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Abstract

Atrial fibrillation is the most common type of cardiac arrhythmias in
humans, mostly based on hyperexcitation of specific areas in the atrium that results
in dyssynchronous atrial contraction, leading to severe consequences such as heart
failure and stroke. Among the current treatment options, catheter-based ablation is
used to isolate and destroy the abnormal tissue in the heart that promotes atrial
fibrillation and has shown to be a good alternative to anti-arrhythmic
pharmacological treatment. However, due to the large number of parameters
involved, the selection and optimization of a good in vitro model is essential before
translating the treatment to clinical trials. To this aim, this project focuses on the
development of three in vitro culture models to be used as ablation testing platforms
and the information that they can provide, indicating their potential as models in
different stages of the treatment testing. The models presented are connected so that
the results of the simpler model will influence the parameter decision of more
complex models, reducing the parameter range while increasing the physiological
resemblance to the real cardiac tissue. This study concludes by highlighting the
potential of irreversible electroporation as a treatment for atrial fibrillation and the
valuable information that can be obtained from these models.



Introduction and Scope of the Project

Atrial fibrillation (Afib) is the most common type of arrhythmia, and its incidence
increased significantly in the last century. The complexity of the Afib mechanisms
and its intimate relationship with other heart diseases, makes it a challenging
disease to treat correctly. Afib therapy development is an evolving field that aims
to target this condition through different pharmacological and non-pharmacological
approaches. In order to test and validate any of these treatments, an appropriate
preclinical model must be carefully chosen to refine and optimise the therapy

features to correctly reverse Afib.

Due to the importance of selecting a good model, this project focuses on the design
of an appropriate in vitro model of Afib to optimise the parameter selection of
pulsed field ablation treatment. To this aim, three in vitro models are developed and
treated with selected ablation parameters, following the acquisition of different
outputs (fluorescent reading, microscope imaging) and the analysis of these results
to discuss the value of each model in ablation preclinical testing. Chapter 1 provides
a detailed review of the current Afib models, together with their uses, advantages
and limitations. After analysing the current in vitro options, two simple in vitro
models were explored in Chapter 2, analysing effect of individual parameters such
as the voltage or pulse width on cell death using suspension or monolayer models.
2D ablation imaging shows a useful way of detecting the ablation area distribution
in early studies of in vitro ablation testing. Once this range of parameters was tested,
a more complex model was designed in Chapter 3. This chapter goes through the
optimization process of two candidate hydrogels, analysing their effect on cell
viability, morphology and ultimately their potential as ablation models. This project
concludes the usefulness of three different in vitro models of increasing complexity
(cell suspension, cell monolayer and hydrogel) for preclinical testing of ablation
treatments, highlighting the importance of choosing a good model not only for cell
viability but also that can resist the physical properties of applying electrical pulses.
This project was made in collaboration with other scientists that offered their
knowledge and results regarding computational modelling (Chapter 2) and hydrogel

conductivity measurements (Chapter 3) as indicated in the Declaration.
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Chapter 1 — Literature Review

1. Introduction

Atrial fibrillation is the most common type of cardiac arrhythmias in
humans, characterised by high-frequency excitation of the atrium that results in
dyssynchronous atrial contraction and irregularities in ventricular excitation (1).
The prevalence of Afib is increasing with an estimated 33 million people worldwide
diagnosed with AFib in 2020 and this figure is expected to double by 2050 (2).
AFib patients have increased morbidity and mortality rates as a result of severe
consequences associated with thromboembolism and stroke (3). Moreover,
COVID-19 infection is reported to be associated with more frequent occurrences of
arrhythmias, predominantly AFib cases (4), making it a global concern that needs

more efficient and effective treatment options.

Clinically AFib is divided into paroxysmal, persistent, long-standing
persistent, or permanent, depending on the duration of the symptoms. Paroxysmal
AFib resolves typically within 7 days of onset while persistent AFib is sustained
for longer than 7 days. Long-standing persistent AFib lasts more than 12 months
and AFib is considered permanent when there has been a joint decision by the
patient and clinician to cease further attempts to restore or maintain sinus rhythm
(5). The pathophysiology underlying Afib involves a complex process that is not
yet fully understood. A key component in the maintenance of the AFib arrhythmia
state is the process of re-entry, which occurs when an impulse travels abnormally
around a cardiac circuit repetitively. This is a triggered process that initiates an
arrhythmia, which is commonly induced by an ectopic firing focus. The first
reported focal ectopic firing loci were found in the pulmonary veins (PVS) in
patients with paroxysmal AF; ablation of these ectopic foci was shown to reduce
AFib burden, demonstrating a role for PVs in AFib genesis (6). Several subsequent
studies have provided evidence for the role of PVs in AFib initiation (7-9). These
processes are defined as the group of molecular, cellular and interstitial changes
that can manifest as changes in size, mass, geometry and function of the heart after

injury (10). Some of these changes include progressive atrial dilatation (11) or

3



Chapter 1 — Literature Review

changes in ion channel activity, (particularly Na* and K* currents) (12). Overall this
results in a vulnerable tissue substrate that facilitates the process of re-entry that
maintains AFib. Re-entry itself is a process that occurs when a propagating impulse
fails to fade after normal activation of the heart and persists, resulting in continuous
re-excitation of the heart even after the refractory period has ended (Figure 1.1).
Thus, re-entry requires some type of stimulus, that triggers a vulnerable circuit
(tissue substrate) where its depolarizing signal never encounters refractory tissue

(13). This translates into the typical increase in heart rate of arrhythmic patients.
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Figure 1.1. Process of re-entry in Afib. Most of the re-entry circuits happen above the level of
the ventricles, but this process can take place in any area of the heart. This circuit consists of a
single pathway that divides in two, one which shows slow conductivity and short refractory time
and the other shows fast conductivity and longer refractory time. (A) In a normal circuit, an
impulse travel through the circuit and splits in both pathways. The fast conductive pathway
propagates the impulse quicker but the long refractory period makes it not accessible for a long
time. The slow conductive pathway propagates the impulse slower, with a quicker recovery. When
the impulse in the fast conductive pathway gets to the next pathway it splits again and propagates
the impulse, while the other component will interact with the slow conductive pathway impulse
and annulate each other. This way, the impulse is transmitted forward. (B) A re-entry circuit is
promoted by a premature impulse, which would take the slow conductive pathway due to the short
refractory time. This will lead to an impulse that does not fade and persists propagating impulses
in both directions, leading to a continuous re-excitation of the heart. Created with BioRender.com.
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Current therapeutic options

The main therapeutic goal in the management of AFib is the restoration and
maintenance of a normal sinus rhythm. Anti-arrhythmic drugs (AADs) remain the
most widely prescribed treatment for AFib patients; however, they are not always
effective and show significant adverse effects, including that some are pro-
arrhythmic (14). Anti-arrhythmic drugs typically act on ion channels with the main
goal of reducing the frequency and duration of episodes of arrhythmias. AADs are
classified depending on the mechanism of action and specific effects on the heart.
Class | AADs are sodium channel blockers, and they reduce the conduction velocity
and are commonly used to treat atrial and ventricular arrhythmias. They are further
subdivided into IA (such as quinidine or procainamide), 1B (such as lidocaine or
mexiletine) and IC (such as flecainide and propafenone). Class 1l AADs are beta-
blockers, and they by blocking epinephrine and norepinephrine from binding to the
beta-adrenergic receptors, decreasing conduction through the AV node. Some
examples are propranolol and metoprolol. Class Il AADs block potassium
channels, re-polarising the cells and prolonging the action potential duration. The
most used are amiodarone, sotalol and dronedarone (15,16). However, the positive
effect of these drugs on reducing mortality and other clinical factors remains unclear
(14,15,17).

There is growing interest in non-pharmacological treatments as an
alternative approach to treat patients with Afib in order to avoid the potential
negative side effects associated with AADs. Electric cardioversion is a medical
procedure that involves delivering a synchronized electrical shock to the heart to
restore its normal rhythm. However, this procedure has not been very successful for
long-term restoration of the sinus rhythm (18). Catheter-based ablation is a surgical
procedure which aims to isolate and possibly destroy abnormal foci responsible for
atrial fibrillation. Typically, the treatment involved either a thermal or non-thermal
ablation approach. The most common thermal approach is in the form of
radiofrequency (RF) ablation, followed by high-intensity focused ultrasound (HIFU)
or cryoablation. More recently, the minimally thermal approach of pulsed field
ablation (PFA) has gained prominence. The treatment of symptomatic paroxysmal
atrial fibrillation (PAF), catheter ablation is now considered the primary order

treatment strategy (19). Radiofrequency ablation (RFA) treatment for AFib reports
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higher efficacy than AAD therapy and a reduced reporting of complications (20).
The left atrial appendage (LAA) is a common target in AFib therapy due to the
prevalence of abnormal LAA firing in patients with recurrent AFib (21). Despite
increasing adoption in the clinic, the success rate with RFA varies depending on the
patient and the type of AFib present. For the ideal candidate receiving ablation
therapy, presenting for paroxysmal Afib, the effectiveness is between 60 and 80%.
However, for less than optimal patients, such as a patient with persistent AFib, the
success rate lies between 50 and 70% (22). High-intensity focused ultrasound
(HIFU) is based on the mechanism of vibration that produces mechanical
movement of particles within a medium, which is then converted to heat causing
thermal tissue injury. HIFU creates wide and deep lesions (up to 11mm) and it is
energy dose-dependent (23). HIFU has been shown to have the ability to target a
precisely defined location, for example creating lesions in the cardiac tissue while
ensuring the epicardium and endocardium are not affected (24). In comparison to
cryotherapy or RFA, HIFU has the ability to easily penetrate soft tissues and can
produce an ablation without the need for direct physical contact. This makes HIFU
advantageous in situations where a challenging location of the tissue impacts the
stability and consistency required for tissue contact. Limitations to HIFU include
reported permanent injuries to extracardiac tissue such as the wall of the

oesophagus and the phrenic nerve leading to nerve palsy and dyspnoea (25).

Cold ablation or cryotherapy is characterised by the formation of
intracellular and extracellular ice crystals which results in apoptosis of the
surrounding tissue. These crystals are produced by cryothermal energy that is
produced by the injection of refrigerant (such as nitrous oxide) through a fine tube.
The refrigerant vaporises at the tip of a cryoablation catheter and freezes the tissue
(26). While freezing, the catheter tip adheres to theh affected tissue, which enables
the application of stable energy delivery. In contrast to RFA, tissue lesions induced
by cryoablation maintain the tissue structure, including fibrocytes and collagen (27)
and present a lower risk of cardiac perforation or thrombogenicity compared to
RFA (28).

