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Abstract

Pulsed field ablation (PFA), a focal tissue ablation method, uses short high electric pulses
resulting in cell death in target tissue by irreversibly permeabilizing the cell membrane.
Unlike other focal ablation modalities such as radiofrequency ablation (RFA), microwave,
high intensity focused ultrasound (HIFU), and cryoablation, PFA is a non-thermal ablation
sparing extracellular matrix (ECM), vasculature, nerves, and ductal networks, which
results in rapid tissue regeneration and preservation of tissue function. Therefore, PFA is
presented to be an alternative instead of other thermal focal ablation modalities or adjuvant
therapy of chemotherapy for locally advanced solid tumor (LAST) such as locally
advanced pancreatic cancer (LAPC), locally advanced prostate cancer (LAPRC), and
hepatocellular carcinoma (HCC). Most of the research was focused on clinical and
preclinical trials with low-frequency pulsed field ablation (LF-PFA). However, few studies
have been approached from a tissue engineering perspective based on decellularization and
recellularization to investigate tissue scaffold fabrication and tissue regeneration using

high-frequency pulsed field ablation (HF-PFA).

In this dissertation, we developed a method to evaluate the electroporated area by
PFA in an in-vitro model to prescreen the optimal conditions to successfully ablate LAST
without margin live cells. Also, we fabricated HF-PFA derived tissue scaffold in the in-
vitro 3D culture model and utilized the perfusion bioreactor system to observe tissue
regeneration on the decellularized scaffold. HF-PFA generator and electrodes system were
manufactured by The Standard Co., Ltd (Gunpo-si, Korea). Cell apoptosis of human
prostate cancer tissue was studied using HF-PFA. Finally, the decellularization and tissue

regeneration process after HF-PFA were reconfirmed in the in-vivo experiment using



prostate tissue of canine. The hypothesis underlying my research is that HF-PFA can (i)
fabricate decellularized tissue scaffold to ablate LAST with cell apoptosis, and (ii) provide

the environments for rapid and proper tissue regeneration.

The main results of my dissertation research can be summarized as follows. First,
a novel evaluation method was developed to evaluate electroporated areas caused by HF-
PFA on the potato model. It takes about 12 hours to evaluate the HF-PFA ablated areas
using a common method of polyphenol oxidation. Using our 2,3,5-triphenyltetrazolium
chloride (TTC) method, the electroporated areas can be assessed within 3 hours and
reversibly electroporated areas also can be observed, which makes it possible to predict
the HF-PFA affected zone in the drug delivery or gene transfection research field. The
various HF-PFA conditions such as voltage, pulse number, pulse width, pulse interval for
in-vitro, in-vivo studies were indirectly performed and prescreened using the TTC method
on the potato model. Second, an in-vitro 3D culture model of cancer cells was constructed
using agarose gel to investigate the tissue scaffold and regeneration ability of HF-PFA
based on a tissue engineering perspective. Decellularization was induced by HF-PFA on
the gel and regeneration was induced by perfusion bioreactor with adipose-derived
mesenchymal stem cells (ADMSC). Decellularization was evaluated using a live and dead
cell assay kit with a fluorescence microscope and hematoxylin and eosin (H&E). Nerve
regeneration was evaluated using immunocytochemistry (ICC) of Tujl. Third, cell
apoptosis of human prostate cancer tissue was studied using HF-PFA. Human prostate
cancer tissues were induced on the skin of the nude mouse and HF-PFA was performed on
the cancer tissue with monopolar electrodes. The cell apoptosis markers, cleaved caspase-
3, and BCL-2 were upregulated after HF-PFA with the weight of cancer tissue decreasing

over time. HF-PFA had an effect to induce cell apoptosis and reduce the mass of cancer

iv



tissue. Finally, the decellularization and tissue regeneration process after HF-PFA were
investigated in the in-vivo experiment using prostate tissue of canine. Cell apoptosis and
decellularization process was maximized 4 hours after HF-PFA and the recellularization
was observed 7 days after HF-PFA. The prostate tissue was almost regenerated with minor

fibrosis at 4 weeks.

In the results, HF-PFA successfully fabricated decellularized tissue scaffold to
ablate LAST with cell apoptosis and provided the environments for rapid and proper tissue
regeneration. Therefore, HF-PFA can be utilized in the field of tissue engineering and
regenerative medicine and promotes the rapid and accurate ablation of LAST in clinical

surgery to enhance the quality of life.

Keywords: High-frequency Pulsed field ablation, Locally advanced solid tumor,
Decellularization, Tissue regeneration

Student Number: 2013-23254
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Chapter 1. Introduction

1.1 Background

Pulsed field ablation (PFA), a non-thermal focal tissue ablation modality, uses ultrashort
high electric pulses resulting in cell apoptosis in the target tissue by irreversibly
permeabilizing the cellular membrane (Figure 1.1). Unlike other thermal focal ablation
modalities (e.g., radiofrequency ablation (RFA), high intensity focused ultrasound (HIFU),
microwave and cryoablation), PFA is a non-thermal ablation ( < 43 °C ) sparing
extracellular matrix (ECM), vasculature, nerves and ductal networks, which results in rapid
tissue regeneration and preservation of tissue function. Therefore, PFA is suggested to be
an alternative instead of other thermal focal ablation modalities or adjuvant therapy of
chemotherapy for locally advanced solid tumor (LAST) (e.g., locally advanced pancreatic
cancer (LAPC), prostate cancer, and hepatocellular carcinoma (HCC)). Most of the
research was focused on clinical and preclinical trials with low-frequency pulsed field
ablation (LF-PFA). For example, most of the studies were performed with low-frequency
pulse delays ranging from 100 to 1000 ms due to the limitation of the specification of the
commercialized pulse generator. However, few studies have been approached from a tissue
engineering perspective based on the process of decellularization and recellularization to
investigate the tissue scaffold fabrication and tissue regeneration using high-frequency
pulsed field ablation (HF-PFA) of hundreds of microsecond pulse delay. The general goal
of my doctoral dissertation is therefore to apply HF-PFA for manipulation of decellularized
tissue scaffold to accelerate tissue regeneration sparing the ECM for treatment of locally

advanced solid tumors in clinical surgery.



1.2 Objectives

The working hypothesis underlying my dissertation is that HF-PFA can (i) fabricate
decellularized tissue scaffold to ablate LAST with cell apoptosis, and (ii) provide the
environments for rapid and proper tissue regeneration of the target region. To address these
hypotheses, we developed an in-vitro evaluation platform with TTC agents in the potato
model. Using this platform in combination with tissue engineering technique, we
investigated the optimal conditions of HF-PFA treatment to fabricate decellularized tissue
scaffold for the proper ablation of LAST with minimal heat (< 43 °C). Finally, engineered
tissue scaffold was recellularized with perfusion bioreactor system resulting in tissue
regeneration. The In-vivo preclinical model showed similar results after HF-PFA treatment.

The specific aims of my dissertation work are as follows:

Aim 1.  To design the evaluation method of HF-PFA with TTC agents in the

potato model to investigate the electroporated areas in the treated zones

Aim 2. To develop strategies for optimal conditions of HF-PFA treatment to
fabricate decellularized tissue scaffold for the ablation of LAST

Aim 3. To investigate the tissue regeneration of the treated area after HF-PFA

treatment in the in-vitro 3D culture model and in-vivo preclinical tissue
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Figure 1.1. Schematic representation of the decellularization and tissue regeneration
after HF-PFA.

Pulsed field ablation (PFA) uses short high electric pulses resulting in apoptotic cell death
in the target tissue by irreversibly permeabilizing the cell membrane. /n-vitro HF-PFA
ablated area evaluation platform was developed on the potato model. The tissue scaffold
was decellularized after HF-PFA sparing extracellular matrix, vessel, and nerve structures,
which results in rapid tissue regeneration.
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Chapter 2. Pulsed field ablation for treatment of locally

advanced solid tumor

Pulsed field ablation (PFA) techniques have been influential in the treatment of locally
advanced solid tumors. Here, we describe the historical and theoretical background pulsed
field ablation that has contributed to major advances for treating a locally advanced solid
tumor. We also discuss the pulsed field ablation for tissue engineering and clinical

applications at various indications.

2.1 Background of pulsed field ablation

Pulsed field ablation is a nonthermal local treatment modality for cancer tissue by
irreversibly permeabilizing the membrane of the cells in the target tissue. The history of
the pulsed field ablation is related to that of electroporation. Electroporation is the
phenomenon of increasing cell membrane permeability by exposing cells to ultrashort,
high electric field pulses. These pulses cause nano-sized pores in the cell membrane
leading to apoptotic cell death. This phenomenon is also called irreversible electroporation

(IRE).

IRE is mainly used to destroy undesirable cells such as cancer by inducing
apoptotic cell death without thermal damage. Recently, IRE has been adopted as an
alternative tool for minimally invasive ablation of cancerous tissue. Therefore, IRE can be

also called pulsed field ablation (PFA). The goal of this chapter is to present a historical



and theoretical review of the field of pulsed field ablation from the first reports of the

phenomenon in the 18th century to modern applications in minimally invasive surgery.

2.1.1 Historical background

The historical background is summarized in Figure 2.1. The first scientific explanation for
a phenomenon suggesting pulsed field ablation in tissues can be found in the previous
study in 1764 [1]. In the electric field experiments, J.A. Nollet observed the formation of
red spots on the humans and animal skin in areas where an electric spark was applied. The
same phenomenon was observed in J.P. Reilly, who reported that red spots may be the
result of stratum corneum degradation caused by heat [2]. However, these red spots are
most likely caused by pulsed field ablation because erythemas are common when applying
electroporation in the skin tissue [4, 5]. In the 1930s, the thermal effects of electric fields
on biological materials were well studied [3,4]. The G.M. McKinley in 1936 found that
the tissue damage caused by pulsed field ablation with frequency ranging from 10 to 100
MHz cannot be caused only by heat, especially in the case of nerve [5]. He even suggests
that an electric field could be used as a selective minimally invasive ablation method for

some specific tissues.

R. Davalos and B. Rubinsky proposed the use of IRE with a pulse length longer
than 5 ps as a tissue ablation method in 2004. [6] They detailed the treatment planning of
the electrode configurations and the electrical variables. They also suggested that IRE can

be designed to prevent tissue damage caused by heat, resulting in the successful procedural



outcome and rapid healing after treatment [7]. Therefore, IRE is also referred to as non-

thermal irreversible electroporation (NTIRE).

G. Onik applied IRE to the canine prostate tissue using percutaneous needle
electrodes under ultrasound guidance [8]. The ablation zone was distinct in the
macroscopic observation and peripheral structures such as the blood vessels, urethra,
nerves, and rectum were preserved after IRE. Onik also performed an in-vitro study

suggesting that IRE induced the cell death of prostate adenocarcinoma cells [9].

G. Onik and B. Rubinsky reported the first human clinical trial of IRE on prostate
cancer in 2010 [10]. They reported that the treatment was successful and the potency and
continence were preserved in all patients. R. C. G. Martin reported on the human clinical
trial of 200 patients with locally advanced pancreatic cancer (LAPC) [11]. In the study, the
conventional chemotherapy combined with IRE resulted in prolonged survival compared

to control groups.

G. Onik and B. Rubinsky
reported on the first human
clinical trial where 16
patients with prostate cancer
were treated with IRE.
Potency and continence was
preserved in all patients. ¥

G.M. McKinley first proposed
that electric fields can be used
as a minimally invasive
method to selectively ablate
specific tissues. D

R.V. Davalos, L.M. Mir and B.
Rubinsky demonstrated that
IRE can be used as an
independent tissue ablation
method not necessarily
accompanied by thermal
effects. This feature has
important implications in
post-treatment healing. 2

R. C. G. Martin reported on
the clinical study on 200
patients with locally
advanced pancreatic
adenocarcinoma (stage III),
underwent either IRE alone
(n=150) or pancreatic
resection combined with
IRE for treatment margin
enhancement (n=50). ©

Figure 2.1. Historical background of pulsed field ablation.



2.1.2 Theoretical background

The pulsed electric field causes two types of electroporation of the cell membrane;
reversible electroporation (RE) when the formed pores were resealed, and irreversible
electroporation (IRE) when the disruption of the cell membrane results in apoptotic cell
death (Figure 2.2). In clinical studies, 2~3 kV pulses were applied to destroy the cancerous

tissues with the IRE phenomenon.

It was believed that the killing mechanism of IRE was necrosis caused by
increased permeability and subsequent destruction of the osmotic balance. In 1999, there
were two independent papers indicating the mechanism of cell death was both necrosis and
apoptosis through in-vitro studies [12,13]. It was found that the necrosis can be avoided
through optimization of IRE pulse parameters sparing the nearby tissue structures, such as

vessels, nerves, or extracellular matrix, to induce rapid regeneration of tissues.
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Figure 2.2. Schematic of electroporation using pulsed field ablation at intact cell
membrane to induce cell apoptosis.
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As described by Miklavcic and Kotnik [14] and Wachner and Gisma [15], the
induced transmembrane potential (TMP) on the cell membrane can be calculated by taking
into account the existence of a uniform electric field E, being disrupted by the existence

of a cell into an electric field E:

E--Vo (1)

where ¢ is the electric potential satisfying the Laplace equation

V=0 2

The TMP, Ag, induced by an externally applied electric field to a cell is considered as the

electric potential difference between the inner and outer surfaces of the membrane.

Ao = @i— @. (3)

where the subscripts i denotes interior and e denotes exterior of the cell membrane. A TMP

larger than 1 V must be applied to achieve cell death with IRE [14].

An analytical solution of electric field distribution was presented using the

Laplace equation for two-needle electrodes by Corovic et al [16]. When assuming the

8



thickness of electrodes are uniform, with a circular electrode’s radius of a, and with a
distance between the electrodes of d, the Laplace equation can be solved in simplified two-
dimension. The Laplace equation for the electric potential of the needles can be simplified

when assuming the constant conductivity of the tissues as follows:

V3p(x,y) =0 4)

where @(x,y) is the electric potential in the two-dimensional coordinate. ¢(X,y) can be

presented as the sum of the electric potentials of each needle as follows:

Px,y) = XN=1@n(XY) )

Then, the electric field is determined to be as follows by taking the derivative of ®(x,y)

assuming two electrodes (n=2):

«[>—] (6)

where V) is the applied electrical potential.



2.2 Pulsed field ablation for tissue engineering

Tissue engineering has been developed extensively as an industry and science since the
paper of Langer and Vacanti over 29 years ago [17]. Tissue engineering has stabilized and
become profitable since the turn of this decade as an industry [18]. Classically, tissue
engineering is the use of a combination of cells, biomaterial scaffold, and signals like
growth factors, small molecules, mechanical forces to improve or replace biological tissues

(Figure 2.3) [19].
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Meanwhile, tissue scaffold is a key element of tissue engineering, and the ideal
material for the scaffold is the extracellular matrix (ECM). This ideal scaffold can be
produced by decellularization of living tissues using PFA in the targeted tissues. Previous
studies demonstrated that the PFA spared the ECM of the tissues and produced the
decellularized scaffold for rapid recellularization thereafter [20,21]. When the pulsed
electric field was applied on the carotid artery in-vivo, a functional decellularized scaffold
remained 3 days after PFA (Figure 2.4). Then, endothelial cells were regrown in 7 days,

indicating that the scaffold preserved its function during the procedure.

____200pm 200 pm

control 3 days 7 days

Figure 2.4. Smooth muscle cell removal after PFA on the carotid artery.

