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Enhancement of cardiac contractility using
gold-coated SU-8 cantilevers and their application
to drug-induced cardiac toxicity testst

Jongyun Kim,® Arunkumar Shanmugasundaram® and Dong-Weon Lee ® +dcd

Herein, we propose an array of gold (Au)-coated SU-8 cantilevers with microgrooves for improved matu-

ration of cardiomyocytes and describe its applications to drug-induced cardiac toxicity tests. Firstly, we

evaluated the effect of cell culture substrates such as polydimethylsiloxane (PDMS), polyimide (Pl), and

SU-8 on the cardiomyocyte’s maturation. Among these, the SU-8 with microgroove structures exhibits

improved cardiomyocyte maturation. Further, thin layers of graphene and Au are coated on SU-8 sub-

strates and the effects of these materials on cardiomyocyte maturation are evaluated by analyzing the

expression of proteins such as alpha-actinin, Connexin 43 (Cx43), and Vinculin. While both conductive

materials enhanced protein expression when compared to bare SU-8, the Au-coated SU-8 substrates

demonstrated superior cardiomyocyte maturation. The cantilever structure is constructed using micro-

groove patterned SU-8 with and without an Au coating. The Au-coated SU-8 cantilever showed

maximum displacement of 17.6 + 0.3 ym on day 21 compared to bare SU-8 (14.2 + 0.4 ym) owing to

improved cardiomyocytes maturation. Verapamil and quinidine are used to characterize drug-induced

changes in the contraction characteristics of cardiomyocytes on bare and Au-coated SU-8 cantilevers.

The relative contraction forces and beat rates changed according to the calcium and sodium channel
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1. Introduction

Cardiovascular disease (CVD) is the most serious life-threaten-
ing disease in contemporary culture; it claims ~18 million
lives each year, accounting for 31% of all deaths." Numerous
cardiovascular drugs have been developed to date to aid in the
prevention of heart attacks and strokes. Several medications,
on the other hand, have been withdrawn from the market or
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related drugs. Matured cardiomyocytes are less influenced by the drugs compared to immature cardio-
myocytes and showed reliable ICsq values. These results indicate that the proposed Au-coated SU-8 can-
tilever array could help improve the accuracy of toxicity screening results by allowing for the use of cardi-
omyocytes that have been matured on the drug screening platform.

advanced stages of preclinical drug development due to their
cardiotoxic effects.*” Thus, models of the cardiac musculature
and methods for assessing cardiotoxicity are of great interest.
Animal models, particularly mice and rats are commonly
employed as disease models in the preclinical drug develop-
ment process to examine the potentially harmful effects of
cardiac drugs. In drug screening and disease modeling, adult
cardiomyocytes are expected to respond substantially better
than immature cardiomyocytes. However, the primary cardio-
myocytes are morphologically and functionally identical to
fetal cells, rendering them ineffective for drug testing and
disease modeling.®” Therefore, the cells that can consistently
reproduce characteristics of cardiovascular physiology are
required to establish in vitro assays that investigate functional
correlates of cardiac contractility, beat rate, and other elements
of cardiovascular physiology.® To date, various techniques have
been proposed to enhance cardiomyocyte maturation, includ-
ing electrical, mechanical, and topographical stimulation, as
well as conductive cell culture substrates. Numerous research
efforts have established experimentally that electrical and/or
mechanical stimulation enhances cardiomyocyte maturation

This journal is © The Royal Society of Chemistry 2021


www.rsc.li/analyst
http://orcid.org/0000-0002-0847-4505
http://crossmark.crossref.org/dialog/?doi=10.1039/d1an01337h&domain=pdf&date_stamp=2021-11-02
https://doi.org/10.1039/d1an01337h
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN146022

Published on 04 October 2021. Downloaded by CHONNAM NATIONAL UNIVERSITY on 11/24/2021 12:55:24 AM.

Analyst

during the incubation period.”"" However, recent studies have
discovered that long-term stimulation of cardiomyocytes
results in low electrophysiological signal thresholds.
Additionally, when exposed to external electrical stimuli, the
human ether-a-go-go related gene (hERG) and potassium (IK1)
currents increased significantly.">™*°

Cardiomyocytes show improved maturation with conductive
surface, along with increased expression of connexin proteins
and sarcomere length. Therefore, studies on cardiomyocytes
maturation without electrical/mechanical stimulation have
gained importance. Recently, positively charged polymers such
as poly-p-lysine, polylysine, poly-i-ornithine, and polyethyl-
eneimine have been used to improve cell growth and
adhesion.’”™® These positively charged polymeric materials
enhance cell adhesion on culture substrates. However, poly-
meric substrates have undesirable side effects on cultured cells
depending on their concentration, exposure time, and charge
density.”® Metal-coated substrates have also been used to
increase the differentiation and maturity of cultured cells. For
example, Yang et al. developed an electrically conductive nano-
fiber substrate to improve cell maturity. They fabricated nano-
patterned PUA using capillary lithography and coated it with a
thin layer of gold or titanium using an electron beam evapor-
ator.”’ Kim et al. employed crumpled graphene to increase cell
differentiation and maturity.>> Although various materials
have been shown to facilitate cell maturation, no systematic
study has been conducted to evaluate the effects of cardiac
drugs on the relative contraction force and contractility of cul-
tured cardiomyocytes.