The latest approach in the arsenal to treat AFib is Pulsed Field Ablation
(PFA). This PFA modality is a minimally-thermal catheter ablation technology that

uses high-voltage pulsed electrical fields to ablate tissues through the mechanism
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known as irreversible electroporation (IRE). This process is based on the
application of high electric fields to a cell leading to the formation of large pores in
the cell membrane resulting in cell death. IRE has been used previously in other
medical areas such as oncology, and due to the reported increased tissue specificity
compared to other approaches, PFA may present a safer catheter-ablation option
compared to RFA (29).

Limitations of current treatment approaches

Current therapeutic options are expanding and improving to maximise
efficiency and reduce adverse effects on the patient. However, the extensive number
of potential targets, variables and parameters associated with the ideal
pharmacological and catheter-based interventions create a significant limitation to
achieving maximal successful control of Afib. The current variability in applied
parameters may contribute to the variable successes reported in the clinic. To
facilitate the development of an experimental-based set of parameters to achieve
successful treatment at minimal cost, it is essential to design an appropriate testing
platform that allows us to refine parameters as well as predict and mitigate potential
negative side effects. There is a need to strike a balance between the testing and
optimization of the treatments while avoiding the risk to the life and well-being of
the patients. The development of appropriate models of Afib is essential not only
as a disease model to better understand the mechanisms underlying Afib but also as
a therapeutic screening platform to facilitate the testing and development of
different treatment options for AFib treatment. The absence of appropriate models
for Afib for in vitro and preclinical testing has been an obstacle to developing
improved therapeutics. A good model should allow the testing of a broad spectrum

of treatments, which would result in the selection of the best option to be included
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in future clinical trials. Without these models, only limited information can be

obtained, and important side effects can be missed (30,31).

In recent years several research models have been developed to mimic
human cardiac atrial fibrillation, each of which can provide different information
depending on their advantages and limitations. This review addresses different
models available for the study of Afib, highlighting their advantages and

disadvantages, relevant publications/outcomes and most common uses.
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2. Current experimental models of atrial fibrillation

When choosing the best experimental model of Afib it is important to
consider the level of complexity that is required. Not including humans, the highest
level of complexity is provided by the animal models (most commonly dogs and
pigs), which give an insight into heart function, effects on surrounding tissues, other
organ systems and behavioural responses to a pharma test or catheter ablation
procedure. The next lower level of complexity is represented by ex vivo isolated
heart studies which offer the opportunity to analyse heart tissue mechanisms under
controlled conditions, very relevant for local short-term pharma and ablation studies.
Finally, the use of in vitro cellular models, both in single-cell mono-cultures of
cardiomyocytes or the creation of multi-layered and multi-cellular cardiac tissues
provides an insight into the cellular and molecular mechanisms involved in Afib
processes and the effect of the potential treatments, allowing the specific study of
the changes in cell death and beating patterns. As the complexity of the model
increases typically the opportunity for higher throughput testing decreases. Thus,
the development and optimisation of treatments require a balanced approach and

planning a pipeline of tests across multiple levels.

2.2. In vivo models

Animal models are widely used for drug testing and treatment plan
development and optimisation for catheter approaches. The complexity of a whole
organism approach with the interaction, provides the closest representation to a
human model that can be used, making animals valuable models to study the
mechanisms underlying Afib, and highly attractive models for catheter-ablation
interventions, as they allow surgical procedures similar to humans (32). Different
in vivo animal models are currently available and show many similarities to human
Afib studies in terms of benefits but also limitations in terms of costs and ethical

regulation.
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The most common division is according to their size in small and large
animal models (33). Small animal models include mice, rats, guinea pigs and rabbits.
The accessibility and ease of generation and manipulation are the main advantages
of these models. Small animals provide the ability to generate defined genetic
manipulations, with a broad range of transgenic species available, especially in
mice (34,35). The models are particularly well suited to the study of
channelopathies associated with Afib (36). Guinea pigs and rabbits have been
shown to have a calcium current—driven plateau resulting in a longer action
potential, making these animals of special interest for pharmacological studies of
cardiac repolarization related to Afib (37). In general, the use of small animals for
Afib provide information about the underlying signalling pathways that may
contribute to Afib, however human Afib pathophysiology is not necessarily very
well represented in these models. Thus, they are viewed as a starting point for

further investigation.

Large animal models of Afib have facilitated the expansion of the
knowledge of the complex nature of Afib but have also proven to be beneficial in
both the search for novel pharmacological targets and they provide the correct
anatomical structures for the study of clinically important changes in the
myocardium and associated vessels (38). For example, Fenner et al.(2021),
demonstrated the inhibition of small-conductance calcium-activated potassium
current by the class | drug NS8593 in horses with persistent atrial fibrillation,
providing important information about the complex and heterogenous effect of this
drug on the right and left atrium (39). In the study of Wiedmann et al. (2020), they
found the potassium channel inhibitor A293 to be a potential treatment in porcine
model of Afib (40)

Large animal models include goat, sheep, dog, pig and horse and they have
many advantages compared to smaller animals (41). Surgical procedures are easier
to perform on large animals and the heart mass more closely approximates that
found in humans. For this reason, these models are more representative of sustained
Afib compared to smaller animal models. In most animal models reported to date,
Afib commonly appears together with other cardiac diseases such as deterioration
of the atrioventricular valves for example in dog models (42). In horses, some

studies report spontaneous Afib with no other diagnosed cardiac diseases, whereas
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others report at least one-third of horses with AFib present with other conditions
(43), making it difficult to isolate the effects of Afib and the potential effect of the
testing treatments. Large animal models’ limitations compared with smaller species,
include higher maintenance costs, ethical conflicts and the requirement for more

complex instrumentation.

Animal models have been widely used to test drugs for Afib treatment, one
example is the class Il anti-arrhythmic drug azimilide, whose efficacy was tested in
preclinical studies in dogs (44) and later shown to be effective against Afib in
clinical trials (45). Moreover, animal models have provided important information
in the development and improvement of catheter-ablation techniques to treat Afib.
Most of these studies target the pulmonary veins (46), but also novel areas involved
in Afib development such as the epicardial ganglionated plexi which has been
shown to resolve Afib in 4 out of 5 cases (47). Animal models are key in
determining the effect of these procedures on other areas of the heart and closely
located tissues, such as the phrenic nerve (48) or the coronary veins (49), which
based on data to date are spared when using PFA. Several studies have shown
comparisons between modalities of ablation, such as PFA and RFA in porcine
models (50), highlighting the side effects of RFA such as the development of PV

stenosis after ablation, which persists even after 3 months (51).

However, in vivo models are far from perfect and have several limitations
that should be considered. The heterogeneous and multifactorial nature of Afib (52)
and the physiological differences across species, creates the main limitation for in
vivo Afib models (53). Any animal model reproduces at best only limited
components of the pathophysiological spectrum of clinical human Afib. A specific
limitation to this cardiac condition is the impossibility so far to produce sustained
Afib in animal models, as it is predominantly a human condition. Animal models
generally do not exhibit Afib except in the acute experimental setting, typically less
than a day in duration (33) creating a significant obstacle when studying the long-
term effects of this condition. Another significant limitation is related to the cost
associated with the use of animal models. Maintenance, instrumentation, and the
ablation process itself are costly and increase even more with the use of large animal
models. Moreover, ethical considerations regarding the use of animals for scientific

purposes need to be taken into account, and ideally, the number of animals used

11



Chapter 1 — Literature Review

should be as low as possible, limiting the therapeutic variables that can be tested.
Animal models are a necessary preclinical step to help validate any Afib treatment,
so ultimately they will need to be used. However, the key to reducing the limitations
and costs would be the correct use of these animal models after a previous screening
of a therapeutic in other platforms such as in vitro or ex vivo models. Despite
limitations, animal models facilitate the possibility to isolate and study the
individual mechanisms of Afib, understanding the effect of genetic risk factors and
creating drug and ablation testing platforms. Advances such as the combined work
with in silico models or improved genetic modifications in larger animals can be

new opportunities to expand the knowledge about Afib.

2.3. Ex vivo models

Cardiac tissue isolated from animal hearts has been widely used for cardiac
studies using a range of biochemical, electrophysiological, pharmacological and
morphological approaches, particularly related to anti-arrhythmic drug safety
(54,55). The extraction of whole cardiac tissue facilitates the complex surgical
procedures that are needed for whole animal studies allowing a wider range of tissue
to be explored and full access to all heart structures. Nevertheless, these tissue
samples still show physiological differences that impede the translation of results

into human clinical studies.

Availability of human cardiac tissue is, in general, limited to very small
amounts of fresh and viable tissues which are considered surgical waste (56,57).
However, these small samples do contribute to the study of mechanisms and effects
of Afib therapy (58-60). Using these human-explanted tissues overcomes some of
the physiological differences found in animal models but is limited by the amount
and complexity of the tissue available; often lacking the multi-layered structures
which make them more comparable to conventional in vitro models. These models
have the great advantage that they avoid any interference from the autonomic
nervous system and interorgan communications, which allows the examination of
pure cardiac responses against different interventions. These models facilitate a

growing interest as a reliable platform for anti-arrhythmic drug testing (61-63).
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Recently, these explanted models have been improved by using optical
mapping techniques which offer a high-resolution electrophysiological
characterization of cardiac human slices subjected to drugs or gene delivery with
viral vectors, showing great potential as a pre-clinical platform for novel therapies
(64). Other therapies, such as catheter ablation, have used ex-vivo cardiac models
to determine the ablated area produced by a certain ablation modality and have the
potential to allow for the testing of a wide array of experimental parameters (65—
67).

The use of isolated whole hearts was pioneered by Oscar Langendorff who
developed the isolated perfused mammalian heart model in 1895 (68) and since
then, it has been widely used and aided our understanding of the fundamental
physiology of the heart. This model has been used in physiological studies of Afib
to better understand the mechanisms of this pathology in numerous animals
including rabbit (69), sheep (70), guinea pigs (71) and mice (72). The setup enables
the delivery of different compounds such as dyes to track transmembrane potential,
allowing imaging of the re-entry mechanisms in the beating heart (73). Recently,
the use of actual ex vivo human hearts has become a reality and 83 human hearts
declined for transplant were resuscitated in the Visible Heart® Laboratory, showing
pulsatile perfusion and evidence of electrocardiogram rhythm, suggesting the great

potential of perfused ex vivo systems previously used with animal hearts (74).

