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ABSTRACT

INVESTIGATION OF NANOSECOND PULSED ELECTRIC FIELDS (NSPEF) INDUCED ANTI-
CANCER MECHANISM AND ENHANCED B16F10 MELANOMA CANCER TREATMENT

Kamal Asadipour, Old Dominion University, 2023Director: Dr. Shu Xiao

The use of nanosecond pulsed electric fields (nsPEF) has emerged as a promising area of
research with vast implications across various scientific disciplines. The ability to generate ultra-
short, high-voltage electric pulses has paved the way for numerous applications, ranging from
fundamental investigations of biological phenomena to the development of innovative medical
therapies. The aim of this thesis is to highlight the importance of nsPEF in two critical areas: 1)
Understanding the impact of subtle postpulse waveforms through a comprehensive analysis of
two common pulse generators and 2) using this knowledge to advance melanoma treatment by
enhancing the therapeutic effect of nsPEF with the addition of carbon nanotubes (CNTS).

The first part of our study concentrates on comprehending the nuances and differences between
two widely utilized pulser generators: the Blumlein line (BL) and the Pulse Forming Line (PFL).
Through the investigation of the pulse waveform via the adjustment of the primary pulses in
these pulse generators, it was revealed that the post-pulse waveforms possess the capacity to
modify cellular reactions and, in some cases, induce distinct cellular responses due to variations
in post-pulse characteristics between the two designs. The post-pulse of the BL design exhibited
a relatively extended duration, approximately 50 ps (for 40 kV/cm, 100 ns), and had an opposite
polarity compared to the main pulse. Conversely, the PFL's post-pulse was considerably shorter,
around 2 ps, and shared the same polarity as the main pulse. For the PFL, the LD50 and the
thresholds for the dissipation of mitochondrial membrane potential, and an increase in plasma

membrane Pl permeability and a decrease in trans plasma membrane electron transport (tPMET)



were observed at lower pulse numbers compared to the BL design. Furthermore, only the PFL
induced an increase in tPMET, thus producing a biphasic effect. However, both pulser designs
exhibited similar pulse numbers for generating of mitochondrial reactive oxygen species (ROS).
Notably, the PFL reduced spare respiratory capacity (SRC) significantly, while the BL increased
SRC. These findings represent a pioneering revelation that the conditions resulting from low-
intensity post-pulse charging have a substantial impact on cellular responses, with the potential
to selectively induce specific cellular responses. It also underscores the importance of
considering these post-pulse factors when comparing results obtained from other pulse
waveforms.

However, while the PFL exhibits more robust responses than the BL generator, it is important to
acknowledge a limitation in applying of the PFL pulse generator for in vivo studies, as it
necessitates higher voltage levels when compared to the BL pulse generator. This increased
voltage requirement raises clinical concerns that warrant careful clinical consideration. The
second part of this thesis is dedicated to take advantage of multi-walled carbon nanotubes
(MWCNT) to enhance the tumor ablation in vivo. MWCNT significantly reduced the necessary
pulse conditions for in vitro tumor ablation, lowering it from 0.009 Vs/cm to 0.005 Vs/cm. In
vivo, the required pulses were reduced from 1000 to 500, marking at least a twofold
improvement. The combined impact of MWCNT to nsPEF treatment for melanoma, using the
B16f10 melanoma cell line as an in vitro and in vivo model, has the potential to expand the
applications of the PFL pulser in future in vivo studies focused on melanoma immune therapy,
with the goal of achieving tumor ablation with in-situ vaccination (ISV) against the threated

cancer. Ultimately, this study may pave the way for the translation of this combination approach



into preclinical and clinical settings, potentially revolutionizing the management of this

devastating disease.
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CHAPTER 1:

Introduction

1.1 Invitro studies of cell responses to nanosecond pulsed electric fields

The application of nanosecond pulsed electric fields (nsPEFS) in biological and medical
contexts relies on pulsed power technology. Pulsed power involves the gathering and retention of
electrical energy, followed by its swift discharge in brief intervals. This process enhances
instantaneous high power without inducing heat. Pulsed power technology has a longstanding
history in engineering applications, including high-power lasers, particle accelerators, radar and
communication systems, and high-voltage and power electronics [1]. The utilization of pulsed
power extends beyond traditional physics, opening up novel possibilities for its application in the
realms of biology and medicine [2]. The uniqueness of pulsed power in the nanosecond domain
became clear when it was shown that these ultra-short pulses ca have effects on the cell interior,
which is absent with microsecond pulses [3] such that microsecond pulses go around the cell and
nanosecond pulses go through the cell [4].

In recent years, there have been noteworthy advancements in the field of bioelectrics,
particularly in the exploration of nanosecond pulsed power technology and its impacts on
cellular responses [5-7]. High-intensity nanosecond pulses have demonstrated the ability to elicit
a wide range of biological responses, including unique plasma membrane permeabilization [8],
dissipation of the mitochondrial membrane potential (A%¥m) [9, 10], DNA damage [11], and the

activation of signaling pathways [12, 13]. NsPEFs have emerged as a promising tool with



numerous applications in the field of biomedicine. These applications encompass tissue
treatment [14, 15], atrium ablation for heart defibrillation [16, 17], and stimulating immune
responses for cancer treatment [18-21].

For a clearer grasp of pulsed power, envision a joule of energy being accumulated and
discharged within brief time intervals. When a joule of energy is stored and released over one
second, it yields 1 watt of power. However, if this energy is released within a microsecond, it
generates a megawatt of power, and if released within a nanosecond, it results in a gigawatt of
power. In our investigations, nanosecond pulses typically last around 100 ns, delivering
approximately 10 megawatts per pulse [2].

The impact of the electrical pulse shape or waveform has been the subject of numerous
studies [22-25], which can categorize these studies into three distinct groups. (1) Electrical
pulsing parameters: These studies investigate the effects of main parameters, including the
pulsed electric field (E), pulse duration (t), and pulse number (n). These studies suggest that the
crucial determinant for nanosecond pulse effects is the total number of ions that traverse the cell
membrane. In simpler terms, the magnitude of biological effects depends on the product of
current density (which, in the case of constant conductivity, is directly proportional to electric
field intensity as per Ohm's law) and the pulse duration [5]. (2) Rise—fall times: Previous studies
assumed that the pulse shape has an ideal rectangular form, however, there are subtleties in pulse
waveforms, including features like rise time and fall time, which also play a role [9, 26]. The
significance of the rise and fall times in nsSPEF was demonstrated by comparing 600 nanosecond
pulses with fast rise and fall times (15 ns) to those with slow rise and fall times (150 ns). The
faster rise and fall times had more pronounced effects in dissipating the mitochondrial membrane

potential (A%¥m) and inducing cell death (CD) compared to the slower rise and fall times [9, 27].



(3) Monopolar and Bipolar Pulses: Bipolar pulses, which have an additional pulse with an
opposite polarity, have been investigated as a method to improve permeabilization of the cell
membrane by efficiently porating both sides of the cell in microsecond pulsing duration.
However, research involving much shorter pulses (300 and 600 ns) found that bipolar pulses
were less effective at electro-permeabilization [28, 29]. They were also not as proficient at
increasing intracellular calcium concentration. This was described as nanosecond bipolar
cancellation (NBC) which can disrupt the charging of cell membranes by the opposite current
before any damage to the cell occurs. However, this is just one possible hypothesis, and other
mechanisms might also be valid [28].

It's important to note that most of these studies primarily focused on the main pulse and
often overlooked observations during the interpulse interval. due to an oscilloscope small scale
which adjusted for the main pulse. This oversight was attributed to the small scale of the
oscilloscope, primarily adjusted for the main pulse. We call that post-pulse and typically
generates a voltage across the tissue or cell medium that is approximately ten times weaker than
the main pulse. Nevertheless, biological responses are often attributed solely to the main pulse.

Chapter One introduces a pioneering investigation into the impact of post-pulses on
biological responses triggered by nanosecond pulses, representing the first-ever examination of
this subject as our best knowledge. Two common pulse generators We employed based on
transmission lines, specifically a pulse forming line (PFL) and a Blumlein line (BL), to illustrate
the distinct characteristics of these post-pulses while maintaining nearly identical frequencies
and voltages. It's noteworthy that PFL and BL continue to be robust pulse generators for in vitro
applications that demand high current, low impedance, and short pulse durations (less than or

equal to 100 nanoseconds), despite the increasing use of solid-state pulse generators [30].



Understanding how nsPEFs interact with ultra-low-intensity post-pulses is critical for
advancing the applications of pulse power technologies across various fields. These findings
could have implications for enhancing therapeutic strategies, such as tumor ablation, atrium
ablation for heart defibrillation, and for eliciting immune responses in cancer treatment.
Furthermore, delving into the underlying mechanisms can provide valuable insights into the
fundamental principles governing cellular responses to pulsed electric fields. The studies herein
underscore the importance of characterizing and reporting pulse waveforms to enhance the
reproducibility and comparability of results among different research groups employing diverse
generators. In addition, given that nsPEFs have been shown to modulate electron transport [31],
it is important to explore the possibilities for less well characterized non-lethal effects that mimic
physiological and pathological mechanisms for cell signaling with oxidants such as reactive

oxygen species (ROS), which are natural intracellular physiological signaling molecules [32].

1.2 Invivo studies with nanosecond pulsed electric fields

In the second chapter, efforts are made to address a limitation in translating the in vitro
results from the first chapter to an in vivo context. In the conclusion of the first chapter, cells
exhibited greater sensitivity to the PFL than the BL pulser with lower pulse numbers or electric
field intensities of 40 kV/cm for inducing cell membrane permeability (Figure 5), dissipation of
AW¥m (Figure 10), a decrease in mitochondrial SRC (Figure 11), a biphasic effect on tPMET
(Figure 5, and Figure 7), and eventual cell death (Figure 6). These distinct post-pulse waveforms
were determined from their primary waveforms, which PFL has a post-pulse waveform with the
same polarity as the primary pulse and the BL pulses has a post-pulse waveform with an opposite

polarity as the primary pulse. The outcomes establish the PFL pulser as a more promising



candidate for in vivo cancer ablation, with might enhance the potential to achieve in situ
vaccination.

In studies conducted by Lassiter et al [33] on an orthotopic rat liver cancer model and by
Guo et al [34] and Beebe et al [35] on an orthotopic mouse breast cancer model, rodents that
remained tumor-free exhibited a vaccine effect akin to in situ vaccination following nsPEF
treatment. This effect was evidenced when, 7 weeks after nsPEF treatment, the rodents were re-
challenged with tumor cell injections, resulting in the rejection of tumor cells and the absence of
tumor growth. The specific immune phenotypes conducive to these in situ vaccinations were
identified in both models. Generally, the immunosuppressive tumor environment (TME) was
eradicated, leading to the presence of active CD8+ and CD4+ effector memory and central
memory T-cells [36-38], as well as natural killer cells (NKSs) in the liver model, although to a
lesser extent in the breast cancer model. However, not all nsPEF-treated cancer models
demonstrated this in situ vaccination response. For instance, in the ectopic mouse melanoma
model studied by Rossi et al [39], only a few animals exhibited tumor rejection as a vaccine
effect. A notable challenge identified in these cases was the persistent or return of the presence
of immunosuppression in the TME [38], as highlighted by Guo et al. in the ectopic pancreatic
model [36].

It seems that there are two distinct thresholds or types of targets that need activation to
achieve tumor-free animals on one hand and tumor-free animals with an in situ vaccination effect
on the other. The hypothesis suggests that the vaccine effect is attributed to an "optimal" form of
nanosecond pulsed electric field (nsPEF)-induced regulated cell death (RCD), specifically one
that is considered immunogenic. It is important to note that the RCD mechanisms for both in situ

vaccination models are unknown, except that they do not involve apoptosis. This type of RCD



allows dendritic cells (DCs) to effectively detect cancer antigens and present them to T-cells
through cross-presentation, as proposed by Galluzzi et al [40]. Given our demonstration of the
PFL's ability to induce distinct cellular responses, exploring its potential for in vivo studies
becomes a valuable avenue for further investigation. In most of our in vivo studies, nanosecond
pulses include around 100 ns durations, 1000 pulses at 50 kV/cm, can be safely eliminated a
tumor. These conditions render the PFL less practical due to its half-charging voltage output,
thereby raising safety concerns. Consequently, to overcome this limitation, we opted for an
alternative pulser (BL), and integrated it with carbon nanotubes (CNTS). This combination
assumed to enhances the nanosecond pulsed electric field (nsPEF) and offers potential benefits
for future studies by enabling the use of lower nsPEF conditions while harnessing the advantages
of the PFL pulser.

Multi-walled carbon nanotubes (MWCNTS), a novel type of carbon material, have
demonstrated field emission capabilities, which have opened up a wide range of potential
applications due to their high aspect ratio and excellent conductivity [41]. Due to the high aspect
ratio and excellent electrical conductivity of CNTs [38], they can enhance the local field strength
(Figure 19) [42]. When a CNTs are inserted into a region of uniform electric field, it generates a
phenomenon known as the "lightning rod" effect, where an intensified electric field is formed at
the tip of the CNT which is proportional to the CNT aspect ratio [43]. Additionally, the ability of
CNTs to penetrate the cell membrane, resembling nano-needles, could be explained by a
theoretical nanosyringe mechanism simulated by Lopez et al. for nanotube insertion into the lipid
bilayer [44]. Molecular dynamics studies by Lopez and colleagues demonstrated that a
hydrophobic nanotube with hydrophilic tips initially adsorbs horizontally onto a model

membrane. Subsequently, the nanotube spontaneously changes its orientation from horizontal to



vertical alignment, forming a transmembrane pore-like orientation through the bilayer. This
hypothesis suggests that it may also enhance the poration of the cell membrane followed by
nsPEF.

Given these promising properties, MWCNTs were employed to enhance the effects of
nsPEF in a B16F10 melanoma cancer model. The objective of this study was to investigate the
combined effects of MWCNT when used in conjunction with nsPEF treatment for melanoma.
The study employed the B16F10 melanoma cell line as an in vitro and in vivo model. The
ultimate goal is to expand the scope of these findings and create potential applications for the
PFL pulse generator in future in vivo studies. The aim is to reduce the required electric field
strength through the incorporation of MWCNTSs and develop innovative and effective strategies
for melanoma immune therapy, with the ultimate objective of in-situ vaccination (ISV).
Ultimately, this research may pave the way for the translation of this combined approach into
preclinical and clinical settings, potentially revolutionizing the management of this devastating

disease.



CHAPTER 2:
Ultra-Low Intensity Post-Pulse Affects Cellular Responses Caused by Nanosecond Pulsed

Electric Fields !

2.1 Introduction

In recent years, there have been noteworthy advancements in the field of bioelectrics,
particularly in the exploration of nanosecond pulsed power technology and its impacts on
cellular responses [5-7]. High-intensity nanosecond pulses have demonstrated the ability to elicit
a wide range of biological responses, including membrane permeabilization [8], DNA damage,
and the activation of signaling pathways [12, 13]. NsPEFs have emerged as a promising tool
with numerous applications in the field of biomedicine. These applications encompass tissue
treatment [14, 15], atrium ablation for heart defibrillation [16, 17], and stimulating immune
responses for cancer treatment [18-21].

Nevertheless, different research groups have used custom-designed and custom-
manufactured pulse generators, resulting in varying pulse conditions [46-57]. This situation can
pose a complex and challenging scenario when comparing and making sense of experimental
outcomes. Experiments involving intense nanosecond pulses typically report key parameters like
electric field strength, pulse duration, and pulse count. However, there are subtleties in pulse
waveforms, including features like rise time, pulse plateau, and fall time, which also play a role
[9, 26]. Even the pulse plateau isn't perfectly flat and may exhibit some degree of rise or fall

between the rise and fall times. Regrettably, these waveform characteristics are often

1 Asadipour, K., Zhou, C., Yi, V., Beebe, S. J., & Xiao, S. (2023). Ultra-Low Intensity Post-Pulse Affects Cellular
Responses Caused by Nanosecond Pulsed Electric Fields. Bioengineering, 10(9), 1069.
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inadequately characterized and left unreported. For instance, the rise time and fall time of a pulse
have been shown to impact mitochondrial membrane potential and cell viability. The assumption
was that a pulse with a faster rise time can more effectively penetrate the cell interior, bypassing
the capacitive barrier of the cell membrane when compare to a slower-rising pulse [9]. In the
case of nanosecond bipolar cancellation (NBC), when an additional pulse with an opposite
polarity is applied, it results in weaker responses than a unipolar pulse condition where no such
cancellation occurs [29, 58, 59]. It is possible to explain this difference in results by disrupting
the charging of cell membranes by the opposite current before any damage to the cell is
occurred. However, this is just one possible hypothesis, and other mechanisms might also be
valid. Another overlooked aspect is the possibility that the charging current of a pulse generator
(in the form of a post-pulse) could influence biological responses, even though it's often
disregarded after the main pulse due to its low intensity. The post-pulse typically generates a
voltage across the tissue or cell medium that is approximately ten times smaller or less than the
main pulse and often doesn't register on an oscilloscope due to its small scale. Nevertheless,

biological responses are frequently attributed solely to the main pulse.

