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ABSTRACT

Ischemic heart disease (IHD) and stroke stand as the leading causes of death and disability on a global
scale. Cardiovascular diseases (CVDs) contribute significantly to disability, with many cases attributed to
the consumption of alcohol, tobacco, nicotine, and caffeine. Cardiac arrhythmia, affecting over 12 million
people worldwide, poses a substantial burden on healthcare systems. Despite this, the development of
anti-arrhythmic drugs has seen limited progress. The prevalence of arrhythmia is estimated to affect 1%
to 1.5% of the population, with challenges in estimating occurrence rates due to some individuals
experiencing no symptoms. A comprehensive total of 464 pharmaceutical products were withdrawn from
the market due to safety concerns. The primary reason includes cardiovascular toxicity. It is imperative to
conduct a comprehensive examination of the fundamental mechanisms causing cardiovascular toxicity to
avert the prolonged usage of potentially hazardous drugs, especially given that specific cardiovascular
medications persisted on the market for extended durations. This emphasizes the need for the
advancement of a more reliable human-based in vitro model that can be employed to investigate the
mechanisms of arrhythmia. Recent advancements in in vitro stem cell tech and in silico modeling offer
more models for heart failure and arrhythmia evaluation, addressing these challenges. This study
addresses this need by designing an arrhythmia shape, creating a vulnerable substrate for cardiac
arrhythmia by mimicking the source-to-sink mismatch in cardiac tissue. Arrhythmia-like events were
induced by subjecting cardiac tissues to Epinephrine and electrical pacing, and subsequent
experimentation revealed that Amiodarone successfully counteracted the effects of Epinephrine on our
cardiac tissue in the PDMS shape. Limited experiments on cardiac tissues cultured in the arrhythmia
shapes showed minimal counteracting effects of Amiodarone. Despite these constraints, this study marks
the next step in designing a heart-on-chip model for the study of cardiac arrhythmias. Looking ahead,
there is potential to further develop this heart-on-chip model into a comprehensive, multidisciplinary
platform for the risk assessment of cardiac arrhythmias.






1. Introduction

1.1.Cardiac diseases and occurrence

Cardiovascular diseases (CVDs) and stroke are the primary causes of death and disability worldwide. Most
cardiovascular diseases result from the intake of alcohol, nicotine, and caffeine [1]. Fighting cardiovascular
illnesses and complications caused by conditions such as arrhythmia is still an unmet need. Even though
there hasn’t been much focus on understanding the mechanism of cardiac arrhythmia, massive efforts
have been made to develop therapeutic solutions to cardiac complications and diseases[2]. Irregular
metabolism and energy imbalance can lead to metabolic consequences. The risk of cardiac arrhythmia is
higher in people with diabetes, obesity that may lead to heart attack/ stroke [3],[4]. Globally, over 12
million people get affected by cardiac arrhythmia. An estimate of 1% to 1.5% of population is affected by
arrhythmia but some asymptomatic people making it difficult to estimate the occurrence rate of
arrhythmia [5]. The morbidity and mortality of millions of patients are still greatly impacted by cardiac
arrhythmia, despite tremendous advancements in its detection, treatment and management. This is
partially due to unmet knowledge gaps in the cardiac pathophysiology, screening, and therapeutic
approaches of arrhythmia, such as rate/rhythm control and stroke prevention [6]. Reproducing the
patterns of action potential (AP) propagation in the human heart during sinus rhythm and arrhythmia is
crucial to produce useful models for researching the mechanisms underlying atrial arrhythmias. In
addition to simulating high-frequency focused activity and anatomical and functional reentry, these
capabilities allow researchers to analyze the function of certain disease pathways or arrhythmia
mechanisms [7]. Automaticity, trigger activity, and reentry are three basic mechanisms on which cardiac
arrhythmia relay on. If any of the mechanisms has abnormal activity or delay in their activity that might
lead to arrhythmia [8]. There are different types of arrhythmias, each type with its own symptoms and
can occur in any part of the heart but heart rate being fast or slow or irregular is the most common
symptom of all types of arrhythmias [9]. The most common symptoms of arrhythmia are palpitations,
chest discomfort, dizziness, and shortness of breath and in worst case it leads to death. But arrhythmia
can also occur without symptoms [10]. From 1950 to 2017, a comprehensive total of 464 pharmaceutical
products were withdrawn from the market due to safety concerns. The primary reason for withdrawal
was hepatotoxicity, followed by neurotoxicity and cardiovascular toxicity. A thorough investigation into
the underlying mechanisms of cardiovascular toxicity is crucial to prevent the prolonged use of potentially
risky drugs, particularly considering that certain cardiovascular medications remained on the market for
extended periods[11],[12].