Various drug screening platforms have been developed over
the years to evaluate cardiotoxicity, including patch-clamp and
microelectrode array (MEA) techniques.?*”>* Patch-clamp elec-
trophysiology remains the gold standard for studying the
effects of cardiac drugs on ion channels. While patch clamps
provide precise data, their low single-cell resolution and high
cost preclude their use in routine laboratory conditions.*® In
comparison to patch-clamp, the MEA technique provides a
higher data throughput. However, in vitro MEAs are less suit-
able due to their low spatial resolution and signal quality.>” To
investigate the effects of cardiac drugs on cells, a non-ion
channel method has been proposed, such as an impedance-
based cellular assay.”®*° However, this method provides no
information about the drug effect on the relative contraction
force of cardiomyocytes.’® Recently, several techniques for
studying the effects of drugs on the relative contraction force
and beat rate of cardiomyocytes have been proposed, including
micro post,>* muscular thin film,*® and cantilever-based
drug screening platforms.**° Among these techniques, canti-
lever-based drug screening platforms have received consider-
able attention due to their ease of design, high accuracy, and
suitability for high-throughput applications.?”

Several polymeric cantilevers have been used in high-
throughput drug screening applications to date. For instance,
Kim et al.** proposed surface-patterned SU-8 cantilever arrays
and investigated the adverse effects of cardiac drugs such as
isoproterenol, verapamil, and astemizole on the relative con-

This journal is © The Royal Society of Chemistry 2021
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traction force and contractility of the cardiomyocyte.
Oyunbaatar et al.*®> proposed an enhanced electromechanical
stimulation of cardiac cells using a micropatterned SU-8 canti-
lever integrated with a metal electrode. Kim et al.*® developed
PI/PDMS hybrid cantilever arrays and investigated the toxicity
of quinidine and verapamil to cultured cardiomyocytes. The
next-generation biosensing platform based on an SU-8 based
polymer cantilever array has been proposed for simultaneous
measurement of electro and mechanophysiology of cardiomyo-
cytes. While these methodologies examined the detrimental
effects of cardiac drugs on the cardiomyocyte’s relative contrac-
tion force and contractility in detail, they did not address car-
diomyocyte maturation using conductive substrates or other
pertinent research. Besides, heart muscles exhibit substantial
conductive properties (0.03 to 0.6 S m™').*° However, the sub-
strates currently used for in vitro cell culture environments are
not electrically conductive and do not stimulate the heart
tissue microenvironment. Additionally, many scaffolds lack
fibrous architectures at the low to sub-micrometer scale, which
are abundant within native cardiac extracellular matrix (ECM),
and play a critical role in regulating cardiac structure and
function.*!

In this study, we systematically investigated in detail the
effect of various cell culture substrates such as polydimethyl-
siloxane (PDMS), polyimide (PI), and SU-8 on the cardiomyo-
cyte maturation. The maturation of cardiomyocytes was then
evaluated through western blot and immunocytochemical
staining analysis. After preliminary experiments, SU-8 was
selected as the cantilever material for measuring cardiac con-
tractility owing to its improved maturation. For further cardio-
myocyte maturation, thin conductive layers such as graphene
and gold were formed on SU-8 substrate. Finally, Au-coated
SU-8 cantilevers with groove structures were selected and uti-
lized to further characterize adverse effects of cardiac
drugs on cardiomyocytes contractility in vitro. As expected,
the contractile force and beat rate of cardiomyocytes changed
as a function of the drug concentration. These results indicate
that mature cardiomyocytes on the proposed Au-coated SU-8
cantilever showed better drug dose response compared to
immature cardiomyocytes on the non-conductive SU-8
cantilever.

2. Materials and methods
2.1. Chemicals

A commercial polystyrene based well plate was purchased from
SPL Life Science Co., Ltd, Korea. Polydimethylsiloxane (PDMS)
and curing agent were purchased from Dawhightech, Co., Ltd,
Korea. Polyimide (PI) was purchased from Dongbaek Fine-
Chem, Korea. A negative epoxy-based photoresist based on
SU-8 3010, SU-8 2002, SU-8 2050 were purchased from
MicroChem, USA. The monolayer graphene was purchased
from the Graphenea Co. Ltd, Korea. All the materials are
highly biocompatible and can be used instantly without any
additional purification.

Analyst, 2021, 146, 6768-6779 | 6769
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2.2. Fabrication of micro grooved cell culture substrates

To begin, a silicon (Si) master mold was used to fabricate the
reusable polyurethane acrylate (PUA) mold. The Si master
mold’s dimensions are (3 pm in height), (3 pm in width), and
(3 pm pitch distance). PUA was drop-dispensed in the calcu-
lated amount onto a Si master mold. The PUA resin was then
gently pressed into contact with a 100 pm thick flexible and
transparent polyethylene terephthalate (PET) support film.
Following that, a uniform PUA mold was produced on the Si
mold by mildly rounding the top surface of the PET film with
a roller. After that, the PUA-coated Si mold was subjected to
UV radiation (1 = 352 nm, 20 mJ cm™?) for 10 h. The micro
grooved PUA mold was gently peeled out of the Si mold after
UV curing.

In a typical PDMS micro grooved fabrication process, firstly,
a specified amount of PDMS was mixed in a 10: 1 ratio with a
curing agent. After that, the PDMS containing curing agent
was degassed in a vacuum desiccator for 30 min to remove air
bubbles. It was then spin coated at 500 rpm for 40 s on a
micro grooved PUA reusable mold. The PDMS was then baked
for 2 h at 80 °C on a preheated hot plate. The micro grooved
PDMS substrate was lifted out of the PUA mold after the
backing procedure. The micro grooved PI substrate was made
using the same fabrication method as described earlier. A cal-
culated amount of PI was spin coated on a PUA mold for 40 s
at 4000 rpm. The PI was then hard backed for 1 h at 90 °C on a
pre-heated hot plate. For the fabrication of SU-8 microgroove,
calculated amount of SU-8 was spin coated on a Si master
mold at 400 rpm for 40 s. Subsequently, the SU-8 was hard
backed at 95 °C for 10 min using a pre-heated hot plate.
Following the baking process, it was peeled out of the PUA
mold.