Langendorff heart-perfused systems offer an incredible testing platform for
catheter-based therapies, particularly epicardial devices. The presence of a
completely accessible beating heart allows the physical position of the catheter into
the desired part of the heart. Endocardial devices are also possible to test but are
more challenging. Langendorff allows complex processes such as the opening of
the catheter inside of the heart and the localization of the electrodes to be tested
which is not as easily achieved in vivo. Ablation in perfused systems has been
previously reported for ventricular fibrillation(75), however, nothing has been
reported for the atrium. This opens a new avenue for investigation for catheter
ablation testing before in vivo studies, obtaining important information regarding

ablation size and the effect on the conductive properties of the heart.
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Despite the advances and potential of the ex vivo models for Afib studies,
these models are complex and challenging to establish and maintain. Typically, the
isolated heart models derive from an animal source, which means they do not fully
recreate the human condition. The isolated heart is studied in an environment that
does not fully recapture those found in the animal or human body, such as the
composition of the blood which is commonly substituted with a surrogate buffer
(76). Several molecular processes become less effective after removing the heart

from the blood supply, particularly ATP depletion (77).

2.4. In vitro models

The adult mammalian heart is composed of multiple cell types, including
cardiomyocytes, fibroblasts, endothelial cells, immune cells and mural cells
(smooth muscle cells and pericytes), together with adipocytes and neuronal cells
(78). In humans, cardiomyocytes are the dominant cell type by volume (70-80% of
the adult heart) and are specialised into atrial or ventricular myocytes which are
responsible for the contractile forces of the heart (79). However, fibroblasts, which
are essential for maintaining the structural, electrical and mechanical features of the
heart are the most abundant cell type in the adult heart (80). In vitro models
encompass a broad range of options that mimic cardiac physiology and pathology

to different extents (Figure 1.2).
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Figure 1. 2. The main cell types in the human heart. The most abundant cell types found in
cardiac tissue are indicated in the image. Created with BioRender.com.

2.4.1. Cardiomyocyte-based model systems

Primary cardiac cells have been the most common cells used in the study of
cardiac arrhythmias typically in monolayer cultures. Primary adult cardiomyocytes
present with a mature ion channel population and sarcomeric structures which are
ideal for electrical (81,82), contractility (83) and calcium dynamic studies (84-86).
However, they are complex to maintain in culture and show limited capacity for
experimentation, as they can only be maintained in culture for a short period of time
after being isolated. The isolation process can also be challenging and
contamination with other unwanted cell types is common (87). To overcome these
limitations, immortalised cell lines have been developed, normally obtained by
introducing an oncogene that sustains active cell proliferation. HL-1 cells are an
immortalised cardiac cell line established from an AT-1 subcutaneous tumour
excised from an adult mouse (88) and have been used for the identification of
specific proteins and regulatory pathways involved in Afib-related atrial
remodelling such as calpain (89), ER stress—associated autophagy (90), and more
general features of Afib (91). The immature H9c2 cell line was originally derived
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from embryonic rat ventricular tissue (92) and are widely used in hypertrophy
studies related to heart failure (93,94). The most recently developed cell line is
AC16 cells, derived from primary human ventricular cardiomyocytes fused with
SV40 transformed human skin fibroblasts (95), and have been used to study cardiac

hypertrophy, oxidative stress and mitochondrial dysfunction (96-98).

Over the last decade, the emergence of induced pluripotent stem cell (iPSC)
technology has greatly advanced our understanding of patient-specific molecular
mechanisms of disease and serves as a platform for the development of new
therapeutics and drug screening (99). This technology is based on the ability to
reprogram disease-specific patient fibroblasts by forcing the expression of specific
transcription factors (Oct4, Sox2, cMyc, and KIf4), resulting in a pluripotent state
(100). Subsequently, these pluripotent cells are then differentiated into specific
mature cells of interest (101). This approach has the advantage of maintaining the
patient’s complete genetic background and allows the impact of certain key
mutations on pathophysiology to be studied. iPSC have been differentiated into
cardiomyocytes through a broad variety of protocols (102) and they have provided
new insights into the molecular mechanisms of cardiac diseases (103). The
advantages and limitations of patient-derived cardiomyocytes have been

extensively reviewed elsewhere (104).

In vivo tissues are not composed of only one cell type, so the inclusion of 2
or more cell types in the same system, known as a co-culture has been shown to
offer many advantages when simulating the native tissue (105). Cardiac tissue has
a heterogenous and diverse cell composition. Atrial tissues contain mostly
cardiomyocytes and fibroblasts together with other less abundant cell types such as
smooth muscle, endothelial and immune cells (78). It has been reported that
essential crosstalk through soluble factors between the cardiomyocytes and
fibroblasts is vital for the correct functioning of the cardiac tissue but also can
become pathogenic during injury, resulting in a general impairment in electric
conduction (106,107). The ability to include several cell types together in the same
space makes the co-culture an attractive model to understand the complex

interactions between these cell types and their involvement in AFib (108,109).
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2.4.2. Adherent cell (2D) models

Adherent cell, monolayers or 2D culture is the most common type of in vitro
model system. The process is based on cell seeding over a substrate that facilitates
growth and proliferation in a 2D culture format. These models are attractive because
of their ease of use and cell growth, manipulation and imaging which allows for an
increased number of replicates and higher throughput. 2D culture is well established
and reported, with a broad number of studies to compare results (110). In
conventional 2D cultures, the whole cell population has even contact with the
nutrients and growth factors present in the medium, which results in homogenous
growth and proliferation (111). Numerous discoveries have been made by using this
simple platform, such as the importance of inflammatory processes (112) and the
identification of potential drugs such as pioglitazone, offering the advantage to
study and understand the underlying molecular mechanisms of these processes
(113). Moreover, cell monolayers can be electroporated and the ablation area can
be measured, showing the potential for preclinical testing of ablation devices for
AFib therapy (114).

Despite the obvious advantages, 2D systems have certain cell and tissue
features that differ appreciably from an in vivo system. One of the most negative
examples is the different morphology and organization that cells acquire in vitro
compared to that found in the native tissue. This shows the importance of the 3D
environment and extracellular matrix that is missing in 2D systems. In order to
overcome these limitations and create a smaller gap between 2D in vitro models

and in vivo models, some improvements to the classic 2D system have been made.

Cells respond to geometrical and mechanical patterns present in their
environment, and the use of cellular micropatterning provides an opportunity to
overcome the lack of such patterns when using the standard tissue culture system
(115). Micropatterning is a technique which allows the position of cells in specific
areas of a substrate, enabling the control of cell shape, position and tissue
architecture (116). Several methods can be used to this aim, such as the use of
polymers as a stamp of the desired microstructure (soft lithography) (117) or using
deep UV through photomasks (photolithography) (118). Numerous studies have

taken advantage of this technique to create cardiac fibers in vitro to closely mimic
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the cardiac tissue (119,120). Important features such as calcium handling, action
potential firing, and conductional velocities are more similar to adult mouse
myocardium in micropatterned cultures compared to traditional monolayer cultures
(121). The use of iPSC together with micropatterning recapitulates the in vivo atrial
conduction using a 1D spiral pattern (122), overcoming the slow conduction present
in other iPSC models of Afib (123).

2.4.3. 3D cell culture models

The complex three-dimensional cell structure found in tissues and organs is
a key factor for cell function. The strong influence of their morphology through
interactions with other cells and the extracellular matrix ultimately influences the
whole tissue architecture and function. This 3D microenvironment is essential in
cardiac tissue due to the importance of the cell distribution in the muscle fibres to
allow the contractions of the myocardium. The use of cell monolayers on rigid
plastic culture dishes does not allow the cardiac cells to perform physiological

contractions, which is a crucial feature of cardiomyocytes in vivo (124).

In the last few decades, in vitro studies have tried to overcome this limitation
by generating 3D models that can closely represent the physiological behaviour of
the cardiac tissue. However, the main focus of these models is in regenerative
medicine, focused on cell replacement after cardiac infarction (125). The number
of 3D cell culture systems reported is increasing and the utility of the models is
improving. The use of novel tri-dimensional in vitro techniques opens new insights
into the physiological and pathological processes in heart tissue, making them
attractive treatment screening platforms. So far, numerous 3D in vitro models have
been developed with different levels of complexity, such as cellular hydrogels and
engineered heart tissues (EHTSs), organoids and organs-on-a-chip.

3D hydrogels

Hydrogels are crosslinked water-soluble polymers that allow the
incorporation of cells embedded into the gel tri-dimensional structure. The porosity
of the hydrogel allows molecules such as growth factors, nutrients or drug loading
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inside the hydrogel (126) and interaction with seeded cells. The first 3D hydrogel
culture studies were based on single compounds such as collagen type | scaffolds
(127) but have been rapidly updated by the addition of several components of the
extracellular matrix such as fibrinogen or basement-membrane matrix such as
Matrigel® (128).
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Figure 1. 3. EHTs model production process. Cardiomyocytes alone or together with other cell
types (such as fibroblasts) are resuspended in a hydrogel solution that can be polymerised. This
mix is added to a scaffold with the desired shape and polymerised to obtain a cell-seeded hydrogel.
This hydrogel is further placed in a support structure to anchor the gel. An example of a commonly
used support structure is shown ablove to allow the contraction of the cardiomyocyte-seeded
hydrogel. Created with BioRender.com.

Hydrogels have been widely used to develop engineered heart tissues
(EHTs), which are tri-dimensional muscle constructs made from isolated
cardiomyocytes of different animals, hESC and hiPSC, first described in 1997
(127,129). The elements needed to produce an EHT are cardiac cells, a liquid
hydrogel that can be polymerised, a scaffold that will determine the overall EHT
shape and a support structure to which the hydrogel will be anchored or attached to
(Figure 1.3). Different modifications have been studied to the support structure over
the years, such as the use of stretching devices to promote hypertrophy and
improved contractile function (130) or two elastic silicone posts to allow auxotonic
contractions of the EHT (128). EHTSs have the ability to perform contractions thanks

to the structure of the hydrogel and the interaction between the cardiomyocytes,
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showing organised sarcomeres and defined beating patterns (131). These processes,
together with electrical stimulation are key for the further maturation of the hiPSC-
cardiomyocytes (132). Recently, the inclusion of other cell types such as fibroblasts
helped create a closer representation of the cardiac tissue (133,134). Furthermore,
atrial and ventricular EHTSs can be designed and have shown different features with
similarities to that seen in vivo, allowing a highly specific model for the study of
cardiac pathologies such as Afib (135).

EHTSs have a great potential for preclinical therapeutic screening, as drug
screening platforms (136) and are increasingly valuable models to test ablation-
related therapies (Figure 1.4). Hydrogels can be designed to be temperature-
sensitive which would help to predict possible thermal damage risk of a given set
of parameters and set up before further animal and clinical studies (137,138). They
provide information that, working together with in silico models, can help to predict
and plan therapeutic ablation interventions for AFib, as it has been shown

previously for cancer treatment models (139,140).