1.2. Healthy heart vs Arrhythmic heart
The heart is divided into four chambers which are atria on the top and ventricles below. Four chambers
are divided by one-way valves that open and close with each pulse. Normal sinus rhythm (NSR) is the
name for a healthy heartbeat. Arrhythmia is a condition when heart rhythm/heart rate are irregular[13].

The heart contracts because of an electrical signal which begins in the sinoatrial node and through the
atria it reaches the atrioventricular node. The ventricles then go through one cycle of contraction once
activation has spread across them. In the Figure 1, it is shown that this coordination of electrical signals is
disrupted in arrhythmic heart (right side) when compared to the normal heart (left side) [14]. The reentry
phenomenon, in which the electric stimulation cycles around a core of unexcitable tissue, is often the
underlying cause of arrhythmia [15]. Understanding the underlying mechanism of cardiac arrhythmia at
the cellular level can be helpful to clinically manage and treat arrhythmia of all types [16]. Recently,



researchers have focused on replicating the organ level physiology in a chip with the help of the
bioengineering technologies which would greatly improve the disease modeling and help with high
throughput drug screening [17]. With suitable cell sources, mechanical designing the heart on a chip can
be used for in vitro modelling and to gain insights of the mechanisms which will pave a way for
understanding cardiovascular diseases and associated drug screening processes [18].
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Figure 1: The coordination of electrical signals in normal heart vs arrhythmic heart [14]

1.3.In vitro models and Heart-on-a-chip
The discipline of cardiac tissue engineering has been quickly producing more precise functional 3D cardiac
microtissues from human cell sources because of recent advancements in stem cell biology, materials
science, and bioengineering. The main goal of the in vitro 3D models is mimicking the function in disease
and achieving high-throughput results of drug screening. These created tissues allow for the screening of
cardiotoxic medicines, disease modeling and they can act as new drug development platforms [19],[20].
Traditionally, arrhythmia research relied on affected individuals or animal models, but limitations like
interspecies variation and ethical concerns prompted a shift. Recent advancements in in vitro induced
pluripotent stem cell technology and in silico modeling have diversified models for heart failure and
arrhythmia assessment[12]. Earlier scientists relied on 2D monolayer heart models to study the
mechanism of the disease and to evaluate drug reactions. It is also known that animal models are used
for drug testing procedures. Using 3D tissue models with stem cells would be more ethical and reliable as
the animal models do not represent human physiology [21]. This underscores the need for the
advancement of a more reliable human-based in vitro model that can be employed to investigate the
mechanisms of arrhythmia. Recently, cardiomyocytes and other types of heart cells can be employed in
the growing area of Heart-On-a-Chip (HOC) technology to create functioning cardiac microtissues which
replicate many characteristics of the human heart. HOC models are set to play a significant role in the
drug development process and show considerable potential as disease modeling platforms. Diseased
HOCs are highly tunable and can be produced using a variety of methods, including using cells with known
genetic backgrounds (patient-derived cells), adding small molecules, altering the cell's environment, and
changing the cell ratio/composition of microtissues, among others. This is made possible by advances in



the biology of human pluripotent stem cell-derived cardiomyocytes and microfabrication technology [22].
Invitro animal models have been used as research models for studying cardiac mechanisms and its disease
modeling for over a decade. But with its limitations of mimicking the human pathophysiology and inability
to alter the mechanical and structural properties results in complicated cardiovascular research for
comparing electrophysiology properties of cardiac cells since the rodents have short span of repolarization
time than humans [23],[24]. 3D cardiac tissue models resolve these limitations by allowing researchers
to mimic the human heart characteristics in a chip-based model using human induced Pluripotent Stem
Cells (hiPSC) derived cardiomyocytes.

1.4.Cardiomyocytes
This project utilizes Pluripotent Stem Cell-Cardiomyocytes (hiPSC-CMs), specifically sourced from the WTC
cell line. These hiPSC-CMs are known for their capability to mimic human heart physiology, enabling to
observe their reaction to different drugs. This approach holds promise for developing personalized
medicine tailored to individual responses. In preparation for experiments, the differentiated
cardiomyocytes are retrieved with appropriate safety measures and thawing is accomplished using a
warm water bath, rendering the cells ready for use.

