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SOMMARIO

L'elettroporazione ¢ una tecnica fondamentale utilizzata per aumentare transitoriamente la
permeabilita della membrana cellulare applicando brevi impulsi elettrici ad alto voltaggio.
Questo metodo facilita I'introduzione di varie molecole, compreso il materiale genetico, nelle
cellule. Questa tesi studia 1'elettroporazione della linea cellulare cardiaca H9C2, con 1'obiettivo
di migliorare la comprensione e il monitoraggio del processo per potenziali applicazioni nella
terapia cardiaca e nella ricerca.

Lo studio inizia con un'esplorazione dettagliata delle strutture cellulari, concentrandosi sulle
proprieta elettriche della membrana cellulare e sul suo comportamento in un campo elettrico. 11
fenomeno dell'elettroporazione viene definito e contestualizzato nell'ambito del suo sviluppo
storico e delle sue applicazioni cliniche, in particolare nell'ablazione del tessuto cardiaco e nella

terapia genica.

La fase sperimentale prevede la progettazione e la creazione di elettrodi con la stampa 3D, la
selezione di linee cellulari e fluorofori appropriati e l'utilizzo di apparecchiature e software
avanzati per l'acquisizione e l'analisi dei dati. La metodologia comprende protocolli per la
coltura cellulare, la colorazione e l'acquisizione di immagini, con successiva analisi
dell'intensita della fluorescenza e delle caratteristiche di granularita.

I risultati mostrano variazioni nell'intensita media della fluorescenza e nella granulazione tra i
campioni esposti a diversi livelli di tensione, fornendo indicazioni sull'efficienza e sugli effetti
del processo di elettroporazione.

I risultati mostrano variazioni nell'intensita media della fluorescenza e nella granulazione tra i
campioni esposti a diversi livelli di tensione, fornendo indicazioni sull'efficienza e sugli effetti
del processo di elettroporazione. I risultati suggeriscono soglie di tensione specifiche che

ottimizzano la permeabilita della membrana riducendo al minimo i danni irreversibili.

La tesi si conclude con raccomandazioni per ulteriori esperimenti, tra cui l'uso della
microscopia ad alta risoluzione per affinare la comprensione delle dinamiche di
elettroporazione nelle cellule cardiache. I risultati contribuiscono al campo pit ampio della
bioingegneria, offrendo dati preziosi per migliorare i protocolli di elettroporazione e le

applicazioni nelle terapie cardiache.



ABSTRACT

Electroporation is a critical technique used to transiently increase cell membrane permeability
by applying short, high-voltage electric pulses. This method facilitates the introduction of
various molecules, including genetic material, into cells. This thesis investigates the
electroporation of the H9c2 cardiac cell line, aiming to enhance the understanding and

monitoring of the process for potential applications in cardiac therapy and research.

The thesis begins with a detailed introduction into cellular structures, focusing on the cell
membrane's electrical properties and its behavior in an electric field. The phenomenon of
electroporation is defined and contextualized within its historical development and clinical

applications, particularly in cardiac tissue ablation and gene therapy.

The experimental phase involves designing and creating electrodes using 3D printing, selecting
appropriate fluorophore (calcein) for monitoring electroporation, and employing advanced
equipment and software for data acquisition and analysis. The methodology includes protocols
for cell culture, staining, and image acquisition during exposure to electric pulses using
fluorescence microscopy, with subsequent analysis of fluorescence intensity and granularity

features.

Results show that electric pulses with 100 ps duration and amplitudes between 200-800 V
successfully result in cell membrane electroporation, as demonstrated by the decrease in
intracellular calcein fluorescence intensity. As expected, the higher the pulse amplitude, the
more profound is the increase in membrane permeability and consequently calcein leakout.
Unexpectedly, we observed that the exposure to electric pulses also provokes formation of
vesicles, either inside the cells or at the cell membrane, which are observed in fluorescence
images as distinct bright spots. These results provide new insights into the electroporation

effects that require more investigation on the associated mechanisms.

This thesis concludes with recommendations for further experiments, including the use of
super-resolution microscopy to refine the understanding of electroporation dynamics in cardiac
cells. The outcomes contribute to the broader field of bioengineering by offering valuable data
for better understanding electroporation mechanisms, as well as improving electroporation

protocols and applications in cardiac therapies.



CHAPTER 1: INTRODUCTION

1.1. STRUCTURE AND FUNCTION OF A CELL

All living structures are made up of cells, and a cell is the smallest living unit in the human
organism. Humans, as well as animals and plants, are composed of eukaryotic cells. There are
various types of eukaryotic cells that differ in shape, size, and function performed, but all of
them are composed of three main components: a plasma membrane, a cytoplasm, and a nucleus
[1]. The plasma membrane, often called the cell membrane, consists of a thin, flexible barrier
that separates the inside of the cell from the outside environment and regulates the passage of
substances into and out of the cell. Inside, the cell is divided into cytoplasm, where most of the

cellular processes and functions are carried out, and the nucleus.

The cytoplasm consists of a gel-like medium cytosol, which is a mixture of macromolecules
and ions dissolved in water, and various intracellular organelles. The organelles perform
different cellular functions, and most of them are separated from the cytosol by a membrane,
which allow the organelles to carry out various chemical reactions and processes in parallel
without having any interference with each other. Examples of organelles within a cell are the

mitochondria, ribosomes, endoplasmic reticulum, Golgi apparatus, and lysosomes (Figure 1.1).

The nucleus, which is also classified as an organelle, is separated from the cytoplasm by a
double membrane and contains deoxyribonucleic acids (DNA) that encode proteins necessary
for the cell to function [2].

In general, the internal environment of a cell is called intracellular medium and refers to the

cytosol and organelles, while the environment outside the cell is called extracellular medium.
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Figure 1.1: The structure of an eukaryotic animal cell [2].

1.1.1. CELL MEMBRANE

The main role of the cell membrane is to separate the inner environment of the cell from the
extracellular medium (Figure 1.2). It consists of a phospholipid bilayer (two layers of
phospholipid molecules) and other embedded molecules such as cholesterol, glycolipids,
proteins, and glycoproteins. Lipid molecules consist of a hydrophilic head (which gives it a
polar behavior) and a hydrophobic tail (which gives it a non-polar behavior) [2]. Thus, lipid
molecules are amphiphilic. In an aqueous environment, lipids bind in a conformation such that

none of the hydrophobic tails are directly exposed to water molecules.

The phospholipid bilayer has a structure that allows it to be completely permeable to small,
non-polar molecules such as oxygen (O2) or carbon dioxide (COz), but greatly limits its
permeability for small, polar molecules. In fact, small ions, electrically charged molecules and
macromolecules practically cannot pass through the lipid bilayer, a condition that allows very

efficient and effective control of the passage of substances.

Other molecules in the cell membrane mainly perform structural support functions and
functions for transporting substances and communicating with the external environment.

Cholesterol, for example, has the function of stiffening the cell membrane.



Proteins inside the cell can be of two types: they can be incorporated into the cell membrane by
crossing it (integral proteins) or they can only be found on its surface (peripheral proteins).
Integral proteins have the main functions of transport (active transport - pump, passive transport
- channel) and of regulating the movement of specific molecules and ions in and out of the cell,
while peripheral proteins mainly perform functions of signaling, as they are not permanently

embedded in the cell membrane and are easily detached from it [3].
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Figure 1.2: Structure of an animal plasma membrane [4].

1.1.2. ELECTRICAL PROPERTIES OF THE CELL MEMBRANE

Electrically, the cell membrane can be regarded as a thin layer with negligible conductivity
(~1077 S/m) and low relative dielectric permittivity [5]. In contrast, the intracellular and
extracellular medium have much higher conductivity (of the order of 1 S/m), as they contain
many ions dissolved in water. Thus, the cell membrane can be represented in simplified form
as a thin insulator with a closed surface, surrounded by two conductive media. In other words,
the cell behaves electrically as a capacitor, and allows the creation of an excess of electrical

charge between the inside and outside of the cell [6].

The ion pumps located in the cell membrane are the fundamental elements that can create a
difference in ion concentration between the inside and outside of the cell under physiological
conditions. Ion pumps are integral membrane proteins that use metabolic energy to transport
ions across the membrane against their electrochemical gradient. The most important ion pump

that builds a charge imbalance across the membrane is the sodium/potassium pump, which
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transports 3 Na* ions out of the cells and 2 K™ ions into the cell per one of its transport cycle
[7], [8]- As such it creates an excess of negative charge inside the cells and consequently builds
a voltage across the membrane. The open potassium channels in the cell membrane additionally
enable the leakage of K* ions along their electrochemical gradient out for the cell and further
increase the excess negative charge inside the cell. When the transmembrane potassium flux
due to concentration gradient is equal to the opposite electrophoretic flux due to transmembrane
voltage, an equilibrium is established. The corresponding equilibrium voltage is called the
resting transmembrane voltage (Uresiing). Using a simplification (neglecting the contribution of

Cl and Ca?" ions), Uyesting can be estimated from Goldman's equation [9]:

U _R-Tl q[Na*]o + [K*]o
resting = T NV OTN G i + [K i

(1

where R is the gas constant, 7 is the absolute temperature, /' is the Faraday's constant and ¢
represents the ratio of membrane permeability to sodium and potassium. [Na*] and [K*] are the

ion concentrations given outside (o-index) and inside (i-index) the cell.