Figure 1. 4. Ablated area after ablation treatment in a Hyaluronic acid hydrogel model
seeded with cardiomyocytes. AC16 cardiomyocyte cell line was seeded in a hyaluronic acid
hydrogel model and treated with 36,000 biphasic pulses of 2 ps duration and 1250V of input
voltage. After ablation, the cells were stained after ablation with live/dead staining, which labels
live cells in green and dead cells in red. The image was obtained using a confocal microscope to
visualise the lesion area.
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3D organoids

Organoids are tri-dimensional, multicellular cultures which are capable of
self-organization into complex tissue-like and organ-like structures, supported by
an extracellular matrix (ECM). The ability to create these structures is mostly
restricted to stem cells, such as pluripotent embryonic stem cells (ESC) or induced
pluripotent stem cells (iPSC), which can be further matured into the desired cell
phenotype. Other cell types that can create organoids are the tissue-resident adult
stem cells (ASC), which are present in adult tissues and show the ability to self-
renew and differentiate into other cell types while preserving their tissue specificity
(141-143). ASC-based organoids need to be supported by a cocktail of growth

factors in the culture media involved in signalling control in vivo tissue conditions.

In recent years, several production methods have been developed, the most
common is based on cell seeding over or embedded into a matrix such as Matrigel®
(an ECM protein mix), which provides an appropriate environment. This method
allows the monitoring of processes such as cell adhesion, migration, and chemotaxis
(144). The use of spinning reactors allows batch production of organoids with larger
sizes. Cells are placed in a container which is constantly stirred to avoid cell
attachment (145). The hanging drop method has been used for decades, taking
advantage of gravity to induce cell aggregation and assembly in a droplet of
medium typically hanging from the lid of a culture dish. This approach was
enhanced by the use of hanging drop plates (HDPs), creating an array of spheroids
(146). Other methods employ non-adherent surfaces to cultivate the cells,
facilitating them to form aggregates and eventually make spheroids, which is a
simple method with high throughput and more cost-effective than other methods
(147,148). Magnetic nanoparticles have also been employed, relying on the fact that
they are taken up by the cultured cells, allowing them to float in the media and
favouring its aggregation and production of ECM (149). Finally, the use of
bioprinting for organoid formation has gained increasing interest in the last 5 years
(150) This technique allows precise control of the shape and distribution of the
ECM and organoids, enabling a better representation of the in vivo environment.
Bioprinters' function is based on additive manufacturing, which deposits the desired
material layer by layer until reaching the final desired structure (151).
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Human cardiac organoids have a huge potential as disease models for heart
disorders. They have the capacity to produce spontaneous and induced electrical
activity, showing higher conduction velocities than 2D cultures. Cardiac organoids
can help the study of complex electrical arrhythmic processes such as re-entry,
hereditary arrhythmias and personalised medicine using hiPSCs. Shinnawi et al
(2019). created a cardiac organoid model based on hiPSCs from patients with the
arrhythmogenic syndrome known as short QT syndrome. This model showed a
similar development of re-entry arrhythmia as seen in patients with this syndrome.
This study provides evidence of the ability of cardiac organoids to recapitulate
disease phenotype and new insights into the mechanisms underlying this arrhythmia

syndrome.

Despite the significant potential of organoids for disease modelling and drug
screening, some limitations still need to be addressed. Organoid cultures show
differences in gene expression patterns when compared with the in vivo tissues they
are trying to mimic (152). Organoid cultures show a high heterogeneity of cell
phenotypes, containing various clones in different proportions, which makes the
study of specific mutations difficult (153). The absence of vascular and immune
systems in organoid cultures make the representation of the tissue
microenvironment difficult (154), as well as presenting significant ethical

regulation challenges regarding the use of hiPSC (155).

Organ-on-a-chip and microfluidics

Organs-on-chips are systems containing engineered or natural microtissues
grown into microfluidic chips, designed to control cell microenvironments and
maintain tissue-specific functions. The microfluidic chip contains networks of
hairline microchannels for guiding and manipulating small volumes of solution
(156). They allow the ability to control parameters such as concentration gradients,
cell distribution or tissue-organ interactions (157—-159). Depending on the questions
being asked this approach allows a single-organ system if the aim is the evaluation
of the response of a specific organ to a compound(s) or multi-organ system to study
the interaction between organ systems, usually via exchange of metabolites and

other soluble molecules, they are commonly known as body-on-a-chip (160).
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Arrhythmia has not been widely modelled in organs-on-a-chip so far, but some
studies report promising results in replicating the cardiac microenvironment (161).

3. Future perspectives and challenges in atrial fibrillation
modelling

Current therapeutic options do not fully address the clinical need to improve
Afib therapy, and one of the potential reasons for that is the lack of appropriate
preclinical models to sufficiently support a broad array of test parameters, and
treatment efficacy assessment and allow safety testing. Due to the complexity of
factors involved in Afib, the differences between species and the regulatory
processes involved in the use of animals and their organs, the choice of the best
preclinical model is a challenge that can be key to the success of the treatment in
the clinical scenario. In vitro models have undergone a revolution in the last number
of years, especially with the arrival of iPSC technology and complex 3D culture
systems. Improvements are required to obtain completely mature patient-derived
cardiomyocytes, combined with the efforts in optimising 3D models and EHTSs such
that we can create a useful preclinical model for high throughput testing of both
pharma and device-based innervations. The inclusion of multiple cell types,
creating a similar environment to in vivo would provide the influence of the
crosstalk between different cell types, which is essential in the functionality of the
heart. In the future, these models could be combined together with perfusion,
creating the idealised tri-dimensional in vitro, a patient-specific heart that would
allow the testing of the anti-arrhythmic therapies in advance or the clinical
procedure being performed. This allows clinicians to plan and optimise the best

treatment modality for each individual patient and mitigate risks.
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Chapter 2 — Electroporation Parameters for Human

Cardiomyocyte Ablation In Vitro

Following the detailed review of the current models of Afib, and their
advantages and disadvantages as therapeutic platforms, there is a demand to design
better in vitro models to develop selective and effective treatments for Afib. To this
aim, this chapter explores the potential of two simple in vitro models (cell
suspension and monolayer) that can be used as early screening models for ablation
therapy of Afib. These models offer the simplicity to produce of a large amount of
data that will help reducing the parameter options in more complex in vitro models

and in vivo studies.

1. Introduction

Atrial fibrillation (AFib) is the most common category of cardiac
arrhythmia reported in humans characterised by sporadic atria hyperexcitation
resulting in dyssynchronous atrial contraction and irregularity in ventricular
excitation (162). AFib is an increasing global health problem as its prevalence is on
the rise, with an estimation of 33 million people worldwide diagnosed with AFib in
2020 which is expected to double by 2050 (2). AFib patients typically present with
high morbidity and mortality rates because of the severe consequences associated
with thromboembolism and stroke (3). Moreover, in the last 2 years, infection with
COVID-19 is reported to be associated with a more frequent occurrence of
arrhythmias (4), making AFib a global issue thus placing a strong demand for

efficient and effective ways to deliver appropriate AFib therapy.

Classically AFib can be divided into paroxysmal, persistent, long-standing
persistent, or permanent, depending on the duration of the symptoms. Paroxysmal
AFib resolves typically within 7 days of onset while persistent AFib is sustained
for longer than 7 days. Long-standing persistent AFib lasts more than 12 months

and permanent AF is used when there has been a joint decision by the patient and
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clinician to cease further attempts to restore or maintain sinus rhythm (163). Despite
the sub-classifications, the pathophysiology underlying AFib is not yet fully
understood. A key component in the maintenance of the AFib arrhythmia is the
process of re-entry, which occurs when impulses travel in an abnormal repetitive
circuit (164). This trigger that initiates the arrythmia is commonly an ectopic firing
focus. The first reported focal ectopic firing was found within the pulmonary veins
(PVs) in patients with paroxysmal AF; ablation of these ectopic foci has been shown
to reduce AFib burden, demonstrating a role for PVs in AFib (6). Several
subsequent studies have provided support for the role of PVs and cardiac
ganglionated plexi in AFib initiation and highlight them as targets for therapeutic
ablation (7-9,165).

Catheter-based pulmonary veins isolation (PVI) is now an established
treatment option for AFib. Thermal ablative approaches with either radiofrequency
(RF) or cooling (cryotherapy) technologies suffer from collateral damage effects to
adjacent structures including the wall of the oesophagus and the phrenic nerve.
These issues have resulted in alternative technologies to be considered such as
irreversible electroporation (IRE) (166-168). The delivery of nano- to milli-second
electrical pulses which is minimally thermal in nature alters cell membrane
permeability leading to cell death. Cardiac ablation with IRE has yielded some
positive data including a selection of human studies (49,169-174). There are several
unanswered questions regarding the fundamentals of IRE ablation as applied to
cardiomyocytes. Previous work from this lab and others has established threshold
parameters for IRE with cardiac tissue but has focused on either immature
cardiomyocytes or cells from rodent models (175,176).

The goal of the current study is to assess electroporation ablation thresholds
in human cardiomyocytes in suspension and 2D culture. These two in vitro models
are optimised and the process of ablation is studied in each model by applying
selected pulse parameters and analysing the outcomes using fluorescence. This
work provides essential insights into the underlying selectivity of IRE and can be

quickly translated to clinical applications.
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2. Materials & Methods

Cell culture

Human cardiomyocyte cells AC16 (Sigma-Aldrich) were cultured in T75
flasks and passaged with trypsin-EDTA 0.025% (Sigma-Aldrich) every 2-3 days
for maintenance. Cardiomyocytes were cultured in Dulbecco’s Modified Eagle’s
Medium/Ham’s Nutrient Mixture F-12 (DMEM/F-12) (Sigma Aldrich)
supplemented with 12.5% Foetal Bovine Serum (FBS) (Gibco), 1%
Penicillin/Streptomycin (Sigma Aldrich) and 2 mM L-Glutamine (Sigma Aldrich).
For adherent cell experiments, 6 well plates were coated with 0.1 mg/ml gelatin
before cardiomyocytes were seeded with a cell density of 7.5 x 10° cells per well
overnight to ensure complete confluence. For cell suspension experiments, 1x 10°

cells were used per cuvette.

