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Abstract

In the past several decades, the wealth of recent research on applications
of microelectromechanical systems (MEMS) in the biomedical field have
played an important role in the generation of new microsystems that
can enhance bioanalysis. Multielectrode arrays (MEAs) are part of
these new instruments that contain multiple microelectrodes through
which electrical signals from excitable cells are obtained or delivered.
FExcitable cells, also known as electrogenic cells, have the specificity and
ability to be electrically excited resulting in the generation of action
potentials. They include cells such as neurons, muscle cells (skeletal,
smooth, cardiac), and also pancreatic cells. Their electrical properties
are fundamental for propagating electrical signals through our body and
maintaining the well-functioning of vital organs, such as the rhythm of
our heartbeat. The heart conduction system is indeed based on the elec-
trical specificity of cardiac muscle cells, also called cardiomyocytes. As
a result, understanding the relationships between the electrical connec-
tivity of cardiomyocytes and their physiopathological functions became

one of the central goals of contemporary electrocardiology.

v



Novel MEA devices providing a non-invasive electrophysiology tech-
nique have been designed and developed for recordings of the extra-
cellular potential of excitable cells. These devices eventually became
more efficient than previous methods for single cell analysis such as the
patch-clamp method. However, a challenging problem which arises in
this domain is the difficulty to combine transparency, large number and
high density of pm-sized electrodes on a large surface of study, with

multiple measurement techniques.

Transparency is a fundamental parameter for assessing the cell vi-
ability and combining optical and electrical analysis of cell cultures si-
multaneously. Additionally, a high density of small electrodes allows
the acquisition of the electrical conduction in a whole cell network with
high spatial resolution without losing information. Then, a large surface
of study fully covered with electrodes allows the possibility to integrate
microfluidic systems and divide the surface into connected culture cham-
bers for analysis of co-cultures and organoids. Finally, a multiple mea-
surement array would offer a better characterization of cell cultures and
tissues by providing more flexibility of the cell culture conditions, and
by measuring optical, electrical, and chemical properties of cells on the
same platform. A microsystem possessing these valuable characteristics
is thus clearly needed to fulfill the requirements for a more accurate and
sensitive recording of the extracellular potential of excitable cells and

therefore perform better analyses of their electrical connectivity.



ABSTRACT

To overcome this problem, this research proposes the development
and applications of a novel in vitro MEA using the thin-film transistor
(TFT) technology. TFT technology is mainly used in the field of display
technology with a wide range of applications including liquid crystal dis-
play televisions. In this work, integrated TFTs are used for controlling a
large, dense array of 150 x 150 indium tin oxide (ITO) microelectrodes.
The surface of the TFT platform is made of square-shaped transpar-
ent microelectrodes of 100 pm fabricated on top of a glass substrate.
Each electrode is independently connected to an integrated TF'T, which
is used for switching ON/OFF the corresponding electrode that can be

used for sensing or applying electrical signals.

Fundamentally, this research aims to develop a bio-hybrid platform
using the TFT technology for investigations of myocytes. The platform
is used as an in wvitro MEA to perform electrical measurements with
cultures of excitable cells and assess their biological meanings. In order
to complete this research, it was of interest to focus on three main elec-
trical techniques: (1) electrophysiology, (2) electrochemistry, and (3)
dielectrophoresis. These techniques are essential in research with the
physiology, pharmacology, and biophysics of cell membranes in cell and
tissue cultures. Indeed, the characterization of excitable cells requires
to precisely evaluate both their electrical and chemical properties to

understand the mechanisms behind them.

Vi



Combining different techniques on one platform is still hard to de-
velop and remains a challenge. With this aim in mind, the research
mainly focused on the use of the TFT platform for measurement of
extracellular potentials of cardiomyocytes and the data interpretation
from the cell electrical signals. Then, the possibility to perform elec-
trochemical measurements was considered by performing voltammetric
and amperometric measurements with the TF'T platform. Lastly, di-
electrophoresis of skeletal muscle cells was explored for patterning and

displacement of cells on specific areas of the TFT-MEA.

As a result, a TFT-MEA has been developed and evaluated for the
study of myocytes by combining multiple electrical techniques for the
first time in the world. ITO microelectrodes can be used not only for
electrophysiological measurements but also for electrochemistry and di-
electrophoresis through appropriate functionalization. Moreover, elec-
trophysiological measurements are repeatable under the same condi-
tions, and experiments can be reproduced in their entirety. On this
basis, future research involving co-cultures and stimulation of excitable
cells is considered. Finally, we hope that the use of MEMS and TF'T
technology can lead to the development of unique and valuable in vitro
MEAs that combine different types of electrical measurements for novel

lab on a chip systems.
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Chapter 1

Introduction

This chapter starts by introducing the purpose of the thesis. We then
explore the electrical conduction system of the heart and the recent
research trends to study heart cells. Then we describe the motivation for
undertaking this research, the proposal, and the challenges it is implying.
Finally, this chapter ends with the significance and originality of this
work, and concludes with a presentation of the ongoing research in that

field.



CHAPTER 1. INTRODUCTION

1.1 Purpose of the Thesis

As early as six weeks of pregnancy, a flutter can be detected in the
embryo. This flutter happens because the group of cells that will be-
come the future "pacemaker" cells of the heart gain the capacity to fire
electrical signals. This electrical communication will eventually mature
and generate the first heartbeats of the approximately three billion that
will sustain a human being over a lifetime. Heartbeats are generated
by specialized cardiac muscle cells located in specific regions of the car-
diac muscle. Cardiac muscle cells, also known as cardiomyocytes, are
called excitable or electrogenic cells due to their ability to be electrically
excited resulting in the generation of action potentials. Heartbeats are
triggered by these electrical impulses that travel down a special pathway
through the cardiac muscle. Many heart diseases are thus closely related
to a dysfunction of the electrical communication of cardiomyocytes. As
a result, one of the central goals of contemporary electrocardiology is
to understand the relationships between the electrical connectivity of
cardiomyocytes and their physiological and pathological functions. To
accomplish this, specific instruments that involve multidisciplinary ap-

proaches need to be developed.

The purpose of this thesis is to discuss the current research performed
for the study of electrically excitable cells and to propose a novel tech-
nology for in vitro measurements that can overcome the drawbacks of

current technologies.



1.2. BACKGROUND

The device has been successfully designed, fabricated, characterized
and applied to diverse electrical measurements. The extracellular poten-
tial of cultures of cardiac muscle cells was successfully measured for the
in vitro study of the electrical signals that underpin the communication
networks of heart cells. Additional techniques, such as electrochemi-
cal measurements and mobility of cells on the surface of the device were
also demonstrated. As a result, the device involves multidisciplinary ap-
proaches for various bioelectrochemical applications; electrophysiology,

electrochemistry, dielectrophoresis.

1.2 Background

1.2.1 Heart Diseases

In 2017, approximately 2.8 million resident deaths were registered in the
United States. Ten leading factors were at the origin of among 74% of all
registered deaths. Among these 10 factors, heart disease was the leading
cause registered [1|. Heart disease is a term covering any disorder of the
heart and refers to issues and deformities in the heart itself. About
655,000 people die from heart disease in the United States every year,
which is almost 1 in every 4 deaths as reported in the Centers for Disease
Control (CDC), Cleveland Clinic Reports, OH, USA [2]. There are many

types of heart diseases and some of which are preventable.
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Figure 1.1: Heartbeat coordination

Arrhythmia is one example of heart disease, which is characterized
by an irregular heartbeat. Arrhythmia occurs when the electrical im-
pulses in the heart that coordinate the heartbeats do not work properly,
whether that be too fast (tachycardia), too slow (bradycardia), or too
erratic (premature ventricular contractions, fibrillation). About 50% of
heart patients die of sudden death due to cardiac arrhythmias [3]. Ad-
ditionally, heart failure increases the risk of sudden death by 6-9 times
and most cases are the result of ventricular arrhythmias [4].

As a result, a deeper understanding of the relationships between the
electrical connectivity of cardiomyocytes and their physiopathological
functions is truly needed. However, maintenance of the normal functions
of the cardiac conduction system depends on the electrical properties
generated by ion movements between cardiomyocytes through their cell
membrane. It is thus essential not only to study the heart as a whole,

but also to look at the molecular and cellular levels (Figure 1.1).
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1.2. BACKGROUND

1.2.2 In vitro Study of Cells

The study of cardiac muscle cells can be performed in vivo at the level of
the organ, but also in vitro at the cellular and molecular levels. Medical
studies are often first performed in vitro. An example would be looking
at the ability of a drug to treat arrythmia on growing cardiomyocytes in a
dish outside of the body. In vitro studies allow a substance to be studied
safely, without subjecting humans or animals to the possible side effects
or toxicity of a new drug. They also allow more rapid development of
new treatments. Indeed, many drugs can be studied at one time in a
large number of samples, and only those that appear to be efficacious
go on to human studies. In wvitro study of excitable cells can be roughly
divided in two methods: optical and electrical. A comparison of the

methodologies can be seen in Table 1.1.

Optical

Fluorescence imaging is the main technique used among optical methods
for in vitro research today. Since its discovery in 1967 [5], this technique
has become a standard method for observing and analyzing biological
samples. It allows a clear 2D observation of the studied area with a high
spatial resolution. However, fluorescent microscopy requires the use of
fluorescent dyes, does not allow electrical stimulation, and the area of
study is quite small. As a result, it is difficult to perform long-term

analysis, interact with the cells, or study large regions of cell cultures.
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Fluorescence Voltage Impedance
Equipment Microscope Circuitry Circuitry
Substrate Any transparent Electrodes Electrodes

substrate
Measurable All Membrane Ionic transfer,
Properties potential Conductivity
Surface of Study Small Large Small
Cytotoxicity High Low Low
Long-term Analysis No Yes Yes
Cell Stimulation No Yes Yes
Table 1.1: Methodology comparison
Electrical

Electrical techniques are dye free techniques that allow electrical stimu-
lation and multilevel of analysis, which is suitable for long-term analysis,
interaction with cells, and study of single cell or tissues. However, these
techniques obviously require dedicated substrates and specific electrical
instrumentation. Among electrical techniques, two main methods are

usually applied: voltage sensing and impedance spectroscopy.

e Voltage Sensing: When electrically analyzing cells, voltage sensing
is one of the principal area of study. Among these techniques, the
most commonly used is the patch-clamp technique for intracellular
recordings and stimulation of single cell by sharp or patch electrodes.

Microsystems such as microelectrode arrays (MEAs) are then used

6
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for extracellular recordings and stimulation of cell cultures, tissues or
organoids [6]. Direct voltage sensing with MEAs has mainly been per-
formed with neurons 7] and cardiomyocytes [8]. Another technique
for extracellular recordings is indirect voltage sensing, which is the de-
tection of signals modulated by the ionic activity of excitable cells with
ion sensitive field effect transistors (ISFETs). For this method, the
current between the source and the drain of the transistor changes ac-

cordingly to the ion accumulation above the gate of the transistor [9].

Impedance Spectroscopy: Among electrical techniques, impedance
measurement between two electrodes can also be performed for dif-
ferentiation between diverse elements on the electrode surface. When
evaluating the impedance through a large spectrum of AC frequen-
cies, characterizations of a wide variety of objects can be performed.
Impedance measurement of live cells is now widely accepted as a
label-free, non-invasive and quantitative analytical method to assess
cell functions involving ion transfers or a change in membrane ca-
pacity [10]. Diverse applications have already been possible with
impedance spectroscopy, which include cell counting and cell state

differentiation [11] [12].
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1.3 Research Motivation

The wealth of recent research on applications of microelectromechanical
systems (MEMS) in the biomedical field is leading to a new generation
of microsystems for bioanalysis [13]. MEMS have enabled the study of
biological cells from the single unit to the large scale, which provided
access to a huge amount of information not otherwise accessible. A vari-
ety of materials and methods have particularly been explored for study
of the electrical properties of excitable cells, such as neurons and car-

diomyocytes, at a resolution never achieved before [14].

Recently, microfabricated MEAs are the main devices used for in
witro extracellular recordings of excitable cells. Other types of techniques
continue to be developed and tested to also improve electrochemical de-
tection of biochemical compounds, especially neuromodulators. Associ-
ated with nanotechnology, current electrochemical sensors are now be-
coming increasingly precise, selective, specific, and highly sensitive [15].
Even though MEAs have been widely used in electrophysiology, these
in vitro arrays are less suited for recording and stimulation of single
cells due to their low spatial resolution compared to patch-clamp tech-
nique that remains the standard approach for studying ionic currents in
single cell membrane. The intracellular electrode has been fundamen-
tal to understanding the action potential of excitable cells; nonetheless,
parallelization is difficult with this technique and it is damaging to the

cells [16] [17].
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Active arrays such as complementary metal-oxide semiconductors
(CMOS) also give access to some major benefits over standard MEAs
such as high density of microelectrodes, and robustness [18]. However,
none of these techniques combine the requirements for flexible, efficient,
and sensitive analysis of cell cultures, which include: transparency of
the substrate, large number of electrodes, and high density of pm-sized

electrodes on a large surface.

In this study, we thus focus on the development of a device possessing
those valuable characteristics for more accurate and sensitive recordings
of the extracellular potential of excitable cells. The possibility to per-
form additional electrical techniques with this device is also evaluated as

it can provide more biological information and control of the cell culture.

1.4 Research Proposal

A constant cell-to-cell communication among biological entities occurs
in the human body, which makes the analysis of excitable cells with a
sparse disposition of electrodes not sufficient for understanding such bio-
logical processes. It is thus of special interest to develop and implement
novel MEAs with high density of transparent electrodes as it can allow
scientists to obtain more information about the biophysical mechanism

behind the communication within a network of neural or cardiac cells.
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Figure 1.2: Overview of the research proposal

With this aim in mind, this research explores a novel technique for
in vitro recordings of the extracellular potential of cardiomyocytes using
the thin-film transistor (TFT) technology. The combination of MEMS
with the TF'T technology makes it very attractive for the development of
novel transparent MEAs that can combine multiple electrical techniques
on one platform. The purpose of this research is thus the establishment
of a fundamental technology to perform in wvitro analyses of excitable
cells for a better understanding of their bioelectrochemical behaviors.
This includes the development of a sensitive biocompatible MEA with a
high density of pm-size electrodes on a transparent glass substrate. The
key contribution of this work is thus the novel use of TFT technology as
a base for integrated MEMS to overcome the common difficulties faced
with current in vitro MEAs for the study of excitable cells such as car-

diomyocytes.
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In order to complete this research, it was of interest to focus on three
main electrical techniques: (1) electrophysiology, (2) electrochemistry,
and (3) dielectrophoresis, with an emphasis on the electrophysiologi-
cal part. Combining different techniques on one platform is still hard
to develop and remains a challenge. Moreover, techniques and appli-
cations that are not yet fully developed for widespread use necessitate
validations before practical employment. This means that this research
involves an evaluation of the potentials and limits of the TFT platform
for each electrical technique. An overview of the research proposal can

be seen in Figure 1.2.

Additionally, in order to develop an optimal measurement system for
biological applications the following features and properties need to be

carefully considered.

e Biocompatibility: The most fundamental property needed for any
device used for bioanalysis is the biocompatibility of the substrate
with biological materials. This property is vital as systemic toxicity
can impair an entire biological system of study. In the case of cells, it
is referred to as cytotoxicity; whether the device can cause cell death
due to leaching of toxic substances or from direct contact. It is thus
essential to ensure that the substrate in contact with the cells does

not interfere with the viability and proliferation of the cell culture.
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Non-inverted microscope

Figure 1.3: Importance of transparency of the substrate for analysis of
cell cultures (example of neural cells)

e Transparency: Optical observation remains essential for study of
cell cultures as it facilitates the examination of the cell viability and
proliferation. This includes checking the cell confluency level, whether
the cell morphology looks normal, if a contamination is present, or
when the culture medium needs to be exchanged. This can be done
by using an inverted microscope and a device with a transparent sub-
strate for examining the cell culture condition after, before and dur-
ing electrical measurements. Figure 1.3 illustrates the importance

of transparency of the substrate for analysis of cell cultures.
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1D addressing 2D addressing
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Figure 1.4: Comparison between 1D and 2D addressing: multiplexing
feature allows to access N x M electrodes through only N + M address-
ing lines

e Addressability: The addressability of the electrodes is fundamental
for the development of large-scale arrays with a high density of elec-
trodes. Without multiplexing, the system would only give access to
N electrodes through N addressing lines. However, with the use of
multiplexers, N x M electrodes could be accessed through only N +

M addressing lines, as shown in Figure 1.4.

e Fill factor: The fill factor (FF) is defined by the percent of address-
able electrodes in the total substrate area. A high FF would thus
guarantee the likelihood of measuring an event in a targeted area,
while a low FF would lead to a loss of information from multiple

areas not covered by electrodes.
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e Size of sensor array: The development of a large sensor array is im-
portant as it can make the integration of microfluidic systems easier,
which is useful for exchanging culture medium or for drug screening
when dispensing specific drugs in the cell culture. Also, multiple mea-
surements can be performed on different areas of the surface, allowing
the use of one device instead of multiple ones. A large sensor array
would also facilitate the integration of connected culture chambers on

the same platform for study of co-cultures and organoids.

e Spatial and temporal resolution: The spatial resolution corre-
sponds to the number of electrodes in a specific area, and is thus
closely related to the size of the electrodes and the spacing between
them. If the size of the electrode is too large, two events may occur
simultaneously on that electrode, and it is thus not possible to distin-
guish one event from the other. However, if electrodes are small but
too sparse, it is not possible to measure the events occurring in the re-
gions not covered by electrodes. Therefore, measurements at cellular
and subcellular levels necessitate a high spatial resolution. The tem-
poral resolution corresponds to the speed of switching ON/OFF the
addressable lines of the targeted electrodes. The gating and control
system of the equipment is fundamental when it comes to obtain a
temporal resolution that can cope with the speed of the biological phe-
nomenon occurring on the surface. As many biological events such as
action potentials in excitable cells are time-limited, the system needs

to be on a similar timescale for reliable measurements.
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e Sensing and stimulation: The ability to perform both electrical
sensing and electrical stimulation by using the same device is a huge
advantage for electrophysiological studies. Cells can be stimulated
and their response can be directly measured, which offers the pos-
sibility to develop a closed-loop for automatic cell stimulation with
real-time analysis. This feature is also essential for dielectrophoresis
(DEP) to move cells and particles, as well as impedance spectroscopy

to apply biphasic current pulse stimulation.

e Multi-measurement array: Other techniques continue to be de-
veloped and tested to improve the characterization of cell cultures.
Indeed, cell communications also involve biochemical components.
Moreover, if we want to study other parameters, such as cell morpho-
logical change or proliferation, we need different devices. It is thus of
a great interest to have an MEA that allows both electrophysiological
and electrochemical measurements by using the same platform, as well
as additional techniques such as DEP, cell stimulation, or impedance
spectroscopy. Indeed, the more types of measurements are performed
on a cell culture, the better is the characterization of the electrical

and biochemical properties of the cell network.
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1.5 Research Challenges

As we have seen, several properties are required for the device technol-
ogy itself and for using it for biological applications. However, in order
to perform optimal measurements with the device and to surpass cur-

rent technologies, we need to focus on the critical properties.

Biocompatibility is obviously an essential property for culturing bi-
ological cells on the substrate. If the material is not biocompatible, it
is fundamental to explore the possibilities of surface treatments that
can improve biocompatibility with the biological systems of study. The
trade-off between transparency and the electrode density is also essen-
tial. This device is a MEA based on an array of transistors, which means
that the addressing metal lines and the size of the transistors are a de-
ciding factor for transparency. The size of the electrodes needs to be
considered carefully in order to obtain a convenient spatial resolution.
Similarly, the temporal resolution needs to be on a scale that is simi-
lar to the speed of action potentials occurring in networks of excitable
cells. Otherwise, such events would become impossible to measure ac-
curately. Additionally, a reliable control of the device is fundamental,
especially as the number of electrodes increase. The use of a functional
scanning system for switching ON/OFF the multiple transistors is thus
essential. Finally, the possibility to perform different types of electrical
measurements for various bioelectrochemical applications needs to be

successfully demonstrated.

16



1.6. SIGNIFICANCE AND ORIGINALITY

The main challenge of this work is thus to build a high resolution
transparent microsystem for in witro study of the bioelectrochemical
properties of excitable cells, which is fundamental to make in vitro stud-
ies more efficient and get a better understanding of what happens at

different biological scales.

1.6 Significance and Originality

In wvitro recording of extracellular potentials with standard MEAs and
CMOS-based MEAs is now well established for electrophysiological anal-
yses. However, although they are widely used, they do not meet all the
design requirements for an optimal recording of the bioelectric response
of excitable cells; transparency, large surface area, and high density of
small electrodes. To overcome the limitations of the current devices,
this study proposes the TFT technology as a base for fabrication of in-
tegrated MEMS and the development of novel advanced microsystems

for electrophysiological measurements.

This study demonstrates for the first time the use of 2D TFT-MEAs
to simultaneously optically and electrically analyze cultures of excitable
cells for in wvitro studies. Measurements are repeatable under the same
conditions, and experiments can be reproduced in their entirety. The
originality of this work involves the novel use of the TF'T technology for

the development of MEMS for bioelectrochemical applications.
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In vitro arrays developed with TF'T technology have the advantages
of having a high density of thousands transparent microelectrodes on a
large surface [19] [20]. Moreover, these microelectrodes can be used for
multiple measurement techniques for interdisciplinary characterization
of biological cells, such as electrical recording, electrical stimulation,
impedance spectroscopy, DEP, and electrochemistry. Ultimately, this
work can be beneficial for the development of new instruments for pre-
clinical and clinical studies in pharmacology, for the study of biophysical
aspects in excitable cells, and for integration with non-biological systems

as a controller to modulate cell network behavior.

1.7 Present Ongoing Research

1.7.1 Microelectrode Array

In 1972, Thomas et al. published the first article reporting the use of a
MEA to describe the monitoring of the bioelectric activity of cultured
cells. Their experimental system had 2 rows of 15 electrodes each, spaced
100 pm apart, with the first results obtained on chick myocytes [21]. In
parallel to this work, other labs also working on MEAs published two
other articles. The first recorded from 36 electrodes on isolated snail
ganglion [22]. The second recorded from 2 parallel lines of 16 electrodes
on dissociated neurons of the rat superior cervical ganglion [23|. These
three pioneer MEAs had 7 pm to 10 pm square recording electrodes, 100
to 250 nm distant from each other.