2.3. Fabrication of graphene coated SU-8 substrate

Three major steps were involved in the fabrication of the
monolayer graphene coated SU-8 substrate such as release,
transfer and sacrificial layer removal (Fig. S17). In a release
process, slowly immerse the monolayer graphene in deionized
water while separating the sacrificial layer/graphene from the
support film. We removed the polymer film once the sacrificial
layer/graphene is floating. To deposit monolayer graphene on
the SU-8 substrate, it was submerged in deionized water and
the sacrificial layer/graphene was attached from below. The
SU-8 substrate with the sacrificial layer/graphene was then
removed from water and dried in air for 30 min. Subsequently,
the sample was baked for 1 h at 150 °C on a preheated hot
plate. Then, the sample was placed in a vacuum desiccator for
24 h to prevent graphene separation from the SU-8 substrate
while removing the sacrificial layer. To remove the sacrificial
layer, the sacrificial layer/graphene-coated SU-8 substrate was
immersed in hot acetone (50 °C) for 1 h, followed by another
1 h in iso-propyl alcohol (IPA). The sample was then dried by
gentle blowing with nitrogen gas. Fig. S2at shows the optical
images of the silicon wafer with a graphene layer. As shown in
Fig. S2(a and b),f a difference in the color of the graphene
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layer was clearly observed on a silicon dioxide layer with a
thickness of 300 nm. In addition, Raman analysis also revealed
the existence of graphene on the silicon wafer, as shown in
Fig. S2c.}

2.4. Fabrication of gold coated SU-8 substrate

The 10/100 nm thick Cr/Au were coated on the SU-8 substrate
using thermal sputtering technique. In a typical fabrication
process, the SU-8 substrate was placed in a load lock chamber
and then moved to a sputtering chamber. The Cr/Au depo-
sition were carried out in a vacuum condition (5 x 107® Torr).
The argon (Ar) gas was used to generate plasma with a flow
rate of 40 scem. The target applied power was 100 W and the
pre-sputtering time was 1 min. Then, 10 nm Cr layer adhesion
layer followed by 100 nm thick gold layer were deposited on a

SU-8 substrate at a deposition rate of ~16.6 nm min™".

2.5. Fabrication of SU-8 cantilever

The cantilever dimension has been optimized using CATIA
simulation technique. Table S11 summarize the various para-
meters that has been used to optimize the cantilever dimen-
sion to achieve maximum displacement. The simulation
studies indicate that a cantilever with a length of 6000 um, a
width of 2000 pum, and a thickness of 15 pm is the optimal
dimension for fabricating a reliable cantilever structure with a
higher displacement. Fig. S3 in the ESI} shows the detailed
fabrication process flow of the SU-8 cantilever. In a typical fab-
rication process, firstly, 300 nm thick SiO, sacrificial layer was
formed on a 4-inch N-type (100) Si wafer using wet oxidation
method (Fig S3(a and b)t). Subsequently, an 18 um thick SU-8
3010 was spin coated at 1000 rpm for 40 s to form the cantile-
ver structure. Then, the substrate was baked at 95 °C for
10 min flowed by UV exposure for 10 s using a mask aligner.
After the UV exposure, the substrate was subjected to post
exposure baking at 65 °C for 1 min and 95 °C for 4 min. Then,
the sample was developed using SU-8 developer for 2 min and
rinsed using IPA (Fig. S3ct). Then, 100 nm thick Au reflector
was fabricated through lift-off process (AZ5214E) (Fig. S3df).
Oyunbaatar et al., demonstrated that the cardiomyocytes cul-
tured on the SU-8 substrate with 3 pm grooves exhibited a sig-
nificantly enhanced a-sarcomere actinin length (~1.7 pm) com-
pared with that of the other microgroove substrates. Therefor a
~3 pm-pitch micro groove patterns were defined on the cantile-
ver surface using a thin SU-8 2002 (MicroChem, USA) photo-
resist. Typically, the SU-8 2002 was spin coated at 3000 rpm for
40 s flowed by backing at 95 °C for 2 min. Then, it was
exposed to UV using a mask aligner for 5 s flowed by post
exposure back at 65 °C for 1 min and 95 °C for 2 min. Next,
the substrate was developed using a SU-8 developer for 1 min
(Fig. S3et). The 120 pm thick cantilever body was fabricated
using SU-8 2050 photoresist. The SU-8 2050 was spin coated at
1200 rpm for 40 s followed by soft baking at 65 °C for 5 min
and 95 °C for 20 min. Then, the substrate was exposed to UV
using a mask aligner for 16 s. Then, the substrate was sub-
jected to the post exposure baking process for 65 °C for 5 min
and 95 °C for 10 min. Subsequently, the substrate was devel-

This journal is © The Royal Society of Chemistry 2021
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oped using a SU-8 developer for 9 min and rinsed by IPA
(Fig. S3(f-h)f). SU-8 cantilever array was fabricated with and
without gold plating to measure the cardiomyocytes contractile
force according to conductive substrates. An additional
Extracellular Matrix (ECM), fibronectin (Corning, 50 pg mL™)
solution was coated on the surface of the SU-8 cantilever for
1 h to improve the cellular adhesion. Thereafter, the surface of
the SU-8 cantilever was washed three times using phosphate
Buffer Saline.