Immunocytochemistry and staining

Cardiomyocytes were fixed with 4% paraformaldehyde for 20 minutes and
blocked with 0.2 % bovine serum albumin (in 0.1% Triton-X100) for 1 hour at room
temperature. Cardiomyocytes were incubated with Troponin |, clone 1F23
ZooMADb Rabbit Monoclonal Antibody (Sigma-Aldrich) in blocking solution at 4°C
overnight. Primary antibodies were aspirated and incubated with anti-rabbit 488
fluorophore conjugated secondary antibody (Abcam, 1:1000) and DAPI (Sigma-
Aldrich) in blocking solution for 1 hour at room temperature. Cells were imaged

using EVOS M7000 microscope system (Thermo Fisher Scientific).

Electroporation protocols

Cardiomyocytes were exposed to a typical Irreversible Electroporation (IRE)
protocol consisting of a 100 us duration biphasic pulse, delivered in bursts of 5
pulses per burst. Increasing electric fields were generated using the Gemini X2
Twin Wave Electroporation Generator (BTX) together with the Safety Dome (BTX)
and the electroporation cuvettes (4 mm gap) for suspension experiments (Figure
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2.1A). In addition, in some experiments we used custom electrical field protocols
applying 2 us or 5 ps pulses produced by biphasic generator (RBC Medical
Innovations). To ensure operation with safe limits with this generator, the
stimulation pattern was delivered in 100 or 250 bursts, with each burst containing
60 pulses. For cell suspension studies, field strengths ranged from 0-1500 V/cm.
For adherent studies an input voltage of 600 V was chosen as a field strength that
was above the ablation threshold and was delivered to the cells directly into the
culture well plate using a custom-printed probe for ablation (Figure 2.1B) with
electrode size (3x5 mm with a 1 mm fillet, 50 um in thickness) and the edge-edge
gap of 5 mm. For the ablation studies, the electrodes were placed 1 mm above the
cell layer and covered in DPBS solution. The different ablation protocols and

attendant on-times are presented in Table 2.1.
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Figure 2. 1. Electroporation equipment for ablation experiments. (A) Cuvette with 4 mm gap.
(B) Adherent cell custom-printed probe. (C) Biphasic pulse waveform.

Table 2.1. Ablation protocols applied to different models of cardiac cell culture

Ablation Pulse  width | Pulse number | Burst number | On-time (ms)
protocol (us)

1 100 5 3 3

2 100 5 60 60

3 2 60 100 24

4 2 60 250 60

5 5 60 100 30

6 5 60 250 75
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Live-Dead assay

Measurement of cell death in cell suspension experiments was performed
by incubating the cells 2h post-ablation with 3 uM propidium iodide (PI, 30 minutes,
37°C) (Sigma-Aldrich). PI is a red-fluorescent nuclear counterstain which is
commonly used to detect dead cells by binding to their DNA. The PI signal was
measured using Hidex microplate reader (Hidex Sense) at an excitation/emission of
520/620 nm.

Ablation images in adherent cell experiments were assessed by incubation
with 3 uM PI and 1.5 pM Calcein-AM (30 minutes, 37°C) (Sigma-Aldrich) and
images were obtained by scanning the wells using EVOS M7000 Imaging System.
Images were analysed using NIH ImageJ to determine the ablation parameters: area,

perimeter, and Feret Max diameter (Fmax).

Numerical modeling of 2D ablation parameters

A simplified numerical model of the experimental setup was designed in
COMSOL Multiphysics® 5.6. The computer-aided design model contained the
simplified resin printed probe, the polyimide insulation behind the electrodes, the
copper electrodes. In the well, a 100 um thick layer (34.8 mm in diameter) was used
to represent the cell layer and the probe rested ideally on top of this layer. The 100
pum thickness was chosen based on dimensions of ventricular cardiomyocytes cells
given in Vu and Kaofidis, (2014) (177). On top of the cell layer, a layer was drawn
for DPBS (7 mm in height). As the conductivity of the cell layer was unknown, the
conductivity of DPBS was assigned. The conductivity of DPBS in the model is
estimated at 1.2-1.6 S/m (178). The terminal and ground boundary conditions were
assigned to the boundary at the bottom of the electrodes. The applied voltage at the
terminal was 600 V. The very high and very low conductivity materials were
replaced as boundary conditions in the model at the material interface of the DPBS
and cell layers. In this case, the current was not expected to flow through the sides
or back of the electrodes where polyimide insulation was used in the real-world set-
up. Also, the current was not expected to flow through the low conductivity plastic
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probe. The electrode was assumed to have equal potential across the surface. The
boundary conditions elsewhere were assumed to be perfectly insulated. The
discretisation was then performed for the DPBS layer and the cell layer. A
tetrahedral element mesh of approximately 1.88 million elements was used to mesh
model. Similar to previous work by Wasson et al.,(2020) the conductivity within
the model was assumed constant (140). A stationary study was run with the Electric
Currents Physics in the AC/DC module.

Statistical analysis

All data were analysed using one-way and two-way ANOVA and multiple
comparison tests using lgorPro Ver. 9. Experiments were repeated for at least three
independent experimental blocks with three technical replicates (N=9). Statistical

analyses were performed with a confidence level of a = 0.05.

3. Results

3.1. Effect of electric field parameters on cell death in suspension culture

AC16 cells stain positive for human troponin I, confirming the human
cardiomyocyte phenotype marker (Figure 2.2A). In suspension culture,
cardiomyocytes were exposed a standard biphasic waveform consisting of 100 ps
negative followed by 100 s positive phase with different electric field strengths
(250, 500, 750, 1500 V/cm). In addition, the pulse number was varied using either
ablation protocol 1 or 2 (Table 1) which is the equivalent of an on-time of 3 ms or
60ms respectively. For 3ms on-time cardiomyocyte viability was statistically
significantly reduced after exposure to fields greater than 750 V/cm up to a
maximum of 30% cell death at 1500 V/cm (Figure 2.2B). While 60 ms on-time
resulted in significantly increased cell death at all field strengths (Figure 2.2C). If
we define the optimal ablation threshold as the minimum electric field and on-time
resulting in 70% cell death we can see that the threshold for cardiomyocytes is 500
V/cm with an on-time of 60 ms (Figure 2.2C). Based on this criterion, smaller
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numbers of pulses are equivalent to a lower on-time and while this may limit the
potential risk of collateral damage it also reduces the effectiveness of the IRE to
ablate cardiomyocytes. Longer (60ms) on-time results in effective cell death across
a range of field strength, however, this also increases bubble formation and thermal
effects. Hence higher voltages >750V/cm are not included in our analysis (Figure
2.2C below).
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Figure 2. 2.Increasing electrical field strength increases cell death in human cardiomyocytes.
(A) AC16 cells in culture stained positive for phenotypical markers of human cardiomyocytes,
scale bar 50 um. (B) Effect of field strength on cell death with a 3 ms total on-time. (C) Effect of
field strength on cell death with a 60 ms total on-time. Data are representative of at least 3
independent experiments and plotted as Max, Min and Median. **P < 0.05, One-Way ANOVA,
Dunnett’s post-hoc test.

The literature suggests that shorter pulse durations in the micro or even
nanosecond domain may reduce the rise of hydrolysis and arcing (179). To examine
the effectiveness of short pulse durations on cell death, we compared 2 ps versus 5
ps pulse durations using biphasic waveform for 100 (ablation protocol 3 and 4,
Table 2.1) or 250 bursts (ablation protocol 5 and 6, Table 2.1) in suspension culture.
Application of 2 us pulses resulted in significant cell death at electric fields of 750
V/cm and above (Figure 2.3A). In addition, at 1000 V/cm and 1250 V/cm, 250
bursts resulted in significantly (** p<0.005) more cell death than 100 bursts and
this differential disappeared at 1500V/cm. In line with previous data, increasing

pulse duration from 2 ps to 5 ps increases cell death overall (Figure 2.3B above).
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The difference observed when jumping from 1000V/cm to 1250V/cm, is also
significantly higher (** p<0.005) for 250 bursts and more effective at causing cell
death than 100 bursts (Figure 2.3B). In comparing across treatment groups, a field
strength greater than 750 V/cm increases cell death, independent of pulse duration
or burst number applied (Figure 2.3C). However, it is also evident that at higher
burst numbers (250 bursts) there is little effect of pulse duration at voltages greater
than 750 V/cm. Using lower burst numbers (100 bursts) at 750, 1000 and 1250
V/cm we see statistical differences in percentage cell death with the 5 ps pulse more

effective than 2 ps pulses (Figure 2.3C).
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Figure 2. 3.. Increasing pulse duration, burst number and field strength reduces
cardiomyocyte viability. (A) Effect of 2 ps pulse duration on cell survival. (B) Effect of 5 ps
pulse duration on cell survival. (C) Comparison of 2 us versus 5 us pulse duration on human
cardiomyocyte survival. Data are representative of at least 3 independent experiments and plotted
as Max, Min and Median. **P < 0.05, One-Way ANOVA, Dunnett’s post-hoc test.

31



Chapter 2 — Electroporation Parameters for Human Cardiomyocyte Ablation In Vitro

3.2. Effect of time on cell death and lesion size in a 2D culture model

Cells were grown in wells to near full confluency in this 2D model. Cells
were exposed to a lethal ablation threshold established in earlier experiments and
live-dead analysis was assessed with propidium iodide (P1) staining at 0.5, 2 and 24
hrs post electroporation. Exposure to a 2 ps pulse at 600 V/cm with 100 or 250
bursts (ablation protocol 3 and 4, Table 3.1) results in increasing time-dependent
cell death, with 250 bursts always resulting in more cell death at each time point
(Figures 2.4A). The ablation area, Fmax and ablation perimeter (Figure 2.4B, C
and D) all increase significantly with 250 bursts compared to 100 busts. No
significant difference over time with higher pulse numbers. However, at 100 busts
we see a significant increase in all parameters measured 24 hours post-ablation was
observed. This indicates a possible delay in cell death pathway activation by IRE,
which is masked when higher burst numbers are applied. Most likely this is due to
the activation of apoptosis pathways which are activated by IRE and take more than

2 hours to execute their program (Figure 2.4B, C and D).
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Figure 2. 4. Effect 2 ps pulses and burst number on cardiomyocyte lesion size. (A) Effect of 2
us pulse duration on cell survival. (B) Effect of burst number over time on ablation area. (C)
Effect of burst number over time on max Feret diameter. (D) Effect of burst number over time on
ablation zone perimeter. Data are representative of at least 3 independent experiments and plotted
as Max, Min and Median. **P < 0.05, One-Way ANOVA, Dunnett’s post-hoc test.
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A similar pattern of lesion formation is observed for 5 ps pulses (ablation
protocol 5 and 6, Table 3.1) in our 2D model. Increasing burst number increases
cell death, ablation area, Fmax and the ablation perimeter (Figure 2.5). At the higher
field strengths, the time dependent increase in cell death is not significant, in
contrast to that observed at 2 ps (Table 2.2). While increasing pulse amplitude (2
Ms versus 5 ps) and increasing burst number (100 versus 250) results in greater
ablation area (Figure 2.5A & B), Fmax (Figure 2.5C) and ablation zone perimeter
(Figure 2.5D), these data suggest two different cell death mechanism are at play.
Time-dependent changes are only observed at the lower pulse amplitudes
suggesting that higher intensity electric fields with shorter duration on-time may
allow more controlled cell death. This trend is consistent with the profile of field
contours demonstrated in the in-silico model we generated. The ablation zone
associated with our IRE treatment was simulated using COMSOL Multiphysics
software (Figure 2.6). Based on our data we predict that cell death via necrosis is
occurring in the proximity of the epicentre of the electric field, with predicted field
strength close to 900V/cm. As the electrical field drops off toward the periphery
other forms of cellular response are anticipated including apoptosis and reversible

electroporation.
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Figure 2. 5.Effect 5 ps pulses and burst number on cardiomyocyte lesion size. (A) Effect of 5

us pulse duration on cell survival. (B) Effect of burst number over time on ablation area. (C)
Effect of burst number over time on max Feret diameter. (D) Effect of burst number over time on
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ablation zone perimeter. Data are representative of at least 3 independent experiments and plotted
as Max, Min and Median. **P < 0.05, One-Way ANOVA, Dunnett’s post-hoc test.