18
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49 mm

Figure 1.5: Example of commercially available standard MEA from
Multi Channel Systems MCS GmbH

Since then, more research has been trying to improve the MEA
technology to study more complex cell interactions within cell networks
[24]. Standard MEAs are in vitro passive arrays. Compared to patch-
clamping, they have the ability to select different recording sites within
the array, the ability to receive data simultaneously from multiple record-
ings sites, and can integrate multiple microelectrodes for cellular-resolution
electrophysiology [25]. Standard passive arrays thus provides informa-
tion in a relatively high-throughput, optical transparency and low-cost
manner [26]. An example of commercially available standard MEAs is

shown in Figure 1.5.
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The instrumentation strategy of this existing technology has been to
wire all electrodes and select them externally, causing a severe trade-
off between scale and resolution. MEAs are fabricated by deposition,
lithography and etching with one level of metal. However, this tech-
nique of fabrication leads to a wiring congestion between the pads and
electrodes, which limits the number and density of electrodes. Conse-
quently, each electrode corresponds to one contact pad. Passive arrays
have thus the clear advantage of being transparent, but have restrictions
on routing off-chip, limiting their spatial resolution (pitch > 30 pm) and

number of integrated electrodes (usually less than 300).

1.7.2 Complementary Metal-Oxide-Semiconductor

CMOS based MEAs are active arrays that give access to some major
benefits over passive arrays such as less parasitic capacitance, high den-
sity of electrodes, and robustness [18]. The first in vitro studies using
a high-density CMOS-MEA provided simultaneously recordings from
4,096 electrodes [27] [28] [29]. These arrays are also fabricated by de-
position, lithography, and etching, but they integrate multiple levels of
metal, and include electronic components. CMOS-MEAs can thus pro-
vide several metal layers, improving drastically wire routing congestion
thanks to the buried conduction tracks. As a consequence, a large num-

ber of microelectrodes, arranged in a much higher density but using less

control lines is obtained with CMOS-MEAs.
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Figure 1.6: Example of commercially available CMOS-MEA chip from
Multi Channel Systems MCS GmbH

By also reducing the dimension of electrodes, CMOS-MEAs can cap-
ture subtle signals at cellular, subcellular and network levels [30]. More-
over, CMOS-MEAs have the advantage to be designed with integrated
components, like amplifiers or read-out system, which prevents the us-
age of external devices. The main drawbacks of CMOS-MEAs are the
opacity of the devices, as they are based on silicon technology, and the

small size of the sensing surface (mm size). An example of commercially

available CMOS-MEAs can be seen in Figure 1.6.

1.7.3 Thin-Film Transistor

A TFT is a special type of metal-oxide-semiconductor field-effect tran-
sistor (MOSFET). TFTs are made by depositing thin films of layers:
an active semiconductor layer (chanel) and a dielectric layer (insula-
tor). Then, metallic contacts are integrated over a supporting (but

non-conducting) substrate [31].
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Figure 1.7: TFT structure

A schematic view of the TFT structure used in this study is shown
in Figure 1.7. TFT technology has been mainly used in the field of dis-
play technology with a wide range of applications including liquid crystal
display (LCD). Therefore, a common substrate used in that technology
is glass. Indeed, by appropriately chosing the materials for the semicon-
ductor, the metal, and the substrate materials, the TF'T surface can be
nearly transparent. This differs from the conventional CMOS-MEAs,
where the semiconductor material typically is the substrate in silicon.
Due to its large industrial applications, such TFT arrays can be fabri-
cated with high yield [32]. In this study, we use the TFT technology for
developing TFT based MEAs to study excitable cells, with an array of

22,500 indium tin oxyde (ITO) microelectrodes over 240 mm? area.

A comparison between standard MEAs, CMOS-MEAs, and TFT-
MEAs is shown in Table 1.2.

22



1.8. THESIS STRUCTURE

Standard MEAs| CMOS-MEASs TFT-MEASs
Substrate glass silicon glass
Transparency transparent opaque transparent
Pixels passives actives actives
Addressability N VN VN
Number of electrodes 16 — 256 4,225 or more 22,500
Size of electrodes 10 pm — 200 pm from 8 pm 50 -100 pm
Spacing 30pum-300pm | 16 pm—32pm | Spm-—15pm
Density <25% >90 % >90 %

Table 1.2: Comparison of state of the art devices: standard MEAs,
CMOS-MEAs, TFT-MEAs

1.8 Thesis Structure

The dissertation starts with the context of this work, its scientific pur-
pose, and the central contributions it offers in Chapter 1. Then the
conceptual foundation of the work is presented in Chapter 2, followed
by the methodology in Chapter 3. Chapter 4 presents the results ob-
tained and the discussion is reported in Chapter 5. Finally, Chapter
6 summarizes the whole study and presents some prospects of future

research. The thesis structure is shown in Figure 1.8.
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1.9 Chapter Summary

In this chapter, we provided a basic introduction of the research pre-
sented in this study. We also described state of the art devices used for

cell bioanalysis and compared them with our proposed work.
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Chapter 2

Theory

In this chapter, we provide the theory and principles behind the elec-
trical analysis of cardiomyocytes. We start with the description of the
structure, function, and properties of cardiomyocytes, as well as how
they can be treated as an electrical system. Then, we discuss various
technologies used for the analysis of the heart function and the recording
of excitable cells in general. Finally, we introduce the basic structure

and the different types of transistors used in the TFT technology.
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2.1 Cardiac Muscle

2.1.1 Muscle Cells

All animals consist of vast numbers of cells forming tissues and working
in concert with one another. Some cells can be electrically excited, which
means they exhibit a change in membrane potential that is necessary for
cellular responses in various tissues. Neurons, muscle cells (e.g. skeletal,
smooth, cardiac), and some endocrine cells (e.g. insulin-releasing pan-
creatic (3 cells) are electrically excitable cells, also known as electrogenic
cells. For example, muscle cells, or myocytes, form the muscle tissue
and respond to excitation signals with a rapid depolarization, which is
coupled with its physiological response: contraction. Muscle tissue can

be classified by its morphology and function.

e The morphology can be striated or non-striated. Striated refers to
the presence of visible banding, which occurs due to organization of
myofibrils to produce a constant direction of tension. Striated muscle
contracts and relaxes in short, intense bursts, whereas non-striated

muscle sustains longer or even near-permanent contractions.

e The function can be voluntary or involuntary, which refers to whether

the muscle is under conscious control or not.

It is thus possible to describe three types of muscle tissue recognized in
vertebrates: skeletal, smooth, and cardiac. In this study, we focused our

research on cardiac muscle cells, also called cardiomyocytes.
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2.1.2 Cellular Organization in the Cardiac Muscle

Cardiomyocytes

The human heart contains approximately 2-3 billion cardiomyocytes,
which form about 75 % of the total volume of cardiac muscle tissue [33]
[34]. In order to pump the blood throughout the cardiovascular system,
rapid, involuntary contraction and relaxation of the heart is vital. To
accomplish this, the structure of cardiomyocytes has specific features
that allow them to contract in a coordinated fashion and resist fatigue.
Figure 2.1 shows a schematic view of the multi-scale structure of the
heart, which is dependent on its hierarchical architecture (organ, tissue,

cellular, and molecular levels) [35].
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Figure 2.1: Multi-scale structure of the heart. The function of the heart
is dependent on its hierarchical architecture: organ, tissue, cellular, and
molecular levels [35]
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Cardiomyocytes are typically up to 10-40 pm in diameter and 100-
150 pm in length [36] [37] [38]. They are rectangular, branching cells
with a tubular structure composed of chains of myofibrils, consisting of
repeating sections of sarcomeres, which are the fundamental contractile
units of muscle cells. Sarcomeres are composed of long proteins that
organize into thick and thin filaments, called myofilaments. Thin my-
ofilaments contain the protein actin, and thick myofilaments contain the
protein myosin. Like skeletal muscle, the organization of thin and thick
myofilaments overlapping within the sarcomere of the cell produces a
striated appearance when viewed on microscopy. The myofilaments slide
past each other as the muscle contracts and relaxes. The sliding of actin
and myosin past each other produces the formation of “cross-bridges,”

which causes contraction of the heart and generation of force [39].

Neighboring cardiomyocytes are joined together at their ends by in-
tercalated disks to create a syncytium of cardiac cells. Within the inter-
calated disc, there are gap junctions that permit intercellular communi-
cation by allowing ions from one cardiomyocyte to move to a neighboring
cell without having to be excreted into the extracellular space first. Be-
cause of these junctions and bridges the heart muscle is able to act as a

single coordinated unit [40].
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Cardiac Fibroblasts

The majority of non-cardiomyocyte cells in the heart are cardiac fibrob-
lasts. The relative number of fibroblasts in the heart varies between
species. The number of non-cardiomyocytes is approximately 45 % of
the cells in the mouse heart while they account for approximately 70 %

in the rat heart [33] [34] [41].

Normal adult cardiac fibroblasts are flat and spindle shaped cells
with multiple processes that form a network of cells within the ex-
tracellular matrix [42|. Cardiac fibroblasts play a fundamental role
in the regulation and turnover of the extracellular matrix for main-
tenance of the structural integrity of the heart. The coordinated ac-
tion of cardiac fibroblasts involves production and secretion of a variety
of signaling molecules, cytokines and growth factors, such as collagens
and fibronectin for maintenance of the extracellular matrix [43]. More-
over, even though fibroblasts have no contractile microfilaments or stress
fibers, they support mechanical force distribution throughout the heart

muscle [44].

Cardiac Cell Network

The maintenance of the heart tissue integrity and function relies on inter-
cellular communication networks and mechanisms established between

the different cardiac cell populations.
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Intercellular communication in the heart can either occurs directly,
via gap junction channels or tunneling nanotubes, or at longer distances
involving soluble factors or extracellular vesicles. This cell-cell communi-
cation is vital to regulate cardiac repair after injury. In stress conditions,
such as acute myocardial infarction, an orchestrated crosstalk between
cardiac cells assumes particular importance to sustain efficient responses
in wound healing and extracellular matrix remodeling [45]. As a result,
intercellular communication players have emerged as attractive power-
ful therapeutic targets aimed at improving functional synchronization
between the different cardiac cells in order to prevent or repair some of

harmful consequences of heart ischemia and reperfusion.

2.1.3 Function of the Cardiac Muscle

Cardiac muscle has the specific ability to initiate an electrical poten-
tial at a fixed rate that spreads rapidly from cell to cell to trigger the
heart contractile mechanism. This property is known as autorhythmic-
ity. Unlike skeletal and smooth muscle which require neural input for
contraction, cardiac fibers have specialized cells that spontaneously de-
polarize. However, these cells can still receive input from the autonomic
nervous system to decrease or increase the heart rate depending on the
requirements of the body. Specialized conducting components of the
heart include the sinoatrial (SA) node, the internodal pathways, the
atrioventricular (AV) node, the AV bundle of His, the right and left
bundle branches, and the Purkinje fibers.
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Figure 2.2: Conduction system of the heart |46]

Figure 2.2 shows the conduction system of the heart. There are two
types of cardiomyocytes within the heart: the atrial and ventricular
myocytes, and the cardiac pacemaker cells. Each cell assumes a distinct

role in cardiac excitation and contraction.

e Atrial and ventricular myocytes make up the atria (the chambers
in which blood enters the heart) and the ventricles (the chambers
where blood is collected and pumped out of the heart). They are
specialized to generate mechanical activity. For that reason, these
cells must be able to shorten and lengthen their fibers and the fibers
must be flexible enough to stretch. These functions are critical to the

proper contraction and relaxation during the beating of the heart.
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e Cardiac pacemaker cells carry the impulses that are responsible
for the heart beating. They are able to spontaneously generate, send
out, and transfer electrical impulses from cell to cell. They can also

receive and respond to electrical impulses from the brain. This occurs

in the SA node, the AV node and the AV bundle of His.

The myocardial action potential occurs in five steps. (1) The SA
node and the remainder of the conduction system are at rest. (2) The
SA node initiates the action potential, which sweeps across the atria. (3)
After reaching the AV node, there is a delay of approximately 100 ms
that allows the atria to complete pumping blood before the impulse is
transmitted to the AV bundle. (4) The impulse travels through the AV
bundle and bundle branches to the Purkinje fibers, and reaches the right
papillary muscle via the moderator band. (5) The impulse spreads to

the contractile fibers of the ventricle. (6) Ventricular contraction begins.

The concentration of calcium in the myocyte is the critical factor
that determines how much force is generated with each contraction.
Cardiac muscle cells can increase contractility through beta-1 adrenergic
receptors on the surface with a Gs G-protein. When stimulated by
either the sympathetic nervous system or beta-1 agonist drugs, the Gs
activate the enzyme adenylyl cyclase, which converts ATP to cAMP.
Intracellular cAMP increases the activity of protein kinase A, which
then phosphorylates calcium channels permitting more calcium to enter

the cell, leading to increased contraction [47].
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2.2 Electrical Properties of Cardiomyocytes

2.2.1 Membrane Potential

Animal cells are surrounded by a membrane composed of a lipid bilayer,
which serves as an insulator and a diffusion barrier to the movement
of ions through two types of proteins embedded in cell membranes: ion
pumps and ion channels. Ion pumps are transmembrane proteins that
actively push ions across the membrane and establish concentration gra-
dients across the membrane, while ion channels allow ions to move across
the membrane down those concentration gradients. Ion pumps and ion
channels are electrically equivalent to a set of batteries and resistors in-
serted in the membrane, and therefore create a voltage between the two

sides of the membrane as shown in Figure 2.3 [48].

Na* channel

-85
mV
i . Extracellular fluid

@0 ® 08 YSiEge 0

Figure 2.3: Schematic view of resting membrane potential and ion move-
ment in cardiomyocytes (illustration provided by OpenStax)
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In electrically excitable cells, such as neurons and cardiomyocytes,
the membrane potential is used for transmitting signals between differ-
ent parts of a cell. These cells can transition from a resting state to an
excited state. The resting membrane potential of a cell is defined as the
electrical potential difference across the plasma membrane when the cell
is in a non-excited state. Traditionally, the electrical potential difference
across a cell membrane is expressed by its value inside the cell relative
to the extracellular environment, with the inside usually negative with
respect to the outside. Signals are generated by opening and closing of
ion pumps and ion channels in the membrane, producing a local change
in the membrane potential. They then open and close in response to

the potential change, reproducing the signal [49] [50].

The most important ions that contribute to the membrane potential
are Nat, K+, Ca?*, and Cl~. In a typical cell, the concentration of K*
is higher inside than outside. the cell. In contrast, Na*, Ca?*, and C1~
have higher concentrations outside than inside the cell. All cells within
the body have a characteristic resting membrane potential depending
on their cell type. The resting potential E,, can be determined from the

Goldman equation:

En = gi+ Excr + 9Nat Exar + 9at Ecaer + 901- Ear-

This equation uses the Nernst equation used to calculate the potential

of an ion of charge z across a membrane.
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This potential is determined using the concentration of the ion both

inside and outside the cell:

RT . [ion outside cell]
Eion = In — .
zF " [ion inside cell]

where R is the ideal gas constant (joules per kelvin per mole), T is
the temperature kelvins), and F is the Faraday’s constant (coulombs
per mole). Therefore, the membrane potential E,, depends on the sum
of the individual equilibrium potentials times the relative membrane
conductance of each ionic species. The relative conductance gy of a
given ionic species is the conductance for that single ion divided by the
total conductance for all of the ionic species X, with g% = gx /g0t The
resting membrane potential of atrial and ventricular cardiomyocytes and
in cells from the His-Purkinje system is typically between -80 mV and
-90 mV [51].

2.2.2 Action Potential

In response to a stimulus, cardiomyocytes can generate an action po-
tential associated with a contractile response of the heart. An action
potential is a reversible change of the membrane potential characterized
by a depolarization and repolarization of the cell membrane. During cel-
lular depolarization the resting membrane potential moves from negative
values (-85 mV) to positive values (up to +30 mV) and then recover back

to the basal resting membrane potential during the repolarizing process.
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Cell stimulation above a threshold value is needed to generate an
action potential. This stimulation induces the opening of voltage-gated
ion channels and a flood of cations into the cell that causes the de-
polarization of the cell membrane. Due to the cellular depolarization,
voltage-gated calcium channels open and Ca®" is released from the t-
tubules. This influx of calcium leads to additional calcium release from
the sarcoplasmic reticulum [52]. After a delay, KT channels reopen, and
the resulting flow of K™ out of the cell causes repolarization to the rest-
ing state. The duration of an action potential can range from 200 to 400
ms [51]. The generation of action potential sequentially and the corre-
sponding electrical activity can be seen on the surface electrocardiogram
(ECG) with the typical series of upward and downward spikes (labelled
P, Q, R, S and T) as shown in Figure 2.4 [53].

‘as

“PR——— QT ——

Figure 2.4: Ca?"-dependent (SA and AV nodes) and Na'-dependent
action potentials (atria, ventricles and His-Purkinje system) recorded in
cardiac tissues (illustration provided from ITACA Consortium)
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2.2.3 Electrical Model

Electrophysiologists observed that the current carried by a particular
ion varies with the cell membrane voltage, which suggests that the con-
tribution of each ion to the electrical properties of the cell membrane
may be represented by elements of an electrical circuit. The membrane
of excitable cells can thus be modeled in terms of an equivalent cir-
cuit model for understanding the electrical properties and ionic basis of
membrane potentials. This model transcripts the effects of ionic con-
centration differences, ion pumps/channels, and membrane capacitance.
The equivalent circuit consists of a capacitor in parallel with four path-
ways each consisting of a battery in series with a variable conductance

as shown in Figure 2.5.

EQUIVALENT CIRCUIT MODEL PARALLEL-PLATE CAPACITOR LIPID MEMBRANE
ouT ouTt

Charge, Q Area, A
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g — Ena — Eca — Eg ‘4 ;
S S 1/@!7
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Medium dielectric
constant, e

(a) (b)

Figure 2.5: Electrical model of cardiomyocytes: (a) equivalent circuit for
a cell membrane, consisting of a fixed capacitance in parallel with four
pathways each containing a battery in series with a variable conductance;
and (b) idealized capacitor that is formed by two parallel conductive
plates, and a capacitor that is formed by a piece of lipid membrane [54]
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The voltage of each ionic pathway is determined by the concentra-
tions of the ion on each side of the membrane. Each of the four parallel
pathways comes from one of the principal ions, in this case K™, Na™,
Ca?*, and Cl~, each one represented by its own component of the cir-
cuit, all in parallel with each other [54]. Therefore, there are three main

components to the model:

e Capacitor: the plates of a capacitor correspond roughly to the inner
and outer faces of the cell membrane, which are formed by the polar
head groups of the constituent phospholipids that comprise the bilayer

structure of the cell membrane. The capacitance is taken to be fixed.

e Variable conductances: the conductance of each ionic pathway at
any point in time is determined by the states of all the ion channels
that are potentially permeable to that ion, including leakage channels,

ion channels, and ion pumps.

e Electromotive forces: the various ionic gradients across the mem-
brane provide a form of stored electrical energy, much like that of a
battery. The equilibrium potential of a given ion can be considered
a voltage source, or electromotive force, for that ion. Each of these
batteries produces its own ionic current across the membrane, and the

sum of these individual ionic currents is the total ionic current.
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2.3 Recording Techniques

2.3.1 Electrocardiogram
Medical Use

Einthoven developped the first ECG in 1895. Since then, it evolved into
the 12-lead electrocardiogram as we know it today [55]. Electrocardiog-
raphy is now an essential part of the initial evaluation for patients pre-
senting with cardiac complaints. Specifically, it plays an important role
as a non-invasive, cost-effective tool to evaluate changes in the normal
ECG pattern that occur in numerous cardiac abnormalities, including

arrhythmias and ischemic heart disease [56].

Electrocardiography has played a fundamental role in our under-
standing of heart disease,s and together with electrophysiology, they
remain the standard techniques for evaluation of the nature of rhythm
disturbances. Moreover, ECG has been among the first methods to pro-
vide objective data on the function and structure of the human body [57].
An ECG can be used to measure the rate and rhythm of heartbeats, the
size and position of the heart chambers, and to evaluate the presence of
damages to the cardiac muscle cells or conduction system, the effects of

heart drugs, and the function of implanted pacemakers [58].
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Principle

An electrocardiogram is a graph of voltage versus time of the electri-
cal activity of the heart using electrodes placed on the skin. These
electrodes detect the small electrical changes that are a consequence of

cardiac muscle depolarization and repolarization during each heartbeat.

In a conventional 12-lead ECG, 10 electrodes are placed on the pa-
tient’s limbs and on the surface of the chest. The overall magnitude of
the heart electrical potential is then measured from 12 different angles
("leads") and is recorded over 10 seconds approximately. The overall
magnitude and direction of the electrical depolarization is captured at
each moment throughout the cardiac cycle. During each heartbeat, a
healthy heart has an orderly progression of depolarization that starts
with pacemaker cells in the SA node, spreads throughout the atrium,
and passes through the AV node down into the bundle of His and into
the Purkinje fibers, spreading down and to the left throughout the ven-
tricles [59]. This orderly pattern of depolarization gives rise to the char-

acteristic ECG tracing.

Interpretations

Interpretation of the ECG is fundamentally about understanding the
electrical conduction system of the heart. Normal conduction starts and
propagates in a predictable pattern, and deviation from this pattern can

be a normal variation or be pathological.
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Figure 2.6: Pattern recognition in ECG: (a) depolarization and repolar-
ization of the heart according to the position of the positive electrode;
(b) ECG tracing correlated to the heart conduction system [46]

The theory is rooted in electromagnetics and can be summarized in

the four following points as shown in Figure 2.6:

1. Depolarization of the heart towards a positive electrode produces

a positive deflection.

2. Depolarization of the heart away from a positive electrode pro-

duces a negative deflection.

3. Repolarization of the heart towards a positive electrode produces

a negative deflection.

4. Repolarization of the heart away from a positive electrode pro-

duces a positive deflection.

43



CHAPTER 2. THEORY

Additionally, normal rhythm produces 4 components:
1. The P wave that represents atrial depolarization,
2. The QRS complex that represents ventricular depolarization,
3. The T wave that represents ventricular repolarization,
4. The U wave that represents papillary muscle repolarization.

The U wave is not typically seen and its absence is generally ignored.
Moreover, changes in the structure of the heart and its surroundings
(including blood composition) change the patterns of these four entities.
Indeed, some arrhythmias can be observed in ECG. For example, the
absence of P waves with irregular QRS complexes can be linked to atrial
fibrillation. Also, the absence of P waves associated with wide QRS

complexes and a fast heart rate can be related to ventricular tachycardia

160].

2.3.2 Fluorescence Microscope

Calcium imaging is one of the main microscopy technique used to op-
tically measure the calcium Ca?t status of cell cultures, or tissues of
excitable cells. This technique uses calcium indicators that are fluores-
cent molecules which respond to the binding of Ca?" ions by changing
their fluorescence properties. This technique is useful for studies of cal-

cium signalling in excitable cells.
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Electrical activity in excitable cells is always accompanied by an
influx of Ca?* ions. In cardiomyocytes, calcium plays a key role as
a second messenger of excitation contraction coupling. Thus, calcium
imaging can be used to monitor the electrical activity in cultures of car-
diomyocytes, which makes possible to dissect the function of cardiac cell
networks. This technique can also be used as a powerful tool for high in
witro drug screening analyses, as drug effects can be reflected through

changes in calcium fluxes in cardiomyocytes [61].