The dark staining for a-smooth muscle arteries (a-SMA) in between the layers of the
elastin presented that vascular smooth muscle cells (VSMC) decreased at 3 days and
decellularized scaffold at 7 days after PFA treatment as compared to the control group.
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2.3 Clinical applications of pulsed field ablation for treatment of locally

advanced solid tumor

The PFA has been used increasingly for cancer treatment over the past decade. PFA offers
several advantages due to its nonthermal characteristics over other local treatment
modalities, which are summarized in short treatment time, minimized thermal damage, and
the ability to treat cancers near the major blood vessels [22]. Therefore, we reviewed

clinical studies of PFA to treat cancer within the past decade in this chapter.

2.3.1 Locally advanced pancreatic cancer

Locally advanced pancreatic cancer (LAPC) is non-metastatic, unresectable pancreatic
ductal adenocarcinoma (PDAC), one of the most aggressive cancer with a 5-year overall
survival rate of less than 10% [23]. LAPC generally encases the major vessels, such as the
superior mesenteric artery, celiac artery, or portal vein which makes it hard to remove
surgically. Therefore, the standard treatment for LAPC patients includes chemotherapy
coupled with radiation or not [24,25]. In spite of the development of novel and powerful
chemotherapeutic agents, there has been no significant progress yet. Minimally invasive
ablation techniques are emerging as a promising and new alternative for the local
destruction of LAPC [11,26-29]. As one of the minimally invasive ablation techniques,
PFA induces the loss of cellular homeostasis resulting in apoptotic or necrotic cell death
[30]. The high-voltage, ultrashort electrical pulses are applied through more than 2 needle

electrodes, building pulsed electric fields among needles to destroy the LAPC.
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PFA has obvious advantages over other focal ablation therapies such as
radiofrequency ablation, microwave ablation, or ultrasound to treat LAPC. PFA primarily
uses electrical energy to minimize heat generation, sparing sensitive surrounding structures
such as bile ducts, large vessels, and the intestines [31,32]. Also, PFA has not been impeded
by the “heat-sink effect”, which makes the thermal energy dissipating through the ductal
structures. Therefore, LAPC near the large vessels or ducts can be ablated with PFA
without the “heat-sink effect”. At last, the combination of the ablation with immunotherapy
attracted attention recently to treat the PDAC [33]. PFA induces remarkable antigen release
and activation of T cells resulting in a systemic immune response compared to other
thermal focal modalities [34—36]. Therefore, PFA can be used as an outstanding focal
ablation modality to destroy the malignant LAPC and to promote the recovery of the
patients. Median overall survivals after PFA treatment for the LAPC patients were

overviewed as shown below (Table 2.1).
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Table 2.1. Overall survival after pulsed field ablation for locally advanced pancreatic

cancer.

Overview of survival outcomes of LAPC patients who underwent PFA through
laparoscopic, percutaneous, or open approach (median, in months). Referred from Moris

et al [37].

Year Authors Approach Ove(rr?:éril;;\;lval
2015 Paiella et al. [38] Open 75
2015 Kluger et al. [39] Open 7.7
2015 Martin et al. [29] Open 18
2015 Martin et al. [29] Open 18
2015 Martin et al. [29] Open 18
2016 Lambert et al. [40] Open and Percutaneous 10.2
2016 Mansson et al. [41] Percutaneous 7
2016 | Stillstrom et al. [42] Laparoscopic 14
2017 Vogel et al. [43] Open 16
2017 Scheffer et al. [27] Percutaneous 11
2017 Belfiore et al. [44] Percutaneous 14
2017 | Narayanan et al. [45] Percutaneous 14.2
2018 | Spilitiotis et al. [46] Open 16.7
2018 | Sugimoto et al. [47] Open and Percutaneous 175
2018 Leen et al. [48] Percutaneous 27
2019 Ruarus et al. [49] Percutaneous 17
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2.3.2 Locally advanced prostate cancer

Focal ablative therapies for locally advanced prostate cancer (LAPRC) have been
suggested to destroy the localized disease selectively [50,51]. The results appear promising
in the medium-term despite the lack of long-term oncological results [52,53]. Many
interests have been focused on prostate-sparing treatments in accordance with the advances
in localization techniques for prostate tumors using mpMRI [54]. Several focal ablation
modalities including radiofrequency ablation, cryotherapy, high-intensity focused
ultrasound (HIFU), laser, photodynamic therapy (PDT), brachytherapy, and PFA are

available to treat LAPRC [51].

PFA delivers high-voltage, ultrashort electric pulses to ablate the LAPRC through
electrodes inserted transperineally [55]. Several papers have validated the efficacy of PFA
in the short-term oncologic outcomes and the safety of PFA in the quality-of-life (QoL)
[56—62]. We arranged clinical information and conditions of the PFA generator and the

electrodes used in the table as shown below (Table 2.2).
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Table 2.2. Clinical and preclinical studies of pulsed field ablation for locally advanced prostate cancer.

Procedure information Generator Electrode
Ref.
Tye | Organ Approach o Muscle | Sacrifice/ Observation| Device Voltage [Current| vl\)/::::lel dP:ll:e Pulse|] Pulse Type size] No Distance|Exposure|
ype | Ore method | blocker | F-UP Period ™ | @ [ (S)y no. [ type P | em) | (em)
1000, [63] Onik,
Beagle[Prostate|Transperineally| 6 (0} 2 weeks Gross, H&E be 1500, N/D | 100 o1, 80 [Monophasic] Monopolar | 18 2 05, 1, N/D Gary
generator 0.2 two probes | G 1.5
2000 (2007)
[64] Neal,
Beagle[Prostate]  Incision 1 (0] 4 hours H&E ECM830 - 1250 5 100 1 100 [Monophasic] Monopolar | 18 2 1 0.5 Robert E
generator | V/em two probes | G
(2014)
| 1500 ~ [64] Neal,
ruman] %% rransperineally] 4 [ 0 3, 4 weeks nge  Nanoknifel ©og o 34| 70 | BCS [ 90 [Monophasic| Momepelar 118 5 5 ys| 1<1s | RobertE
Cancer System Synch. two probes | G
V/em (2014)
Side Effect, . [62] Valerio,
[Human Prostate Transperineally| 20 (0} 6 wecks, 3, 6, Gleason Nanoknife N/D |20~40 | 70 | N/D | 90 |Monophasi] Monopolar | 19 N/D| N/D N/D Massimo
Cancer 9, 12 months System two probes | G
Score (2014)
Side Effect, . [59] Valerio,
[Human| Prostate Transperineally| 34 (6] 6(1~25) Gleason Nanoknife N/D |20~40 | 70 | N/D | 90 |Monophasic Monopolar N/D| 2~6 <2 2 Massimo
Cancer Months System two probes
Score (2014)
Side Effect .
Prostate . 6 weeks, > Nanoknife| 900 - . | Monopolar | 18 | 4.6 [61] Ting, F.
|Human Cancer Transperineally| 32 (6] 3. 6 months Gsliisr(;n System 3000 20~40 | 70 | N/D | 90 [Monophasic] two probes | G [(3~6) 0.6~2]15~25 (2016
Affected .. | 1200 ~
Fruman|' "% rransperineally] 16| 0 dweeks | essential  |NAROKNRL 5100 [ 1545 | 90 [FCO [ 90 |Monophasic] Monopolar 19112, 3, fPull backf - & f [65] Van den
Cancer System Synch. two probes | G | < [ method JBos, W. (2016)8
structure V/em
. [66] Valerio,
[Human Prostate Transperineally| 20 (0} 6 weeks, 3, 6, Side Effect Nanoknife N/D |20~40 | 70 | N/D | 90 [Monophasic Monopolar {19 0.5~2 Massimo
Cancer 9, 12 months System two probes | G (2017)
Side Effect, | 1518+
Human Prostate Transperineally]429) (0) Gleason Nanoknife 204 N/D | N/D | N/D | N/D [Monophasic] Monopolar IN/D| 5+ 1 [58] Guenther,
Cancer Score System V/em two probes E (2019)
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2.3.3 Locally advanced hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is widely known as the main cause of cancer-related
deaths in the world [67]. More than 1 million people will die due to liver cancer in 2030
despite universal vaccination of hepatitis B, advanced screening, and antiviral therapies
for hepatitis C [68]. While many screenings have been performed on high-risk groups and
the early stage diagnosis has increased, many people have been still diagnosed as an
unresectable HCC [69]. The focal ablative therapies including RFA, MWA, or cryotherapy
are the standard solutions to treat the HCC unless the tumors are not located in the area

adjacent to vascular or ductal structures [70,71].

PFA is a nonthermal focal ablation therapy sparing vital structures such as vessels,
ducts within the target tissue and avoiding the heat-sink effect [72]. PFA has been used to
treat the locally advanced HCC according to several papers [72-76]. We overviewed
clinical information and conditions of the PFA generator and electrodes in the table as

shown below (Table 2.3).
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Table 2.3. Clinical and preclinical studies of pulsed field ablation for locally advanced hepatocellular carcinoma.

Procedure information Generator Electrode
Sacrifice/ Pulse | Pulse . Ref.
Type | Site Ar]:nle):l(:z(cih No. g/l[(::sl:li F-UP Observation ]| Device Vo(l\t]z;ge Cu(lz)e nt width | delay P:(l)se l:ulsee Type Size|No. Dl(sct:::;ce Ex(ll(:l;l re
Period (ns) | () ) P
Liver Open, 12 weeks, 3 Safety, JNanoknife] ECG . I Bipolar, |19 [77] Philips,
IHuman cancer | Percutaneous 7 © months Efficacy System 3000 N/D- [20~100 Synch. 90" [Monophasiq Monopolar | G =] 1523 N/D Prejesh (2013)
Liver 2 weeks, 3, Safety, [Nanoknife| ECG Bipolar, |19 [78] Cannon
[Human| cancer Percutaneous | 44 (6] 1 :(;nltis Efficacy System 3000 N/D  |20~100 Synch. 90 [Monophasic] Monopolar | G 2~5| 5~20 N/D Rober (2013)
[Human| Liver Percutaneous | 22 (6] 2, 4 weeks | Pain analysis Nanoknife 1500~3000] N/D N/D ECcG N/D |Monophasic| Bipolar, | 19 2~5| N/D N/D [73]Narayanan
cancer System Synch. Monopolar | G (2013)
ruman| 5 | percutancous [ 56| o [ 6 Weeks, 3| Adverse Wanoknifel 6 3500l | 90 | N | 70 [Monophasic] MOroPORr [ 18 5 ¢l o | wp | [79) Dollinger,
cancer 6 months effects System two probes | G Marco (2015)
uman| "V | percutancous | 1 | N/D | 6 months | MaIOr vesselNanoknifel, o0 50001175 314 90 [ FCY | 90 [Monophasic] MOPOR (| 4 | 12-18 | wp | [80] Kos, Bor
cancer safety System Synch. two probes (2015)
uman] | N [i24] 0 1,5, 14 Liver — Wanoknifel, 5,5 3500l N | np | WD [r0~90[Monophasid] MO"PR o] ~p | wp | 81 Froud.
cancer months function System two probes Tatiana (2015)
Liver 1,3,6,9,12 Safety, [Nanoknife| ECG . | Monopolar | 19 [82] Eller,
IHuman cancer Percutaneous | 14 (6] months Efficacy System 1500 V/em 50 100 Synch. 90 |Monophasic] two probes | G 2~4 20 20 Achim (2015)
. . [74] Padia,
uman| SV | Open. {51 o 153,69, 121 Adverse - WNanoknifel 5000 | \n bo<to0] FC9 | 90 |Monophasic] MOMOPRr (19 5 s 50 | 1520 | siddharth A,
cancer | Percutaneous months effects System Synch. two probes | G (2015)
Liver 6 weeks, 3, Safety, Nanoknife ECG . | Monopolar | 19 [83] Niessen,
IHuman cancer Percutaneous | 34 (0} 6,12 months| Efficacy System 1500 V/em| 20~50 90 Synch. 70 |Monophasic| two probes | G 2~6| 10~20 N/D Christoph (2016)
Liver . . Safety, [Nanoknife| . | Monopolar | 18 [84] Beyer,
IHuman cancer Percutaneous | 35 (6] 6 weeks Efficacy System N/D N/D N/D | N/D | N/D [Monophasic] two probes | G 2~6|] 30 N/D Lukas P. (2017)
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Part I: DESIGNING EVALUATION METHOD OF
PULSED FIELD ABLATED AREA

Overview

From the concept of a ‘pulsed field ablation’, the designing evaluation method of abated
area is of great importance in a wide variety of biomedical and clinical applications such

as gene delivery, drug delivery, therapeutic research for locally advanced solid tumors.

In Part I, inspired by the biochemical features of the tetrazolium salts, we
developed a novel evaluation method to investigate the pulsed field ablated area with 2,3,5-
triphenyltetrazolium chloride (TTC), which no attempts have been made yet in the potato
model. In addition, we used these new platforms as a tool for quantitative analysis of
irreversibly or reversibly electroporated areas, predicting the extent of cell apoptotic areas

for in-vitro and in-vivo studies.

Chapter 3 showed that the IRE-ablated area was distinguished with TTC staining
in a potato model within 3 hours and showed results similar to conventional melanin
accumulation area after pulsing. The TTC-unstained white areas were consistent over time
and at different staining times. The presumed-RE area was formed with TTC staining in a
potato model. The areas were highly correlated with electrical variables such as current

and conductivity changes.

Our findings in Part I propose that TTC staining is a rapid biochemical reaction
after pulsed field ablation and presents distinguishable lines for IRE or RE-ablated areas.
Therefore, it might be the best choice to evaluate IRE-ablated and RE areas in a potato

model.

19



Chapter 3. Evaluation of electroporated area using 2,3,5-
triphenyltetrazolium chloride in a potato model

3.1 Summary

Irreversible electroporation (IRE) is a tissue ablation method, uses ultrashort high electric
pulses and results in cell death in target tissue by irreversibly permeabilizing the cell
membrane. Potato is commonly used as a tissue model for electroporation experiments.
The blackened area that forms 12 hours after electric pulsing is regarded as an IRE-ablated
area caused by melanin accumulation. Here, the 2,3,5-triphenyltetrazolium chloride (TTC)
was used as a dye to assess the IRE-ablated area 3 hours after potato model ablation.
Comparison between the blackened area and TTC-unstained white area in various voltage
conditions showed that TTC staining well delineated the IRE-ablated area. Moreover,
whether the ablated area was consistent over time and at different staining times was
investigated. In addition, the presumed reversible electroporation (RE) area was formed
surrounding the IRE-ablated area. Overall, TTC staining can provide a more rapid and

accurate electroporated area evaluation.
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3.2 Introduction

Irreversible electroporation (IRE), a tissue ablation method, uses ultrashort high electric
pulses that cause low thermal damage and induce apoptotic cell death by irreversibly
permeabilizing the cell membrane in the targeted tissue [85]. IRE was recently investigated
as an alternative ablation method to several conventional tissue ablation techniques, such
as cryoablation, radio-frequency ablation, and microwave ablation [86—89]. The
advantages of IRE include producing a sharp boundary between treated and untreated areas,
sparing vasculature and ductal networks, which results in more rapid tissue regeneration

[90-92].

Many researchers used potatoes as models to evaluate IRE-ablated areas due to
their low cost, relative convenience, and lack of ethical issues [93—-96]. The evaluation is
conventionally performed by calculating the blackened potato tissue area 12 hours
posttreatment [97]. The intracellular polyphenol oxidation results in melanin accumulation
that forms the dark area [98]. However, when using this method, obtaining the
posttreatment results requires waiting for long hours. Furthermore, the results are affected

by the inhomogeneity of the potato tissue [99].

