stimulation in the bioreactor
is applied by field stimulation with a
maximum voltage amplitude of 16 V in
both polarities. The voltage difference is
applied to the cells cultured between the
two carbon electrodes. (b) Typical out-
puts measured at resistor R1 (current
limited resistor) showing the bipolar stim-
ulation with positive and negative pulses
(stimulation duration per phases shown
are 0.2 ms, 0.5 ms, 1.0 ms, 2.0 ms,
and 4.0 ms as presented in the legend).
Duration of the pulses can be modified
by the user. (c) Calcium transients of car-
diomyocytes (Fluo-4 fluorescence shown
in blue) before, during, and after pacing
(pacing voltage shown in red). A clear
entrainment of the cells is shown at a
pacing frequency of 2.5 Hz (stimulation
characteristics of 2 ms per polarity and
amplitude of 10 V/cm).
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of tstim shown in the legend). However, these stimulation charac-
teristics can be modified as long as the up + down voltage total
duration is less or equal to the pacing cycle length defined by
the user. The benefit of the proposed design is that a variety of
stimulation protocols can be implemented. For example, unipolar
(with positive or negative polarity) or alternating output (a differ-
ent bipolar stimulation with alternation between positive and neg-
ative outputs) could be programmed. The timing of the voltage
changes is set by modifying the 8-bit digital output of the Arduino
intrinsic timer using interrupt functions from the TimerOne library
(http://github.com/PaulStoffregen/TimerOne). The timer is config-
ured to repetitively measure a period of time, in microseconds.
At the end of each period, an interrupt function runs to modify
the 8-bit digital output of the Arduino controlling the DAC state
and output voltage. Output to the amplification circuit can be set
to ground via an analog switch for safety purposes. The compar-
ison between the programmed period of stimulation (T) and the
mean measured T is linear with same values for a given T [see
Fig. 5(a)]. The inset in the panel shows that the standard devia-
tion of T calculated for different periods of stimulation is less than
0.1 ms. Examples for T = 1000 ms, 500 ms, and 200 ms are plotted
in Fig. 5(b).

An example of bipolar stimulation of cardiomyocyte is depicted
in Fig. 4(c). Cells were grown on the substrate for 5 days prior to the
initiation of the electrical stimulation protocol, which consisted of
2 ms pulses of 4.5 V/cm at 1 Hz.
Characteristics of the mechanical stimulation
sub-system

The system was designed with the stepper motor shield
(DFRobot, Inc.), which can drive both linear stepper motors of the
BioR and induce deformation of the elastic template [Fig. 6(a)] using
only two digital outputs from the Arduino (as depicted in Fig. 3)
for each motor. Simultaneous retraction of the motors stretches the
membrane, while the forward movement reverts the stretch level
to the initial state. An example of stretched cells cultured on the
PDMS template is shown in Fig. 6(c). Approximately, 14% stretch
was applied in this example.

Power to the shield andmotors is controlled using a relay board
(model 3051, Phidgets, Inc.), which is digitally controlled through
the Arduino pin 22. The shield is based on the Polulu A4988 chips

(one per motor). Digital outputs for each motor determined the
direction and the timing of steps. Usually, pin 4 (direction) and pin 5
(stepping) control the motion of the first motor. However, the timer
controlling the Arduino also requires pin 5. The shield has then been
modified to control the stepping of motor 1 with pin 23. Motor 2
is controlled by pin 7 (direction) and pin 6 (stepping). In this ver-
sion of the prototype, the step size was set to full step to maximize
the movement velocity. Please note that the shield limits the digital
control to steps and direction only while the Polulu driver’s digital
stepping options are set through a DIP switch on the board. A trade-
off exists between the resolution and velocity of movement. While
microstepping down to 1/16 of the full step (∼200 nm) is available
with the Polulu drivers, the step size was set to the full step to maxi-
mize the velocity, as minimum polarization of the coil is needed for
the movement of the motors.

Different protocols can be applied as depicted in Fig. 6(b): lin-
ear (stretch increase with time), static (stretch to a specific value
for a specific period of time), and cyclic (stretch of a specific value
and reverse during a specific period of time). Although a sinusoidal
variation (red curves, bottom panel) could be programmed, only
the triangular cyclic displacement has been implemented (blue line,
bottom panel) for the current work.