Chemical indicators are small molecules on an egtazic acid homo-
logue called BAPTA, with high selectivity for Ca?* ions versus Mg?"
ions. Binding of a Ca?" ion to a fluorescent indicator molecule leads to
either an increase in quantum yield of fluorescence or emission /excitation
wavelength shift. The first real-time Ca?' imaging was carried out in
1986 in cardiac muscle [62]. Later development of the technique using
laser scanning confocal microscopes revealed sub-cellular Ca?* signals
in the form of Ca?* sparks and blips. It is also used to perform research
on myocardial tissue to create 2D mapping of cell electrical activity [63].
Special high throughput imaging apparatuses allow simultaneous read-
ing of calcium transients from up to hundreds of samples [64], allowing
the study of several disease models and drugs in a short time period
compared to conventional microscopes. However, high content screening
produces massive amounts of data, which require advanced automated

software for data analysis [65].
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2.3.3 Patch-clamp Technique

The patch-clamp technique was invented by Erwin Neher and Bert Sak-
mann in 1976 [66]. They won the Nobel Prize in 1991 based on the
invention of this technique. This method was originally designed to de-
tect the activity of single-ion channel proteins in the cell membrane. It
was then widely applied to cell analysis, which revolutionized research
in physiology at the cellular and molecular levels [67] [68] [69]. The
technique is now widely used in the field of single cell and ion channel
research. Thanks to this technique, it is possible to monitor changes of
intracellular voltage, current, and capacitance in membranes of excitable

cells with a high time resolution.

The basic principle of patch-clamp technique uses a glass microcap-
illary tube as an electrode. A portion of the cell membrane is suctioned
into the pipette, creating an omega-shaped area of membrane which cre-
ates a resistance Rgeq in the 10 G2 - 100 G2 range ("gigaohm seal")
between the inside and outside of the electrode. Thanks to the high
resistance of this seal, it is possible to isolate electronically the currents
measured across the membrane patch with little competing noise, while
providing some mechanical stability to the recording [70]. The region of
the membrane in the inner tip of the electrode is then voltage-clamped,
and levels of ionic currents through the ion channels in the patch mem-
brane are detected through an amplifier. With this technique, picoam-

pere levels of current can be measured.
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Figure 2.7: Principle of patch-clamp technique |71]

The basic amplifier for patch-clamp is a current to voltage converter
circuit with several operational amplifiers (Figure 2.7). The design
involves transmitting the command voltage Vcyp into the positive input
of A; and the negative input of As. The output voltage of A is fed into
the pipette and the negative terminal of Ay, so that the voltage matches
Veup. The output of Ay is then transmitted to the negative terminal
of Ay so that Veoup can be subtracted off of the signal coming from
the electrode. If the series resistance Rg between A; and the electrode
tip is too high, the voltage drops across Rg and the voltage membrane
does not equal Veyp. Compensation circuitry can be used to partially
correct this problem with Rg around 1 M2 to 5 M{)2. When the electrode
tip is sealed with the patch membrane at more than 10 Gf2, the current
through the seal becomes negligible and the recorded current I, purely

reflects in magnitude the current through the cell membrane [71].
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2.3.4 Microelectrode Arrays

Excitable cells create ion currents through their membranes when ex-
cited, causing a change in voltage between the inside and the outside of
the cell. When recording, the electrodes on MEAs transduce the change
in voltage from the environment carried by ions into currents carried by
electrons. When stimulating, electrodes transduce electronic currents
into ionic currents through the media. This triggers the voltage-gated
ion channels on the membranes of the excitable cells, causing the cell to
depolarize. An MEA can be used to perform electrophysiological exper-

iments on tissue slices or dissociated cell cultures.

The size and shape of a recorded signal depend upon several fac-
tors: the nature of the medium in which the cells are located (e.g. the
medium’s electrical conductivity, capacitance, and homogeneity); the
nature of contact between the cells and the MEA electrode (e.g. area of
contact and tightness); the nature of the MEA electrode itself (e.g. its
geometry, impedance, and noise); the analog signal processing (e.g. the
system’s gain, bandwidth, and behavior outside of cutoff frequencies);
and the data sampling properties (e.g. sampling rate and digital signal
processing) [72]. It can be seen that the voltage amplitude an electrode
experiences is inversely related to the distance from which a cell depo-
larizes [24]. Thus, it may be necessary for the cells to be cultured or

otherwise placed as close to the electrodes as possible.
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( a) (b) Glass

microelectrode
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Cardiac myocyte

Source J  \_ Drain
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Figure 2.8: Electrical equivalent circuit of a FET-based MEAMEA: cell
transistor hybrid system: (a) monolayer of cardiomyocytes cultured on
the FET-based MEA substrate; and (b) electrical equivalence circuit
of one cardiomyocyte on the FET electrode: the space between the
cell and the gate constituted by the electrolyte has a conductance g,
the membrane has a capacitance Cyy, the gate oxide a capacitance cg,
specific ion conductances g;, and the extracellular voltage V), is the
voltage measured at the gate [73]

Figure 2.8 shows the circuit model of one cardiac muscle cell cultured
on an MEA based on field effect transistor (FET) technology. The
attached/free membrane of the cell is defined by the membrane capac-
itance, the leakage conductance and the ionic conductance. The gate
oxide is defined by its capacitance and the junction by seal conductance.

The extracellular voltage is then recorded by the transistor |73].
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The signal detected is an extracellular field potential. This signal
is similar in shape with an ECG. Indeed, multiple investigators have
showed the correlation between field action potential and ECG [74] [75]
[76]. The depolarization is thus compared to QRS complex, whereas the
repolarization is referred to as T wave. The field potential is the first

negative derivative of the action potential.

Recently, high density MEAs have been developed, backed by the
rise of microelectronics such as the CMOS microchips commonly used
in digital cameras. Every single electrode has an active, intelligent tech-
nology behind it. Amplifiers are located right below each electrode,
allowing enhancement of the signal at the source (right underneath the
cells) without amplifying any additional noise, and preventing signal at-
tenuation during the propagation of the signal. Using a switch-matrix,
high density MEAs allow optimal electrode utilization and signal am-
plification by achieving exceptional signal to noise ratio (SNR) and in-
tegrating circuitry with thousands of electrodes per square millimeter
on the same chip. It is thus possible to conduct experiments requiring
cellular and subcellular level resolution. For example, 3Brain Company
proposes CMOS-MEAs with square electrodes of 21 pm, arranged in a
64 by 64 layout with an electrode pitch comprised between 42 pm and
81 pm. Signals can be recorded at a sampling rate of 18 to 64 KHz for

each pixel.

o0



2.3. RECORDING TECHNIQUES

2.3.5 Electrochemical Sensors

Electrochemistry is an important technique for fundamental studies of
single cell communication, exchange of chemical messenger molecules,
as well as small-scale electroporation applications. The development
of electrochemical methods for detection of chemical messengers began
with the work of Adams in 1976 and has progressed to the detection of
molecules from a single vesicle with the work of Wightman et al. [77] [78].
Since then, fully automated microchips have been designed and manu-
factured for the detection of electroactive species secreted from single

cells and small ensembles of cells [79)].

Amperometric detection is a common electrochemical technique, which
is applied to the detection of electroactive analytes that can be elec-
trochemically reduced or oxidized. Amperometric detection consists in
applying voltage steps to the indicator electrode and measuring the re-
sulting Faradaic current, which is directly proportional to the concen-
tration of the analyte [80]. The simplest reaction that can occur at the
working electrode surface polarized at appropriate potential can take
the following form:

O, +ne = R4
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Figure 2.9: Electrodes for amperometric electrochemical sensor [81]

Figure 2.9 shows the basic structure of an amperometric sensor with
three electrode cells. The first electrode cell is a working electrode (WE)
that serves as a platform on which the electrochemical reaction takes
place. The second is a reference electrode (RE) that sets the potential
to zero. The third electrode is a counter electrode (CE) that acts as an
electron source/sink [81]. A constant potential is applied to the WE to
provide energy to the electrochemical process of interest. Current flows
between the CE and WE while potential is applied between the RE and
WE. The response current is measured through the CE as a function of

time.

Amperometry is well suited to quantifying release from vesicles on
the millisecond time scale [82]. This approach also offers high selectivity,
high sensitivity, and accurate quantification, which is a clear advantage
as biological phenomena generally involve small amounts of molecules

at very high local concentrations [83].
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2.3.6 Impedance-based Techniques

Electrical impedance measurements are used to quantify the resistance
of a material to an injected electrical stimulus. In a DC circuit, Ohm’s
law is used to describe the relationship between resistance (R), voltage
(V), and current (I). In the case of an AC circuit, the same general
equation applies, but resistance is, in this case, replaced by impedance
(Z). Unlike DC resistance, AC impedance is complex and has a real and
an imaginary part. The real part of complex impedance is the resistance,
whereas the imaginary part arises from inductive and capacitive effects

and is referred to as reactance [84], such as:
Z(w) = Zrea(w) + j Zimag(w)

To simplify calculations, sinusoidal voltage and current waves are com-
monly represented as complex-valued functions of time. The impedance

is defined as the ratio of these quantities:

Z _ K _ |V‘e¢7.((4)t+¢v) _ |V|€](¢V_¢I)
I |I‘€J(Wt+¢1) ‘]‘

Hence, we have:

V|
2=
1

bz = ov — @1

The first equation is the Ohm’s law applied to the voltage and current

amplitudes, while the second equation defines the phase relationship.
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The rationale for impedance measurements in biological cells is based
on the fact that impedance is directly proportional to resistance and
inversely proportional to capacitance, and that resistance and capaci-
tance are inversely and directly proportional to the free electrode area.
Therefore, when cells adhere and spread to the electrode surface dur-
ing cell growth, the impedance magnitude or resistance at intermediate
frequencies increases because the cells, which have an insulating mem-
brane, disturb the current flow through the electrode. As cells prolif-
erate sufficiently such that the cell density on the limited area of the
electrode surface is saturated, the increase in impedance or resistance
is halted [85]. Similarly, cells may become detached from the electrode
surface, resulting to a decrease of the impedance or resistance as the

electric current can flow freely through the uncovered electrode surface.

Impedance-based devices are thus commonly used for the charac-
terization of cells and tissues, and for monitoring changes in shape,
growth, proliferation, or differentiation of cells [86] [87] [88] [89]. Using a
waveform generator, cells on electrodes are subjected to mV amplitude
signals in the kHz range, and resistance, capacitance and impedance
data are collected. Giaever and Keese pioneered electrical cell-substrate
impedance-based sensing by developing a real-time method for charac-

terization of cellular behavior and responses to drug candidates [90].
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Impedance =
potential / current
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Figure 2.10: Schematic of electrical cell-substrate impedance-based sens-
ing which consists of electrodes, function generator, current limiting re-
sistor, and lock-in amplifier [91]

As shown in Figure 2.10, the alternating current flowing through
the electrodes and cells is restricted by the current limiting resistor se-
rially connected to the function generator. When a weak alternating
current is applied across the electrodes from the signal generator, the
responsive potential is recorded by the lock-in amplifier to determine the

electrical impedance by using the ratio of the voltage to the current [91].

2.3.7 Dielectrophoresis

DEP is a phenomena which results in the motion of dielectric particles
relative to the solvent in which they are immersed. Because biological
cells have dielectric properties [92], they can be moved by DEP through
polarization forces appearing on the cells and produced by an inhomo-

geneous electric field.
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Figure 2.11: Dielectric properties of cells [93]

Inhomogeneous electric field appears when an electrical signal is ap-
plied in between patterned microelectrodes. That electric field will ex-
ert a DEP force on the particles which will become either attracted
towards the maximum of electric field (positive DEP) or repulsed (neg-
ative DEP), according to the permittivity of the cells versus the one of
the medium (Figure 2.11). This phenomena is governed by a force,

the DEP force expressed by:

*_

€ ex
Fppp) = 2nr°e,,Re 22— 4 V
(Fbep) = 2mr7e e{€;+25;'fn}

o2
Erms

in which, (Fpgp) is the time-average DEP force acting on one dielectric
particle, r is the radius of the particle, ¢, is the absolute permittivity

of the surrounding medium. Re is the real part of the electric field:

R, = Ecos(wt)
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where £ and &7, are the complex permittivity of respectively the particle
and the medium, and V F is the gradient of the amplitude of the electric
field. The strength of the force and its repulsive or attractive aspects
are strongly dependent on the particles and medium electrical properties,
size and shape of the particles, and the frequency of the electric field.
The strength and the orientation of the force (positive or negative) can
be modeled using the Clausius-Mossotti (CM) factor which contains all

the frequency dependency of the DEP force:

SNEET

ey + 2¢5,
€* is dependent on the permittivity and the conductivity of the particles
(p) and medium (m), as well as the frequency of the signal. The per-
mittivity and the conductivity of a particle depends on its material, its
size and its structure. The “crossover frequency” corresponds to the fre-
quency at which CM equals to zero. Above that frequency, CM changes

sign, as well as the DEP force. According to the literature, biological

cells present a crossover frequency between 100 kHz and 1 MHz [94] [95].

DEP can be used to separate particles with different sign polarizabil-
ities as they move in different directions at a given frequency of the AC
field applied. DEP has been applied for the separation of living and dead
cells, with the remaining living cells still viable after separation [96], for
cell patterning, or for forcing contact between selected single cells to

study cell-cell interaction [97].
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2.4 Thin-Film Transistor Technology

2.4.1 Basic Structure

The basic structure of a TFT is a three terminal component (gate,
source, and drain) that can be classified by two factors: the planarity
of the semiconducting channel (coplanar/staggered) and the gate posi-
tion (bottom/top) in the semiconductor. In a coplanar situation, the
conducting channel is directly between the source and drain terminals,
while in a staggered situation the conducting channel is above or be-
low the source and drain terminals depending on the gate position. A
bottom-gate configuration is one in which the gate is placed below the
semiconducting channel, while a top-gate configuration is one in which
the gate is placed above the semiconducting channel [98]. The different

configurations of TFTs are shown in Figure 2.12.

(b) (d)

[0 semiconductor M Gate dielectric  [J] Substrate

Figure 2.12: General TFT configurations: (a) staggered bottom-gate;
(b) coplanar bottom-gate; (c) staggered top-gate and (d) coplanar top-
gate [98]
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2.4.2 Types of Thin-Film Transistors

A wide variety of semiconductor materials can be used for developing
TEFTs. One common material used for TFTs is silicon. In this case,
the silicon’s crystalline state is an important factor to the TFT charac-
teristics. Indeed, the semiconductor layer can be either amorphous sili-
con, microcrystalline silicon, or it can be annealed into polysilicon [99].
Amorphous silicon-based TFTs have the advantage of being easy to man-
ufacture on a large scale, as well as being transparent [100]. They also
have a very high field effect mobility of 4.7 cm?/Vs in top-gate configu-
ration, and 1.5 cm?/Vs in bottom-gate configuration [101]. Polysilicon-
based TFTs have a much higher mobility: 46 cm?/Vs [102]. This field
effect mobility characterizes how quickly an electron can move through
the semiconductor when pulled by an electric field. For semiconductors,
the behavior of transistors and other devices can be very different de-
pending on whether there are many electrons with low mobility or few
electrons with high mobility. Therefore mobility is a very important
parameter for semiconductor materials. Almost always, higher mobility

leads to better device performance, with other things equal.

TFTs have also been made using organic materials, referred to as
organic field-effect transistors (OFETSs), opening possible applications
with flexible electronics [103]. However, they may be less stable if inte-
grated on flexible substrates. Organic TFTs can have a mobility as high

as 10 cm?/Vs, which surpasses amorphous silicon-based TFTs [104].
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Figure 2.13: Structure of a TFT LCD (Japan Display Inc.)

Other materials which have been used as semiconductors in TFTs
include compound semiconductors such as metal oxides. Some examples

of oxide compounds are zinc, cadmium, or indium [105] [106] [107].

By combining transparent semiconductors with transparent elec-
trodes, such as indium tin oxide (ITO), TFT devices can be made
transparent. As a result, they can be used for construction of video
display panels for televisions or computer screens. Figure 2.13 shows
the structure of a TF'T LCD. The first solution-processed of completely
transparent TFTs, based on zinc oxide, were reported in 2005 at the
NOVA University Lisbon. The TFT could be produced at room tem-
perature [108].
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Recently we have seen a growing interest in indium oxide compound
indium gallium zinc oxide (IGZO). The first amorphous 1GZO TFTs
were developed in 2004 [109], with a mobility of 8.3 cm?/Vs,. The device
was transparent and could be fabricated at room temperature. Sharp
corporation then started the fabrication and commercialization of TE'T
LCD panels using IGZO semiconductors in 2012. In this research in
collaboration with Sharp corporation, transparent TF'T devices are used

for the study of biological systems.

2.5 Chapter Summary

In this chapter, we presented the theory related to the structure, function
and properties of cardiomyocytes. The recording techniques used for in
vitro analysis of excitable cells have then been described. Finally, we
introduced the TF'T technology used in this research and discussed about

the different types of TFTs.
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Chapter 3

Methodology

In this chapter, we describe the structure, working principle, and fab-
rication of the TFT-MEA platform used in this research. Then we ex-
plain how experiments of electrophysiology, electrochemistry, and dielec-
trophoresis are performed. For each type of measurement, we describe
the preparation of the device, the preparation of biological materials,
and the experimental setup. Finally, we present the tools used for data

analysis of electrophysiological measurements.
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3.1 Thin-Film Transistor based MEAs

3.1.1 Structure

The substrates of TFT arrays used in this study were designed and fab-
ricated by Sharp Corporation for the purpose of biological applications.
This work involves the use of substrates with a large, dense array of 150
x 150 square transparent electrodes of 100 pm with an electrode pitch
of 5 pm. Each electrode is individually connected to a TFT, which con-
trols the open/close states of the electrode. The principal substrate used
for this study is 27 mm x 25 mm and the electrodes cover a surface of

roughly 225 mm?.

The transistor is a three terminal component (gate, source, and
drain) on a bottom-gate configuration. The surface electrodes are ITO,
which is a transparent conductor. Each electrode is connected to the
drain of a transistor through a via of Mo/Al/Mo. Multiple insulation
layers are placed between the surface electrode and the gate and source
lines in order to prevent possible interference. Insulation layers are SiN,
structural polymer, and SiN/SiO. The gate, source, drain, and their
addressing lines are constructed of Mo/Al. The channel is an N-type
semiconducting channel of IGZO, which has the property to be nearly
transparent. For the sake of transparency, the size of transistors can-
not be too large. However, a too small transistor can interfere with the

source-drain transmission. Here, the transistors varied from 5 to 15 pm.
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Figure 3.1: Structure of transistor in a TFT-MEA

A schematic view of the TFT structure can be seen in Figure 3.1. The
TFTs used in this research are N-channel transistors, which means that
the conventional flow of drain current is in the positive direction so a

positive gate voltage is applied to switch the transistor ON.

3.1.2 Working Principle

In this research, each electrode is independently connected to an inte-
grated TFT, which controls the current /voltage of that single electrode.
TFTs are thus used for switching ON/OFF the electrodes. TFTs consist
of three terminals: a gate, a source, and a drain. Gate terminals are ad-
dressed through column-parallel connected lines, while source terminals
are addressed through row-parallel connected lines. The drain terminal
of each TFT is connected to the corresponding ITO electrode. By ap-
plying a positive voltage to the gate line (column), all TFTs connected

to this line are switched ON.
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Figure 3.2: Working Principle of TF'T-MEAs

With a measurement system, or a signal generator connected to the
source lines, the electrodes at the intersection of the gate/source lines
can be used for sensing or for applying an electrical signal respectively.

Figure 3.2 shows the working principle of our TFT-MEAs.

3.1.3 Fabrication
Fabrication on PCB

To access the pads connected to the gate and source lines, the TF'T
substrate is mounted on a commercially available printed circuit board
(PCB). A 20 mm x 20 mm hole is made in the PCB beforehand, so that
optical transparency of the whole device remains possible. Connectors

are then placed on the PCB using a solder.
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connections
Wire
bonding

Figure 3.3: Photo of the TFT-MEA platform after post-processing

The TFT substrate is finally attached to the PCB and the connections
between the pads of the TFT substrate and the pads of the PCB are
done by wire bonding (WEST BOND, Product No.-10267).

PDMS chamber

A PDMS chamber is placed on the TFT substrate to culture cells on the
device. PDMS is prepared by mixing a curing and a base agent (SILPOT
184) in the ratio 1:10. After removing potential bubbles with a vacuum
chamber, the mixture is placed on a hot plate at +90°C for a few hours
for fast curing. A square-shaped PDMS culture chamber of 20 mm with
a 16 mm diameter hole in the middle is then prepared and placed on the
TFT substrate. Finally, PDMS is added around the culture chamber
for fixing it to the TFT substrate and for protecting the bonding wires.
Figure 3.3 presents the TFT-MEA after post-processing.
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3.1.4 Characterization

After fabrication of the TFT-MEA, characterization of the device can
be performed. The accurate determination of the TFT threshold volt-
age (Vrpy) is essential for TFT device operation, as it is the minimum
gate-to-source voltage that is needed to create a conducting path be-
tween the source and drain terminals. Among numerous Vg extraction
techniques, the transconductance change method is recognized as one of
the most useful and accurate because it is considered to be unaffected by
mobility degradation and series resistance effects [110]. The electrical
characterization of the TF'T platform was performed by evaluating the
current-voltage (IV) characteristics of TFTs using a Keysight B1500A
semiconductor analyzer (Keysight Technologies, USA).

The characterization of TFTs requires the post-processing of gold
patterns to “loop-back” connect two electrodes together and to have ac-
cess to separate source and drain lines [111]. For this study, we evaluated
the drain current (/) and gate voltage (V) characteristics with a drain
voltage (V) of 1 V on several TFTs. We calculated the transconduc-
tance (gm), which quantifies the I; variation with a gate-source voltage
(Vys) variation while keeping the drain-source voltage (V) constant. As
a result of these measurements, we calculated a Vg value of 4.8 V. Nine
TFTs were also chosen on various position on the device for determina-
tion of I; — Vj; variations. We obtained a variation of saturation current

(I4sqr) of approximately 10 %.