2.2 Background and Significance

2.2.1 The Use of Electrical Pulses in Medicine

Electric stimulation has long been a valuable tool in various medical applications such as
promoting fracture healing, nerve and muscle stimulation, and more. This is because electrical
fields of different types and strengths can interact with cells, ions in bodily fluids, and other
biochemical factors to modulate various physiological processes [60, 61]. Physiological electric

fields (EFs) are essential for controlling and regulating cellular and tissue balance. Different



parts of the human body naturally generates a different biological EF [62]. These electric fields
play a crucial role in processes like wound healing, tissue regeneration, and various other
physiological functions. For external stimulation, researchers have conducted studies involving
the placement of electrodes around affected areas to provide this stimulation [63].

Each type of electrical stimulation serves a distinct purpose within the body. Importantly,
the use of different magnitudes of electrical fields has been found to achieve various biomedical
objectives. For instance, low-voltage electric fields (10-100 mV) can stimulate cell proliferation,
migration, and tissue regeneration [64-66]. On the other hand, higher voltage electric fields
(above 1 kV) can be used to induce electroporation, apoptosis, and other processes to target and
eliminate diseased tissues, such as in tumors [67]. Thus, by adjusting both the strength and the
specific application, electrical stimulation can be employed in a wide range of medical contexts

[68].

2.2.2 Nano Pulse Electrical Treatment

Pulsed powered technology has been instrumental in enabling the study of the effects of
nanosecond and even shorter pulses on biological cells and tissues. This technology focuses on
the physics and applications of high-voltage pulse generators, originally developed for military
purposes. The application of pulse generators to bioelectric research gained momentum in the
1990s [69]. Many of the nanosecond pulse generators used in biological research are referred to
as line-type pulse generators [70]. These devices allow the generation of square-wave electrical
pulses with voltages in the tens of kilovolts range and pulse durations as short as single-digit
nanoseconds. The fundamental principle behind these pulse generators involves the use of
transmission lines, like coaxial cables or strip-lines, with two parallel conductors separated by a

dielectric layer. These lossless transmission lines can be viewed as a series of capacitors (C') and
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inductors (L") per unit length, with an impedance (Zo) typically around 50 Q for cables. Strip-
lines can achieve lower impedances, around 10 Q or less [5].

In a basic circuit of a high-power monopolar pulse generator, the transmission line is
charged to the desired voltage and then discharged into the load (RL) using a fast-closing switch.
The switch’s closing time is very short compared to the pulse duration, resulting in the generation
of a square wave pulse across a matched load, meaning a load with resistance equal to the
transmission line impedance. The pulse duration is twice the time it takes for the pulse to
complete a round trip along the transmission line. For instance, a one-meter-long coaxial cable
with a relative permittivity of about 2 in the dielectric material between the conductors produces
a pulse with a duration of 10 nanoseconds. Altering the cable length allows for adjustments in
pulse duration. In this circuit, the voltage across the load is half of the applied voltage [5].

It's worth noting that by modifying the circuit into a "Blumlein” configuration, it's
possible to generate ultrashort electrical pulses with the same amplitude as the applied voltage,
rather than just half of it [70]. In studies from the Frank Reidy Research Center for Bioelectrics
Blumlein pulse generators have commonly been used in most in vivo bioelectric studies while
PFL have been used in most in vitro studies. However, different research groups have employed
custom-designed and custom-manufactured pulse generators, resulting in variations in pulse

conditions [5, 46-57] and the post pulse effects have not been analyzed.

2.2.3 Electrical Pulsing Parameters

Studies investigating the effects of nanosecond pulses often vary three key parameters:
the pulsed electric field (E), pulse duration (1), and pulse number (n). These studies suggest that
the crucial determinant for nanosecond pulse effects is the total number of ions that traverse the

cell membrane. In simpler terms, the magnitude of biological effects depends on the product of
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current density (which, in the case of constant conductivity, is directly proportional to electric
field intensity as per Ohm's law) and the pulse duration [5].

For example, Nuccitelli and colleagues conducted a study in 2017, examining the effects
of nanosecond pulsed electric fields (NPS, 100 ns pulses) at different voltages ranging from 12 to
30 kV/cm on three distinct cancer cell lines: MCA205 (mouse fibrosarcoma cells), McA-
RH7777 (rat hepatocellular carcinoma), and Jurkat E6-1 (human leukemia cells) [71]. Their
findings indicate that the induction of cell death or apoptosis in cultured cells is most pronounced
at 15 kV/cm and requires a current density of 50 A/cmz, signifying that this specific magnitude
of electric field is particularly effective in triggering the self-destruction of tumor cells.

However, in vitro nsPEF conditions are not readily translatable in vivo. For example, Chen et al
[72], treated mouse hepatocellular tumors in C57BL6 mice using 30 and 100ns pulses at 33, 50,
or 68 kV/cm with one 1000 pulse treatment or three 300 pulses treatments on alternate days
using needle or ring electrodes. Seventy five percent of primary hepatocellular carcinoma tumors
were eradicated with 900 hundred pulses at 100 ns pulses at 68kV/cm in a single treatment or in
three treatment sessions without recurrence within 9 months using a 5-needle electrode array.

The ring electrode was less effective at every condition tested.

2.2.4 Rise—fall Times

The significance of the rise and fall times in nanospulse stimulation (NPS) was
demonstrated by comparing 600 nanosecond pulses with fast rise and fall times (15 ns) to those
with slow rise and fall times (150 ns). The faster rise and fall times had more pronounced effects
in dissipating the mitochondrial membrane potential (A%¥m) and inducing cell death (CD)
compared to the slower rise and fall times [9, 27]. Notably, these rises and fall times did not

affect the influx of calcium ions (Ca2+) through the plasma membrane, indicating that these
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effects were selective for intracellular structures, as previously hypothesized. The loss of A¥m
was closely associated with a decrease in cell viability. When the pulse waveforms induced Ca2+
influx without affecting AWm, there were no consequences for cell viability, suggesting a link
between the loss of AYm and loss of cell viability [9, 73]. However, the influx of Ca2+ during
nanoporation is required for loss of A¥m; the Ca2+ is necessary but not sufficient for cell death.
Consequently, these intracellular effects have functional implications. It was also observed that
the high-frequency components of the fast rise and fall times influenced A¥m in a manner
enhanced by the presence of Ca2+.

In other studies examining Ca2+ mobilization, it was found that pulses with shorter
durations, which include higher-frequency components, had more substantial effects on the
release of Ca2+ from intracellular stores than longer pulses (10 nanoseconds, corresponding to
100 MHz > 60 nanoseconds, corresponding to 16.7 MHz > 300 nanoseconds, corresponding to
3.3 MHz) [23]. This suggests that NPS-induced intracellular effects specifically involve
intracellular calcium stores, likely the endoplasmic reticulum (ER). This hints at potential roles
for NPS in stimulating intracellular Ca2+ signaling by affecting the ER through poration, yet
most Ca2+ comes from outside through plasma membrane nanopores.

While not fully explored, it is likely that NPS conditions with pulse durations featuring fast
rise and fall times, particularly close to the plasma membrane's charging time constant, have
specific effects on mitochondria, the ER, and/or the nucleus, with physiological and pathological
consequences depending on the strength of the stimulus. Therefore, it is not surprising that fast
rise and fall times under intense NPS conditions can induce the translocation of calreticulin from

the ER to the plasma membrane, affect nuclear substructures containing HMGB1, and impact AYm
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by crating conditions that lead to the opening of mitochondrial permeability transition pore

(mPTP), leading to ICD [35].

2.2.5 Monopolar and Bipolar Pulses

The impact of the electrical pulse shape on the permeabilization of biological cell
membranes has been a subject of numerous studies, although most of them have primarily
concentrated on millisecond pulses [22-25]. Many of these earlier investigations suggested that
bipolar pulses had a more substantial effect on electro-permeabilization when compared to
monopolar pulses. The rationale behind this was that bipolar pulses compensated for the
asymmetry caused by the resting transmembrane voltage at the poles of the cell during
permeabilization. However, recent research involving much shorter pulses (300 and 600 ns)
applied to Chinese Hamster Ovary cells found that bipolar pulses were less effective at electro-
permeabilization [28, 29]. They were also not as proficient at increasing intracellular calcium
concentration. Traditionally, cell permeabilization was achieved through the use of micro- and
millisecond monopolar electric pulses [24, 74]. However, in the context of such monopolar
electrical excitation, the application of 100-microsecond monopolar pulses at 1 Hz was reported
to induce pain, discomfort, and muscle contractions, necessitating the use of muscle relaxants
and anesthesia [75-77]. These issues can be mitigated, for instance, by applying pulses at higher
frequencies [78], using specialized electrode designs [79, 80], or delivering bursts of short, high-
frequency bipolar pulses [81, 82].

Short-duration pulses help reduce muscle contractions and are thus a valuable modality
for ablative treatments of solid tumors [83]. This approach enhances patient safety by eliminating

or greatly reducing the need for neuromuscular-blocking drugs to inhibit muscle contractions.
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Short-duration pulses also minimize localized thermal heating [84] and reduce the potential for
side effects such as hyperthermia or cell damage.

It's important to note that all of t of these studies focused on the main pulse and
overlooked the post-pulse due to its lower intensity. The post-pulse typically generates a voltage
across the tissue or cell medium that is approximately ten times weaker than the main pulse, and
it often goes unnoticed on an oscilloscope due to its small scale. Nevertheless, biological

responses are often attributed solely to the main pulse.

2.2.6 Significance

Our represents the first investigation into the impact of post-pulses on biological responses
triggered by nanosecond pulses. Two pulse generators were employed based on transmission
lines, specifically a PFL and a BL, to illustrate the distinct characteristics of these post-pulses
while maintaining nearly identical main pulse frequency and voltage distributions It's noteworthy
that PFL and BL continue to be robust pulse generators for in vitro applications that demand high
current, low impedance, and short pulse durations (less than or equal to 100 nanoseconds),
despite the increasing use of solid-state pulse generators [30].

Understanding how nanosecond pulsed electric fields (nsPEFs) interact with ultra-low-
intensity post-pulses is critical for advancing the applications of pulse power technologies across
various fields. These findings could have implications for enhancing therapeutic strategies, such
as tumor ablation, atrium ablation for heart defibrillation, and for eliciting immune responses in
cancer treatment. Furthermore, delving into the underlying mechanisms can provide valuable
insights into the fundamental principles governing pulse waveforms and cellular responses to

nsPEFs. Our study underscores the importance of characterizing and reporting pulse waveforms
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to enhance the selectivity, reproducibility, and comparability of results among different research

groups employing different generators.

2.3 Material and Methods

2.3.1 Pulse Generators and Cell Exposure System

Two pulse generators were utilized in the experiments. The first generator employed a PFL
comprised of five 50 Q cables (RG-8) to generate 100 ns pulses. The second generator utilized a
BL constructed with ten 50 Q cables (RG-58), also producing 100 ns pulses (see details in chs.
15 & 16 in [1]). For both pulse generators, the lengths of the cables were determined based on a
propagation length of 5 ns/m. Under ideally matched conditions, both loads required a resistance
of 10 Q. The switches for these generators were atmospheric pressure spark gaps. These spark
gaps consisted of polished, plane-plane brass electrodes and would self-close once the voltage
exceeded the breakdown threshold. During the experiment, the breakdown voltages of the two
pulse generators were regulated by adjusting the gap distances of the corresponding spark
switches. Both generators were powered by the same high voltage supply (Glassman, series EH,
60 kV). No extra charging resistor was employed throughout the experiments. The pulse
repetition rate was set at 1 Hz, controlled by the current setting on the power supply. Standard
electroporation cuvettes with a 1-mm gap distance were used for the experiments. The solution
contained within the cuvettes resulted in a resistance that was close to 10 Q, eliminating the need
for additional resistance for impedance matching. The pulse waveforms were measured with a

custom-made, calibrated, high precision resistor divider (1000:1).
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2.3.2 Cell Culture

The murine melanoma cell line B16F10 (ATCC® CRL-6475TM) was used in this study.
The cells were grown in a humidified incubator at 37 °C with 5% CO2 in the Dulbecco’s
Modified Eagle Medium (DMEM) produced by ATCC (30-2002), supplemented with 10% fetal
bovine serum (FBS) (ATCC, 30-2020) and 1% of penicillin-streptomycin (Sigma-Aldrich).
B16F10 cells were harvested with 0.25% (w/v) Trypsin- 0.1% EDTA solution (Corning,
MT25053Cl). The cells were passaged no more than 20 times. Initial cell counts and viability
were determined using a 0.4% trypan blue exclusion viability assay (Corning, 25900Cl). Cells
with greater than 95% viability were washed with PBS, centrifuged at 300 RCF for 5 min at
room temperature, and resuspended at a concentration of 1 x 10° cells/ 100 pL for nsPEF
treatments. In all experiments, cell suspensions were added to 100 pL cuvettes (1-mm gap sterile
electroporation cuvette, BioSmith, U-72001) and treated with a BL or PFL pulser in the culture

medium with the conductivity of 1.18 S/m.

2.3.3 tPMET Rate Determination

The Cell Counting Kit-8 (CCK-8/WST-8-reducing NADH oxidoreductase activity,
Dojindo, CK04-11) was used here to measure the trans-PM electron transport (t-PMET) of the
plasma membrane redox system (PMRS). The quantification of the final electron acceptor
(WST-8 reduction) was based on the change in absorption at 450 nm per minute of incubation.
Cell suspensions with a concentration of 4 x 10° cells/100 pL were added to cuvettes for
treatment with different pulsers and varying numbers of pulses. Following the nsPEF treatment,
the CCK-8 reagent was added (at a 1:1 volume ratio) and mixed immediately, and the cells were
transferred to 384-well plates (Greiner Bio-One CELLSTAR plate, with cover, from VWR,

50051816) with 30 pL per well. Microplate readers (Spectra Max i3) were used to measure the
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absorbance at 450 nm at 37 °C for 0—90 min. The tPMET rates were determined based on linear

time courses between 10 and 35 min, as specified in the statistics analysis section.

2.3.4 Cell Viability Analysis

The Cell Counting Kit 8 (CCK-8, Dojindo, Kumamoto, Japan) was used to measure cell
viability. B16F10 cells were grown to 80% confluency, and then the cell concentration was
adjusted to 1 x 10¢ cells/mL for nsPEF treatment. Following the pulsing, 15,000 cells were
seeded into 96-well plates (Corning Incorporated, Corning, NY, USA). The cells were cultured
for 24 h, after which 10 pL of CCK-8 solution (1:10 v/v) was added to each well. Following an
additional 1.5 h incubation, the optical density was measured at an absorbent of 450 nm using a
microplate reader (ELx800; BioTek Instruments, Inc., VT, USA). The OD value was divided by

the control value to calculate the relative cell survival rate (background values were subtracted).

2.3.5 Live Cell Imaging

Using confocal scanning imaging with a Leica TCS SP8 microscope, cells which were
seeded on 8 well plate for 24 hours later, were stained to assess mitochondrial membrane
potential (0.5 uM TMRE), and cytosolic ROS levels (10 uM H2DCFDA (Invitrogen)),
immediately after exposed to nsPEF (10 pulses, 200 ns, 20 kV/cm, 1 Hz). Pre-incubation of cells

for 10 minutes prior to nsPEF exposure ensured uniform conditions.

2.3.6 Flow Cytometry

A¥Ym was detected using tetramethylrhodamine ethyl ester, perchlorate (TMRE;
Immunochemistry Technologies LLC, Bloomington, MN, USA). B16F10 cells were harvested,
counted, and resuspended following the previously described method. The samples were then

treated with the BL and PFL pulsers, and TMRE was added to the cells at a concentration of 0.3
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uM. The cells were incubated for 20 min, protected from light. Cells were not subjected to pre-
incubation prior to pulsing, as we observed that this could adversely impact cell viability [54].
The optimal approach is to introduce the dye immediately after pulsing and incubate it for
precisely 20 min.

The same procedure was employed to detect ROS using MitoSOX-Red (MSOX; Invitrogen,
Molecular Probes, Inc., Eugene, OR, USA), albeit with a final concentration of 2 pM. Red
fluorescence from TMRE and ROS was detected in separate experiments using the PE channel
on a Miltenyi MacsQuant Analyzer 10 flow cytometer, as both molecules share the same
excitation/emission characteristics.

To detect cell permeabilization, cells were exposed to nsPEFs, and Propidium lodide (PI;
Invitrogen, P3566) was added to a final concentration of 10 pg/mL immediately after pulsing.
Cells were then analyzed by flow cytometry 10 min after nsPEF treatment using the FITC
channel [27]. Untreated and/or unstained samples were used as negative controls for treatment
and fluorescence, respectively, in all experimental groups. Data analysis was conducted using
FlowJoTM Software (Windows) Version 10 (Ashland, OR: Becton, Dickinson, and Company;

2019).