1.5.Arrhythmia-on- a- chip

This study aims to replicate an arrhythmia disease model using a chip-based design and assess the
response of anti-arrhythmic drugs on this model. Literature proves that structural abnormalities in the
heart can contribute to a higher incidence of arrhythmia, potentially leading to fatal outcomes[18]. The
chip is designed from computer simulations and the design is adapted from existing literature to create a
scenario where the electrical signal passing through a narrow channel may unevenly spread on the other
side, potentially causing irregular contractions, and initiating arrhythmia. In the Figure 2E, an activation
map of the neonatal rat ventricular myocytes (NRVM) monolayer on the heterogenous structure with a
1-mm wide isthmus is displayed [18]. Before inducing arrhythmia, a heart model must be generated, and
the substrate for cardiac arrhythmia in this study is adapted from the source-to-sink mismatch, as
depicted in Figures 2A-2D. Activation occurs when the source volume is larger (2A) or equal (2B) to the
sink volume, ensuring sufficient electrical current for myocardial cell activation in the distal direction.
Conversely, when the source volume is smaller than the sink volume, the activation wavefront may either
slow (2C) or block (2D) denoted by the double black line, due to reduced electric current available for
activating myocardial cells in the distal direction[25]. Invitro animal models have been used as research
models for studying cardiac mechanisms and its disease modeling for over a decade. But with its
limitations of mimicking the human pathophysiology and inability to alter the mechanical and structural
properties results in complicated cardiovascular research for comparing electrophysiology properties of
cardiac cells since the rodents have short span of repolarization time than humans [23], [24]. 3D cardiac
tissue models resolve these limitations by allowing researchers to mimic the human heart characteristics
in a chip-based model using hiPSC derived cardiomyocytes.
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Figure 2: Discrepancy between source and sink resulting in reentry. (A-D) lllustration of source-to-sink
mismatch and its impact on electrical conduction at the isthmus boundary[25]. (E) Activation map
displaying 5 ms isochrone lines for a patterned (NRVM) monolayer with a 1-mm-wide isthmus, paced at 6
Hz[18], [25].

1.6. Anti-arrhythmic drugs on the arrhythmic shape

The goal of this arrhythmic model is to test anti-arrhythmic drugs and observe the effect on arrhythmia
induced hiPSC-CMs in response to the drugs. Arrhythmic events are triggered in CMs using alpha- and
beta-adrenergic agonists like epinephrine which increases the heart rate by modulating the ion channels.
The channels that contribute to pacemaker activity and are impacted by -adrenergic stimulation are those
that are most likely to be implicated. Adrenergic agonists also increase the intracellular Ca?* concentration
in atrial, ventricular and atrioventricular pacemaker cells which will result in the increased heart rate [26].
Epinephrine, caffeine, and alcohol are adrenergic agonists that used to increase the beating of
cardiomyocytes in the cardiac tissues. Once increased pace of beating is observed, anti-arrhythmic drugs
are tested on the cardiomyocytes in different concentration at different timepoints and the results are
analyzed using statistical analysis to compare the effect of these drugs on the cardiomyocytes. There are
four classes of anti-arrhythmic drugs such as class |, sodium-channel blockers; class Il, beta-blockers; class
[, potassium-channel blockers; class IV, calcium-channel blockers in which Amiodarone is a class Il anti-
arrhythmic drug which can block multiple channels including potassium and sodium channels.
Amiodarone blocks the potassium channels that causes repolarization and increase in beating rate in the
cardiac tissues [27]. After optimizing the arrhythmia model using these experiments, the cardiomyocytes
are introduced to electrical pacing which would increase the beating of the cells according to the
corresponding voltage and different frequencies (Hz) and anti-arrhythmic drugs are tested on the
optimized arrhythmic model. In this study, we optimized the 1) chip material and its culture conditions,
2) Xanthan gum concentration, 3) Fluorescent staining method and analyzed the effect of anti-arrhythmic
drugs on our cardiac tissue.

2. Materials and Methods
2.1.PDMS and PMMA fabrication

Two thermoplastic materials commonly utilized for chip models are PDMS and PMMA, recognized for
their cell attachment and growth properties. In this project, both PDMS and PMMA chips were produced.
PDMS chips were created by thoroughly mixing the PDMS mold and curing agent at a 10:1 ratio. The



mixture was then degassed in a desiccator until all bubbles were eliminated. The degassed mixture was
poured into a cast with a negative resist of dumbbell shapes, secured with clamps, and placed in a
degassing apparatus until all bubbles disappeared. Following degassing, the cast with the mold was cured
in an oven for 24 hours. The hardened mold was carefully separated from the cast, and individual chips
were obtained by cutting the mold. To ensure cell fixation in the desired shape, chips and 15 mm glass
slides, to which the chips were attached, underwent plasma treatment using a plasma cleaner machine
with a loaded PDMS recipe. The chip was immediately affixed to the glass slide, and the entire assembly
was placed inside a 12-well plate, resulting in a ready-to-use PDMS chip which is shown in the Figure 3B,
and the dimension of the shape is illustrated in the Figure 3C.

In Figure 3A, PMMA shapes were designed in a 12-well plate configuration, with each well featuring a
dumbbell shape for cell seeding and the PMMA plate incorporates extruded shapes with PCR tape
covering the bottom of the plate, facilitating cell culture.
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Figure 3: Design of the PMMA and PDMS shapes. (A) Representation of the PMMA plate with arrhythmic
shapes extruded. (B) 12-well plate with PDMS shapes (C) A detailed depiction of the dimensions of the
PDMS shape.