68



3.1. THIN-FILM TRANSISTOR BASED MEAS

Keysight B1500A
Semiconductor
_ Device Analyzer

No post-processing

| 5H WEE 7 EoH ol

-0

[PENERNS

Source / Drain
Lines

T i N H;:'w |
T i Lrrr

Gate Lines G; G,

Gate lines
(a)
s la—Vpeurveforvy=1v g curveforVy=1V ,ore e~ Vycurvesforvy =12V
%)
= 166 g 2.0E-6
z T
) E £ 1566
] 5 @
o 2 5
T 1E8 g S 1.0E-6
= =
o E 0.56-6
1105 0 5 10 15 20 5 0 5 10 15 20 0 2 4 6_8 10 12 14 16
V, Voltage (V) v, Voltage (V) Vg Voltage (V)

—+A—=+B o CoD—F—oF +G-oHeol

(b)

Figure 3.4: TFT array characterization: (a) experimental setup for TFT
characterization with a semiconductor analyzer; (b) characterization re-
sults for I; — Vj (left), g,,, — V; (middle), and I; — V; (right).

Figure 3.4 presents the experimental setup, as well as the Iy — V,
gm — Vg and Iy — V; curves obtained for the IV measurements. This
characterization justifies the choice of 12 V applied to the gate lines
for reaching the saturation region and switching ON all the transistors.
It also demonstrates the variation of characteristics among transistors.
This has to be taken into account when transistors are used as circuit

elements like in the case of sensing applications.
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Figure 3.5: Bode diagram for one transistor

TFTs used for LCD are working in DC mode. However, an AC signal
is required for some applications, such as DEP experiments. Therefore,
the range of frequencies that is compatible with our TFT-MEA needs to
be determined. To accomplish this, a Bode diagram was built. A probe
was placed on one electrode in dry environment. The corresponding
gate line was then supplied with 25 V DC voltage and the source line
was supplied with 10 V. AC voltage. The range of frequencies of the
AC voltage was [1 Hz : 1 MHz|, which is a typical result from low pas
filter systems. Figure 3.5 shows the Bode diagram obtained in our
experiments. We observe -10 dB attenuation at 10 kHz and -20 dB
attenuation at 1 MHz. As a result, DEP can be performed with signals
of 100 kHz maximum. Regarding electrophysiological measurements, we
notice that signals at 1 kHz are almost not attenuated. As the signal
frequency of cardiomyocytes is around 1 kHz or lower range, it is possible

to perform efficient voltage sensing of the cell electrical activity.
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3.2 Experiments for Electrophysiology

3.2.1 Preparation of the Device

TFT-MEAs and standard MEAs were used for electrophysiological ex-
periments with cardiomyocytes. Among the standard MEAs tested, we

used commercially available devices from two companies: Alpha MED

Scientific Inc. and Multichannel Systems MCS GmbH.

The surface of TFT-MEAs and commercially available MEAs is usu-
ally hydrophobic and they tend to become more hydrophobic again dur-
ing storage. However, an hydrophobic surface prevents attachment and
growth of the cells, which are hydrophilic. The first step in preparing
a substrate for use is therefore to ensure that the surface is hydrophilic
enough for coating and cell adhesion [112]. The MEAs are thus placed in
a plasma-cleaning chamber available in our laboratory and are exposed
to a gas plasma discharge, which makes the surface polar and thus more
hydrophilic. MEAs are usually treated with low-vacuum plasma for 1
minute at 0.2 mbar and 50 W to 100 W. The treatment gives a very
clean and sterile surface that can be coated readily with water-soluble

molecules if needed.
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MEASs are then sterilized with standard methods for cell culture ma-
terials using rinsing with alcohol and UV light. 70 % ethanol is placed
in the PDMS culture chamber for 1 hour. The whole device is then
rinsed once with 70 % ethanol, and then rinsed 3 times with autoclaved
deionized water. MEA devices are not fully immerse into alcohol for a
longer time as bonding wires of TFT-MEAs, even though covered by
PDMS, can be damaged, and the ring on the commercial MEAs may
get off. MEAs are then let air-dry for a few hours in a laminar flow hood

with UV light turned on.

Coating of MEAs with various materials can be used for improv-
ing the attachment and growth of cell cultures. Fibronectin is a typ-
ical biological coating used for heart tissues. The adhesion tends to
be very stable, which allows longer cultivation times. A concentration
of 10 pg/ml fibronectin (Sigma, F1141-1MG) is prepared in phosphate
buffered saline (PBS) and the MEA surface is covered with 300 pl fi-
bronectin solution and incubated at +37°C for at least 1 hour. The
surface is then rinsed 2 times with PBS and cells are plated onto the
surface immediately after coating [112]. We noticed that no clear dif-
ference was observed, regarding cell attachment, cell viability, and cell
electrical activity, between cells cultured on a coated substrate and cells
cultured on a non-coated substrate. Therefore, most experiments were

performed without surface coating with fibronectin.
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3.2.2 Preparation of Cardiac Muscle Cells

In this study, cardiomyocytes are used for electrophysiological measure-
ments with our TFT-MEAs. For these experiments, cardiomyocytes
are isolated from neonatal mouse hearts and dissociated into single cell
suspension for cultivation of beating cardiomyocytes. Neonatal hearts
are dissociated using the neonatal heart dissociation kit for mouse from
Miltenyi Biotec GmbH (Bergisch Gladbach, Germany). Cardiomyocyte
isolation was performed by a collaborator from the Department of Car-
diovascular Medicine at the University of Tokyo. An illustration of the

steps for cell dissociation is found in Figure 3.6.

Neonatal mouse hearts oy
Incubation 15 min .
0 at+37°C (x3) i .‘,..:

o MACS Dissociator
4= [jltration
: (70 pm) with culture ! Optical Observation

Red
blood _
cell lysis | (3-day culture)

Microscope (20x)

medium and FBS

Figure 3.6: Flowchart for neonatal heart dissociation
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The cells are then plated onto the surface at a very high concen-
tration to ensure a good network connection among the cells. A cell
density in the range of 2.5 x 10° - 1.0 x 10° cells/device used to give
the best results for our experiments with TFT-MEAs. In other words,
good synchronicity and strong cell contraction of the cardiomyocyte cul-
tures could be observed. A droplet of 30 pL of cell solution is placed on
top of the targeted electrodes of TF'T-MEAs. The devices are then incu-
bated at +37°C for 15-30 minutes to let the cells fall onto the electrodes
and prevent them to escape the targeted region of study. Indeed, it has
been observed that cells tend to avoid attaching to electrodes and pre-
fer growing onto electrode-free regions of the TF'T substrates. Culture
medium is then carefully and slowly added into the culture chamber to

avoid detaching the cells from the surface electrodes.

Finally, each device is placed in a petri disch and stored in the in-
cubator at +37°C with 5% CO2 and 90% humidity. Despite the harsh
environment of the incubator, no substantial damage was observed at

the level of the connection pins of the PCB, or the bonding wires covered

with PDMS.
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Reagent Supplier Reference
DMEM (1X) 500mL Gibco 11995-065
Pen/Strep Gibco 15140-122 100ML
L-Glutamine 200mM (100X) Gibco 25030-081 100ML C
Fetal Bovine Serum (FBS) Gibco 26140-079

Table 3.1: Reagents for cell culture of cardiomyocytes

Cardiomyocytes are cultured for at least 3 days on the TF'T devices.
Half of culture medium is carefully changed every day during the whole
period of electrophysiological measurements. Culture medium for car-
diomyocytes was prepared by mixing 500 mL DMEM with 50 mL FBS,
5 mL Pen/Strep, and 3.5 mL L-Glutamine. The list of reagents can be
found in Table 3.1.

3.2.3 Experimental Setup

A control card, called JAPASTIM, was developed in our laboratory to
obtain a dynamic access to the TFTs and control the ON/OFF status
of the gate and source lines, thus offering a 2D controllable area. The
control card is a waveform generator with 28 x 28 modular outputs.
It has a range of amplitudes between -5 V and +27 V and allows the
application of various shapes of electrical signals, such as DC, AC, and
pulses. The control card is then programmed by means of the open-
source software, Tera Term. The electrodes can then be controlled in a

flexible way and can be used for local sensing, stimulation, or DEP.
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Figure 3.7: General experimental setup scheme for electrophysiological
and electrochemical measurements with a TEFT-MEA: a data acquisition
system (Multi Channel Systems MCS GmbH) is used for extracellular
electrophysiology, and an electrochemical analyzer (ALS Co., Ltd) is
used for electrochemistry

In this section, we focus on the voltage sensing of cardiomyocyte
electrical activity. The control card is composed of two parts: the “source
card” that can control the source/gate lines, and the “gate card” that
controls the gate lines of the TFTs. The measurements of the electrical
activity of cardiomyocytes is performed using the experimental setup
described in Figure 3.7. The gate lines are connected to the "gate card"
of the control card, while the source lines are connected to a USB-ME32-
FAI acquisition system (Multi Channel System MCS GmbH) for data
measurement using a sampling frequency of 10-20 kHz. The "source

card" is thus not needed in these experiments.
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Figure 3.8: Schematic view of 6 x 6 connected electrodes for electro-
physiological measurements

The number of channels available on the MCS acquisition system
is limited to 32. In most experiments we connected 28 gate lines and
28 source lines, which confers an array of 784 electrodes available for
measurement. For voltage sensing experiments, gate lines have to be
opened successfully. The JAPASTIM control card is thus programmed
to scan the gate lines by switching ON and OFF each gate one after
another. Measurements are taken through the source lines during the
entire period of gate scanning. Figure 3.8 shows a schematic view of
the connected electrodes for a set of experiments with cardiomyocytes.
In this example, we connected one every two electrodes for both the gate
and source lines. As a result, the array of connected electrodes covered a
total area of 5.8 mm x 5.8 mm, with half of the surface directly available

for measurements.
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Figure 3.9: Photos of equipment used for electrophysiological measure-
ments with cardiomyocytes: (a) TFT device placed in the laboratory
incubator between measurements and in a small incubator during mea-

surements; and (b) JAPASTIM control card for switching ON/OFF the
TFTs, and the inverted microscope for optical observation

Electrical recordings are performed under an inverted microscope to
observe the contraction of cardiomyocytes simultaneously. For measure-
ments, the TFT-MEA is placed in a small incubator under the micro-
scope to keep the cell environment at +37°C, and a thin wire of Ag/AgCl
placed in the culture medium is used as reference electrode. Figure 3.9
shows photos of the incubators, JAPASTIM control card, and micro-

scope used for electrophysiological experiments with cardiomyocytes.
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3.3 Experiments for Electrochemistry

3.3.1 Preparation of the Device

In this study, electrochemical experiments did not involve culture of
biological cells on our TFT-MEAs. Less surface treatment was thus
needed for this type of analysis. For these measurements, we wanted
to test the feasibility of integrating a reference electrode directly onto
the substrate of TFT-MEAs. For performing this test, an Ag/AgCl
ink (ALS Co. Ltd, 011464) is thus painted directly onto the region of
TFT-MEAs that is specifically dedicated for reference electrode. The
Ag/AgCl ink is then let air-dried for a day.

3.3.2 Preparation of Tyramine

Electrochemical analyses for amperometry experiments were realized
with tyramine, which is a vasoactive amine derived from the amino acid
tyrosine. This molecule is acquired through alimentation and is me-
tabolized in digestive system by various enzymes, including monoamine
oxidases. Tyramine was chosen due to its direct availability in our lab-
oratory and its effects on heart rate and blood pressure when adminis-
tered in large quantity [113] [114]. Tyramine (Tokyo Chemical Industry,
A0305) is prepared in 1X PBS solution at different concentrations: 10
nM, 100 pM, and 1 mM.
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3.3.3 Experimental Setup
Integration of Electrochemical Sensors

The experimental setup for electrochemical sensing is similar to the one
used for voltage sensing. The experimental setup is described in Figure
3.7 and Figure 3.10. In general, electrochemical measurements require
three electrodes: a counter electrode (CE), a working electrode (WE)
and a reference electrode (RE). Current flows between the CE and WE.
Here, the CE is a platinum wire placed inside an electrolyte solution.
The WE is either a standard gold electrode (ALS Co., Ltd, AUE gold
electrode 2014) or an ITO electrode from our TFT-MEA. The RE is
either an Ag/AgCl glass electrode or integrated Ag/AgCl RE made with
Ag/AgClink placed directly on a specially dedicated RE area of the TF'T

substrate.
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Figure 3.10: Schematic view of 6 x 6 connected electrodes for electro-
chemical measurements and photo of standard electrochemistry cell
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Voltammetry and Amperometry

In this study, two electrochemical methods are performed: cyclic voltam-

metry and amperometry.

e Cyclic Voltammetry: the potential difference between the WE and
RE is changed periodically, and the current between the WE and CE
is monitored. Cyclic voltammetry experiments are performed with 2
mM K3Fe(CN)6 in 1 mM KCI solution, which is a standard material
for electrochemical calibration. The range of potential applied during

measurements is comprised between [-0.6 V : +0.6 V|, with a scan

rate of 0.1 V/s.

e Amperometry: a constant potential difference is applied between
WE and RE. The current between the WE and CE is monitored as
it is an indication of the analyte concentration through the reaction
progress. Amperometric experiments are realized with tyramine in
PBS. Different concentrations of tyramine are analyzed and compared
using either standard gold WE or ITO WE of the TF'T-MEA. The
applied potential is +0.3 V with a scan rate of 0.05 V/s.
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3.4 Experiments for Dielectrophoresis

3.4.1 Preparation of the Device

Successful DEP results were already obtained with microbeads and yeast
cells using our TFT-MEAs [115]. However, when using mammalian cells,
efficient transport required larger voltages, which damaged the elec-
trodes due to electrolysis. To overcome this problem, TFT substrate
is coated with a thin insulation layer to protect the substrate from the
culture medium and electrolysis. Therefore, to prevent damage of the
electrodes, a 400 nm layer of Teflon is coated on the TFT substrate,
allowing the application of a voltage higher than 3 V.

Before plating the mammalian cells, the TFT-MEAs are sterilized to
avoid contamination and sustain viability of the cells. The sterilization
process is the same as the one used for electrophysiological experiments.
70 % ethanol is placed in the culture chamber for 1 hour. The whole
device is then immersed once with 70 % ethanol, and then rinsed 3
times with autoclaved deionized water. Finally, the TFT devices are let

air-dry under UV light for a few hours in a laminar flow hood.
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3.4.2 Preparation of Liver and Skeletal Muscle Cells
HepG2 Liver Cells

DEP experiments have been first performed with HepG2 cells due to
their direct availability in our laboratory. HepG2 is a human liver cancer
cell line, which is usually used as an in vitro model system for the study
of polarized human hepatocytes [116]. Hepg2 are cultured in a 25 cm?
flask in HepG2 Human Hepatocellular Carcinoma Expansion Media un-
til they reach 80% confluency. Then, HepG2 are gently washed once with
PBS and subcultured at a 1:3 split ratio using 0.25% Trypsin/EDTA.
The list of reagents is found in Table 3.2.

Skeletal Muscle Cells

C2C12 cells have then been used to confirm the results previously ob-
tained with HepG2. (C2C12 is an immortalized mouse myoblast cell
line that is capable of rapid proliferation under high serum conditions
and differentiation into myotubes under low serum conditions. C2C12
cells also demonstrate rapid development and maturation into functional
skeletal muscle cells and have the ability to contract and generate force,
which is useful in biomedical research [117]. C2C12 are cultured in a
25 cm? flask in culture medium (500 mL DMEM, 50 mL FBS, 5 mL
Pen/Strep, 3.5 mL L-Glutamine). When they reach 70% confluency,
C2C12 are subcultured at a 1:10 split ratio using 0.05% Trypsin/EDTA.
Reagents used for culture of C2C12 cells are listed in Table 3.2.
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Reagent for HepG2 Supplier Reference
HepG2 Human Hopatocellar | pinlCn |G & Media 450
Technologies
0.25% Trypsin-EDTA (1X) Gibco 25200-056 100ML
PBS, pH 7.4 Gibco 10010-023
(a)

Reagent for C2C12 Supplier Reference
DMEM (1X) S00mL Gibco 11995-065
Pen/Strep Gibco 15140-122 100ML
L-Glutamine 200mM (100X) Gibco 25030-081 100ML C
Fetal Bovine Serum Gibco 26140-079
Horse Serum Gibco 16050-122 S00ML
0.05% Trypsin-EDTA (1X) Gibco 25300-054 100ML
PBS, pH 7.4 Gibco 10010-023

Table 3.2: Reagents for cell culture of (a) HepG2 liver cells, and (b)

C2C12 skeletal muscle cells

Buffers and Cell Platting

For DEP experiments with TFT substrates, it is necessary to work with
a low conductive buffer. Indeed, a low conductivity buffer allows a
large Clausius-Mossotti factor in the range of working frequency and

provides efficient effects. A low conductivity buffer solutions has thus

(b)

been prepared and tested for our DEP experiments.
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DEP of yeast is possible in deionized water with a conductivity of
0.055 nS/cm. However, deionized water is hypotonic compared to the
inner of mammal cells. Consequently, mammalian cells would swell and
burst in this type buffer due to the diffusion of water by osmosis in the
cells. Because yeast cells have a double membrane to protect them, these
cells are not subjected to the same effects. A low conductivity buffer so-
lution of 300 mM D-Mannitol (Sigma-Aldrich, M4125-10MG) has thus
been prepared for experiments. This 300 mM D-Mannitol solution has
a relatively low conductivity of 10 pS/cm that keeps the osmolarity of
the cells.

Solutions of 1.0 x 10° cells/mL are prepared in 300 mM D-Mannitol
and placed in the PDMS culture chamber of the TFT-MEA. Experi-
ments are performed for no longer than 1 hour for preventing possible
damage to the cells due to the D-Mannitol solution. For some exper-
iments, 10 pm polystyrene microbeads (Bangs Laboratories, Inc.) are
added to the cell solution at a concentration of 4%. Solution of pro-
pidium iodide (PI) has also been used in our DEP experiments. PI
is a fluorescent agent that binds to DNA by intercalating between the
bases with little or no sequence preference. PI has a fluorescent excita-
tion/emission maximum of 493 nm (blue-green) / 636 nm (red). After
binding DNA, the excitation/emission maximum of PI is shifted to 535
nm (green) / 617 nm (orange-red) [118]. PI has thus been used as a

DNA stain to evaluate cell viability in the solution of D-Mannitol.
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3.4.3 Experimental Setup

The experimental setup for DEP experiments with TF'T-MEAS is shown
in Figure 3.11. It consists of five main parts: (1) electrical sources for
applying the desired voltage through the source lines, (2) the JAPAS-
TIM control card composed of a "gate card" and "source card" that ac-
tivates the electrodes through the gate and source lines, (3) a TFT-MEA
prepared for DEP experiments, (4) a computer to send the commands
to the control card, and (5) a microscope for optical observation. Unlike
voltage sensing for electrophysiology, DEP experiments require an out-
put AC signal on the electrodes of the TFT-MEA. It is thus necessary
to apply a DC signal with the "gate card", and an AC signal with the

"source card" to the gate and source lines respectively.

Microscope: Computer:
optical observation sending commands
(x20) with Tera Term

b le PCB TFI-MEA
100 pm — e I substrate ]
‘ o] <]
§= - Y
ap+ =
TFT Array |
Device

Electrical sources: Control card:
1- voltage generator selection / switching —
2- function generator ON microelectrodes

l . |

Figure 3.11: Experimental setup for DEP
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The JAPASTIM control card is programmed on the computer with
Tera Term. This system can provide: 0 V (ground), [-5 V : +5 V]| (low
voltage), and [+5 V : 424 V]| (high voltage). For AC signal, the coax-
ial external input needs to be connected to a function generator with
the card programmed in "external signal mode". AC electro-osmosis
(ACEQ) force is dominant for frequencies from DC to 1 kHz, which
means that vortexes can appear at the edge of electrodes [119]. This
phenomenon may thus make the mobility of cells difficult. Additionally,
according to the measurements for TF'T characterization, strong atten-
uation of the signal is observed for frequencies above 100 kHz. As a
result, frequencies in the range of [1 kHz : 100 kHz| are thus applied for

our DEP experiments.

3.5 Data Analysis for Electrophysiology

3.5.1 Wave Propagation

As measurements are performed simultaneously on the electrodes of the
same column, the propagation velocity of the cell electrical signal is
calculated for columns of electrodes (e.g. on 4 columns of electrodes
with 4 electrodes on each column). To accomplish this, we select the
first electrode that detects an electrical signal, and we calculate the
delay between the start of this first electrical signal and the start of the

electrical signal detected on the other electrodes of the same column.
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Figure 3.12: Calculation of signal propagation with (a) Excel, and (b)
Multi Channel System MCS GmbH

Calculation on a small electrode arrays is first performed with Excel.
By using the MC Rack software analysis from Multi Channel System
MCS GmbH, calculation can then be performed on every column, which
means on the 28 connected gate lines of our TFT-MEAs. Figure 3.12
shows the calculation performed with Excel and the MC Rack Software
to determine the delay between the cell electrical signals on columns of
electrodes. Knowing the delay of signals and the distance between each

electrode, the signal velocity can be calculated on each column.
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3.5.2 Spike Sorting Algorithm

Analysis of data obtained with a large array of TF'T electrodes is not
easily processed using available software from Multi Channel System
MCS GmbH. To overcome this, an algorithm has been developed by a
collaborator from the University of Bordeaux. This algorithm includes
specific functions adapted to the TFT-MEA functioning for voltage sens-
ing and can also be applied to larger TFT arrays. The flowchart of the
algorithm working process is described in Figure 3.13. The algorithm
working principle consists of: (1) read the raw data file containing the
data of all 28 x 28 electrodes; (2) separate the data in different files for
each source line; (3) extract the information for each electrode in each

source line.
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G2 OFF -
E2 G3|OF -
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Figure 3.13: Biosignal processing with Matlab program
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The data of each electrode can easily be recognized as they are placed
in between the two commutation spikes that have a voltage > 2 mV when
gates are switched ON/OFF. Then the data are filtered with a band-
pass digital finite impulse response (FIR) filter. The advantage of this
filter is its symmetrical coefficients that do not disturb too much the
signal thanks to a constant group delay. The spikes are then detected
and their amplitude and period are characterized. Finally, the results

are stored in an Excel file and displayed by heat-map graphs.

3.6 Chapter Summary

In this chapter, we described the structure of the transistor, as well as
the working principle, and post-processing of the TFT-MEAs. We then
evaluated the device with the characterization data we obtained from it.
After this, we presented the preparation of the device, the preparation
of the biological materials, and the experimental setup for each type of
measurements. Finally, we introduced the tools used for data analysis

of electrophysiological measurements.
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Chapter 4

Results

In this chapter, we present the results obtained with each type of electri-
cal analysis that was performed with our TF'T platform. These electrical
analyses include the use of TFT-MEAs for: recordings of electrophys-
iological properties of cardiomyocytes, demonstration of electrochemi-
cal measurements, and displacement of skeletal muscle cells by dielec-

trophoresis.
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4.1 Electrophysiology

4.1.1 Extracellular Potentials of Cardiomyocytes
Culture of Cardiomyocytes on TFT-MEAs

In this study, we describe the results of in wvitro recordings of the ex-
tracellular potential of cardiomyocyte cultures with a novel MEA using
the TFT technology. Our results show the possibility to use our TFT-
MEA for in wvitro electrophysiological investigations. We successfully
demonstrated that beating cardiomyocytes can be cultured on the TF'T
platform, and that their electrical activity can be captured. Figure 4.1
shows a photo of cardiomyocytes cultured on a TFT-MEA and their

extracellular signal recorded on one electrode.