The cantilever displacement caused by the contraction and
relaxation of cultured cardiomyocytes was monitored using a
laser vibrometer at the free end of the SU-8 cantilever. The
laser vibrometer assisted by LabVIEW was capable of measur-
ing displacement with high accuracy, even at the nanoscale.
The laser vibrometer detects light reflected from the free end
of the cantilever, which is subject to frequency changes pro-
portional to the cantilever movement. From the detected fre-
quency shift, the software calculates the cantilever displace-
ment. Fig. S47 shows the optical images of the array of fabri-
cated SU-8 cantilever. The cantilever array integrated with the
groove structure was used to align cardiomyocytes and was pat-
terned with gold to enhance conductivity. A single cantilever
was 6000 pm long, 2000 pm wide, 15 pm thick and a single
cantilever chip consisted of 8 single cantilevers. The chips
were designed to assemble in a commercial 12-well plate. Four
cantilevers from a single chip were coated with a conductive
material and the other 4 cantilevers were used as references to
compare the relative contraction force of cardiomyocytes on an
electrically conductive substrate. A reflector was placed at the
bottom of the reference cantilevers to measure the relative con-
traction force of cardiomyocytes using a laser vibrometer.

2.6. Cell culture and neonatal rat ventricular myocytes
(NRVM isolation)

The Animal Ethics Committee at Chonnam National
University has approved all animal experiments. Isolation of
neonatal rat ventricular myocytes (NRVM) was performed as
described in our previous reports.** Cardiomyocytes were iso-
lated from one day old neonatal rats (Sprague-Dawley, SD).
Cardiomyocytes were isolated from cardiac tissues using an
enzyme solution (Collagenase 0.4 mg mL™", Northington;
Pancreatin 0.6 mg mL™", Sigma-Aldrich). The cell suspension
was centrifuged using Percoll solution, and the resulting layer
of fibroblasts and cardiomyocytes was separated; a high purity
of cardiomyocytes was then obtained using a pre-plating
method. To increase cardiomyocyte adhesion, each substrate
was coated with fibronectin (50 g ml™", Corning) for 1 h.
Finally, cardiomyocytes were cultured at a density of
1000 mm > on the various materials such as bare SU-8, gra-
phene, and Au-coated SU-8. Cardiomyocytes were cultured in a
conventional incubator. After 24 h, cardiomyocytes began con-
tracting and synchronizing after 48 h.

2.7. Immunochemical staining analysis

The maturation of cardiomyocytes was determined using
immunochemical staining (ICC staining) and western blot

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

(WB) analysis. Cultured cardiomyocytes were fixed and per-
meabilized using paraformaldehyde (3.7%, Sigma-Aldrich) and
Triton X (0.1%, Sigma-Aldrich) at 25 °C for 10 min. After 3
times washes using phosphate-buffered saline (PBS, Takara),
blocking was performed with 1% bovine serum albumin (BSA,
Sigma-Aldrich) for 40 min at 25 °C. After mixing the primary
antibody (monoclonal anti a-sarcomere actinin and Cx43) with
1% BSA, the cells were incubated at 25 °C for 120 min. The car-
diomyocytes were then incubated for 90 min at 25 °C with a
mixture of secondary antibodies (Alexa-Fluor 488- or
568-labeled goat anti-mouse IgG) in 1% BSA. Finally, a solu-
tion of DAPI (4',6-diamidino-2-phenylindole) was added for
nuclear staining and incubated for 15 min at 37 °C.

3. Results and discussion
3.1. Effect of various materials on cardiomyocyte maturation

The water contact angle was measured to assess the effect of
substrate characteristics on cardiomyocyte growth. Fig. S5t
shows the water contact angle of various substrates based on
commercial PS well plate, PDMS, PI and SU-8. A commercial
PS well-plates exhibits a water contact angle of 62 + 2.01°. The
PDMS substrate was determined as a hydrophobic material
with a water contact angle of 113 + 1.85°, and PI and SU-8 were
determined as hydrophilic materials with water contact angles
of 76 + 1.65° and 70 + 2.71°, respectively. From the water
contact angle, the commercial and SU-8 materials were found
to be suitable for cell culture. Fig. 1b shows the scanning elec-
tron micrograph of the fabricated micro grooved SU-8 sub-
strate. Fig. 1c optical images of the cultured cells on the micro
grooved SU-8 substrate. Microscopy images of day 3 cardiomyo-
cytes cultured on PS, PDMS, PI, and SU-8 substrates are shown
in Fig. S6.7 After three days of cell culture, we observed excel-
lent cardiomyocyte attachment and synchronization on all sub-
strates. The images in Fig. S71 depict stained cardiomyocytes
cultured on a variety of substrates. Cardiomyocytes were found
to grow in the microgrooves’ direction.

