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ARTICLE INFO ABSTRACT

Keywords: Over the past few years, cardiac tissue engineering has undergone tremendous progress. Various in vitro methods
Cardiomyocytes have been developed to improve the accuracy in the result of drug-induced cardiac toxicity screening. Herein, we
Cantilever propose a novel SU-8 cantilever integrated with an electromechanical-stimulator to enhance the maturation of
Stimulation

cultured cardiac cells. The simultaneous electromechanical stimulation significantly enhances the contraction
force of the cardiomyocytes, thereby increasing cantilever displacement. Fluorescence microscopy analysis was
performed to confirm the improved maturation of the cardiomyocytes. After the initial experiments, the con-
tractile behaviors of the cultured cardiomyocytes were investigated by measuring the mechanical deformation of
the SU-8 cantilever. Finally, the proposed electromechanical-stimulator-integrated SU-8 cantilever was used to
evaluate the adverse effects of different cardiac vascular drugs, i.e., verapamil, lidocaine, and isoproterenol, on
the cultured cardiomyocytes. The physiology of the cardiac-drug-treated cardiomyocytes was examined with and
without electrical stimulation of the cardiomyocytes. The experimental results indicate that the proposed can-
tilever platform can be used as a predictive assay system for preliminary cardiac drug toxicity screening ap-

Contraction force
Drug toxicity screening

plications.

1. Introduction

Although medical diagnosis, treatments, and prevention have un-
dergone substantial development, cardiovascular diseases remain a
significant concern to human health [1]. Cardiovascular diseases are
the leading global cause of death, accounting for 17.3 million deaths
per year. This number is expected to increase to > 23.6 million by
2030. According to a recent study performed by Benjamin et al.,
106000 Americans die every year as a consequence of taking prescribed
cardiovascular medications, and nearly five times the number of people
killed by the adverse effects of cardiovascular drugs [2]. The side effects
of such drugs are among the several factors for the high rate of heart
failures [3]. Thus, cardiac diseases due to the adverse effects of cardiac
drugs is a significant health risk; therefore, addressing it should be
considered a global health priority. At present, a patch-clamp assay is
widely used to recognize the side effects of cardiovascular drugs at an
early stage of drug discovery [4]. Numerous electrophysiological
methods have been developed to analyze drug-induced cardiac toxicity

effects [5,6]. For instance, the microelectrode-array-integrated biosen-
sing platforms have been developed for measuring the electro-
physiological characteristics, such as field potential and impedance, of
drug-treated cardiomyocytes [7]. However, the development of new
methods is still required for ensuring the reliability of the drug-induced
cardiac screening platform.

Recently, several techniques, including mechanical/electrical sti-
muli, have been developed to support the results of electrophysiological
methods [8]. These techniques use the principle of mechano-trans-
duction to investigate the electrophysiological characteristics of the
cardiomyocytes. Another type of stimulus is the utilization of the geo-
metry of substrates. This stimulus allows the cells to take advantage of
the environment during growth [9]. Such techniques typically utilize
two-dimensional or three-dimensional (3D) cell culturing platforms
with micro- or nanosized groove patterns. The surface-patterned sen-
sing platform efficiently stimulates cell-cell proximity, enhances cell
self-assembly and improves the overall tissue function [10]. For in-
stance, a microgroove (ugroove)-patterned cantilever is effective for
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improving cell maturation and investigating the contractile behaviors
of drug-treated cardiomyocytes [11]. Among the various proposed
polymer-based cantilevers, the SU-8 material has received considerable
attention because of its biocompatibility and excellent capability for
mass production. In addition, SU-8 exhibits the desirable cell adhesion
property and efficiently transmits the resultant contractile force. Thus,
the SU-8 cantilever exhibits large bending displacement and can iden-
tify small changes in the contractility of the cardiomyocytes [12]. Re-
cently, electrical-stimulation-based cell culture platforms have been
developed to improve the maturation of the cultured cardiomyocytes.
The applied electric field triggers an action potential related to the ion
flux through the cell membranes [13]. In recent studies, the benefits of
electrical stimulation were effectively utilized [14], and arrhythmia
[15], mechanoelectrical feedback [16], and contraction and relaxation
of cardiomyocytes were successfully detected. All the proposed
methods have advantages and limitations in terms of the precision,
physiological significance, and scalability of the device. For example,
most of mechanical stimulation studies mainly focused on the topo-
graphical feature. In conventional electric-field stimulation studies, the
electrodes were exposed to the cell culture medium. The long-term
exposure of electrodes in the conducting cell culture medium typically
results in a nonreversible Faradaic reaction, electrode degradation, and
the production of harmful byproducts [17]. Cantilever-based studies
mainly focused on the 3D organization of cardiomyocytes to elucidate
the physiology of the cardiomyocytes [18], which is insufficient for
improving tissue engineering in vitro. Therefore, a facile and efficient
biosensing platform is required for improved tissue engineering and
quantification of changes in the contractility behaviors of drug-treated
cardiomyocytes.