Magnetic resonance imaging (MRI) was used for instant imaging of potato tissue
changes after pulsing to overcome these disadvantages [100]. The ablation area detected
using MRI was similar to the conventional melanin pigmentation ablation outcome in
various electric field strengths. However, using MRI for most researchers is unsuitable due

to its high cost and uneasiness to handle. The blue dye was used to evaluate IRE-ablated
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areas on the potatoes using the osmotic equilibrium phenomenon, but RE areas were not

detected [101].

The water-soluble tetrazolium salt has been used to evaluate cell viability in in-
vitro and ex-vivo experiments [102—105]. The 2,3,5-triphenyltetrazolium chloride (TTC)
is a representative agent for this purpose and is reduced to insoluble red-colored
triphenylformazan crystals by the dehydrogenase produced by mitochondria in cells [106].
The IRE-ablated area was evaluated with TTC in ex-vivo swine pancreatic tissue [104].
The TTC-unstained white area was an IRE-ablated area in the swine pancreas tissue. This
type of TTC staining has a rapid chemical reaction and reduces evaluation time. However,

research is needed to evaluate the IRE-ablated area potato models using TTC staining.

Here, an IRE-ablated area was assessed based on TTC staining in a potato model
after pulsing. The TTC-unstained white area was compared with the blackened area by the
conventional melanin accumulation method. Moreover, the consistency of the TTC-
unstained white area was examined to verify its accuracy and usefulness in IRE research.
Moreover, the presumed-RE area was formed with the TTC staining after IRE pulsing on
the potato. Furthermore, the correlation between the ablation area and the electrical
properties of potatoes was examined to evaluate the suitability of the TTC staining method

for electroporation research.

3.3 Materials and Methods

3.3.1 Electric fields simulation

The geometry of the model was adopted from a previous study [107]. The electric field
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strength between electrodes is governed by the Poisson equation as follows:

v2®:_£ 1
€9

If the conductivity of the potato is supposed to be constant, a steady-state electric field

distribution was obtained by solving the equation as follows:
V=0 2

where @ is the electric field strength, assuming the electrode length is larger than the
distance between electrodes. The surface effects of the potato are neglected. The electric

field strength is presented based on a gradient of the electric potential:
E=Y0 3

The boundary condition is defined as either @ =V, or 0 in the applied tissue. The resting
boundaries were assumed as electrically insulating (% = 0). The electric field was

estimated using the EPO code™ developed with the OpenFOAM (The Standard Co.

Ltd., Gunpo-si, Republic of Korea).

3.3.2 Potato tissue ablation

A single batch of large-size (weight, ~240 g; length, 80 mm; and width, 60 mm) potato
tubers from the same harvest were purchased from a local grocery store (Gunpo-si,
Republic of Korea). All experiments were performed using the EPO-S1 generator (The

Standard Co., Ltd.), a prototype pulse generator for IRE (Figure 3.1A). Two 6-Fr-
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diameter stainless-steel needle electrodes with a 15-mm exposure length, inserted in
parallel, normal to the potato slice surface, with a 10-mm center-to-center distance
between the electrodes (Figure 3.1C), delivered the electric pulses. The treatment
consisted of a square-pulsed electric field with 300, 600, 900, 1,200, or 1,500 V/cm, 100
us pulse width; 2,000 ps pulse delay; and 32 pulse numbers to cause a sufficient IRE-
ablated area according to the pre-test (Figure 3.S1, 3.S2). In the different staining time
experiments, electric field strength 1,000 V/cm, 100 us pulse width, 2,000 us pulse delay,

and 100 pulse numbers were used with the same electrodes as described above.

3.3.3 Conductivity and current measurement

The conductivity measurement was performed using 4192A LF Impedance Analyzer
(Yokogawa-Hewlett-Packard Ltd., Japan). A manual switch was placed between the
experimental object and the analyzer for measurements after pulsing (Figure 3.1B). The
conductivity was measured before pulsing, and the switch was turned off to ensure a
connection between the object and pulse generator. After pulsing, the switch was
immediately turned on to connect the analyzer to the object and was manually operated.
The conductivity was measured using a 10-Hz frequency. A digital oscilloscope
(TDA3044B, Tektronix, USA) was used for current measurements. A hole-type current
probe (TCP305A, Tektronix) was clamped to a code connecting the pulse generator and

the electrode.
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3.3.4 Melanin accumulation and TTC staining methods

A section from the treated potato was cut in 5 mm (width) x 4 ~ 6 cm (length) and placed
at room temperature in about 60% humidified environment for 48 hours for melanin
accumulation (Figure 3.1D). Another section was submerged into a dish containing 20
mL of 0.5% w/v TTC (Kanto Chemical Co., Ltd., Japan) in normal saline for 48 hours
(Figure 3.1E). The results were quantitatively compared after 3 hours of TTC staining
and 12 hours of melanin accumulation (Figure 3.1F). TTC staining was performed within
5 min after pulsing. Photographs were taken every hour for 8 h, and then once at 10, 12,
and 24 hours thereafter. Melanin accumulation and TTC staining images were compared
(Figure 3.2C). ImageJ 1.53c (Wayne Ribband, National Institutes of Health, USA)
software was used to evaluate the IRE-ablated area in the potato models. The distance
was set using a ruler in the software. Trainable Weka Segmentation was performed to
create a binary image of the white area and deep red area caused by TTC staining to
measure the IRE and the presumed reversible electroporation (RE) areas. Moreover,

areas with accumulated black melanin were calculated using the same method.

3.3.5 Transmission electron microscopy (TEM)

Fragments (1 x 3 mm) were excised from pulsed, inner medullar zones (IRE and deep
red areas), and non-pulsed, perimedullar zones of the pulsed potato tuber. They were
prefixed in 2% (w/v) paraformaldehyde and 2% (w/v) glutaraldehyde in 0.05M sodium
cacodylate buffer (pH 7.2) at 4 °C overnight. They were washed with cacodylate buffer

and post-fixed in 1% (w/v) osmium tetroxide at 4 °C for 2 h. The osmicated specimens
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were en-bloc stained with 1% (w/v) uranyl acetate at 4°C overnight. The specimens were
immersed in a graded ethanol series for dehydration, treated with 100% propylene oxide,
and embedded in Spurr’s resin. Ultrathin sections were obtained using an ultramicrotome
(Leica UC7; Leica Microsystems, Wetzlar, Germany) and were mounted on 150-mesh
copper grids. They were stained with 2% (w/v) uranyl acetate and Reynolds’ lead citrate
for 7 min each. The sections were examined using TEM (JEM1400plus; JEOL, Tokyo,

Japan) at 120 kV.

3.3.6 Statistical analysis

Experimental results were expressed as mean + standard deviation from three repetitions.
A two-tailed paired Student’s #-test was conducted to determine the significance of
differences in means (*P <0.05; **P <0.01; ***P <0.001). Pearson’s correlation
statistics was used to determine correlation between electrical properties and ablated area
of the two different staining methods after IRE. Statistical analysis was performed using

Microsoft Excel 2013 (Microsoft Co., Ltd., Redmond, WA, USA) software.

3.4 Results

3.4.1 Melanin accumulation and TTC staining over time

Based on the experimental scheme (Figure 3.1), two staining methods were compared.
Representative melanin accumulation and TTC staining are shown in Figure 3.1D and E.

Three hours after pulsing, the samples for melanin accumulation only showed slight
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changes, and a prominent ablation area was not observed. However, the TTC staining
showed a clear white ablation area inside the deep red area (Figure 3.2A). After 12 h, the
ablation region in the melanin accumulation became dark black, and in the TTC staining,
the white dead cell area remained (Figure 3.2B). The red, color-stained area in the TTC
staining became visible 1 hours after pulsing and showed a clear demarcation 3 hours
posttreatment compared with melanin accumulation, which required >12 hours after

pulsing for visualization of results (Figure 3.2C).

The results showed that IRE-ablated areas by TTC staining showed consistency
over various electric field strengths (Figure 3.2D). The melanin accumulation area

increased over time and was similar to TTC staining areas 48 hours posttreatment.

3.4.2 Comparison of melanin accumulation and TTC staining at various electric

field strengths

IRE treatment was performed on potatoes with increasing electric field strength to
compare the ablation area using melanin accumulation and TTC staining (Figure 3.3A).
The ablation area significantly increased depending on the intensity of the field strength
in both staining methods (Figure 3.3B). In general, both the TTC-unstained white area
and the blackened area in melanin accumulation seemed similar. Ablated areas in both
methods were not significantly different at the various electric field strengths (Figure
3.3B, P > 0.05). With a Pearson’s correlation coefficient of 0.9687, the ablated areas

stained by the two methods were highly correlated (Figure 3.3C, P <0.0001).
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3.4.3 Current and conductivity changes at the various electric field strengths

Electrical properties, such as current and conductivity change, were estimated to
investigate the correlation between the two staining methods (Figure 3.4). Current that
passed through the potato tissue after applying 32 pulses of 1,500 V/cm is shown in Figure
3.4A. The inbox in Figure 3.4A shows several square pulses of 100 us pulse width and
2,000 ps interpulse delay. The current gradually increased from 12.5 A to ~15 A and
saturated after the 17" pulse. Conductivity at 10 Hz was measured before and after pulsing
for the different electric field strengths. The conductivity tended to increase linearly with
the electric field strength (Figure 3.4B). A 10-Hz frequency was selected to measure the
conductivity because, compared with the other frequencies, it provides the most significant

difference in conductivity after pulsing (Table 3.S1).

3.4.4 TTC staining at different times

TTC staining was performed at 5 min; 30 min; and 1, 4, and 21 hours after pulsing to
investigate whether the IRE ablation area changes (Figure 3.5A). The white IRE-ablated
areas were consistent at the different staining times except for a slight increase in the 4
hours and the 21 hours groups (Figure 4B). These results showed the IRE-ablated areas
were similar regardless of the staining time (Figure 3.5B). Deep red areas decreased as
the staining time become late, and the areas at 1 hours and 4 hours after pulsing were

significantly lower than that of 5 min (P <0.01) (Figure 3.5C).
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3.4.5 TEM analysis of the potato tissue by TTC staining

TEM revealed whether the continuity of the plasma membrane was preserved after
pulsing in the TTC-stained and unstained areas on the potato tissue. Non-pulsed
perimedullar zone, pulsed TTC-unstained inner medullar zone, and pulsed TTC-stained

deep red inner medullar zone were investigated using TEM (Figure 3.6A).

TEM revealed the well-preserved plasma membrane overall attached to the cell
wall in the perimedullar zones of the tuber in the non-pulsed perimedullar zone (Figure
3.6B, Figure 3.S3A). Organelles, such as Golgi bodies and mitochondria, were commonly
observed in the cytoplasm. The cisternae, lumens, and secretory vesicles could be
discerned from the Golgi body (Figure 3.S3B). Magnified views showed double
membranes and cristae of the mitochondria (Figure 3.S3C). Complex plasmodesmata were

often seen between two adjoining parenchyma cells (Figure 3.S3D).

The cytoplasmic disruption occurred in the IRE inner medullar zone (Figure 3.6C,
Figure 3.S4A). The pulsed cytoplasm partially contained electron-dense vesicles with
various diameters. The absence of an electron-dense continuous plasma membrane was
commonly observed along the cell wall in the magnified views (Figure 3.S4B). No distinct
organelles were found in the cells (Figure 3.S4C). Magnified views showed the disrupted

cytoplasm and plasma membrane detached (to ~1 um) from the cell wall (Figure 3.S4D).

Partially continuous electron-dense plasma membranes were commonly found in

the TTC-stained deep red inner medullar zone (Figure 3.6D, Figure 3.S5A). Magnified

29



views showed the dotted electron-dense remains and detachment of the plasma membrane
(to ~500 nm) from the cell wall (Figure 3.S5B). Partially disrupted organelles, including
Golgi bodies, were found near the plasma membrane in the cells (Figure 3.S5C). Small
vesicles, ~100 nm or less in diameter, were observed between the plasma membrane and

cell wall (Figure 3.S5D). Vesicular bodies appeared to fuse with the plasma membrane.

Magnified views showed differences in the plasma membrane integrity between
the inner medullar and perimedullar zones. Continuous electron-dense lines were evident
along the cell wall of the perimedullar zones (Figure 3.6B). Without a distinct plasma
membrane, the fibrillar arrangement was apparent on the cell wall of the IRE inner
medullar zones (Figure 3.6C). Dotted remains of the plasma membrane were found in the

TTC-stained deep red inner medullar zone (Figure 3.6D).

3.5 Discussion

Many researchers have evaluated IRE-treated areas in potato models using melanin
pigmentation caused by intracellular polyphenol oxidation [93,94,98,108]. This method
is convenient to perform because minimal preparation is required. However, >12 hours
are required to obtain such results [97]. Furthermore, the blackened area in melanin
accumulation may include the RE-treated areas, which are consisted of live cells [109].
Therefore, it is challenging to determine that the blackened area in the treated potato

model only consists of dead cells.

TTC staining has several advantages over the currently used melanin

accumulation methods regarding evaluating the IRE-treated areas. First, researchers can
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obtain the ablation results within 3 hours after pulsing (Figure 3.2A). The
recommendation is that experimental time should be short when using potato tissues after
pulsing because living tissues, like potatoes, are susceptible to the external environment,
such as ambient temperature and humidity. Moreover, the consistency of the IRE-ablated
area using TTC staining was verified at different staining times in the present study

experiments (Figure 3.5B).

Furthermore, TTC staining showed a clear demarcation line within 3 hours
(Figure 3.2C). In TTC staining, the viable cell area becomes red due to the reduction of
tetrazolium salt when a living cell remains and the dead cell areas become white [105].
Therefore, TTC staining is more applicable to IRE research [57,110,111]. TTC-unstained
white area is relatively consistent during 48 h, but the melanin accumulation area
changes gradually over time (Figure 3.2D). At 48 h, the IRE-ablated areas accumulated
melanin and finally were similar to the TTC-unstained white areas. These results
correspond to the previous study stating that 48 hours is the optimal time for melanin
accumulation to observe the IRE-ablated area [112]. These TTC staining characteristics
provide several advantages for IRE researchers using a potato model, such as more rapid

and accurate detection than the conventional method.

Potato tubers were recently adopted to evaluate the ablation area using high-
frequency irreversible electroporation (H-FIRE) [112]. Unlike conventional IRE, H-FIRE
comprises biphasic pulse trains, making pulse parameter combinations more
complicated, such as positive pulse width, negative pulse width, interpulse delay, and

inter-phase delay. TTC staining has an advantage when researchers investigate various
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conditions of H-FIRE due to rapidness and consistency:.