'." Voltage (V)
,m 1 +1000 Threshold voltage:
| 5 250ms ~ T1OOWY
- e ..h""nh A M l
'.'. A . 4 .'u -
P D A - 1
. ! “.- ! 0 ISR S DO "SR U S
TFT array 400 IJV
PCB ¥
-1000 ‘
0 500 1000
Time (ms)

Figure 4.1: Extracellular potential of cardiomyocytes recorded on one
microelectrode of a TFT-MEA
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Cell contraction was observed with an inverted microscope while the
extracellular potential of cells was recorded. We could observe that car-
diomyocytes would form continuous layers of cells attached to the TF'T
substrate. Depending on the cell density, cardiomyocytes would form
a monolayer or multiple layers of cells when plated at a concentration
higher than ~ 2.5 x 10° cells/30 pL/device on the targeted electrodes.
Regarding the cell density, it seems that cells tend to form monolayers,
but also multilayers when we increase the cell density as seen on Fig-
ure 4.2. Moreover, it seems that cells prefer growing on glass substrate
rather than on I'TO electrodes. As a result, cells were seeded directly

on the targeted ITO electrodes with a droplet of 30 pL.
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Figure 4.2: Layers of cardiomyocytes cultured on TFT-MEAs: (left)
multilayers of cells when plating at ~ 1.0 x 10° cells/30 pL (ITO elec-
trodes), (middle) monolayer of cells when plating at ~ 5.0 x 10° cells/30
pL (ITO electrodes), (right) multilayers of cells when plating at ~ 2.0
x 109 cells/30 pL (glass substrate)
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Detection of Extracellular Potential

As shown in Figure 4.3, different types of waveform have been ob-
served in experiments, with a typical width of 3-4 ms. These waveforms
are similar to the one expected by the literature when using simulated
filed potentials with different values for R; and Cj., and measuring field
potentials of mouse cardiomyocytes with standard MEAs [120]. Results
also confirm that in wvitro recordings of the extracellular signals of ex-
citable cells is similar in shape to signals obtained with ECG analyses.
Moreover, our measurements could successfully be repeated with differ-

ent cell preparations.

Extracellular recordings with TFT-MEAs show peak-to-peak (pk-
pk) measurements of the depolarization and repolarization spikes of car-
diomyocytes comprised between -500 1V and +200 pV. Average pk-pk
amplitudes up to 1.5 mV could still be detected in some cultures of car-
diomyocytes. In Figure 4.1, we recorded a signal period of 250 ms,
which corresponds to a frequency of 4 Hz. In this study, periods of

recorded signals were mainly comprised between 125 ms (8 Hz) and 1

second (1 Hz).
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Figure 4.3: Extracellular potential of cardiomyocytes (a) recorded on
TFT-MEAs, and (b) simulated and recorded on standard MEAs [120]
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4.1.2 Scanning of Gate Lines
Recordings and Commutation Spikes

For electrophysiological experiments, we principally used TFT-MEAs
with 28 x 28 connected electrodes. Figure 4.4 describes the results

obtained by scanning eight gate lines on on source line after filtering.

In this study, gate lines are opened for 5 seconds one after another
with 1 second interval before opening the next one. In other words, for
each source line, electrodes are successively ON and OFF according to
the scanning of the gate lines. The difference of cell electrical activity

measured on each electrode can be clearly observed in the scanning.

Scanning of 8 gate lines:
Gates are successfully ON for 5 seconds and OFF for 1 second

Voltage
(1v)
GO01 G02 G03 G04 G05 G06 G07 G08
500 171
250 — 5 seconds
0 S20
-250
-500 - 1]
1 second
] ] ] ] ] ] ] ] ] ]
0 5 10 15 20 25 30 35 40 45
Time (ms)

Figure 4.4: Gate scanning for extracellular recordings of cardiomyocytes
with TFT-MEAs after filtering: example of a scanning of 8 gate lines;
each gate line is opened for 5 seconds, with an interval of 1 second
between its closing and the opening of the next gate line
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We can clearly see the commutation spikes that occur when open-
ing/closing each gate lines. With a scanning of 5 seconds ON and 1 sec-
ond OFF, commutation spikes of -/+40 mV are recorded. These spikes

are thus used for delimiting the gate lines and extracting the electrodes.

Synchronization and Delay of Cell Signals

By analyzing columns of electrodes, the delay between the signals mea-
sured on each electrode could be calculated. Indeed, as gate lines were
scanned successfully, measurements on columns of electrodes were taken

simultaneously.

We observed that cardiomyocytes were beating in synchronicity, all
spikes occurring at the same time, but with a delay of a few ms de-
pending on the distance between the electrodes. Figure 4.5 shows the
calculation of the delay between the signals recorded on columns of elec-
trodes. In this example, we first used Excel software and calculated the
delays between three signals from three electrodes. A delay of 0.6 ms

between two consecutive electrodes was measured.

By doing the same type of analysis with a larger number of columns
and electrodes on each column, and by using the MC Rack software
analysis from Multichannel System, we could calculate the delays be-
tween the signals on every columns of electrodes from the 28 x 28 array

of connected electrodes.
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Figure 4.5: Calculation of signal velocity with (a) Excel and (b) MC
Rack software analysis from Multi Channel System MCS GmbH
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4.1.3 2D Mappings

Signal Amplitude with Excel

A 2D reconstruction of the average pk-pk amplitude recorded on each
electrode was built after filtering and data processing with Excel cal-
culation. The average pk-pk was calculated for each electrode over a 5
second-period. A photo of the cardiomyocyte culture and a 2D mapping

of their extracellular electrical activity are shown in Figure 4.6.

Spike Sorting and Microscopic Observation

Our TFT-MEAs allow recordings of a large number of electrodes, which
make data analysis extremely difficult and time consuming. Results
were thus analyzed with the spike sorting algorithm developed by a
collaborator at the University of Bordeaux for TFT-MEAs measure-
ments. Figure 4.7 describes the optical observation of cardiomyocytes
with an inverted microscope while performing electrical recordings. It
also shows the electrical recordings before filtering with equipment from
Multi Channel System MCS GmbH, as well as the 2D mapping of the
average pk-pk amplitude of electrical cell signals on a 28 x 28 TFT-
MEA using the spike sorting algorithm. Figure 4.8 shows additional
results with the electrical and optical evolution from day 3 to day 9, as
well as a 2D mapping of the period of the electrical signals measured on

the same culture of cardiomyocytes as on Figure 4.7.
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Figure 4.6: 2D mapping of cardiomyocyte electrical activity built with
Excel calculation
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Figure 4.7: Microscopic observation of cell contraction compared with
extracellular recordings of cardiomyocytes: (a) observation of cardiomy-
ocyte culture with inverted microscope during recordings, each 100 pm
x 100 pm electrode was covered by approximately ten 30 pm-diameter
cells; (b) electrical recordings before filtering (successive recordings for
gate lines; simultaneous recordings for source lines); (¢) 2D mapping of
the average pk-pk amplitude on a 28 x 28 TFT-MEA (the red square
corresponds to the measurements in the red squares of (a) and (b))
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Figure 4.8: Electrical 2D mappings and optical evolution of cardiomy-
ocytes cultured on TFT-MEAs: (a) Electrical and optical evolution of
cardiomyocytes from day 3 to day 9; and (b) 2D mapping of the average
pk-pk amplitude and period of the extracellular signal of cardiomyocytes
cultured on a TFT-MEA
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4.1.4 Signal Propagation

Calculation of the signal velocity of the cell electrical propagation within
a few column of electrodes was performed. Indeed, as the gate lines were
scanned for 5 seconds one after another with a delay of 1 second between
each gate line, the electrical signals were recorded simultaneously only
on columns of electrodes. Therefore, it is difficult to calculate the signal
propagation in the whole 28 x 28 electrode array properly. Nevertheless,
we first attempted to calculate the signal propagation on four columns of
four electrodes each one separated by one electrode. Knowing the delay
between the signals recorded on each electrode of the same column, and
by supposing an average distance of 200 pm between two consecutive
electrodes, we calculated a signal propagation comprised between 103

pm/ms and 500 pm/ms as shown in Figure 4.9.

Delay from first electrode (ms) Velocity from first electrode (um/ms)

G17 G183 G19 G20 G17 G18 G19 G20

111.1117e.

105.263

103.448

For each column G17 G618 G19 G20

1st electrode detecting signal

2nd electrode detecting signal

3 3rd electrode detecting signal

4th electrode detecting signal

G17 618 619 GZO

Figure 4.9: Excel calculation of delay and velocity of cell electrical signal
on an array of 4 x 4 electrodes separated by one electrode from each
other

102



4.1. ELECTROPHYSIOLOGY

Delay on each gate lines placed next to each other

22 [an] 06 [ar « o s [en se:

a1 s |

Average

velocity

~ 135 ym/ms
~0.135 m/s

0 T

M oo Alpia piakn L
07003020 sso w0 s | Delay from first
om0 s 1m0 e 16w e e w1 | €lectrode measuring
- | cell electrical signal
(here S02)

20010 2900 3010 2890 3230 3420 3430 3320

3290 2600 -1000 -530 3010 2660

Figure 4.10: Calculation of delay and velocity of cell electrical signal
on an array of 28 x 28 electrodes separated by one electrode from each
other using MC Rack software analysis from Multi Channel System MCS
GmbH

For each column, we classified the electrode by the delay between the
detection of the cell electrical signal by using the first electrode detecting
a signal as reference. Then, we placed the results for each column next
to each other. A prospective wave propagation can thus be observed on

the 4 x 4 electrode array analyzed with Excel.

Additionally, we also used MC Rack software from Multi Channel
System MCS GmbH to do the same calculation on the whole array of
28 x 28 electrodes. Results are presented in Figure 4.10 that shows a
28 x 28 map of the prospective signal propagation. We can observe a
zone with inconsistent values corresponding to the zone with low pk-pk
amplitudes, which suggests that cardiomyocytes in this region may not

be well connected to rest of the cell network.
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4.1.5 Regions of Active Cardiomyocytes

Culture of heart cells, cardiomyocytes and fibroblasts, was also per-
formed as shown in Figure 4.11. Scanning of the cell electrical signals
was done over seven rows of eight electrodes. For each row, the electrical
activity was measured during 5 seconds on each electrode successively.
We can see the synchronicity of the cellular signals with an average pk-
pk amplitude of around 400 nV. These results show a good agreement
between optical observation and electrical recordings, which indicates

the efficiency of TF'T technology for the development of MEAs.
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regions of
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f:la-;lﬁl .
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Figure 4.11: Culture of heart cells (cardiomyocytes and fibroblasts) and
the corresponding electrical signals measured: scanning of the cell elec-
trical signals performed on 7 rows of 8 electrodes; for each row, the
electrical activity is measured during 5 seconds on each electrode suc-
cessively
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The regions of active cardiomyocytes can be distinguished from the
non-active cells. Cell electrical activity of ~ 240 beats per minute (BPM)
was thus successfully measured and confirmed by optical observation
performed simultaneously. The positive and negative deflections of the

electrical signals usually detected on ECG were clearly observed.

4.1.6 Evolution of Cell Culture

The cell culture was evaluated over several days and analyzed with our
spike sorting algorithm. Figure 4.12 shows a clear decrease of the sig-
nal amplitude and period over 4 days of culture. We can observe some
regions of the cell culture that are completely black. These regions cor-
respond to cardiomyocytes that are still alive, but that do not show any

electrical activity and thus no contraction.

These 2D mapping reconstructions of the average pk-pk amplitude
and periods of the cell signals suggest that the constant and periodic syn-
chronized beating of cardiomyocytes was generated by pacemaker my-
ocytes in the cell network. Cardiomyocytes were probably synchronized
by the formation of gap junctions between them and formed different

cell domains in the cell culture.
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2D mapping of average peak-to-peak amplitude
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Figure 4.12: Electrical evolution of a culture of cardiomyocytes over
several days: (a) 2D mappings of the average pk-pk amplitude measured
on each electrode; (b) 2D mappings of the average period measured on
each electrode

106



4.1. ELECTROPHYSIOLOGY

4.1.7 Effect of Temperature

Finally, we evaluated the effect of temperature on the electrical activity
of cardiomyocytes cultured on TFT-MEAs during recordings. In Figure
4.13, we observe a decrease of the period of the measured signal on
one electrode from 350 ms at room temperature to 250 ms at +34°C.
These results show the importance and effect of the temperature of
the cell culture medium during experiments. Figure 4.14 shows 2D
mappings of the average pk-pk amplitude and period at +37°C and
+27°C calculated with our spike sorting algorithm. We can observe a
decrease of ~65 11V in the signal amplitude and a decrease of ~105 ms

in the period.
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Figure 4.13: Effect of the temperature on the frequency of cardiomyocyte
electrical signals
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Figure 4.14: 2D mappings of the average pk-pk amplitude and period
of cardiomyocyte signals at +37°C and +27°C
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4.2 Electrochemistry

4.2.1 Cyclic Voltammetry

Cyclic voltammetry was performed with our TF'T-MEAs. The purpose
of these measurements was to investigate the effectiveness of our TFT-
MEA structure. We selected 2 mM Kj3[Fe(CN)g] in 1 M KCl in order
to obtain large level of SNR ratio. Standard gold WE was compared
with [TO WE from TFTs. Figure 4.15 shows the potential difference
between the WE and the RE scanned between -0.6 V and +0.6 V at 0.1
V/s.
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Figure 4.15: Results of cyclic voltammetric experiments: (a) cyclic
voltammetry of 2 mM K3Fe(CN)6 with 2 mm? standard gold WE (pur-
ple curve), and 0.01 mm? ITO WE of TFT device (green curve) (scan
rate: 0.1 V/s); (b) cyclic voltammetry of 2 mM K3Fe(CN)6 with ITO

WE with standard Ag/AgCl RE (green curve) or integrated Ag/AgCl
RE (orange curve) (scan rate: 0.1 V/s)
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The current with TFT devices is lower than with standard gold WE,
which is certainly due to the difference of electrode size: 0.01 mm? for
the ITO WE, and 2 mm? for the standard gold WE. However both
curves show a similar shape with two redox peaks. The positions of
the peaks are different probably because the WEs are made of different

materials.

We also compared the standard Ag/AgCl glass RE with the inte-
grated Ag/AgCl RE on the TFT substrate. For these measurements,
both WEs are ITO electrodes. Very similar curves have been obtained.
The variation in current or peak positions can be explained by the inte-
gration process of Ag/AgCl RE, which was an ink placed directly on the
substrate. Indeed, this Ag/AgCl ink might not show exactly the same
material property as standard Ag/AgCl RE.

Despite the necessity of some quantitative improvements, these two
experiments have qualitatively demonstrated that I'TO microelectrodes
can be used as WE and that Ag/AgCl ink can be used as in integrated
RE on the TFT platform. As a result, a complete integrated sensor can

be built on the platform.
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4.2.2 Amperometry

Based on these results, amperometric experiments were performed with

tyramine in PBS at 10 uM, 100 pM and 1 mM.

Figure 4.16 presents the results obtained with standard gold WE
and ITO WE. The RE is an Ag/AgCl standard glass electrode, and
the CE is a standard Pt electrode. Curves of current density versus
time were obtained with a scan rate of 0.05 V/s. Additionally, curves
of current versus tyramine concentration were also plotted at t = 100

seconds with the same scan rate: 0.05 V/s.
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Figure 4.16: Results of amperometric experiments with an Ag/AgCl
standard glass electrode as WE, and a standard Pt electrode as CE: (a)
amperometry of tyramine: current versus time, at 10 pM, 100 pM and
1 mM, using a standard gold WE or an ITO WE of TFT device (scan
rate: 0.05 V/s); (b) amperometry of tyramine: current versus tyramine
concentration at t = 100 seconds, using a standard gold WE or an ITO
WE of TFT device (scan rate: 0.05 V/s)
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Very similar results between both standard gold and ITO WE were
obtained, which confirms that meaningful electrochemistry can be per-

formed with I'TO WE of TFT devices.

However, the measurements with I'TO WE show some instability and
a higher noise sensitivity compared with standard gold WE. The reason
of that instability can be attributed to various factors: the usage of ITO
material that is not a noble material for electrochemistry; the connec-
tion of the WE to TFT in an array that might increase the sensitivity to

noise; or an instability of the TF'T during electrochemical measurements.

No changes were observed on ITO electrodes for the range of poten-
tial applied during the measurements: [-0.6 V, +0.6 V|. The reason for
the lower current with [TO WE can be due to the smaller dimension of
the WE. A dip on the amperometry curve can also be observed at 10 ptM
with I'TO WE, which might be due to some instability that happened

during the measurement of the very low current.
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4.3 Dielectrophoresis

4.3.1 Preliminary Tests

DEP was first performed with liver cells (HepG2) to explore the possi-
bility of cell patterning and displacement on TF'T-MEAs. Additionnaly,
10 pm microbeads were also added to the cell solution to evaluate the

possibility to separate cells from microbeads with our TFT platform.

In order to protect the microelectrodes from high voltage, the TFT
substrate was coated with a thin layer of Teflon. For our experiments,
we prepared 400 nm Teflon-coated TFT-MEAs. Moreover, efficient DEP
requires a low conductivity medium. Cells were thus centrifuged and
culture medium was replaced with a 300 mM D-Mannitol buffer. DEP
was performed a few minutes after adding the cell /microbead solution
to the PDMS culture chamber to make sure that most of the cells have
reached the electrode surface. An inverted microscope was used for
observation of cells through the substrate. The gate voltage used was
12 V. For the source voltage, best results were obtained with a frequency

of 100 kHz and voltage of 10 V pk-pk.
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Figure 4.17: Scheme of expected DEP patterning with mammalian cells
and microbeads

Figure 4.17 shows the expected results when performing DEP with
a solution of cells/microbeads by switching ON four electrodes. Results
obtained are shown in Figure 4.18. Microbeads exhibited negative
DEP while HepG2 cells exhibited positive DEP as expected by the lit-
erature. This means that microbeads were repulsed from the electrodes
and cells were attracted towards the electrodes. Cell displacement over
three electrodes was also evaluated and results are presented in Fig-
ure 4.19. These results show that cell patterning and displacement is

possible by performing DEP on TFT-MEAs.
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t=0

Figure 4.18: Results of DEP patterning with liver HepG2 cells and
microbeads on TFT-MEA

Figure 4.19: Displacement of liver HepG2 cells by DEP on TFT-MEA
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4.3.2 Skeletal Muscle Cells

DEP of skeletal muscle cells (C2C12) was also tested with our TFT-
MEAs. No microbeads were added to the solution for this set of ex-
periments. C2C12 cells were also diluted in a low conductivity buffer
of 300 mM D-Mannitol. Similar results to previous experiments with
HepG2 cells were observed. Figure 4.20 shows that C212 cells are
clearly attracted towards the activated electrodes at a velocity of about
40 pm/s. By switching ON specific electrodes, the cells are displaced
and attracted towards the activated electrodes. Best results are also
observed with a source voltage of 10 V pk-pk and 100 kHz frequency.
After DEP experiments with C2C12, the buffer supernatant was care-
fully removed and replaced with proper cell culture medium to evaluate
the possibility to culture C2C12 cells after DEP experiments on our
Teflon-coated TFT-MEAs. C2C12 cells could successfully be cultured
on the platform post-experiments and showed similar morphology to

C2C12 cells cultured on non-coated TFT-MEAs.

activated
microelectrode
Vgare =12V
Vsource =20 V

Figure 4.20: Displacement of skeletal muscle cells (C2C12) with DEP
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4.4 Chapter Summary

In this chapter, we presented the results obtained with the electrical
measurements performed with TFT-MEAs. This work mainly focused
on the recording of the extracellular potential of cardiomyocytes cultured
on TFT-MEAs. We demonstrated the measurement of the cell electri-
cal activity and compared it with optical observation simultaneously.
The evolution of the cell electrical activity was assessed over several
days of culture and the effect of temperature was evaluated. Additional
measurement techniques were performed such as electrochemical exper-
iments involving cyclic voltammetry and amperometry of tyramine, as

well as DEP for displacement and patterning of mammalian cells.
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Chapter 5

Discussion

In this chapter, we discuss the results and issues encountered for each
type of application. For electrophysiological measurements, we mainly
discuss the experimental conditions, the extracellular potential recorded
on TFT-MEAs and its correlation with optical observation, the evolution
of the cell electrical activity, the stimulation of cells, and the scanning
process of the gate lines. For electrochemical measurements, we then
evaluate the possibility to perform voltammetry and amperometry with
our TFT-MEA. For dielectrophoresis experiments, we discuss the pat-
terning and displacement of mammalian cells on TFT substrates and
the effect of the Teflon coating. Finally, we discus additional points,
such as the cell viability, the reuse of TF'T devices, and the feasibility of
performing additional electrical measurements with the TFT platform

from an electromagnetic point of view.
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5.1 Electrophysiology

5.1.1 Analysis Conditions

Regardless of the analysis tool or method used, the importance of op-
timizing and standardizing of the measurement and analysis conditions
cannot be overestimated. These cover both the properties of the cells to
be analyzed and the external conditions before and during the experi-

ment process.

Cardiomyocytes

Many methods are capable of analyzing cells in varying densities, but
the outcome may vary greatly between single cells and cell cultures. Cell
density has been shown to have an effect on several different character-
istics of cardiomyocytes, including gene expression profile and electro-
physiological properties [121]. In cultures of multiple heart cells where
cardiac fibroblasts may also be present, the difference is likely to be even
larger. In addition to the cell density, the age and maturation state of
the cells is an important issue. Although there is no single correct an-
swer to how old the cells should be and what is mature enough, these
parameters must be carefully assessed and standardized to obtain com-
parable results. In this study, we observed that a cell culture with a
high cell density (> 2.5 x 10° cells/30 pL) and multiple layers of cells

would show stronger cell contraction and electrical activity.
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In this study, all cell preparations adhered tightly to the TFT sub-
strate and contracted isometrically, avoiding the motion artifacts that
might cause deterioration in the SNR. This allows recordings over many
days, facilitating, for example, investigations of long-term drug effects.
After 1 to 3 days in culture, the cells formed one or several confluent lay-
ers that usually exceeded the area of the electrode array. In some cases,
areas of increased cell density could be observed where a few layers of
cells were growing on top of each other. The cardiomyocytes showed
spontaneous activity, a regular beating driven by pacemaker heart cells
in the culture. In wvitro recordings of field potentials on TFT-MEAs were

performed after 3 days of culture.

