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We herein describe the fabrication and evaluation of an electrical stimulator-integrated functional poly-
dimethylsiloxane (PDMS) diaphragm platform to examine the influence of drug toxicity on electrically
synchronized cardiomyocytes. The integrated electrical stimulator allows the cardiomyocytes to contract
and relax at a specific beat frequency. The growth conditions of the cardiomyocytes can be modulated by
controlling the duty cycle, pulse duration, and frequency of the electrical stimulator. Electrical stimulation
not only synchronized the beat cycle of the cardiomyocytes but also affected cardiomyocyte maturation.
The microgroove structures formed on the PDMS surface had a positive influence on the contractile
force through the alignment of the cardiomyocytes. The displacement of the PDMS diaphragm caused
by the contractile characteristics of the cardiomyocytes was precisely measured at the nanoscale using
a laser displacement sensor. After preliminary experiments were carried out using the platform, two
typical cardiovascular drugs (Verapamil and E-4031) were selected to evaluate the performance of the
proposed sensor platform. The changes in contraction and beat rate due to drug toxicity were system-
atically investigated in the electrically synchronized and spontaneously beating cardiomyocytes on the
PDMS diaphragm. The use of electrically synchronized cardiomyocytes in drug toxicity screening may
contribute to elucidating the relationship between cellular contraction and drugs.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Drug-induced cardiac toxicity is an important cause of failure in
drug development and clinical trials. The problem of drug toxicity
has led to the withdrawal of existing commercial cardiovascu-
lar or non-cardiovascular drug products from the market [1]. To
address this issue, regulatory agencies such as the Food and Drug
Administration and the European Medicines Agency demand in-
vitro testing of drug candidates to identify potential risks of QT
interval extension before clinical trials. Patch-clamp technology
has been adopted as a gold standard in drug toxicity screening to
measure QT interval extension at the cellular level [2,3]. However,
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electrophysiological analysis based on the patch-clamp requires
skilled researchers and is not suitable for drug testing at the initial
stage of drug development, which requires high throughput for fast
screening. To overcome the drawbacks of the patch-clamp, a new
electrophysiological method based on electrode arrays known as
the microelectrode array has been developed to map the extracel-
lular action potential of cardiomyocytes. The microelectrode array
system enables local detection of the field potential of individual
cardiomyocytes with high resolution and sensitivity but is unable
to directly measure their contractile force [4-6].

The most vital function of the heart is to circulate blood through-
out the body. To do this, regular contraction and synchronization
of cardiomyocytes are essential features of cardiac function and
depend on the electromechanical dynamics of cardiac tissue. While
the evaluation of changes in the beat rate and contractility of
cardiomyocytes upon drug intervention is not a requirement in
preclinical safety guidelines, some have argued that it is essen-
tial to evaluate cardiomyocyte contractility during the early stages
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of drug development and selection. This is because conventional
electrophysiological methods are considered as the only method
in cardiac toxicity screening. Various approaches to analyze the
mechanical behavior of cardiomyocytes in association with drug
concentrations have been studied. For example, the mechanical
behavior of single cardiomyocytes can be measured microscopi-
cally by observing changes in the curvature of micropost arrays
induced by cell contraction. Each post of the arrays flexes indepen-
dently in response to contraction of the attached cardiomyocytes,
and the contractile force is measured by the degree and direction
of bending of each post [7,8]. However, it is difficult to analyze the
mechanical behavior of cardiomyocytes in real-time using this pro-
cedure, as images are acquired by optical microscopy. Furthermore,
the bending of the posts is minute, making it difficult to systemat-
ically analyze the micropost displacement.