TTC staining provides not only IRE-ablated white areas but also deep red areas
surrounding white areas (Figure 3.3Aj—2Ap). These extra red areas in TTC staining were
dyed darker than the outside, which was similar between 100 and 250 V/cm line simulation
results (the outermost black line of simulation in Figure 3.3Aj—3Ap). The potato cells in
these red areas might be alive, referring to the previous study stating that potato cell
membranes were intact under a 200 V/cm pulsed electric field [105]. Note that these deep
red areas were observed when TTC staining was performed on the potato 5 min, 30 min,
1 h, and 4 hours posttreatment (Figure 3.5Aa, 4Ab, 4C), whereas the areas were not
observed in TTC staining at 21 hours after IRE (Figure 3.5Ac, 4Ad). In general, the cell
membrane took a few minutes to reseal after electroporation [113]. The deep red areas
decreased as the staining time was delayed, hinting cell membrane resealing was being
processed. Based on the TTC staining mechanism, TTC is reduced by dehydrogenase in
the cell mitochondria, resulting in a red color formazan [106,114]. Therefore, the color
intensity around IRE-ablated areas could be related to the health of the cell. However, it is
weird to explain that more cells in the deep red areas were alive because the color was
darker than the untreated outer area. Potentially, when the cell membrane is reversibly
electroporated with electrical stimulation, TTC molecules are diffused into the cell as per
Fick’s law of diffusion [115]. It might trigger more chemical reactions between TTC and
dehydrogenase produced in the cell mitochondria, causing a deeper red than in the

surrounding area.
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Plasma membranes were observed using TEM to ensure these outcomes.
Irreversible electroporation was theoretically known to form innumerable nanoscale pores
in the plasma membrane [116]. Nevertheless, it is challenging to observe them due to the
innate metastable nanopore structures in the bilayer and technical limitations in specimen
microscopy preparation [117]. This study demonstrated differences in parenchyma cell
ultrastructure between the inner medullar and perimedullar zones of potato tuber (Figure
3.6). In the non-pulse potatoes, perimedullar zones showed the overall continuous electron-
dense plasma membrane attached to the cell wall (Figure 3.6B), and their organelles
appeared to have typical structures, such as cisternae and cristae. However, in the pulsed
potatoes, IRE inner medullar zone was primarily characterized by the disruption of the
plasma membrane and organelles in the cells (Figure 3.6D). Instances were noted where
partial degradation and detachment of plasma membrane from the cell wall occurred in the
presumed-RE inner medullar zone (Figure 3.D). Such membrane aberrancies have been

exemplified using TEM in other organisms [118,119].

Different membrane disruption levels were noted in the potato tuber between the
IRE and presumed-RE inner medullar zones (Figure 3.6C, D). The degradation of the
plasma membrane was more pronounced in the IRE regions compared with the presumed-
RE regions. Given the cellular programs for plasma membrane remodeling, the detachment
of the plasma membrane from the cell wall could be assumed to be an intermediate phase
for sealing holes [120]. More studies await the elucidation of mechanisms underlying

possible plasma membrane sealing and reattachment to the cell wall.
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Furthermore, TTC staining highly correlated with electrical changes in the potato
compared with melanin accumulation (Figure 3.7). Electrical properties were compared
between TTC staining and melanin accumulation; the current that flowed when pulsed
electric field stimulation was applied and the conductivity change ratios at 10 Hz represent
the extent of cell damage in electrically stimulated tissue [121]. Regarding current, the
correlation between current and melanin accumulation area had a correlation coefficient
value of 0.9506 (P < 0.0001, Figure 3.7A), and between current and TTC-unstained white
area had a Pearson’s correlation coefficient value of 0.9577 (P <0.0001, Figure 3.7C). The
TTC-unstained white area had a slightly higher correlation with the current than the
melanin accumulation area. Regarding the conductivity change ratio at 10 Hz, the
correlation between conductivity change ratios and melanin accumulation area had a
correlation coefficient value of 0.9096 (P < 0.0001, Figure 3.7B), and between
conductivity change ratios and TTC-unstained white area had a Pearson’s correlation
coefficient of 0.9211 (P < 0.0001, Figure 3.7D). The TTC-unstained white area had a
slightly higher correlation with conductivity change ratios than the melanin accumulation
area. The heat map showed which variables had highly correlated coefficient values
(Figure 3.7E). Moreover, the TTC-stained presumed-RE area was positively correlated
with other values, except for the conductivity change. These relatively low correlations
between presumed-RE area and other variables were estimated to be so due to the large
measurement deviations, because the delineations of the deep red areas were relatively less
pronounced compared with the TTC-unstained white area. Other variables had a

correlation coefficient > 0.85. These results showed that TTC staining is an acceptable
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method for analyzing the IRE-ablated area associated with electrical current and

conductivity changes in potato tissue.

TTC staining showed more consistent results compared with melanin
accumulation in potatoes. Homogeneity of tissue is essential to evaluate the IRE-ablated
area. However, potato tissue is not very homogeneous, and the ablation outcome can be
affected by inner tissues [99]. Here, melanin accumulation area was affected by the inner
medullar zone with a star-shaped ablation area. Nonetheless, TTC-unstained white area
was less affected by the potato inner medullar zone on other sections of the same potato
(Figure 3.8). This result indicated that TTC staining could provide a more accurate

ablation area when using potato tissues for IRE researches.

The limitation of this study was that the TTC-stained presumed-RE area was not
directly identified. Additional microscopy studies are needed to investigate whether the
potato cells in the presumed-RE region show reversible nanopores after pulsing.

Furthermore, the mechanism of this phenomenon should be investigated in future studies.

In summary, the IRE-ablated area was distinguished with TTC staining in a potato
model within 3 hours and showed results similar to conventional melanin accumulation
area after pulsing. The TTC-unstained white areas were consistent over time and at
different staining times. The presumed-RE area was formed with TTC staining in a potato
model. The areas were highly correlated with electrical variables such as current and
conductivity changes. Hence, TTC staining might be the best choice to evaluate IRE-

ablated and RE areas in a potato model.
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Figure 3.1. Experimental setup for comparing melanin accumulation and TTC
staining methods. (A) The EPO-S1 system (The Standard Co., Ltd.) was used as a pulse
generator for IRE. (B) An impedance analyzer with a relay was used to measure the
conductivity between the electrodes in the potato. (C) The electrodes had a 1-mm outer
diameter, 10-mm distance, 10-mm exposure (not insulated part), and 25-mm puncture
distance into the potato. The potato was punctured with electrodes. (D) The left side of
the sectioned potato was accumulated with melanin from the middle point of the exposed
needle. (E) The right side was stained with TTC. (F) The experimental timeline shows
TTC staining analysis was faster than the melanin accumulation analysis.
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(A) Three hours after pulsing, TTC staining showed a distinct IRE-ablated area (right)
compared with melanin accumulation, which showed a minimal tissue change (left). (B)
Twelve hours after pulsing, the samples for melanin accumulation also showed a distinct
IRE-ablated area (left), and the white dead cell area remained in TTC staining (right). (C)
Melanin accumulation and TTC staining in the treated potato during 24 hours at various
voltage conditions. The samples for melanin accumulation showed the ablated area 12
hours after pulsing, and TTC staining showed the clear demarcation line of the ablated
area 3 hours after pulsing. (D) IRE-ablated area comparison graph between melanin
accumulation and TTC staining during 48-hour period.
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Figure 3.3. Comparison of pulsed electric field ablation area between melanin
accumulation and TTC staining on the various conditions. (A) Comparing melanin
accumulation and TTC staining methods for the IRE-treated area in the potato model at
various electric field strengths. (a—h) Conventional melanin accumulation results after
pulsing with simulation results (red arrow indicates 250 V/cm line; black arrow indicates
100 V/cm line). (i-p) TTC staining results after pulsing with simulation results. (q—x)
Simulation results were calculated using the OpenFOAM program for each condition (red
lines indicate 500, 250, and 100 V/cm from the inside). (B) Histogram of IRE-ablated area
in potato accumulated melanin or stained with TTC. In both staining methods, the ablation
area increased depending on electric field strength. (C) Correlation data showed the two
staining methods for IRE were similar with a high correlation value of 0.9687 (P <0.0001)
using Pearson's correlation statistics. A two-tailed paired Student’s z-test was used to
determine significance (*P <0.05; **P <0.01; ***P <0.001).
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Figure 3.4. Electrical current and conductivity changes after pulsed electric field
ablation. (A) current flow after 1,500 V/cm 32-pulse stimulation and (B) conductivity
changes at 10 Hz, before and after pulsing. Conductivity change ratio increased as electric

field strength increased. A two-tailed paired Student’s #-test was used to determine
significance (*P <0.05; **P <0.01; ***P <(.001).
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Figure 3.5. IRE-ablated area at different staining times after pulsing. (A) After
treating the potato with IRE, TTC staining was performed within 5 min on half of the
potato (a, b) and 21 hours after pulsing on the other half of the potato (c, d). (B) Result
comparisons of the TTC-unstained white areas in IRE-treated potatoes at different
staining times. (C) Deep red areas at different staining times. A two-tailed paired
Student’s t-test was used to determine significance compared with the 5 min group
(*P<0.05; **P <0.01; ***P <0.001).
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Figure 3.6. TEM analysis of TTC-unstained and TTC-stained areas after pulsing on
the potato tissue. (A) The black box indicates a non-pulsed perimedullar zone, the
yellow one indicates pulsed TTC-unstained inner medullar zone, and the white one
indicates pulsed TTC-stained deep red inner medullar zone. (B) Non-pulsed perimedullar
zone with evident electron-dense line (arrows) along the cell wall (CW). (C) Pulsed
TTC-unstained medullar zone with no electron-dense line along with the CW. (D) Pulsed
TTC-stained deep red inner medullar zone with partially continuous electron-dense lines
along with the CW.
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high correlation value of 0.9506 (P < 0.0001). (B) Conductivity changes at 10 Hz and IRE-
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ablated area by melanin accumulation with a value of 0.9096 (P <0.0001). (C) Current and
TTC-unstained white IRE-ablated area with a value of 0.9577 (P < 0.0001). (D)
Conductivity changes at 10 Hz and TTC-unstained white IRE-ablated area with a value of
0.9211 (P < 0.0001). (E) Heat map between IRE-ablated area by melanin accumulation,
TTC-unstained white IRE-ablated areca, TTC-stained presumed-RE area, current, and
conductivity changes at 10 Hz. TTC-unstained IRE-ablated area had a higher correlation
value than IRE-ablated area by melanin accumulation with current and conductivity
change. Pearson’s correlation statistics and P-values were used for correlation and
statistical significance.
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Figure 3.8. The extent to which the IRE-ablated area is affected by the inner tissue
inside the potato. (A) Melanin accumulation area after pulsing was star-shaped, affected
by the inner tissue. (B) TTC-unstained white IRE-ablated area was less affected by the
inner tissue and showed an oval shape.
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Table 3.S1. Conductivity change rate before and after IRE treatment on potato at
various voltage conditions depending on the frequency

Unit: % 10 Hz 1|_(|)2 1,|E|)20 10|,_|OZOO 10&300 1,0?_?2000 10,0&2,000
300V/iecm | 4.1 -15 0.8 2.6 18.6 8.1 -1.0
500 V/iem | 20.4 | 13.9 16.2 17.0 34.2 111 -1.5
700 V/iem | 27.3 | 23.3 28.6 32.2 48.2 11.9 -1.7
900 V/cm | 31.9 | 28.7 39.5 515 60.9 8.8 -1.3
1100 V/cm | 83.1 | 75.3 78.7 76.9 85.5 21.0 0.5
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Figure 3.S1. Preconditioning for pulse conditions of voltage, pulse numbers. TTC
staining on potato tissue 3 hours posttreatment at various pulse voltage and pulses with
100 ps pulse width, 200 us pulse delay
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Figure 3.S2. Preconditioning for pulse conditions of pulse delay. TTC staining on
potato tissue 3 hours posttreatment at various pulse delay with 1000 V/cm pulse voltage,

36 pulse number
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Figure 3.S3. TEM analysis of non-pulsed perimedullar zone with evident electron-
dense line (arrows) along the cell wall (CW). (A) The well-preserved plasma membrane
overall attached to the cell wall in the perimedullar zones of the tuber in the non-pulsed
perimedullar zone. Organelles, such as Golgi bodies (G) and mitochondria (M), were
commonly observed in the cytoplasm. (B) The cisternae, lumens, and secretory vesicles
could be discerned from the Golgi body. (C) Magnified views showed double membranes
and cristae of the mitochondria. (D) Complex plasmodesmata (Pd) were often seen
between two adjoining parenchyma cells (P).
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Figure 3.S4. TEM analysis of pulsed TTC-unstained medullar zone with no electron-
dense line along with the CW. (A) The cytoplasmic disruption occurred in the IRE inner
medullar zone. (B) Magnified views showed the pulsed cytoplasm partially contained
electron-dense vesicles with various diameters. The absence of an electron-dense

continuous plasma membrane was commonly observed along the cell wall in the magnified
views. (C) No distinct organelles were found in the cells. (D) Magnified views showed the
disrupted cytoplasm and plasma membrane detached (to ~1 um) from the cell wall.
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Figure 3.S5. TEM analysis of pulsed TTC-stained deep red inner medullar zone with
partially continuous electron-dense lines along with the CW. (A) Partially continuous
electron-dense plasma membranes were commonly found in the TTC-stained deep red

inner medullar zone. (B) Magnified views showed the dotted electron-dense remains and
detachment of the plasma membrane (to ~500 nm) from the cell wall. (C) Partially
disrupted organelles, including Golgi bodies, were found near the plasma membrane in the
cells. (D) Small vesicles, ~100 nm or less in diameter, were observed between the plasma
membrane and cell wall. Vesicular bodies (VB) appeared to fuse with the plasma
membrane.
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Part II: HIGH-FREQUENCY PULSED FIELD ABLATION
FOR IN-VITRO 3D TISSUE SCAFFOLD

Overview

From the concept of ‘tissue engineering’, designing tissue scaffolds is of great importance
in a wide variety of biomedical and clinical applications such as regenerative medicine,

therapeutic research.

In Part II, inspired by the biochemical features of pulsed field ablation, we
developed a decellularized in-vitro 3D tissue scaffold using high-frequency pulsed field
ablation (HF-PFA) for neurogenesis of adipose-derived mesenchymal stem cells

(ADMSCs).

In Chapter 4, pre-conditioning of HF-PFA was performed in the in-vitro study to
find optimal parameters for apoptotic cell death. In addition, 3D agarose hydrogel with
NCC-24 liver cancer cell line was decellularized by HF-PFA of 1500, 1800 V/cm. The
neurogenesis of ADMSC on the decellularized 3D tissue scaffold was confirmed by the
immunocytochemistry of the neurogenic marker Tujl for the neurogenic marker, beta-I11

tubulin.

Our findings in Part II propose that decellularized 3D tissue scaffold can be
fabricated using pre-screened HF-PFA conditions and the decellularized 3D tissue scaffold
supplies an excellent environment for ADMSC to be differentiated to the neurogenic cells.
Therefore, HF-PFA can be the nonthermal modality to fabricate tissue scaffolds and cause

neural tissue regeneration in an in-vitro 3D model.
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Chapter 4. Fabrication of decellularized 3D tissue scaffold
using high-frequency pulsed field ablation

4.1 Summary

Pulsed field ablation (PFA), a tissue ablation method, uses short high electric pulses and
results in cell death in target tissue by irreversibly permeabilizing the cell membrane.
Inspired from the biochemical features of pulsed field ablation, we developed a
decellularized in-vitro 3D tissue scaffold using HF-PFA for neurogenesis of adipose-
derived mesenchymal stem cells (ADMSCs). Before treatment, pre-conditioning of pulse
frequency parameters was performed in an in-vitro study, and a 2 ms interval was selected
for HF-PFA. 3D agarose hydrogel with NCC-24 liver cancer cell line was decellularized
by HF-PFA of 1500, 1800 V/cm. The neurogenesis of ADMSC on the decellularized 3D
tissue scaffold using perfusion bioreactor was confirmed by the immunocytochemistry of
the neurogenic marker Tujl for the neurogenic marker, beta-III tubulin. Therefore, HF-
PFA successfully fabricated tissue scaffold and cause neural tissue regeneration in an in-

vitro 3D model.
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4.2 Introduction

PFA, a tissue ablation method, uses short high electric pulses that cause low thermal
damage and induce apoptotic cell death by irreversibly permeabilizing the cell membrane
in the targeted tissue [85]. PFA was recently investigated as a decellularization tool to
fabricate tissue scaffold sparing the vessel, ducts, and extracellular matrix (ECM) for tissue
engineering [20,21,122]. The endothelial cells were removed in the treated zone, but the

structures of the vessels remained resulting in rapid tissue regeneration [20,21].