Recording

In this study, we were able to make measurements of the extracellular
potential of cardiomyocytes on a large surface area, and to construct a
2D mapping of the electrical characteristics of the signals. The measure-
ment area and the number of connections can be freely chosen according
to the purpose of the experiments: measurement can be performed any-
where in the cell culture, as long as the gate and source lines are con-
nected. The high density of transparent microelectrodes on the TFT

substrate provides a clear advantage over conventional MEAs.
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Raw data were filtered with a bandstop resonator filter at 50 Hz and
Q-factor of 10, combined with a high-pass filter with a cutoff frequency
of 200 Hz. Depending on the microelectrode, these two filters provided
a noise attenuation of 6 dB to 13 dB, compared to an attenuation of
0.5 dB to 2 dB for the electrophysiological signals. After filtering, the
noise level stabilized everywhere between 20 1V and 30 nV. Only signals
with amplitude above 100 1V were retained as signals coming from cells.
Improvement can be performed to further reduce the noise level at the
hardware level by improving amplification of the signal and protecting
further the measurement setup from external noise, and at the software
level by improving the recognition of low-level signals buried in noise. In

the end, measurements could be repeated with a reasonable noise level.

Temperature

Concerns about recording conditions, such as temperature, are true for
any cell assay. To illustrate the effect of temperature on the cardiomy-
ocyte beating, we measured the cellular activity of cardiomyocytes at
434 °C and at room temperature (RT). Our results demonstrated that
lowering the temperature leads to a clear decrease of -8 beats/min/°C.
This observation underlines the importance of using a heating plate
while performing extracellular recordings of cardiomyocytes. Moreover,
this also suggests that special care should be taken to place the cells on

a heating plate as soon as they are removed from the incubator.
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A hypothesis would be that the interval between action potentials of
the pacemaker myocytes increased as the temperature decreased. The
mechanism underlying this activity depression at lower temperatures is
thought to be as follows: the ATP production rate decreases, whereas
the demand on ATP increases, because of the activation of ion channels
and ion pumps in order to accelerate depolarization and repolarization.
The decrease in the activity of ion channels and ion pumps is also caused
by the decrease in the ion concentration gradient across the cell mem-
brane, because the permeability of the membrane to ions increases at
lower temperatures [122]. Thus, the temperature drop depresses the
speed of ion exchange, which results in the accumulation of Ca?* in the
cardiomyocytes and the elongation of the contraction-relaxation cycle of

sarcomeres [123].

This study showed thus that the recording conditions may greatly
affect the beating characteristics of the cells, which then are reflected
on the results. However, this variation of beating rate could also be
due to changes in other parameters in the cell culture, such as change
in pH or concentration of O2/COs, since they were not standardized in
our experiments. In the experimental setup for patch-clamp or other
electrophysiological analysis of cardiomyocytes these issues are usually

well addressed [124].
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5.1.2 Properties of Extracellular Data
Cardiomyocyte Field Potential

Previous studies have already demonstrated the possibility to use our
TEFT-MEA for biological applications, in particular for extracellular
recordings of neurons [125] and cell culture monitoring [126]. In this
study, we investigated the electrical activity of cardiomyocytes. Action
potentials of cardiomyocytes cultured on TFT-MEAs could be detected
as fluctuations in the extracellular field potential (FP) at the adjacent
recording electrode. TFT-MEAs could measure the change in FP as the
action potential propagates through the cell layer relative to the record-
ing electrode. In this respect, the recorded FP signal in the MEA assay
was analogous to the recorded electrocardiogram (ECG) signal that mea-
sures changing voltage on the body surface induced by currents that flow
throughout the heart. This is in contrast to the intracellular recording
of action potentials with manual patch-clamp, which measures the flow

of ionic currents across the membrane of cardiomyocytes.

Field Potential Parameters

The FP waveform comprises a sharp transient spike associated with
Na™ influx and membrane depolarization [127|, followed by a shallower
ramp during Ca?* influx. The FP signal is not a measure of movement,
but rather of excitability. On conventional ECG, the electrical signal is

normally ending with a repolarization wave due to K* efflux.
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However, this last wave is not properly detected with our device.
This is mainly due to the external noise coming from our experimen-
tal setup, in which this small wave is dissipated. The FP duration,
which is the in wvitro analog of the QT interval, measured from the
initial Na* spike to the maxima of the K repolarization wave, could
thus not be properly calculated. Additional analysis of the extracellular
voltage waveform yields further descriptive parameters including spike
amplitude, beat period, and beat regularity. Indeed, the recorded car-
diomyocyte FP signal is information rich, providing data relating to the
excitability and repolarization of the cells, as well as descriptors of beat

rate and regularity [128|. Commonly reported features include:

e Spike amplitude: a pk-pk measure of the initial depolarizing spike.
This sharp transient spike is associated with Na™ influx and mem-
brane depolarization. The signals recorded with our TFT-MEAs fea-
tured amplitudes between 100 pV and 1.5 mV. Although the FPs
recorded from the TFT electrodes varied in amplitude, they exhib-
ited an overall similar characteristic waveform. For most FPs the
negative peak was preceded by a positive peak, which is mostly due
to the fast Na™ current contribution to potential changes, certainly

indicating the contribution of neighboring previously excited tissue.

e Beat period: the time interval between successive Na™ spikes. In
this study, we mainly recorded signal periods between 1 Hz and 8
Hz. The regularity of the signal can be calculated as the standard

deviation of the beat period.
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5.1.3 Correlation between Optical and Electrical Data

The transparency of the TF'T-MEA allowed the simultaneous electrical
recording and optical observation of cell contraction with an inverted
microscope, which is more difficult to achieve with CMOS technology.
Figure 5.1 shows the motion analysis of cardiomyocytes with a mi-
croscope, confirming the visual observation of cell contraction during

electrical measurements.

We thus demonstrated that simultaneous optical and electrical sam-
ple characterization is possible by utilizing transparent ITO electrodes,
which elevates the quality and quantity of acquired data. However, it
could happen that cellular electrical activity was measured even though

no contraction was visually observed with the microscope.
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Figure 5.1: Motion analysis of neonatal heart cells with microscope
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Usually, cell excitability leads to contraction. However, we suppose
that there could be some instances when this can be disrupted. For
example, the myosin II inhibitor, blebbistatin, may interfere with the
cardiomyocyte contractile machinery but does not directly impact the

cellular electrophysiology [129] [130].

We could observe that high amplitude signal would usually correlate
with a high density of cells arranged in multiple layers. However, a more
powerful microscope would be needed to acquire pictures and videos
with a higher resolution in order to estimate the number of cells on
specific areas and their morphology. Combining electrical recordings
with calcium imaging could also provide more information regarding

the cell physiology and characteristics of their FPs.

5.1.4 Evolution of Cell Culture

To determine if FP waveforms depended on differences between days
of culture, we recorded the spontaneous electrical activity on succes-
sive days. Spontaneous electrical activity could be detected from the
third day in culture. Recordings with our TFT-MEAs demonstrated a
clear modification of cell activity along the day with a decrease of signal
amplitude and frequency. We could observe that the signal amplitude
decreased by ~ 47 % from day 6 to day 10. Similarly, during the first
days of cell culture, the frequency was relatively stable in the whole

culture, which shows the synchronicity of the cell contraction.
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However, after several days of cell culture, an irregularity in the
spike frequency was usually observed. Indeed, low frequencies of cell
electrical signals had an higher standard deviation. We suppose that the
cell connection network might deteriorate over time, potentially through
weakened gap junctions between cardiomyocytes, which would diminish
ion exchanges between cells and consequently induce a decrease of their

electrical activity and contraction.

5.1.5 Cell Stimulation

In this research, the electrical activity of cardiomyocytes has successfully
been detected and measured with our TFT-MEAs. Cardiomyocytes
spontaneously started contracting and beating after approximately 3
days of culturing. However, it happened that for some experiments, no
cell contraction could be observed and no electrical activity could be
measured. This was usually observed when the cell density of cardiomy-
ocytes plated on the device was too low (< 2.5 x 10° cells/device). In
this situation, stimulation of cells can be considered in order to induce
their contraction and thus electrical communication. In this section, we
will discuss the possibility of two types of cell stimulation: electrical and
chemical stimulation. Electrical stimulation has been attempted in this

study.
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Electrical Stimulation

For electrical stimulation, we connected the stimulus generator outputs
(STG4000 Series) from Multi Channel Systems MCS GmbH to the se-
lected source lines of the TFT-MEA for current and voltage driven stim-
ulation. When performing electrical stimulation, stimulating electrodes
behave as plate capacitors. The charge cannot flow back to the stimulus
generator due to the high output resistance and is kept in the electrode.
However, the electrode needs a quite long time to discharge itself after
stimulation. As a result, stimulus artifacts interfere with the recording,
and electrodes can deteriorate over time due to electrolysis. This should
be avoided by choosing an appropriate stimulus method that actively

discharges the electrode after the pulse.

When using voltage driven stimulation, the electrodes are discharged
when the voltage level is set to zero at the end of the monophasic pulse.
However, it is different in current mode. When applying a negative cur-
rent pulse, the electrode is charged and needs to be actively discharged
by applying an inverted pulse with a matching product of current and
time. Therefore, it is better to stimulate with biphasic pulses for cur-
rent driven stimulation to reduce both the stimulus artifact and to avoid
an electrode damage. The easiest way is to use the same signal ampli-
tude and the same duration with an inverse polarity. For voltage driven

stimulation, monophasic pulses are appropriate.
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Figure 5.2: Effect of bipolar pulse on the electrode voltage [131]

Figure 5.2 shows the effect of a biphasic current pulse on the discharge
of the stimulation electrode. The first monophasic pulse is followed im-
mediately by a pulse of the opposite polarity and the same product of
current and time. Theoretically, the higher the amplitude and the longer
the stimulus, the higher is the impact on the electrode performance.

Therefore, the amplitude and duration should be as low as possible.

As a result, we started with a low amplitude (500 mV or 1 pA) and
low duration (50 ps) and then increased them slowly. Negative monopha-
sic voltage pulses were applied to make sure that the voltage level of the
stimulating electrode is zero, and thus the electrode is discharged, at the
end of the pulse. When using current stimulation, biphasic stimulation
was used by applying the negative phase first, to avoid a positive net

charge on the electrode.

130



5.1. ELECTROPHYSIOLOGY

For pacing cardiomyocytes, high voltages/currents and long dura-
tions are generally required. We thus also applied voltage pulses up to
2.0 V maximum and current pulses up to 10 pA to avoid damage to the
electrodes and electrolysis. Moreover, pulse durations between 100 ps
to 1 ms were tested. However, no cell contraction or electrical activ-
ity could be seen or measured through electrical stimulations with our
TEFT-MEAs. Indeed, stimulation using planar microelectrodes is more

challenging than recording.

One of the reasons is that stimulated electrodes need some time
to discharge. When stimulating via MEA electrodes, an artifact can
be observed on all channels during stimulation due to the high charge
that is injected into the circuit. This phenomenon appears as “stimulus
artifacts” that interfere with signals coming right after the stimulation.
The time constant of the stimulus artifact depends on the amplifier
bandwidth; if the lower cutoff frequency is quite low (e.g. 1 Hz), the
stimulus artifact will be longer than with higher frequency (e.g. 10 Hz).
In most cases, it is not possible to record true signals that are close to
the stimulus pulse. Also, the stimulating electrode is generally not used
for recording in parallel to stimulation, because the injected charge is too
high, and the time constant for discharging too low. Another limitation
for stimulating with MEAs is that voltage charged to planar electrodes
must not go beyond 1-2 V to avoid electrolysis. This could hamper the
amplitude of the current that can be delivered through the MEA [131].
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As a result, electrical stimulation of mycoytes are usually not per-
formed on MEAs. Some studies hypothesized that artificial electrical
stimulation can lead to the same reactions normally produced in vivo in

skeletal muscle tissues in vitro.

In a study, a model of physiological electrical stimulus has been con-
structed by determining electrical pulse parameters including voltage,
stimulus interval, and frequency. The results demonstrated that the
system was appropriate to study intracellular metabolism upon acute
muscle contraction [132]. For this study, researchers used a 6-well plate
containing the differentiated C2C12 myotube cells and connected to a
6-well C-dish (Ion Optix Corp., Milton, MA, USA), which functioned as
the electrical stimulation apparatus. A C-Pace EP electrical pulse gen-
erator was used to generate electrical pulses (0.3 V/mm, 1.0 Hz, 4.0 ms)
during a 4-day culture period [133]. The results indicate that electrical
pulse stimulation produced muscle contraction, which is consistent with
a previous study that reported the shortened length of skeletal muscle

cells as a consequence of electrical pulse stimulation [134].
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Figure 5.3: Three ways to deliver electrical stimulation to myocytes: (a)
direct coupling, (b) capacitive coupling, and (c) inductive coupling [137]

As a result, in future research, we suggest to modify the method
to deliver electrical stimulation. To stimulate myocytes electrically, it
seems that the application of voltage pulses with an electric field parallel
to the cell culture surface is more appropriate. The methods to deliver
better electrical stimulation can be divided into three types: direct cou-
pling, capacitive coupling, and inductive coupling using an electromag-

netic field as shown in Figure 5.3.

In direct coupling, the electrodes (e.g. silver and platinum) are in-
serted directly into the culture medium and attached to the platform to
deliver electrical stimulation. This method is most widely used because
of its easy operation, but suffers from insufficient biocompatibility of
the electrodes, contact with the medium lead to temperature rise, pH

changes, and generation of harmful byproducts [135] [136].
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In capacitive coupling, two electrodes are placed at opposite ends
to provide a uniform electric field to the cells seeded on the platform,
which locates between the electrodes. This system is non-invasive and
thus more biologically safe compared with direct coupling. Also, it does
not require a conductive platform to provide uniform electrical stimula-

tion [138].

Finally, inductive coupling usually uses a controllable electromag-
netic field generated by a conductive coil placed around the cell cul-
ture platform. This is called pulsed electromagnetic field stimulation
(PEMF). The stimulus is transmitted by the pulse to mimic the nat-
ural potential transfer in the human body [137]. PEMF provides elec-
tric potential near some target cells, rather than directly apply electri-
cal stimulation to the cells. However, PEMF treatment is taking time

and resource consumption (e.g. at least 10 hour per day of stimula-

tion) [139] [140] [141].

Chemical Stimulation

Regarding chemical stimulation of cardiomyocytes, isoproterenol (or iso-
prenaline) is a good candidate. Isoproterenol is a non-selective 3-adrenoceptor
agonist that is the isopropylamine analog of epinephrine (adrenaline).
It has positive inotropic (increasing the force or speed of contraction)
and chronotropic (increasing the heart rate) effects, which results in the

increase of cardiac output.
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HO O CH CH2 —— NHCH(CH3), « HCI
|

OH

HO

Figure 5.4: Structural formula of isoproterenol hydrochloride: it
is 3,4-Dihydroxy-o-|(isopropylamino)methyl] benzyl alcohol hydrochlo-
ride, a synthetic sympathomimetic amine that is structurally related to
epinephrine but acts almost exclusively on 3 receptors

Isoproterenol also decreases diastolic blood pressure by lowering pe-
ripheral vascular resistance. It is thus a medication (brand name: Iso-
prenaline Macure) used for the treatment of bradycardia (slow heart
rate), heart block, and sometimes for asthma. Its molecular formula is

C11H17NO3HCI as shown in Figure 5.4.

Its action is immediate once injected, with a duration of action from
10 to 15 minutes and half-life of 2.5 to 5 minutes with intravenous ad-
ministration [142]. It would thus be interesting to test this compound
on cardiomyocytes cultured on our TFT-MEAs to evaluate its effect on
the cell contractibility and beating rate. However, we suppose that this
compound should probably have an effect on cells that are already ac-
tive and would increase the beating rate without changing the signal

amplitude. This hypothesis still needs to be confirmed.
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5.1.6 Scanning Rate
Current Methodologies for Fast Scanning

Traditional intracellular recording techniques such as patch-clamp pro-
vide a higher signal quality compared to conventional extracellular record-
ing techniques. However, they have technical limitations regarding the
number of sensing electrodes and therefore cannot provide enough infor-
mation concerning the cell network function. It is thus difficult to de-
scribe the physiopathological activity of cardiomyocytes at a level where
the cells start working in cooperation with other cells, providing the or-

ganized and synchronized processing of the heart.

The last decades, new approaches have been developed to increase
the number of recorded cells using in vitro MEAs [143|. However, in
order to provide an accurate description of a cell network function, si-
multaneous recording of all electrodes is essential. Therefore, the main
technical challenge for recording through multiple electrodes has been
to developed a system allowing to scan the array of electrodes to acquire
data almost simultaneously. CMOS technology is one of the common
technologies used for performing fast scanning and achieving almost si-

multaneous measurements of the extracellular potential of cells.
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To accomplish this, the latest CMOS-MEAs, such as 3Brain’s chips,
are based on the active pixel sensor (APS) concept in order to record
simultaneously thousands of extracellular electrodes and release electri-
cal stimulation. This technology is commonly used in high-speed digital
cameras. When it is adapted to MEAs, the original in-pixel circuitry
is entirely redesigned to record small extracellular voltage variations re-
sulting from cellular activity instead of detecting light changes. The
pixel is used as a kind of video camera. The signal is collected as frames
and each point represents the instant extracellular voltage value for each

pixel (Figure 5.5).

CMOos IC , FPGA Board . Host Computer

Figure 5.5: Working principle of high resolution CMOS-MEA: (a) se-
quence of frames that encode extracellular voltage signals as pixels data
for fast acquisition of extracellular electrophysiological signals [30]; (b)
block diagram of the acquisition platform (white arrows = high-speed
communication interfaces, black arrows = low-speed interfaces going
from the host computer to the FPGA, RT = real-time processing units
to be used for data preprocessing and analysis tasks [29]
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A field-programmable gate array (FPGA) is used as both the control
and timing device of the APS-MEA and of the bank of analog-to-digital
converters (ADCs), since the addressing of the electrodes has to be syn-
chronized with the analog-to-digital (AD) conversion [29]. Pixels can be
arranged in a 64 x 64 array. They are square electrodes that can be as
small as 21 pm, with a possible pitch of 21 pm. In the end, signals can
be recorded at a sampling rate of 7.8 to 125 kHz for each pixel, which
makes possible to reconstruct the signal into a color-coded video of the
cell electrical activity by following a single pixel over time [144] [30].
To achieve this, the active electronics is acting on the recorded signals
directly on the chip. Amplifiers are located below every single electrode,
allowing enhancement of the signal at the source, in other words, right
underneath the cells. As a result, this prevents amplification of any
additional noise and signal attenuation during the propagation of the

signal. This type of MEAs can thus provide a high SNR.

Scanning Speed of TFT-MEAs

The main drawback of CMOS-based MEAs is that such arrays are not
transparent. Indeed the active electronics is located right below ev-
ery single electrode. Therefore, a compromise has to be made between
transparency and the integration of electronics for fast scanning. In this
study, we developed a transparent TFT-MEA to record the extracellular

potentials of cardiomyocytes.

138



5.1. ELECTROPHYSIOLOGY

The gate lines were opened for 5,000 ms one by one with an inter-
val of 1,000 ms between the closing and opening of the next gate lines.
With this scanning method, we could make sure that the gates were
opened for a long enough time to detect the cell electrical activity. In-
deed, if the cells were not strongly active (e.g. after ~ 10 days of cell
culture), the frequency of the electrical potential could be lower than 1
Hz. Therefore, this large switching time of 5,000 ms ON and 1,000 ms
OFF could provide interesting information regarding the amplitude, pe-
riod, and regularity of the signals. However, this scanning rate obviously
has some limitations. As measurements are not done simultaneously on
all electrodes (only column by column), this scanning method is quite
limiting for some applications such as the study of the signal propaga-
tion. Nevertheless, in this research we attempted to measure the signal
velocity in columns of electrodes. Figure 5.6 shows an array of 4 x 4
electrodes and specifies when each electrode detected a signal compared

to the other electrodes on the same column.

For each column

1st electrode that measures
cell electrical signal

2nd electrode that measures
cell electrical signal

3rd electrode that measures
cell electrical signal

4th electrode that measures
cell electrical signal

Figure 5.6: First attempt to build a mapping of signal propagation of
cardiomyocyte electrical activity measured on a TFT-MEA

3
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Figure 5.7: Fast scanning: measurement of the control card (JAPAS-
TIM) output with an oscilloscope

The data were obtained from a cell culture that showed a strong and
regular electrical activity within its cell network (average amplitude of
400 1V and frequency of 4 Hz). As a result, this mapping seems to
show some kind of wave of signal propagation. However, in order to
obtain a proper evaluation of the signal propagation in the cell culture,
it is essential to measure signals almost simultaneously on each column
of electrodes and thus to increase the scanning rate. The limitations
of the scanning speed is mainly due to the instrumentation. Although
the scanning rate of the control card can be increased, measurements
are still limited by the sampling frequency of the measurement system.
Fast scanning measurements were still tested with an oscilloscope and
showed that it is possible to perform scanning of 1 ms ON and 1 ms

OFF, as well as 1 ms ON and 0.1 ms OFF, as show in Figure 5.7.
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5.1. ELECTROPHYSIOLOGY

However, this scanning rate would not be high enough to obtain
enough points for each signal. The measurement system from Multi
Channel Systems MCS GmbH can reach a sampling frequency of 20
kHz, which means that one point is measured every 50 ps. Supposing
that we have a TF'T-MEA of 20 x 20 microelectrodes, and that the con-
trol card can scan 20 gate lines at 1 ms ON and 0.1 ms OFF, 20 points
would be obtained (1 ms of measurement) for each gate line every 20 ms.
According to our observations, the duration of cardiac field potentials
from cardiomyocytes can go from 1 ms to 5 ms approximately. There-
fore, many spikes of their field potentials would be missed. However, it
would be interesting to test this scanning speed to evaluate how much

data could still be extracted with this method.

Additionally, in order to increase the accuracy of the signal, several
gate lines could be opened simultaneously by overlapping them. For
example, gate 1 and 2 would be opened first, then gate 2 and 3, then gate
3 and 4, and so on. Although this technique would require a lot of data
analysis and the development of specific software for reconstruction of
the signals, it is still an interesting opportunity to improve the scanning

method with our control card.
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Commutation Spikes

Another observation made during the scanning process of our TFT-
MEAs is the commutation spikes that emerge when opening and closing
each gate lines. These commutation spikes bring noise that is commonly

referred to as "clock feedthrough noise".