An alternative technique that offers better sensitivity is to mea-
sure the deformation of a cantilever structure using a monolayer
of cardiomyocytes. The displacement of the cantilever caused by
the contraction of the cardiomyocytes can be characterized using
optical imaging, a laser displacement sensor, or an integrated
strain sensor [9-11]. Various studies have been carried out on
the relationship between cardiomyocyte contractility and drug-
using cantilever devices. Although good new results have been
obtained, the use of cantilever devices still has drawbacks. Since
the cantilever has a suspended structure, it is difficult to maintain
constant cell density on the cantilever. This is due to the loss of
cardiomyocytes to the lower space rather than the upper part of
the cantilever during the cell seeding process. Another issue is that
the beat frequency of the cardiomyocytes in the control state is not
always constant. This may lead to unexpected problems during the
analysis of drug toxicity based on contractile forces. Besides, it is
difficult to systematically analyze the beat rate and spontaneous
contractive force, which are decreased by the drug, especially at a
low beat rate.

Here, electrical stimulator-integrated polydimethylsiloxane
(PDMS) diaphragm was employed for cardiac toxicity screening
applications. The proposed platform is capable of electrically stimu-
lating cultured cardiomyocytes through an integrated Au electrode.
Real-time force analysis can be realized by measuring the displace-
ment of the thin PDMS diaphragm induced by cell contraction using
a laser vibrometer. Moreover, microgrooves formed on the upper
part of the PDMS diaphragm improved contractility by aligning
the cardiomyocytes. For preliminary drug toxicity screening, fur-
ther experiments were conducted using two drugs. The difference
between spontaneous and synchronized beating was studied based
on the changes in the beat frequency and contractile force of car-
diomyocytes.

2. Design and fabrication

Fig. 1 shows a schematic of the electrical stimulator-integrated
functional PDMS diaphragm and the principle of measuring con-
tractility based on cell relaxation. The PDMS diaphragm, which
possesses biocompatible and elastic properties, was employed to
analyze the cell contractile force by measuring the diaphragm dis-
placement. The beat frequency of the cultured cardiomyocytes was
controlled by electrical stimulation, and the electrodes required
for this function were formed on a glass substrate employed
as a body. The cardiomyocytes were radially aligned along the
micropatterns formed in the PDMS diaphragm, which maxi-
mized the displacement of the diaphragm as the cells contracted
and relaxed. Four diaphragms were formed on a single chip to
improve the accuracy of the analysis. The size of the proposed
electrical stimulator-integrated PDMS diaphragm structure was
14mm x 14 mm x 0.5 mm, with a thickness and diameter of 10 wm

and 3 mm, respectively. The distance between the two electrodes
for electrical stimulation was 12 mm. The microgrooves formed on
the surface of the PDMS diaphragm were diagonally aligned to the
center of the diaphragm in the quadrant. The grooves had a width
of 3 wm, a depth of 0.5 wm, and a gap distance of 3 wm. To measure
the vertical displacement of the diaphragm caused by cardiomy-
ocyte contraction and relaxation using a laser displacement sensor,
a circular reflector with a diameter of 500 wm was formed on the
bottom surface of the diaphragm. Finite element analysis was per-
formed using COMSOL Multiphysics to confirm the displacement
change based on the force applied to the PDMS diaphragm where
the cardiomyocytes were cultured. The PDMS film was deformed
in the vertical direction by using a force in the normal direc-
tion (Young’s modulus: 750 kPa, Poisson’s ratio: 0.49). Simulation
results showed that as the applied force increased from 10nN to
100 nN, the displacement of the PDMS diaphragm increased from
1.3 wm to 13.1 wm. The calculated spring constant of the PDMS
diaphragm was 7.63 wN/m (Fig. S1). The PDMS diaphragm dis-
placement could be precisely measured at the nanoscale using
a laser vibrometer, which exhibits exceptionally high sensitivity
compared to that of integrated strain sensors.