2.3.7 Seahorse Assay

The OCR (oxygen consumption rate) was measured using an XF HS Mini Analyzer
(Seahorse Bioscience). Following the pulsing treatment, B16F10 cells were seeded into XFp cell
culture 8-well mini plates in duplicate at a density of 3 x 102 cells/well. The cells were then
cultured under standard conditions for 15 h. Before measurement, the medium was replaced with
Seahorse XF Assay Media (Agilent, Santa Clara, CA, USA) with a pH of 7.4. The assay media

was supplemented with 10-mM glucose, 2-mM L-glutamine, and 1-mM pyruvate. For the
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mitochondrial stress test, the following inhibitors were used at the indicated final concentrations:
1.5-uM oligomycin, 1-uM FCCP, and 0.5-uM rotenone—antimycin A. Two wells without cells
were included to assess non-cellular oxygen consumption, and the value of non-cellular oxygen
consumption was subtracted from the cellular OCR value. After completing the experiment, the

OCR data were normalized to the number of cells.

2.3.8 Statistics Analysis

The tPMET data obtained from the 10-30-min time period was subjected to linear
regression analysis using GraphPad Prism version 9 (GraphPad Software, San Diego, CA, USA).
Statistical analyses comparing the tPMET rates of the samples to the control were conducted
using one-way ANOVA. For the Seahorse data obtained from the XF HS Mini, analysis and
normalization of the number of cells were performed using Agilent Seahorse Wave Desktop
software (Agilent Technologies, USA). Flow cytometry analysis was carried out using
FlowJo™ Software Version 10 (Ashland, OR: Becton, Dickinson, and Company; 2019). All
experiments were conducted at least three times, and the data were expressed as Mean +
Standard Error of the Mean (S.E.M.). Statistical analyses such as one-way or two-way ANOVA

were performed using GraphPad Prism, with a significance level of p < 0.05.

2.4 Results

2.4.1 Two pulse generators with the same 100 ns primary pulse result in low-intensity

post-pulses with the BL waveform longer and with opposite polarity to the primary
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pulse and the PFL waveform shorter and with the same polarity to the primary

pulse

The 100 ns pulses generated by PFL and BL are shown in Fig. 1. These waveforms were
obtained for the cuvettes with a resistance of approximately 10 Q, which was needed to match
PFL and BL. Five voltages (1.5, 2, 3, 4, and 5 kV) and ten waveforms are shown, with each
representing the average waveform over 30 pulses. For a given voltage, the rise times for both
PFL and BL were about the same, but the pulse duration for BL was slightly longer than that of
PFL. The fall times of the PFL pulses were slightly shorter than those of the BL pulses. The

charges flowing through the load were calculated as the time integral of the voltage divided by
the resistance, [ V/R dt, where R = 10 Q (Figure 1c). The charge for BL was always slightly
higher than or equal to that of PFL. Also shown in the figure (Figure 1d) is the energy calculated
by the integral of the power, [ Vz/ R dt. As the voltage increased, the difference in energy

deposited in the load resistance between PFL and BL became larger. However, the energy for BL

was always larger than that of PFL.
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Figure 1. The waveforms were generated using two pulse generators. The Blumlein line (BL) and
the pulse forming line (PFL). (a): The BL exhibits an opposite polarity post-pulse compared to the
main pulse, whereas the PFL has a post-pulse with the same polarity. In the figure, the BL pulse
is intentionally inverted to match the text, although it should be positive due to the negative
charging power supply concerning the ground. The grey arrow is pulse current; The orange arrow
is post pulse current. (b): The waveforms display a voltage increase from —1.5 kV to —5 kV. Each
waveform represents the average of 30 consecutive waveforms. (c): The charges delivered to the

load are calculated by integrating the current over time. In this case, the load was a cuvette. (d):
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To examine the difference in the spectrum of the PFL and BL pulses, Fourier transform
(FT) was performed on the 4 kV data (both PFL and BL) over three time-intervals: the prepulse
(-450 ns to -100 ns), the main pulse (-100 ns to 500 ns), and the post pulse (500 ns to 1600 ns)
(Figure 2a-d). In the prepulse, only a very low-intensity DC signal (<10 arbitrary units) was
observed (Figure 2b), which was introduced due to the abrupt signal appearance at -450 ns. In
the main pulse phase, the BL spectrum almost overlapped with that of the PFL, although it
appeared slightly higher in the near DC frequency (Figure 2c). In the post pulse phase, the PFL
spectrum appeared higher than the BL one near the low frequencies (up to 2.5x10” Hz).
Additionally, the post pulse difference between the PFL and BL waveforms for all voltages can
be seen in Figure 3, which were obtained using STFT (short-time Fourier Transform). The PFL
post-pulses consistently exhibited a more extended signal spread than the BL pulses, despite

mostly being low intensity.
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Figure 2. The pulse waveforms were analyzed in both the time and frequency domains. (a) The
intervals of interest in the waveform, including the prepulse (—450 ns to —100 ns), main pulse
(—100 ns to 500 ns), and post-pulse (500 ns to 1600 ns); the spectrum of the pulses was calculated
for each interval using FFT: (b) the prepulse; (c) the main pulse; and (d) the post-pulse; (e,f)
zoomed-in views of the post-pulses for both PFL and BL on a smaller voltage and longer time

scale [45].
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Figure 3. The spectrums of the pulses over time were calculated for the PFL and BL waveforms
using STFT performed on the data shown in Figure 1b. Top row: the PFL voltages (—1.5 kV to —5
kV); bottom row: the BL voltages (—1.5 kV to =5 kV). The color bars show the magnitude of the

spectrum [45].

Such a large difference led us to examine the post-pulse phases in the time domain again.
However, this was done at a much smaller voltage scale with a longer time. Figure 2e and Figure
2f shows the post pulses for both PFL and BL. The main pulses were both -4 kV but were cutoff
to show the difference. For PFL, the post pulse had the same polarity as the main pulse and only
lasted less than 2 ps. For BL, the post pulse had the opposite polarity to the main pulse and lasted
much longer (50 ps). But it is noted that both BL and PFL's post-pulses contained two
components: the charging voltage and a mismatched component due to the impedance

mismatching between the transmission line and the cuvette. Comparing the duration, the
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charging pulses extended much longer, although their magnitudes were small and decaying: the

PFL’s was (5%) of the main pulse, whereas the BL’s was (1-2%) of the main pulse.

2.4.2 PFL Pulses Extended the Duration of OMP and Posed Less Change on IMP than

BL Pulses

Using a linear cell model comprising of resistances and capacitances corresponding to the
cell structure [85], potential drops across the outer membrane and intracellular organelle
membrane were obtained for three cases: the clean pulse, the PFL pulse, and the BL pulse. There
was no difference among all pulse conditions during the 100 ns main pulse for the OMP. The
pulses in all cases caused the IMP to increase by approximately threefold as compared to the
OMP, suggesting that nanosecond pulses generally bypass the outer membrane and penetrate to
the cytoplasm for intracellular manipulation (Figure 4a). After the main pulse (>100 ns), the
IMPs reversed their polarity and swung in the opposite direction, with the magnitude being
13.3% of that during the main pulse for the CP and BL pulses. Conversely, the PFL post-pulse
caused a smaller change in the IMP, reducing it to only 8% of its value during the main pulse.
Additionally, the PL post-pulse sustained the OMP longer than the CP and BL pulses. The BL

pulse dissipated the OMP rather rapidly (<4 ps) and led to a reversed OMP.
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Figure 4. The potential drops were simulated using a linear equivalent cell model by applying a
clean pulse (CP), a PFL pulse, and a BL pulse at 1 us [45]. The potential between the outer
membrane (OMP) and the potential between an intracellular organelle (e.g., mitochondrion) (IMP)
are shown in (a) on a larger scale (both in voltage and time) and (b) on a smaller scale. (c) The
equivalent cell model in Pspice (Version 9.1) along with the parameters (Rext= 1 kQ, Com = 100

pF, Reyt2 =100 Q, Cim = 10 pF, Rcyt =10 kQ [85].

The ability of the BL post pulse to reverse the OMP is significant because of its much
longer duration (>100 ns) despite staying at a low voltage. In general, the PFL post pulse of the
same polarity as the main pulse extended the duration of OMP, while the BL post pulse
shortened the duration of OMP and even reversed it. Additionally, the PFL post pulse caused less
change in the IMP than the BL post pulses. These two observations indicate that the PFL pulse
can preserve the membrane potential changes of both IMP and OMP longer than the BL pulse
and therefore is predicted to be more potent. However, we note that this model has limitations in
that it assumes the cell membranes stay intact, and the resistances remain the same without the

influences from factors such as electroporation, shapes, orientations, etc. It is a qualitative
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analysis useful only for predicting the general trend of the potential change resulting from the

electric pulses and does not reflect the absolute membrane potential change.

2.4.3 Effects of PFL and BL Pulsers on Cellular Plasma Membrane Responses

Plasma membranes (PMs) are best known as physical barriers that define the cell and
maintain ion transport across the membrane as a means of excitability and homeostatic
maintenance. The PM also exhibits an electron transport (ET) mechanism carried out by plasma
membrane redox systems (PMRSs). These ET systems transfer electrons from either intra- or
extracellular donors to extracellular acceptors [86, 87]. They regulate cellular redox homeostasis
by maintaining a higher NAD(P)+/NAD(P)H ratios to support glycolysis and attenuate
oxidative stress acting as a compensatory mechanism during the stress, and the aging process
[88]. Given the known effects of electric fields to electroporate the PM, it was of interest to see if
the PFL and BL pulsers had different effects on PM permeabilization as propidium iodide uptake
and effects on trans plasma membrane electron transport (tPMET).

Figure 5 shows two distinct responses from the plasma membrane for the PMRS
regulating tPMET rates and plasma membrane permeability to propidium iodide (PI) in response
to the PFL and BL pulsers. The linear tPMET velocity rates were measured in the 10-35 minute
range, which serves to measure the tPMET activity of the PMRS in B16F10 cells after pulsing
with the BL or PFL pulser. The PFL pulser showed biphasic tPMET rates across different ranges
of nsPEF pulsing. Under lower pulsing conditions (< 5 pulses), nSPEFs increased tPMET rates
above the control rates while there was no increase in Pl influx. However, under higher pulsing
conditions (>10 pulses), tPMET rates decreased below the control rates as there were increases
in PI influx coincident with the decrease in tPMET. The maximum dimension of the PI molecule

is typically 1.4 nm. Therefore, the absence of Pl uptake does not definitively prove that the cell
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membrane is completely electroporation pore-free, as nsPEFs have been observed to create
smaller nanopores that can cause Ca2+ influx [89]. In contrast, the BL pulser at low pulsing
conditions (< 5 pulses) showed the same level of tPMET activity as the control. However, as the
pulse number was increased to >20, a significant pulse number—dependent reduction in tPMET
activity was observed coincident with a pulse number-dependent increase in PI influx. In
general, for both the decrease in tPMET and the increase in PI influx, the PFL has a lower
threshold or is more sensitive for determining these changes in cell responses. Thus, the PFL
pulses can elicit a biphasic response, stimulating tPMET activity with a low number of pulses,
but inhibiting it with a high number of pulses. In contrast, the BL pulses did not induce such a

biphasic response and only inhibited tPMET.
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Figure 5. nsPEF effects of BL and PFL pulsers on tPMET and PI uptake. The tPMET rates defined
as the rate of increase in WST-8 absorbance per min of reaction (left axis, solid lines), and Pl
fluorescence (Right axis, doted lines) were determined by plate reader (10-35 min) and flow
cytometry (5 min) respectively in a different assay. B16F10 cells were exposed to different pulsing
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numbers with BL or PFL (green and blue color code respectively) with a fixed electric field of 40
kV/cm. BL pulser showed the inhibitory effect on tPMET (significant decrease start at 20 pulses
compared to control) while the PFL showed the biphasic effect on tPMET with a significant
increase at fewer pulsing numbers (5 pulses, showed by red **) and then decrease for high pulsing
number (significant decrease at 10 pulses). Significant differences were observed between these
two pulsers regarding an increase in Pl uptake (at 10, 15, 20, and 30 Pulses), indicated by the

(****). (n = 3) *% p< 0.05 and **** p < 0.0001 [45].

2.4.4 PFL has a lower I1C 50 for cell death induction than BL

Figure 6a shows the effects on cell viability 24 hours after PFL and BL pulsing (100ns,
40 kV/cm) with different pulsing numbers. Viability was found to be dependent on the number
of pulses, such that the PFL 1C50 value was 9 pulses and the BL 1C50 value was 14 pulses. For
100 ns and 40 kV/cm, the decrease in cell viability from 95% to 25% occurred between 5 and 15
pulses for the PFL pulser and between 10 and 20 pulses for the BL pulser.
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Figure 6. nsPEF effects of BL and PFL pulsers cell viability. Cell viability of B16F10 cells was
determined using a plate reader after 24 h for (a) various pulsing numbers with a fixed electric
field of 40 kV/cm, or (b) different electric fields (0, 30, 40, and 50 kV/cm) of 10 pulses, with BL
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(green) or PFL (blue) pulsers. In (a), significant differences were observed between these two
pulsers, particularly at 5 and 10 pulses. In (b), the viability did not show a significant decrease
compared to the control at 30 and 40 kV/cm with BL pulsing, whereas with PFL pulsing, a

significant decrease in viability was observed (**** p < 0.0001) [45].

Figure 6b considers the electric field decreases in cell viability with the 100 ns pulses at
10 pulses. For PFL pulses, cell viability began to decrease at a threshold of 30 kV/cm. On the
other hand, a significant decrease in viability for BL pulses was observed only when the electric

field was raised to 50 kV/cm, with a slight decrease noticeable at 40 kV/cm.

2.4.5 Biphasic effects of nsPEFs on tPMET in cancerous and non-cancerous cells

To find the effects of PFL pulser on tPMET activity in H9c2 cardiac myoblast and 4T1-
luc mammary cancer cells, we used the same method as described. Figure 7 show linear velocity
rates in the 10-30 min range as measures of tPMET activity in H9¢c2 and 4T1-luc, respectively.
Control (non-pulsed) rates are shown in red dotted lines and rates are similar for H9¢c2 and 4T1-
luc cells (0.06-0.07 Units/min). Both cell lines show biphasic tPMET rates over different ranges
of nsPEF charging conditions with PFL generator. At lower charger conditions, nsSPEFs increase
tPMET rates above control rates while at higher charging conditions, the tPMET rates decrease
below control rates. For both cell lines, the increases in tPMET activity rates were similar with
about 0.1 Units/min. However, the increases in pulse number required to express this maximum
increase in tPMET were considerably higher for 4T1-luc (15 pulses) than for H9c2 cells (3
pulses). Above these pulsing numbers, tPMET rates decrease. That is the tPMET rates decreased
after 30 pulses for 4T1-luc and < 10 pulses for H9c2. Thus, for the maximum increase in tPMET

above control, nsPEFs required more than a >2-fold increase in charging in the 4T1-luc breast
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cancer cells than the H9c2 heart cells. Since these PMRS oxidoreductases are heterogeneous and
cell type-specific and are known to be different among cancer cells, these differently measured
enzyme rates for the two cell types are likely due to different PMRS enzyme systems.
Nevertheless, both cell types exhibit biphasic tPMET rates in response to PFL, otherwise, the
cells from non-cancerous versus cancerous origins respond differently. This biphasic effect on
tPMET is typical of a hormetic effect, which is beneficial and stress-adaptive under lower
conditions, yet greater conditions induce harmful effects [90]. Upregulation of tPMET has been

reported to help cells under mitochondrial stress or distress [91].
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Figure 7. tPMET rates of H9¢c2 non-cancer cardiac myoblasts and 4T1-luc mammary cancer cells.
The linear portions of the PMET rates are shown for (a) H9c2 non-cancer cardiac myoblasts and
(b) 4T1-luc mammary cancer cells with linear rates determined between times 10 — 30 mins after

nsPEF. Typical tPMET rates are shown on the left, while the linear rates corresponding to each
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pulsing condition are indicated on the left side in proximity to their respective conditions. The
conditions are arranged in descending order, with the highest rates presented first. (*significantly

different than control, n=5, p < 0.05, One-way ANOVA) [31].

2.4.6 PFL induce different effects on tPMET activity and cell viability in cancerous and

non-cancerous cells

Differences in these tPMET activities and their meaning in cell function can be
informative when comparing the tPMET rates with cell viability for nsPEFs conditions. Figure 8
shows the tPMET rates and cell viability as a percent of control, for H9c2 cells and 4T1-luc
cells, respectively. Notice that H9c2 cells have elevated tPMET activity up to 5 pulses but then
begin to exhibit reduced tPMET activity. In contrast, 4T1 cells have elevated tPMET activities
up to 20 pulses before beginning to lose tPMET activity. While 4T1-luc cells show an enhanced
tPMET activity above control as high as 20 pulses H9c2 cells have lost 80-90% of their tPMET
capacity at that 4T1-luc activity peak, yet both cell lines have just begun to lose viability at 20
pulses. 4T1-luc cells continue increasing tPMET activity under conditions while cells will have

begun to die as seen 24h later.