(A) L (B)

I~ 1.25

Figure 2. 6.The numerical model and the electric field strength plot of the 2D electroporation at
half the cell layer thickness of 50 um.

4. Discussion

The data clearly demonstrate that human cardiomyocytes are susceptible to
damage and cell death from electroporation across a range of pulse parameters
which suggests there is significant room for optimisation in clinical IRE application.
At a cellular level, IRE results in the formation of hydrophilic nanopores in the cell
membrane. At higher intensity these changes are permanent having long-
lasting/irreversible effects on permeability across the phospholipid membrane (180).
In general, the data shows that increasing field strength increases cell death, but
importantly, increasing the number of pulses for a given electric field can have
significant benefits in terms of ablation. Using a conventional 100 ps biphasic pulse
at 500 V/cm with 3 ms on-time (ablation protocol 1) results in approximately 15%
cell death. Using the same parameters, increasing only the on-time to 60 ms
(ablation protocol 2) results in 75% cell death (Figure 2.2). Others have shown
significant IRE induced ablation of HI9C2 rat cardiomyocytes at field strengths
greater than 375 V/cm (181). While more recently Hunter et al.,(2021) reported that
biphasic pulses 500 V/cm caused 80% cell death in monolayers of rat ventricular
cardiomyocytes (176). However, in this case the authors used a single pulse of 10ms

(5 ms for each phase) in stark contrast to our pulse parameters. In a recent review
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by Sugrue et al., (2018) where they examined 16 eligible clinical IRE cardiac
ablation studies they reported that the pulse duration varied from 20 ps to 6 ms and
the number of applied pulses varied between 1-200 per procedure (182). Thus it is
clear that both monophasic and biphasic pulses can be effective, the advantages or
disadvantages of either waveform type, pulse duration or pulse number on lesion

formation are unclear and requires additional work.

There is increasing interest in applying shorter pulsed electric fields for IRE,
using pulses in the nano- and microsecond domains. The concept is that this may
further circumvent the limitations of RF- and cryoablation and also reduce neuro
and neuromuscular activation. Ablation with nsPEFs has been successfully used for
tumours (183), but there is minimal evidence in cardiac tissue (184). Here it is
demonstrated that a short pulse of 2 or 5 s can be effective in inducing ablation in
suspension culture (Figure 2.3) and that altering pulse length and number can
facilitate control of lesion size in 2D cultures (Figures 2.4 & 2.5). This is in line
with previous work that showed at higher field strength, the percentage of cell
damage is greater for mouse cardiomyocytes (176). When comparing ablation
protocol with equivalent on-time but different pulse length we see some interesting
data. Ablation protocols 2 and 4 have the same on-time but pulse lengths of 100 ps
versus 2 us respectively. At a field strength of 500 V/cm protocol 2 results in
approximately 75% cell death while protocol for the same field strength results in
approximately only 10% cell death. In addition, 750 V/cm protocol 2 results in
approximately 100% cell death while protocol for the same field strength results in
approximately only 18% cell death. Clearly pulse duration has a very significant

effect on cell death.

Furthermore, these data suggest that there is a time dependence to
cardiomyocyte cell death and at voltages near the ablation threshold (600V/cm),
significant cell death can emerge 24 hours post ablation. While at higher field
strength, cardiomyocyte death is more consistent and is less time dependent. We
show that a fraction of cardiac cells die almost immediately after the treatment,
regardless of the electric field. This type of response was also reported by others
for cancer cells (183,185).
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In recent years, there has been considerable development in catheter design
that supports so-called single-shot applications (Farapulse Inc., Menlo Park, CA,
USA), or the more geometrically complex Sphere-9 catheters (Affera Inc. Newton,
MA, USA), originally designed for RF but are also able to deliver bi-phasic pulsed
electric fields. The investigation of optimal IRE parameters to maximise tissue
selectively and to control the temporal and spatial aspects of lesions is limited. The
acute and chronic assessment of lesion durability and/or lesion expansion after IRE
needs further investigation. The current data support the idea that appropriate
parameter selection can deliver tissue selectivity far in advance of other modalities.
This ultimately will improve safety, reduce collateral damage and reduce procedure
times in the clinic. However, to fully realise the clinical potential of IRE, this will
require the determination of the optimal IRE parameters, and an important
consideration in this regard will be the appropriate monitoring time after the
application of IRE for the accurate assessment of cell death. Previous studies have
pointed out the significance of observational times when carrying out a histological

evaluation of the ablated areas in animal models treated with IRE (186).

Cell death pathway activation has been shown to be dependent on a number
of variables including field strength and pulse number (187). Predicting the effect
of IRE and driving cell death down a particular pathway may have advantages in
the clinic by reducing inflammatory and immunogenic responses (188). While this
study did not measure cell death pathway activation the 24-hour delay in the
response to some IRE waveforms strongly suggests apoptosis was activated and
that this may be beneficial as it is associated with less inflammatory responses. It is
likely based on this modelling (Figure 2.6) that cells at the centre of the field are
dying of necrosis while as the field contours reduce, more subtle changes in cell
responses are likely. These responses will include activation of apoptosis and
reversible EP from which cells can recover. The model correlates well to the cell
death profile in the 2D adherent cell culture model and will provide an important
assessment tool for studying changes in field parameters and lesion size. Further
studies are required to fully elucidate the effect of conventional IRE on cell death

pathways and the tuneable nature of lesion size.
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Limitations

In this study, the 2D monolayer culture of human cardiomyocytes facilitated
the testing of IRE parameters allowing the iterative exploration of pulse protocols.
However, while these AC16 cells are a very close representation of cardiac muscle
our model is limited by the lack of 3D geometry. In the present in-silico model,
assumptions are made about the conductivity of surrounding fluids and tissues
which may differ substantially from native tissues and thus affect the electric field
thresholds applied. However, there is confidence that the relative differences
observed comparing the various IRE protocols would be representative of the in
vivo scenario. Future studies incorporating a three-dimensional model with more
representative conductivities are required to allow full extension of identified

ablation thresholds to the clinic.

5. Conclusions

The results highlight the potential to tune IRE protocols to achieve efficient
and selectively cell death in cardiac applications. Furthermore, the data highlights
the potential to minimise inflammatory responses by selectivity inducing cell death
through activation of delayed cell death pathways. It is clearly shown that on-time
though pulse timing or burst number applied, rather than absolute field strength may
be a better predictor of ablation area. These results provide new insight into the field
of cardiac IRE but must be explored further to fully extrapolate to clinical outcomes.
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Chapter 3 — Optimization of a 3D Hydrogel Model
for Cardiomyocyte Ablation In Vitro

In the previous chapter, the 2D monolayer culture of human cardiomyocytes
facilitated the testing of IRE parameters allowing the iterative exploration of pulse
protocols. However, while AC16 cells are a very close representation of cardiac
muscle the model is limited by the lack of 3D geometry. The in-silico model
contains assumptions regarding the conductivity of surrounding fluids and tissues
which may differ substantially from native tissues and thus affect the electric field
thresholds applied. The importance of these parameters and their involvement in
the ablation process highlights the need of more complex models to completely
understand the effect of PFA. This chapter aims to develop and optimise a 3D
hydrogel model with cardiomyocytes, exploring the effect of two potential gels in

cell growth, morphology and their utility as ablation models.

1. Introduction

Current 2D in vitro models have proved to be powerful high-output tools to
initially explore the effect of waveform ablation parameters on cardiomyocyte cell
viability. These models have provided information regarding the ablation area size,
how it is distributed around specific electrode geometry, and which parameters are
involved in the ablation process. The main purpose of these models is to act as a
screening platform to reduce the range of parameters tested when choosing the
optimal ablation parameters in further studies. Although the simplicity of these
platforms is attractive, they are far from an ideal representation of the complete
cardiac tissue structure. One of the main limitations of these models is that they do
not correctly reflect the potential effects of tissue geometry on the ablation process,
leading to aberrant cell morphology and potentially different reactions to a selected
drug or ablation parameter. Other factors such as cell adhesion or nutrient uptake
also differ from the three-dimensional heart structure (189).
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The emergence of 3D in vitro models to overcome the limitations of 2D has
been under development for many years and they show growing potential as disease
models and treatment platforms. One of the most common methods to develop a
3D culture is the production of a cell-loaded hydrogel. A hydrogel is defined as an
insoluble, cross-linked polymer network that is able to retain a large amount of
water and biological fluids in their swollen states (180). This approach facilitates
the cells to live in a three-dimensional matrix. This allows cells to grow at different
levels according to the size and depth of the hydrogel (191). Moreover, hydrogel
models for cardiac ablation studies can provide additional information about the
depth of ablation, an important parameter in vivo that cannot be determined in a 2D

cell model.

Tissue conductivity is a physical property that measures the ease at which
electric charge can pass through a material (in this case a tissue). It has been
reported to conductivity can have a significant effect on cell death and
permeabilization. In suspension cultures and monolayer cell ablation studies, this
value is determined by the extracellular solution used in the ablation process (192).
In hydrogel experiments, this value is given by the composition of the hydrogel and

will ultimately affect the ablation size.