Fig. 2 shows the fabrication process of the electrical stimulator-
integrated functional PDMS diaphragm. The proposed PDMS
diaphragm structure consisted of microgrooves for cell alignment,
a PDMS layer integrated with a reflector for displacement mea-
surement, and a glass body with two electrodes for electrical
stimulation. During the fabrication process, a microgroove mold
was formed by patterning photoresist on a Si wafer using a pho-
tolithographic process to obtain 3-pwm lines and spaces. A thin
PDMS layer was formed on the microgroove mold via spin-coating.
The thickness of the PDMS diaphragm was 10 pm, and the spin-
coated PDMS layer was cured at 80°C for 1h using a hot plate.
After deposition of 10 nm of Ti and 100 nm of Au using an E-beam
evaporator, a reflector was defined on the PDMS layer through pho-
tolithographic and metal etching processes [12]. The shape of the
PDMS diaphragm was then defined by cutting the PDMS layer using
a blade. Two electrodes on the glass part were also defined with
10 nm of Ti and 100 nm of Au using an E-beam evaporator, and the
glass part with electrodes was through-etched to form holes with
diameters of 3 mm. A sand-blasting process was employed for glass
etching. Next, a glass body (14 mm x 14 mm) with electrodes and
holes was diced from a glass wafer. The Si wafer with the func-
tional PDMS diaphragm and glass body with two electrodes were
bonded using a plasma surface treatment system (FEMTO SCIENCE,
CUTE-MPR). The fabrication of the electrical stimulator-integrated
functional PDMS diaphragm was completed by removing the pho-
toresist used as the microgroove mold.

3. Results and discussion
3.1. Effect of microgrooves on cardiomyocyte growth

Microstructures formed on the surface of the diaphragm have
a significant influence on sarcomere length, which is an essen-
tial factor affecting the contractile force of cardiomyocytes. In
this experiment, microgrooves with a width and spacing of 3 pum
were integrated to maximize the displacement of the PDMS
diaphragm. Fig. 3 shows optical images of cardiomyocytes cul-
tured on the PDMS diaphragms with and without microgrooves
and the displacement of the PDMS diaphragm through cardiomy-
ocyte contraction and relaxation on day 9. The experimental results
showed that cardiomyocytes cultured on the PDMS diaphragm
without microgrooves were grown isotropically. The displacement
of the PDMS diaphragm caused by cardiomyocyte contraction and
relaxation was 4 wm. On the other hand, cardiomyocytes cultured
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Fig. 1. Schematic diagram of the electrical stimulator-integrated functional PDMS diaphragm.

Relaxation Contraction

P ;
Cover \
. \/
well plate‘:___ PR patterning (microgrooves) Metal patterning
Top = i oy T
gasket &~ s S

JRE ‘ z’
poMs | AN | - .
diaphragm: —_— ; i PDMS coating & metal Bonding Glass sand blasting ]

................. < :  patterning B

Bottom ‘

gasket \ ”*
/L’

Bottom \w’

well platei\\“”‘: i PDMS layer cutting Release
=)

(b)

Fig. 2. (a) Fabrication process of the electrical stimulator-integrated functional PDMS diaphragm composed of silicon and glass parts. (b) Optical image of the fabricated
functional diaphragm and scanning electron microscopic image of the PDMS diaphragm surface with microgrooves.
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Fig. 3. Optical images and contraction behavior of cardiomyocytes on PDMS diaphragms (a) without and (b) with microgrooves.

on the PDMS diaphragm with microgrooves were well aligned in
the groove direction, and the displacement was measured to be
10.6 wm. As the microgrooves were formed in the radial direction
of the diaphragm, the cardiomyocytes showed better alignment
in the radial direction of the PDMS diaphragm (Fig. S2), and the
enhanced contraction behaviors caused the displacement of the
PDMS diaphragm to increase by 2.6 times (Fig. 3).