Figure 5.8 shows the commutation spikes observed with 1,000 ms
delay between the closing / opening of each gate line. A +40 mV positive
peak and a -40 mV negative peak are observed when closing and opening
the gate line, each one disturbing the signal for approximately 1.3 ms

and 17 ms respectively.
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Figure 5.8: Commutation spikes when duration between opening/closing
gates 1s 1000 ms
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Figure 5.9: Commutation spikes when duration between opening/closing
gates is 1 ms

In addition, Figure 5.9 shows the commutation spikes observed with
1 ms delay between the closing / opening of each gate line. A -900 pV
negative peak and a +300 pV positive peak are observed. In this case,
the signal is not disturbed for a too long period of time, although it takes
approximately 15 ms to go back to the baseline. We can notice that for a
delay of 1,000 ms, positive and negative peaks are observed when closing
and opening the gate lines respectively, while the opposite is observed
when the delay is 1 ms; negative and positive peaks are observed when
closing and opening the gate lines respectively. We suppose it happens
because of the short delay of 1 ms the positive and negative spikes add
up. On Figure 5.8, the positive peak reaches its absolute maximal value
for 0.5 ms, while it is less than 0.1 ms for the negative peak which is
thus much sharper. This could explain why the signal goes first negative

and then a bit positive for 1 ms delay.
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These commutation spikes are certainly due to some charge and dis-
charge of the transistors when opening and closing the gate lines. Indeed,
when voltage changes very fast, current goes from ON to OFF and a
reverse current flows immediately for a very short moment. This could

be considered to be the cause of the spike noise.

5.1.7 Drug Testing

Cardiomyocytes are responsible for heart contractions and are the main
cell type in the human heart with respect to volume. Irregularities in
heartbeat, due to cardiac electrical dysfunction, are one of the most
frequent causes of mortality and morbidity in industrialized society.
Therefore, elaborate in wvitro models are needed for obtaining a bet-
ter understanding of how potent pharmaceutical agents affect cardiac

electrophysiology:.
As a result, this TFT-MEA has potential applications in drug screen-

ing, such as measuring the dose-response curve of isoproterenol, a [3-

adrenergic agonist with a positive chronotropic effect.
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5.2 Electrochemistry

5.2.1 Significance

In this research, we demonstrated that the TFT platform could also
be used as an electrochemical sensor for biological compounds. Indeed,
biological phenomena cannot be described only through measurements
of cell electrical activity. Cell communications also involve biochemical
components. Therefore a truly versatile sensing platform to monitor cell
or tissue communications also requires the possibility to perform elec-
trochemical sensing. A collaborator has already used the TFT technol-
ogy to develop an albumin sensor using impedance measurement [145].
However that technique requires the use of a low conductivity medium,
which is not compatible with the culture of biological cells due to the

high conductivity of their culture medium.

Therefore, in this work we have fabricated an Ag/AgCl based chem-
ical sensor by coating Ag/AgCl ink on the dedicated RE area of the
TFT array. Experiments have qualitatively demonstrated that ITO mi-
croelectrodes can be used as WE and that Ag/AgCl ink can be used
as an integrated RE on the TFT platform. As a result, a complete

integrated sensor can be built on the platform.
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5.2.2 ITO Working Electrode

Optical observation of TF'T substrates after electrochemical experiments
showed that ITO electrodes and vias, which connect the surface elec-
trode to the drain of the transistor, were changing color and thus proba-
bly damaged. This phenomenon happened especially on ITO electrodes
that are not connected (gate and source lines not connected) during

electrochemical measurements.

A possible explanation would be that when the TF'T device is con-
nected to an electrical device (such as the control card), some electrical
charges enter the TFTs and might get stuck inside. All these charges
cannot escape and might trigger the random opening of TFTs. This
could lead to exchanges of charges and electrons and thus redox reac-
tions of ITO microelectrodes. This theory could also explain another is-
sue that was encountered during some electrophysiological experiments.
Indeed, it could happen that electrical signals from cardiomyocytes were
measured even though all connected TFTs were closed (no voltage was
applied to the connected gate lines). A solution to that problem would
be to connect and control all gate lines by grounding the gate lines where

no electrochemical measurements would be performed.
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Additionally, ITO-based electrode is not a noble metal and thus not
an ideal electrode material for electrochemical sensing. However, the
main reason for using I'TO in this study was to test the possibility of
performing electroanalysis with our [TO-based TFT platform that was
already developed for electrophysiology, with the perspective to com-
bine both techniques in the future. ITO electrodes might also produce a
high electrochemical signal, and low background noise towards signaling
species, i.e. a high SNR [146]. In case the use of ITO material limits
some target applications, post-processing of gold patterns can be per-
formed following the same post-process as described in [111]. The draw-
back is that the electrodes with gold pattern will lose their transparency.
In that case, it could be decided that electrochemical measurements will

be performed only on some dedicated sites in the microelectrode array.

The size of ITO electrodes should also be taken into consideration
to make sure there is no overlap of diffusion layers. In electrochemistry,
the diffusion layer can be defined as the region in the vicinity of an
electrode where the concentrations are different from their value in the
solution. This concentration approaches asymptotically the value in the

bulk solution. Therefore, the thickness of the diffusion layer is arbitrary.
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The diffusion layer thus depends on the diffusion coefficient (D) of the
analyte, the voltage scan rate (v) in V/s, and the potential difference (A
E) between the onset of electrolysis and the potential at which steady-

state current is obtained. It is usually considered that the diffusion layer

should be:
d > 24/ QD%
v

According to our amperometric results, it seems that the limited cur-
rent response is not totally obtained with our TF'T-MEA. This indicates
that there might be an overlap of diffusion layers. However, longer mea-
surements (a least 200 seconds) should be performed for confirmation.
In case of overlaps of diffusion layers, a structure with auxiliary electrode

could be considered to suppress the expansion on the TEFT-MEA [147].

5.2.3 Integrated Reference Electrode

Figure 5.10 presents the integrated RE that was placed in the TF'T
substrate for our electrochemical experiments. Our results showed that
proper electrochemistry can be performed by placing Ag/AgCl ink on
the RE area of our TFT-MEA. However, this RE is not stable and
oxides with time on both dry substrate and in culture medium. To
avoid oxidation of the RE, a possible solution would be to protect and

cover it with a porous polymer for example.
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Figure 5.10: Integrated reference electrode on TF'T substrate

5.2.4 Electrode Polarization

The influence of the electrode polarization on the cellular electrophysi-
ology activity during electrochemical measurements should also be con-
sidered. Indeed, some mechanical side-effects of the electrochemical pro-
cess may develop isolating barriers at the interface between electrodes
and analytes. These side-effects can then influence the reaction mech-
anisms on the electrode. In our case, the application of voltage during
electrochemical measurement and the apparition of current, due to elec-
trochemical reaction, might affect the electrical activity of the cells. In
case the electrode polarization is shown to have an influence on the cel-
lular electrophysiological activity, investigations to determine to what
extent it affects the activity, and whether the effect is reversible, should

be investigated.
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5.2.5 Conductive Lines

Finally, some damages on the TFT substrates were observed after elec-
trochemical experiments. Observation with a confocal microscope showed
that conductive lines of TF'Ts "vanished" post-experiments. A possible
reason of this phenomenon might come from the electrochemical current
that could be too high and thus burns the TFTs and their conductive
lines during experiments. To solve this problem, a possible solution
would be to perform measurements with lower concentrations of ana-
lytes. As current is proportional to the analyte concentration, a decrease
of the amount of analytes could help with this issue. Also, concentra-
tions in 1M range are closer to the concentration of analytes usually

measured in biological experiments.

5.2.6 Unspecific and Specific Detection
Mechanism of Tyramine

Tyramine is a vasoactive amine that has the capacity to increase both
the mean arterial blood pressure and heart rate [148]. The cardiac organ
and brain do not produce tyramine. This molecule is acquired through
alimentation and is metabolized in our digestive system. The prevention
of tyramine metabolism in the small intestine, liver and endothelium
by irreversible monoamine oxidase A (MAOA), monoamine oxidase B
(MAOB) or MAOA inhibitors can lead to its presence in the circulation
[149] [150].

150



5.2. ELECTROCHEMISTRY

Ventrolateral -
medullary
/ \ adrenergic *
neuron ; ’
Tyramine Tyramine L-DOPA
metabolism by metabolism by

MAQOA (80%) and  MAOA (50%) and
MAOB (20%) in MAOB (50%) in
small intestine liver |

AT
inhibitors

Dopamine
Noradrenaline

Synaptic
vesicle

o o
© ©_ Noradrenaline
° o reuptake

Figure 5.11: Cardiovascular effects of tyramine [151]

As a result, the uptake of tyramine by adrenergic neurons in the ven-
trolateral medulla, in which MAOA is also inhibited, initiates the release
of noradrenaline into the synaptic cleft. This leads to the stimulation of
cardiovascular sympathetic nervous system activity (Figure 5.11) [151].
The SNS releases hormones, such as catecholamines, epinephrine and
norepinephrine through sympathetic nerves. Cardiac sympathetic in-
nervation includes innervation of the sinoatrial (SA) node, which allows
sympathetic nerves to increase heart rate by increasing the slope of di-
astolic depolarization during the spontaneous SA node action potential.
Sympathetic nerves also innervate the myocardium. Increases in sympa-
thetic activity increase myocardial contractility and, therefore, increase

stroke volume and thus blood pressure [152)].
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Tyramine was chosen for our electrochemical experiments of am-
perometry, because this molecule was directly availabe in our labora-
tory. However, the development of a tyramine sensor for cultures of
cardiomyocytes would not be valuable as tyramine does not interact
with cardiomyocytes directly. However, tyramine is also considered as
a neuromodulator. Threfore, if co-cultures of neurons and cardiomy-
coytes can be performed on our TF'T-MEA, a tyramine sensor might be

interesting to develop.

Integration of Specific Sensor

Amperometric experiments performed with tyramine showed the future
possibility to integrate a tyrosinase-based biosensor on the TFT plat-
form. The limitations of the present study naturally includes the non
specificity of the sensor. Indeed, no treatment was performed on ITO

microelectrodes beforehand.

In the future, a voltammetric tyrosinase-based biosensor for the de-
termination of tyramine could be developped. Tyrosinase catalyzes ox-
idation of tyramine to corresponding o-quinone. Therefore, by binding
tyrosinase to the microelectrode arrays, the reduction of tyrosinase by
tyramine can generates current correlated to the tyramine concentration

that can be measured [153].
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However, as explained in the previous section, the development of
a different type of sensor would be wiser for understanding the funda-
mental parameters of cardiomyocyte metabolism, i.e. the extracellular
acidification rates (ECARs) (determined from measured pH) and oxygen
consumption rates (OCRs) (determined from measured O level). The
ECARs are often used as a measure of glycolytic metabolism, while the
OCRs are used as a measure of oxidative phosphorylation [154]. These
types of sensors could be fabricated by modifying the I'TO microelec-
trode surface with an iridium oxide (IrOx) or ruthenium oxide (RuOx)

sheet sputtered on the surface.

5.3 Dielectrophoresis

5.3.1 Cell Mobility and Patterning

The results demonstrate that efficient DEP with TEF'T devices can be
performed on myocytes. However, due to the 100 kHz limitation of the
signal in frequency because of the characteristics of the TF'Ts, DEP can
be performed only with lower frequencies. As a consequence, it is not
possible to reach the crossover frequency: DEP can be only negative
(repulsive) for 10 pm polystyrene microbeads and only positive (attrac-
tive) for cells. According to the Bode diagram that was built in order to
determine the range of frequencies that can be used for our experiments,
we observed -10 dB attenuation at 10 kHz and -20 dB attenuation at 1
MHz.
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As a result, DEP can be performed with signals of 100 kHz, maxi-
mum. Therefore, the crossover frequency between positive and negative
DEP cannot be reached, and it is expected to observe only one sort of
DEP effect with our TFT-MEAs. Here, polystyrene microbeads show

opposite DEP behavior compared to mammalian cells.

We also showed that cells could attached and be cultured on Teflon-
coated TFT-MEAs after DEP experiments. This opens the possibility to
perform long-term DEP experiments on cell cultures. For example, volt-
age could be applied to some targeted regions on cell cultures to manage
the cell orientation. This would be especially interesting for culturing
skeletal muscle cells on TFT-MEAs and orienting the cell configuration
similar to the one we can see in muscle tissues. Then, electrical stimu-
lation could be applied to observe the effect of that cell patterning on

cell contraction.

5.3.2 Insulation layer

The Teflon layer allowed the application of high voltage to the source
lines of the transistors (e.g. +/-10 V). Figure 5.12 shows a row of
damaged electrodes after DEP experiments on a TFT substrate with-
out Teflon treatment. No damage of the electrodes was observed during
experiments with Teflon-coated TFT substrates. The Teflon layer pro-

tected the electrodes from the cell culture medium and electrolysis.
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Figure 5.12: Damaged vs undamaged TFT array substrate after DEP
experiments: (a) damaged TFT array substrate without Teflon-coating
treatment; (b) undamaged TFT array substrate with Teflon-coating
treatment

However, we could argue that it would not be possible to perform
voltage sensing on a Teflon-coated TFT-MEA as the Teflon layer works
as an insulator. Consequently, it would be difficult to combine this tech-
nique with recordings of the electrical activity of excitable cells, such as

cardiomyocytes.

Another type of material that would allow voltage sensing on TFT
substrates should thus be used and tested for DEP. Another possibility
would be to pattern the layer of Teflon (e.g. on every two lines), so
that some microelectrodes without Teflon coating would be dedicated

to electrophysiological recordings.
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5.4 Cell Viability and Activity

5.4.1 Cell Viability

In order to perform electrical measurements on cell cultures for long-
term analyses, it is critical for the TFT devices to be biocompatible
and support the growth of biological cells. The non-toxicity of the TFT
substrate itself is thus fundamental. Proliferation of C2C12 cells has
been evaluated on different substrates: glass, I[TO, and flat-bottomed
96-well plate (made from polystyrene). Cells were seeded and cultured
for 48 hours (after full confluence) in the incubator at +37 °C at 95 %
humidity. The cells were then detached with trypsin and counted to
compare the proliferation rate on each type of substrate. Table 5.1

shows the results obtained in this experiment.

Number of cells/mL | Number of cells/mL .. Growth
Substrate =0 t=48h Living Rate Percentage
(96(;;"':“ 11:;:; 7.00 x 10 1.75 x 10° 100 % +150 %
glass 7.00 x 10* 1.42 x 10° 98 % + 103 %
indium tin oxide 4 5 o o
(ITO) 7.00 X 10 1.28 x 10 100 % +83%

Conventional substrate = 96-well plate ELISA plate (e.g. polystyrene)
TFT surface = glass substrate + ITO electrodes

Table 5.1: Proliferation of C2C12 cells on different substrates: glass,
indium tin oxide (ITO), and flat-bottomed 96-well plate (made from
polystyrene)
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We observe an increase of +150%, +103%, and +83% of cells on
the 96-well plate, glass substrate, and ITO substrate respectively. Cul-
ture plates are fabricated for optimal cell culture to perform cell-based
research. Therefore, the proliferation rate is unsurprisingly higher for
cells cultured on the 96-well plate. Moreover, the proliferation rate is
a bit higher for cells cultured on glass substrate than for cells cultured
on ITO substrate. These results confirm what has been observed dur-
ing experiments when cardiomyocytes were cultured on our TFT-MEAs.
Indeed, cells tend to escape the ITO electrodes to grow on the regions
free from electrodes (glass substrate). However, the living rate is close
to 100 % for each type of substrate. Thus, it seems that the surface
material might have an effect on the cell proliferation rate, but not on

the cell viability.

Regarding DEP experiments, we observed that around 30% of C2C12
cells would die after 30 minutes of DEP experiment in 300 mM Man-
nitol buffer. However, we also demonstrated that C2C12 cells could be
cultured on the TFT substrate after changing the buffer medium to the
appropriate cell culture medium. Nevertheless, additional tests should
be performed to measure the proliferation rate of C2C12 cells on our
Teflon-coated devices after DEP experiments in order to bring quanti-

tative results on this observation.
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5.4.2 Cell Electrical Activity

Another point to take into consideration when performing electrical mea-
surements of cells cultured on our TFT-MEASs, is the potential effect
that switching ON/OFF of TFTs might have on the cell viability and
electrical activity during and after experiments. Indeed, when opening
and closing the gates, commutation spikes of + /- 40 mV could be ob-
served and measured through the source lines. We should not ignore
the possibility that this voltage might have an effect on the viability
and electrical activity of cells. However, no effect was observed opti-
cally during and after electrical measurements for electrophysiological
studies of cardiomyocytes. This means that optical observations did not
show any deterioration of the cells due to the opening/closing of gate
lines using our TFT-MEAs. Similarly, no decrease of the cell contrac-
tion activity was observed optically during and after electrophysiological

measurements.

Regarding electrical recordings of the cell culture activity, electrical
measurements would be performed as soon as cell contraction could be
optically observed (usually on day 3). All connected gate lines would
be scanned every day for 2 weeks. During experiments, it could happen
that cardiomyocytes showed a high electrical activity (signal amplitude
and frequency) at the beginning, a decrease of activity for a few days,
and a new increase of activity later even though measurements were

performed every day.
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Therefore, qualitative results show that the activation of TFTs for
scanning of the cell culture surface may not have an impact on the cell
culture viability and activity. However, quantitative experiments should
be performed to confirm these observations. A possibility would be to
culture cells on TFT-MEAs and perform electrophysiological measure-
ments on some devices only. Cells would then be detached and counted
on all devices. In this way, we could compare the number of cells that
were still alive on each device, and look at a possible effect of electrical

measurements on the cell viability.

Meanwhile, experiments showed that the cell density seems to be the
major factor that would predict the level of cell electrical activity. In-
deed, we observed that the chance of observing cell contraction and mea-
suring their electrical signal was low if the density of cardiomyocytes was
lower than 2.0 x 10° cells/device. The activity of cells was much stronger
if the cell density was between 2.5 x 10° and 1.0 x 10° cells/device so
that cardiomyocytes could easily and quickly form a strong cell net-
work. Moreover, we observed the cell activity was more intense when
exchanging the cell culture medium before performing electrophysiologi-
cal measurements, which means that the nutrients and certainly the pH
of the cell culture medium are fundamental for appropriate electrical
exchanges within the cell network. Similarly, we have also showed that
the temperature of the cell culture medium is also an essential factor in

the electrical activity of cardiomyocytes.
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As a result, even though the activation of TFTs may have an impact
on the cell viability and activity, it seems that external factors such as
the temperature, the culture medium, the cell density, are more critical

to obtain a strong electrical activity of cardiomyocyte cultures.

5.5 Cleaning and Reuse of Device

According to the MEA manual from Multi Channel Systems MCS GmbH,
long-time experiments with cell cultures and rigid cleaning methods
shorten their MEA lifetime. However, their MEAs can still be reused
about 30 times, depending on the coating, cell culture, and cleaning
procedure. The surface of their MEAs is made from titanium nitride
(TiN), which is a very stable material that, for example, is also widely

used for coating heavy equipment [131].

In our case, microelectrodes are made from ITO material, which
is also interesting for cell culture thanks to its optical transparency;,
stability under warm and humid conditions, non-toxicity, and excellent
electrical conductivity [155]. Different types of cells have already been
cultured on ITO-coated surfaces without observing any disadvantages

or detrimental consequences [156].
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In this research, some TFT-MEAs could be reused several times for
electrophysiological measurements if handled with care. In some cases,
TFT-MEAs were used at least 7 times for electrophysiological measure-

ments.

However, the experimenter has to be very careful not to touch and
damage the TF'T substrate while using the pipette when cleaning the
surface or seeding the cells for example. Indeed, touching the TFT
substrates with the tip of the pipette can make scratches on the sur-
face and thus damage it. Additionally, after several use of the same
TFT-MEA, we could observe that some gate or source lines would stop
working properly and only noise would be measured on the connected
electrodes. One reason for these damages could be the deterioration of
the bonding wires. Even though they are protected with PDMS, soak-
ing the TFT device in 70 % ethanol several times for cleaning could
be deleterious for the bonding wires. Although less frequent, we could
also observe the malfunction of some TFTs themselves after reusing the
same device several times. This could come from a default in fabrica-
tion, or an external chock on the TF'T substrate. However, the reason
why some transistors would stop functioning is still unclear and must

be investigated.
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Regarding the cleaning methodology, we used trypsin and ethanol.
Trypsin is commonly used for cutting through enzymes and proteins.
We used it to cleave the bonding proteins and extracellular matrix of
cells cultured on our TFT-MEAs. As a result, cells could be detached
and easily removed. Once these bulk contaminants have been removed
we used ethanol to eradicate the remnant contaminants. Ethanol is in-

deed useful for removing organic compounds on the device.

If needed in the future, an ultrasonic bath could also be used for more
efficient cleaning. This bath would operate by pulsing high frequency
ultrasound into the device, which would induce vibrations and enhance

the cleavage by the ethanol.

5.6 Electromagnetic Point of View

The relevance of external electric field for healthcare in terms of nerve
regeneration, bone fracture, and wound healing is well established [157].
Depending on the applied stimulus parameters, a biological cell can be
affected in a number of ways in the presence of the external stimulus
[158]. A large number of studies have shown that electric field can be a

versatile tool in influencing cellular behavior and cell fate processes.
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Figure 5.13: Temporal and spatial resolution with differential measure-
ments on TFT-MEAs: (a) plot of current in function of time for tem-
poral resolution; (b) evaluation of electric field for spatial resolution

Measurements of the cell electric field could also provide more in-
formation to describe the electrophysiology and pathological activity of
culture of cardiomyocytes. Moreover, by combining impedance mea-
surements with electrophysiology, we can measure the capacitance of
cells and assess their attachment quality to the substrate, which is fun-
damental for optimal measurements with MEAs. Therefore, it would
be interesting to use our TFT-MEAs to build a map of the electro-
distribution flux of cells. To achieve this, we should thus evaluate the
temporal and spatial resolution of measurements (Figure 5.13). The
temporal resolution would obviously depend on the scanning method of
the TFT platform for measurements of cell signal currents. In ideal con-
ditions, we could achieve a scanning speed in the range of ps. We thus
need to evaluate how we could efficiently improve the scanning process

of our TF'T platform.
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Figure 5.14: Interconnection pairs for enhanced SNR: (a) source lines
measured in pairs with the immediate neighbor line so that it could
be connected to an instrumentation amplifier for a higher CMRR; (b)
schematic of typical instrumentation amplifier

An overlap scanning (e.g. measuring through source 1 and 2, then
source 2 and 3, then source 3 and 4, etc) would provide better SNR and
more valuable data. In other words, source lines would be measured in
pairs with the immediate neighbor line so that it could be connected to
an instrumentation amplifier for a higher common mode rejection ratio
(CMRR), which is the indicator of the differential amplifier to suppress
signals common to the two inputs as shown in Figure 5.14. Current
value could be measured via impedance sensing on consecutive electrodes
and then be plotted in function of time in order to obtain a temporal

evolution of the current distribution.
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Regarding the spatial resolution, measurements of the electric field
on consecutive electrodes would bring more information to speculate the
flow of charges inside the cells and the direction of their propagation.
Eventually, this could make possible to determine the origin of electrical
communication within a network of cells. The distribution of electric
charge to the resulting electric field can be described by Gauss’s law.
In its integral form, it states that the flux of the electric field out of an
arbitrary closed surface is proportional to the electric charge enclosed
by the surface, irrespective of how that charge is distributed [159]. The
equation introduces the electric field (E), the total electric charge density
(total charge per unit volume) (p) and the permittivity of free space (eg).
Q) is any fixed volume with closed boundary surface 9€2. The integral

form of the equation can be written as following;:

@E-dszlﬂpdv
20 0

Even though the law alone is insufficient to determine the electric field
across a surface enclosing any charge distribution, this may be possible
in cases where symmetry mandates uniformity of the field. Where no
such symmetry exists, Gauss’s law can be used in its differential form,
which states that the divergence of the electric field is proportional to

the local density of charge. The differential form of Gauss’s law is:
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Figure 5.15: [lustration of TEFT-MEA for differential measurements: (a)
cardiomyocyte cultured on a TFT-MEA and the exchanges of charges
through the cell membrane measured on 3 electrodes; (b) schematic view
of TF'Ts and electrode parameters C7, Cy, and R

Moreover, the capacitive current /.4, the capacitance C', the voltage V/,

and the charge ¢ can be described as following;:

dV

I =C—

p dt
q=CV

As a result, differential measurements on consecutive electrodes could
allow the determination of the total charge @) in a cell and could provide
more information about its position on the substrate. To accomplish
this, we need to know several parameters: the electrical resistance (R)
and capacitance (C7) of electrodes, as well as the coupling capacitance

(Cy) between two electrodes as shown in in Figure 5.15.
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The capacitance needs to be very small for adequate measurements.
According to these values, the size of electrodes can then be decided.
However, it would be interesting to test several sizes of electrodes; similar
to the cell dimension (30 pm) or larger (100 pm). As a result, this new
measurement technique could bring more information about the flow of

charges inside the cell network and the direction of their propagation.