2.2.Cell seeding
Both the PDMS and PMMA plates underwent surface coating with a mixture of Matrigel (1:100, Corning)
and Geltrex (1:100, Gibco) in DMEM/F12 (DMEMF12 1:1 (1x) + GlutaMAX-I, Gibco). To achieve optimal
cell attachment, 20 pul of this solution is applied to the PMMA shape and 25 ul is applied to the PDMS
plate, followed by a 1-hour incubation at 37°C. After this incubation period, the coating solution is
removed, and DMEM/F12 medium containing 10% Fetal Bovine Serum (FBS, Gibco) and 2 pl of primocin
for antibiotic protection is added. This FBS coating is allowed to incubate for approximately 2.5 hours
before seeding the shapes with cardiomyocytes (CMs). Around 3.5 million cells are utilized for seeding,



with 500K cells/shape for PMMA and 600K cells/shape for PDMS. Upon thawing the cells, 4 ml of
DMEM/F12 medium is added to the tube, and the cells are centrifuged to form a cell pellet. Post-
centrifugation, 1 ml of high glucose (1:30) cardiomyocyte maturation TDI medium (CM medium) is added
to the cell pellet to create a cell suspension. The concentrations of the growth factors 3,3’,5’-Triiodo-L-
thyronine (T), Dexamethasone (D), and long R3 IGF-I Human (l) are 100 nM, 1 uM and 100 ng/ml
respectively. This suspension is then transferred to a polystyrene tube with a cell strainer cap for filtration.
An additional 1 ml of CM medium is added to the filter tube for dilution, and the cell density is calculated
using the hemocytometer technique. Following centrifugation and removal of the supernatant, a working
solution of CM medium with collagen I (2 pg/mL, OptiCol Human Collagen Type |, Cellgs) and collagen Il
(3 ug/mL, OptiCol Collagen Type Ill, Cellgs) is prepared. The appropriate amount of this medium is added
to the cell pellet, and the cell suspension is resuspended. Subsequently, 20 ul of this cell suspension is
added to each shape of the PMMA plate and 25 pl to the PDMS shape. After a 1.5-hour incubation, 400
ul of CM medium is gently added to each shape without disturbing the cells. To ensure proper shape
formation and attachment of the cells to the bottom, a Xanthan gum powder solution (1.5% w/v, Sigma-
Aldrich) in CM medium is prepared on a roller bank overnight. The next day, 175 pl of this mixture is added
to the top of each shape. Each well is then filled to the top with CM medium on the third day, and the
medium is refreshed every two days. Once the cells exhibit efficient beating, imaging can be performed
between day 9 and day 12 using NIKON Eclipse Ti2 microscope.

2.3.Calcium staining

Fluo-8 dye AM is a green, fluorescent calcium dye used for imaging calcium transient signals when the
cardiomyocytes start contracting. Binding of Ca2+ with the dye makes the fluorescent intensity increase
and it can be imaged. Usually between the 9™ and 12t day, the cells are dyed with a working solution of
12 uM Fluo-8 AM in HBSS (Hank’s balanced salt solution, Gibco). 1:16 Pluronic F-127 is added to increase
the aqueous solubility of the dye. 100 ul of this working solution is added to shapes and are incubated for
1 hr. at 37°C. After 1hr, the cells are washed with HBSS, and fresh CM medium was added to the shapes.
The cells were imaged for Ca2+ transient signals as they beat, and the image data were analyzed.

2.4.Testing anti-arrhythmic drugs on the cardiac tissue

In this study, the class lll anti-arrhythmic drug Amiodarone is utilized to assess its impact on cardiac tissue.
The cardiomyocytes are initially stained with a calcium fluorescent dye, as detailed in the preceding
section, and baseline data is obtained through tissue imaging. Subsequently, the adrenergic stimulant
Epinephrine is introduced at a concentration of 0.1 uM to enhance the contraction rate of
cardiomyocytes. The cardiac tissue is incubated for 5 minutes and imaged for analysis to check if the
beating of the cardiac tissue has increased. Following the removal of Epinephrine, the first concentration
(0.1 uM) of Amiodarone is added, and the tissue is imaged for either 5 secs or 10 secs based on the beating
rate. Subsequently, the solution is removed, and the second concentration (1 uM) of Amiodarone is
introduced, followed by a 5-minute incubation period. The tissue is then imaged for analysis. Output data
are stored in. nd2 files, which were analyzed using Image) software to generate graphs for comparing
contraction rates at different time points and BV bench software to create activation time maps.