With this research background and considering the advantages of
both mechanical and electrical stimulation, herein, we propose a new
cantilever platform to overcome the technical limitations of currently
available cardiac toxicity screening methods. To the best of our
knowledge, there are no reports on a cantilever-based device that si-
multaneously applies both mechanical and electrical stimulation. The
surface-patterned SU-8 cantilever regulates cultured cardiomyocyte
growth, morphology, and cell adhesion. The integrated electrical sti-
mulator synchronizes the cardiomyocytes growing on the cantilever,
thereby facilitating their maturation. The cardiomyocytes cultured on
the SU-8 cantilever exhibited significantly improved maturation owing
to the simultaneous mechanical and electrical stimulation. Fluorescence
microscopy analysis and a western-blotting experiment were performed
to demonstrate the enhanced cell maturation of the cultured cardio-
myocytes. Furthermore, the proposed SU-8 cantilever platform was
used to evaluate the adverse effects of different cardiovascular drugs,
i.e., verapamil, lidocaine, and isoproterenol, on the cardiomyocytes. In
most of the previously reported studies, drug-treated cardiomyocytes
often exhibited irregular beating behavior and an inconsistent beating
cycle. In this study, these limitations were successfully overcome. The
proposed SU-8 cantilever integrated with electrical and mechanical
stimuli provided informative readouts, such as changes in the relative
contraction force, rise time, and decay time of the drug-treated cardi-
omyocytes, which are beneficial for in vitro preclinical drug-screening
applications.

2. Materials and methods
2.1. Device concept and fabrication of SU-8 cantilever-based stimulator

Fig. 1(a) shows the device concept of the proposed SU-8 cantilever-
based cell culture platform. Fig. 1(b) shows a schematic view of the
ugrooved electrode-integrated SU-8 cantilever and its operational
principle. The device consists of a surface-patterned Au-electrode-in-
tegrated SU-8 cantilever, ~ 3-um-pitch groove patterns, and a 0.5-pm
laser reflecting electrode. The length (1), width (w), and thickness (d) of
the cantilever are ~6 mm, 2 mm, and 16 pm, respectively. The
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calculated spring constant of the SU-8 cantilever is ~0.018 N/m. The
length (1), width (w), and thickness (d) of the cantilever body are ~7
mm, 11 mm, and ~120 pm, respectively. The ugroove and electrical
stimulator provide mechanical and electrical stimulation to the cultured
cardiomyocytes. The integrated electrodes provide not only electrical
stimulation but also impart compressive stress on the SU-8 cantilever
during its operation, thereby simultaneously applying mechanical sti-
mulation to the cultured cardiomyocytes.

Fig. 2 shows a detailed schematic illustration of the fabrication
process flow for the pgrooved Au-electrode-integrated SU-8 cantilever.
In a typical fabrication process, a 4-inch Si wafer was used as a sub-
strate. Subsequently, a ~300-nm-thick silicon dioxide sacrificial thin
film was grown on the Si substrate by a wet oxidation method. Then, a
~16-um-thick SU-8 3010 (MicroChem, USA) photoresist was spin-
coated on the sacrificial layer to form the cantilever structure. There-
after, 10 nm/100 nm thick Ti/Au electrodes were deposited using an
electron-beam deposition method. Next, ~3-um-pitch groove patterns
were defined on the cantilever surface using a thin SU-8 2002 (Micro-
Chem, USA) photoresist. Finally, the cantilever body structure was
formed using an SU-8 2050 (Microchem, USA) thick photoresist.