33



HIC2 tPMET Rates 4T1-Luc tPMET Rates

B R

150+

-
I
i

% of control
=
o
o

% of control
ik
(=3
o

W
o
n
o
o
r

0- 0-
NumberofPulses 0 1 3 5 10 15 20 25 30 50 75 NumberofPulses ( 1 5 10 15 20 30 50 75
4T1-Luc Viability

o H9C2 Viability D

1004

=Y
=
v

754

-
¢

Ll

50

% of control

% of control
2

»
L

254

0- 0-
NumberofPulses o 5 40 15 20 25 30 50 75 NumberofPulses 0 5 10 15 20 25 30 50 75

Figure 8. Relationships between H9c2 cells and 4T1-luc cells among tPMET rates, and viability.
Linear rates of tPMET were determined in Figure 1 and shown as percent of control (A and B),
and cell viability (C and D) for H9c2 cells and 4T1-luc cells, respectively. Vs/cm are shown for
the various pulse numbers or Vs/cm. (* significantly different than control, n=5 for Linear rates of

tPMET, and n=3 for viability p < 0.05, One-way ANOVA) [31].

In HI9c2 cells, as the nsPEF charging increases above 5 pulses, the tPMET activity falls
quickly while cell viability falls more slowly and is significantly less than the control at 20
pulses. In contrast, in 4T1-luc cells, cell viability falls rather slowly with at 20 pulses, while
tPMET activity is still above the control value until it is significantly below the control value at
30 pulses. This suggests that tPMET activity helps maintain 4T1-luc cell viability, while it is
much less effective to maintain viability in H9c2 cells. This correlation between tPMET activity
and viability is more typical of proliferating cells dependent on glycolysis because NAD+ is

reduced in glycolysis and the PPP produces NADH. The PMRS supports viability by restoring
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NAD+, which is needed to continue glycolysis to enhance metabolic flux in proliferating cells.
H9c2 heart cells depend more on OxPhos for their ATP and function. With the decrease of
tPMET activity, NAD(P)H and other reductive equivalents will increase, producing reductive
stress and elevated ROS levels [31].

Under these nsPEF conditions of 5 pulses the tPMET activity in H9c2 cells is just at its
activation peak and is decreasing at 10 pulses and has decreased to less than half of the control
rate value. Yet both are conditions that do not show a significant loss of viability 24h later. This
is typical of the beginning of a mitochondrial failure where there is an increase in tPMET activity
to maintain an equilibrium in redox homeostasis.

Because PFL show a biphasic effect on tPMET, it mimics a hormesis effect as defined as
a process in which a low dose of an agent or environmental factor that is damaging at a high dose
induces an adaptive or beneficial effect to a cell or organism [90]. Although it is not clear what
the mechanism for the increase in tPMET is, it is beneficial for cells at low doses and damaging

at high doses [31].

2.4.7 Determining best timing after nsPEF to measure A¥Ym and ROS production

Figure 9 shows the Microscopy strategy to determine best timing in terms of reduction in
AWm and increase in ROS after nsPEF. A microscopy strategy involving 10 pulses was
implemented to capture the dynamic alterations in cellular responses. To assess mitochondrial
membrane potential, cells were stained with 0.5 uM TMRE, while cytosolic ROS levels were
measured using 10 uM H2DCFDA. Confocal microscopy images were acquired with a 60X
magnification objective, and subsequent analysis of fluorescent intensity was conducted using

ImageJ software. The choice of a 20-minute interval post-nsPEF was deemed appropriate for
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Flow Cytometry analysis, providing valuable insights into the cellular responses triggered by

nSPEF exposure.
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Figure 9. A 20-minute interval is an appropriate duration for capturing alterations in mitochondrial
membrane potential and the presence of reactive oxygen species. Assessment of Mitochondrial
Membrane Potential and Cytosolic ROS Levels in H9C2 Cells Following nsPEF Exposure.
Confocal microscopy images of HOC2 cells stained with 0.5 uM TMRE to measure mitochondrial
membrane potential and 10 uM H2DCFDA to assess cytosolic ROS levels. Cells were incubated
for 10 minutes prior to nsPEF exposure. Quantification of mitochondrial membrane potential and
cytosolic ROS levels in HIC2 cells subjected to nsPEFs (200 ns, 20 kV/cm, 1 Hz, 10 pulses) with

a 60X magnification objective. Fluorescent intensity was analyzed using ImageJ software.

It is important to note that due to the limitations imposed by the microscope setup, a
specific setting was adopted for the nsPEF exposure. The choice of this particular pulser and
setting provided valuable insights into the experimental conditions, shedding light on the
technical constraints associated with the microscopic analysis. Importantly, this section not only
contributed to the understanding of the cellular responses under nsPEF but also served as a guide
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for establishing a more accurate timing for subsequent measurements on the Flow Cytometry
machine. By acknowledging and addressing the intricacies of the experimental setup, the
methodology ensured a comprehensive and precise approach to evaluating changes in
mitochondrial membrane potential and cytosolic ROS levels, enhancing the overall reliability

and relevance of the study's findings.

2.4.8 Differential loss of A¥m with increases in mROS production with the PFL and the

BL pulsers

Figure 10 shows nsPEF-induced mitochondrial ROS (mROS) production determined by
MitoSox (solid lines) and change in the AYm (dotted lines) as pulse numbers are increased at 40
kV/cm. In contrast to the differential loss of AWm as the PFL (blue lines) and BL pulse (green
lines) numbers increased, there was no difference in the production of ROS between the two
pulsers. For the PFL, 75% of cells were mROS positive and only about 25% of cells had a loss in
AW¥m. In contrast, essentially all the cells were mROS positive before there is a significant loss in
loss in BL A¥m. The losses in A¥m were nearly parallel with 50% of cells showing a loss in
A¥m for the PFL and BL at about 12 pulses 20 pulses. Thus, the PFL was more sensitive than
BL for loss of AWm but there were no differences between the two pulsers in pulse number for
mROS production. The difference in the response thresholds of AYm and ROS indicates that the
ROS mechanism is not directly linked to the AYm mechanism. This disparity in response solely

attributable to the pulse condition is noteworthy.
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Figure 10. nsPEF effects of BL and PFL pulsers on the reactive oxygen species and mitochondria
membrane potential at 20 min after pulsing. B16F10 cells were exposed to different pulsing
numbers with BL or PFL (green and blue color code respectively) with a fixed electric field of 40
kV/cm. Dotted lines represent the TMRE and solid lines represent the MSOX. The 1C-50 is
mentioned at the top. Significant differences were observed between these two pulsers in regard
to a decrease in mitochondrial membrane potential (at 10, 15, and 20 pulses), indicated by the

(**** with p < 0.0001) [45].

2.4.9 PFL but Not BL Caused a Decrease in Maximal OCR and Spare Respiratory

Capacity (SRC)

Figure 11 shows the metabolic effects of PFL and BL nsPEFs on oxygen consumption
rate (OCR) using the Seahorse. Cells were treated with nsPEFs and then incubated until they
were attached, as required for analyses. A look at responses that were measured after 5 pulses
within the first 30 min after pulsing indicates that there was no ROS production or loss of A¥Ym

(Figure 10). no PI uptake or no loss in tPMET (Figure 5), and no loss in viability after 24 h post
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pulse (Figure 6). However, for the PFL, there was an increase in tPMET. Seahorse results show
that there was no significant decrease in basal OCR 15 h after nsPEFs with either pulser.
However, after FCCP (uncoupling agent) treatment, the PFL treatment resulted in a significant
decrease in maximal OCR and a decrease in spare respiratory capacity (SRC) determined by
FCCP OCR minus basal OCR. BL pulses led to a slight but insignificant increase in SRC. The
SRC reflects the mitochondria’s ability to fulfill additional energy requirements beyond the basal
level in response to acute cellular stress. Thus, PFL pulsers show differences in responses to
maximal OCR and SRC that are not present in the BL pulser and not present in basal conditions

for either pulser occur 15 h after nsPEF treatment.

Rotenoe &

Oligomycin FCCP Antimycin A -=- Control
= 250 BL, 5 Pulses
g = PFL, 5 Pulses
: 2004
£ Vs |
5 A \ Spare
£ 150 \ Capacly
L -
E i1 e e LN
S 1004: 5 ATP-Linked "/ Maximal
£ Respiration Respiration
= 50 Basal "
§ |y Peoniese§ oy
o 0l - Non:Mitochondrial Oxygen Consumption . =
1 T 1 1
0 20 40 60 80

Time (minutes)

Figure 11. nsPEF effects of BL and PFL pulsers on mitochondrial oxidative metabolism in
B16F10 melanoma cell lines. The oxygen consumption rate (OCR) of cells was measured 15 h
after pulsing with 5 pulses. The x-axis represents time (up to 75 min), which aligns with the
recommended test profile in the Seahorse assay for measuring mitochondrial respiration. The

electric field was maintained at 40 kV/cm for both pulsers. The cells were maintained at 37 °C
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during the 15 h while they adhered. The different states of mitochondrial respiration are indicated:
basal respiration (Basal), proton leak (respiration after oligomycin exposure), maximal respiratory
capacity (respiration after FCCP, MRC), and non-mitochondrial respiration (after rotenone and
antimycin A) (NM). * p <0.05 compared to control. Cells treated with PFL pulses showed a lower

SRC compared to the control group (** p < 0.002) [45].

2.4.10 Effect of an antioxidant Trolox on nsPEFs-induced loss of A¥m and increases in

ROS

As shown in Figure 12, the dissipation of the A¥Ym and increase in mROS are inversely
proportional with increased pulsed number. Thus, it is not possible to determine if an increase in
ROS causes a decrease in AWm or if a decrease in A¥Ym causes an increase in ROS. In any event,
correlation does not imply causation. Therefore, a closer look was necessary to determine the
effects of these two variables. Figure 12 shows studies with mitochondrial ROS (mMRQOS)
determined with MitoSox and the AWm determined with TMRE in the presence and absence of
the antioxidant Trolox. The increasing charging effects of nsPEF were achieved by increasing

the pulse number with PFL pulser (40 kV/cm electric fields).
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Figure 12. The independence of mitochondrial membrane potential and ROS dynamics in
response to nsPEF exposure. Flow Cytometric Analysis of Mitochondrial Membrane Potential and
Mitochondrial ROS Levels in H9C2 Cells Exposed to nsPEFs, with and without Trolox
Antioxidant Treatment. Flow cytometry analysis of H9C2 cells stained with 0.3 uM TMRE to
measure mitochondrial membrane potential and 2 uM MitoSOX to assess mitochondrial ROS
levels. Quantification of MMP and mitochondrial ROS levels in H9C2 cells following exposure
to nsPEFs (40 kV/cm, 60 ns, 1 Hz), with or without Trolox antioxidant treatment. Cells were
incubated with Trolox for 35 minutes, and data were collected 20 minutes post-pulsing (optimized
time based on microscopy experiments). Experiments were performed in triplicate, and statistical
significance was determined by two-way ANOVA analyzed with GraphPad Prism software (*p <

0.05, **p < 0.01, ***p < 0.001 ****p < 0.0001).

The nsPEF threshold for a significant loss of A¥m was 15 pulses, and there was no

significant effect of Trolox to inhibit that loss. There was also no significant increase in mROS at
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that nsPEF charging level. The threshold for an increase in mROS was 30 pulses when AYm had
already decreased. Both responses were sensitive to Trolox at 30 pulses. These studies suggest
that the decreases in AYm are independent of increases in mROS, but that the increase in ROS

occurred later and could be related to the decreases in A¥Ym.

2.4.11 NsPEFs and Rotenone act synergistically for ROS production indicating distinct

sites of action in the ETC

Since rotenone and nsPEF act at complex 1, it was of interest to determine their effects on
ROS production. NsPEFs induced ROS and since rotenone is known to act at Complex I it was
of interest to determine if any further information about their mechanisms of action could be
gleaned if they were tested alone and in combination for ROS production. Figure 13 shows that
rotenone and nsPEFs act synergistically to increase ROS in H9c2 cells. As the charging effect of
nsPEFs was increased from 5 to 20 pulses, there was an increasing in the synergism quotient
(sum of effects alone over combined effects) from 1.6 to as high as 2.36. Since rotenone is
known to act at subunit ND1 at the transition of electrons from FeS complex to Ubiquitone,

nsPEF are expected to act at another site in complex | and/or elsewhere.
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Figure 13. Synergistic ROS Generation by Rotenone and nsPEFs Reveals Distinct Sites of Action
in Mitochondrial Electron Transport Chain Complex 1. Flow cytometry analysis of H9C2
melanoma cells exposed to 2 uM Mitosox, either alone or in combination with 30 pM Rotenone,
with different pulsing conditions (40 kV/cm, 60 ns, 1 Hz). Cells were analyzed 20 minutes after
treatment. Differential impact of nsPEFs (40 kV/cm, 1 Hz, 60 ns duration) and Rotenone on ROS
production in H9C2 melanoma cells. While nsPEFs and Rotenone individually elevate ROS levels,
their combined application results in a synergistic ROS increase, suggesting independent actions
at different sites within Mitochondrial Electron Transport Chain Complex I. Each data point
represents percent of cells with active mitochondrial ROS from flow cytometry analysis, and error
bars indicate standard deviation. Experiments were performed in triplicate, and statistical
significance was determined by two-way ANOVA analyzed with GraphPad Prism software (****p

< 0.0001).
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2.5 Discussion

These studies show that nanosecond pulses generated by commonly used pulse
generators (PFL and BL) with the same pulse duration and essentially the same electric field and
frequency distributions can result in different cell responses owing to distinct post-pulse
waveforms determined by their dissimilar circuit topology. These subtle post-pulse waveform
differences, which have been overlooked, can have a significant impact on functional outcomes.
Specifically, the PFL post-pulse waveform was unipolar, while the BL pulse was bipolar. For
instance, at 4 kV, the PFL pulse exhibited a small post-pulse waveform (5% of the main pulse,
same polarity) lasting approximately 2 ps. Conversely, the BL pulse had an even smaller post-
pulse waveform (1-2% of the main pulse, opposite polarity) but lasted longer (~50 ps). These
post-pulses were a result of their electrical configurations being unique. In the PFL
configuration, the load (cells in cuvette) was isolated from the charging circuit by a switch. After
the switch closed, allowing the 100 ns pulse current flow, there was a brief charging current from
the high voltage power supply. However, this current stopped quickly as the switch recovered
and isolated the load from the charging circuit. The recovery process occurred on a scale of 2 ps,
much shorter than that of a conventional spark gap switch [49]. This could be attributed to the
small energy involved (100 mJ) and the short pulse duration (100 ns), whereas a conventional
spark gap switch can handle >10 J and conduct for >1 ms. In our case, the discharge mode might
involve a streamer-arc channel without significant heating of the ambient air, allowing for a
rapid switch recovery. On the other hand, in the BL configuration, the load was continuously
connected to the BL and remained in the charging loop regardless of the switch state. A small
charging current was present throughout the charging time until the BL was fully charged before

the next pulse (Figure 1a).

44



; ®g @

Pl Uptake
20000000

Cell Death
@@ cel
Permeability
Time
after 10m
nsPEFs / ®® ®

20m

B
s ™
' TMRE o

Maximal Respiration

oS Trans-Plasma membrane
TMRE electron Transport

Drop Mitochondrial
Membrane Potential

Figure 14. The timeline of the cell responses to PFL and BL pulses at different time intervals: 10-
50 mins, 15 hours, and 24 hours after pulsing. The magnitude of cell responses is represented by
the extension of azimuthal angels (larger angle meaning larger response). Created with

BioRender.com [45].

The distinction in cell responses to PFL pulses and BL pulses, as summarized in Figure
14, can be attributed to the differences in their post-pulse condition. During the main pulse
interval, the frequency contents, charges, and energy of both types of pulses were almost
identical, with some cases where the BL pulses exceeded the PFL pulses. However, in the post-
pulse interval, compared to the BL post-pulses, the PFL post-pulses demonstrated a longer
duration effect on the OMP and had a lesser impact on the IMP established by the main pulse,

(Figure 4). Given that the MP created by the main pulse leads to membrane pore formation,
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Ca++ influx, and other effects, it would be expected to elicit a stronger cell response for holding
longer. Therefore, it is not surprising that the PFL pulses generally demonstrated greater potency
than the BL pulses.