3. Result and Discussion
3.1.Enhanced Tissue Integrity in OoC Fabricated from PDMS Compared to PMMA

The experiment commenced by optimizing the ideal material and conditions to maintain the shape in
culture. To robustly generate cardiac tissue in dumbbell shape, we first optimized the culture conditions.
The incubation time for FBS coating was optimized from 1 hour to 2.5 hours in PDMS shapes. Notably,
after cell seeding, the CM medium was introduced 1 hour after incubation in PMMA, while in PDMS, it
was added after 1.5 hours, resulting in more consistent cardiac tissue formation with PDMS shapes than
with PMMA. The overall optimized culture conditions for PMMA and PDMS is depicted in the Figure 4A.
After several experiments, it was evident that the culturing of cells was uniform, and the cells had better
attachment in PDMS than in PMMA shapes. The cells also had good syncytium in PDMS shapes. The
cardiac tissue formed a nice dumbbell shape connected through the channel and the cells contracted at
a uniform pace around D-7 as shown in the Figure 4C. The effectiveness of electrical pacing relies on the
cells exhibiting strong attachment and forming a complete dumbbell shape. The clear observation of
electrical signal propagation is possible only when there is a complete formation of the cardiac tissue. On
the contrary, Figure 4B shows that there was no consistent shape formation without breakage in the
channel and the cells only formed clusters in the PMMA chip. Despite numerous attempts with PMMA, it
failed to uphold a satisfactory cell structure. As a result, it is concluded that PDMS shapes can be used for
further experiments. This PMMA chip offers superior design and chip stability compared to the PDMS
chip. The differences observed between the PDMS and PMMA chips are mentioned in the Table 1.

Although PDMS allowed for the formation of a complete cardiac tissue, issues arose during imaging as
the PDMS chips were not affixed to the wells plate, complicating the analysis of data obtained through
fluorescent imaging. To address this challenge, a UV-radiated 12-well plate with holes in the center of
each well was utilized, ensuring the PDMS shapes remained fixed to the bottom of the wells plate. The
PDMS shapes, combined with 18 mm glass slides, were secured using MOLYKOTE® DC High-Vacuum
Grease. The enhanced shape demonstrates improved cell attachment and the successful formation of the
desired structure as shown in the Figure 4D. Additionally, this resolution addresses the imaging challenges
associated with PDMS shapes, as outlined in the table above. This optimization provides an ideal basis for
advancing the research to the next stages.
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Figure 4: Overview of the PMMA and PDMS shape formation. (A) Overview of the cell organization
process over time in both PMMA and PDMS shapes. (B, C) Comparision of the arrhythmic shape formation
by cardiomyocytes in PMMA (B) and PDMS (C). (D) Optimized PDMS chip with fixed position in the 12-well
plate using high vaccum grease.



PDMS

PMMA

The shapes looked complete and are connected
through the channel without any breakage of cells.

The shapes didn’t look filled, and the cells are
scattered over the shape.

Xanthan gum is difficult to remove from the PDMS
shapes as it is in the reservoir and needs couple of
washing steps on the day of staining to completely
remove it.

In PMMA shapes, xanthan gum is easy to take off
from the surface of cells with regular refreshment
of CM medium as the shapes are extruded in the
plate.

The calcium imaging and confocal imaging might
be a little challenging, as the PDMS shapes are not
fixed to the plates.

In PMMA the shapes are in a fixed position on the
plate so the shapes can be directly imaged.

The PDMS shapes cannot be reused and stock of
PDMS shapes should be made from time to time
which is quite laborious.

The PMMA plates can be reused, and PCR
adhesive tapes are used to seal the bottom of the
plate which is cheap.

Table 1: Overview of the differences between the PDMS and PMMA shapes

3.2.Hinderance occurred with staining

To test if the calcium staining solution is efficient, hiPSC-derived cardiomyocytes were seeded as
monolayers and calcium staining were performed in monolayers and PDMS shapes. Once the cells
commenced beating, calcium staining was conducted on both the monolayers and the PDMS shapes to
compare Ca2+ transient levels in cardiomyocytes. For this, 5 PDMS shapes and 3 monolayer shapes were
generated and maintained through medium refreshments until the 10*" day.

Figure 5 depicts fluorescent signals observed in the cardiomyocyte monolayers, affirming that the staining
solution is not the issue. Instead, the inadequate staining of the PDMS shapes is attributed to the presence

of the xanthan gum layer.

Figure 5: Fluorescent signals to monitor calcium transients. A) monolayers (n=5).




3.3. Xanthan gum affects the calcium staining

The optimization of the culture conditions and PDMS shapes was imperative for the successful cultivation
of cardiomyocytes, ensuring the maintenance of a robust dumbbell structure and the initiation of
rhythmic beating. The experiment involving monolayers on 96-well plate and PDMS shapes revealed that
xanthan gum contributed to inadequate staining. When 2% xanthan gum mixture was employed to
overlay the cell monolayer and prevent tissue compaction, no fluorescent signals or calcium sparks were
detected, even though the shapes exhibited proper beating under a bright-field microscope. This might
be because of the presence of a thin layer of Xanthan gum upon the cells which did not allow the cells to
contract enough as seen in the Figure 6A. The high concentration of the 2% xanthan gum solution made
it difficult to thoroughly wash off, suspected to be inhibiting adequate cell contraction even around Day-
9. These staining and contraction issues likely resulted from the xanthan gum layer, impeding dye
absorption, and causing unsuccessful staining. After conducting cell culturing experiments with 2% and
1.5% xanthan gum solutions, 1.5% Xanthan Gum was selected for future experiments (Figure 6B). This
refinement in methodology proved to be pivotal, making progress in overcoming challenges encountered
during the initial stages of this study.