Validation of the mechanical sub-system

Deformation of the membrane induced by the displacement of
the motor was studied based on the deformation of the seeding area
borders. The results are presented in Fig. 7(a) where the width (W)
and length (L) of the membrane seeding area [(measures were taken
as highlighted in panel (b)] are shown for stretch and return phases
(note that the values for the return phase is shown with the inverse
sign for clarity). There is a linear relationship between the displace-
ment of the motors using the control center (Arduino-based system)
and the actual deformation applied to the membrane [Fig. 7(a)]. As
such, a displacement of 6 mm is transduced to a strain of 31.04%
of the membrane seeding area in the direction of the displacement
[example shown in panel (b)]. However, a small decrease (−6.7%)
in the membrane width (perpendicular direction of the displace-
ment) was observed. This contraction in the width of the membrane
can be explained by the Poisson effect. The calculated Poisson ratio

FIG. 5. (a) Comparison between the pro-
grammed stimulation period (T) and the
average measured period of stimulation
(�Tmeasured�) showing a clear and stable
1:1 response with very narrow standard
deviation error bars corresponding to the
values shown in the inset. Test pulses
had 2 ms positive and negative bipolar
duration. (b) Three examples of signals
obtained for T = 1 s (top), T = 0.5 s (mid-
dle), and T = 0.2 s (bottom) stimulation
period.
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FIG. 6. Mechanical stimulation sub-
system characteristics. (a) Schematic of
the sub-system setup based on two lin-
ear stepper motors that move two mem-
brane holders to which the PDMS mem-
brane is attached. Two stainless steel
rods serve as a guiding rail for the dis-
placement along the longer axis of the
membrane. (b) Sketch of the different
mechanical protocols that can be used
with our design, including static (top), lin-
ear (middle), and cyclic (bottom). Combi-
nations of these different protocols could
easily be integrated for complex culture
protocols. (c) Example of applied defor-
mation of attached Hek293t cells on the
displacement of the motors by 1.7 mm
resulting to a 14.2% stretch increase.

for a 6 mm stretch was 0.22. Return from the stretched to the ini-
tial state shows also a linear relationship between the motor dis-
placement and stretch level. However, a comparison of the absolute
value of the regression slope highlights a slight difference (5.4%/mm
for the stretching phase vs 5.7%/mm for the return phase).
Preliminary evaluations suggest that the mechanical construction

needs to have a lower tolerance than what was tested for this
prototype.

Cyclic stretch is an important modulator of cardiomy-
ocyte electrophysiological and contractile characteristics. As such,
our proposed design offers the possibility of various mechani-
cal stimulation types, including a cyclic stretch protocol. Cyclic

FIG. 7. Study of the link between the
motor displacement and cell seeding
region. (a) A linear relationship exists
between the motor shaft displacement
(for values between 0 mm and 6 mm)
for both the stretching and return phases
(from the stretched state to the un-
stretched state). The second set of lines
corresponds to the transverse change
in the template where contraction is
seen while stretching the membrane. (b)
Example of the data obtained and ana-
lyzed to obtain the results presented in
panel (a) where a displacement of 6 mm
resulted in 32% stretch and 8% contrac-
tion in the transverse axis.
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modulation of the length (L) and width (W) of the cell seeding tem-
plate has been studied [see the definition in Fig. 8(a)]. An example
of cyclic variation in the top and bottom boundary of the tem-
plate is shown in panel (B-i), while cyclic contraction due to the
Poisson effect is found along the axis orthogonal to the stretch
[panel (B-ii)]. The measured period of the cycle (�Tmeasured�) has
been tested over a range of imposed period (T) and the results are
shown in Fig. 8(c). As expected, a 1:1 relationship with very low
variability was found, confirming the stability and reliability of the
approach.