The main pulse waveforms of PFL and BL, which are nearly identical in charge and
spectrum, can induce similar membrane and intracellular effects. For example, the charging of
the cell’s outer membrane can lead to an amplified electric field across it, resulting in pore
formation and increased membrane permeability. However, the subsequent post-pulse current
can modify the membrane potential by neutralizing the charges that have accumulated across the
membrane. This effect is particularly pronounced in the case of BL pulses, which have an
opposite post-pulse current. The charge of the main pulse was estimated as -40 uC (-4kV x
100ns/10€2), which is close to the measured value of -50uC presented in Fig.1c. On the other
hand, the charge flowing during the post-pulse can be calculated by integrating over the post-
pulse waveform to be 75 uC. This accounts for the same magnitude of the charge of the main
pulse charge, which would have reduced the membrane charging established by the main pulse,
and it would certainly cause a significant change in both the OMP and the IMP, as indicated in
Fig.4. In contrast, in the case of PFL pulses, the post-pulse current does not significantly alter the
membrane potentials initiated by the main pulse. However, it is possible that the potential could
be slightly larger due to the same polarity of the post-pulse, which serves to maintain the
charging of the membranes.

However, in addition to plasma membrane electroporation as Pl influx, nsPEFs also
shows a unique electric field modulation of a well-known but seldomly discussed activity of the
plasma membrane redox system (PMRS) function of tPMET, which plays a crucial role in
safeguarding cells against intracellular oxidative stress, maintains redox balance, and regenerates
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NAD+ for glycolysis[88]. Notably, in contrast to the BL pulser showing only a decrease in
nsPEF-induced tPMET, the effect of the PFL induced a biphasic effect with an increase in
tPMET at lower electric field conditions before any Pl influx appeared and an inhibition of
tPMET at higher electric fields where PI influx demonstrated PM EP. So, the presence of PM
pores was coincident with the loss of tPMET for both PFL and BL. Although coincidence is not
an indication of the cause, it does raise the question of the relationship between nsPEF-induced
PM permeabilization (pore formation) and tPMET. Nevertheless, the increase in tPMET appears
to be independent of Pl permeability. However, it is possible that molecules smaller than PI, such
as Ca2+ could gain entry at lower nsPEF conditions through pores smaller than PI [9]. Overall,
for effects on the PM, the PFL has a greater sensitivity or lower pulse number threshold for all
three PM effects on the PI influx, gain and loss of tPMET activity.

Having seen these differences between the PFL and the BL pulsers, it was of interest to
see the effects on cell viability. While effects depend on different factors, in all studies of nsPEFs
no cell line or tumor type has shown resistances to nsPEF elimination. Two models have shown
vaccine effects as vaccinations[20, 92, 93], meaning that tumor-free animals are resistant to
regrowing the treated cancer again. In the viability studies, like that seen for the PM responses,
the PFL had a lower 1C50 value for viability than the BL pulser, as shown by requiring fewer
pulses and requiring a lower electric field. This is interesting because all the nsPEF pulsers in
those studies were BL constructions. Although the construction of a PFL for studies is less
practical than the BL construction because of half-charging voltage output, it would be
interesting to determine if a PFL pulser would require lower electric fields or fewer pulses for

tumor elimination and be more effective for inducing immunity and vaccination.
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Having shown that nsPEFs cause a dissipation of the mitochondrial membrane potential
(A¥Ym)[9], we were curious to determine what caused this loss of A¥m. One obvious possibility
was that like nsPEF effects on the plasma membrane, they could also permeabilize the inner
mitochondrial membrane (IMM). However, another way that the nsPEFs could cause a loss of
the AWm, is through opening the mitochondrial permeability transition pore (mPTP). When we
saw that the nsPEF-induced loss of AYm was enhanced by Ca2+[9], we considered that
membrane permeabilization does not require Ca2+ and further that Ca2+ effects are essentially
always mediated through a protein. Therefore, we hypothesized that nsPEF-induced loss of AYm
was not due to permeabilization of the IMM but more likely due to opening the mPTP, a
hypothesis yet to be proved. Although the identity of the mPTP has been controversial, it has
recently been proposed that the mPTP is a dimer of the FOF1 ATP synthase [94, 95] and that
Ca2+ binding to F-ATP synthase B subunit triggers the mitochondrial permeability
transition[96]. This is consistent with the role of Ca2+ to enhance the dissipation of the A¥m.

ROS is a well-known activator of the mPTP and disturbances in Ca2+ and oxidative
stress are tightly coupled for opening the mPTP. NsPEF induces the production of ROS with no
distinctions between the PFL and the BL pulsers. These observations that nsPEF-induced ROS
and that the elevation of ROS was enhanced in the presence of Ca2+ have heightened our
attention to determining the roles of nsPEF-induced ROS in mPTP opening. Although there is no
established direct role of ROS in opening the mPTP, ROS has effects that indirectly influence
opening the mPTP. Many factors determine the probability for opening the mPTP including
Ca2+, AYm, and the redox state of mitochondrial components, which can be influenced by
ROS[97]. Many SH reagents were among the strongest stimulators of permeability transition, so

it was proposed that thiol groups on some protein(s) played roles in opening the mPTP [98]. It
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was proposed that the mPTP is modulated by the redox state of pyridine nucleotides and
glutathione at two independent sites, one of which could be the adenine nucleotide translocase
(ANT)[99]. Although the protein structure of the mPTP is still not defined, cyclophilin D (CypD)
is a well-characterized regulator of the mPTP. CypD has also been shown to be redox regulated
by forming an intramolecular disulfide with a conformational change playing a major role in cell
necrosis by opening the mPTP acting as a redox-sensor protein in mitochondria [100].

In many of our studies, we have monitored the dissipation of the A¥m in response to
nsPEFs in the presence of Ca2+ and ROS indicators, and antioxidants to determine roles for
Ca2+ and ROS in A¥Pm. Fig. 7 is one of those studies using TMRE to determine changes in the
A¥Ym and MitoSox (MSOX) to monitor mitochondrial ROS (mROS) changes in response to the
PFL and BL pulsers. Interestingly the results indicate that ROS plays different roles for the loss
of A¥m depending on the pulser. The pulse number-dependent increase in ROS is essentially the
same with both pulsers showing a significant increase in mROS between 5 and 10 pulses and a
maximum at 15 pulses. In contrast, the loss of A¥m is different between the two pulsers.

So, the relationships between mROS and loss of A¥m are dissimilar between the two
pulsers. What is similar between the two pulsers with the other cell responses is that compared to
BL responses, PFL responses are more sensitive for dissipation of A¥Ym, loss of cell viability, Pl
permeability, activation of tPMET activity, and loss of tPMET activity. In contrast to all these
cell responses, nsPEF-induced ROS production is the same for both PFL and BL pulsers. This
suggests that the nsPEF-induced loss of AWm is relatively independent of the production of
ROS.

In another approach for analyzing these pulsers on biological responses, we evaluated

metabolic responses using the Seahorse to determine nsPEF effects on oxygen consumption rate
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(OCR) in control (sham-treated) and nsPEF-treated cells with 5 pulses from each of the PFL and
BL pulsers. The 5-pulse condition did not cause any cell death, Pl permeabilization, increase in
ROS, loss of A¥Ym, or loss of tPMET activity with either pulser. However, the 5-pulse treatment
did induce an increase in tPMET activity with the PFL but not the BL pulser. It should be noted
that except for cell death, all these cell responses were determined within <30 min after
treatment. Yet 15 h after treatment there were no significant differences in basal OCR with either
pulser. With the increase in OCR after the addition of the FCCP uncoupling agent, the BL OCR
was not significantly different than the control while the PFL treatment exhibited a significant
decrease in OCR compared to the control and the BL response. The spare respiratory capacity
(SRC) of the cells (FCCP minus basal OCR), was lightly increased with the BL pulser but
significantly decreased in the PFL, which was due to the attenuated FCCP response and
independent of the basal OCR. This suggests that there was a time-dependent deterioration of the
status of the mitochondria presumably in response to cellular stress and the ability to fulfill
additional energy requirements beyond the basal level in response to acute cellular stress. While
there was not a significant increase in ROS in the 5-pulse condition, ROS likely increased during
the 15 h time it took the nsPEF-treated cells to bind to the Seahorse plate for OCR analysis.
Given that the increased ROS response was the same for both pulsers and only the response to
the PFL showed a decreased SRC, any hypothesized increase in cellular ROS would be expected
in the response to the PFL and not the BL. However, other stress response signaling pathways
could have been activated that were not analyzed such as activation of the mitogen-activated
protein kinase (MAPK) pathway and the nuclear factor kappa-light-chain-enhancer of activated
NF-xB pathway, which could also have been activated during the 15 h post nsPEF exposure to

the PFL pulser [101]. These MAPK-NF«kB stress pathways could have caused a deterioration of
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mitochondrial SRC, but this would have occurred in the PFL but not the BL pulser. Given that
the PFL induced more sensitive responses than the BL, this could have resulted in a selective
response of these stress pathways from the PFL, like that for the increase in tPMET. However,
these are speculations since we did not analyze these enzymatic stress responses. Nevertheless,
the differences in the metabolic response to the PFL and BL pulses provide another example of
selectivity for a biological response from different nsPEF post-pulse waveforms.

We previously published a conformation that a fast or short pulse rise time of the primary
pulse was an important feature for inducing intracellular effects[9]. We were not cognizant at
that time about roles for a post pulse, yet both fast and slow rise time pulsers were based on PFL
design. Those studies showed that faster rise times vs. slower rise times were more effects to
dissipate the AYm and induce cell death while effects for Ca2+ or PI influx through the plasma
membrane were not dependent on the pulse rise time. The present studies show yet a different
way that nsPEF waveforms can have different and selective effects on cell responses. As
indicated here, these different or selective effects have nothing to do with the primary pulse like
the rise time studies just discussed but are related to the effects the post-pulse waveforms have
on the primary pulse.

Regardless of the different primary pulse waveforms based on their rise times or the post-
pulse waveforms based on dissimilar circuit topology, these results show that dissimilar nsPEF
waveforms can have distinctive and possible selective biological outcomes that can determine
cell fate. Given that nsPEFs produce ROS and ROS are endogenous signaling molecules, it is
most likely that nsPEF waveforms at the lower pulse conditions will have a greater impact on

physiological functions while higher pulse conditions will be more typical of pathological
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conditions or for regulated cell death mechanisms. It is also possible that these nsPEF waveforms
will initiate other non-ROS cellular responses.

Furthermore, in Figure 11, the impact of 5 pulses on mitochondrial oxygen consumption
is shown. The PFL pulser showed a significant decrease in spare respiratory capacity (SRC) by
reducing maximal respiration without affecting the basal respiratory level. This observation
indicates a disruption in the ETC and/or proton transport across the inner mitochondrial
membrane [102]. These findings are consistent with the notion that glycolysis-derived pyruvate
oxidation is involved in maintaining SRC levels, which supports the stimulating effect observed
on tPMET (Figure 5). In contrast, the BL pulser led to high SRC levels, a characteristic often
associated with cancer cells that are resistant to targeted agents. This can be attributed to the fact
that the low pulse number (5 pulses) in this experiment was insufficient to cause significant pore
formation and promote the loss of the A¥Ym.

There have been previous studies that involved the deliberate introduction of post-pulses
to investigate cell responses. One phenomenon that has been observed is NBC [29, 103, 104],
where a reversed-polarity nanosecond pulse can reduce the cell responses caused by a preceding
ns pulse. The underlying mechanisms for NBC are still not fully understood and may involve
assisted membrane discharge, a two-step process of charge transfer, an alternating reduction and
oxidation mechanism, as well as cation diffusion reversal. These mechanisms are more
pronounced when the second pulse is of similar magnitude as the first pulse. In another study
[105], a double pulse strategy has been used for electroporation, where a high voltage short pulse
is used for electroporation and a low voltage long pulse facilitates drug delivery through
electrophoresis. Bipolar pulses with high frequency characteristics have also been employed for

irreversible electroporation (HFIRE) [106, 107], with the reversed polarity pulses used to
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suppress or remove muscle twitching by exploiting different time constants between
electroporation and muscle excitation [108]. In these studies, the post-pulse to main pulse ratios
were much larger compared to our study. For example, in BPC, the best cancellation efficiency
was observed when the reversed pulse magnitude was 50% of the first pulse. In HFIRE, the first
pulse was delivered at a higher amplitude than subsequent pulses, but it was common for the
second pulse to be equal to the first phase. In the double pulse strategy, the second pulse was also
10% to 100% of the first pulse. In our study, the magnitude of the post-pulse was less than 5% of
the main pulse and determined by dissimilar circuit topology differing between the two designs,
yet it still resulted in disparate cell responses. This suggests that a mechanism like
electrophoresis may be involved in cells responding to the post-pulse. Further investigation into
the mechanisms, specifically in the realms of electrokinetics and bioelectrochemistry, may help

elucidate the underlying processes that have often been overlooked in pulse engineering.

2.6 Conclusions

In the studies here, two different 100 ns pulses generators were used providing 100 ns
pulse durations and electric fields of 40 kV/cm primary pulses with similar voltage and
frequency wave distributions. One was a PFL with a post-pulse waveform having the same
polarity as the primary pulse and the other was a BL pulses with a post-pulse waveform having
an opposite polarity as the primary pulse. The cell responses obtained from these distinct pulse
generators were determined from their post-pulse waveforms, not their primary waveforms.

Cells exhibited greater sensitivity to the PFL than the BL pulser with lower pulse
numbers or electric field intensities for inducing cell membrane permeability, dissipation of
AWm, a decrease in mitochondrial SRC, a biphasic effect on tPMET, and eventual cell death.

This biphasic behavior holds significant implications for enhancing the efficacy of ablation
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procedures and potentially facilitating cellular differentiation in cancer therapy, ultimately
leading to the prospect of in-situ vaccination. Interestingly, both pulse types demonstrate a
similar dependence on pulse number in terms of ROS production. Despite the post-pulse having
a magnitude of less than 5% of the main pulse and lasting for a longer duration (50 ps), its low
intensity is still expected to decrease the membrane potential caused by the main pulse. To the
best of our knowledge, this is the first time that charging current, which is reflected as a post-
pulse, has been reported to have such a significant effect on cellular response. This work
highlights the importance of considering the charging characteristics in pulse generator design

and when comparing cell responses under similar pulse conditions.
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CHAPTER 3:
Enhancement of nano-second Pulse Electric Fields (nsPEFs) on Treatment of Murine

Melanoma with Multiwalled Carbon Nanotubes (CNTSs)

3.1 Introduction

Melanoma, a form of skin cancer, ranks as the sixth most prevalent malignancy
and accounts for approximately 1.7% (or 232,100 cases) of all cancer instances
worldwide. The incidence of melanoma is increasing in developed nations, primarily
those with predominantly fair-skinned populations. In North America in 2012, there were
13.8 cases of cutaneous melanoma per 100,000 person-years when age-standardized to
the world standard population. This disease results in 55,500 deaths annually, comprising
about 0.7% of all cancer-related fatalities [109].

The treatment strategy for melanoma patients encompasses a range of approaches,
including surgery, chemotherapy, radiation therapy, immunotherapy, and targeted-based
therapy. The choice of therapy, whether single or a combination, depends on various
factors such as the patient's condition, the stage of the tumor, and its location. However,
despite the availability of diverse treatment options and extensive clinical trials spanning
four decades, the overall treatment approach has proven to be insufficient and,
unfortunately, largely ineffective [110].

Addressing the challenges in cancer therapy demands innovative methods, and

pulsed power technology has garnered attention for its distinctive effects on tumor
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growth and its potential to induce immunity in rodent models, including rat liver and
mouse mammary cancer [33-35]. This raises the possibility of nsPEFs as a form of
immunotherapy, subject to further exploration and development. By employing high
power and low energy, nanosecond pulses can breach the outer plasma membrane of cells
while simultaneously impacting vital intracellular structures and functions [31]. This
distinctive mechanism holds promise for pioneering immunotherapeutic interventions
[12]. NsPEFs have demonstrated a multifaceted impact on cancer. They are not only
effective in ablating various types of tumors, whether they are in their original locations
(orthotopic) or have spread to other sites (ectopic) in rodents and humans [111], but they
also induce immunogenic cell death [34, 71], activate T-cell-dependent immune
responses, stimulate innate immunity, reverse immunosuppression, and have the potential
to convert tumors into in-situ vaccines[35]. This highlights the exciting potential of
nsPEFs in the field of cancer therapy and immunotherapy. However, it is important to
note that not all tumor models respond equally to nsPEFs regarding immune induction
and in-situ vaccination. The mouse B16f10 melanoma model, for instance, presents
unique challenges in this context [112].

The limited efficacy of anticancer treatments may be attributed to the restricted
coverage of the electric field. Notably, the PFL pulse generator exhibited superior
efficacy in ablating B16-F10 melanoma cells in an in vitro setting, while also
demonstrating a better result in tumor ablation and effect intracellular effect [45]. Guo et
al. used the PFL (5-10 pulses, 60 ns, 50 kV/cm and 1 Hz) to stimulation of bone marrow-
derived DCs (BMDCs). Supplementary data showed the activation of dendritic cells

(DCs) in vitro after exposure to nanosecond pulsed electric fields (nsPEF), with
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upregulation of MHC-I1 (1A/IE) and co-stimulatory molecules, CD86 and CD40,
observed two days after DCs were co-cultured with NPS-treated 4T1 cells [34]. However,
it is important to acknowledge a limitation in the application of the PFL pulse generator
for in vivo studies, as it necessitates higher voltage levels when compared to the BL pulse
generator. This increased voltage requirement raises clinical concerns that warrant careful
consideration.