Hyaluronic acid (HA) is a naturally occurring linear unbranched polysaccharide
(glycosaminoglycan) and one of the primary components of the extracellular matrix
(ECM). HA is used for tissue engineering due to its inherent biocompatibility,
biodegradability and viscoelastic characteristics (193). HA chemical structure
allows the addition of other chemical compounds to modify and improve its
properties as a hydrogel scaffold (194). In addition to HA, collagen is an alternative
component used in 3D culture systems. Collagen is the main natural protein of
connective tissues (skin, bones, tendon, basal membranes) and has an essential role
in maintaining structural integrity for tissues (195). The use of collagen hydrogels
as a substrate for cell culture improves cell growth, differentiation and adherence

for many cell types (196,197).

Choosing a correct model composition that improves cell viability, mimics the
electrical conductivity found in native tissues and can be used for ablation studies

is a significant challenge. This study aims to develop and optimise a three-
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dimensional cardiac model to use as a platform for catheter ablation testing. To this
aim, this chapter emphasises the optimization process of model of higher
complexity compared to those of Chapter 2. In this chapter, processes such as the
fabrication procedure, analysis of hydrogel conductivity, study of cell viability and
morphology and the effect of ablation parameters are described for two hydrogel
candidates.

2. Materials and Methods

Cell culture

Human cardiomyocyte cells AC16 (Sigma-Aldrich) were cultured in T75 flasks
and passaged with trypsin-EDTA 0.025% (Sigma-Aldrich) every 2-3 days for
maintenance. Cardiomyocytes were cultured in Dulbecco’s Modified Eagle’s
Medium/Ham’s Nutrient Mixture F-12 (DMEM/F-12) (Sigma Aldrich)
supplemented with 12.5% Foetal bovine serum (FBS) (Gibco), 1%
Penicillin/Streptomycin (Sigma Aldrich) and 2 mM L-Glutamine (Sigma Aldrich).
For adherent cell experiments, 6 well plates were coated with 0.1 mg/ml gelatin
before cardiomyocytes were seeded with a cell density of 7.5 x 10° cells per well

overnight to ensure complete confluence.

Hyaluronic acid gel fabrication

A 1.5% (w/v) HA gel preparation was made using lyophilised HA added to
phosphate buffer saline (PBS, Sigma Aldrich) at a concentration of 15 mg/mL and
rehydrated overnight on a rotational rocker at 4°C. The polymer solution was
subsequently divided into two equal volumes and horseradish peroxidase (HRP)
was added to one solution together with the cells while 0.1% hydrogen peroxide
(H202)was added to the other solution. Equal volumes (30 pl for each ml of solution)
of the HRP and H;O> polymer solutions were drawn into separate Luer lock
syringes before being expelled synchronously through a plastic mixer. Hydrogels
were injected into custom-made plastic ring scaffolds placed inside of a 6-well plate,
where the resulting hydrogels were 24 mm diameter, 2 mm height and 1.2 ml
volume. Similarly, 24 well plates were used as scaffolds for viability experiments

using a total of 400 pul of total volume. The gel forms almost instantly, and culture
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media was added until complete coverage of the gel was achieved. The final
concentration of cells in each gel was 2 million/gel.

Collagen | gel fabrication

A 1.5 mg/ml collagen | from rat tail solution (IBIDI) was prepared following
the manufacturer's instructions. In summary, the collagen | solution was diluted
using 10X DMEM, ddH20 and neutralised using NaOH and NaHCOs. A cell
suspension containing one million cells was added in culture media and mixed
homogeneously before adding the mix to 12 or 24 well plates (1 ml and 400 pl of
total volume respectively), which act as scaffolds. The gel mixture was placed in
the incubator for 30 minutes for polymerization and culture media was added until

complete coverage of the gel was achieved.

Conductivity measurement of the hydrogels

To assess the conductivity of the hydrogel, a collinear probe was utilised. The
electrodes of the probe were chosen with a radius larger than 1 mm, as a radius
larger than 1 mm has been shown to reduce non-linearities, electrode impedance
and electrode polarization. Therefore, the total footprint of the proposed probe is 20
mm by 4 mm. The collinear probe is shown in Figure 3.1B, and a schematic
representation overlaid on the LAA in Figure 3.1A, where the dimensions are d”1
=5mm, d’2 =3 mm, d’3 =2mm, d’4 =20 mm.
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(@) (b)

Figure 3. 1. Conductivity measurement probe. (a) Diagram showing the dimensions of the
proposed collinear probe with small electrodes. The illustration shows the footprint of the probe on
the surface of the LAA, (b) Photo of the manufactured prototype of the proposed collinear probe
with small electrodes.

The acquisition of the conductivity passed from acquiring the frequency-
dependent complex impedance and was performed using the methods described in
(198) using a PGSTAT204 (Autolab, Kanaalweg The Hague, The Netherlands) in
galvanostat mode at room temperature with Nova 2.1 software. The galvanostatic
mode was used with a 100 pA flowing between the inducing electrodes. The
measurement setup consists of the PGSTAT204 connected to the proposed probe
(i.e., working electrode, counter electrode, reference electrode and sensing
electrode) and the PGSTAT204 connected to a computer that uses the Nova 2.1 to
control the PGSTAT?204. The probe was designed to fit into a holder that is attached
to a retort stand to maintain the stability of the set up. The full set up used is shown

in Figure 3.2 below.

Figure 3. 2. Measurement setup with the probe, the laptop running NOVA 2.1 software in
the foreground. PGSTAT204 potentiostat/galvanostat and the probe holder used to lift and keep
the probe fixed.

The first step of computing the conductivity is determining the cell constant (k),
k is the factor that relates measured conductance and the corresponding reference
conductivity. The k for the proposed collinear probe is 0.032 m for the collinear
probe for the frequency range from 0.1 Hz to 100 kHz (with the Pearson correlation
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coefficient R between the measured conductance and the reference conductivity
0.99 for the collinear probe). The second step is calculating the electrical
conductivity from the measured impedance data and the cell constant using
equation 1 (199).

k=G/o (Equation 1)

where o is the electrical conductivity of the standard liquids and G is the measured
conductance of the probe in the targeted frequency range. In theory, the 0.3% NaCl
solution is chosen to determine k as there are no dielectric dispersions in ionic
aqueous solutions at frequencies below 1 MHz (200). Therefore, the measured
complex impedance is frequency independent and only varies with the
concentrations of the aqueous NaCl solution (201).

Cell Counting assay

Cardiomyocyte cells were counted and seeded at the desired cell density in HA
or collagen I hydrogels in 12 well culture plates (Corning). After incubation at 37 °C
in a humidified atmosphere with 5% CO2 for 24, 48 and 72 h, 10% of the total
media volume of Cell counting assay (CCK-8) reagent (Sigma Aldrich) was added

into each well and absorbance at 450 nm read using a microplate reader (Hidex).

Ablation parameter screening in a monolayer model

Cardiomyocyte cells were counted and seeded at a cell density of 7.5 x 10° cells
per well in gelatin-coated 6-well plates to ensure complete confluence. After
incubation at 37 °C in a humidified atmosphere with 5% CO:> for 24h, media was
removed and substituted by PBS and cultures ablated in the culture well plate using
a custom-printed probe for ablation (Figure 3.3 A) with electrode size 3x5 mm and
centre-centre gap of 8 mm. The electrodes were connected to a biphasic wave
generator placed and they were placed 1 mm above the cell layer. Cells were ablated
applying a total of 15,000 pulses of 2 ps pulse duration (Total on-time of 60ms).
The initial range tested was 0-1000 V, however the highest voltage produced

sparking on the electrodes and was not used for further testing.
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Hydrogel ablation

After incubation at 37 °C in a humidified atmosphere with 5% CO> for 24h,
media was removed from the hydrogels and custom-printed probes (Figure 3.3 B,C)
were connected to a biphasic wave generator and placed in contact with the
hydrogel surface. Parameters used were the same as the ones used for the screening
model, with the selected input voltage of 750 V. Two different electrode spacings

were used, 8 mm and 10 mm centre-centre.

Live-Dead assay

The ablation area in samples was assessed by incubation with 3 uM Pl and 1.5
UM Calcein-AM (30 minutes, 37°C) (Sigma-Aldrich) and images were obtained by
scanning the wells using EVOS M7000 Imaging System and Olympus Fluoview
3000 Confocal Microscope. Images were analysed using NIH ImageJ to determine

the ablation area.

Figure 3. 3.Custom-printed electrodes and ablation set ups for (A) monolayer ablation (B) HA
hydrogel ablation (C) Collagen I hydrogel ablation.
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Statistical analysis

Data were analysed using one-way and two-way ANOVA and multiple
comparison tests using GraphPad 9.0. Experiments were repeated for at least three
independent experimental blocks with three technical replicates (N=9). Statistical

analyses were performed with a confidence level of a = 0.05.

3. Results and Discussion

Hyaluronic Acid vs Collagen | hydrogels — Cell viability

The appropriate hydrogel model for in vitro cardiac ablation must allow the
proliferation and growth of viable cells. To this aim, increasing AC16 cell densities
were seeded into HA and Collagen | hydrogels and the viability was measured using
the CCK-8 assay at three different time points (24, 48 and 72 hours post-seeding)
(Figure 3.4). All experiments were performed in 24 well plates with the plate walls

acting as a mould for the hydrogels.
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Figure 3. 4. Growth curves of increasing densities of AC16 cells in HA and Collagen |
hydrogels. Higher values of absorbance are proportional to a higher number of viable cells.

Table 3.1. Two-way ANOVA table for repeated measures. Data is representative of at least 3
independent experiments (**P < 0.05).

Source of Variation P value | P value summary
Row Factor x Column Factor | 0.0740 | ns
Row Factor 0.0039 | **
Column Factor 0.0044 | **
Subject 0.0691 | ns
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A two-way ANOVA for repeated measures was performed to analyse the
effect of cell density and time on HA versus collagen cell viability. It revealed that
there was not a statistically significant interaction between the effects of cell density
and time (p = 0.0740). Simple main effects analysis showed that both cell density
and time have a statistically significant effect on HA versus collagen cell viability
individually (p =0.0044 and p= 0.0039 respectively).

Collagen I gels support an overall higher AC16 viability in culture, showing
a higher proliferation capacity for lower cell densities compared to higher cell
density, where it remains stable over time. A different scenario is found in HA gels,
where the higher cell density shows a higher proliferation capacity while the lowest
density maintains a low proliferation rate. Growth curves were used to select the
optimal cell density for further experiments. In the design of the ablation
experiments cells are not required to be in hydrogel culture for more than 24-30h,
a high number of cells can be adequate. For HA gels, 2x108 cells/gel was chosen to
maintain a proliferative profile which indicates a healthy culture and the values at
24h were significantly higher than lower cell densities. For Collagen | gels, 1x10°
cells/gel was chosen as cells at this density still have proliferation capacity and the

viability was significantly higher than 5x10° cells/gel.