The resting transmembrane voltage is constantly present on the cell membrane and is different
depending on the type of cell being considered as well as the phase of the cell cycle [10].
Proliferating cells during division reach around -10 mV, whereas terminally differentiated cells
like smooth muscle cells or neurons have a resting transmembrane voltage around -60 mV or -

90 mV [11], respectively.
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1.1.3. CELL IN AN ELECTRIC FIELD

If the cell is exposed to an external electric field, forces are exerted on the mobile extracellular
and intracellular ions that move them in the direction of the electric field (positively charged
ions) or in the opposite direction of the electric field (negatively charged ions). As the ions
cannot freely cross the membrane, they concentrate next to it, building an excess charge and
consequently increasing the transmembrane voltage. This voltage, which emerges due to the
external electric field, is called the induced transmembrane voltage (Uinduced). The steady-state
value of Uinducea for a spherical cell in a homogeneous electric field can be described by

Schwan's equation [9], [12]:

Uinducea = E "TE cos ¢

)

where E is the external electric field strength, » is the radius of the cell and ¢ is the angle
between the direction of the electric field and the outward normal vector at the point of interest

on the cell membrane.
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Schwan's equation (2) is shown to be valid for a spherical cell, with membrane resistivity much
larger than the resistivities of the intracellular and extracellular media, and a membrane
thickness much smaller than the radius of the cell itself. In contrast to Usesting, the Uinduced 1S not
constant along the entire cell membrane but varies as with cosine function such that its absolute
value is the highest in the regions that are closest to the electrodes. In congruence with the
capacitive characteristics of the cell membrane, the Uinduced 1s not reached immediately, but
takes some time to increase and reach its steady-state value. The characteristic and membrane

charging time for most cell types under physiological conditions is of the order of 100 ns [9].

For nonspherical cells, the induced transmembrane voltage does not follow a perfect cosine
function and it furthermore depends on the orientation of a cell in the electric field. In a study,
where experiments on Chinese hamster ovary (CHO) cells were combined with theoretical
calculations approximating the cell shape as spheroid, it was shown that the induced

transmembrane voltage can be estimated using a generalized Schwan equation [9], [12]:

Agi = Esina n

- Lix _Lz

)

where L, and L, are depolarizing factors that depend on the geometrical properties of the
spheroid. The variables x and z are the coordinates of point T on the surface of the spheroid
(Figure 1.5a and 1.5¢) and E is the strength of the applied electric field. The angle « is the angle
between the spheroid's axis of symmetry and the external electric field (Figure 1.5), which

defines the orientation of the cell with respect to the electric field.

13



The transmembrane voltage reaches the highest values when the long axis is parallel to the

electric field and the lowest values when the long axis is perpendicular to the electric field.

£

A |
f/} >

Plated cell

Figure 1.5: Schematic representation of a spheroid (a) and a CHO plated cell (b) in applied
electric field. o is defined as an orientation angle between electric field and symmetry z axis

and p( ) is the arc of length for a given angle 6. All spheric coordinates are shown in (c)[12].

14



1.2. ELECTROPORATION

1.2.1 DEFINITION OF ELECTROPORATION

Electroporation, also called electropermeabilization, is a phenomenon that is associated with
the transient increase in membrane permeability and is observed when exposing the cell to short
high-voltage electrical pulses that induce a transmembrane voltage of at least a few 100 mV.
This induced transmembrane voltage promotes creation of transient pores or defects in the
membrane that allow substances such as genetic material (DNA and RNA), proteins, drugs, or
other molecules to be inserted into the cell. While permeabilization occurs within a few
nanoseconds or microseconds of exposure to an electric field (depending on the length and
intensity of the electric pulse) [14], membrane permeability slowly returns to baseline values

after the exposure ends, which can take several minutes [15].

In situations where cells remain alive after exposure, electroporation is said to be reversible
[16]. When cells are exposed to electric pulses of a strength and duration that increase the
membrane permeability to such an extent that the cells cannot recover their homeostasis and

die, this is described as irreversible electroporation (IRE).
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Figure 1.6: Schematic representation of the electropermeabilization mechanism at the single

cell level and their way of detection [16].
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1.2.2. HISTORY OF ELECTROPORATION

The first studies and observations concerning phenomena resembling electroporation might
date back to the mid-1700s; for instance, Jean Antoine Nollet reported the appearance of red
spots when subjecting human and animal skin to electric sparks, which might have been
partially associated with irreversible electroporation [19]. In the 19th century, there was a
considerable growth of interest in the effects that electricity has on biological systems.
Experiments using electrical currents that induced contractions and movements in the animal
spinal cord were very common at this time [20]. There were also reports on the use of electricity

in medicine, including the hemolytic effects of electric pulses [21].

Later in the 1950s and 1960s, researchers including Stdmpfli [22], Sale and Hamilton [23], and
Zimmermann et al.[24] described the so-called reversible and irreversible electrical breakdown
of the membranes of animal, plant, yeast and bacterial cells. In 1982, the increase in membrane
permeability caused by exposure to electric pulses was named "electroporation" and was shown

to enable transfer of DNA molecules into cells [25].

In the following decades, electroporation became a mainstream technology in the biological
sciences and biotechnology for delivery of selected molecules into cells or extraction of

valuable compounds from the cells [26].
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In medicine, electroporation has already been developed for clinical treatment of solid tumors
through electrochemotherapy or irreversible electroporation [27] and is being tested for gene
therapy and transdermal drug delivery [28], [29].

In recent years, irreversible electroporation, under the name "pulsed field ablation", has shown
enormous potential for nonthermal ablation of the cardiac tissue for treatment of cardiac

arrhythmias, particularly atrial fibrillation [30].

In addition, reversible electroporation has been proposed as a feasible method for cardiac gene
therapy aiming to promote regeneration of the cardiac muscle tissue following myocardial
infarction [31]. The following two subsections describe cardiac tissue ablation and gene therapy

using electroporation in greater detail.

1.3 CLINICAL APPLICATION OF ELECTROPORATION

1.3.1. CARDIAC TISSUE ABLATION

Atrial fibrillation is the most common arrhythmia in which the heart's upper chambers, called
the atria, beat chaotically and irregularly. The cornerstone method for treating atrial fibrillation
is pulmonary vein isolation using catheter ablation [32]. This procedure helps isolate atrial
fibrillation-sensitive areas located in the pulmonary veins from the rest of the heart.
Conventionally, catheter ablation is performed using thermal approaches, either radiofrequency
heating or freezing with a cryobaloon. However, this treatment can lead to severe side effects
such as pulmonary vein stenosis, phrenic nerve paralysis, esophageal fistulas, and damage to

bronchioles [33].

Pulsed field ablation (PFA) emerged as novel nonthermal modality, which is based on
irreversible electroporation. PFA uses hundreds to thousands of volts applied to electrodes on
a catheter in both monopolar and bipolar modes to induce cell death via electroporation-
mediated membrane permeabilization. It has been hypothesized that cardiac cells may be more
sensitive to IRE than other cell types such as nerve or smooth muscle cells, and therefore in this

case might give fewer side effects (evidence supported by the lack of side effects in preclinical

17



and clinical studies [34], [35]). For example, a recent preclinical study [36] on PFA reported a
significant reduction in the risk of pulmonary vein stenosis in comparison with radiofrequency
ablation in a canine model. In this study, radiofrequency ablation resulted in damage to the

vagus nerve, esophagus and lung that was not observed with PFA.

In tissue in vivo, irreversible electroporation is inevitable due to nonhomogeneous electric field
distribution around the electrodes. Considering that the strength of the electric fields decreases
with increasing distance, we can expect the presence of a volume adjacent to the electrodes
where the cells will inevitably die. Around the ablated volume, there will be a region of tissue

where reversible electroporation will be induced.

Thus, it is important to study not only the irreversible but also the reversible effects of electric
pulses on cardiac cells. In addition, since the induced transmembrane voltage depends on the
orientation of elongated cells in electric fields, this orientation can play an important role in
electroporation of the cardiac tissue, where the orientation of the cardiac muscle cells
(cardiomyocytes) varies with location in the heart. To elucidate the effect of cell orientation on

electroporation, in vitro studies using cardiomyocytes are of great importance [37].

1.3.2. GENE THERAPY

Gene therapy is based on introducing coding or non-coding nucleic acids (DNA or RNA) into
cells with the aim of modifying or regulating gene expression. The nucleic acids must cross the
cell membrane and reach the cytoplasm (in case of RNA) or nucleus (in case of DNA) of the
target cells, where gene expression or regulation can begin. Due to their size and negative
charge, nucleic acids practically do not cross cell membranes spontaneously [28]. For this
reason, several methods to transfer nucleic acids across the membrane have been investigated,

including viral and non-viral vectors as well as physical approaches.

Viral vectors are based on genetically modified viruses [38], while with non-viral vectors are
based on natural or synthetic compounds (e.g. lipid vesicles or synthetic nanoparticles, Figure
1.8) that tend to be less effective but less toxic [39]. Physical methods are based on increasing
membrane permeability using external forces, such as mechanical pressure or exposure to an
electric field. These physical methods include the introduction of DNA into the tissue by

ballistic injection (gene transfer by means of microprojectiles [40]), electroporation [25],

18



sonoporation (permeabilization of the cell membrane by means of ultrasound [41]) and other
methods, which have proven to be effective for localized gene delivery and are simpler than

viral and non-viral methods [42].