Meanwhile, pulse parameters, such as voltage, pulse number, frequencies, can
affect the efficacy of cell death. In one study, various frequencies from 1Hz to 2.5 kHz
showed different apoptotic dead cell rates until 400 voltages [123]. Possible mechanisms
for PFA frequency are based on the high-frequency pass filter of the cellular membrane
[124] and transient rise of Ca?* concentration of cytosol of the cells [125]. In general, the
Ca’" concentration of cytosol of the cells is maintained at 10-100 nM [126]. Single PFA
pulse can cause a small (10-20 nM) transient rise of Ca*" but no physiological events occur
when pulse interval is long enough to membrane resealing [125]. Temporal summation of
short interval pulses can reach a physiological significant level (about 200 nM), producing
sufficient cell death. Still, no study was performed to investigate the decellularization of

3D scaffolds using high-voltage HF-PFA.

To address these challenges, we developed a 3D agarose hydrogel with an NCC-
24 liver cancer cell line, which imitated the cancer tissue. We prescreened the optimal pulse
parameters for the electroporation by varying the interval of the pulses in in-vitro

experiments. After selecting the optimal pulse interval, HF-PFA of 1200, 1500, and 1800
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V/em were performed to decellularize the scaffold. It is hypothesized that the
decellularized tissue scaffold would supply the ADMSC with the proper environment to
be differentiated into neural cells. We fabricated decellularized 3D scaffold and seeded the
ADMSC on the scaffold with a perfusion bioreactor to circulate the neurogenic media.
Thereafter, immunocytochemistry was performed to investigate the neurogenic marker

beta-III tubulin (Tuj1).

4.3 Materials and Methods

4.3.1 HF-PFA procedure

The EPO-IRE® system (EPO-S1, The Standard Co., Ltd., Gunpo-si, Korea) was used with
monopolar electrodes (Smart EPO Probe, The Standard Co., Ltd.) to deliver HF-PFA to
the cancer cells on the 3D hydrogel. The PFA parameters used in this study were as follows:
electric fields strength: 1200, 1500, and 1800 V/cm, pulse width: 100 ps, pulse interval: 2
ms. A total of 90 pulses were divided into 9 times of 10 each to avoid the thermal effects
of intensive electrical current. Pulse intervals of 100 ps, 1 s were performed when

comparing the effect of frequencies to the cell death rate.

4.3.2 Cell culture

The human liver cancer line NCC-24 and prostate cancer line PC-3 was received from

Korean Cell Line Bank and cultured in RPMI 1640 medium (Thermo Scientific, Waltham,
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MA, USA) supplemented with 10% fetal bovine serum (Thermo Scientific) and 1%
penicillin-streptomycin (100 IU/100 pg/ml). The cells were cultured with the 1% agarose
(Sigma-Aldrich, MO, USA) solution of growth medium on the 2% agarose substrate
solution in the 48 well culture dishes at 37 °C in a humidified atmosphere containing 5%

CO:..

Human adipose-derived mesenchymal stem cells (hADMSCs) were purchased
from CEFOBIO (CEFOBIO Co., Ltd. Seoul, Korea) and cultured in a medium of human-
adipose-tissue-derived MSC growth medium (CEFOgro™ ADMSC [CB-ADMSC-GM];
CEFO Bio) with the provided supplementation. The cells were washed with phosphate-
buffered saline (PBS; Thermo Scientific) two times and detached using 0.05% trypsin-
EDTA. The subcultured hADMSCs were plated on the Matrigel (Corning, Glendale, AZ,
US) in the 24-well plates and cultured with MSC Neurogenic Differentiation Medium
(PromoCell GmbH, Heidelberg, Germany) with perfusion bioreactor using a peristaltic

pump (Boxer 9000, Uno International, UK) for three days.

4.3.3 Simulation of electrical field, temperature distribution of 3D gel model

A finite element analysis (FEA) based model was adopted using COMSOL Multiphysics
5.6 (Stockholm, Sweden) to simulate the electrical field strength and thermal distribution
of high-frequency pulsed field ablation using monopolar electrodes when applied 1200,
1500, and 1800 V with 100 ps width, 2 ms delay and 90 pulses on the 3d gel model. The
electrical and thermal properties of the 3D gel were determined according to the references

[127-130] as shown in Table 4.1, 4.2. The electrodes were formed with denser mesh to
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evaluate more accurate results. A stationary study solver was adopted for electric field
strength evaluation and a time-dependent study solver was used for thermal distribution

around monopolar electrodes in the 3D gel model.

4.3.5 Cell death assays

Cell death assays were performed to investigate the optimal frequencies of pulse interval
at various voltages using Guava Muse Cell Analyzer (Luminex, Austin, TX, USA). PC-3
cells (passage 32) were used for the study. First, low-frequency PFA (LF-PFA) of 1 s pulse
interval was compared to HF-PFA of 2 ms pulse interval for the cell death rate using PI
(diluted 1:1000 in PBS, Sigma-Aldrich, MO, USA) 20 min after the treatment. Second,
various pulse interval frequencies; 100 ps, 2 ms, 1 s were compared at PFA of 1500 V/cm
using Muse Annexin V and Dead Cell Kit (Luminex) 6 hours after the treatments, FITC-
conjugated dextran (diluted in 1:40 in PBS, 10 kDa, Sigma-Aldrich) 20 min after the
treatments, and fluo-3AM (diluted in 1:200 in HBSS buffer, Invitrogen, MA, USA) 30 min

after the treatments.

4.3.6 Immunocytochemistry

The cells on the Matrigel were fixed with a 4% paraformaldehyde solution (Sigma-Aldrich)
for 30 min at room temperature. The samples were treated with 0.2% Triton X-100 (Sigma-
Aldrich) for 15 min, and then stained with the neurogenic marker, beta-III tubulin
(ab18207, 1:1000, Abcam, Cambridge, MA, USA) for 1 h, FITC-conjugated goat anti-
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rabbit antibody for 1 h, and 4',6-diamidino-2-phenylindole (1:500, DAPI; Merck Millipore
Corp., Burlington, MA, USA) for 10 min. A Nikon fluorescence microscope was used to

acquire images of the stained cells.

4.3.7 Statistical analysis

Experimental results were expressed as mean + standard deviation from three repetitions.
In case of 2 levels, a two-tailed paired Student’s #-test was conducted to determine the
significance of differences in means (*P <0.05; **P <0.01; ***P <0.001). Statistical
analysis was performed using Microsoft Excel 2013 (Microsoft Co., Ltd., Redmond, WA,
USA) software. In case of 2 or more levels, analysis of variance (ANOVA, one-way) was
employed to determine the significance of the differences in means. Fisher’s least
significant difference test (LSD, p < 0.05) was utilized to compare the means of variables.

LSD tests were performed using RStudio Version 1.4.1106 free software.

4.4 Results

4.4.1 Simulation of electric field and temperature distribution

For the simulation of the electric field and temperature distribution, the geometry of
monopolar electrodes inserted into the 3D gel was formed in the COMSOL Multiphysics
5.6 (Figure 4.1A). Meshed geometry was established with proper size in the analysis
domain (Figure 4.1B). The front view of the geometry showed the complete insertion of

electrodes into the 3D gel (Figure 4.1C).
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Simulation of the electric field when applied 1200, 1500, and 1800 V between
the electrodes showed that dumbbell type electric field between the electrodes (Figure 4.2).
As the applied voltage increased, the intensity of the electric field also increased between
the electrodes. At the center of the electrodes, the electric field strength was 250 V/em
when 1200 V was applied, 350 V/cm for 1500 V, and 450 V/cm for 1800 V. Simulation of
the thermal distribution when applied 1200, 1500, and 1800 V between the electrodes
showed that temperature slightly increased at the periphery of the electrodes. The
maximum temperature increase was 3.1 °C when 1200 V was applied, 4.9 °C for 1500 V,

and 7 °C for 1800 V. At the center of the electrodes, the temperature remained at 20~21 °C.

4.4.2 Cell death assay at various pulse parameters

Fluorescence-activated cell sorting (FACS) of the PC-3 after LF-PFA or HF-PFA at various
voltages showed that more PI infiltrations into the cell membranes were detected at HF-
PFA compared to LF-PFA (Figure 4.4). Statistically significant difference was observed at

the applied voltage of 1500 V/cm (P < 0.05).

FACS of the PC-3 after PFA of various frequencies showed that more FITC-
dextran with 10 kDa infiltrations into the cell membranes were detected at PFA of 2 ms
pulse interval compared to other groups (Figure 4.5). Annexin V/PI results showed similar
results with statistically significant differences (P < 0.05). Fluo-3AM, calcium indicator,
showed the highest detection rate at 2 ms pulse interval with statistically significant
differences, which means more agents were infiltrated into the cell membranes at the

frequency (P < 0.05).
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4.4.3 Decellularization of NCC-24 using HF-PFA

Fluorescence microscopic evaluation of the NCC-24 after the various HF-PFA treatments
showed that strong PI signals were detected as the strength of HF-PFA increased (Figure
4.6). It means that more dead cells were detected as the applied voltage increased between
the electrodes. Hematoxylin and Eosin (H&E) histology of the 3D agarose gel with NCC-
24 showed that the 3D tissue scaffolds were decellularized when applied at least 1500 V
between electrodes (Figure 4.7). Live cells were detected on the control, 1200 V groups
(Figure 4.7 A, B). However, the shrunk cells was detected on the 1500 V group (Figure 4.7

(), and destroyed cells on the 1800 V group (Figure 4.7 D).

4.4.4 Neurogenesis of ADMSC on the decellularized 3D gel

Immunocytochemistry of beta-IIl tubulin (Tujl), neurogenic marker, and DAPI of
ADMSC on the decellularized 3D gel using HF-PFA showed that the Tuj1 was stained at
several sites and many sites corresponds to the DAPI-stained sites (Figure 4.8). It presented
that ADMSCs were live and differentiated to neurogenic cells that compound neurogenic

markers.
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4.5 Discussion

Pulsed field ablation is a nonthermal method for ablation of living cells, which gives PFA
another advantage of preserving the ECM and making a quick recovery [6,7]. This

advantage of PFA is crucial to make decellularized tissue scaffolds for tissue engineering.

We applied the HF-PFA to 3D tissue scaffolds grown with liver cancer cells. In
our study, we demonstrated the formation of the decellularized 3D tissue scaffold after HF-
PFA. Before the main study, pulse interval conditions were optimized through FACS
analysis of cell death rate. HF-PFA induced more cell death rate of PC-3 cells than LF-
PFA at various voltage conditions (Figure 4.4). PFA of 2 ms pulse interval caused the
highest death rate and electroporation rate of PC-3 cells (Figure 4.5). We adopted 2 ms as

an optimal pulse interval to fabricate the in-vitro tissue scaffold from these results.

The cell death rate increased as the intensity of applied voltage increased from
1200 V to 1800 V between electrodes (Figure 4.6). However, more heat was generated as
the voltage increased according to the COMSOL simulation of temperature distribution
(Figure 4.3). In addition, H&E of the 3D tissue scaffold after HF-PFA presented that liver
cancer cells were successfully decellularized when applied voltage over 1500 V between
electrodes in the scaffold (Figure 4.7). Therefore, an applied voltage of 1500 V is the
optimal option for the decellularization of 3D tissue scaffold when all the circumstances
were considered. A fabricated 3D tissue scaffold was a proper environment for ADMSCs
to be differentiated to neurogenic cells (Figure 4.8). Tujl, DAPI were stained in similar

sites indicating that live ADMSCs were differentiated to neurogenic cells.
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Despite all the results shown in the study, several limitations were existent. First,
decellularization of the 3D gel was investigated only on H&E histology due to the softness
of the scaffold. A second limitation of this study was that the analysis of neurogenesis was

dependent only on an immunocytochemistry assay for beta-III tubulin.

In conclusion, we investigated the decellularization of the 3D tissue scaffold
using HF-PFA and neurogenesis of ADMSC on the scaffold. These results support the

validity of HF-PFA as a decellularized scaffold fabrication tool for tissue engineering.
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Figure 4.1. Simulation of electric field by pulsed field ablation at the 3D gel model in
the COMSOL Multiphysics 5.6.

(A) Geometry of monopolar electrodes inserted into the 3D gel (B) Meshed geometry of
the analysis domain including monopolar electrodes. (C) The front view of the 3D gel
model showed complete insertion of the electrodes into the gel. (D) 3D cell culture with
Matrigel using Peristatic pump.
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Figure 4.2. Simulation of electric field by pulsed field ablation at the 3D agarose gel
model in the COMSOL Multiphysics 5.6.

(A, C, E) The electric field strength at the overall view at the 3D agarose gel model when
applied 1200, 1500, 1800 V between electrodes. (B, D, F) The electric field strength at
the cross-section direction to the electrodes when applied 1200, 1500, 1800 V between
electrodes.

63



Figure 4.3. Simulation of thermal distribution by pulsed field ablation at the 3D
agarose gel model in the COMSOL Multiphysics 5.6.

(A, C, E) Thermal distribution at the overall view at the 3D agarose gel model when
applied 1200, 1500, 1800 V between electrodes. (B, D, E) Thermal distribution at the
cross-section direction to the electrodes when applied 1200, 1500, 1800 V between
electrodes.
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Table 4.1. Geometrical parameters of the 3D gel with the electrodes and physical

parameters of the pulsed field ablation model for COMSOL simulation.

Parameters Value
Diameter of the gel 50 [mm]
Height of the gel 20 [mm]
Diameter of electrode 1 [mm]
Exposed length of electrode 20 [cm]
Ambient temperature 293.15 [K]

Natural convection in the air

25 [W/(mA2*K)]

Applied voltage between electrodes

1200, 1500, 1800 [V/cm]

Pulse width 100 [us]
Pulse interval 2 [ms]
Pulse number 10
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Table 4.2. Material properties of the 3D gel for COMSOL simulation.

Parameters

Value

Electrical conductivity

0.15 [S/m]

Density

1033 [kg/m?]

Heat capacity

4200 [J/(kg*K)]

Thermal conductivity

0.55 [W/(m*K)]

Relative permittivity

75
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Figure 4.4. FACS results to compare the cell death rate of LF-PFA and HF-PFA at
various applied voltages using PI.

HF-PFA for 2 ms pulse interval and LF-PFA for 1 s interval at 1200, 1500, 1800 V/cm.
HF-PFA showed higher death rate of PC-3 than LF-PFA. N = 3, *P <0.05; **P<0.01;
***P <(.001
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Figure 4.5. FACS results to compare the death rate of 1500 V/cm PFA at various
frequencies voltages using FITC dextran 10kDa, Annexin V/PI, and Fluo-3AM.