Figure 6: Arrhythmic shapes with Xanthan gum on top. (A) Cardiac tissue on PDMS shape on day 8.
(B) Top view representation of X.G on the PDMS shape.

3.4.Effect of Epinephrine and Amiodarone on cardiac tissue
Following the successful optimization of the PDMS chip, cardiac tissues underwent testing with the anti-
arrhythmic drug Amiodarone to assess the drug's impact on the irregular beating rhythm induced by
adrenergic stimulant epinephrine. Among the experiments conducted, three displayed a similar pattern
of the effect of the drug epinephrine and Amiodarone, and the most representative one is used for the
data analysis and the results are presented in Figure 7. To access the activation time of the signal in the
tissue and to analyze the arrhythmia's signal re-entry phenomenon, optical mapping with BV workbench
software was employed. Within this software, we can generate action potential duration and activation
time maps, providing insights into signal origins and endpoints. This feature is instrumental in estimating
whether there is a re-excited signal, discernible through changes in the color palette. To verify its
compatibility with our data, an optical mapping analysis was conducted on a shape demonstrating robust
signal propagation, as illustrated in Figure 7A. The color variation in Figure 7A indicates that signal
propagation originates from the bottom right corner, travels through the isthmus, and reaches the left
side of the shape within a 3-second timeframe. Although time constraints limited extensive data
generation, a successful optical mapping analysis on a shape with good signal propagation confirmed the



software's viability with the data from PDMS shapes. This allowed for moving forward with analyzing
arrhythmia and studying how signal propagation changes with the administration of anti-arrhythmic
drugs.

Upon treatment, with 0.1 uM Epinephrine, an increased number of peaks could be detected, indicating a
higher frequency rate (Hz). Upon administration of 0.1 uM Amiodarone, there was minimal difference in
frequency rate because of the short duration of the video (Figure 7B). To assess the effect of Amiodarone,
a closer analysis of the intensity peaks shows that the refractory period increases with increasing
concentrations of Amiodarone. A concentration dependent increase in the refractory period is observed
(Figure 7C). Figure 7D and 7E shows the averaged refractory period (ms) and averaged frequency rate (Hz)
in the obtained Ca2+ intensity peaks of the cardiac tissues respectively.

Subsequently, in the optical mapping phase, results from the same experiment with spontaneous beating,
0.1 uM Epinephrine and 0.1 uM Amiodarone were utilized to generate activation time maps, as depicted
in Figure 7F, 7G and 7H respectively. Between the baseline and Epinephrine, there is not much difference
in the activation time of the signal as shown in Figure 7F and 7G. However, the introduction of
Amiodarone increased the activation time duration from 160 ms to 300 ms, indicating a slowdown in
duration of activation time (Figure 7H). According to literature, the administration of class IC anti-
arrhythmic drug Flecainide and class Il anti-arrhythmic drug Dofetilide are reported to extend the cycle
length duration and action potential duration in the activation maps, leading to a deceleration of
conduction velocity in rotor cardiac tissue models [28].