Electroporation is identified as the most potent nonviral method for nucleic acid delivery into
skeletal muscles, tumors, and skin [43], [44], [45]. More than 90 clinical trials use(d)
electroporation for nucleic acid delivery in cancer immunotherapies, CAR-T cell engineering,
and infectious disease vaccines [46]. Several preclinical studies have provided evidence that
electroporation can also be used for intracellular delivery of DNA into cardiac tissue:
specifically these studies focused on delivering plasmid DNA molecules coding for vascular
endothelial growth factor to promote cardiac revascularization upon myocardial infarction in
rat and porcine hearts in vivo [31], [47], [48], [49] [50]. Therefore, studying reversible

electroporation of cardiac cells is also interesting for applications of gene therapy.
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Figure 1.8: Cell-penetrating peptides as non-viral vectors for delivering biologically active

molecules [42].

19



1.4. AIM OF THE THESIS

The objective of this thesis was to investigate the response of the cell line H9¢2, derived from
rat cardiac muscle tissue to electroporation pulses of different voltages. The study aimed to
characterize the electroporation process by monitoring the leak-out of otherwise membrane-
impermeable calcein dye from the cells due to electroporation. This was done by acquiring a
sequence of fluorescence images using a fluorescence microscope and subsequently analyzing
the images by means of a two- and three-dimensional analysis, in order to obtain a complete
picture of the cell behavior, both at the macroscopic level and at the level of the individual cell,

including the phenomena within the cell.
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CHAPTER 2: MATERIALS AND METHODS

This chapter deals with the materials and methodologies used during the days when the
experiments were carried out and during the days when the results were extracted and analyzed.
The section is divided into four subsections. The first subsection deals with the designing phase,
in which all the preliminary investigations concerning the design and creation of the electrodes,
the choice of the most suitable cell line and dye to be used are described. The second subsection
provides a detailed description of all the equipment and software used for image acquisition,
extraction, and analysis. The third subsection describes all the experimental protocols relating
to the various stages of the experiments, providing not only a key to understanding but also the
possibility of repeating the experiments performed. Finally, the fourth and last subsection

briefly illustrates the methodology used for the extraction and analysis of cell features.

2.1. DESIGNING PHASE

2.1.1. NUMERICAL CALCULATIONS USING FINITE ELEMENTS

In the first design phase, the experiment was represented in a digital environment using
COMSOL Multiphysics software, performing a finite element analysis of the future
experimental configuration. The aim of these calculations was to compute the electric field
distribution in the sample between the electrodes and determine the appropriate distance
between the electrodes that will enable us to achieve a sufficiently high electric field strength
to achieve cell electroporation, keeping in mind the maximum possible voltage and current

output of the selected pulse generator.

The geometry of the model consisted of two wire electrodes placed inside a well filled with a
liquid medium, as shown in Figures 2.1-2.3. The dimensions of the well corresponded to one
well of an Ibidi p-Plate 96 Well Black, which was selected for experiments. The diameter of
the wire electrodes was 0.8 mm and corresponded to platinum/iridium (90/10) wires from which

we chose to build the electrodes.
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After the geometry was defined, we defined the material properties of the model, specifically
the electrical conductivity and relative permittivity of the medium inside the well. The
parameters of the model are listed in Table 2.A, as they were entered in the ‘Global definitions’

section of COMSOL.
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Figure 2.1: Top view of the model geometry (x-y planes).
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Figure 2.2: Side view of the model geometry (y-z planes).
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Figure 2.3: Side view of the model geometry (x-z planes).

Table 2.A: Parameters used in COMSOL for the virtual analysis of a single well.

Name Expression/Value | Description

a 7.4 mm Side 1

b 7.4 mm Side 2

v 300 ul Volume of liquid in well

hl v/(a*b) Height of the liquid

d 0.8 mm Electrode diameter

1 0.55*a Length of the bottom segment of the electrodes
del 4.5 mm Distance between electrodes

dgap 200 ul Gap between the bottom of the well and the electrodes
sigma e | 1.5 S/m Electrical conductivity

epsilon_e | 80 Relative permittivity
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To compute the electric field distribution in the model, the following steady-state equations
were defined in the domain representing the medium using the predefined COMSOL module

“Electric Currents’:

Vi=0
(4)
J =oF
()
E=-VV
(6)

where J is the electric current density, £ is the electric field strength, V' is the electric potential

and o is the electrical conductivity of the medium.

The boundary conditions were defined as follows: all outside boundaries of the medium within
the well were modelled as electrically insulating with the normal component of the electric
current density equal to zero, the boundary around one of the electrodes was assigned an electric
potential of 1 V, and the boundary around the other electrodes was assigned an electric potential
of 0 V. The difference between the electric potentials at the electrodes corresponds to the
applied voltage. Since this is a linear time-invariant model, the results can be linearly scaled to

any applied voltage.

After defining the model equations, the finite element mesh was defined using the default

COMSOL settings.

After launching a steady-state simulation, the following results were obtained: Figure 2.4 shows
the distribution of the electric potential, and Figure 2.5 shows the electric field distribution. We
can see that the electric field is roughly homogenous in the middle between the electrodes at
the bottom of the well, where the cells will be grown. We can further see that the amplitude of
the electric field at this location (~250 V/m) is roughly equal to the ratio between the applied

voltage (1 V) and the inner distance between the electrodes (4 mm).
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Figure 2.4: Electric potential distribution within the model. The unit of the color legend is V.
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Figure 2.5: Electric field distribution within the model. The unit of the color legend is V/m.
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Since the electric field strength is approximately equal to the voltage-to-distance ratio, we can
make a simple calculation that will tell us, what should be the maximum distance between the
electrodes that will enable us to electroporate the cells, considering the maximum voltage
output (1000 V) and maximum current output (6-10 A) of the chosen pulse generator

ELECTROcell B10 HVLYV (see Section 2.2.2).

The electric field required to electroporate a cell depends on the cell type; based on previous
experiments with H9¢2 cells [51], we expect that achieving an electric field of 100 V/mm
should be sufficient. The maximum possible inner distance between the electrodes, considering
the dimensions of the well, is 5 mm, when allowing some additional space between the
electrode and the wall of the well to avoid friction. At the maximum output voltage of the pulse
generator, we can for this electrode distance an electric field strength of 1000 V /5 mm = 200

V/mm, which is well above our expected electric field strength sufficient for electroporation.

However, we also need to consider the maximum output current of the pulse generator. To this
end, we need the information about the resistance between the electrodes. To compute the
resistance from the model, we integrated the electric current density over the boundary of one
of the electrodes to obtain the total current, and then calculated the ratio between the applied

voltage and this current.

Figure 2.6 shows how the resistance depends on the distance between the electrodes. For the
electrode distance of 5 mm, the resistance is 135.98 Q. If applying 1000 V, the current would
be 7.35 A, which is within the output limit of the pulse generator. Since we wanted to
electroporate as many cells as possible within the well, we decided to design electrodes with

this maximum electrode distance.
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Figure 2.6: Plot of the correlation between the inter-electrode distance d and resistance R of
the sample.

2.1.2. ELECTRODE DESIGN AND CREATION USING 3D PRINTING

After identifying the suitable distance between the electrodes, the next step was to design a
holder that would provide sufficient stability inside a p-Plate 96 Well Black and that would
respect the previously established electrode spacing.

As the Laboratory of Biocybernetics at the University of Ljubljana is equipped with a Prusa 3D
printer, it was immediately decided to use it to create a fully customized holder that met all the
requirements for use in the experimental setup. The holder was designed using Blender 4.0

software.
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Figure 2.7: Front view of the holder designed in Blender 4.0.

The holder (Figure 2.7) essentially consists of a rectangular parallelepiped with a 7.4 mm square
base and a height of 26 mm, to which two further side support arms, also with a 7.4 mm square
base, have been added to provide additional stability inside the p-Plate 96 Well Black, and two
ergonomic side protrusions at its top to make it easier to manually insert or remove the holder

from a well of the p-Plate.

2 1 108 127.?.6 10.8
I_1— 2 3 I} 3 LRET)) 1 ¥ 1z
o DDC]C]C]C]

. 00000
- UO0O000)

85.5

QOO0
00000

Figure 2.8: Geometry and dimensions of the p-Plate 96 Well Black made by Ibidi.
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For creating the holder using a 3D printer, the 3D model drawn in Blender 4.0 was exported to
a .stl format file and then imported into the PrusaSlicer software. PrusaSlicer allows objects to
be loaded within an environment that is capable of exporting everything within the Prusa Mk4
platform into G-code. The 0.10 mm FAST DETAIL was used as the print settings, the
Prusament PLA material and the MK4 Input Shaper 0.4 nozzle.
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Figure 2.9: Screenshot of the working environment of the PrusaSlicer software.

Following the creation of the holder, we proceeded with the insertion of the electrodes, i.e. the
insertion of two platinum/iridium wires with a diameter of 0.8 mm, which were then glued to
the holder using two-component glue, putting particular attention to keeping the two electrodes
parallel and clean from the glue. The glue acts and an insulating layer and is also toxic to the
cells, therefore, we needed to avoid any contamination with the glue of the electrode parts,
which will be submersed into the medium with cells, as well as the parts of the electrodes which
will be connected to the pulse generator.

The final distance between the electrodes was measured with a caliper and was 4.7 mm,

sufficiently close to the desired distance of 5 mm.
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2.1.3. SELECTION OF THE CELL LINE AND THE FLUOROPHORE

In order to proceed with the experimental analysis, it was necessary to choose both the type of
cells to be used and subjected to electroporation as well as an appropriate fluorescent dye
(fluorophore) that will enable visualization of electroporation using fluorescence microscopy.