Important procedural steps in culturing
cardiomyocytes with electrical
and mechanical stimulations

As in any cell culture setup, careful cleaning and sterile con-
ditions are central. The BioR is an assembly of several parts. Thus,
maintaining appropriate sterile conditions, including cleaning pro-
cedures, is more challenging than that for regular cell culture in petri
dishes. A series of important steps have been determined. Every indi-
vidual part must be cleaned with dishwashing or specialized soap
(e.g., Decon 90, Decon Laboratories Limited, England) to remove
dust and residue from previous culture activity. All parts are then

put in 1% Javel-deionized water for 24 h to make sure that the
porous material is thoroughly decontaminated (including carbon
electrodes). The components are then washed out and immersed in
deionized water for 24 h, changed with fresh water every 6 h (at least
three times over the 24 h period). The components are then sterilized
by ethylene oxide, a sterilization process compatible with ABS com-
ponents of the system. The parts can be re-assembled and connected
to the motors under a sterile hood. Coating (to improve adhesion
of the cells) is added on the PDMS membrane. Either a combi-
nation of gelatin/fibronectin39 or fibronectin alone40 was found to
enhance the formation of a homogeneous monolayer. The assem-
bled system is then exposed to UV light for 15 min under sterile
hood. The sterilized system can then be put in the incubator, ready
for cell seeding.

Tests performed with rat neonatal cardiomyocytes suggest that
a relatively high density of cells is required to obtain a good syn-
cytium on the PDMS template within 24–48 h. A density of 450 000
cells/cm2 usually provides a monolayer with synchronized activity
(in the absence of mechanical and electrical stimulations). It is worth
noting that the key step is a 3-h resting period following cell seeding,
before adding cell culture media or moving the system. This step is
essential to maximize the yield and homogeneous dispersion of cells
within the membrane template.

FIG. 8. Evaluation of the BioR cyclic stretch. (A) Image of the cell seeding region with the definition of the length (L, along the direction of stretch) and width (W, transverse
to the stretch). The boundaries (for the cell seeding region) , which are displaced in the direction of stretch are labeled a and b (magenta continuous lines) and, which are
displaced perpendicular to the stretch (contraction displacement) are labeled c and d (magenta dashed lines). (B) Example of cyclic stretch with a period of T = 3 s and∼8% stretch shown as a color scale (boundaries are detected as a gradient of light intensity) is shown in colors (from cyan to red) over time. (B-i) Stretch of the boundary a
(top, pre-stretch position a and stretched position a′) of L and boundary b (bottom, pre-stretch position b and stretched position b′). (B-ii) Contraction of the boundary c (top,
pre-stretch position c and stretched position c′) and boundary d (bottom, pre-stretch position d and stretched position d′) along W. (C) Comparison between the measured
average periods (�Tmeasured�) vs the imposed periods of cyclic stretch showing a clear match with a very limited timing error (error bars represent the standard deviation) over
a 30 s recording.
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DISCUSSION AND CONCLUSION

We have designed and built a bioreactor prototype that incor-
porates both mechanical and electrical stimulations. The main inter-
est in our approach is the fine control of the stimulation param-
eters in regard to timing and amplitude, within a “simple” design
consisting of easy to find, affordable components and 3D printable
parts. This approach opens the way to more complex protocols for
electrical and/or mechanical stimulations.

Electrical stimulation can be applied either through local-
ized bipolar stimulation41 or field stimulation.42 We opted for
the field stimulation approach to promote synchronized excita-
tion of cells since localized stimulation (either unipolar or bipo-
lar) directly stimulates a limited number of cells proximal to the
electrodes. Moreover, activation is dependent on the cell con-
fluence level as well as intercellular electrical coupling between
cells. Various patterns of electrical stimulation can be gener-
ated involving different pacing periods. This is an important fea-
ture since progressively increased frequency has been reported
to induce electrophysiological changes consistent with cardiac
cell maturation.5 Interestingly, the system allows the program-
ming of irregular stimulation periods, which is known to con-
tribute significantly to ventricular excitation–contraction coupling
by altering the expression and activity of key calcium-handling
proteins.43