Combined with our intensity graph results, we can partially conclude that Epinephrine increases the
frequency rate (Hz), but it does not have a significant effect on the action potential duration and refractory
period. It was also observed that activation time and refractory period were upregulated when
Amiodarone was administrated. Our results were in accordance with results from literature depicting that
Epinephrine increases the heart rate (frequency rate), but the effect on the duration of action potential
and refractory period were not significant [29], [30], [31]. Recent investigations show that Amiodarone
inhibits potassium currents responsible for repolarization, leading to an increase in the duration of action
potential and refractory period of cardiac cells which is also observed in our results (7C) [32]. However,
due to the novelty of this data analysis and time constraints, the specific data values required to calculate
conduction velocity were not generated and in addition, time constraints limited extensive data
generation using this optical mapping software. Future experiments aligned with optical mapping could
enhance the comprehensive study of anti-arrhythmic drug effects on events resembling arrhythmia.
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Figure 7: Assessment of effect of epinephrine and amiodarone in cardiac tissue with Ca2+ intensity peaks
and activation time maps. (A) Cardiac tissue in PDMS shape with no treatment which exhibits a signal
propagation at the earlier stage of the study (B) Difference in the Ca2+ intensity peaks of cardiac tissue
with spontaneous beating, 0.1 uM epinephrine and 0.1 uM amiodarone administration (C) Difference in
the refractory period of cardiac tissue with different concentrations of amiodarone (D) Averaged refractory
period(ms) in the intensity peaks of cardiac tissues (n=2) at baseline, 0.1 uM epinephrine and Amiodarone
(0.1 uM, 1 uM and 10 uM). (E) Averaged frequency rate (Hz) in the intensity peaks of cardiac tissues (n=2)
at baseline, 0.1 uM epinephrine and Amiodarone (0.1 uM, 1 uM and 10 uM). Error bars represent standard
error of mean. (F) Activation time map of spontaneous beating in cardiac tissue with a timeline for duration
for Ca2+ signal propagation (G) Activation time map of 0.1 uM epinephrine in cardiac tissue with a timeline
for duration for Ca2+ signal propagation (H) Activation time map of 0.1 uM amiodarone in cardiac tissue
with a timeline for duration for Ca2+ signal propagation.
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3.5.Electrical pacing and drug testing
Challenges persisted with PDMS shapes during imaging, as they tended to float in the wells plate when
CM medium was added. Looking ahead, the next step is focused pacing of the cells with electrodes to
assess propagation of the electrical signal. In addition, this could potentially generate a faster rhythm,
allowing the evaluation of anti-arrhythmic drug effects on induced arrhythmia. Incorporating electrodes
into the PDMS shapes required a fixed position for proper contact. An engineered cap was considered to
secure the electrodes without disturbance as shown in the Figure 8A.

After achieving this fixed cardiac model for optimal pacing, the next step was to deliberately induce
arrhythmia in the shapes through electrical pacing, aiming to comprehend the re-entry phenomena and
facilitate the testing of anti-arrhythmic drugs. Initially, arrhythmia was successfully induced using the
adrenergic stimulant epinephrine, prompting us to replicate the induced arrhythmia using electrical
pacing. To achieve this, cells must adhere to electrical pacing, conducting signals across the shapes. To
validate this theory, cells were paced at various voltages and increasing frequencies, to optimize the
pacing conditions for arrhythmia induction as the signal traversed from the larger area through the
narrowed channel. Pacing experiments were conducted at 10 V from frequencies 1-5 Hz, and at 20 V from
frequencies 1-5 Hz with a 10 Am current. Regrettably, the pacing attempts yielded unsuccessful results as
the cells failed to respond to the electrical signals. Subsequently, the anti-arrhythmic drug Amiodarone
was examined at concentrations of 0.1 uM and 1 uM to assess its impact on the paced tissues. Cell imaging
conducted for a duration of 15 seconds under four conditions (Figure 8B, 8C,8D and 8E). Even though, the
cells did not follow the electrical pacing, the cardiac cells revealed a decrease in Ca2+ intensity peaks
following Amiodarone administration. However, this outcome does not provide conclusive evidence
regarding the cells' responsiveness to electrical pacing.
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Figure 8: Intensity graphs of cardiac tissues. (A) setup of the electrical pacing using the customer holder
for electrodes. (B) Baseline measurement of the PDMS cardiac tissue. (C) Cardiac tissue when paced at
20V, 5Hz. (D) Cardiac tissue after administration of 0.1 uM of Amiodarone. (E) Cardiac tissue after
administration of 1 uM concentration of Amiodarone.

Several attempts, totaling five experiments, were made to electrically stimulate cells using electrodes, but
the outcomes were inconsistent and one of the results in presented in the Appendix Figure 9. Close
contact of the electrodes with the shape led to tissue destruction. Consequently, the electrodes were
positioned in the surrounding area of the shape within the PDMS reservoir, disrupting the electrical signal.
This disruption occurred because the outer layer of the shape was in contact with the medium, causing
the signal to disperse and travel from both sides of the shape. Consequently, when pacing was supposed
to be initiated from one side, the signal initiated from both sides due to medium contact, reaching its
conclusion at the isthmus tunnel. This scenario posed a challenge in sustaining pacing to induce
arrhythmia. The experiment suggests that cells respond to electrical signals, but whether they generate
an arrhythmic event on the opposite side when electrically paced from one side remains unclear. While
alternative methods using graphite/PDMS composites existed, direct application on the glass slide posed
challenges in connecting to external electricity conducting wires and lacked evidence of biocompatibility
in cell culture, leading to the exclusion of this option.

Microelectrode Arrays (MEAs) are surface systems featuring closely spaced multichannel electrodes
designed for cell culture. The number, size, and structure of these electrodes can be customized to suit
the specific cell type under investigation. MEAs have the capability to record both the field potential and
electrophysiological properties of the cell monolayer [34],[35],[36]. From recent studies, it is known that
MEAs can be customized to determine the action potential of hiPSC- derived CMs and their biomechanical
properties [37], [38], [39]. The isthmus structure within the PDMS chip is a crucial factor in arrhythmia
induction in this study. Existing MEAs proved inadequate for comprehending arrhythmic conditions.
Literature suggests that crafting a chip with high-density electrodes could revolutionize drug testing for
arrhythmia and other cardiovascular diseases, particularly with the development of the CardioMEA data
analysis platform. This advancement aims to enhance precision and accuracy in electrophysiology
measures, particularly for analyzing MEA data [39].