HO9c2 cells, a cardiac myoblast cell line derived from BDIX rats, were selected for experiments.
Developed in 1982, they have become a widely used cell model for studying cardiac function,
hypertrophy, and heart disease [52]. These cells provide many advantages: first, these cells are
easy to cultivate, have characteristics similar to primary cardiomyocytes, and have an elongated
shape, which makes it possible to study how their geometry and orientation influences the

process of electroporation [51].

Figure 2.10: Brightfield image of H9¢2 cell line acquired using Leica Thunder microscope

under 40% objective magnification.
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Figure 2.11: Brightfield image of H9c2 cell line acquired under 10x objective magnification.

In the study of the electroporation phenomenon, fluorescent and colorimetric dyes represent an
essential tool [53]. Specifically, dyes that cannot freely cross an intact cell membrane but can
cross a permeabilized (electroporated) membrane can be used as an indicator of electroporation.
On possibility is to add the dye to the extracellular medium; if a cell becomes electroporated,
the dye will enter the cell and the cell will become stained. Two examples of dyes that can be
used in such way are propidium iodide and trypan blue. These dyes are also often used as

indicators of dead cells since cells lose their membrane integrity upon necrotic cell death.

Another possibility is to stain the cells with a dye before electroporation and monitor the
leakage of the dye from the cells due to electroporation. A dye that can be used in such way is
calcein AM. The advantage of such a dye is that all cells can be clearly seen under a fluorescent
microscope before pulse application, which allows automatic detection of cells in the acquired
fluorescence images and consequently image segmentation. Thus, calcein AM was selected for

our experiments.
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Calcein, also known as fluorexon, is a fluorescent dye belonging to the xanthene family. It is
characterized by intense green light emission when excited by blue or ultraviolet light and
cannot cross an intact cell membrane [54]. When the carboxylic acid groups on calcein are
modified with acetomethoxy (AM) groups to obtain calcein AM, this calcein derivative is non-
fluorescent and can freely cross the cell membrane. Once inside the cells, the intracellular
esterases cleaves the AM groups, converting the calcein AM into its fluorescent form and

trapping the calcein inside the cell.

In addition to its use as an electroporation indicator, calcein is also widely used for:

e Cell viability assays: Calcein AM can be used to distinguish living from dead cells,
since the esterase that cleave the AM group and convert calcein AM into a fluorescent
form are active only in living cells. This allows live cells to be visualized and non-viable
cells to be identified.

e Cell tracking: By staining cells with calcein it is possible to track their movement and
migration. Combined with antibodies or other ligands, calcein makes it possible to mark

specific cell populations and monitor their path within tissues or organisms.

.

invitrogen
b ot
s
e &
Bt C:
pem=
o ot vt
——
—
Lo -
-
e -—

Figure 2.12: Vial with calcein AM dye used for cell staining [54].
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Figure 2.13: Chemical structure of the calcein compound [55].

Figure 2.14: Fluorescence image of H9c2 cells stained with calcein AM.
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2.2. EQUIPMENT AND SOFTWARE USED FOR DATA ACQUISITION
AND ANALYSIS

2.2.1. FLUORESCENCE MICROSCOPE

For fluorescence imaging we used the Leica Thunder Imager System (Figure 2.15), which
consists of an inverted wide-field microscope DMi8, a LEDS illumination source with 8 LEDs
emitting light at different wavelengths, a set of excitation and emission filters, sSCMOS camera
DFC9000 Gt and 6 objectives with different magnifications (5%, 10x, 20%, 40%, 63x, and 100x),
all from Leica Microsystems, Germany. The microscope is surrounded by an incubator that
allows the option to control the sample's temperature. The microscope is controlled with the

LAS X software.

Figure 2.15: Microscope Leica Thunder Imaging System and representation of working

software LAS X [56].
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2.2.2. PULSE GENERATOR

The ELECTROcell BI0 HVLV from Leroy Biotech, France (Figure 2.16) is a pulse generator
capable of generating high-voltage short monopolar and bipolar rectangular pulses used in
electroporation treatments. The amplitude and duration of the positive and negative pulse can
be controlled separately. This pulse generator was used to apply, via electrodes, a series of

monopolar pulses of standard duration 100 us at different voltages.

Figure 2.16: Structure of the ELECTROcell B10 HVLV pulse generator [57].

2.2.3. OSCILLOSCOPE AND PROBES

The Lecroy WaveSurfer 422 200Hz oscilloscope (Figure 2.17) was used for routine monitoring
the applied pulses using the differential voltage probe Lecroy AP305, and the current passing
through the sample using the current probe Lecroy AP015.Figure 2.18 shows the waveform of
the delivered pulses.

Since Lecroy WaveSurfer 422 oscilloscope does not allow to acquire high-resolution graphs of
multiple applied pulses separated by long inter-pulse intervals, this graph was obtained with
oscilloscope Lecroy HDO4104A in sequence mode, using differential voltage probe Lecroy

HVD3206A and current probe Lecroy CPO31A.
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By calculating the ratio between the voltage and current during the applied pulses, we can
determine the resistance of the sample between the electrodes. Based measurements of three
samples, we found that the resistance is 151 + 14 Q (mean + standard deviation), which just
slightly higher than the resistance predicted in our computational simulations (~130 Q),

considering the electrode distance of 4.7 mm.

Figure 2.17: Oscilloscope Lecroy WaveSurfer 422 200Hz.
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Figure 2.18: Graph of the captured voltage and current when applying pulses with voltage of

600 V.
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2.2.4. CELLPROFILER SOFTWARE

CellProfiler, developed by the Broad Institute of MIT and Harvard, is an open-source software
for analyzing images of cells and tissues [58]. This versatility makes it an excellent tool that
offers a wide range of functions for analyzing very complex images. This software was used

for determining the granularity of the acquired fluorescence images.
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Figure 2.19: Various inputs and outputs of the CellProfiler software.
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2.2.5. IMAGEJ FIJI SOFTWARE

ImagelJ is an open source software developed by the National Institute of Health (NIH) for

analysis and elaboration of images [59]. In this thesis, the “Fiji” distribution of ImageJ [60] was

used for analyzing the kinetics of fluorescence change in the acquired timelapse images.
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Figure 2.20: Various input and outputs of the ImageJ software [59].

39



2.3. EXPERIMENTAL PROTOCOLS

2.3.1. CELL CULTURE

The preparation begins with turning on the water bath, set to 37°C and inserting the trypsin
solution and the cell culture medium (Dulbecco’s Modified Eagle’s Medium-High glucose)
inside the water bath to warm them up. Meanwhile the laminar flow cabinet is cleaned using a
gauze soaked in alcoholic disinfectant (70% ethanol) to ensure a sterile environment.

As the next step, flasks are prepared with different volumes of the cell culture 75 cm? flasks
with 10 ml of medium were used. In addition to that, the hemocytometer is prepared for

subsequent cell counting.

Figure 2.21: Picture of a 75 cm? flask and hemocytometer used for cell culture and cell

counting.

The protocol begins with the observation of the cells under a microscope with 4x objective
magnification to assess their condition. After that we proceed with the aspiration of the medium
from the flask using a sterile glass pipette, followed by the addition of 5 ml of physiological
saline solution (0.9% NaCl) to remove any residual cell culture medium. The cell culture

medium contains serum, which inhibits the activity of trypsin used for detaching cells from
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their growth surface. Next, after aspiration of the saline, 5 ml of trypsin is added, and a
stopwatch is being used to ensure the right exposure of the cells to trypsin, never more than 3
minutes. The reaction is stopped by adding the remaining half of the volume of the cell culture
medium. Finally, the cells are mixed with the pipette and 10 pl of the cell suspension is placed

in the hemocytometer for counting.

Figure 2.22: H9¢2 cells get round and start detaching from the surface under the effect of
trypsin.

2.3.2. SEEDING CELLS FOR EXPERIMENTS

After collecting and counting the cells, we proceed with the preparation of the p-Plate 96 Well
Black, in which the cells will be seeded. We start by placing the physiological saline all around
the outer wells of the entire plate to minimize evaporation of the medium from the wells with
seeded cells. In the wells to which the cells will be seeded, first 200 ul of cell culture medium
is pipetted. Next, a selected volume of the cell suspension is added into each well. For easier

image analysis it is important not to have cells that are too crowded.
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Thus, we opted for 50% confluency of the cell culture (the surface area covered by the cells)
on the day of the experiment. The experiments using the Leica Thunder microscope were
repeated on 3 different days. To have the appropriate cell density after 1 day, after 2 days, and

after 3 days, we seeded different number of cells per well, as indicated in Table 2.B.

Table 2.B: Volume of the cell suspension and the corresponding number of cells seeded per

well for experiments carried out on day 1, day 2 and day 3 after seeding.

CELLS DENSITY DAY 1 DAY 2 DAY 3

2.1%10° cells/ml 40 ul 20 ul 10 ul

2.3.3. STAINING CELLS WITH CALCEIN

On the day of the experiment, the cells grown in the p-Plate are stained with calcein. The
staining process begins by dissolving 8 ul calcein AM stock solution in 4 ml of Tyrode buffer
to obtain a final staining solution with calcein AM concentration of 2 uM. The cell culture
medium within the wells of the plate is aspirated, making sure to always place the aspiration
pipette in the same place. The staining solution is then introduced into the wells. The plate is
then incubated for at least 30 minutes at 37°C with 5% CO,. After incubation, the staining
solution is replaced with 200 ul of DMEM medium to conclude the staining process. Finally,

the plate is placed onto the microscope stage and prepared for imaging.
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Figure 2.23: p-Plate 96 Well Black from Ibidi.