Fig. 3(a) shows an optical image of the pgrooved Au-electrode-in-
tegrated SU-8 cantilever before release from the Si substrate. The SiO,
sacrificial layer was dissolved in a buffered oxide etchant and subse-
quently released the SU-8 cantilever from the Si substrate. Furthermore,
additional cleaning processes such as flood exposure at 6000 mJ/cm?,
hard baking at 95 °C for 4 h, and sterilization in an autoclave were
performed to improve the device stability and eliminate the toxicity of
the fabricated devices. Fig. 3(b) shows an optical image of the Au-
electrode-integrated SU-8 cantilever with electrical wires. A thin poly-
dimethylsiloxane layer was coated on the wire bonding area to prevent
the undesired electrical contact between the metal electrodes and the
cell culture medium. Fig. 3(c) shows an optical image of the fabricated
cantilever platform in a cell culture medium. A detailed description of
experimental methods for neonatal rat ventricular myocyte (NRVM)
isolation is provided in the online data supplement.

2.2. Electrical stimulation and measurement system

The cardiomyocytes were seeded on the Au-electrode-integrated SU-
8 cantilever with surface patterns. Then, the cardiomyocytes were pre-
cultured for 72 h in a culture medium. Subsequently, electrical stimu-
lation was performed by applying square monophasic pulses to the
cardiomyocytes growing on the cantilevers. Before the drug-screening
experiments, the electrical-stimulation parameters, such as bias voltage,
frequency, and pulse duration, were optimized. The optimized stimu-
lation parameters were a pulse duration of ~2 ms, a frequency of 0.5
Hz, and an amplitude of 500 mV. The distance between the two Au
electrodes was ~1000 um. The contraction force of the cardiomyocytes
under electrical stimulation was monitored by measuring the dis-
placement of the SU-8 cantilever. The cantilever displacement resulting
from the contraction force of the cardiomyocytes was monitored at the
free end of the SU-8 cantilever using a laser vibrometer. The LabVIEW-
assisted laser vibrometer could measure the displacement with high
accuracy even at the nanoscale. Fig. S1 shows a schematic of the ex-
perimental setup. The measurement system consisted of a signal gen-
erator, homemade stage top incubator, microscope, and motorized XYZ
stage.

2.3. Statistical analysis

The obtained data were expressed as the average of at least three
independent experimental data. The error bars represented the
mean * standard deviation (s.d.), with n = 3; *p <0.05 and
**p < 0.01 indicated statistical significance. The p values were mea-
sured via a one-way analysis of variance followed by Tukey’s honest
significant difference test.



N.-E. Oyunbaatar, et al. Colloids and Surfaces B: Biointerfaces 186 (2020) 110682

i st'\mu\aﬁoﬂ

- trica

(@ Monitoring e"‘?c ding
r ben
and cantileve! ~

displaceme

. Monitoring XYz
directional movement

Laser vibrometer

Stage top incubator controller

controller
Cantilever array
(b) I ELECTIRCAL Il. MECHANICAL STIMULATION lll. GEOMETRICAL STIMULATION
STIMULATION (self-actuated) (ugroove)
Square-wave .
input signal

JuutL

Fig. 1. (a) Schematic of a cell culture platform composed of the SU-8 cantilever integrated with electrical stimulation; (b) concept of multiple simulations using the

cantilever device.
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Fig. 2. Schematics of the fabrication process flow of the pgrooved Au-electrode-integrated SU-8 cantilever cell culture platform.
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Fig. 3. Optical images of fabricated SU-8 cantilever device. (a) Top view of the cantilever structure before release from the Si wafer; (b) top view of fabricated
cantilever with electrical wires; (c) top view of the cantilever array in the culture medium. The scale bar represents 10 mm.

3. Results and discussion
3.1. Material properties

Several SU-8-based biosensing platforms with excellent chemical
stability and cell adhesion have been proposed [19]. First, the effects of
the Young’s modulus and surface energy of the SU-8 cantilever was
investigated [20]. Second, the reliability of the Au electrode pattern
formed on the SU-8 polymer was evaluated using an optical micro-
scope. Fig. S2 shows optical images of the Au electrode pattern formed
on the SU-8 substrate. A uniform Au electrode pattern was formed,
without any wrinkles on the SU-8 substrate. The hydrophobic surface of
an SU-8 polymer can be rendered hydrophilic by plasma treatment or
chemical modification [21]. The water contact angle of the SU-8
polymer was examined before and after O, plasma treatment to de-
termine the surface energy of the SU-8 polymer (Fig. S3). The water
contact angles of the SU-8 polymer before and after O, plasma treat-
ment were 90° and 14°, respectively. The water contact angle analysis
indicates that the SU-8 surface is convenient for cell seeding. In addi-
tion, fibronectin protein was utilized as an extracellular matrix (ECM)
which improves the adhesion between the cells and the substrate [22].