During the initial data analysis, several challenges were encountered in optical map creation, including
issues with data format, frames per second (fps), exposure time, and the time frame of the movie. It was
determined that the fps should be set to at least 50 fps, a requirement not initially met. Through these
experiments, it becomes evident that calcium imaging with staining poses challenges, and the use of Fluo-
8 AM can make the procedure costly. Assessing action potential conduction velocity solely through bright
field data would offer more advantages. The collaboration with Antti Ahola, a researcher from Tampere
University, Finland, has enabled the realization of this possibility. The researcher introduced in-house
developed MATLAB based data analysis software called CellVisus. This analysis aimed to detect
electrophysiological properties and electrical signal propagation without relying on fluorescence. This
introduces a novel spatiotemporal segmentation method, showcasing its application on a hiPSC-CM
monolayer [33]. The methodologies outlined serve as a foundation for investigating the relationships
between cellular structure and contractile function. The software utilizes bright field microscopy to
capture videos of cardiac tissue beatings. This approach has the potential to yield the desired results
without the need for staining cells with calcium dye and imaging Ca2+ signals. Limited time availability
resulted in a restricted generation of results. The result dataset comprises an image depicting the
magnitude of contraction in pixels, an image illustrating the propagation of contraction through the shape,
and a graph plotting the contraction and relaxation velocities against the video frames. The results are
presented in Appendix Figure 10. As previously discussed, calcium staining posed a challenge due to the
thin layer of Xanthan gum covering the cells. Segmentation based on Power Spectral Density (PSD) offers
a method of segmentation focused on cell function. The primary goal was to identify areas exhibiting
movement related to contraction. This segmentation not only facilitates the detection of contraction-
related movement but also enables the tool to offer additional spatial information. This includes the
guantification of contraction propagation within the given context. Exploring different approaches using
segmentation for data analysis for cardiac tissues could be a promising future option, as it eliminates the
need for staining.

4. Conclusion

This study represents the initial steps in developing a heart-on-chip model to assess the risk of cardiac
arrhythmias. The research highlights the model's effectiveness in studying arrhythmias within a human
heart-on-chip context. The optimization of culture conditions and PDMS chips has facilitated improved
calcium imaging. The specifically designed PDMS arrhythmia shapes have shown promise for pro-
arrhythmic drug testing. The study reveals concordant effects of epinephrine and amiodarone, aligning
with existing literature and opening the door for testing other adrenergic stimulants and anti-arrhythmic
drugs. Furthermore, the findings suggest that the current electrical pacing technique is ineffective in
stimulating cardiac tissue in PDMS shapes, advocating for the exploration of more refined pacing
techniques in future investigations. Looking forward, there is potential to advance this heart-on-chip
model into a versatile, multidisciplinary platform for a comprehensive assessment of the risk of cardiac
arrhythmias.



5. Appendix A — Supplementary Figures

In Figure 9, Ca2+ intensity peaks are depicted following electrical pacing of cardiac tissues at 20V with
various frequencies. This experiment aimed to assess if the cardiac tissues follow the electrical signal when
paced from one side of the shape. Regrettably, the results remain inconclusive.
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Figure 9: Ca2+ intensity peaks of the cardiac tissue in PDMS shape. (A) Intensity graph of the tissue
when paced at 20V, 10 A current,1 Hz (A), 2 Hz (B), 3 Hz (C), and 4 Hz (D).



Figure 10 illustrates the outcomes obtained through the MATLAB-based data analysis software CellVisus.
The analysis involved the examination of bright-field microscopy videos capturing the beating cardiac
tissue, with the resulting data presented below. Figure 10B visually represents the magnitude of
contraction in pixels, effectively portraying its spread. Enhanced light transmission could provide more
detailed insights into the propagation process. Additionally, Figure 10C exhibited the anticipated
propagation results, showcasing a well-defined spread of contraction originating from the isthmus. The
illustration reveals the organic spread, with the darkest red spots representing artifacts. In Figure 10D,
the x-axis represents the video frame, while the y-axis depicts the mean motion in pixels between frames.
The upward transient signifies contraction velocity, and the downward transient represents relaxation
velocity. The peak of the transient indicates the highest velocity, corresponding to the frame with the
fastest motion. The videos provide a measure of matter displacement rather than force.
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Figure 10: Overall results from CellVisus Data Analysis software. (A) The input data of the cardiac tissue
for the data analysis (B) Image of the magnitude of contraction in pixels. (C) Image of the propagation of
contraction through the shape. (D) Graph of the contraction velocity and relaxation velocity plotted against
the video frame.
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