2.3.4. PREPARATION OF THE PULSE DELIVERY SYSTEM

To prepare the pulse generator, the oscilloscope, and the electrodes, the following steps are
made. The Electrocell B10 generator is switched on and set to the right settings for acquisition,
the delivery of 8x100 us pulses of selected voltage (0 V, 200 V, 400 V, 600 V, or 800 V),
applied with a period of 1 s.
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Figure 2.24: Setting of the Electrocell B10 pulse generator.

The oscilloscope is also switched on. Channel 1 is connected to the current probe AP015 and
setat 5 A/div. The current probe is degaussed and auto zeroed with the oscilloscope's automatic
procedure. Channel 2 is connected to the voltage probe AP305 and set at 200 V/div. The voltage

probe is auto zeroed with the oscilloscope's automatic procedure.
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Figure 2.25: Picture of Oscilloscope settings.

Electrodes are then connected to the pulse generator, as shown in Figure 2.26. Cables are

immobilized with Patafix to not move and disconnect.
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Figure 2.26: The p-Plate placed on the microscope stage. The electrodes are mounted into

one of the wells and connected to the pulse generator.
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2.3.5. IMAGE ACQUISITION

After preparing the pulse delivery system, a region of interest with cells located roughly in the
middle between the electrodes is focused on the microscope using a 63X objective
magnification. Afterwards, the response of cells to an electric pulse is monitored in time-lapse
acquisition mode, with one fluorescence image captured every 10 seconds for a total of 15
minutes, resulting in 91 frames per time-lapse. The pulse with selected amplitude is applied 90
s after the start of the time-lapse acquisition. This allows us to capture images before and after
pulse delivery. For images of the calcein dye fluorescence, the following settings are used: the
dye is excited with 475 nm LED at 5% its maximum power (i.e. at 10 mW) using an exposure

time of 10 ms.

The emitted fluorescence is passed through the Leica DFT51010 multipass filter and captured
with the camera without any binning of the camera pixels. Finally, we pass on to the ‘Calcein
Navigator’ module. Entering the navigator, a spiral scan is set up and the entire well is acquired
(Figure 2.A).

This process is repeated for each well, whereby each well is exposed to a pulse with different
amplitude (0 V, 200 V, 400 V, 600 V, 800 V), for a total of 5 acquisitions per day and 15

acquisitions for all three experimental repetitions.

Figure 2.A: Acquisition of an entire well after staining.
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2.4. IMAGE ANALYSIS

2.4.1. EXTRACTION OF THE TIME COURSE OF THE AVERAGE CELL
FLUORESCENCE INTENSITY IN FIJI

We initially wanted to use CellProfiler to automatically segment each individual cell and track
the time course of its fluorescence. However, since the cell fluorescence was decreasing with
time due to electroporation, considerably different regions were segmented in each image. In
principle it would be possible to overcome this issue by segmenting the cells in only the first
acquired image and then projecting these segmentations to all other images in the time-lapse.
However, we were unable to create a pipeline in CellProfiler that would enable such an
approach of image analysis; the CellProfiler always performed independent segmentation of
each image in the time-lapse. Therefore, we resorted to ImagelJ Fiji software using a procedure

previously established by the colleagues from the Laboratory of Biocybernetics.

First, all time-lapses acquired with the LAS X software were saved in files with the software's
default .Iif extension. Since Fiji can read .lif files, it was unnecessary convert the data into a
different format. Subsequently, each timelapse was loaded into Fiji for analysis. A custom
macro, provided in Code 2.A was used for automatic image analysis, ensuring consistency, and

avoiding any potential human error or bias.

Code 2.A: macro used to improve analysis of extracted images.

/I Macro to analyze timelapse of Fluo4 signal
//run("Duplicate...", "duplicate"); // Duplicate the original timelapse - useful when developing the macro,

unnecessary otherwise.

// Preparations to start fresh

close("ROI Manager"); // Close roiManager if opened - this will reset the roiManager
close("Log"); // Close Log if opened - this will reset Log

run("ROI Manager...");

// Determine the threshold for cells ROI
image( = getlmagelID(); // Save the ID of the original timelapse (will be used at the end of the macro).
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setSlice(1); // Select the first frame.

run("Duplicate...", "use"); / Duplicate the selected frame only.
//setThreshold(1300, 65000); // Set a fixed value of the threshold.
//setAutoThreshold("Percentile dark"); // Set threshold automatically.
setAutoThreshold("Huang dark"); // Set threshold automatically.
getThreshold(lower,upper); // Get the threshold values.

nn

run("Median...", "radius=5"); / Run median filter to reduce salt&pepper-like noise.

// Create cells ROI

run("Create Mask"); // Create mask from the threshold image.

run("Create Selection"); // Create ROI based on the mask; this ROI represents the cells within the entire field of
view.

roiManager("Add"); // Add the ROI representing the cells to roiManager.

makeRectangle(60, 60, 1928, 1928); // Make another rectangular ROI that covers the inner 96% of the field of
view.

//makeRectangle(4, 4, 508, 508); // Make another rectangular ROI.

roiManager("Add"); / Add the rectangular ROI to roiManager.

roiManager("AND"); // Perform AND operation on the two ROIs; you end up with the final ROI which selects the
cells within the inner 77% of the field of view.

roiManager("Add"); / Add the final ROI to roiManager.

// Get mean intensities within the final ROI in the original timelapse

selectlmage(image0); // Select again the original timelapse.

roiManager("Select", 2); // Copy the final ROI to the original timelapse.

roiManager("Multi Measure"); / Measure the average intensity witin the final ROI in all frames of the timelapse.
meanvalues] = newArray(nResults); / Prepare array for mean values

for(j = 0; j < nResults; j++) {

meanvalues1[j] = getResult("Meanl", j);

}

run("Clear Results"); // Clear results

// Get background

selectlmage(image0); // Select again the original timelapse.

setSlice(1); // Select the first frame.

run("Enhance Contrast","saturated=1"); //Improve the constrast
waitForUser("Select ROI for background subtraction");
roiManager("Add"); / Add the rectangular ROI to roiManager.
roiManager("Select", 3); // Copy the final ROI to the original timelapse.
roiManager("Multi Measure"); // Measure the average intensity of the background in all frames of the timelapse.
meanvalues2 = newArray(nResults); // Prepare array for mean values
for(j = 0; j < nResults; j++) {

meanvalues2[j] = getResult("Meanl", j);
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}

// Save data to a text file

imageName = getTitle();

ddir = "C:/Users/davidemene/OneDrive - Universita degli Studi di Padova/Desktop/kinetics days light/output avg
fluo intensity/";

//path = ddir + replace(replace(imageName, "/"," "),"."," ") + ".txt";

path = ddir + "fluol.txt";

f = File.open(path);

for(j = 0; j < nResults; j++) {
print(f,d2s(meanvalues1[j],3) + "\t" + d2s(meanvalues2[j],3));

}
print(f,d2s(lower,0))
File.close(f)

The procedure defined in the macro starts by automatically thresholding the first image in the
time-lapse using an embedded thresholding method "Percentile". Once the threshold has been
determined, an image mask is created (Figure 2.27). This mask serves as the basis for defining
the region of interest (ROI), corresponding to the areas that exceed the fluorescence threshold,

1.e. the cells stained with calcein.

Figure 2.27: Raw fluorescence image (a) and the corresponding mask (b) obtained after

automatic thresholding of the fluorescence image.

49



From the mask, a ROI is generated (Figure 2.28a). Next, a rectangle covering 96% of the field
of view is defined (Figure 2.28b). The rectangle is then combined with the original ROI via a
Boolean AND operation (Figure 2.28c). This is done to remove areas close to the edges of the
image, where the automatic thresholding does not always correctly select the cells, from the

image analysis.

Figure 2.28: The procedure for defining the ROI for analysis. The ROI obtained after

automatic thresholding (a) is combined with a rectangular region (b) to obtain the final

ROI(c).

After defining the ROI, the algorithm proceeds to extract the average intensity of all pixels
within the ROI in each frame of the timelapse. To ensure an accurate analysis, a small region
outside the ROI is manually selected to determine the background intensity (Figure 2.29a). The
extracted values are then saved in a text file (Figure 2.29b). This text file was then imported

into Matlab, where further data processing was carried out.
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Figure 2.29: Example of a manually selected background region (a) and an example of the
extracted values of average fluorescence (first column) and background (second column)

intensity for each image in the time-lapse (b).

2.4.2. IDENTIFICATION OF GRANULARITY FEATURES WITH
CELLPROFILER

In order to characterize the changes in the cell granularity, we utilized CellProfiler. We
developed a pipeline that allowed for extraction of desired features from the fluorescence
images, specifically their granularity.

To begin the process, we loaded one image per minute of acquisition, resulting in a total of 16
images for each experiment. These images were then renamed as the 'calcein' set, which

facilitated their identification and organization within the pipeline.

The initial step in the pipeline involved the utilization of the '[dentifyPrimaryObjects' function.
This function played a crucial role as it enabled the identification and isolation of objects within
the images. To focus solely on the objects of interest, we established a size range of 100 to 1000
pixels, effectively excluding any objects that fell outside of this range or were in contact with
the edge of the image.

Following this, we proceeded to configure the 'Measure Granularity' function within the
pipeline. By utilizing a 25% scaling (subsampling), this function performed vital tasks such as
conducting granularity measurements and reducing background noise. The algorithm employed

in the function would then generate a series of disc-shaped structuring elements that were
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subsequently used to filter the images. These processes allowed us to obtain the values

pertaining to the granularity of the cells.