The effect of culturing substrate and grooved on the cardio-
myocytes maturation was investigated by culturing the cardio-
myocytes on the different substrates such as polystyrene (PS),
polydimethylsiloxane (PDMS), polyimide (PI) (Fig. 2) and SU-8.
The cardiomyocytes cultured on the various substrate were
periodically investigated through ICC staining analysis
(Fig. S77). Prior to determining the degree of maturation of
cultured cardiomyocytes, it is necessary to understand the fea-
tures utilized to measure adult cardiomyocyte maturity. The
cell morphology is the most frequently investigated and used
approach of maturation assessment. Although embryonic
cardiac cells are quite proliferative, mature cardiomyocytes
have a unique anisotropic rod form. As the cardiomyocyte
grows, it enlarges its cell area and volume. Another character-
istic of maturation that has been extensively investigated is the
estimation of the sarcomere length and distribution of Cx43
(Cx43). The myofibrils of cardiomyocytes, which include highly
structured sarcomeres, grow in length throughout maturation

Analyst, 2021,146, 6768-6779 | 6771
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Fig. 1 (a) Fabrication of reusable PUA mold using silicon master mold. Fabrication of micro grooved PDMS, PI, SU-8 cell culture substrate using a
PUA mold. (b) Scanning electron microscope image of the fabricated micro grooved SU-8 substrate. (c) Optical image of cell alignment along the

direction of the microgrooves cultured on a micro grooved SU-8 substrate.
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tured on the flat and grooved PDMS, PI, and SU-8. (b) a-Actinin of the cardiomyocytes on the grooved PS, PDMS, PI, and SU-8 substrates. The bars

and error bars indicate the mean + s.d., (n = 10). *P < 0.05, **P < 0.01.

and reach roughly 2.1 to 2.2 pm. The sarcomere length is
determined from z line to z line, which may be determined by
the expression of a-actinin. Fig. 2a shows the sarcomere length
of the cultured cardiomyocytes on the flat and micro-grooved
substrates. The sarcomere lengths of the cardiomyocytes cul-
tured on the flat substrates was 1.8 + 0.02 pm for PS, 1.81 +
0.01 pm and 1.92 + 0.02 pm for PDMS, 1.81 + 0.023 pm and
1.934 + 0.019 pm for PI, 1.83 + 0.015 pm and 1.954 + 0.001 pm
for SU-8, respectively. Alpha actinin protein expression of the
cardiomyocytes cultured on the grooved PS, PDMS, PI, and

6772 | Analyst, 2021, 146, 6768-6779

SU-8 substrates were investigated through western blot analysis
(Fig. 2b). The cardiomyocytes cultured on the SU-8 substrate
showed ~9% increased Alpha actinin protein expression com-
pared to other substrates. The ICC staining and western blot
analysis were demonstrating that the SU-8 substrates with
microgroove structures showed better maturation could be
attributed to the non-toxic, non-immunogenic and chemically
inert nature. Therefore, SU-8 substrates were employed for
further analysis of cardiomyocyte maturity depending on the
electrical conductivity of the materials.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Effect of electroconductive materials on the maturation of cultured cardiomyocytes. (a) ICC staining images of the cardiomyocytes cultured
on the SU-8, graphene, and gold coated SU-8 substrates. (b, c) a-Sarcomere length and connection-43 of the cardiomyocytes cultured on the
SU-8, graphene, and gold coated SU-8 substrates. The bars and error bars indicate the mean + s.d., (n = 10). *P < 0.05, **P < 0.01.

3.2. Effect of electroconductive materials on the
cardiomyocyte’s maturation

Cardiomyocytes generated from NRVM retain an immature phe-
notype, which includes disorganized sarcomere structures. As a
result, these cells lack the ability to create adequate anisotropic
forces as adult cardiomyocytes, which reflects why they have a
low response to cardiac drugs in the preclinical stage.*” The
structural organization and coordinated contraction of cultured
cardiomyocytes are achieved through extensive coupling via gap
junctions, which are multimeric intercellular channels that
allow the passage of small molecules and ions between cardio-

This journal is © The Royal Society of Chemistry 2021

myocytes.** Here, we have used gold and graphene as a conduc-
tive cell culture substrate to enhance the Cx43 thereby improv-
ing the structural organization (sarcomere length) and contracti-
lity. Firstly, the effect of surface conductivity on the cultured car-
diomyocytes maturation was investigated by coating different
electroconductive materials such as gold and graphene on the
grooved SU-8 substrate. Then, the cultured cardiomyocytes were
periodically investigated using ICC staining analysis (Fig. 3a).
Fig. 3a shows the fluorescence images of cardiomyocytes seeded
on the bare SU-8 and graphene and gold coated SU-8 substrate.
The staining results with DAPI, alpha-actinin and Cx43
indicate the cardiomyocyte maturation status. The distinctive
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anisotropic rod shape seen in the DAPI staining of cultured
cardiomyocytes on grooved SU-8 and graphene and gold
coated SU-8 substrates might be attributable to the topographi-
cal influence on the cultured cardiomyocytes. Fig. 3b shows
the sarcomere length of cardiomyocytes cultured on the micro
grooved SU-8 surface, and graphene coated, and gold coated
SU-8 surface, respectively. The sarcomere length of cardiomyo-
cytes cultured on the SU-8 surface was about 1.954 + 0.01 pm.
The values were increased up to 1.97 + 0.005 pm on the gra-
phene-coated SU-8 surface and 1.975 + 0.005 pm on the gold
deposited SU-8 surface, respectively. The protein expression of
Cx43 by cardiomyocytes grown on the bare SU-8 surface, gra-
phene coated, and gold SU-8 surface is shown in Fig. 3c. Cx43
is a protein that represents the gap junction intercellular com-
munication (GJIC). This protein also indicates the cell death,
proliferation, and differentiation status of cells. The Cx43 of
the cardiomyocytes cultured on the SU-8 surface, graphene
coated, and gold deposited SU-8 surface were about 1, 1.23 +
0.018, and 1.28 + 0.031, respectively. When comparing cul-
tured cardiomyocytes on bare SU-8 and graphene coated SU-8
with gold deposited SU-8, significant improvement in the Cx43
was found on the gold deposited SU-8 surface, which indicate
that gold layer can facilitate synchronized electrical signal
propagation between the cells throughout the cell culture
substrate.**