Contractility of the cardiomyocytes cultured on the
microgroove-patterned PDMS diaphragm was investigated by
measuring the displacement of the PDMS diaphragm. Fig. S3a
in the supporting information shows the displacement of the
cardiomyocytes seeded microgroove-patterned PDMS diaphragm.
The ideal relative contraction force and a beat rate of the cultured
cardiomyocytes and ideal displacement of the cardiomyocytes
cultured microgroove-patterned PDMS diaphragm were mea-
sured by using five functional well-plates and all the obtained
data are expressed as mean+s.d. for at least five independent
experiments. The displacement of the microgroove-patterned
PDMS diaphragm gradually increased with increasing the culture
period. The microgroove-patterned PDMS diaphragm showed
the maximum displacement of 9.485 + 1.485 um on day 9 of the
culture period. The relative contraction force of the cultured car-
diomyocytes on day 9 was found to be 477.8 + 74.8 (Fig. S3b). Then,
the displacement of the PDMS diaphragm and relative contraction
force of the cardiomyocytes decreased with further increasing
the culture period. This phenomenon could be attributed to the
finite lifetime of the cultured cardiomyocytes. Besides the beating
rate of the cultured cardiomyocytes decreased at higher culture
period indicative of more maturation of cardiomyocytes (Fig. S3c)

resembling studies based on NRVM tissue [13]. The beat rate
of the cardiomyocytes on day 3 was found to be 12949, and it
was decreased ~60 % (25+7) on day 9. We have carried out the
Immunocytochemistry (ICC) staining analysis to demonstrate the
improved maturation of the cardiomyocytes at higher culture
period. Fig. S3d shows the a-actinin of cardiomyocytes and sar-
comere length of the cardiomyocytes on day 5 and 9 of the culture
day. The a-actinin of the cardiomyocytes attained from day 9
more elongated in the microgroove direction compared to that
of cardiomyocytes obtained from day 5. The sarcomere length
of cultured cardiac cells on day 5 and day 9 was found to be ~
1.79+0.0047 um and 1.88+0.0045 pm. The higher sarcomere
length of cardiomyocytes on day 9 was indicating the formation
of more matured cardiomyocytes resembling the previous investi-
gation [14-16]. Besides, the displacement of the four diaphragms
formed on a single chip, caused by cell contraction, on the 9th day
of cell culture showed a difference of £3.7 %, which was expected
to be caused by the difference in cell density (Fig. S4). The proposed
diaphragm structure shows a minute difference compared to the
conventional cantilever sensors.

3.2. Synchronization of cardiomyocyte beating by electric
stimulation

The electrical stimulator-integrated functional PDMS
diaphragm was used to synchronize the beating of cardiomyocytes
through electrical stimulation and to measure the diaphragm dis-
placement caused by cell contraction and relaxation. Fig. 4a shows
the schematic illustration of the experimental setup used for mea-



Y.-J. Jeong, D.-S. Kim, J.Y. Kim et al. / Sensors and Actuators A 301 (2020) 111760 5

(a ) Laser vibrometer

PDMS diaphragm-based well plate
for electrical stimulation

1.2

midifier i
L3

Tank for water
heating and
hul

Function generator

Monitor

Pogo pin for electrical stimulation

- G "G

Well plate

Stage top incubator

(b) | 0.5Hz

1.0 4

1Hz

0.8

0.6

0.4

Normalized displacement

0.2 4

OO—IUL«VLL‘

1.5Hz

2 Hz 2.5Hz 3 Hz

30 40 50 60
Time (s)

Fig. 4. (a) Schematic illustration of the measurement system used for electrical stimulation. (b) Contraction and relaxation analysis of cardiomyocytes at various electrical

stimulation frequency.

suring the contraction force of the cardiomyocytes cultured on the
proposed PDMS diaphragm. The measurement system consisted
of a function generator for electrical stimulation, a charge-coupled
device-laser displacement sensor (LK-G30, Kenyence, Osaka,
Japan) controlled by Lab-VIEW for measuring the displacement of
the PDMS diaphragm, and a home-made stage-top incubator. The
X-Y-Z stage was used to align the laser spot of the displacement
sensor to the metal reflector integrated on the PDMS diaphragm.
Electric stimulation to synchronize cell beating was performed
using square-wave pulses at a pulse duration of 2ms and an
electric field of 3 V/cm. Preliminary analysis of the maximum force
and single beat shape of cardiomyocytes showed no significant
changes with and without electrical stimulation, as shown in S5.
Fig. 4b shows the normalized displacement of the cardiomy-
ocytes cultured PDMS diaphragm as a function of different external
electrical stimulation. The beat rate and contraction characteris-