Multi-walled carbon nanotubes (MWCNTS), a novel type of carbon material, have
demonstrated field emission capabilities, which have opened up a wide range of potential
applications due to their high aspect ratio and excellent conductivity [41]. CNTs possess
unique electronic properties that enable them to amplify the electric field near their tips,
generating localized high-field regions [113]. Additionally, the rotational motion and
torque (t) induced by CNTs can enhance the impact of nanosecond pulsed electric fields
(nsPEF) by aiding the penetration of the nanotube through the plasma membrane [114].
When combined with low-intensity electric pulses, CNTs result in a stronger electro-
response [115]. Furthermore, carbon nanotubes have exhibited the ability to target cancer
cells both passively and actively, leading to substantial uptake in tumors [116].

Given these promising properties, MWCNTSs were employed to enhance the effects
of nsPEF in a B16F10 melanoma cancer model. The objective of this study was to
investigate the combined effects of multiwalled carbon nanotubes when used in
conjunction with nsPEF treatment for melanoma. The study employed the B16F10
melanoma cell line as an in vitro and in vivo model. The ultimate goal is to expand the
scope of these findings and create potential applications for the Pulse Forming Line (PFL)

pulse generator in future in vivo studies. The aim is to reduce the required electric field
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strength through the incorporation of MWCNTSs and develop innovative and effective
strategies for melanoma immune therapy, with the ultimate objective of in-situ vaccination
(ISV). Ultimately, this research may pave the way for the translation of this combined
approach into preclinical and clinical settings, potentially revolutionizing the management

of this devastating disease.

3.2 Backgrounds and significance

3.2.1 Carbon nanotubes (CNTS)

Carbon nanotubes (CNTSs) are synthetic allotropes of carbon. Allotropy refers to the
ability of chemical elements to exist in multiple structural forms. For carbon, three
naturally occurring allotropes are known, including diamond, graphite (comprising
several layers of graphene), and amorphous carbon (a non-crystalline form of carbon)
[117]. In addition to these natural forms, several synthetic carbon allotropes have been
discovered. These synthetic carbon allotropes include fullerene (a structure resembling a
sphere made of carbon atoms) [118], graphene (a single layer of graphite) [119] and
carbon nanotubes (cylinders made by rolling up graphene layer(s)) [120].
Morphologically, carbon nanotubes can be described as cylinders that are nanometers in
width and vary from nanometers to micrometers in length. They are composed of
graphene sheets rolled up into the form of single or multiple concentric layers. When
formed from a single layer, they are known as single-walled carbon nanotubes (SWNTSs),
while those composed of multiple concentric layers are referred to as multi-walled carbon

nanotubes (MWNTSs) [121].
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3.2.2 Cellular Uptake Mechanisms of CNTs

Pristine or unmodified CNTSs are inherently hydrophobic, which means they have
low solubility and a tendency to aggregate in aqueous environments. The aggregation of
CNTs is primarily driven by non-covalent interactions between the nanotubes, such as -
7 stacking involving the aromatic rings of adjacent nanotubes. Therefore, it became
crucial to develop chemical strategies to enhance the biocompatibility of CNTs by
improving their dispersion and solubility in physiological fluids. The chemical
approaches used to functionalize CNTSs can be categorized into two main types: covalent
and non-covalent functionalization [122, 123].

CNTs have demonstrated a remarkable ability to penetrate various types of cells
[124-126]. It is well-documented that the efficiency and uptake pathway of CNTs heavily
depend on their morphology and surface chemistry. For instance, in a study conducted by
Cherukuri and colleagues, they employed the intrinsic near-infrared fluorescence of
SWNTSs to investigate their cellular uptake. They found that the uptake of pristine
SWNTs, which were dispersed in Pluronic surfactant, by mouse macrophage cells in vitro
was significantly reduced when the cells were incubated at 27°C compared to 37°C. This
observation suggested an endocytosis-dependent mechanism for the uptake of SWNTSs
[127].

Conversely, other studies have suggested that the cellular uptake of CNTs
primarily occurs through passive diffusion across the cell membrane. Pantarotto et al.
conducted research showing that amine-functionalized SWNTs enhanced the
internalization of fluorescently labeled peptides by human 3T6 fibroblasts when

incubated at 37°C [128]. This was determined through epifluorescence microscopy,
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which also revealed the presence of SWNTSs in the cell nucleus. Importantly, inhibiting
the cell's metabolic functions by incubating it at 4°C or treating it with sodium azide did
not impact the cellular uptake of SWNTSs, suggesting an energy-independent mechanism
for cell entry. The ability of CNTs to penetrate the cell membrane, resembling nano-
needles, could be explained by a theoretical nanosyringe mechanism simulated by Lopez
et al. for nanotube insertion into the lipid bilayer [44]. Molecular dynamics studies by
Lopez and colleagues demonstrated that a hydrophobic nanotube with hydrophilic tips
initially adsorbs horizontally onto a model membrane. Subsequently, the nanotube
spontaneously changes its orientation from horizontal to vertical alignment, forming a
transmembrane pore-like orientation through the bilayer. After insertion into the
membrane bilayer, translocation to intracellular compartments can occur, as reported by
Pantarotto et al.

In another study, further investigation of the energy-independent uptake of
functionalized MWNTSs was conducted. Confocal microscopy images revealed the
internalization of fluorescently labeled and amine-functionalized MWNTSs by fungal and
yeast cells [129]. Notably, these prokaryotic cells, which typically lack the ability to
perform active processes like endocytosis, internalized the functionalized MWNTSs. This
highlighted the use of mechanisms other than endocytosis for cell entry. Additionally,
when Jurkat leukemic T cells were incubated with functionalized MWNTSs at 4°C in the
presence of sodium azide, the cellular uptake of MWNTSs was not inhibited, confirming
the involvement of a passive cellular uptake mechanism. The varying mechanisms of
CNTs' cellular uptake reported by different authors could be attributed to the properties

of the CNTs used in these studies, including their degree of individualization and
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dispersibility in the cell culture media, which is highly dependent on the CNTs'
functionalization density.

Mu et al. conducted a study to investigate the uptake of functionalized MWNTSs
by HEK293 epithelial cells using transmission electron microscopy (TEM) [130]. Their
research revealed that single MWNTSs were observed penetrating the cell membrane.
Meanwhile, bundles of MWNTSs were found intracellularly, surrounded by endosomal
membranes. The TEM images also showed single MWNTSs being released from MWNT
bundles entrapped in endosomes, with these individual nanotubes penetrating the
endosomal membrane to enter the cytosol.

In summary, these studies suggest that CNTs can access intracellular compartments
through more than one mechanism of cell entry. This diversity may be attributed to the
length-to-width ratio of the CNTSs, allowing these nanoneedle-shaped structures to
passively penetrate the cell membrane using the hypothesized and experimentally
demonstrated nanosyringe mechanism, in addition to active endocytosis mechanisms.
However, it's worth noting that the disruption of endosomal membranes associated with
CNTs' escape from endosomes could potentially induce cell damage. Such membrane
disruption might activate the NLRP3 inflammasome, leading to pyroptotic cell death

[131, 132].

3.2.3 Effect of chemical functionalization on CNTs

Residual transition metal catalysts like iron, cobalt, or nickel present in pristine
CNTs can catalyze the intracellular generation of free radicals, resulting in oxidative
stress and cytotoxic effects. For example, exposure of HEK293 human kidney embryo

cells to pristine SWNTSs induced cell apoptosis and reduced cell proliferation [133].
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Similarly, incubating human epithelial cells with pristine MWNTS significantly decreased
cell viability [134]. However, chemically functionalized CNTs exhibit improved
biocompatibility profiles compared to their pristine counterparts. This enhancement can
be attributed to the chemical reactions applied to pristine CNTs, followed by thorough
washing in organic solvents using bath sonication, which aids in the removal of metal
catalysts adsorbed onto the CNT walls. Moreover, chemical reactions, such as bath
sonication-assisted acid oxidation, create surface defects on the CNTSs, helping to
eliminate trapped metal catalysts [135].

Coccini et al. demonstrated that acid-oxidized MWNTSs contained lower metal
content and had milder effects on cell viability compared to pristine MWNTs when
incubated with epithelial A549 cells at a concentration of 1 pg/ml [136]. However,
increasing the concentration of oxidized MWNTSs in the culture medium led to a
significant decrease in A549 cell viability. Vukovi¢ et al. reported that treating fibroblast
1929 cells with pristine MWNTs at concentrations ranging from 3 to 12.5 pg/ml
significantly reduced cell proliferation, while incubation with carboxylic or amine-
functionalized MWNTSs did not exhibit this effect [137]. Nevertheless, the proliferation of
L929 cells incubated with functionalized MWNTSs at higher concentrations (25 to 100
ug/ml) was significantly lower than that of untreated cells. When human epidermal
keratinocytes were exposed to acid-functionalized SWNTSs, a dose-dependent reduction
in cell viability was observed, accompanied by increased production of the pro-
inflammatory cytokine IL-8 [138]. This observation might be attributed to the rupture of
CNT-containing endosomes, leading to NLRP3 inflammasome activation and pyroptosis

[131, 132].
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It can be suggested that while chemical functionalization can enhance CNT purity
and biocompatibility, the increased individualization of CNTs could lead to higher
cellular uptake, potentially causing cytotoxic effects at elevated dosages. Similarly, Li et
al. demonstrated that as the positive charge of chemically functionalized MWNTSs was
increased through surface chemistry manipulation, their cellular uptake by THP-1 cells
(monocytic cell line) and BEAS-2B cells (bronchial epithelial cell line) was enhanced,

resulting in the production of pro-inflammatory cytokines [139].

3.2.4 Biocompatibility of CNTs with immune cells

The cytotoxic effects of CNTs on immune cells have been investigated in several
studies. When human monocyte-derived macrophages were incubated with carboxylated
SWNTs, it was observed that these nanotubes formed fewer intracellular aggregates and
had lower effects on cell viability compared to pristine SWNTSs [140]. Treatment of
murine RAW 264.7 macrophages with pristine SWNTSs resulted in significant depletion
of glutathione, an oxidative stress biomarker, in contrast to carboxylated SWNTs
treatment [141]. Additionally, the higher iron content in pristine SWNTs led to a
significant increase in the formation of intracellular reactive oxygen species when
incubated with rat NR8383 macrophages [142]. The length of CNTs was also found to
influence biocompatibility, as longer pristine MWNTs (~13 pm) induced higher
production of the inflammatory cytokine IL-1f in LPS-primed human primary
macrophages compared to shorter MWNTSs (1-10 um) [132, 143].

Wang et al. investigated the effects of carboxylated-MWNTs on human
monocyte-derived DCs and found that the treatment did not significantly decrease cell

viability or increase the expression of CD80 or CD86 co-stimulatory molecules,
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suggesting a lack of adjuvanticity of MWNTSs [144]. However, cytokine production by
MWNT-treated DCs was not assessed in this study. Dumortier et al. cultured mice-
derived B or T lymphocytes in the presence of SWNTSs functionalized using 1,3-dipolar
cycloaddition reaction, which did not induce cell death, provoke cell proliferation, or
stimulate IFN-y production [145]. Yet, SWNTs functionalized via acid oxidation and
amide coupling reactions, showing lower aqueous dispersibility, stimulated the
production of TNF-a and IL-6 by macrophages in vitro.

While the study highlighted the impact of surface chemistry and aqueous
dispersibility of SWNTSs on cytokine production by immune cells in vitro, it would be
valuable to investigate the effects of different-sized SWNTSs as well. Pescatori et al.
reported that incubating carboxylated or amine-functionalized MWNTSs with Jurkat T cell
line or THP-1 monocytic cell line did not induce cell apoptosis [146]. However, the
uptake of functionalized MWNTSs by THP-1 monocytic cells, but not Jurkat T cells, led to
increased production of pro-inflammatory cytokines IL-6 and TNF-a. On the other hand,
Medepalli et al. found that DNA-functionalized SWNTs did not alter the cell phenotypes
or activation marker expression when incubated with human blood-derived monocytes or
lymphocytes. The observed discrepancies could be attributed to variations in CNT
functionalization density, used doses, and incubation time. These studies suggest that
increased purity and functionalization of CNTs may enhance their cytocompatibility, but
it's important to consider that functionalized CNTSs can still induce dose-dependent

cytotoxic effects [147].
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3.2.5 CNTs' biodistribution

Biodistribution and clearance of the CNTSs are considered among the main
obstacles’ clinical application of CNTs is facing. The utilization of CNTs for the
biomedical applications demanded studying their biodistribution to determine their organ
accumulation and toxicity following systemic administration. Yang et al. have
demonstrated that pristine SWNTSs intravenously injected to KM mice were distributed
mainly to liver, spleen and lung 24 hr post injection [148]. The pristine SWNTSs were
retained in these organs at high levels over a period of 28 days post injection. In addition,
the pristine SWNTSs were un—detectable in the urine or feces samples collected from
injected mice, which further indicated the retention and accumulation of the injected
pristine SWNTSs in the mentioned organs.

The functionalization density of MWNTSs affected their biodistribution and
excretion following intravenous injection in BALB/c mice [149]. On comparing three
types of In—radiolabeled MWNTs that were amine—functionalized to varying degree, the
highest bladder accumulation and lowest liver retention detected at 0.5 hr and 24 hr post
injection, respectively, were demonstrated by the MWNT that possessed the highest
content of amine moieties. Thus, it was suggested that increasing the
amine—functionalization density of MWNTs assisted their individualization, hence
glomerular filtration, and renal clearance. However, other factors that are, theoretically,
expected to affect the MWNTS biodistribution such as frequency of administration and
injected doses were not studied.

Liu et al. used Raman spectroscopy to qualitatively and quantitatively assess the

long—term fate of SWNTs functionalized with polyethylene glycol (PEG) of varying
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chain length intravenously administered to BALB/c mice [150]. Raman spectroscopic
analysis of ex vivo tissues isolated 1 day post—injection of 20 ug SWNTs/mouse showed
retention of SWNTs—PEG mainly in liver and spleen. The retained SWNTs—PEG,
especially if functionalized with a long PEG chain, were almost cleared from the liver
and spleen 3 months after injection with no apparent toxic effects detected in histology
specimens and blood chemistry. Administration of higher doses (100 pg/mouse),
presumably due to improvement in signal—to—noise—ratio, provided evidence of SWNTs
presence in the bladder and feces at 24 hr post—injection suggesting elimination via the
renal and biliary routes. On the other hand, the biodistribution and clearance of the
injected 100 ung SWNTSs over longer period of time, e.g., 1 and 3 months, were not
evaluated.

Schipper et al. have reported that on monitoring the blood count of nude mice
over a period of 4 months after the intravenous injection of PEG—functionalized SWNTs,
no significant differences were detected between the naive and SWNT—injected mice
groups [151]. Histological analysis of tissues from the organs excised 4 months post
SWNT injection showed the presence of dark aggregates that were confirmed by Raman
spectroscopy to be SWNTSs in the liver and spleen macrophages with no obvious
pathological features. This observation comes despite the fact that mice were injected
with SWNTs two times (on day 0 and 7), the injected dose of SWNTs was 17 pg/mouse.
It is quite probably that higher doses of SWNTSs as nanocarriers will be required and this
could be addressed in future work using a similar model.

Guo et al. studied the biodistribution and excretion of radiolabeled glucosamine

functionalized MWNTSs following intraperitoneal administration to mice [151]. Tracing
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the radioactivity 1 hr post injection revealed the distribution of MWNTs—glucosamine to
the main organs and almost complete clearance after 24 hr with less than 70% of the total
initial radioactivity excreted in urine and feces. However, free radiolabeled glucosamine
released from the functionalized MWNTSs in vivo could provide misleading data about
the MWNTSs biodistribution, thus a more reliable method, e.g., detection of MWNTSs
Raman signals, could have been applied to further support the presented conclusion.
Meng et al. investigated the organ toxicity and immunological reactions induced
following subcutaneous administration of 1 mg of carboxylated MWNTSs to BALB/c
mice [152]. Histological analysis of heart, liver, kidney and spleen excised from the mice
over a period of 2 to 90 days post MWNTSs injection revealed normal histology with no
apparent accumulation of MWNTSs. However, histological examination of axillary lymph
nodes excised 30 days post injection showed accumulation of MWNTS that increased and
then decreased 60 and 90 days, respectively. Nevertheless, the administered MWNTSs
were not eliminated, and the study did not investigate the fate of the accumulated
MWNTSs. Levels of pro—inflammatory cytokines such as TNF—a and IL—17 were
detected at a higher level in the sera of the MWNT—injected mice compared to naive
mice 2 days post injection, however, the cytokine levels returned to normal 7 days post

injection [152].