A soft substrate like a PDMS was also investigated as the candidate
for cantilever materials. However, the PDMS was not very suitable for
long-term cell culture due to the poor adhesion of the cells. Figure S4
shows the different morphologies of cardiomyocytes growing on dif-
ferent substrates. The cardiomyocyte adhesion was getting worse on the
PDMS surface with increasing of the culture day (Fig. S4(a)). In con-
trast, cardiomyocyte proliferation and regeneration rates cultured on
the SU-8 surface were more stable in comparing with the PDMS surface
(Fig. S4(b)). The cardiomyocyte numbers with the covering area are
shown in Fig. S4 ¢ and d, respectively. These results indicate that the
optimized substrate material significantly supports the strong adhesion
of cardiomycoytes. Additionally, the cardiomyocytes cultured on the
SU-8 surface without and with the O, plasma treatment exhibited ex-
cellent cell adhesion and maturation (Fig. S5(a-b)).

3.2. Optimization of pgroove patterns

It is well established that the pgroove patterns on the substrate
strongly influence the elongation and maturation of cultured cardio-
myocytes [23]. Therefore, the effect of groove patterns was optimized
by measuring the contraction force of the cardiomyocytes cultured on
the SU-8 cantilever patterned with different grooves. Groove patterns
having 3-10 pm of width and 1 pm of depth were formed on the SU-8
substrates. Fig. S6(a) shows optical images of the various groove pat-
terns formed on the SU-8 substrates. The acquired cardiomyocytes were
seeded on the different grooved surfaces, and the a-sarcomere actinin

length was measured on day 7 of the culturing period. The cardio-
myocytes cultured on the SU-8 substrate with 3-um grooves exhibited a
significantly enhanced a-sarcomere actinin length (~1.7 pm) com-
pared with that of the other pgroove substrates (Fig. S6(b)). Hence, we
used 3 pm wide and 1 um deep cantilever groove patterns for sub-
sequent analysis. The obtained data indicate that the SU-8 was a sui-
table material for optimizing the cell shape, alignment, and adaptation
of the cultured cardiomyocytes. The enhanced a-sarcomere actinin
length observed on the SU-8 substrate was due to the appropriate SU-8
material stiffness, which was higher than nature cardiac elasticity be-
havior. The stiffness of the substrate can regulate cell growth, viability,
and resistance to apoptosis [24]. Furthermore, the Young’s modulus of
the SU-8 material was ~ 2.2 GPa, which not only influenced the func-
tion of the myofibrils but also increased the cell adhesion and size of
focal adhesion [25].

3.3. Contraction force measurement of cardiomyocytes

The displacement of the Au-electrode-integrated SU-8 cantilever
resulting from the contraction force of the cardiomyocytes was mon-
itored with respect to the cell culture period. The obtained cardio-
myocytes were seeded on both micro-patterned and flat-surfaced SU-8
cantilevers with density of 1000 cell/mm?. Figs. S7(a) and (b) show the
displacement of the SU-8 cantilever as a function of the cell culture
period. The contraction force of the cardiomyocytes gradually increased
with increasing cell culture period. The cantilever exhibited the max-
imum displacement on day 10, which slightly decreased for both the
flat-surfaced and pgrooved SU-8 cantilevers. The reduction in the can-
tilever displacement was due to the primary cell senescence and
apoptosis in the in vitro environment without an electrical stimulus
[11]. The bending displacement of two different cantilevers was char-
acterized on day 10 after cell seeding. Herewith, the cantilever bending
displacement caused by contraction and relaxation of the cardiomyo-
cytes show the dynamic stretching phenomenon which is promoting
intracellular organization, and extracellular tension. The maximum
bending displacements were approximately 7.95 = 0.2 pum for the flat-
surfaced cantilever, and the values increased to 25.52 *+ 0.3 um for the
ugrooved cantilever. The contraction forces of the cardiomyocytes on
flat-surfaced and grooved cantilevers on day 10 were calculated using
the spring constant of the fabricated cantilevers (0.018 N/m). The
contraction force of the cardiomyocytes on day 10 was 0.143 + 0.0036
uN for the flat-surfaced cantilever and 0.459 = 0.0054 uN for the
ugrooved cantilever. Higher bending displacement of the cantilever
shows mechanical stretch for the cultured cardiomycytes. Continuous
dynamic stretch help to promote maturation and contraction via hy-
pertrophic pathway [22]. Figs. S7(c) and (d) show optical images of the
cardiomyocytes cultured on the flat-surfaced and pgrooved SU-8
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cantilevers, respectively on day 7 of the cell culture period. The length
of the typical primary cardiac ventricular cells on the pgrooved SU-8
cantilever integrated with Au electrodes was ~100 pm.