tics of the cardiomyocytes in response to the change in electrical
stimulation frequency (0.5-3 Hz) were further analyzed. The beat
rate was precisely synchronized to 30, 60, 90, 120, 150, and 180
beats/min as the electric stimulation frequency increased from
0.5Hz to 3 Hz. It was also confirmed that the cells were not com-
pletely relaxed and contracted when the beat frequency was higher
than 1Hz. In other words, as the beat frequency increased, the
maximum displacement of the PDMS diaphragm was kept con-
stant at 10 pm, while the change in displacement decreased. Thus,
it was difficult to accurately analyze the diaphragm displacement
induced by cardiomyocyte contraction and relaxation when the
electric stimulation frequency was 1 Hz or higher. Also, the contrac-
tile force of the cardiomyocytes was the highest 9-10 days after cell
culture, and the beat frequency at this time was 0.4 Hz. Therefore,
cardiomyocyte synchronization through electrical stimulation was
carried out at a frequency of 0.5 Hz.
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Fig. 5. Changes in beat frequency and contractile force of cardiomyocytes with and without electrical stimulation as a function of Verapamil concentration. (a, b) without

stimulation, (¢, d) with stimulation.

3.3. Dose-response studies of cardiac drugs

Cardiomyocytes were obtained from neonatal rat ventricular
myocytes, as described in previous studies with the approval
of the animal ethics committee of Chonnam National Univer-
sity [17-21]. Drug toxicity experiments were performed with
Verapamil (Sigma-Aldrich), an L-type CaZ* channel blocker, and E-
4031 (Sigma-Aldrich), a human ether-a-go-go-related gene (hERG)
channel blocker. The contractile force and beat frequency of the
cardiomyocytes were measured after 9 days of cell culture with
drugs at various concentrations. The ethanol in which the drug was
diluted was maintained at a concentration below 0.1 % (v/v). Drug
concentrations were selected based on ICsq values approved by the
Food and Drug Administration.

The changes in beat frequency and contractile force of the car-
diomyocytes with changes in drug concentration were analyzed
with and without electrical stimulation. Generally, Verapamil is
used to control the ventricular rate in the prevention of supraven-
tricular tachycardia, as the contraction and beat rate decrease as the
drug concentration increases [22]. Fig. 5a and c show the changes
in cardiomyocyte beat rate with the administration of various con-
centrations of Verapamil with and without electrical stimulation.
Spontaneously beating cardiomyocytes showed slightly reduced
beat rate with increasing concentrations of Verapamil, while elec-
trically stimulated cardiomyocytes maintained a beat rate of 30
beats/min up to a concentration of 200 nM. At 500 nM, the beat
rate was not synchronized by electrical stimulation and decreased
to 14 beats/min (Fig. S1a). The beat rate of electrically stimu-
lated cardiomyocytes at 1 WM was 6 beats/min, which was similar
to that of spontaneously beating cardiomyocytes. As shown in
Fig. 5b and d, as the concentration of Verapamil increased, the dis-
placement of the PDMS diaphragm associated with cardiomyocyte

contractility was equally reduced in spontaneously beating and
electrically stimulated cardiomyocytes. Compared with cardiomy-
ocytes with a synchronized beating at Verapamil concentrations
of 100 nM, 200 nM, and 500 nM, spontaneously beating cardiomy-
ocytes showed significantly decreased contractile force. When the
concentration of Verapamil was 1M, both types of cardiomy-
ocytes showed similar contraction characteristics, which were
almost the same as those in the necrotic state as they were
decreased by more than 80 %.