3.2.6 Significance
This research encompasses a significant innovation that contribute to the
advancement of melanoma therapy and address critical concerns associated with

nanosecond pulsed electric field (nsPEF) clinical treatments.
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The incorporation of MWCNTSs into the nsPEF treatment represents a novel and
innovative in vivo approach. MWCNTS possess unique properties, one is that allow them
to amplify the electric field near their tips, creating localized high-field zones. By
utilizing MWCNTS, the electric field strength required for effective tumor ablation can be

reduced, addressing the safety concerns associated with nsPEF clinical treatments.

3.3 Materials and Methods

331 SEMand TEM

A scanning electron microscope (SEM, JEOL JSM-7500F, 5.0 kV accelerating
voltage and 2 mm working distance) was used to observe the surface morphology of
MWCNT. The powder was simply poured on carbon tape. Compressed air spray is used
to remove the excess of powder.

Transmission electron microscopy (TEM) measurements were performed with a
Tecnai 10 Philips microscope at 80 kV. Prior to the analyses, the MWCNTSs were
dispersed in ethanol by sonication and a drop of the suspension was deposited on a TEM
copper grid with formvar film.

Carbon fiber thicknesses were measured by ImageJ software (developed by
Wayne Rasband and provided in the public domain by National Institutes of Health,

Bethesda, MD; available at http://rsh.info.nih.gov/ij/index.html).

3.3.2 Thermogravimetric Analysis (TGA)
TGA was performed on a TA Q500 (TA Instruments) from room temperature to

800°C with a heating rate of 5°C/min. The sample size was 33.946 mg, and the analysis
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was performed in air, and a balance gas of argon, with flow rates of 60 ml/min and 40

ml/min respectively.

3.3.3 Cell culture

The murine melanoma cell lines B16F10 (ATCC® CRL-6475TM) was used in
this study. The cells were grown in a humidified incubator at 37°C with 5% CO2 in the
Dulbecco’s Modified Eagle Medium (DMEM) produced by ATCC (30-2002), added
10% fetal bovine serum (FBS) (ATCC, 30-2020) and 1% of penicillin-streptomycin
(Sigma-Aldrich). After the cells reached a confluency of 80%, they were subcultured in

0.25% Trypsin, 0.1% EDTA enzymes (CorningTM, MT25053Cl).

3.3.4 Pulsed electric field exposure methods
In the in vitro experiments, cell samples were exposed to nsPEF in 1 mm gap
electroporation cuvettes (BioSmith, San Diego, CA) at room temperature. Cells were
resuspended at 1 x 10° cell/ml and 100 pl samples of this suspension were loaded in the
electroporation cuvettes and subjected to either nsPEF or sham exposure. Trains of
trapezoidal 60-ns pulses were delivered to cuvettes from Pulse Forming Line (PFL)
pulser. Pulses were applied at 30, 40, and 50 kV/cm with different pulsing number,
adjusted to 1Hz. The number of required pulses then calculated as charging effect to
compare which can mentioned below [153]:
Equation 1: Charging Effect Charging ef fect (V.s/cm) =E X Tt Xn
E is the electric field (kV/cm), T is pulse duration (s), and n is the number of pulses.
To treat B16F10 tumors in vivo, mice were anesthetized by inhalation of 3%

isoflurane in oxygen (Patterson Veterinary, Devens, MA). Trapezoidal pulses of 200-ns
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duration were produced by a custom pulse generation system with an output impedance
of 100 Q, adjustable pulse amplitude (up to 15 kV), duration (200 to 1000 ns) and
frequency (1-100 Hz; Pulse Biosciences, Inc., Hayward, CA). Pulses of 200-ns duration
(500 or 1000 pulses, 3 Hz, 50 kV/cm) were applied using an electrode that sandwiched
the tumor between two flat round polished stainless-steel plates with a spacing of 6 or 8
mm between the two plates. The electric field was calculated as: E = VV/d where V is the
applied voltage and d is the distance between the two plate electrodes. Sterile lubricant
(KY Lubricating Jelly) was used to ensure an efficient electrical continuity. Animals in

the sham control group underwent anesthesia but no nsPEF delivery.

3.3.5 Determination of Toxicity of MWCNTSs

Carboxylic acid functionalized multi-walled carbon nanotubes are purchased from
the Nanocyl (NC3101, Belgium). The outer diameter and length of the MWCNTS are
approximately 9.5 nm and 1.5 um, respectively, an extent of COOH functionalization less
than 4%. A dispersed MWCNTSs solution is obtained by sonication and centrifugation,
and MWCNTSs are dispersed in B16F10 culture media. Using different volumes of
MWCNT dispersion in fresh medium, the final concentration of MWCNTSs is adjusted to
0, 200, 400, and 600 mg/mL. The cells are resuspended in the above medium containing

different concentrations of MWCNTSs.

3.3.6 Cell viability analysis
Cell Counting Kit 8 (CCK-8, Dojindo, Kumamoto, Japan) was used to measure
cell viability. B16F10 cells were grown to 80% confluency then the cell concentration is

adjusted to 1 x 108 cells/mL for nsPEF. After pulsing, 15,000 cells were seeded into 96-
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well plates (Corning Incorporated, Corning, NY, USA). Cells were cultured for 24 h, then
10 ul CCK-8 solution was added to each well, after another 1.5 h, the optical density was
measured at an absorbent of 450 nm using a microplate reader (ELx800; BioTek

Instruments, Inc., VT, USA). OD value was divided by control value to calculate relative

cell survival rate (values were subtracted from background).

3.3.7 Apoptosis

To detect apoptosis, B16/F10 cells (5 x 103 per well of a 384-well plate) were
plated, and the Caspase-Glo 3/7 Assay system (Promega, Madison, WI, G8091) was used
for analysis in accordance with the manufacturer's instructions 4 and 24 hours post
pulsing. The background luminescence associated with the cell culture (with and without
MWCNT) and assay reagent (blank reaction) was subtracted from experimental values.
As a positive control for apoptosis induction, cells were treated 1-10 um staurosporine.
Means of triplicates were used to represent caspase 3/7 activity for the given cells. Each

experiment was performed three times with similar results.

3.3.8 Conductivity
Media with and without CNT were analyzed using the network analyzer (E5071C
ENA Series, Agilent Technologies). The analyzer measured conductivity ¢” (S.m™) at

frequencies between 0.1 to 20MHz.

3.3.9 Murine tumor model and treatment procedure
The bred in-house female and male C57BL6/J mice (5-10 weeks of age) were
sourced from a separate protocol moved to this protocol, in accordance with the

regulations and oversight provided by the Institutional Animal Care and Use Committee
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(IACUC). Mice were injected subcutaneously with 5 x 10° B16-F10 cells in 50 pL
Dulbecco’s phosphate buffered saline (PBS) in the left flank. The size of primary tumor
was assessed by calipers. Mice were weighed before and post-treatment and twice
weekly. Tumors were allowed to grow to a diameter of approximately 6-8 mm before
treatment. Groups include MWCNT received a total volume of 200 pg in 50 ml of PBS
with 25G needle trough intratumorally injection before pulsing. Tumor growth was
measured at 24 h post treatment and twice weekly using a digital caliper, and volumes (v)
were calculated using the standard formula v = ab?n/6, where a is the longest diameter,
and b is the next longest diameter perpendicular to a [38].

To measure the vaccine effect on survived animals, 7 weeks post treatment were
injected in the right dorsolateral flank with 2.5 x 10° B16F10 cells in 50 ul PBS. An age-
matched naive group of mice was used as control for tumor growth. Animals were
monitored for up to 50 days post challenge. Mice were euthanized at the end of the
follow-up period or at specified time points described in experimental designs or when
they met the criteria described at experimental endpoints in the approved IACUC

protocol [38].

3.3.10 Statistics analysis

All experiments were conducted at least three times and data were expressed as
Mean + Standard Error of the Mean (S.E.M.). GraphPad Prism version 9 (GraphPad
Software, San Diego, California USA) was used to conduct statistical analyses one-way
or two-way analysis of variance (one-way or two-way ANOVA), and P-values (were

considered significant when p <0.05). Also, GraphPad Prism was used to generate
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Kaplan—Meier curves and curves were compared using the Log-rank (Mantel Cox) and

Gehan-Breslow-Wilcoxon tests for in vivo section.
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3.4 Results and Discussion

3.4.1 Material Characterization

SEM and TEM showed the MWCNT have a high aspect ratio

The microstructure and morphology of nanocyl NC3101 was investigated by
employing advanced techniques such as Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM) analysis. TEM analysis unveiled intricate
details, showcasing individual nanofibers and offering profound insights into their
structural integrity. Notably, these nanofibers displayed a remarkable level of uniformity
in their diameter distribution, with an average diameter measuring approximately 9.5 nm
and an impressive length of about 1.5 pm, resulting in a notably high aspect ratio.
Moreover, TEM examination revealed an absence of defects in the MWCNT, a critical

factor in preserving the electrical properties of the CNT.
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Figure 15. SEM images of the surface morphology of MWCNT which poured on carbon

tape. (a) 200 pm, (b) 100 um, and (c) 50 pm showcasing the overall nanotube morphology.
(d) High-magnification (200 nm) which providing detailed insights into the nanotube

structure. Images provided by Nanocyl.
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Figure 16. MTEM images of the MWCNT on grid with formvar film. (a) Low

magnification (500 nm) providing an overview of the nanotube arrangement and average
length (1.5 um). (b) High-magnification (50 nm) offering a closer examination of the

nanotube's diameter (<10 nm). Images provided by Nanocyl.

Thermogravimetric Analysis (TGA) showed the MWCNT have a good purity

TGA was used to analyze the nanotube powder for the percentage of carbon purity,
metal oxide, and surface modification (carbocyclic group). According to Figure 17a,
difference in residual mass was identified at 650 °C. At this temperature, most carbon-
based materials have decomposed, and the residual mass is attributed to the metal catalyst

particles that remain. At 650 °C, the residual masses were 4.7%.
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Figure 17. Thermogravimetric analysis (TGA) of MWCNT from room temperature to 800
°C with a heating rate of 5 °C/min. (a) Weight percent versus temperature curve which
showed the residual masses were 4.7% at 650 °C, and (b) Derivative weight percent versus
temperature curve which showed the thermal stability of the MWCNT (445.4+2.7 °C) and

the carboxilated group (first small pick). Data provided by Nanocyl.

Figure 17b shows the derivative weight curve with respect to temperature for the
mass-loss curves. The derivative curve determined the oxidation temperature of the
MWCNT, as well as defining the mass-loss event as multiple decomposition event,
evidenced by the presence of multiple decomposition peaks. The temperature
corresponding to the highest peak on this derivative weight curve is identified as the

primary oxidation temperature, serving as a key indicator of the thermal stability of the

MWCNT, and it was determined to be 445.4+2.7 °C.
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3.4.2 InVitro

3.4.3 Dose-dependent relationship between the concentration of MWCNT and

viability

A toxicity assessment was done prior to introduce MWCNTSs into nsPEF for
cancer ablation study. A reasonable concentration of MWCNTSs that is minimally toxic is
determined by growing B16F10 cells at different MWCNT concentrations. Figure 18
illustrated that at a concentration of 400 ug/mL, the viability of the cells significantly
drops to 42%, with further reductions observed as the concentration of MWCNTSs
increases. In contrast, the cell viability does not change significantly for MWCNT
concentrations less than 200 ug/mL, suggesting that this concentration range does not
impact cell viability. Considering these findings, a concentration of 200 ug/mL is

established for subsequent in vitro nanosecond pulse treatments involving MWCNTS.
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Cell Viability (% of control)

Figure 18. Effects of different concentrations of MWCNTSs on cell viability test (CCK-8
assay) after 24 hours. The final concentration of MWCNTSs is adjusted to 0, 200, 400, and
600 pg /mL. Cell viability showed a dose-dependent relationship with the concentration of
MWCNT, wherein increasing the MWCNT concentration led to a decrease in cell viability.
Notably, at a concentration of 200 pg/mL, no significant impact on cell viability was
observed after 24 hours, prompting its selection for subsequent experiments (*P < .05, **P

<.01).

The dose-dependent nature of MWCNT cytotoxicity is revealed through toxicity
experiments involving various concentrations. Higher concentrations of MWCNTS result
in increased toxicity, demonstrating a correlation between concentration and cytotoxicity.

These MWCNTSs exhibit a propensity to aggregate within the cell membrane’s lipid
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bilayer and traverse the membrane owing to the fluidity of lipid bilayers. Furthermore,
elevated MWCNT concentrations have the potential to compromise the integrity of the

cell membrane, ultimately leading to cell rupture and death [154].

3.4.4 Enhancement of nsPEF in combination with MWCNT on Cell Viability

To examine the impact of MWCNTSs in combination with nsPEF on B16F10 cells,
a concentration of 200 pg/mL was selected as the maximum non-toxic value. Changes in
field strength and pulse number were used to study the effects of MWCNTSs on nsPEF at
this concentration. Figure 19 shows the effect of the above parameters on B16F10 cell

viability.
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Figure 19. Effects of different electric fields in present and absent of MWCNTs (200
pg/ml) on cell viability test (CCK-8 assay) after 24 hours. B16F10 at a concentration of 1

x 106 cell/ml were exposed to nsPEF (60 ns, 1 Hz, at 30, 40, and 50 kV/cm with different
pulsing number) in 1 mm gap electroporation cuvettes (100 pul). The IC-50 for cell viability

is reduced significantly when the MWCNTSs present in media (*P < .05, **P < .01).

80



For measuring the required number of pulses to induce the half-maximal inhibitory

concentration (IC-50) we used non-linear regression. Table 1 showed the charging effect for

induction of the IC-50 for different electric fields. Compared with the condition without

MWCNTSs, the addition of MWCNTS significantly reduces the cell viability and needed less

charging effect to reach the 1C-50. As a result, the nsPEF threshold is reduced by the presence of

MWCNT [115, 155].

Table 1. Calculated nsPEFs, IC-50 in present (Right) and absent (Left) of MWCNT.

The IC-50 values represent the charging effect of nsPEFs required to inhibit cellular

activity by 50% under each respective condition.

- MWCNT + MWCNT
Voltages Number of Charging effect Number of Charging
pulses pulses effect
30 kv 35 .01 20 .008
40 kV 16 0.0096 6 .0058
50 kv 10 0.0094 2 .0042

3.45 MWCNT increased the conductivity

A conductivity measurement was carried out in the presence and absence of

MWCNT due to the unique electrical properties of CNTs and their good metallicity [156]

(Figure 20). The conductivity of the suspension was estimated by the voltage across the

suspension and current flowing through the suspension, and the conductivities of the

suspension in the presence and absence of MWCNTSs were 1.2 and 1.15 S/m,

respectively.
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Figure 20. Conductivity of cell culture media before and after adding different

concentration of MWCNT.

The addition of MWCNTSs to the media not only increases its conductivity but
also offers additional benefits. Due to the high aspect ratio and excellent electrical
conductivity of CNTs, they can enhance the local field strength [42]. When a CNT is
inserted into a region of uniform electric field with an amplitude of Eo, it generates a
phenomenon known as the "lightning rod" effect, where an intensified electric field is
formed at the tip of the CNT. The amount of electric field enhancement at the CNT tip
can be estimated using the following equation CNT [43]:

Equation 2: The electric field strength at the tip of the CNT ETip/
E, ™
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The electric field strength at the tip of the CNT (Erip) is determined by a constant
o, where L represents the length and D denotes the outer diameter of the CNT. Given the
high aspect ratio (L/D) of our MWCNTSs, they possess the ability to effectively
concentrate the electric field. This concentrated field strength plays a crucial role in
promoting cell death and its associated effects.

Moreover, other studies showed that CNTs in the presence of electric or
electromagnetic fields can induce mechanical damage through direct physical contact
with the cell membrane [114, 157, 158]. The rotational motion and torque (1) induced by
CNT can enhance the effect of nsPEF by facilitating the penetration of the nanotube
through the membrane [114, 158]. A stronger electro-response is obtained when CNTs
are combined with low-intensity electric pulses [115]. Due to their substantial specific
surface area and strong surface electrostatic interaction, CNTs tend to adsorb randomly
around the cell membrane prior to the application of an electric field. Some CNTs may
also bind to cell membrane phospholipids [114]. There is no effect of CNTs on cell
morphology at this time. However, when the electric field is applied, the CNTs respond
by undergoing movement and rotation, aligning with the direction of the electric field. As
the CNTSs rotate, the force exerted at their tips mechanically deforms and perforates the

cell membrane [157, 158].
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Figure 21. MWCNT effect on cell viability (CCK-8 assay) after 24 hours, when added
before and after pulsing. The IC-50 for cell viability is reduced significantly when the
MWCNTS (200 pg/ml) present in media during the pulsing in compared to the time adding

after pulsing (****P < .0001).