3.4. Optimization of electrical stimulation parameters

The electrical-stimulation parameters were optimized using the 3-
um-grooved SU-8 cantilever (Fig. S8(a-b)). The cantilever displacement
was monitored at different frequencies ranging from 0.2 to 2 Hz and
pulse durations ranging from 0.5 to 50 ms. The cantilever displacement
decreased with the increasing stimulation frequency. The displacement
characteristics of the cantilever were completely changed when the
frequency was increased above 1 Hz. At higher frequencies, the canti-
lever was unable to retain its original position, owing to the narrow
frequency range of the applied electrical signal. The obtained results
with respect to the applied frequency are presented in Fig. S9(a). The
cantilever displacement and the beating duration of the cardiomyocytes
obtained for 0.5 and 1 Hz exhibited small differences. The cantilever
bending duration was more reasonable at 0.5 Hz than at 1 Hz.
Additionally, the cantilever displacement was monitored under dif-
ferent square pulses with durations ranging from 0.5 to 50 ms (Fig.
S9(b)). Tandon et al. reported that 2 ms is the optimal pulse duration
for effective cantilever displacement [14]. In general, the optimal
electrical field depends on the electrode materials. Charge injection of
the Au electrode is higher than that of other electrode materials, and it
does not cause a chemical reaction in the cell culture medium. Ac-
cording to the foregoing analysis, we conclude that 0.5 Hz applied
frequency, 2 ms pulse duration, and 500 mV bias voltage were the
optimal stimulation parameters for achieving the highest cantilever
displacement. To elucidate the effect of electrical stimulation on the
cardiomyocyte maturation, the electrical stimulation was applied for a
long-term (7-d) period, as more mature cardiomyocytes may better
reflect the physiology of the adult heart [26]. Therefore, investigation
of the effect of the electrical stimulation on cultured cardiomyocytes is
imperative for disease modeling and drug-screening applications. Fig. 4
shows the contraction force of the cardiomyocytes cultured on the SU-8
cantilever. The cardiomyocytes exhibited a significant difference in the
contraction force depending on the culturing period, pgroove pattern,
and electrical stimulation. The contraction force of the cultured cardi-
omyocytes increased with the cell culture period. The cardiomyocytes
cultured on the pgrooved SU-8 cantilever with electrical stimulation
exhibited a higher contraction force than those cultured on the flat-
surfaced cantilever and the pgrooved SU-8 cantilever without electrical
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Fig. 4. Effect of long-term electrical stimulation on the contraction force of the
cardiomyocytes. The contraction force of the cardiomyocytes cultured on the
flat-surfaced and pgrooved SU-8 cantilevers with and without electrical sti-
mulation. The error bars represent the mean * s.d., with n = 3; *p < 0.05,
**p < 0.01. “ES” represents “electrical stimulation.”.
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stimulation. The enhanced contraction force of the cardiomyocytes on
the pgrooved Au-electrode-integrated SU-8 cantilever is attributed to
the simultaneous mechanical and electrical stimulation.