E-4031 is a class III antiarrhythmic drug that blocks hERG-
type potassium channels and prolongs repolarization. It is used
for research purposes only because it can cause fatal arrhythmia
by prolonging the QT interval. Fig. 6a and c show the changes in
beat rate after cardiomyocytes were subjected to various concen-
trations of E-4031 and washout periods, both with and without
electrical stimulation. The beat rate of spontaneously beating car-
diomyocytes gradually decreased with increasing concentrations
of E-4031, to approximately 44 % at the maximum concentra-
tion of 50 nM and slightly increased after the culture medium was
replaced. Electrically stimulated cardiomyocytes exhibited con-
stant beating in synchronicity when the E-4031 concentration was
5nM and 10nM. However, at concentrations above 20 nM, there
were intermittent abnormal beats with synchronized beats by elec-
trical stimulation (Fig. S6b). One day after the culture medium
was replaced, intermittent beats that were no longer synchronized
with electrical stimulation were observed. Two days after medium
change, the beats were synchronized by electrical stimulation, but
abnormal contraction characteristics were observed at the maxi-
mum contraction point of every single beating, similar to samples
that were not electrically stimulated. The contractile force of car-
diomyocytes with and without electrical stimulation did not show
gradual changes, as shown in Fig. 6b and d, but changed within
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stimulation, (c, d) with stimulation.

5 % with increasing drug concentration. From these experimental
results, it can be seen that E-4031 is not related to calcium ions,
which has a large influence on contraction.

The preliminary experimental results showed that the elec-
trically stimulated cardiomyocytes exhibited reduced contraction
with increasing concentration of Verapamil, a Ca* channel blocker.
The contraction was not synchronized with electrical stimulation
at a concentration close to the IC5g measured by conventional elec-
trophysiology [23]. In contrast, E-4031, an hERG channel blocker,
exerted no effect on the contractile force with increasing concen-
tration. Aside from that induced by electrical stimulation, E-4031
caused an additional beating at a concentration similar to the ICsq
value measured by electrophysiology, resulting in an increase in
beat rate. Cardiomyocyte contraction is initiated directly as CaZ*
is introduced through L-type Ca2* channels in the cell membrane,
thereby increasing the concentration of Ca?*. In the presence of
CaZ* channel blockers, the concentration of CaZ* in the cardiomy-
ocytes is decreased. It is expected that the contractile force would
also decrease and that stimulation would not induce beating. Gen-
erally, most cardiomyocytes isolated from animals exhibit irregular
beating characteristics during incubation. Thus, it is challenging
to resolve the issue of drug toxicity based on contraction behav-
iors and beat cycles. The preliminary results obtained using the
proposed method involving electrical stimulation exhibited great
potential in addressing the drawbacks of previous methods since it
is possible to control the beat cycle of cardiomyocytes at a constant
level.

4. Conclusion

In this study, a functional PDMS diaphragm integrated with an
electric stimulator was employed to synchronize the beat rate of
cardiomyocytes through electrical stimulation, and drug-induced
cardiac toxicity of the electrically synchronized cardiomyocytes
was analyzed in real-time. The electrical stimulation conditions
were optimized at a frequency of 0.5Hz, pulse duration of 2 ms,
and electrical field of 3 V/cm. The contraction and synchronization
characteristics of drug-induced cardiomyocytes with and with-
out electrical stimulation were systematically investigated using
the proposed drug toxicity screening platform. According to the
primary experimental results, the beat synchronization of car-
diomyocytes by electrical stimulation can solve the irregular beat
issue of previous drug screening studies based on contractile
force. Besides, the exciting results were that the cardiomyocytes
exposed to a drug concentration similar to the ICsg value assessed
by electrophysiological assays were not to synchronize the beat
rate regardless of electrical stimulation. In the future, the pro-
posed electrical stimulator-integrated functional PDMS diaphragm
is expected to be useful in better understanding the electromechan-
ical biological behavior of cardiomyocytes.
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