Hydrogels seeded with the chosen cell density were imaged to visualise cell
morphology in the hydrogel. The hydrogels were stained using Live/Dead
fluorescent staining and whole hydrogel images were taken using the fluorescent
microscope EVOS M7000 microscope system (Thermo Fisher Scientific) (Figure
3.5).
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HA

COLLAGEN |

Figure 3. 5.Light microscope imaging and Live/Dead staining of AC16 cells in HA and
Collagen | hydrogel cultures after 24h in culture. The images show the cell morphology in the
hydrogels and the cell viability labelling cells with green dye (Calcein-AM). The scale bar in
fluorescent images corresponds to 2 mm.

HA and collagen I hydrogels have different effects on cell morphology. HA
gel promotes the aggregation of cells and the formation of spheroids, confirmed by
the presence of several nuclei in the spheroids (Figure 3.6). Collagen | allows the
cells to stretch and form a more typical cardiomyocyte elongated morphology,
similar to the shape seen in monolayer cultures. In both cases, cells were viable all
over the hydrogel and the number of dead cells was minimal. This confirms that
HA and Collagen I hydrogels are appropriate to create a homogeneous and viable

cell culture over time.
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Figure 3.6. Cells spheroid in HA hydrogel culture stained with phalloidin for the
cytoskeleton (green) and DAPI for nuclei (blue). The image reveals the presence of several
nuclei and therefore cells in each spheroid. Scale bar = 250 pm.

Hyaluronic Acid vs Collagen | hydrogels — Hydrogel conductivity

Given the importance of the conductivity of the hydrogel in the ablation
process, conductivity values of the hydrogels were measured and compared with in
vivo and ex vivo tissue conductivity of the Left atrial appendage (LAA), as well as
blood.

Measurements of electrical conductivity of the hydrogels were performed
with a 4-electrode probe method. The measured complex electrical impedance was
used to calculate the electrical conductivity of the normal hydrogel, hydrogel with
20 mM sucrose, hydrogel with collagen, blood, LAA both ex vivo and in vivo. To
further validate the measurement set up, three pre- and post-validation
measurements with 0.15M NaCl solution and were acquired to show any drift in

the measurement.

The results from all the conductivity measurements were compared. The
conductivity the normal hydrogel, hydrogel with 20 mM sucrose, hydrogel with
collagen, blood, LAA ex vivo and in vivo displays a wide range from 0.2 S/m to
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1.5 S/m. The variation of the conductivity of the normal hydrogel and the hydrogel
with sucrose is observed to be double the conductivity of the hydrogel with collagen.
Additionally, the hydrogel with collagen is observed to display a conductivity
similar to the range of LAA, and blood.

Furthermore, the drift from the pre- and post-validation measurement show

a characteristic zero drift and sensitivity drift that averages at 2.5%.
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Figure 3.7.Conductivity measurements acquired from the normal hydrogel, hydrogel with 20
mM sucrose, hydrogel with collagen, blood, LAA ex vivo and in vivo.

As shown in the Figure 3.7, HA conductivity was far from left atrial
appendage and blood values. This led to test the effect of addition of 20 mM sucrose
(a big, apolar molecule well tolerated by cells) in order to reduce the conductivity
value. This sucrose concentration was added in the PBS used to rehydrate the HA.
The sucrose HA hydrogel had a lower conductivity but was not close enough to the
optimal values. Collagen I hydrogels, on the other hand, had a closer conductivity
to blood and LAA measurements, indicating it would be a better candidate for the

ablation testing.

Ablation voltage screening
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Input voltage is one of the parameters that has been shown to have a greater
effect on ablation, therefore the selection of an appropriate voltage is essential to
create a controlled ablation area. Prior to testing ablation on the hydrogel set-up,
increasing voltages were tested in a AC16 monolayer model to select a value that
would create a measurable ablation. The results of this preliminary experiment are

shown in Figure 3.8.
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Figure 3.8.Cardiomyocyte ablated area produced by increasing input voltages. Ablations
were performed using the probe used in monolayer experiments, keeping the other ablation
parameters constant (table). Data is representative of at least 3 independent experiments. Data
were analysed with one-Way ANOVA and Multiple comparisons test.**P < 0.05, ****P <(0.0001.

Inside of the final range of 0-750 V, no ablation was detected applying 0 or
250 V, while increasing the voltage to 500 V led to the formation of an ablation
zone, which was small in most cases. 750 V produced significantly bigger ablation

areas, leading to the selection of this value as input voltage for the ablation test.

Ablation test — Collagen | hydrogels

Collagen I hydrogel had the best viability and conductivity characteristics
and thus was used for ablation testing. A 3D-printed probe was designed for the

ablation, and the set up was prepared as indicated in Figure 3.3B.

After applying the pulse parameters selected in Table 3.1 and the input
voltage of 750 V, the collagen hydrogel structure did not survive the ablation, and
the remaining components became liquid in the well. Reducing the input voltage to
500 V reduced the gel breakdown (Figure 3.9), but it was not possible to perform

any assessment of the ablated area.
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Figure 3.9. Broken collagen | hydrogels after ablation. Left hydrogel was treated with 750V
and right hydrogel was treated with 500 V.

The conclusion of these results was that collagen | hydrogel structure was
not suitable for ablation experiments, showing potential as a cardiac model but not
as an ablation model. Some possible reasons behind this phenomenon have been
previously reported, and appear to be related to increases in temperature during
ablation (melting of the collagen hydrogels, which occurs at approximately 43—
45°C (202)) or the use of higher collagen concentrations that are not available in
commercial stocks (139). Previous studies in collagen | ablations use pin electrodes
compared to the planar electrodes used in this experiment, suggesting that electrode
design has an important effect on the hydrogel reaction to ablation, and may be an

area of future investigation (203).

Ablation test — HA hydrogels ablation

HA hydrogels were ablated without disruption of their structure. Large
hydrogels were made, and 3D printed probe were made for them. The set up was
prepared as indicated in Figure 3.1.

The structure of the hydrogel was not negatively affected by the pulse
delivery, and the hydrogels maintained their structure which allowed further
assessment of the ablation zone. At 2h post ablation, the hydrogels were stained
using Live/Dead staining to determine live and dead cell areas in the hydrogel.
Using two different electrode spacings were tested, 8 mm and 10 mm centre to
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centre. At 2 h post-ablation, fluorescent images were acquired, and ablation areas

were subsequently measured (Figure 3.10).

Electrode spacing | Ablated area (mm?)
8 mm 63.47 + 3.89
10 mm 55.01+£1.73

Figure 3.10. Ablation zones created in HA hydrogel model after pulse delivery using 8mm
and 10 mm c-c electrode probes. Dead cells are stained in red (PI) and live cells in green
(Calcein AM).

The ablation imaging results clearly show the ablated area produced by the input
pulse parameters in two different electrode spacing probes. Increasing the electrode
spacing creates longer ablations but smaller ablated areas that are slightly connected
compared to the bigger middle ablation in 8 mm spacing- treated samples. Previous
studies have highlighted the effect of the input ablation parameters on the ablated
area such as voltage (204) or number of pulses (140). These results highlight the
effect of electrode design on the ablated zone, indicating the potential of this model

to test not only input parameters but also electrode prototypes.
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4. Conclusions

The selection of an appropriate in vitro model that can be appropriately used for
initial preclinical testing is a difficult decision. Contrary to drug screenings, ablation
screenings include the additional challenge of the electric and physical effects of
applying electric pulses through specific electrode designs. Therefore, the use of
tri-dimensional models is needed to allow the contact of the electrodes directly with
the matrix where the cells are embedded. Providing an appropriate environment for
cell growth and distribution, together with an adequate conductivity similar to the
target tissue are essential variables to take into account when designing a tri-

dimensional in vitro model.

This work has shown the selection process between two hydrogels in vitro
models for cardiac ablation. The results highlight the importance of designing a
model according to the purpose of it. An improved cardiac in vitro model such as
collagen I hydrogel can have potential benefits in disease modelling or drug testing,
but it is not a suitable model for cardiac ablation as it is not able to bear the
application of electric pulses. HA hydrogels have shown the robustness needed for
ablation testing, allowing the ablation of cardiomyocytes without disrupting the
hydrogel structure. Moreover, the HA hydrogel can be easily stained and imaged to
measure the ablation area. This proposed model has plenty of opportunities for
improvement regarding cell morphology and conductivity, but it provides a good

starting point to develop better models for in vitro cardiac ablation.
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This project explored the importance of using an optimised model for the
preclinical testing of a specific therapeutic for Afib. Three different models (cell
suspension, cell monolayer and hydrogel) with different levels of complexity have
been analysed and used as ablation models to treat Afib. Each model has provided
specific information that has helped the design and parameter selection for models

with higher complexity.

The suspension cardiomyocyte model has shown potential as an initial
testing platform due to the large amount of data that can be obtained from it, making
it an attractive model for screening studies of broad-range parameters. In this study,
this model helped to analyse the effect of field strength, pulse width and burst
number on cardiomyocyte cell death and the interaction between these parameters.
The data highlights the importance of the on-time on the electroporation process
and the major impact of the pulse duration on cell death but also the negative side

effects of very long pulses.

The 2D ablation model using a monolayer of cardiomyocytes provides the
advantage of visualising the ablation area created by selected pulse parameters, and
the evolution of the lesion over time. The results of this model show the time
dependence of cell death using IRE, obtaining bigger lesions 24h post-ablation than
at earlier time points, suggesting the activation of delayed cell death pathways such
as apoptosis. These findings are important to consider when selecting the
assessment time of ablation treatment, as it can change over time. These models
provide useful information but also present limitations regarding the absence of tri-
dimensional structure and accurate conductivity measurements, a key component

in the ablation process.

To overcome these limitations, two potential 3D hydrogel models were
designed. The results obtained through the optimization process indicated the
importance of selecting an appropriate hydrogel that maintains cell viability and
resists the pulse application process. Two common hydrogels (hyaluronic acid and
collagen I) were chosen as candidates. Despite collagen | show promising results in

creating an appropriate cell culture environment for cell growth and a similar
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conductivity as cardiac tissue, it was not able to maintain stability after pulse
application. HA hydrogel, on the other hand, showed good resistance to ablation

treatment and allowed the staining and imaging of the ablation area post-ablation.

Overall, this project highlights the potential use of IRE to achieve effective
ablations for the clinical treatment of Afib and gives new insights into the effect of
IRE on cell death. In addition, it shows the design of an ablation tri-dimensional
model which can be applied to any cell type and gives a broad range of opportunities
to explore not only pulse parameters but also different electrode geometry and

designs.
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