CellProfiler 4.2.6

To begin creating your pi & the Images module to compile a list of files and/for folders t yau
want to analyze. You can y a set of rules to include only the desired files in your selected
folders.

IdentifyPrimaryObjects
Mea anularity
ExportToSpreadsheet

2024-05-13 Calcein kinetics day_1_5 63x before TL_chOO_SV.tif

o Show files excluded by filters

Filter images? Imagesonly *

Apply filters to the file list | Apply filters to the file list

Output Settings

i Adjust modules: =+

¥ Start Test Mode Analyze Images Found 1image sets

Figure 2.30: Pipeline used in the CellProfiler application.
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CHAPTER 3: RESULTS AND DISCUSSION

This chapter will present and discuss the results obtained through the acquisitions. The section
is divided into two macrocategories, each of which covers a specific aspect of the analyses

conducted during the experimental days.

The first macrocategory is devoted to the analysis of the mean fluorescence of cell cultures
subjected to electroporation for a period of 15 minutes. Analyses began with a control test at 0
V, followed by subsequent acquisitions in which the voltage was increased by 200 V for each
experiment until the maximum applied voltage of 800 V. This approach allowed the behavior
of the cells at various voltage levels to be observed and compared. The data obtained provided
significant indications on the degree of permeabilization of the cell membrane in response to

the different voltages applied.

The second macrocategory concerns the analysis of cell granularity and its change as a function
of the gradual increase in voltage. Again, experiments were conducted by increasing the voltage
by 200 V for each phase, until the final value of 800 V was reached. This analysis made it
possible to assess the structural changes within the cells by correlating the level of granularity

with the intensity of the applied electric field.

3.1. TIME COURSE OF THE AVERAGE FLUORESCENCE INTENSITY

After successfully acquiring all image sets corresponding to the time course of the change in
calcein fluorescence within the cells, we move on to visualize and analyze the distinctive

features of the 5 acquisitions at different applied voltages over the three days of experiments.
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3.1.1. CONTROL SAMPLES (0 V)

In the acquisitions taken at 0 V (control acquisitions), as can be seen in Figures 3.1a and 3.1b,
acquired at the beginning and end of the time-lapse, respectively, no significant differences in
brightness and no signs of cell permeabilization are evident. These acquisitions were made to
allow analysis of any abnormalities or divergent behavior from expectations in the samples
subjected to electroporation. However, slight variations in average fluorescence intensity are
noted, as illustrated in Figure 3.1c, where the x-axis represents time in seconds and the y-axis

indicates fluorescence intensity, minus the extracted background value.

This phenomenon of slight and constant decrease in intensity, known as photobleaching, is
present on all three days of acquisition (the red line represents day 1, the blue line day 2, and
the green line day 3). The extracted data and analysis of these images do not present any
unexpected results, providing a visual and graphical basis for how calcein fluorescence changes

during a moderately long acquisition period.
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considerable change between start and end of timelapse acquisition. In (c) we can see a minor

decrease of the average fluorescence intensity over time (photobleaching).
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With regard to the average fluorescence values obtained through analysis with ImagelJ Fiji, it
was noted on each day that the ROI acquisition algorithm worked with great precision and

efficiency (Figures 3.2). This confirms that the images were successfully processed, thus

resulting in high reliability.

Figure 3.2: In this figure the automatic determination of the ROI in ImageJ Fiji is shown. The
mask obtained after image thresholding (a), layed over the fluorescence image (b), the ROI
determined based on the mask (c), and the final ROI with removed regions around the edges of

the image, adapted to improve accuracy (d).
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As can be seen from Figure 3.1, the initial fluorescence values varied notably between the three
acquisitions. This can be related to expected variations in the way how individual samples
became stained with calcein, as well as how much of the background in between the cells was
captured within the ROI. The latter unavoidably varies between the samples, since each sample

has cells that are positioned differently.

To correct for these variations, we subtracted the initial fluorescence value from all other values
in the graph and consequently shifted all curves to 0 at time t= 0 s. The resulting graph is shown
in Figure 3.3, where the fluorescence values obtained over the three days become much more
comparable. All show a similar decreasing trend, and the slopes of the curves are consistent
with each other, indicating a constancy in the results and confirming the reliability of the

analysis conducted.
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Figure 3.3: Plot of average intensity values from day 1 (red), day 2 (blue), and day 3 (green)
in which the initial fluorescence value is subtracted from all other values, setting all graphs to

0 as starting point.
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Figure 3.4 shows the graph of the average and standard deviation of the three curves from
Figure 3.3. The graph clearly demonstrates good reproducibility of the experiments. This
observation is crucial to confirm the validity of the acquisitions and the accuracy of the analysis
process conducted. The small but gradual increase in the standard deviation observed over time
1s mainly the consequence of shifting all curves to zero at time t = 0 s, for which the differences

between the curves are the smallest at the beginning.
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Figure 3.4: In figures (a) and (b) we can see day 2 of 0 V acquisition at start and at finish of
acquisition and in (c) the graph of average value of acquisition performed on all three days

and the corresponding standard deviation.
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3.1.2. SAMPLES EXPOSED TO 200 V

In the acquisitions obtained at 200 V, as shown in Figures 3.5a and 3.5b, at the beginning and
end of the timelapse respectively, the effects of electroporation-induced cell permeabilization
begin to be observed. As the membranes become permeabilized, the calcein dye leaks out from
the cells and the cell fluorescence decreases. The effect of electroporation is illustrated also in
Figure 3.5c, which shows that the average fluorescence intensity curves have a steeper
downward trend compared to control acquisitions at 0 V. The acquisition obtained on day 2
requires further attention, as it shows a considerably steeper decrease in fluorescence intensity
values with respect to the values obtained on the other two days. It is essential to examine
whether the image processing algorithm has introduced systematic errors or whether the
experimental conditions have undergone uncontrolled changes that may have influenced the

results.
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Figure 3.5: In acquisitions before (a) and after (b) electroporation we can start to see visually
a decrease in intensity of fluorescence, while in (¢) we can notice that intensity in day 2 is

much higher compared to day 1 and day 3.

Visualizing the different frames of the time-lapse acquired on day 2, it can be clearly observed
that the intensity in the frames shown in Figure 3.6a (before electroporation) and Figure 3.6b
(two minutes after electroporation) is considerably higher than in the frames shown in Figure

3.6¢ and Figure 3.6d, acquired towards the end of the experiment.

This confirms a significant change in fluorescence intensity during the acquisition period.
Additionally, the fluorescence imaged reveals formation of small bright spots after pulse
application. These are most likely small vesicles that were formed due to electroporation and

will be discussed in greater detail in subsequent sections.
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Figure 3.6: Different frames of the 200 V acquisition on day 2, respectively att =0 s (a), 2
minutes after electroporation (b), 8 minutes after electroporation (c), and at the end of

acquisition (d).

Regarding the image processing algorithm, it can be stated with certainty that the images from
day 2 were processed accurately. The masks shown in Figure 3.7a and 3.7b correctly identify
the areas of interest, and the final ROI depicted in Figure 3.7d does not exclude any bright areas
or any regions of potential interest. This confirms that the data extraction process had no errors.
Therefore, the steeper decrease in fluorescence on day two can be attributed greater outflux of

the calcein dye.
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It is interesting to note that the cells in the sample from day 2 had a considerably higher initial
florescence intensity compared with samples from day 1 and 3.

The reason for this could be, for example, slightly longer staining of the cells on day 2 and
consequently greater intracellular calcein concentration. Greater calcein concentration within
the cells means a greater concentration gradient across the membrane and consequently greater

calcein outflux from the cells, explaining at least partially the greater decrease in fluorescence.

Additionally, the cells on day 2 might have become permeabilized more due to more extensive
electroporation, further contributing to the greater calcein outflux. Whether greater intracellular
calcein concentration is in any way connected to more extensive membrane permeabilization
cannot be answered from our limited number of experiments but would be interesting to explore

in the future.

Figure 3.7: In this series of pictures, we can observe how the image processing algorithm
worked on the timelapse from day 2 starting from the masks (a-b) to the identification of first

ROI (c) and reduced ROI (d).
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After ascertaining that the data from all three days is reliable, we proceeded with analyzing the
results in a similar way as done above for control samples. We first shifted the initial point of
each curve to 0 and (Figure 3.8), and then calculated the mean and standard deviation of all
three curves (Figure 3.9). From Figure 3.8 it can be again clearly seen that the values acquired
on day 2 show a more pronounced decrease in fluorescence values than on days 1 and 3.

Figure 3.8 thus further reveals the variation that can be observed from one experimental
repetition to another. Such variation is quite common in experiments with biological cells
including electroporation experiments. This variation is reflected in the large standard deviation
from the mean of the three curves, shown in Figure 3.9. Nevertheless, the general behavior of

all three curves is fully consistent.
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Figure 3.8: Plot of average intensity values from day 1 (red), day 2 (blue) and day 3 in which
all values are subtracted by the first average intensity value acquired, setting all graphs to 0 as

starting point.
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Figure 3.9: Graph of the average and standard deviation of all 3 curves obtained at 200 V on

different days of acquisition.