3.5. Immunocytochemistry (ICC) staining and western-blotting analyses

An ICC experiment was performed to confirm the expression of
cardiomyocyte-growth regulating proteins, such as the myofibril
structure-related protein a-actinin, the intracellular calcium-related
protein TnT, and the transmembrane protein Connexin (Cx43). Fig. 5(a)
and (b) show the a-sarcomere actinin length of the cardiomyocytes
cultured without and with electrical stimulation, respectively. The both
protocol of the ICC and western blotting was described in the online
data supplement. Under electrical stimulation, the myofibrils were far
more polarized, and the sarcomere length (green) of the cultured car-
diomyocytes was significantly increased. The sarcomere length is an
important indicator of contractile protein expression as it corresponds
to the crosslinking of thin and thick filaments through this protein [24].
Fig. 5(c) shows the sarcomere length of the cardiomyocytes cultured
with and without electrical stimulation. Owing to the electrical stimu-
lation, the primary cardiac cell morphology was changed resulting in
cardiomyocye maturation. The functionally mature primary cardiac cell
has many advantages for in vitro tissue engineering assays. Additionally,
the TnT protein is a marker protein expressed at intercellular sites as a
cardiac-specific ultrastructural feature. As shown in Fig. 5(d), without
electrical stimulation, cell growth was inferior, and cells showed less
communication with neighboring cardiac cells. In contrast, with elec-
trical stimulation (Fig. 5(e)), strong intracellular TnT (green color)
expression was observed. Additionally, the expression of Cx-43 protein
(red dots) in the cardiomyocytes increased under electrical stimulation
compared with that without electrical stimulation. A high Cx-43 ex-
pression within the engineered cardiac tissue indicated electrical cou-
pling, which is essential for proper anisotropic function. This suggests
that the electrical stimulation enhanced the coupling and communica-
tion between the cells and resulted in higher cantilever displacements.
Furthermore, protein markers, such as Cx-43, a-sarcomere actinin, and
TnT, were quantitatively examined by western blotting. Their expres-
sion was significantly increased using the pgrooved SU-8 cantilever and
simultaneous electromechanical stimulation (Fig. 5(f)). A control ex-
periment was performed with a commercial well plate material, ie.,
polystyrene.

3.6. Drug-screening application

Finally, the applicability of the fabricated cantilever device for
cardiovascular drug-screening applications was evaluated using cardi-
omyocytes treated with different cardiovascular drugs. The effects of
the cardiac drugs on the cultured cardiomyocytes were assessed by
monitoring the contraction force of the cardiomyocytes under si-
multaneous electrical and mechanical stimulations. Prior to the ex-
periment, the cardiac drug diluting solution (ethanol) was evaluated to
elucidate the influence of the solution on the cells. Fig.S10 shows the
cantilever displacement for different concentrations of ethanol-treated
cardiomyocytes. The cantilever displacement significantly decreased
when the ethanol concentration reached ~1.5 % (v/v) and above.
According to the experimental results and analysis, the ethanol con-
centration was fixed close to 0.1 % (v/v) to minimize the adverse effects
of ethanol.

Several cardiovascular drug doses (Table S1) were selected ac-
cording to the inhibitory concentration (ICso) values from the Food and
Drug Administration. Different concentrations of cardiovascular drugs
were applied to the cardiomyocytes on day 8 of the culturing, as the
cantilever displacement gradually increased on this day. Subsequently,
the contraction force of the drug-treated cardiomyocytes was monitored
by measuring the cantilever displacement. The cardiomyocytes seeded
on the cantilever surface often produced an irregular beating behavior
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Fig. 5. Effect of long-term electrical stimulation on cardiac cell maturation. a-sarcomere actinin length of the cultured cardiomyocytes (a) without and (b) with
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densities of major proteins—a-actinin, Cx-43, TnT, and GAPDH—expressed on different substrates. The error bars represent the mean * s.d., n = 3; *p < 0.05,

**p < 0.01. The scale bar represents 10 um.

and an inconsistent beating cycle. The most beneficial achievement of
the proposed Au-electrode-integrated cantilever is the easy control of
the beating frequency of the cardiomyocytes during the drug test.
Controlling the beating cycle of cardiomyocytes through electrical sti-
mulation could improve the marginal effect of the cells.

Verapamil is a typical L-type Ca®>* channel blocker that inhibits the
influence of Ca on cardiomyocytes [27]. The effect of verapamil on the
cultured cardiomyocytes was evaluated by treating the cardiomyocytes
with different concentrations of Verapamil (50, 150, 500, and 1000
nM). Fig. 6(a) and (b) show the relative contraction force of the car-
diomyocytes treated with different concentrations of verapamil without
electrical stimulation. The relative contraction force of the cardio-
myocytes gradually decreased with the increasing verapamil con-
centration. The relative contraction force of the cardiomyocytes was
reduced by ~40 % compared with the control state at a concentration
of 500 nM. Additionally, the beating duration of the cardiomyocytes

was reduced at higher verapamil concentrations. Fig. 6(c) and (d) show
the rise and decay times of the cardiomyocytes at different verapamil
concentrations. With the increasing verapamil concentration, the rise
and decay times of the cardiomyocytes increased and decreased, re-
spectively.