The innovative design of the culture membrane, including a
specialized region for cell seeding is customizable (using differ-
ent molds) in order to satisfy particular requirements and opti-
mize optical mapping studies. Mechanical stimulation is known
to modulate functional properties of cardiomyocytes and is also
believed to be a key factor to promote optimized adult pheno-
type of derived-cardiomyocytes.5 Although pulsatile linear stretch
in vitro causes marked upregulation of proteins that form electri-
cal and mechanical junctions44 and acute linear stretch was shown
to affect the action potential duration45 or inducing myocyte hyper-
trophy,46 the specific outcomes upon application of different stretch
types still remains to be determined. Furthermore, complex stretch-
ing patterns have been proposed to mimic in vivo tissue contrac-
tion.47 Several methods can be used to apply mechanical stimu-
lation to cells: axial stretch using carbon fibers,48 unidirectional
stretch using an elastic substrate,46 and biaxial stretch of elas-
tic substrate.49,50 While biaxial stretch is the most physiologically
relevant deformation, uniaxial stretch implemented in our proto-
type remains interesting but can be limited in part by its Poisson
contraction.

Uniaxial stretch has been applied through motor-induced rota-
tion of an elliptical rod/wheel44,51 or by a single electric motor52,53
or pneumatic actuator deforming an elastic membrane or cells-
embedded construct.54 Spatially constrained deformation by pres-
sure variation underneath a sealed membrane can also apply stretch
to cells.55 Even fluid jet applied to cardiomyocytes has been proposed
to study the effect of acute stretch.55 Of interest is the application of
dielectric elastomer actuator, which can deform using high voltage
thus applying stretch to attached cells56 to which extracellular elec-
trodes can be incorporated for measurement of cell electrical activ-
ity.57 A specificity of our concept is the use of two motors in order
to apply the unidirectional stretch. The decision was made from
the beginning in order to facilitate imaging the samples during the

culture process. The center of the membrane remains stable when
the same displacement is imposed to the motors (but in the opposite
direction) and, as such, keeping the field of view stable when cen-
tered at the middle of the membrane. However, we believe that the
use of two motors has an added value as to be able to re-position
the membrane, if needed without changing the elongation state of
the membrane by applying a displacement of the motor in the same
direction. This characteristic of our concept could thus easily permit
imaging at higher resolution along the axis of deformation without
additional hardware.

As expected, themotors, when in use, generate heat.When test-
ing the prototype in the incubator (Thermo Forma Series II incuba-
tor), we found that an adaptation time was needed to obtain a stable
temperature because of heat generated by the motors. We tested and
concluded that a period of “training” of 30 min with cyclic elon-
gation at 0.5 Hz (without the culture membrane) was long enough
to stabilize the temperature (when read on the incubator display)
and kept constant over the test period of 24 h for culture for the
same cyclical stretch protocol. Increasing the number of bioreactors
in the incubator may, however, be limited as many incubators are
designed to control heating but not cooling. To circumvent this pos-
sible limitation, the use of a liquid cooling system attached to the
motors with the heat sink located outside the incubator should be
considered.

A culture incubator is a harsh environment for electronics and
motors. Although no problem has been identified with the current
motor choice, the alternative could be considering to favor a longer
longevity of the system. The best options should be selecting IP65
certified stepper motors. As an intermediate step, application of a
silicone spray sealer on the motors and the polarization leads could
be considered.

As in all cell culture procedures, special care is needed. Spe-
cific timing for electrical and mechanical stimulation initiation is
important as highlighted above. Adhesion of cells to the membrane
is crucial to the approach where strain of an elastic membrane is
transferred to cells. A pre-culture time of 3–5 days after seeding the
neonatal rat cardiomyocytes is optimal prior electrical stimulation.
The culture medium should be changed daily to minimize potential
accumulation of charges and wastes in the culture9 although contin-
uousmedium change could improve the control of factors, including
autocrine modulators.

Our future aim is to use this system with induced pluripo-
tent stem cells to enhance differentiation and preservation of car-
diac phenotype as it would require precise electrical and mechanical
stimulations. The system described here would allow to study and
optimize tissue engineered cardiac patches with improved contrac-
tility, controlled spontaneous rate of activity (as in the biopacemaker
concept58,59), modulated responses to cholinergic (modulation of
spontaneous activity) and adrenergic stimulation (modulation of
spontaneous activity and contractility), or decreased automaticity to
limit arrhythmia.
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