5.7 Chapter Summary

In this chapter, we discussed the results obtained with the electrical
measurements performed with our TFT-MEAs. We demonstrated the
value of this novel platform for studying excitable cells with multiple
measurement techniques; electrophysiology, electrochemistry, and DEP.
We also discussed the problems met during experiments and the po-
tential solutions to overcome them. Finally, we presented additional

research that could be done for improvement of our TFT platform.
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Chapter 6

Conclusion

This chapter concludes the entirety of this dissertation. We start with
a summary that includes all the important points of each chapter. Af-
terwards, we proceed with the conclusion of this work and a discussion
about the key contributions made to the development of TF'T micro-
electrode arrays for biological applications. Finally, we consider future
possible projects using this platform and the longer term impacts of this

work.
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6.1 Research Summary

Chapter 1: Introduction

In the introduction, we described the purpose of this thesis, which is
the study of the extracellular potential of cardiomyocytes, and the as-
sessment of other electrical measurements for biological analyses. This
type of studies is primordial when it comes to better a understanding
of the mechanism of heart diseases and find potential treatments. In-
deed, some heart diseases are closely related to a malfunction of the
cardiac conduction system leading to an irregularity in the coordination
of heartbeats. This regulation depends on the electrical properties of
ion movements between cardiomyocytes. These cells are electrically ex-
citable cells and have widely been studied with n vitro techniques such

as microelectrode arrays (MEAs).

Various devices have been used for bioanalysis of excitable cells.
However, none of these techniques combine the essential requirements
for optimal measurements; transparency, large number and high density
of pm-size electrodes on a wide sensor array. In this study, we thus focus
on the development of a device possessing these valuable characteristics
for a more accurate and sensitive recording of the extracellular poten-
tial of excitable cells. The possibility to perform additional electrical
techniques with the same device was also evaluated as it can provide

additional biological information and control of the cell culture.
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In order to complete this research, it was of interest to focus on three
main electrical techniques: (1) electrophysiology, (2) electrochemistry,
(3) dielectrophoresis. Several features and properties, such as the trans-
parency of the substrate, the addressability of the targeted electrodes,
and the spatial and temporal resolution have to be carefully considered.
The main challenge was thus to build a high resolution microsystem for
in vitro study of the bioelectrochemical properties and characteristics of

cardiomyocytes.

This work uses the TFT technology for the development of novel
MEMS for bioelectrochemical applications with an array of a 22,500
transparent square-shaped I'TO microelectrodes of 100 pum that cover
more than 90 % of the substrate. As a result, this study demonstrates
for the first time the use of 2D TFT-MEAs for simultaneous optical and
electrical analysis of cardiomyocyte cultures with high repeatability and

reproducibility.
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Chapter 2: Theory

In this chapter, we discussed the theory and principles behind the elec-
trical analysis of cell cultures. The human heart contains approximately
2-3 billion cardiomyocytes, which form about 75 % of the total volume
of the muscular tissue of the heart. In order to pump the blood through-
out the cardiovascular system, rapid, involuntary contraction and relax-
ation of the cardiac muscle is vital. To accomplish this, the structure
of cardiomyocytes has specific features that allow them to contract in a
coordinated fashion and resist fatigue. Neighboring cardiomyocytes are
joined together at their ends by intercalated disks to create a syncytium
of cardiac muscle cells. Because of these junctions and bridges the heart

muscle is able to act as a single coordinated unit.

Cardiomyocytes are electrically excitable cells, like neurons, which
thus exhibit some unique properties. Among these properties is their
ability to be electrically excited resulting in the generation of action po-
tentials. Cardiomyocytes can initiate an electrical potential at a fixed
rate that spreads rapidly from cell to cell to trigger the contractile mech-
anism of the heart. This property is known as autorhythmicity. Car-
diomyocytes can thus be modeled as an electrical circuit that can be

used for theoretical study of their intrinsic electrical properties.
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Several techniques have been developed to study the conduction sys-
tem of the heart. ECG is one of them and has been an essential part
of the initial evaluation for patients presenting with cardiac complaints.
Electrocardiography has played a fundamental role in our understanding
of heart disease, and together with electrophysiology, they remain the
standard technique for evaluating of the nature of rhythm disturbances.
Then, there is optical imaging such as fluorescence microscopy. This
technique uses calcium indicators that are fluorescent molecules which
respond to the binding of Ca?* ions by changing their fluorescence prop-

erties, which is useful for studies of calcium signalling in excitable cells.

Among wn wvitro electrical techniques, we can find the patch-clamp
technique and MEAs for the recordings of the intracellular and extracel-
lular potentials of excitable cells respectively. Both techniques present
specific advantages. However, cell culture analyses are not possible
with patch-clamp method. Nowadays, state of the art MEAs use the
CMOS technology to achieve a high density of microelectrodes with ac-

tive switch matrices.
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Electrochemistry is also an important technique for fundamental
studies of single-cell communication, exchange of chemical messenger
molecules, as well as small-scale electroporation applications. Among
electrochemical techniques, amperometric detection is commonly ap-
plied to the detection of electroactive analytes with high selectivity
and sensitivity. Then, electrical impedance measurements can also be
used for quantifying the resistance of a material to an injected elec-
trical stimulus. Impedance-based devices are thus commonly used for
the characterization of cells and tissues, and for monitoring changes in
shape, growth, proliferation, or differentiation. DEP is another inter-
esting technique that uses the dielectric properties of cells to perform

patterning, separation, mixing or displacement of cells on the substrate.

In this study, we aim at developing a novel MEAs using the TFT
technology for in wvitro study of excitable cells. The basic structure of
a TF'T can be classified by two factors: the planarity of the semicon-
ducting channel and the gate position in the semiconductor. Multiple
types of TFTs have already been developed using different materials for
the semiconducting channel. However, by combining transparent semi-
conductors, such as IGZO, with transparent electrodes, TEF'T substrates

can be made transparent.
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Chapter 3: Methodology

Based on the theory of this research, we described the methodology we
developed to perform our experiments. We first described the TFT-
MEASs used in this study. A TFT-MEA is made of a large, dense array
of 150 x 150 transparent square-shaped I'TO microelectrodes of 100 pm
on a 25 mm x 27 mm substrate. The transistor is a three terminal com-
ponent (gate, source, and drain) on a bottom-gate configuration. The
surface electrode is connected to the drain terminal trough-via. A sand-
wich insulating layer of SiN, structural polymer, and SiN/SiO is placed
between the surface electrode and the gate/source lines to prevent inter-
ference. The gate, source, and drain terminals are made of metal, while

the N-type conducting channel is made of IGZO.

Each electrode is independently connected to an integrated TFT,
which is used for switching ON/OFF the corresponding electrode. By
applying an electric potential to a gate line (column), all TFTs con-
nected to that line are switched ON. With a measurement system, or
signal generator connected to a source line (row), the electrodes at the
gate/source lines intersection can be used for sensing or for applying an

electrical signal respectively.
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The TFT substrate is mounted on a PCB with a hole made before-
hand, so that optical transparency of the whole device remains possible.
Connections between the pads of the TFT substrate and the pads of
the PCB are done by wire bonding. Finally, a PDMS chamber is placed
on the TFT substrate for cell culture and PDMS is added around the
culture chamber for fixing it to the TFT substrate and protecting the
bonding wires from potential damages. Characterization of the TFT
device has been performed and justified the choice of 12 V applied to
the gate lines during experiments for reaching the saturation region and

switching ON all the transistors.

For electrophysiological measurements, the extracellular potentials
of cardiomyocytes is recorded with our TFT-MEA. Cells are isolated
from neonatal mouse hearts and cultured on a sterilized device for at
least 3 days. The device is place on a petri dish and stored in an incuba-
tor at +37°C. During measurements, the TF'T-MEA is placed in a small
incubator under an inverted microscope. Extracellular potentials of car-
diomyocytes are recorded through the source lines of our TFT-MEA
with an acquisition system from Multi Channel System MCS GmbH.
A control card developed in our laboratory is used for scanning the
gate lines of the TFT-MEA. However, the large number of electrodes
on TFT-MEAs provide a huge set of data difficult to analyze without
proper software. An algorithm for electrophysiological data bioanalysis

was thus developed in collaboration with the University of Bordeaux.
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For electrochemistry, an Ag/AgCl reference electrode is integrated
directly on the TF'T substrate. Gate lines are controlled by the control
card and source lines are connected to an ALS electrochemical analyzer.
Cyclic voltammetry is performed to investigate the possibility to use the
ITO electrodes of TFT-MEAs as working electrodes. Amperometric ex-
periments are also realized with tyramine, which is a vasoactive amine

derived from tyrosine, at different concentrations.

For DEP experiments, a 400 nm Teflon layer is coated on the TF'T
substrate to protect the electrodes from potential damage when applying
a voltage higher than 3 V. HepG2 and C2C12 cells are used for DEP
experiments. They are prepared in a low conductivity medium of 300
mM D-Mannitol and place in the PDMS culture chamber. Gate and
source lines are controlled via the control card by applying DC and AC

signals respectively.
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Chapter 4: Results

Here, we provide some experimental evaluation of the new technique.
First, we described the results of in wvitro measurements of cardiomy-
ocyte extracellular potential with our TFT-MEA. Our results demon-
strate that beating cardiomyocytes can be cultured and their electrical
activity captured with our TFT platform. Different types of waveform
were observed in all experiments with a typical width of 3 to 4 ms and
a general shape similar to the one expected by the literature. The mea-
surements could be repeated several times with different cell culture

preparations.

Cell contraction was observed with an inverted microscope while
the extracellular potential of cardiomyocytes was recorded. A 2D recon-
struction of the average pk-pk amplitude recorded on each electrode was
realized after filtering and data processing with an algorithm developed
in our laboratory. The results show a good agreement between optical
observation and electrical recordings, which indicates the efficacity of
TFT technology for the development of microelectrode arrays. Addi-
tionally, cell cultures were evaluated over several days showing a clear
decrease of the signal amplitude and period through the days. We also
showed the effect of temperature on the electrical activity of cultures of

cardiomyocytes.
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Additional measurements were performed with our TFT-MEASs, such
as cyclic voltammetry. Standard gold WE was compared with ITO WE
from TFTs and showed a similar shape with two redox peaks. We also
compared the standard Ag/AgCl glass RE with the integrated Ag/AgCl
RE on the TFT device with ITO electrodes as WEs. Very similar curves
have been obtained. These experiments have qualitatively demonstrated
that ITO electrodes can be used as WE and that Ag/AgCl ink can be
used as in integrated RE on the TF'T platform. Based on these results,
amperometric experiments were performed with tyramine. Standard
gold electrode and ITO electrode as WEs were compared. Very similar
results were obtained, which confirms that meaningful electrochemistry

can be performed with the ITO electrodes of TF'T devices.

Finally, DEP of HepG2 and C2C12 cells was performed on TFT-
MEAs for evaluating the possibility of cell patterning and displacement
on TFT substrates. For these experiments, Teflon-coated TFT-MEAs
were used in order to protect the electrodes when applying a high volt-
age. A low conductivity buffer was also used for preparing the cell so-
lutions. Microbeads were repulsed and cells were attracted towards the
activated electrodes. As a result, patterning and displacement of HepG2
and C2C12 cells is possible on Teflon-coated TFT-MEAs without dam-
aging the electrodes. Moreover, cells could be successfully cultured on

the devices after DEP experiments.
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Chapter 5: Discussion

This section discusses the main findings of the work. In this study, we
were able to make measurements of the extracellular potential of car-
diomyocytes on a large surface area, and to construct a 2D mapping of
the electrical characteristics of the signals. The measurement area and
the number of connections can be freely chosen according to the purpose
of the experiments: measurement can be performed anywhere in the cell
culture, as long as the gate and source lines are connected. The high
density of electrodes on the TF'T substrate provides a clear advantage
over conventional MEAs. Moreover, the transparency of the TFT array
allowed the simultaneous observation of cell contraction with inverted

microscope, which is more difficult with CMOS technology.

Cardiomyocytes grown on our TFT platform adhere tightly to the
substrate and contract isometrically, avoiding the motion artifacts that
might cause deterioration in the SNR. This allows recordings over many
days, facilitating, for example, investigations of long-term drug effects.
However, improvement can be performed to further reduce the noise
level at the hardware level by improving amplification of the signal and
protecting further the measurement setup from external noise, and at
the software level by improving the recognition of low-level signals buried
in noise. Additionally, the scanning speed of the gate lines is still not
fast enough for recording the electrical potential through all electrodes

at once.
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Nonetheless, we believe that this problem can be overcome by adding
improvements to the control card for switching ON/OFF the gate lines
at a rate higher than the frequency of the extracellular signal of car-

diomyocytes.

For electrochemical measurements, we demonstrated that the TEFT
platform can also be used as an electrochemical sensor for biological
compounds. FExperiments have qualitatively demonstrated that ITO
electrodes can be used as WE and that Ag/AgCl ink can be used as an
integrated RE on the TF'T platform. As a result, a complete integrated
sensor can be built on the platform. Amperometric experiments per-
formed with tyramine, vasoactive amine, showed the future possibility
to integrate a tyrosinase-based biosensor on the TFT platform. How-

ever, this sensor is still not specific to a specific biochemical compound.

In the future, a voltammetric tyrosinase-based biosensor for the de-
termination of tyramine could be developped. Additionally, ITO-based
electrode is not a noble metal and it is thus not an ideal electrode mate-
rial for electrochemical sensing. However, the principle reason for using
ITO in this study was to test the possibility of performing electroanalysis
with our ITO-based TFT-MEAs. To solve this, it could be decided that
electrochemical measurements will be performed only on some dedicated

sites with gold pattern in the TFT-MEA substrate.
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Finally, the influence of the electrode polarization on the cellular
electrophysiology activity during electrochemical measurements should
also be considered. In case the electrode polarization is shown to have
an influence on the cellular electrophysiological activity, investigations
to determine to what extent it affects the activity, and whether the ef-

fect is reversible, should be investigated.

Lastly, DEP results demonstrate that efficient DEP with TFT de-
vices can be performed on myocytes with low frequencies for patterning
and displacement of cells. We also showed that cells could attached
and be cultured on Teflon-coated TFT-MEAs after DEP experiments,
which opens the possibility to perform long-term DEP experiments on
cell cultures. The Teflon layer allowed the application of high voltage to
the source lines of the transistors ( 20 V). No damage of the electrodes
was observed during experiments. The Teflon layer protected the elec-
trodes from the medium and electrolysis. This insulating layer prevents
experiments voltage sensing on the same platform. Therefore, the use
of another type of material that would allow combination of both tech-

niques on TFT substrates should thus be investigated.

Finally, we discused additional points, such as the cell viability, the
reuse of TFT devices, and the feasibility of performing additional elec-
trical measurements with the TFT platform from an electromagnetic

point of view.
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Chapter 6: Conclusion

On this basis, this work demonstrated the development of a locally-
addressable 2D array of I'TO microelectrode platform with integrated
TFTs. This novel device has been applied to in vitro applications, such
as electrophysiological measurements by recording the extracellular po-
tential of culture of cardiomyocytes. Additional measurement techniques
have been assessed, such as electrochemical measurements of chemical

compounds and dielectrophoresis of skeletal muscle cells.

This work gives the opportunity to deepen the study of the electri-
cal properties of specific tissues by developing a real-time lab-on-chip
system for brain-heart interactions using a biomimetic system between
a spiking neuronal network implemented on digital platform and an in
vitro biological heart-brain culture on TFT-MEAs. Such a system could
be used for investigation of the heart-brain communication network and
specific disorders using spatial and temporal adaptive stimulation on
neural and cardiac cells or tissues. The use of induced pluripotent stem
(iPS) cells in combination with this system could give a promising op-
portunity to use TFT-MEAs for the development of novel lab on a chip

systems for personalized medicine.
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6.2 Conclusion of this Work

The regulation of ion exchange through the phospholipid membrane of
biological cells plays a crucial role in signal transmission between cells
and is also essential for all vital functions of our organs. Ion currents
are mediated via ion channels in cell membranes and are now important
therapeutic targets. The effect of new drug candidates on the electrical
activity of ion channels can be directly investigated by the patch-clamp
technique. This technique is limited to the investigation of a small set or
even single ion channels. In order to study the electrical flow of ions in
a cell culture, MEAs are widely adopted. Although these in vitro arrays
provide high spatial resolution, they do not combine transparency, large
number and high density of small microelectrodes on a wide sensor ar-
ray. These characteristics are all met by adapting the TFT technology
to the development of MEAs.

On this basis, we have shown for the first time in the world that
ITO microelectrodes of the TFT platform can be used not only for
electrophysiological measurements of cultures of cardiomyocytes, but
also for electrochemical measurements and DEP through appropriate

functionalization.
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By culturing cardiomyocytes on TFT-MEAs, we demonstrated the
recordings of their extracellular potentials on a 28 x 28 array with high
repeatability and reproducibility, while observing the cell contraction
with an inverted microscope. Some analyses could thus be performed
such as calculation of the signal velocity, evaluation of the effect of tem-
perature and day of culture, and 2D mapping construction of the cul-

tured cells according to their signal amplitude and period.

Voltammetric and amperometric measurements were also conducted
in this study. Our experiments have qualitatively demonstrated that
ITO electrodes can be used as WE and that Ag/AgCl ink can be used
as in integrated RE on the TF'T platform. As a result, a complete inte-
grated sensor can be built on the platform. Amperometry experiments
performed with tyramine, vasoactive amine, showed the future possibil-

ity to integrate a tyrosinase-based biosensor on the TFT platform.

Finally, DEP was performed with skeletal muscle cells on Teflon-
coated TFT-MEAs. Results showed it is possible to pattern and move
cells over several electrodes on our TF'T-MEAs. Cells survived the low
conductivity buffer required for DEP experiments. Moreover, after re-
placing the buffer by proper cell culture medium, cells could attach to
the Teflon-coated TF'T substrate and be cultured on the device. This
technique could be useful for cell patterning of myocytes and recording

of their extracellular potentials on the same TEFT-MEA.
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Many heart diseases, like cardiac ischemic and stroke, are related to
problems of communication between heart cells, and at a larger scale,
between cardiovascular and nervous systems. Thanks to its unique and
valuable features, we believe that the TFT platform can provide more
insights and information for the understanding of the key communica-
tion between heart cells and tissues. To conclude, the TFT technology
is at the interface between the patch-clamp technique and optical mea-
surements, with a promising future in the development of novel lab on

a chip devices.

6.3 Future Research Outlook

This work can be the initiation of a potential development of new lab
on a chip (LOC) system for preclinical and clinical studies to study
pharmacological effects on dissociated cell cultures in a more simple,
controlled environment. Indeed, this work can be seen as a precursor for
the development of a real-time LOC system of brain-heart interactions
using a biomimetic system between a spiking neuronal network (SNN)
implemented on digital platform and an in wvitro biological heart-brain
culture on a bio-hybrid platform of MEAs. By combining a biomimetic
system to this bio-hybrid platform, it would be possible to investigate
the real-time communication and information transfer from a hardware
SNN implemented on an FPGA board and on an wn wvitro biological

heart-brain network, by real-time encoding dynamics of a SNN.
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Figure 6.1: Prospective lab on chip biohybrid system for investigation
of brain-heart cell co-cultures/organoids

Figure 6.1 shows an illustration of the prospective LOC biohybrid sys-
tem for investigation of brain-heart cell co-cultures. To achieve this
goal, neural and cardiac cells or organoids could be co-cultured on
TEFT-MEAs. After improvement of the TFT-MEAs by integration of
microfluidics and microfabrication, scanning speed of the TFT-MEAs
can be revised, so that the signal propagation of the cell electrical ac-

tivity could be easily calculated within the whole cell culture.

It would also be interesting to developed a specific analytical pro-
gram for extraction of all characteristics of the cell electrical signals
and for a better understanding of the correlation between specific signal

characteristics and the biological condition of the cells and organoids.
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This brain-heart LOC system includes an FPGA used as a neuro-
biomimetic system to create a closed-loop for automatic cell stimulation
with real-time analysis. The cell electrical signals from neural cells can
be detected by the system and sent it back to the cardiac cells for au-
tomatic stimulation without direct biological connections between the
neural cells and cardiac cells. Such a system could be used to investigate
the heart-brain communication network and specific disorders using spa-

tial and temporal adaptive stimulation on neural and cardiac cells.

As a result, this LOC system can lead to the development and manu-
facture of an accurate and real-time automated testing equipment (ATE)
for various biomedical applications in therapeutic development, via drug
testing, drug screening, or disease modeling. Such microsystem is fitted
to the size of the cells and organoids allowing to gather much higher in-
formation on a larger number of samples with concomitant reduction in
sample consumption and time duration of preclinical and clinical stud-
ies. New drugs and medicines could be developed much faster, which is

a crucial advantage in case of the raise of global diseases.
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Finally, this research project can also provide new information about
the mechanism of brain-heart interaction vial electrical impulses. The
use of iPS cells may also provide an opportunity to develop novel LOC
systems by using TF'T-MEAs with applications in personalized medicine.
The development of a real-time LOC system of brain-heart interactions
using a biomimetic system would thus offer a tremendous advantage

over the standard manufactured devices.
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