The sarcomere length and Cx43 of cultured cardiomyocytes
were observed to be enhanced on the graphene coated and
gold coated SU-8 surface compared to the bare SU-8 surface.
However, substantial increases in sarcomere length and Cx43
were seen on Au-coated SU-8 with groove structures, indicating
that the cardiomyocytes had developed. Thus, further experi-
ments were conducted using the Au-coated substrate. Fig. S8+
shows the Cx43 protein expression with and without Au layers
on the SU-8 substrate. SU-8 and PS showed no significant
change in Cx43 protein expression, but after gold deposition,
Cx43 was increased by 2-fold. Fig. S9f shows the vinculin
protein expression for cells grown on the Au-coated SU-8 sub-
strate. Vinculin exhibits local adhesion, which was reduced by
approximately 12% on the SU-8 surface compared to the PS
substrates but was increased by 3% on SU-8 after coating with
gold. In other words, for SU-8 substrates, vinculin protein
expression increases by about 15% depending on the conduc-
tive thin film coating. The results show that cardiomyocyte
adhesion was increased significantly due to the use of conduc-
tive materials such as Au. On the other hand, the incorpor-
ation of a conductive layer led to an increase in sarcomere
length, and Cx43 which is consistent with earlier studies.*>™*®
Finally, the Au-coated SU-8 cantilever structure with micro-
grooves was used to analyze the real-time relative contraction
force changes of cardiomyocytes with the use of conductive
materials.

3.3. Relative contraction force changes with respect to the
conductive material

The obtained cardiomyocytes were cultured on the bare and
Au-coated micro grooved SU-8 cantilever. Displacement of the
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cantilever was measured using laser vibrometer. The biocom-
patibility of the fabricated Au-coated SU-8 cantilever was inves-
tigated as a function of cell culture day using ICC staining ana-
lysis (Fig. S107). Fig. 4(a and b) shows the real-time traces of
cantilever displacement owing to the contractility of the cul-
tured cardiomyocytes. The largest relative contraction force of
cardiomyocytes was measured on Au-coated SU-8 cantilevers.
The bar plots in Fig. 4c summarize the displacement of the
micro-grooved cantilever with and without Au layer as a func-
tion of culture days. The relative contraction force increased as
a function of the number of days in culture and reached the
maximum on day 21 after cell seeding. The displacement of
the cantilever without and with Au on culture day 7, 14, and 28
was found to be ~7.6 + 0.5, 13.8 + 0.3, 14.2 + 0.4, and 14.1 +
0.6 pm and 9.7 + 0.2, 15.2 + 0.5, 17.6 + 0.3, and 17.47
0.3 pum, respectively. As the days passed, cardiomyocytes
matured naturally, and the cantilever displacement increased.
The Au-coated SU-8 cantilever produced more displacement
signifying that the cultured cardiomyocytes are more matured
compared to that of bare SU-8 cantilever which was confirmed
by the fluorescence staining analysis.

The staining images demonstrate that the cardiomyocytes
cultured on the Au-coated SU-8 cantilever exhibits better
protein expression compared to that of cultured on a bare SU-8
cantilever. Fig. 4d shows the sarcomere length of cardiomyo-
cytes as a function of culture days. The sarcomere length of
cardiomyocytes with and without the Au layer was measured
every seven days as shown in Fig. 4d. The sarcomere length of
cardiomyocytes was increased until day 21, slightly decreased
on day 28, and then saturated. Au deposition increased the
expression of alpha-actinin protein on cardiomyocytes, with
significant changes in the relative contraction force and beat
rate. The thin Au layer increased the cardiomyocyte relative
contraction force by up to 25%; the rise time did not change
much, but decay time increased by more than 500 ms, and the
duration of single beating was increased with the Au layer
[Table S2t]. Fig. S11f shows the characteristics of single
beating of the cantilevers with and without the Au layer.
Generally, the decrease in beat rate of the cardiomyocytes sig-
nifying that the cardiomyocytes are more matured.

I+

3.4. Changes in relative contraction force with drug
treatment

The adverse effects of cardiac drugs such as verapamil and qui-
nidine on the cardiomyocytes cultured on the bare and Au-
coated SU-8 cantilever. The drug was used in the experiment at
various concentrations by dissolving Verapamil (L-type
calcium channel blocker, Sigma-Aldrich) and Quinidine
(blocking the fast-inward sodium current, Sigma-Aldrich) in
ethanol. The drug concentration was prepared with different
volumes of ethanol used for dilution, and all drugs used in the
experiment were prepared with a concentration of 0.1% or
lower. These drugs affect the different ion channels and affect
the relative contraction force and contractility of the cardio-
myocytes. The adverse effects of these drugs on the cultured
cardiomyocytes were investigated by treating the cardiomyo-
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Fig. 4 Relative contraction force changes with respect to the conductive material. (a and b) Real-time traces of the cantilever displacement as a
function of culture days. (c) Bar plot shows the cantilever displacement change as a function of the days in culture. (d) Changes in sarcomere length
of cardiomyocytes depending on the days in culture. The bars and error bars indicate the mean + s.d., (n = 10).

cytes with different drug concentrations. In the basic experi-
ment, the drug concentrations of Verapamil and Quinidine
were selected on a log scale based on the ICs, values of 136
nM and 1.068 pM, respectively. The drug concentrations were
reconsidered from the perspective of contractile force change,
and the specific concentration was chosen again based on the
ICs, to screen for drug-induced toxicity. We also measured the
contraction and relaxation characteristics of cardiomyocytes by
replacing with new cultures after drug testing.