3.1.3. SAMPLES EXPOSED TO 400 V

The acquisitions obtained when exposing the cells to 400 V resemble that acquired when
exposing the cells to 200 V on day 2. As shown in Figure 3.10, the pulse not only evoked a
visible and marked decrease in fluorescence intensity, but also the formation of small vesicles.
Prior to conducting these experiments, the phenomenon of vesiculation had not been considered,
as a gradual decrease in intensity due to the escape of calcein dye from the cells was simply

expected.

Vesiculation can, for example, be induced using specific reagents that affect the cell membrane
and cause the formation of blisters and vesicles [61]. In the present case, we are dealing with
an example of stress-induced vesiculation[62], where the stress is caused by the exposure to
electric pulses and electroporation. Already two minutes after the pulse exposure (Figure 3.10b),
a considerable number of vesicles is observed. This suggests that the integrity of the membrane
was rapidly compromised, leading to the leakage of calcium as well as other intracellular

substances and the formation of vesicles.
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Figure 3.10: Different frames of the day 1 acquisition at 400 V, respectively att=0s (a), 2
minutes after electroporation (b), 8 minutes after electroporation (c) and at the end of

acquisition (d).

As can be deduced from the graph in Figure 3.11c, even in the case of the 400 V acquisitions,
the acquisition on day 2 shows higher fluorescence intensity compared to days 1 and 3.
After a check of the feature extraction algorithm and an examination of the images in Figure
3.11a (before electroporation) and Figure 3.11b (after electroporation), it can be concluded that,
as in the previous case, the cells simply had a grater intracellular calcein concentration.
Of particular interest is Figure 3.11b, where it is possible to observe the specific distribution of

vesicles and how their presence also highlights the nuclei of the cells themselves.
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Figure 3.11: Frames before electroporation (a) and after (b) electroporation of day 2

acquisition and graph of average intensity value in day 1 (red), day 2 (blue) and day 3 (green).

The graph showing the fluorescence intensity curves obtained on each of three days after
shifting the initial point of each curve to 0 is shown in Figure 3.12, whereas the mean and
standard deviation of all three curves is shown in Figure 3.13. Similar trends and characteristics
as in the 200 V acquisitions can be observed. However, in both figures, just after the pulse
exposure (t = 90 s) there is a small peak in intensity.

This peak can be explained by the rapid formation of numerous very bright vesicles
immediately after electroporation, which temporarily bring the average intensity to higher

values than the initial ones, and then continue with the normal decay.
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Figure 3.12: Average intensity of fluorescence after being set to zero in day one (red), day 2

(blue) and day 3 (green).
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Figure 3.13: Graph of the average and standard deviation of all 3 curves obtained at 400 V on

different days of acquisition.

3.1.4. SAMPLES EXPOSED TO 600 V

Analyzing the results obtained at 600 V, vesiculation, already observed at 400 V, is further
accentuated with increasing voltage. As shown in Figures 3.14a to 3.14d, this phenomenon
leads, in the time following the pulse exposure, to the reveal of vesicles of different sizes. After

observing this phenomenon in the previous experiment at 400 V, this observation could suggest
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that vesicles are naturally present in the cells, in which they are stained like all the rest of the
cell, but following the pulse exposure all the calcein inside the cells gets out of the cell

themselves, meanwhile vesicles remain intact and are successively shown.

However, this conclusion is partial as the images acquired are two-dimensional and do not
consider the thickness of the cell, but only its length and height. In the specific case of a cell
such as H9¢2, which has an elongated shape and increased thickness around the nucleus, the

tendency to observe vesicles around the nucleus can lead to different interpretations.

Figure 3.14: Different frames of 600V acquisition on the day 2, respectively at t =0 s (a), 2
minutes after electroporation (b), 8 minutes after electroporation (c) and at the end of

acquisition at 13 minutes and 30 second after electroporation (d).
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It is useful to examine the effect of electroporation on the cells on day 3. In Figures 3.15a and
3.15b, it appears that some cells completely excrete calcein after discharge, while others appear
to be only slightly affected, i.e. they exhibit vesicles and maintain a high fluorescence intensity.
This phenomenon can be explained by considering that all cells were subjected to
electroporation under the same conditions, but their different sizes, orientation, and proximity

to other cells led to different electroporation outcomes.

After setting the initial value of the curves to zero (Figure 3.16a) and calculating the mean and
standard deviation of all three curves (Figure 3.16b), a similar behavior is observed as with
400 V, but with lower standard deviation indicating greater reproducibility of the results at

higher applied voltage (Figure 3.16b).
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Figure 3.15: Frames before (a) and after (b) electroporation of acquisition at 600 V on day 3
and graph of average intensity value in day 1 (red), day 2 (blue) and day 3 (green).
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Figure 3.16: Average intensity of fluorescence after being set to zero in day one (red), day 2

(blue) and day 3 (green) and graph of all three curved averaged with their standard deviation

(b).

3.1.5. SAMPLES EXPOSED TO 800 V

Finally, the results obtained with 800 V were consistent with those obtained with lower voltages.

A highly consistent response to the pulse exposure is observed, followed by a rapid decrease in

fluorescence intensity. In addition to that, as seen in previous acquisitions, there is a clear

revelation of the vesicles inside the cell in the moment after the electroporation phase 2 minutes

after pulse exposure (Figure 3.17b), leading to almost an absence of calcein inside the cells and
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to an even stronger revelation of vesicles present inside the cells. This almost complete leak out
of calcein is most likely due to the increased voltage, which caused more damage to the cell

membrane and faster leakage.

Figure 3.17: Different frames of the acquisition at 800 V on day 3, respectively att =0 s (a),
2 minutes after electroporation (b), 8 minutes after electroporation (c) and at the end of

acquisition at 13 minutes and 30 seconds after electroporation (d).
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Figure 3.18: Frames before (a) and after (b) electroporation of day 3 acquisition and graph of

average intensity value in day 1 (red), day 2 (blue) and day 3 (green).
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When setting their initial point to zero, the curves in Figure 3.19 show comparable values and

behavior with a clearly delineated and defined trend, with small standard deviation.
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Figure 3.19: Average intensity of fluorescence after being set to zero in day one (red), day 2

(blue) and day 3 (green) (a) and graph of all three curves averaged with their standard

deviation (b).
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3.2. ANALYSIS OF GRANULATION

After analyzing the average intensity and fluorescence and evaluating some of the
consequences of electroporation, we continued with the analysis of the granularity
characteristics of the cells during the acquisition period. Of all 16 available granularity spectra,
only the first three were selected and sampled, as they provide more information on the

revelation of small vesicles in the form of granules.

3.2.1 OVERVIEW OF DATA OBTAINED

We start with the first granularity spectrum (GS1) values obtained with the control sample at 0
V, to provide an important reference for future analyses at various voltages (Figure 3.20). After
plotting these results, we started with the analysis of the data obtained from GS1 at various
voltages. The values shown in Figure 3.21 are illustrative of a gradual increase as the timelapse
progresses. Some features of the curve can be observed in Figures 3.21c and 3.21d, where, at
approximately the time point at which electroporation occurs, a significant peak in the GSI

value is observed.

This is evidently because, with pulses of higher voltages, vesicles revelation occurs much more
rapidly, as calcein leaks out of the cell faster, leading to peaks in the measured values. In the
case of Figure 3.21c, this also leads to a plateau phenomenon towards the end of the acquisitions,
which is understandable if nearly all the calcein went out from the cells.

In general, we can say that all the GS1 values are comparable both in terms of absolute values,
showing a general increase in the spectrum as the intensity of the discharge increases, and in

terms of similar values with the same pulse exposure, but on different days.

This suggests consistency and repeatability of the results obtained, confirming the effectiveness

of the analysis method adopted.
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Figure 3.20: Control acquisition of GS1 values in time (0 V acquisition).
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Figure 3.21: GS1 values in time at different voltages for 200 V (a), 400 V(b), 600 V(c) and
800 V (d) delivery.
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While analyzing the GS2 values, a trend emerges in the curves from the different days which,

although similar, is less aligned than in the case of GS1. However, all GS2 values show a

positive trend, which is most profound at the highest applied voltages. Again, a plateau is

observed in the GS2 values for 600 V (Figure 3.23¢) and 800 V (Figure 3.23d) towards the end

of acquisition.
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Figure 3.23: GS2 values in time at different voltages for 200 V (a), 400 V(b), 600 V(c) and
800 V (d) delivery.
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Finally, we analyze the last granularity spectrum considered, namely GS3. In this case, the GS3
values show a different trend to that observed in the previous GS1 and GS2 spectra. While 600
V and 800 V the value of GS3 increases with time, at 200 V and one curve at 400 V (on day 3)
we first see an increase followed by decrease. This possibly reflects the formation of larger
vesicles that appear shortly after the pulse exposure and then disappear as the time progresses

(see Figure 3.6).

Such transient appearance of larger vesicles, that probably form as a consequence of the stress
response to electric pulses, can be seen by visual inspection of the captured image sequences.
At higher voltages, when most of the calcein leaks out from the cells, vesicles that have likely
been present within the cells even before the pulse application become revealed in addition to
the vesicles formed as stress response. Since all these vesicles can have comparable sizes, the
granularity spectrum GS3 ends up monotonically increasing. Nevertheless, it should be stressed

that this interpretation is speculative and will require further analysis using different methods.
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Figure 3.24: Control acquisition for GS3 values in time (0 V acquisition)
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Figure 3.25: GS3 values in time at different voltages for 200 V (a), 400 V(b), 600 V(c) and
800 V (d) delivery.