PFA of 1500 V/cm at ultra-high frequency (UHF) for 100 us pulse interval, high frequency
(HF) for 2 ms pulse interval, and low frequency (LF) for 1 s pulse interval. PFA of 2 ms
pulse delay showed the highest death rate and electroporation of PC-3 than others. N = 3,
*P<0.05; **P <0.01; ***P <0.001, ANOVA Fishers Least Significant Difference (LSD)

test.
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Figure 4.6. Calcein AM, PI fluorescence after various pulsed field ablation and
histogram of the PI stained area.

Strong PI signals were detected as the strength of pulsed field ablation increased. Scale bar,
1 mm; magnification, x4. N =3, *P <0.05; **P <0.01; ***P <0.001
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Figure 4.7. Decellularization of the 3D agarose gel after HF-PFA.

(A) Control, (B) 1200 V/cm, (C) 1500 V/cm, (D) 1800 V/cm. As the strength of pulsed
field ablation increases, cell morphology is changed to apoptotic death. Scale bar, 20 um;
magnification, x50.
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Tujl DAPI Merged

ADMSC

Figure 4.8. Neurogenesis of ADMSC after decellularization using pulsed field
ablation on the 3D gel model

Tuj1, DAPI fluorescence images to detect neurogenic marker, beta-11I tubulin after pulsed
field ablation on the 3D gel model. Tujl fluorescence was detected from differentiated
ADMSC on the 3D gel model after pulsed field ablation of the cancer cell line. Scale bar,
50 um; magnification, x20.
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Part III: HIGH-FREQUENCY PULSED FIELD ABLATION
FOR IN-VIVO TISSUE SCAFFOLD

Overview

Pulsed field ablation (PFA) is frequently used in a diverse clinical and biomedical
applications such as gene delivery, drug delivery, therapeutic research for locally advanced

solid tumors.

In Part 111, inspired by the established pulsed field ablation, we developed a novel
PFA method by changing the pulse interval to the microseconds range resulting in high-
frequency pulsed field ablation (HF-PFA), which no attempts have been made yet in the

preclinical model.

Chapter 5 showed that HF-PFA of 1000, 1400, and 1800 V/cm successfully
reduced human prostate cancer size compared to the sham control group 2 weeks after the
treatment. Immunohistochemistry (IHC) and western blot of cleaved caspase-3 and Bcl-2
presented that cell apoptosis is maximized at 1800 V/cm after HF-PFA. Chapter 6 showed
that beagle prostate tissue was successfully ablated 4 hours after HF-PFA of 1800 V/cm,
90 pulses. Acellular parts such as prostatic glands, duct, and urethra were preserved after

HF-PFA and ablated acinus was regenerated 7 days, 4 weeks after HF-PFA.

Our findings in Part III propose that HF-PFA is safe and efficient to ablate in-vivo
tissue such as the prostate and induced sufficient human prostate cancer cell apoptosis to
kill the cancer tissue. Therefore, HF-PFA might be an excellent alternative to the existing

PFA method requiring a lot of time for the in-vivo tissue ablation.
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Chapter 5. Decellularization of the human prostate cancer
using high-frequency pulsed field ablation

5.1 Summary

Pulsed field ablation (PFA), a minimally invasive ablation method, uses ultrashort high-
voltage electric pulses resulting in in cell apoptotic death in the tissue by forming
irreversible nanopores on the cell membrane. Unlike existing PFA pulsing approximately
1~4 Hz, HF-PFA about 476 Hz were adopted to ablate the in-vivo human prostate cancer
tissue in this study. HF-PFA of 1000, 1400, and 1800 V/cm successfully reduced human
prostate cancer size compared to the sham control group 2 weeks after the treatment.
Immunohistochemistry (IHC) and western blot of cleaved caspase-3 and Bcl-2 presented
that cell apoptosis is maximized at 1800 V/cm after HF-PFA. Therefore, HF-PFA
successfully ablated the human prostate tissue efficiently. It might be an excellent

alternative to the existing PFA method requiring a lot of time for the in-vivo tissue ablation.
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5.2 Introduction

Prostate cancer, the most frequently diagnosed in men, is the second leading cause of
cancer-related death in men following lung cancer worldwide [147]. Of the prostate cancer
patients, about 77% patients developed locally advanced prostate cancer (LAPRC) [131].
Radical prostatectomy was frequently used to remove the cancerous tissues and improve
survival rates of the patients, but the treatment caused many side effects such as urinary

incontinence, or sexual dysfunction of the patients [134—136].

To reduce the side effects of the standard procedure, various local treatment
techniques, such as laser, high-intensity focused ultrasound (HIFU), cryoablation,
photodynamic therapy (PDT), radiofrequency ablation (RFA), and nonthermal pulsed field
ablation (PFA), have been introduced to preserve the extracellular matrix (ECM) of the

treated area [137,138].

Unlike thermal ablation techniques, PFA uses high-voltage microseconds short
electric pulses to induce apoptotic cell death of cancer tissues sparing acellular structures
such as neurovascular bundles, blood vessels, and ductal structures resulting in rapid and

sufficient regeneration of the targeted tissue [139—141].

In this study, we assessed the efficacy of the HF-PFA on the human prostate
cancer tissue. According to the energy levels, HF-PFA of 1000, 1400, and 1800 V/cm were
delivered to the cancer tissues. Histological examination, TUNEL assay, and western blot
of cleaved caspase-3 and Bcl-2 were performed to investigate whether apoptotic cell death

occurred. Tumor regressions were observed during 2 weeks.
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5.3 Materials and Methods

5.3.1 Electrical ablation

Electrical ablation was performed using EPO-IRE® generator (EPO-S1, The Standard Co.,
Ltd., Gunpo-si, Korea) with the monopolar electrode (19 G, The Standard Co., Ltd.).
Electrical ablation conditions were composed of three groups for effectiveness: 1000 V/em
for low energy (LE), 1400 V/cm for medium energy (ME), and 1800 V/cm for high energy

(HE) (Table 5.1).

5.3.2 Cell culture

Prostate cancer cell line from humans (DU145) was purchased from the American Type
Culture Collection (ATCC). The cells were harvested in Roswell Park Memorial Institute
(RPMI) 1640 medium supplemented with 10% fetal bovine serum (FBS, heat-inactivated),
100 pg/mL streptomycin, and 100 units/mL penicillin at 37 °C in 5% CO; atmosphere.

Passages of the cells from 10 to less than 15 were utilized in the experiments.

5.3.3 In-vivo experiment procedure

All experiments dealing with animals were granted by the Institutional Animal Care and

Use Committee (IACUC) of Asan Medical Center (# 2020-12-238). The schematic of the
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study was presented in Figure 5.1. Five-week-old male Balb/c nude mice were purchased
from the local company (Central Lab. Animal Inc., Korea). The nude mice were acclimated
to local environments for 7 days. before tumor injection with the human prostate cancer
cell lines. Subsequently, the tumor cells were injected subcutaneously into the right flank
of the mice with 0.1 ml Matrigel containing 3x10° human prostate cancer cells (DU145
cells, passage 15). Total 28 mice were randomized into 4 groups 4 weeks after tumor
implantation: control, LE, ME, HE groups. The histological analysis and TUNEL assay
were performed 18 hours after HF-PFA and tumor volume and body weight were measured

at1, 5,8, 12, and 15 days after HF-PFA.

5.3.4 Gross and Histologic Examination

The human prostate cancer tissues were evaluated with the histopathological appearance
18 hours after the HF-PFA procedure. Tissue specimens were cut and fixed in 10%
formalin for at least 24 hours. Subsequently, the samples were processed for microscopic
and gross observation. The samples were processed with hematoxylin and eosin (H&E)
for histomorphological analysis. Digitalized slides were assessed histologically from a
scanner (Pannoramic 250 FLASH 111, 3D HISTECH Ltd., Budapest, Hungary) and were

analyzed using its viewer software (CaseViewer, 3D HISTECH Ltd).

5.3.5 Immunohistochemistry

Immunohistochemistry (IHC) was carried out on the formalin-fixed paraffin-embedded
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tissue sections to verify apoptotic cell death after HF-PFA treatment on the human prostate
tissues. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL assay)
were carried out using a kit (In-Situ Cell Death Detection, POD kit, Roche, Germany). The
specimens were visualized using a staining equipment (BenchMark XT, Ventana Medical

Systems, Tucson, AZ, USA).

5.3.6 Western blot

Tumor tissue extract was processed in a RIPA lysis buffer including protease inhibitor
cocktail (Sigma-Aldrich, MO, USA). The lysates of tumor tissue were centrifuged at
13,000 x g for 20 min. Then, the protein concentration was calculated using the Bradford
assay kit (Bio-Rad Inc., Hércules, CA, USA). Thereafter, lysates of Tissue were blended
with a same amount of protein (20 pug in 15 pL) of 5X SDS loading sample buffer. The
specimens were heated at 100 °C for 7 minutes prior to loading. Subsequently, the samples
were separated on a precast 4 — 20% polyacrylamide-gradient SDS-gels (Bio-Rad Inc.)
After the proteins electrotransferring to a polyvinylidene fluoride (PVDF) membrane
(Merck Millipore Corp., Burlington, MA, USA), nonspecific bindings to the membrane
were blocked with 5% BSA in TBST buffer at room temperature for 1 hour. The membrane
was incubated with a cleaved caspase-3 antibody (1:1,000, Cell Signaling Technology,

Danvers, MA, USA) at 4 °C with shaking (110 rpm orbital shaker) overnight.

B-actin (diluted in 1:10,000, Santa Cruz Biotechnology, Dallas, TX, USA) and o-
tubulin (diluted in 1:5,000, Cell Signaling Technology) were used as internal controls.

Then, the membrane was incubated with horseradish peroxidase-conjugated IgG as
77



secondary antibodies in 5% for BSA blocking buffer with shaking at room temperature for
1 hour. The blotting membranes were stripped and re-probed with anti-immunoreactive
bands were visualized by exposition to X-ray utilizing Immobilon Western enhanced
chemiluminescent (ECL) solution (Merck Millipore Corp.). Quantification of the protein
band intensity was processed by the image software (ImagelJ, National Institutes of Health,
Bethesda, MD, USA). The normalizations of the proteins relative to P-actin were

performed.

5.3.7 Temperature measurements

The temperature was measured using an optic fiber (FTX-100-LUX+, OSENSA
Innovations Corp., Burnaby, BC, CA) connected to the transmitter (PRB-G20-2.0M-ST-C,
OSENSA Innovations Corp.). The fiber was inserted into the tissue in contact with the

electrode.

5.3.8 Statistical analysis

Experimental results were represented as the form of mean =+ standard deviation from three
repetitions. In case of 2 levels, a two-tailed paired Student’s #-test was utilized to decide
the significant differences in means (* for P <0.05; ** for P <0.01; *** for P <0.001).
The analysis was processed using the Excel software (2013, Microsoft Co., Ltd., Redmond,
WA, USA). In case of 2 or more levels, Analysis of variance (ANOVA, one-way) was

utilized to decide the significant differences in means. For statistical grouping, Fisher’s
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least significant difference test (LSD, P < 0.05) was utilized to compare the means of

variables using RStudio software (version 1.4.1100).

5.4 Results

5.4.1. Decellularization of human prostate cancers

Human prostate cancers on the skin of nude mice were decellularized with HF-PFA at
various voltage conditions. The volume of the prostate cancer tissues decreased depending
on the intensity of voltage 14 days after HF-PFA with statistically significant differences
(Figure 5.2A). Tumor volumes decreased to half of the control group in the case of 1000
V/cm, one-third for 1800 V/ecm. Tumor weight showed a similar tendency (Figure 5.2C).
Meanwhile, the body weight of the nude mouse was maintained for 14 days after the

treatment (Figure 5.2B).

TUNEL assay showed apoptotic cell death of DU145 prostate cancer cells 18
hours after HF-PFA at the various voltages (Figure 5.3). Apoptotic cells increased as the
voltages increased resulting in almost extinction of the cells at the applied voltage of 1800

V/em (Figure 5.3D).

5.4.2. Western blot for apoptotic marker

Western blot was performed to quantify the later apoptosis marker, cleaved caspase-3, and

anti- or pro-apoptosis marker, Bcl-2 (Figure 5.4). Band intensity of cleaved caspase-3 and

79



Bcl-2 increased as the pulsed electric field increased (Figure 5.4A). The density of cleaved
caspase-3 normalized to B-actin showed the same tendency with a statistically significant

difference (Figure 5.4B).

5.4.3. Temperature change during the HF-PFA

Temperature change during the HF-PFA on the human prostate cancer tissue of the nude
mouse skin was shown in Figure 5.5. HF-PFA of 1400 V/cm was applied 9 times of 10
pulses, a total of 90 pulses on the prostate cancer tissue. The results showed that the

temperature increased under 43 °C. This fact indicated that there was no thermal damage.

5.5 Discussion

PFA has been performed on the human prostate cancer tissues on the nude mouse skin
using monopolar electrodes in the previous studies. One study showed that the PFA caused
apoptotic cell death on the prostate cancer cells and TUNEL positive areas were maximized
12~24 hours after the PFA and decreased over time until 72 hours [110]. Another study
showed that the radius of dead cell areas increased in the H&E staining as the PFA duration,
the number increased [148]. However, long-term tumor regressions of PFA were not

investigated in any of the studies.

In this study, HF-PFA of 1000, 1400, and 1800 V/cm decellularized the in-vivo

human prostate cancer tissue on the skin of the nude mouse. The tumor regression during
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2 weeks (Figure 5.2) and apoptotic changes (Figure 5.3) showed that electric field strength
of at least 1400 V/cm reduced the tumor volume and induced sufficient apoptosis of the

cancer cells.

The tumor regression of HF-PFA can be caused by thermal damage due to short
pulse intervals. Therefore, the temperature change was performed during HF-PFA of 1400
V/em (Figure 5.4). Thermal damage can occur at a temperature of 43 °C [149]. The results

showed that there were little thermal damages during HF-PFA of 1400 V/cm.

In the limitation of the study, there was no measurement data of the temperature
increase during HF-PFA of 1800 V/cm. In the case of the HF-PFA 1400 V/cm group, the
temperature change was measured only once, so additional repetitions are needed for a
statistically significant difference. Moreover, quantification of the cell apoptotic death is

needed to conclude the differences between groups in statistical significance.

In conclusion, the human prostate cancer tissues were sufficiently decellularized
after HF-PFA of at least 1400 V/cm with little thermal damage. These facts suggest that

HF-PFA can be applied as an effective modality to treat LAPRC.
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1) H&E 1. Tumor volume (3 times per week)
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Figure 5.1. Schematic of HF-PFA of human prostate cancer cells on the nude mouse
skin.

The cancer tissues were raised for 15 days and the tissues were treated with the EPO-IRE
generator (The Standard Co., Ltd. Gunpo-si, Korea) with the monopolar electrode (19 G,
The Standard Co., Ltd.). H&E and TUNEL assay were performed on day 1 and tumor and
body volumes were measured for 15 days.
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Table 5.1. Electrical ablation conditions for the HF-PFA of human prostate cancer
tissue on the nude mouse skin.

The control group was penetrated by electrodes without HF-PFA treatment. Each group
was treated with HF-PFA; 1000, 1400, and 1800 V/cm.

Control Group 1 (LE) Group 2 (ME) Group 3 (HE)
Electric field 1000 V/em 1400 V/em 1800 V/em
Pulse number 180 180 180
Pulse width 100 ps 100 ps 100 ps
Pulse width Only 2 ms 2 ms 2 ms
Burst (Pulse group) penetration 90 ea x 2 times 90 ea x 2 times 90 ea x 2 times
Burst interval 10s 10s 10s
Electrode Distance 5 mm 5 mm 5 mm
Electrode Exposure 15 mm 15 mm 15 mm
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Figure 5.2. Tumor volume and weight change over time after HF-PFA treatment at
various conditions.