Fig. 5 shows the effect of verapamil on the cardiomyocytes
cultured on the bare and Au-coated SU-8 cantilever. Fig. 5a
shows the real-time traces of the cantilever displacement
owing to the contraction and relaxation of the cultured cardio-
myocytes. Verapamil is a calcium channel inhibitor that
decreases the relative contraction and beat rate of cardiomyo-
cytes as the drug concentration increases. At a concentration
of 10 nM, the relative contraction force and beat rate of cardio-

This journal is © The Royal Society of Chemistry 2021

myocytes began to decrease, and cardiac arrest was measured
at a concentration of 10 uM or higher. The normalized displa-
cement of the bare and Au-coated SU-8 cantilever was found to
be ~1, 0.818 + 0.05, 0.773 + 0.04, 0.763 + 0.02, 0.479 + 0.04,
0.448 + 0.04 and 0.971 + 0.01, 0.904 + 0.04, 0.761 + 0.04, 0.709
+ 0.01 and 0.609 + 0.05 for control, 50 nM, 100 nM, 200 nM,
500 nM and 1 uM, respectively. Both the cantilever displace-
ment increases after washout the drugs. The displacement of
the bare and SU-8 cantilever was 0.405 + 0.02, 0.965 + 0.03,
0.971 + 0.01 and 0.609 + 0.05, 0.888 + 0.02 and 0.988 + 0.02 for
immediately after washout and 24 h and 48 h, respectively.
The cardiomyocytes cultured on the Au-coated SU-8 cantilever
better recovered that bare SU-8 cantilever owing to the
improved maturation.

The bar plot shows the relative contraction force of the car-
diomyocytes cultured on the bare and Au-coated SU-8 cantile-
ver as a function of verapamil concentrations (Fig. 5c). The
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Fig. 5 Effect verapamil on the cultured cardiomyocytes. (a and b) Real-time traces of the cantilever displacement without and with Au owing to the
contraction and relaxation of different concentration of verapamil treated cardiomyocytes. (c) Bar plot represents the relative contraction force of
the cardiomyocytes cultured on without and with Au SU-8 cantilever as a function of different verapamil concentration. (d) Beat-rate of the cultured
cardiomyocytes on the cantilever without and with Au at different drug concentration. (e and f) Rise and decay time of the cardiomyocytes at
different drug concentration. (g and h) Drug dose response curve of the cardiomyocytes cultured on the Au-coated cantilever. The bars and error

bars indicate the mean + s.d., (n = 10).

relative contraction force of cardiomyocytes on bare SU-8 and
Au-coated SU-8 cantilever decreased ~50% and 38% after treat-
ing the cardiomyocytes with 1 uM verapamil. The relative con-
traction force of cardiomyocytes cultured on the Au-coated
SU-8 cantilever recovered almost to its original relative contrac-
tion force after washout the drugs whereas, the relative con-
traction force of cardiomyocytes on bare SU-8 cantilever recov-
ered to its relative contraction force after 48 h wash out the
drugs. Fig. 5d shows the beat rate of the cardiomyocytes on
bare and Au-coated SU-8 cantilever. The beat rate of cardio-
myocytes at control state was ~1 Hz. The beat rate of cardio-
myocytes on bare and Au-coated SU-8 cantilever ~6.6 and 3.3

6776 | Analyst, 2021,146, 6768-6779

times decreased from control state after treating with 1 uM ver-
apamil. The beat rate of the cardiomyocytes slowly recovered
after washout the drug. The beat rate of the cardiomyocytes on
bare SU-8 recovered ~63% whereas, it found to be ~80% on
Au-coated SU-8 cantilever.

The rise of the cardiomyocytes on bare and Au-coated SU-8
cantilever at control state was ~172 + 10 ms and 178 + 10 ms,
respectively (Fig. 5e). The rise time of the cardiomyocytes was
increased with increasing drug concentration and reached
maximum of 367 + 14 ms and 281 + 14 ms after treating the
cardiomyocytes with 1 uM verapamil. Similarly, the decay time
of the cardiomyocytes on both cantilevers was increased with

This journal is © The Royal Society of Chemistry 2021
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increasing drug concentration and reached maximum of 870 +
25 ms and 805 + 21 ms, respectively at 1 uM verapamil
(Fig. 5f). The cardiomyocytes on Au-coated SU-8 cantilever was
showed significantly better contractility behavior under the
drug influence because of its better maturation than bare
SU-8. Fig. 5g shows the inotropic effect of the cardiomyocytes
cultured on Au-coated SU-8 cantilever. The cardiomyocytes
showed negative inotropic effect that is decreased relative con-
traction force with increasing verapamil concentration.
Fig. S101 shows the negative inotropic effect of the cardiomyo-
cytes on bare SU-8 cantilever. Fig. 5h shows the chronotropic
effect of the cardiomyocytes cultured on Au-coated SU-8 canti-
lever. The beat rate of the cardiomyocytes showed negative

View Article Online
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chronotropic effect that is decreased beat rate with increasing
drug concentration (Fig. 5h). The ICs, values calculated from
the inotropic effect of cardiomyocytes on bare and Au-coated
SU-8 cantilever was ~80 nM (Fig. S12at) and 122 nM (Fig. 5g),
whereas the calculated ICs, values from the chronotropic effect
were 98 nM (Fig. S12bt) and 142 nM (Fig. 5h) respectively. The
cardiomyocytes cultured on the Au-coated SU-8 cantilever exhi-
bits the same threshold ICs, value (136 nM) which was
measured using conventional electrophysiology technique.