3.2.2. SAMPLES EXPOSED TO 200 V

This section will analyze the average granularity spectra of the three acquisition days (avg GS1,

avg GS2 and avg GS3) at the same voltage.
Beginning with the analysis of the 200 V, Figure 3.26 shows how the curves of the mean GS1

and GS2 show a very linear trend and a progressive increase in the mean value over time.
Furthermore, it is important to note that for both GS1 and GS2, the standard deviation is within

acceptable values for a successful analysis.

The situation is different for GS3: the average curve shows a bimodal behavior with acceptable

standard deviation, corroborating the interpretation discussed in the preceding section.
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200V GRANULARITY SPECTRUM ANALYSIS
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Figure 3.26: Analysis of average values of granularity spectrum at 200 V.

3.2.3. SAMPLES EXPOSED TO 400 V

Proceeding to the analysis of the average spectrum at 400 V, it can be seen that, similarly to the
case at 200 V, the averages of GS1 and GS2 show a positive trend, with a standard deviation
that is well within the acceptable range for these analyses. On the other hand, the trend of the
average GS3 spectrum is different: after the application of the electric pulses, there is a
significant increase in the values, followed by plateau after a few minutes. At 400 V, the

averaged behavior of GS3 becomes more similar to that observed at higher voltages.
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Figure 3.27: Analysis of average values of granularity spectrum at 400 V.

3.2.4 SAMPLES EXPOSED TO 600 V

As far as the analysis of the average granularity spectrum at 600 V is concerned, the trends of
the averages of the GS1 and GS2 curves can be clearly delineated. They show low standard
deviations, indicating good consistency between the different days of acquisition. The average
of GS3 e also shows low standard deviation but its behavior is notably different from GS1 and

GS2; it increases within the first few minutes after pulse exposure and then plateaus.
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Figure 3.28: Analysis of average values of granularity spectrum at 600 V.

3.2.5 SAMPLES EXPOSED TO 800 V

Finally, we proceed to analyze the last granularity spectrum at the highest voltage delivered.

Also, in this case we can see how avg GS1 and avg GS2 are in line with all we have seen

precedingly and GS3 again increases in the first few minutes after the pulse exposure followed

at then plateaus.
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Figure 3.29: Analysis of average values of granularity spectrum at 800 V.



4 RECOMMENDATIONS FOR FURTHER INVESTIGATIONS

4.1. PRELIMINARY IMAGING WITH SUPER-RESOLUTION
MICROSCOPE

In addition to the experiments conducted with the Leica Thunder fluorescence microscope, an
experiment was performed using a Zeiss super-resolution microscope Elyra 7 SIM? to obtain a
more detailed and clear view of the structures and behavior of H9¢2 cells at the moments before,
during and after electroporation. The aim was to validate and deepen the results of previous
experiments, focusing particularly on visualizing the actual presence of the vesicles in three
dimensions before pulse delivery using z-stack capabilities that can visualize everything inside

the cell.

Samples for Zeiss super-resolution analysis were prepared similarly to previous experiments to
ensure consistency and comparability of results. After trypsinization of the cells, a cell
suspension with a density of 2.7x10° cells/ml was prepared. From this suspension, 7 pl (approx.
1900 cells) were pipetted into each well, ensuring an even distribution of cells for imaging and

a cell confluency of 50% on the day of imaging.

High-resolution imaging with the Zeiss microscope provided important information on the
intracellular dynamics and detection of vesicles after undergoing electroporation. By analyzing
the z-axis of the cells, it was observed that some vesicles were already present inside the cells
before the application of the electric pulses. This observation suggests that some of the vesicles
are not formed solely because of electroporation but are pre-existing structures that become
more prominent and detectable as the calcein leaves the cells. Super-resolution imaging also
allowed a better view of the three-dimensional distribution of vesicles within the cells (Figure
4.2), providing a more detailed understanding of what is present within them and what a simple

two-dimensional analysis cannot see.

However, the resolution of the images was not optimal, and we were unable to resolve larger

transient vesicles formed due to the pulse exposure that were visible under the wide-field
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fluorescence microscope, indicating that more efforts need to be made to adapt the sample

preparation and imaging protocol. This a recommended next step for further studies.

Figure 4.1: Images of 3 slices of two cells at minute 0 (a), minute 3 (b) and minute 5 (¢) of a

time-lapse acquisition, whereby the cells were electroporated with 800 V at 30 seconds.

Figure 4.2: 3D acquisition of the cells in Figure 4.1
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4.2 FUTURE EXPERIMENTAL DIRECTIONS

The information obtained from Zeiss super-resolution microscopy highlights several key points
for future research and experimental refinement. Future experiments should focus on
understanding the identity of the preexisting vesicles and discerning them from those that are
formed anew as a consequence of electric pulse exposure. The preexisting vesicles might be
intracellular organelles that have a high concentration of calcium. Calcein, also used in
complexometric calcium titration, shows an increase in fluorescence in the presence of this ion
[63]. Studies in literature confirm that calcium is a constant and fundamental component in
mitochondria as well as endoplasmic reticulum [64]. This interaction suggests a connection
between calcein and these organelles. Therefore, observations with super-resolution
microscopic support the hypothesis that the resolved intracellular fluorescent structures were
indeed mitochondria, endoplasmic reticulum and other calcium-containing intracellular
structures which were stained with calcein along with the cytosol. During electroporation, the
cell membrane permeabilizes, facilitating the emptying of calcein and making these vesicles

increasingly visible.

Using high-resolution imaging techniques such as super-resolution microscopy can provide
deeper insights into cellular responses and structural changes, suggesting a potential standard
practice for future electroporation studies. Implementing z-axis analysis as a routine part of
imaging can help to accurately characterize the three-dimensional organization of intracellular
structures, leading to more robust and detailed data. Systematically studying variations in
electroporation parameters (e.g. pulse duration and voltage) is crucial to understanding their
effects on vesicle visibility and calcein efflux, providing a clearer picture of the electroporation

mechanism.

The results of the experiment with the Zeiss super-resolution microscope underline the
importance of using advanced imaging techniques to complement standard fluorescence
microscopy. These approaches can significantly improve the understanding of cellular behavior

and increase the accuracy and reliability of experimental results.
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4.3. FUTURE DIRECTIONS FOR IMAGE ANALYSIS

Turning to the conclusions regarding the granulation analysis, they provide excellent backing
to the discussions previously made when discussing fluorescence averaging and the detection
of vesicles. The analyses and processing carried out using the algorithms on Cell Profiler have
allowed us to gain a clearer picture of some of the details that had previously been
overshadowed. The GS1 values showed significant consistency both in terms of absolute values
and repeatability over several days of acquisition. This indicates that the analysis method
adopted is effective to identify granularity. The repeatability of the results, especially for GS1,
confirms the validity of the experimental protocol used. The data from GS1 and GS2 indicate
that increasing the applied voltage leads to a gradual increase in granularity values.

This behavior suggests that high voltages facilitate the detection of vesicles, probably due to
the accelerated release of calcein from the cells. The GS1 and GS2 values show a positive and
linear trend over time, with a standard deviation within acceptable values, especially for the
200 V and 400 V voltages. Despite the low standard deviation, GS3 curves did not follow a
clear trend and showed inconsistent and small variations over time. This suggests that GS3 may

not be a reliable parameter to assess cell granularity in this specific context.

Nevertheless, granularity analysis using CellProfiler was difficult for a number of reasons. First,
the insufficient documentation provided for the granularity analysis by CellProfiler made it
hard to fully understand how the granularity spectrum is obtained and what it represents. This
gave additional challenges to clearly explain the results. Despite a thorough search for what the
GS1, GS2 and GS3 granularity spectra meaning, no clear interpretation could be found to the

extent that their true meaning could be understood.

Aside from granularity analysis we also tried another approach, where we added various
modules into the pipeline to recognize vesicles as secondary objects. However, we were
unsuccessful in this approach; the analysis did not behave as expected, i.e. it did not identify all
vesicles in the cells and did not determine their size and number. Therefore, further investments
into developing the image processing approach should be made to better characterize and

quantify the vesicles that are observed in the acquired images.
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CHAPTER 5: CONCLUSIONS

This work explored the response of the cardiac cell line H9¢2 to electroporation by exposing
the cells to eight electric pulses of 100 ps duration and different voltages. The cells were stained
with calcein dye and monitored under a fluorescence microscope. As expected, we observed
that exposure to electric pulses of sufficient amplitude increases the permeability of the cell
membranes due to electroporation, which can be observed through leak out of the calcein dye
from the cells and the concomitant decrease of the cell fluorescence. The higher was the applied
voltage, the more profound and faster was the decrease in cell fluorescence, indicating stronger

electroporation.

An unexpected result was the appearance of bright vesicles in response to the pulse exposure.
Analysis of the acquired images suggested that some of these vesicles form anew, probably as
a stress response of the cells to electric pulse exposure. Additional experiments using a super-
resolution microscope, however, demonstrated that some these vesicles were already present
within the cells before the pulse application and became more evident due to the gradual
depletion of calcein from the cell. These intracellular structures are most likely calcium-
containing organelles including mitochondria and endoplasmic reticulum. Further studies are
needed to identify the identity of both the newly formed and continuously present calcium-

stained structures within the cells. For these studies, super-resolution microscopy is suggested.

Furthermore, it would be interesting to verify whether similar responses can be observed in
primary cardiac muscle cells, which are a better model for cardiac tissue than H9c2 cell line.
Such studies are important for understanding the mechanisms by which cardiac cells respond
to electric pulses in evolving medical applications, including cardiac tissue ablation by

irreversible electroporation for treatment of arrhythmias and gene therapy.
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