(A) Tumor volume decays after HF-PFA depending on the intensity of energy. (B) Body
weight were maintained. (C) Tumor weight also decays. N = 5, *P <0.05; **P<0.01;
*#*P <0.001.
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Figure 5.3. TUNEL assay of the human prostate cancer after HF-PFA treatment.

(A) Sham control, (B) 1000 V/cm, (C) 1400 V/cm, (D) 1800 V/cm. The results showed
that apoptotic cells increased as the applied voltage increased. Scale bar 20 um.
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Figure 5.4. Western blot of cleaved caspase-3, Bcl-2 after HF-PFA.

(A) Band intensity of cleaved caspase-3 (later apoptosis marker) and Bcl-2 (anti- or
pro- apoptosis marker) increased as the pulsed electric field increases. (B) Density of
cleaved caspase-3 normalized to B-actin showed same tendency. N =2, *P <(.05;
**P <0.01; ***P <(0.001.
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Figure 5.5. Temperature change during the HF-PFA on the human prostate cancer
tissue on nude mouse skin.

HF-PFA of 1400 V/cm was applied 9 times of 10 pulses, a total of 90 pulses on the
prostate cancer tissue.
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Chapter 6. Decellularization of the beagle prostate using
high-frequency pulsed field ablation and tissue
regeneration

6.1 Summary

Pulsed field ablation (PFA), a minimally invasive ablation method, uses ultrashort high-
voltage electric pulses resulting in apoptotic cell death in the tissue by forming irreversible
nanopores on the cell membrane. Unlike existing PFA pulsing approximately 1~4 Hz, HF-
PFA about 476 Hz were used to ablate the in-vivo prostate tissue according to previous in-
vitro experiments. The beagle prostate tissue was successfully ablated 4 hours after HF-
PFA of 1800 V/cm, 90 pulses. Acellular parts such as prostatic glands, duct, and urethra
were preserved after HF-PFA. Ablated acinus was regenerated similar to the original
tissues 7 days, 4 weeks after HF-PFA. Hematology of troponin I, creatine kinase (CK), and
CK-MB showed that there was no damage related to cardiac tissue after HF-PFA.
Therefore, HF-PFA successfully ablated the beagle prostate tissue safely and efficiently. It
might be an excellent alternative to the existing PFA method requiring a lot of time for the

in-vivo tissue ablation.
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6.2 Introduction

Prostate cancer is the most frequently diagnosed cancer in the United States with
an estimated 248,530 cases in 2021 [131]. Locally advanced prostate cancer
(LAPRC) is 77% of the new prostate cancer cases in 2003-2017 [131]. Radical
prostatectomy was performed to improve survival rates or delay the metastatic
progression of the LAPRC in clinical trials [132,133]. However, the standard
treatment caused side effects such as erectile dysfunction, and urinary incontinence
resulting in reduced quality of life of patients [134-136].

To minimize the side effects, several focal treatment modalities have been
developed to spare the adjacent vessels or neurovascular bundles near the targeted
sites in the prostate [137]. Focal thermal therapies such as radiofrequency ablation
(RFA), photodynamic therapy (PDT), cryoablation, laser, high-intensity focused
ultrasound (HIFU), and pulsed field ablation (PFA) [138].

PFA delivers high-voltage ultrashort electric pulses to ablate prostatic cancer
tissues. The electric fields formed between the electrode pairs cause the cancer cells
to death by irreversibly permeabilizing the membrane of the cells [139]. This
unique mechanism of killing the cells can spare the acellular structures such as
blood vessels, neurovascular bundles, and extracellular matrix (ECM) in the
targeted regions resulting in rapid tissue regeneration after the treatments [139—

141].
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In this study, we evaluated the safety and efficacy of HF-PFA on the beagle
prostate. Animals were grouped 4 hours, 7 days, and 4 weeks after HF-PFA to
investigate the safety and efficacy over time. The cardiac safety was assessed using
electrocardiography (ECG) measurement. Hematology including CK, CK-MB,
Troponin | was analyzed for the detailed analysis to evaluate the effect of HF-FPA
on the beagle prostate on cardiac safety. Histological examination and
immunohistochemistry were performed to evaluate the effectiveness of HF-PFA to
cause cell apoptosis to the target tissue and tissue regeneration after HF-PFA at the

treated sites.
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6.3 Materials and Methods

6.3.1 HF-PFA Devices and electrodes

The EPO-IRE® system (EPO-S1, The Standard Co., Ltd., Gunpo-si, Korea) was utilized
with the monopolar electrodes (Smart EPO Probe, The Standard Co., Ltd.) to deliver HF -
PFA on the beagle prostate (Figure 6.1A-D). The system was able to set an electric field

intensity up to 3000 V with pulse widths of 100—1,000 us with 100-2,000 us pulse intervals.

6.3.2 Simulation of electrical field, temperature distribution of HF-PFA

A finite element analysis (FEA) based model was adopted using COMSOL Multiphysics
5.6 (Stockholm, Sweden) to simulate the electrical field strength and thermal distribution
of HF-PFA using monopolar electrodes when applied 1800 V with 100 us width, 2 ms
delay, and 10 pulses. The thermal and electrical properties of the prostate tissue were

determined according to the online database (https://itis.swiss/virtual-population/tissue-

properties/database/) as shown in Table 6.2, 5.3. The electrodes were formed with denser

mesh to evaluate more accurate results. A stationary study solver was adopted for electric
field strength evaluation and a time-dependent study solver was used for thermal
distribution around monopolar electrodes in the prostate model. Heat transfer was solved
by the following equations:

oT Cp : Specific heat capacity [J/(kg*K)]
- VT . = k : Thermal conductivity [W/(m*K)]
pCp Jt + 'Dcpu vr+Vv-q=0 T : Temperature [°C]
t: time [s]
Q : Electrical energy
q= —kVt q : Energy flow [W]
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6.3.3 Animal Study

The animal study was granted by the Institutional Animal Care and Use Committee of the
Asan Institute for Life Sciences (2020-14-277) complying with the guidelines of the
National Institutes of Health. Twelve certified-healthy, 12 months aged male beagles with
a weight of 14.5-16.2 kg (median weight = 15.35 kg), were used for the study. Three
beagles were used as a control group only punctured with electrodes without pulsing, and
the remaining nine beagles underwent HF-PFA treatments. The nine beagles were divided
into 3 groups of 3 each according to the sacrifice time at 4 hours, 7 days, and 28 days after
the HF-PFA procedure. The sacrifice was performed by injecting an overdose of xylazine

hydrochloride (Rompun; Bayer, Seoul, Korea).

The twelve beagles were examined to investigate whether the animals were
suitable for the experiments after 7 days acclimatization period. After examination, the
animals were displaced to the individual cages with an area larger than 0.74 m?, at 23 +
2 °C, relative humidity of 50 £ 10%, with 12 hours lighting time (8 am - 8 pm), and 10—

15 times/h ventilation.

6.3.4 HF-PFA procedure

All dogs were generally anesthetized before the procedure. The abdomens of dogs was
opened with a 70 mm midline incision from the xiphoid process down and the urethra and
urinary bladder were identified. Subsequently, the prostate was discerned by tracing along

the urinary tract. Two monopolar electrode needles were penetrated into the randomized
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side of the prostate under ultrasound guidance (Figure 6.1E-G). The HF-PFA conditions
used in this study were as follows: electric fields strength: 1800 V/cm, pulse width: 100
us, pulse interval: 2 ms. A total of 90 pulses were divided into 9 times of 10 each to avoid
the thermal damage of intensive electrical current (Table 6.1). A digital oscilloscope
(TDA3044B, Tektronix, US) was utilized to measure the electric current and a hole-type
current probe (TCP305A, Tektronix) was clamped to a cord connecting the pulse generator
and the electrodes. The conductivity of the beagle prostate was also measured before,
during, and after HF-PFA treatment using 4192A LF Impedance Analyzer (Yokogawa-

Hewlett-Packard Ltd.).

After the treatments, the abdomen was irrigated with 0.9% saline solution, and
the incision abdomen wall was closed and sutured. All dogs were under appropriate human
care from professional staff. The appetite, body temperature, fecal output, pain, and other
clinical symptoms were supervised for 7 days. Antibiotic (Gentamicin, 80 mg/2 mL; SHIN
POONG PHARM Ltd., Seoul, Korea) and analgesics (Keromin, 30 mg; Ketorolac; HANA
PHARM Ltd., Seoul, Korea) were routinely used for three days after the surgical

procedures.

6.3.5 Electrocardiography (ECG)

ECG signals were monitored by the Ag/AgCl electrodes (2223H, 3M, MN, USA)
connected with an ECG amplifier (PSL-IECG, PhysioLab, Busan, Korea). The fur above
the lower third of the humerus and femur was performed shaved off and the sole, skin was

attached with biomedical sensor pads. The signals were measured to investigate the cardiac
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safety of HF-PFA on the beagle prostate. ECG including heart rate was continuously

monitored and recorded before, during, and after the HF-PFA procedure about 5 minutes.

6.3.6 Blood chemistry

Blood serum samples were obtained pre-, post-treatment, and 1, 7 days after HF-PFA
procedure to measure cardiac troponin I levels, creatine kinase-MB (CK-MB) fraction
levels, and creatine kinase (CK) levels to monitor cardiac function and inflammatory
response. On days of blood sampling procedures, animals were moved to the laboratory
area and a syringe with 24 gauge was inserted into the venous blood from a forelimb, and
3 ml baseline blood samples were collected and were transferred into Vacutainer SST
Tubes. Tubes were pre-chilled and the specimens were centrifuged at 3500 rpm at 4 °C for

10 min. The serums were transferred to polypropylene tubes and stored at -20 °C.

6.3.7 Gross and histological examination

Gross and histological examinations were performed to evaluate the gross and
histopathological changes of the prostate, urinary bladder, and urethra structures of the
beagle prostates after HF-FFA over time. The prostate tissues were separated from the
bladder and urethra. The tissue specimens were excised and fixed in 10% formalin for at
least 24 hours. The proximal, middle and distal portions of the HF-PFA ablated segments
were transversely sectioned. Subsequently, the samples were processed by embedding
them into paraffin blocks for gross and microscopic analysis. The slides were prepared by

94



microtome and stained with Masson’s trichrome (MT), hematoxylin and eosin (H&E) for
histomorphological analysis. Digitalized slides were assessed histologically from a scan
equipment (Pannoramic 250 FLASH 111, 3D HISTECH Ltd, Budapest, Hungary) and were

analyzed using its viewer software (CaseViewer, 3D HISTECH Ltd).

6.3.8 Immunohistochemistry

Immunohistochemistry (IHC) was performed on the paraffin-embedded sections to verify
apoptotic cell death after the HF-PFA treatment. Terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL assay) was carried on using an In-Situ Cell Death
Detection, POD kit (Roche, Germany). The sections were visualized using a stainer

(BenchMark XT, Ventana Medical Systems, Tucson, AZ).

Regeneration by cell proliferation was assessed by performing
immunofluorescence (IF) staining of Ki-67. Briefly, all samples (Gl ~ G4) were fixed in
10 % formalin after taking off the animals at room temperature overnight. Afterward, all
tissues sliced to a thickness of 3 pm were hydrated with ethyl alcohol and washed with tap
water at room temperature. The slides were incubated in 3 % H,O; for 10 min to block
endogenous peroxidase activity, 10 % normal serum albumin for 30 min to block non-
specific immunoglobulin binding, and primary antibody in PBS for 60 min. After washing
the slides in PBS with 0.5 % Tween for 5 min, the slides were incubated with Alexa Fluor
594-conjugated Ki67 antibody (1:200, Rabbit, Abcam) for 60 min and the nuclei of the
cells were stained with DAPI for 1 min at room temperature. Using a fluorescence

microscope (magnification, X100), Ki-67 positive tissues were taken.
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6.3.9 Statistical analysis

Experimental results were represented as the form of mean =+ standard deviation (SD). In
case of 2 levels, a two-tailed paired Student’s f-test was performed to determine the
significant differences in means (*P <0.05; **P <0.01; ***P <0.001). The analysis was
carried on using Excel software (2013, Microsoft Co., Ltd., Redmond, WA, USA). In
case of more than 2 levels, analysis of variance (ANOVA, one-way) was conducted to
decide the significant differences in means. Fisher’s least significant difference test
(LSD, P < 0.05) was utilized to compare the means of the variables using RStudio

Version 1.4.1106 software.

6.4 Results

6.4.1 Simulation of electric field and temperature distribution

For the simulation of the electric field and temperature distribution, the geometry of
monopolar electrodes inserted into the prostate tissue was formed in the COMSOL
Multiphysics 5.6 (Figure 6.2A). Meshed geometry was established with proper size in the

analysis domain (Figure 6.2B).

Simulation of the electric field when applied 1800 V between the electrodes

showed oval type electric field between the electrodes at the cross-sectional images (Figure
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6.2C), and dumbbell type electric field between electrodes at the longitudinal images
(Figure 6.2D). Simulation of the thermal distribution when applied 1800 V, 10 pulses
between the electrodes showed that temperature slightly increased at the periphery of the
electrodes (Figure 6.3A-B). The maximum temperature at the midpoint of electrodes was

37.4 °C when 1800 V was applied (Figure 6.3C).

6.4.2 Electrical changes and electrocardiogram (ECG)

The current graph showed that HF-PFA pulses were successfully delivered to the prostate
tissues (Figure 6.4A) Maximum current at the 9" group increased about 3 A compared to
the initial current. The electrical conductivity of prostate tissue was 3.76 folded after HF-
PFA (Figure 6.4B). The total treatment time was 420 + 190 seconds. ECG of the beagles

was not interfered with after HF-PFA (Figure 6.4C).

6.4.3 Gross and histological examination

Gross examination of the beagle prostate tissue after HF-PFA showed that the gross
ablation areas were maximized at 4 hours and decreased over time (Figure 6.5A-B).
Similar results were shown in the proximal, middle, and distal cross-sections of the prostate.
Therefore, the middle sections were used to investigate further histological examinations.
Histomorphological analyses including H&E, MT, and TUNEL assay were performed to
investigate the histological changes in detail (Figure 6.6). The ablated areas were
maximized at 4 hours and reduced over time resulting in complete tissue regeneration at 4
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weeks after HF-PFA (Figure 6.7A-B).

6.4.4 Detailed histological changes

A detailed comparison between non-treated and treated areas 4 hours after HF-PFA
showed that apoptotic cell death in the treated area and prostatic duct structure was
preserved (Figure 6.8). The preservation of urethra tissue was observed 4 hours after HF-
PFA (Figure 6.9). Magnified images showed apoptotic cell death of endothelial cells
sparing the structure. The prostatic gland and ducts were preserved at the periphery of the

punctured site with the electrodes 4 hours after HF-PFA (Figure 6.10).

6.4.5 Immunohistochemistry

Ki-67 was used to detect the proliferating cells in the prostate tissue over time. There were
significant changes around the urethra after HF-PFA over time (Figure 6.11). There was
almost no detection around the urethra 4 hours after HF-PFA indicating that urothelium
cells were ablated by HF-PFA treatment. Ki-67 detection around the urethra was
maximized 7 days after HF-PFA indicating that urothelium cells were undergoing
proliferation. Ki-67 almost disappeared 4 weeks after HF-PFA similar to sham control. It

presents that the urothelium cells around the urethra were regenerated over time.