Fig. 6 shows the adverse effects of quinidine on the cardio-
myocytes cultured on bare and Au-coated SU-8 cantilever. The
changes in the relative contraction force of cardiomyocytes on
SU-8 cantilever with and without the presence of a thin gold
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Fig. 6 Effect of quinidine on the cultured cardiomyocytes. (a and b) Real-time traces of the bare and Au-coated SU-8 cantilever displacement. (c)
Relative contraction force of the cardiomyocytes cultured on bare and Au-coated SU-8 cantilever as a function of different quinidine concentration.
(d) Beat-rate of the cardiomyocytes cultured on bare and Au-coated SU-8 cantilever at different drug concentration. (e and f) Rise and decay time of
the cardiomyocytes at different drug concentration. (g and h) Drug dose response curve of the cardiomyocytes cultured on the Au-coated cantile-

ver. The bars and error bars indicate the mean + s.d., (n = 10).
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film in response to quinidine was measured at specific concen-
tration. Fig. 6(a and b) shows the normalized displacement of
the cantilever due to contraction and relaxation of quinidine
treated cardiomyocytes ranging from 1 nM to 10 uM. In case of
the SU-8 cantilever coated with a gold film, the relative contrac-
tion force change due to the increase in drug concentration was
found to be relatively small compared to the bare SU-8 cantile-
ver. Fig. 6¢c shows the contractile behaviors of cardiomyocytes
for a drug known as a sodium channel blocker. The relative con-
traction force of cardiomyocytes from 1 nM to 100 nM of quini-
dine was almost unchanged, but at the concentration of 1 pM
they decreased strongly and at a concentration of 10 pM or
higher, cardiac arrest was confirmed. The relative contraction
force of the 10 pM treated cardiomyocytes on bare and Au-
coated SU-8 cantilever was found to be ~32 + 4 and 43 + 3,
respectively. The cardiomyocytes on both the cantilevers slowly
recovered to their original relative contraction force after 48 h
from drug washout. However, the relative contraction force of
cardiomyocytes on Au-coated SU-8 cantilever showed better
recovery characteristics compared to bare SU-8 cantilever.

The beat rate of the cardiomyocytes on both cantilevers did
not change significantly until 1 uM but the beat rate decreased
when the drug concentration was increased to 10 uM (Fig. 6d).
The beat rate of the 10 pM cardiomyocytes on bare and Au-
coated SU-8 film was found to be ~0.44 + 0.04 Hz and 0.92 +
0.02 Hz, respectively. Finally, after replacing the culture
medium with fresh medium the beat rate was recovered to
original beat rate. Fig. 6(e and f) shows the rise and decay time
of the cardiomyocytes cultured on both the cantilevers. The
rise time of the cardiomyocytes on bare and Au-coated SU-8
cantilever slightly increased to 178 + 6 ms and 182 + 8 ms com-
pared their control state 160 + 6 ms and 165 + 2 ms. The decay
time of the cardiomyocytes significantly affected at higher con-
centration of quinidine. Cardiomyocytes’ decay times on bare
and Au-coated SU-8 cantilevers were slightly increased to 320 +
10 ms and 360 + 15 ms, respectively, when compared to their
control state values of 320 + 12 ms and 323 + 8 ms. The results
of this experiment thus demonstrate that cardiomyocytes are
irreparably damaged by the drugs above a certain concen-
tration. Fig. 6(g and h) shows the inotropic and chronotropic
effect of the cardiomyocytes cultured on Au-coated SU-8 canti-
lever. According to the inotropic effect of cardiomyocytes on
bare and Au-coated SU-8 cantilevers, the calculated IC5, values
were approximately 7.1 (Fig S13af) and 8.3 uM (Fig. 6g),
respectively; however, the calculated ICs, values according to
the chronotropic effect were 6.8 (Fig. S13bf) and 7.8 pM
(Fig. 6h), respectively. Both the verapamil and quinidine
studies demonstrate that the cardiomyocytes cultured on Au-
coated SU-8 cantilever showed better response to drugs com-
pared to the bare SU-8 cantilever.

4. Conclusion

In this study, the cardiomyocyte maturity with conductive
materials such as graphene and Au was analyzed.
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Cardiomyocytes showed the highest sarcomere length and
alpha-actinin protein expression on the SU-8 substrate com-
pared to other cell culture substrates. The increased sarcomere
length in cardiomyocytes was measured by coating with con-
ductive materials and cardiomyocytes maturity was confirmed
by the expression of alpha-actinin, Cx43, and vinculin protein.
To imitate the extracellular matrix (ECM) of actual heart tissue,
the groove pattern was integrated onto the SU-8 cantilever
array. The interrelationships and drug reactions of cardiomyo-
cyte maturation and relative contraction forces under with and
without the thin Au film were analyzed using SU-8 cantilever.
Mature cardiomyocytes grown on an Au-coated SU-8 cantilever
is more resistant to drug action than immature cardiomyocytes
and show consistent ICs, values, which will be helpful for drug
screening and other biological applications.
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