Under electrical stimulation, the relative contraction force of the
cardiomyocytes was reduced by ~50 % at 500 nM, but the beating
frequency of the cardiomyocytes was maintained (Fig. 6(e) and (f)).
However, at a high concentration of verapamil (1000 nM), the beating
duration of the cardiomyocytes was unable to be controlled although
the frequency was 0.5 Hz. This indicated that a high concentration of
verapamil blocks Ca®>* channels and changes the behavior of the ion
flow in the action potential. A precarious state in the ion flux causes an
irregular beating duration, which cannot be controlled via electrical
stimulation. Fig. 6(g) and (h) show the rise and decay times for the
cardiomyocytes treated with different concentrations of verapamil
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Fig. 6. Mechanical response for the cardiomyocytes treated with different concentrations of verapamil. (a) Relative contraction force of the cardiomyocytes without
electrical stimulation. (b) Changes of the relative contraction force and the frequency for the cardiomyocytes treated with different concentrations of verapamil
without electrical stimulation. (¢, d) Rise and decay times of the cardiomyocytes treated with different concentrations of verapamil. (e) Relative contraction force of
the cardiomyocytes with electrical stimulation. (f) Changes of the relative contraction force and frequency for the cardiomyocytes treated with different con-
centrations of verapamil with electrical stimulation. (g, h) Rise and decay times of the cardiomyocytes treated with different concentrations of verapamil with
electrical stimulation. The error bars represent the mean * s.d., with n = 3; *p < 0.05, **p < 0.01.
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Fig. 7. Mechanical response for the cardiomyocytes treated with different concentrations of lidocaine. (a) Relative contraction force of the cardiomyocytes without
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mulation. The error bars represent the mean =+ s.d., with n = 3; *p < 0.05, **p < 0.01.

under electrical stimulation. With the increasing verapamil concentra-
tion, the rise time of the cardiomyocytes increased, whereas the decay
time of the cardiomyocytes increased to 150 nM and then decreased.
Finally, the drug-treated cardiomyocytes were washed three times with
a cardiomyocyte plating medium and allowed to equilibrate for 20 min
in an incubator, and all the parameters were measured again. The re-
lative contraction force of the cardiomyocytes was close to the control
state. Although the relative contraction force returned to its initial
value, the damaged cardiomyocytes were not synchronized by electrical
stimulation, indicating that a high concentration of verapamil induced
a severe side effect on the cardiomyocytes.

Lidocaine, which is known as a Na channel blocker, has been used to
determine the relationship between cardiac contractility and toxicity
changing the drug concentration. Generally, lidocaine causes low blood
pressure and an irregular heart rate; therefore, it is crucial to study its
effect on the cardiomyocytes. When the lidocaine concentration in-
creased above the threshold value (20 pM), it affected the cell beating
frequency [28]. Different concentrations of lidocaine (5-100 uM) were
applied to the cultured cardiomyocytes, and the contractility behavior
was measured with and without electrical stimulation. Fig. 7(a) and (b)
show the relative contraction force of the cardiomyocytes treated with
different concentrations of lidocaine without electrical stimulation. The
relative contraction force of the cardiomyocytes decreased with the
increasing drug concentration. However, the beating duration of the
cardiomyocytes increased with the lidocaine concentration. After the
drug-treated cardiomyocytes were washed with a plating medium, the
relative contraction force and cell beating frequency returned to their
initial values. Fig. 7(c) and (d) show the rise and decay times of the
cardiomyocytes at different Lidocaine concentrations. The result shown
that the rise time was not significant difference while decay time in-
creased significantly at higher lidocaine concentrations.

In contrast, in the presence of electrical stimulation (Fig. 7(e) and
(£), the cell beating frequency and beating duration were fixed within
certain ranges. In the case of a single beating cycle, the relative con-
traction force gradually decreased with the increasing lidocaine con-
centration. The electrical stimulation significantly affected the rise and
decay times of the cardiomyocytes treated with different concentrations
of lidocaine (Fig. 7(g) and (h)). The obtained results indicate that the
lidocaine strongly influenced the contraction force of the cardiomyo-
cytes, rather than the beating frequency. Therefore, lidocaine has an
insignificant side effect on cardiomyocytes even after the drug is wa-
shed with a plating medium [29].