In addition, there were significant changes in the prostatic glands after HF-PFA
over time (Figure 6.12). Distances between prostatic glands were widened with decreased

Ki-67 detection around the glands 4 hours after HF-PFA and the shapes of the glands were
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distorted and shrunk 7 days after HF-PFA. However, the prostatic glands were almost
recovered 4 weeks after HF-PFA similar to sham control. It presents that the prostatic

glands were regenerated over time.

6.4.6 Fibrotic changes

Gross MT staining showed that the fibrotic areas increased and maximized 4 hours after
HF-PFA, especially, around the urethra (Figure 6.13). Subsequently, the areas decreased
over time similar to that of sham control. Magnified images in MT staining showed
detailed changes in fibrotic areas (Figure 6.14). The extent of fibrotic changes (blue color
density) around the urethra was maximized 7 days after HF-PFA. Subsequently, the extent
of collagen fiber formation decreased 4 weeks after HF-PFA similar to sham control. The
fibrosis around the treated area was maximized 4 hours after HF-PFA (Figure 6.15). The
extent of collagen fiber formation decreased over time and was similar to sham control 4

weeks after HF-PFA.

6.4.7 Biochemistry for cardiac safety

Biochemistry of the beagles after HF-PFA over time showed that cardiac troponin I,
creatine kinase MB levels were maintained during and after HF-PFA (Figure 6.16). The

results showed that there were little cardiac damages after HF-PFA on the beagle prostate.
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6.5 Discussion

PFA has many advantages to treat the LAPRC sparing the ECM, such as the neurovascular
bundles, ducts, and major vasculatures in the target tissues resulting in rapid regeneration
of the tissues [142]. Moreover, arrthythmias are less likely to occur because the prostate is
located far from the heart [143]. Although previous studies of the PFA, no studies were
using HF-PFA on the beagle prostate to ablate the LAPRC except one study that performed
short period observation [144]. In the previous study, the prostatic glands were swollen 18
hours after HF-PFA but no information is existent about the histological changes and
regeneration thereafter. Moreover, the applied voltage was 700 V, not enough to ablate

sufficient volume of the tissues.

In this study, HF-PFA of 1800 V were delivered in 10 pulses of 9 groups, a total
of 90 pulses using monopolar electrodes (Figure 6.1A-B) according to the electrical
condition of the previous study [64]. Monopolar electrodes were inserted under ultrasound
guidance and maintained their parallel direction (Figure 6.1E-G). The animals were
sacrificed 4 hours, 7 days, and 4 weeks after HF-PFA to investigate the histomorphological

changes at the prostate tissues.

It was confirmed that HF-PFA sufficiently ablated the prostate tissues through the
current increases and the change of electrical conductivity (Figure 6.4A-B). In the previous
study, the electrical conductivity of the prostate tissue was 3.26 folded after PFA from
0.284 to 0.927 S/m and the treated areas were sufficiently ablated [64]. The electrical

conductivity of the prostate tissue was 3.76 folded after HF-PFA from 0.607 to 2.282 S/m
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in this study (Figure 6.4B). It presents that the energy level of HF-PFA was enough to

induce cell death of the prostate tissues.

Cardiac safety issues after HF-PFA was investigated through ECG and
biochemistry of cardiac marker; Troponin I, and creatine kinase MB. Troponin I levels of
the beagles were maintained below 0.2 ng/mL according to the previous study [145]. ECG
was distorted during the HF-PFA but restored its original shapes and frequencies instantly
(Figure 6.4C). Troponin I levels after HF-PFA maintained below 0.2 ng/mL and did not
increase over time (Figure 6.16A). Creatine kinase MB showed no significant increases
after HF-PFA over time (Figure 6.16B). Overall, the cardiac safety of HF-PFA was verified

in the beagle prostate.

Apoptotic cell death of HF-PFA was investigated by TUNEL assay and H&E to
observe the gross structures in the treated areas. Gross observation showed that
macroscopic changes around needle electrodes were maximized 4 hours after HF-PFA and
decreased over time (Figure 6.5B). This tendency is identified also in the TUNEL assay
and H&E observation (Figure 6.7A-B). In the treated areas, there were many TUNEL
positive cells indicating that apoptotic cell death occurred while maintaining the urethra,
vessels, ducts, and gland structures (Figure 6.8-10). This showed there was little necrosis

due to the tissue structures can be disrupted in the process of necrosis [ 146].

Regeneration of the prostate tissue at the treated sites was investigated by
immunohistochemistry of Ki-67 and MT staining. The urothelium cells around the urethra
were in the process of apoptosis 4 hours after HF-PFA (Figure 6.9). Newly proliferating
urothelium cells were detected 7 days after HF-PFA and recovered their original structures
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in 4 weeks (Figure 6.11). This means that urothelium cells were regenerated and urethra
structures were recovered in 4 weeks after HF-PFA. Prostatic gland structures were
maintained but fibrotic parts increased interstitial glands 4 hours after HF-PFA (Figure
6.12, 15). The newly proliferating cells gradually increased along the border of the glands
over time (Figure 6.12). The glands’ structures were almost recovered their original shapes
and fibrotic areas were reduced between glands 4 weeks after HF-PFA (Figure 6.15). The
prostatic glands were regenerated 4 weeks after HF-PFA similar to sham control. Fibrotic
areas were maximized 4 hours after HF-PFA, especially around the urethra, but decreased
over time (Figure 6.13-15). Fibrotic areas also recovered 4 weeks after HF-PFA similar to

the control.

The study had several limitations, including the use of one condition 1800 V/cm,
thus below 1800 V/cm conditions should be investigated for further applications. Moreover,
there is no data for the regeneration above 4 weeks. In conclusion, HF-PFA of 1800 V/cm
successfully decellularized the beagle prostate 4 hours after the treatments. Acellular parts,
such as the urethra, prostatic glands, ducts, vessels were preserved and the treated areas
were regenerated in 4 weeks. These results showed that HF-PFA might be a good option

to treat LAPRC.
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Figure 6.1. Schematic of the HF-PFA treatment to the beagle prostate tissue.

(A) HF-PFA generator (EPO-IRE® System, The Standard Co., Ltd., Republic of Korea) (B)
Monopolar electrodes with 15 mm exposed stainless steel and 10 mm distance between
electrodes (EPO probe, The Standard Co., Ltd.) (C) cross-section simulation from
Openfoam software (The Standard Co., Ltd.). (D) longitudinal section simulation (E)
Placement of needles prior to HF-PFA procedure in prostate tissue. (F) Identification of
prostate tissue prior to the HF-PFA procedure under ultrasound guidance. The white arrow
identifies the prostate. (G) Ultrasound-guided HF-PFA ablation of prostate tissue. The
white arrowheads identified the needle electrode.
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Table 6.1. Electrical conditions of HF-PFA to ablate the beagle prostate tissue.

Burst interval

Electrode Distance

Electrode Exposure

Control Group 1 Group 2 Group 3
(4 hours) (7 days) (4 weeks)
Electric field 1800 V/em
Pulse number 90
Pulse width 100 ps
Pulse interval Only 2 ms
Burst (Pulse group) | penetration 10 pulses x 9 times

10s

10 mm

15 mm
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Figure 6.2. Simulation of electric field by HF-PFA at the prostate model in the
COMSOL Multiphysics 5.6.

(A) Meshed geometry of monopolar electrodes inserted into the prostate (B) Detailed
meshes in the electrodes. (C) The electric field strength at the cross-section direction to the
electrodes at the prostate when applied 1800 V between electrodes. (D) The electric field
strength at the longitudinal direction to the electrodes.
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Figure 6.3. Simulation of electric field by HF-PFA at the prostate model in the
COMSOL Multiphysics 5.6.

(A) Thermal distribution at the cross-section direction to the electrodes at the prostate when
applied 1800 V, 100 us width of 10 pulses between electrodes. (B) Thermal distribution at
the longitudinal direction to the electrodes at the same condition. (C) Temperature changes
at the midpoint between the electrodes over time.
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Table 6.2. Geometrical parameters of the beagle prostate with the electrodes and

physical parameters of the HF-PFA for COMSOL simulation.

Parameters Value
Radius of the prostate 50 [mm]
Height of the prostate 100 [mm]
Diameter of electrode 1 [mm]
Exposed length of electrode 15 [cm]
Ambient temperature 309.5 [K]
Natural convection in the air 25 [W/(m"2*K)]
Applied voltage between electrodes 1800 [V/cm]
Pulse width 100 [us]
Pulse interval 2 [ms]
Pulse number 10
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Table 6.3. Material properties of the beagle prostate for COMSOL simulation.

Parameters

Value

Electrical conductivity

0.13 [S/m]

Density

1045 [kg/m?]

Heat capacity

3760 [J/(kg*K)]

Thermal conductivity

0.51 [W/(m*K)]

Relative permittivity

53
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Figure 6.4. Current, electrical conductivity changes of the prostate and ECG of the
beagles after HF-PFA.

(A) Current graph of 10 pulses of 9 groups (Interval times between group pulses were
omitted due to comparably long time; about 10 s). (B) The electrical conductivity of
prostate tissue was 3.76 folded after HF-PFA. Treatment time was 420 £+ 190 seconds. N =
9, *P<0.05; **P<0.01; ***P<0.001. (C) ECG of the beagle after HF-PFA (71"-80t
pulsing, Red box).
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Figure 6.5. Location of tissue samples and gross changes of the prostate after HF-PFA
over time.

(A) Prostate tissue samples showing the proximal (1), middle (2), and distal (3) location
ablated by HF-PFA. (B) Representative photomicrographs of gross prostate tissue at
different time points.
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Figure 6.6. Gross and histological findings of the prostate after HF-PFA over time.

Representative photomicrographs of gross, H&E, MT histomorphological analysis, and
TUNEL assay of prostate tissue specimens from the dogs (magnification, x2).
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Figure 6.7. Changes in TUNEL stained areas after HF-PFA over time

(A) Histological changes of the beagle prostate after HF-PFA. Scale bar, 5 mm;
magnification, x0.2. (B) Histogram of TUNEL stained area after HF-PFA. N =3, *P < 0.05;

**P<0.01; ***P <0.001.
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Figure 6.8. Detailed comparison of histological findings to compare ablation area.

TUNEL result 4 hours after HF-PFA showed apoptotic cell death in the treated area
(Arrow). Prostatic duct structure was preserved (Arrowhead). Scale bar, 50 pm;
magnification, x0.2.
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Figure 6.9. Preservation of urethra tissue after HF-PFA.

H&E, TUNEL result 4 hours after HF-PFA showed the preservation of urethra tissue
(Arrowhead). Scale bar, 1 mm; magnification, x2. Magnified images showed apoptotic cell
death of endothelial cells sparing the structure (Arrows). Images achieved from inbox in
the 2x images. Scale bar, 50 um; magnification, x40.
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Figure 6.10. Preservation of prostatic gland and vessels after HF-PFA.

H&E, TUNEL histological analysis 4 hours after HF-PFA showed the prostatic gland and

duct were preserved at the periphery of the punctured site with the electrodes (asterisk).

Scale bar, 1 mm; magnification, x2. Magnified images showed prostatic gland (arrowheads)
and vessels (arrows) were preserved. Images achieved from inbox in the 2x images. Scale

bar, 50 um; magnification, x40.

115

R e LA

RS, SECOUL NATIOMAL LINIVERSTY



Sham control
e

Ki-67
IDAPI

Figure 6.11. Regeneration of the urothelium cells after HF-PFA.

H&E, THC of Ki-67 histological analysis 4 hours, 7 days, and 4 weeks after HF-PFA
compared to sham control showed the urothelium cells were regenerated over time. Scale
bar, 1 mm; magnification, x2.
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Figure 6.12. Regeneration of the prostatic gland after HF-PFA.

(A) Regeneration of the beagle prostatic gland after HF-PFA. Scale bar, 0.2 mm;
magnification, x10. (B) Histogram of Ki-67 positive areas after HF-PFA. N =3, *P <0.05;
**P<0.01; ***P <0.001.
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Figure 6.13. Changes in the fibrotic area after HF-PFA over time.

(A) Histological changes of the beagle prostate after HF-PFA. Scale bar, 5 mm;
magnification, x0.2. (B) Histogram of fibrotic area after HF-PFA. N =3, *P <0.05;
**P<0.01; ***P <0.001.
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Figure 6.14. Fibrotic areas around the urethra after HF-PFA over time.

(A) Fibrotic areas around the urethra. Scale bar, 5 mm; magnification, x2. (B) Magnified
images. Scale bar, 250 um; magnification, x40.
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Figure 6.15. Fibrotic areas around the HF-PFA treated area over time.

(A) Fibrotic areas around the HF-PFA treated area. Scale bar, 5 mm; magnification, x2. (B)
Magnified images. Scale bar, 250 um; magnification, x40.
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Figure 6.16. Biochemistry of the beagles after HF-PFA over time.

(A) Cardiac troponin I levels (B) Creatine kinase MB levels in beagle serum. N=2,
*P <0.05; **P<0.01; ***P<0.001
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Chapter 7. Conclusions

In this dissertation, high-voltage high-frequency pulsed field ablation (HF-PFA)
was developed to ablate the locally advanced solid tumor (LAST). First, a novel evaluation
method was developed to evaluate electroporated areas caused by HF-PFA on the potato
model. It takes about 12 hours to evaluate the HF-PFA ablated areas using a common
method of polyphenol oxidation. Using our 2,3,5-triphenyltetrazolium chloride (TTC)
method, the electroporated areas can be assessed within 3 hours and reversibly
electroporated areas also can be observed, which makes it possible to predict the HF-PFA
affected zone in the drug delivery or gene transfection research field. The various HF-PFA
conditions such as voltage, pulse number, pulse width, pulse interval for in-vitro, in-vivo
studies were indirectly performed and prescreened using the TTC method on the potato
model. Second, an in-vitro 3D culture model of cancer cells was constructed using agarose
gel to investigate the tissue scaffold and regeneration ability of HF-PFA based on a tissue
engineering perspective. Decellularization was induced by HF-PFA on the gel and
regeneration was induced by perfusion bioreactor with adipose-derived mesenchymal stem
cells (ADMSC). Decellularization was evaluated using a live and dead cell assay kit with
a fluorescence microscope and hematoxylin and eosin (H&E). Nerve regeneration was
evaluated using immunocytochemistry (ICC) of Tujl. Third, cell apoptosis of human
prostate cancer tissue was studied using HF-PFA. Human prostate cancer tissues were
induced on the skin of the nude mouse and HF-PFA was performed on the cancer tissue
with monopolar electrodes. The cell apoptosis markers, cleaved caspase-3, and BCL-2
were upregulated after HF-PFA with the weight of cancer tissue decreasing over time. HF-

PFA had an effect to induce cell apoptosis and reduce the mass of cancer tissue. Finally,
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the decellularization and tissue regeneration process after HF-PFA were investigated in the
in-vivo experiment using prostate tissue of canine. Cell apoptosis and decellularization
process was maximized 4 hours after HF-PFA and the recellularization was observed 7
days after HF-PFA. The prostate tissue was almost regenerated with minor fibrosis at 4

weeks.

In the results, HF-PFA successfully fabricated decellularized tissue scaffold to
ablate LAST with cell apoptosis and provided the environments for rapid and proper tissue
regeneration. Therefore, HF-PFA can be utilized in the field of tissue engineering and
regenerative medicine and promotes the rapid and accurate ablation of LAST in clinical

surgery to enhance the quality of life.
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