Isoproterenol is a (-1 agonist of the adrenergic receptor and pro-
duces a positive cardiac inotropic effect [12]. The cultured cardio-
myocytes were treated with different concentrations of isoproterenol,
and the contractile behavior was evaluated with and without electrical
stimulation. Fig. 8(a) and (b) show the relative contraction force and
beating frequency of the cardiomyocytes treated with different con-
centrations of isoproterenol. The relative contraction force of the car-
diomyocytes consistently increased as the isoproterenol concentration
increased to 1 pM and then decreased with a further increase in the
drug concentration. The beating duration of the cardiomyocytes de-
creased with an increase in the isoproterenol concentration above 1 uM.
The relative contraction force of the cardiomyocytes increased by ~10
% as the isoproterenol concentration increased to 1 pM and then de-
creased. With the increasing isoproterenol concentration, the beating
pattern of the cardiomyocytes became irregular, and a tachycardia se-
quence was observed. Fig. 8(c) and (d) show the rise and decay times of
the cardiomyocytes treated with different concentrations of iso-
proterenol.

Fig. 8(e) and (f) show the relative contraction force of the cardio-
myocytes treated with different concentrations of isoproterenol under
electrical stimulation. The irregular beating pattern of the cardiomyo-
cytes significantly decreased with the increasing isoproterenol con-
centration and was affected by the electrical stimulation. The rise and
decay times of the cardiomyocytes treated with different concentrations
of isoproterenol are shown in Fig. 8(g) and (h). As discussed in the
previous section, the SU-8 cantilever with mechanical/electrical sti-
mulation facilitated the maturation of the cardiomyocytes, improving
their physiological phenotypes. The pgrooved SU-8 cantilever in-
tegrated with Au electrodes provided new information regarding drug
toxicity. As shown in Figs. 6-8, the contractile behavior revealed the
effects of different cardiovascular drugs on the cultured cardiomyo-
cytes.

Finally, the SU-8 cantilevers were employed for the preliminary
study of induced pluripotent stem cell-derived cardiomyocytes (hiPSC-
CMs) in toxicity screening. Fig. S11(a) shows the preparation process of
the hiPSC-CMs. The uniform distribution of the hiPSC-CMs on the
surface of the SU-8 cantilever was confirmed using the images of the
optical microscope. Fig. S11(b) shows the SU-8 cantilever displacement
on the 7th day of the culture period. The contraction force of the hiPSC-
CMs cultured on the cantilever with and without microgroove pattern is
shown in Fig. S12. The hiPSC-CMs cultured on the microgroove pat-
terned SU-8 cantilever exhibits the higher contraction force compared
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Fig. 8. Mechanical response for the cardiomyocytes treated with different concentrations of isoproterenol. (a) Relative contraction force of the cardiomyocytes
without electrical stimulation. (b) Changes of the relative contraction force and frequency for the cardiomyocytes treated with different concentrations of iso-
proterenol without electrical stimulation. (¢, d) Rise and decay times of the cardiomyocytes treated with different concentrations of isoproterenol. (e) Relative
contraction force of the cardiomyocytes with electrical stimulation. (f) Changes of the relative contraction force and frequency for the cardiomyocytes treated with
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isoproterenol. The error bars represent the mean * s.d., with n

to that flat surface SU-8 cantilever. The contraction force of the hiPSC-
CMs increased with the culture period and reached the highest con-
traction force on day 7. The preliminary sensor characteristics indicate
that the proposed cantilever system could be used for the toxicity
analysis based on the hiPSC-CMs. Furthermore, the proposed SU-8
cantilever arrays can be used as a high throughput drug screening
platform by scaling up the fabricated 12 well plate assay into 192
cantilever arrays. To scale up the current sensor system, we also de-
signed a motorized stage based high throughput drug screening system
that can measure 192 cantilever arrays in real-time. We anticipate that
the proposed sensors array provides an opportunity to develop the next
generation of biomedical devices for cardiotoxicity testing using human
cells.

4. Conclusion

An SU-8 cantilever-based electrophysiological stimulating platform
was developed and characterized. The proposed cantilever platform
with pgrooved patterns effectively aligned cardiomyocytes on the
cantilever. The use of the unique cantilever design increased the con-
traction force of cardiomyocytes up to three times that of conventional
cantilevers. Additionally, electromechanical stimulation promoted the
maturation of the cardiomyocytes during the culturing period.
According to the experimental results, the proposed SU-8 cantilever
platform accompanied by electromechanical stimulation is excellent for
accurately determining the effects of different cardiovascular drugs on
the cardiomyocyte contraction force and beating durations.
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