Considering the significant reduction in the charging effect observed with the
presence of CNT in conjunction with nsPEF, our study aimed to delve deeper into the
underlying mechanisms responsible for this phenomenon. To this end, we devised an
experiment to investigate whether the observed effect was solely attributed to the
enhancement of electrical properties by the CNT or if other factors were at play. In this
experimental setup, we subjected B16F10 cells to nsPEF and introduced CNT both
before and immediately after pulsing (as illustrated in Figure 21). Notably, our results
revealed persistent significant differences between these two conditions, thereby
underscoring the electrical enhancement imparted by CNT in the context of low-intensity
electric pulses. Furthermore, we observed discrepancies between the group without CNT

and the group where CNT was introduced post-pulsing. This intriguing finding suggests
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the involvement of multiple mechanisms, with post-pulsing cells appearing more

susceptible to the enhancing effects of CNT, potentially influencing cell death outcomes.

3.4.6 Lack of Apoptotic Induction on B16F10 Cells by MWCNT, nsPEFs, or Their

Combination

Several cell lines have been shown to undergo apoptosis in response to CNT
[159] or nsPEF [10], or their combinations [160]. To determine whether B16F10 cells
undergo apoptosis, we decided to investigate the process further. B16F10 cells were
exposed to increasing numbers of pulses (60 ns,40 kV/cm, 1 Hz) and caspase 3/7 activity
were measured at 4 and 24 h post treatment in presence and absence of MWCNT (Figure
22). Staurosporine was used as a positive control (Figure 22.b). Results showed that in
B16F10 nsPEF or MWCNT or their combination did not induce caspase activation

although the pulse treatment severely impaired cell viability (Figure 19) [39].
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Figure 22. nsPEF not triggers apoptotic cell death in B16F10 cells in present or absence

of MWCNT. (A) B16F10 cells were either exposed in cuvettes (+ MWCNT) to increasing
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numbers of 60-ns pulses (4 kV/cm, 1 Hz) or (B) treated with staurosporine. Caspase 3/7

activation (Caspase-Glo 3/7 assay) were measured at 4 and 24 hours post treatment.

3.47 InVivo

3.4.8 MWCNTs Demonstrate No Impact on Tumor Growth Rate

To study the effect of CNT on enhancement of nsPEF to ablate the melanoma, the
C57BL/6 syngeneic B16F10 melanoma cell line was used. This model has been
extensively used to study nsPEF ablation [161] but the protective antitumor response
triggered by the pulse treatment has not yet been reached. In preliminary experiments we

investigated the effect of MWCNT on the tumor growth rate (Figure 23.b).
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Figure 23. A) Schematic of in vivo experiment. Primary tumors were initiated in C57BL6/J
mice via inoculation of the left flank with 5 x 10° B16-F10 cells approximately 8-10 days
before the day of treatment (day 0). The day before treatment, the tumors were measured,
and mice were divided into treatment groups such that the average tumor volumes were
evenly distributed (Created with BioRender.com). B) B16-F10 model primary tumor
growth curves. The treatment group included an intertumoral injection of MWCNT in

compared to control (n=3).
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Intratumorally injection of MWCNT at a safe concentration of 200 pg per animal
was performed, as determined by in vitro data [152]. Notably, MWCNT did not exert any
influence on the rate of tumor growth, which remained consistent with the control group.
Animals were euthanized prior to day 10 in accordance with the tumor size limitation
outlined in the approved IACUC protocol. The next step is to comprehensively evaluate

the potential of MWCNTs combined with nsPEF in the elimination of melanoma cancer.

3.4.9 Efficient Pulsing with MWCNT: Achieving a 50% Reduction in Pulsing

Requirements for Tumor Elimination

The purpose of this section was to evaluate the effects of nsPEF alone and in
combination with MWCNT. In previous studies, pulses of 50 kV/cm, 3 Hz, 300 ns with
1000 pulses effectively eliminated cancer cells in melanoma and breast cancer models
[18]. Therefore, we employed the same pulsing condition as a positive control for nsPEF
to ablate B16F10 cancer cells in the C57BL6/J mouse model. A half-pulse number, 500
pulses, was used to assess the effectiveness of MWCNT groups in tumor ablation. The
treatment efficacy of nsPEF was evaluated based on C57BL6/J mice survival in the B16-

F10 model.
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Figure 24. B16-F10 model primary tumor growth curves for nsPEF groups. The treatment
groups included a (a) 500 pulses, (b) 1000 pulses, and (c) 500 Pulses with MWCNT
(received a total volume of 200 pg in 50 ml of PBS with 25G needle before pulsing) (n=7).
Tumors that regressed are displayed in the black monochromatic scheme, while those that
progressed after treatment are shown in red. (d) B16-F10 model Kaplan-Meier survival
curves. The log-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests were performed
using GraphPad Software. The family-wise significance level of 5%, using the Bonferroni-

corrected threshold method for p-values, indicated significance between groups (*),

p<0.05.

Figure 24 shows that 1000 pulses successfully ablated the tumor, resulting in 6

out of 7 mice's survival. However, when the pulse number was reduced to 500, only 3 out
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of 7 mice survived due to the insufficient electric field required for ablation. The survival
rate when 500 pulses were combined with MWCNT was similar to that of 1000 pulses (6
out of 7). As discussed in the in vitro section, MWCNT possess properties that enhance
the nsPEF. Consequently, the combination of nsPEF with MWCNT can facilitate tumor

ablation with safe electric fields and improved electric field distributions [157].

3.4.10 Lacking ISV after challenge

To assess the immune response among the experimental groups, C57BL6/J mice
that had successfully cleared the primary tumor were subjected to a challenge.
Approximately 7 weeks after treatment, the mice were subcutaneously inoculated with
2.5x10° B16-F10 cells (half of the primary tumor) on the opposite (right) flank.
Concurrently, a group of age-matched C57BL6/J mice served as untreated controls to
ensure cellular viability and for comparison purposes. Tumor growth curves were plotted

from the day of the challenge (Figure 25).
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Figure 25. B16-F10 model challenged tumor growth curves for nsPEF groups. After
clearing the primary tumor, C57BL6/J mice were challenged by subcutaneously
inoculating them with 2.5%105 B16-F10 cells on the opposite flank approximately 7 weeks
after treatment. The treatment groups included survived animals from the primary tumor
(a) 500 pulses, (b) 1000 pulses, and (c) 500 Pulses with MWCNT. Tumors that regressed
are displayed in the black monochromatic scheme, while those that progressed after
challenge are shown in red. (d) B16-F10 model Kaplan-Meier survival curves after

challenge. The log-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests were performed

using GraphPad Software.

As shown, all untreated mice developed tumors within 3 weeks. Similarly, the

groups treated with 1000 pulses, 500 pulses, and 500 pulses with MWCNT exhibited
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comparable tumor development rates to the untreated controls. Tumor rejection was
observed in 0% (0/6), 0% (0/3), and 20% (1/5) of the challenged mice, respectively
among these groups. Consequently, no vaccine effect was observed in these experimental

treatment groups.

3.5 Conclusion

In conclusion, our study focused on the combination of nsPEF with MWCNT to enhance
tumor ablation. Through our research, we discovered that the utilization of nsPEF, and
MWCNT in combination yielded promising results. This combination approach
demonstrated improved tumor ablation efficacy by reducing the required charging effect
C57BL6/J mice model. These findings suggest that the integration of nsPEF, and
MWCNT holds significant potential in advancing cancer therapy and promoting tumor
clearance. Further investigations and clinical studies are warranted to validate and expand
upon these encouraging results, ultimately paving the way for more effective and targeted

cancer treatment strategies.
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CHAPTER 4:

Discussions

4.1 Invitro studies of cell responses to nanosecond pulsed electric fields

The first chapter shows that nanosecond pulses generated by commonly used
pulse generators (PFL and BL) with the same pulse duration and essentially the same
electric field and frequency distributions can result in different cell responses owing to
distinct post-pulse waveforms determined by their dissimilar circuit topology. These
subtle post-pulse waveform differences, which have been overlooked, can have a
significant impact on functional outcomes. Specifically, the PFL post-pulse waveform
was unipolar, while the BL pulse was bipolar. For instance, at 4 kV, the PFL pulse
exhibited a small post-pulse waveform (5% of the main pulse, same polarity) lasting
approximately 2 ps. Conversely, the BL pulse had an even smaller post-pulse waveform
(1-2% of the main pulse, opposite polarity) but lasted longer (~50 us). These post-pulses
were a result of their electrical configurations being unique. In the PFL configuration, the
load (cells in cuvette) was isolated from the charging circuit by a switch. After the switch
closed, allowing the 100 ns pulse current flow, there was a brief charging current from
the high voltage power supply. However, this current stopped quickly as the switch
recovered and isolated the load from the charging circuit. The recovery process occurred
on a scale of 2 ps, much shorter than that of a conventional spark gap switch [49]. This

could be attributed to the small energy involved (100 mJ) and the short pulse duration
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(100 ns), whereas a conventional spark gap switch can handle >10 J and conduct for >1
ms. In our case, the discharge mode might involve a streamer-arc channel without
significant heating of the ambient air, allowing for a rapid switch recovery. On the other
hand, in the BL configuration, the load was continuously connected to the BL and
remained in the charging loop regardless of the switch state. A small charging current
was present throughout the charging time until the BL was fully charged before the next
pulse (Figure 1a).

The time distinction in cell responses to PFL pulses and BL pulses, as
summarized in Figure 14, can be attributed to the differences in their post-pulse
condition. During the main pulse interval, the frequency contents, charges, and energy of
both types of pulses were almost identical, with some cases where the BL pulses
exceeded the PFL pulses. In overall, cells exhibited greater sensitivity to the PFL than the
BL pulser with lower pulse numbers or electric field intensities for inducing cell
membrane permeability, dissipation of AWm, a decrease in mitochondrial SRC, a
biphasic effect on tPMET, and eventual cell death. These differences in the cell responses
to these waveforms have potentially unique application for inducing non-lethal effects
that can specifically affect cell physiological fate as well as pathological outcomes. Also,
the biphasic behavior holds significant implications for enhancing the efficacy of ablation
procedures and potentially facilitating cellular differentiation in cancer therapy,
ultimately leading to the prospect of in-situ vaccination. Interestingly, both pulse types
demonstrate a similar dependence on pulse number in terms of ROS production. Despite
the post-pulse having a magnitude of less than 5% of the main pulse and lasting for a

longer duration (50 ps), its low intensity is still expected to decrease the membrane
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potential caused by the main pulse. To the best of our knowledge, this is the first time
that charging current, which is reflected as a post-pulse, has been reported to have such a
significant effect on cellular response. This work highlights the importance of
considering the charging characteristics in pulse generator design and when comparing

cell responses under similar pulse conditions.

4.2 Invivo studies with nanosecond pulsed electric fields

Second chapter shows that the combination of nanosecond pulses with CNT can
enhance the nsPEF and improved tumor ablation efficacy by reducing the required
pulsing condition on C57BL6/J mice model by at least two times as shown by reducing
the charging requirement for ablation from 5.0 to 2.5 Vs/cm to. These results hold the
promise that by reducing the pulsing conditions, it can facilitate the use of PFL in in vivo
studies, despite its half-charging voltage output. The combination with carbon nanotubes
addresses and resolves this limitation effectively.

To examine the impact of MWCNTSs in combination with nsPEF on B16F10 cells,
a concentration of 200 pg/mL was selected as the maximum non-toxic value for in vitro.
The dose-dependent nature of MWCNT cytotoxicity is revealed through toxicity
experiments involving various concentrations (Figure 18). The CNT utilized in this study
are carboxylated (Figure 17), which exhibits superior biocompatibility compared to
pristine CNTs. Kagan et al. showed that when human monocyte-derived macrophages
were incubated with carboxylated CNTSs, these nanotubes formed fewer intracellular
aggregates and had lower effects on cell viability compared to pristine SWNTSs [140].
Also, treatment of murine RAW 264.7 macrophages with pristine CNTSs resulted in

significant depletion of glutathione, an oxidative stress biomarker, in contrast to
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carboxylated CNTs treatment [141]. It is important to note that variations in CNT
functionalization density, used doses, and incubation time can yield different results.
However, it is evident that an increase in the purity and functionalization of CNTs may
enhance their cytocompatibility. It is crucial to consider that despite functionalized CNTs
showing improved cytocompatibility, they can still induce dose-dependent cytotoxic
effects [147]. Nevertheless, in both in vitro and in vivo studies, the use of 200 ug
carboxylated multi-walled carbon nanotubes (MWCNT) did not exhibit a significant
effect on cell viability (in vitro) and did not impede tumor growth compared to the
control group (in vivo). Meng et al. investigated the organ toxicity and immunological
reactions induced following subcutaneous administration of 1 mg of carboxylated
MWNTSs to BALB/c mice [152]. Histological analysis of heart, liver, kidney and spleen
excised from the mice over a period of 2 to 90 days post MWNTSs injection revealed
normal histology with no apparent accumulation of MWNTS.

The combination of nsPEFs with MWCNT resulted in an enhancement of cell
death. Figure 20 shows the addition of MWCNTSs significantly reduces the cell viability
and required lower charging conditions to reach the 1C-50. As a result, the nsPEF
threshold is reduced by the presence of MWCNT at least twofold [115, 155]. Similarly,
Figure 24 illustrated the consistent trend in the in vivo model. The 1000 pulses (10
Vs/cm) successfully ablated the tumor, resulting in 6 out of 7 (86%) mouse survival mice.
However, when the pulse number was reduced to 500 pulses (5 Vs/cm), only 3 out of 7
(43%) mice survived due to the insufficient charging required for ablation. only 3 out of 7
(43%) mice survived due to the insufficient charging required for ablation. The survival

rate when 500 pulses were combined with MWCNT was the same as that of 1000 pulses
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(6 out of 7, 86%), which showed the combination of nsPEFs with MWCNT resulted in an
enhancement of tumor ablation due to the CNT properties. One contributing factor is the
unique electrical properties of MWCNT, characterized by their favorable metallicity, as
evidenced by conductivity measurements [156] (Figure 20). The conductivities of the
suspension in the presence and absence of MWCNTSs were 1.2 and 1.15 S/m,
respectively.

The addition of MWCNTSs to the media not only increases its conductivity but
also offers additional benefits. Due to the high aspect ratio which showed on TEM
(Figure 26) and excellent electrical conductivity of CNTs, they can enhance the local
field strength [42]. When a CNT is inserted into a region of uniform electric field, it
generates a phenomenon known as the "lightning rod" effect, where an intensified electric
field is formed at the tip of the CNT. The amount of electric field enhancement at the
CNT tip is proportional to its aspect ratio (L/D) [43]. This concentrated field strength is
hypothesized to have a crucial role in promoting cell death.

Additionally, the ability of CNTSs to penetrate the cell membrane, resembling
nano-needles, could be explained by a theoretical nanosyringe mechanism simulated by
Lopez et al. for nanotube insertion into the lipid bilayer [44]. Molecular dynamics studies
by Lopez and colleagues demonstrated that a hydrophobic nanotube with hydrophilic tips
initially adsorbs horizontally onto a model membrane. Subsequently, the nanotube
spontaneously changes its orientation from horizontal to vertical alignment, forming a
transmembrane pore-like orientation through the bilayer. This hypothesis suggests that it
may also enhance the poration of the cell membrane followed by nsPEF. Moreover, other

studies showed that CNTs in the presence of electric or electromagnetic fields can induce
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mechanical damage through direct physical contact with the cell membrane [114, 157,
158]. The rotational motion and torque (t) induced by CNT can enhance the effect of
nsPEF by facilitating the penetration of the nanotube through the membrane [114, 158].
A stronger electro-response is obtained when CNTSs are combined with low-intensity
electric pulses [115]. Due to their substantial specific surface area and strong surface
electrostatic interaction, CNTs tend to adsorb randomly around the cell membrane prior
to the application of an electric field. Some CNTs may also bind to cell membrane
phospholipids [114]. There is no effect of CNTs on cell morphology at this time.
However, when the electric field is applied, the CNTs respond by undergoing movement
and rotation, aligning with the direction of the electric field. As the CNTSs rotate, the force
exerted at their tips mechanically deforms and perforates cell membranes [157, 158].
Despite the enhancement in tumor ablation achieved through this combination, it
did not manifest an increase in vaccine effect or in situ vaccination following treatment.
Figure 25 showed that all tumor-free mice developed tumors within 3 weeks, when the
rodents were re-injected with tumor cells. Similarly, the groups treated with 1000 pulses,
500 pulses, and 500 pulses with MWCNT exhibited comparable tumor development rates
to the untreated controls. Tumor rejection was observed in 0% (0/6), 0% (0/3), and 20%
(1/5) of the challenged mice, respectively among these groups. Consequently, no vaccine
effect was observed in these experimental treatment groups in the ectopic mouse
melanoma model, consistent with findings by Rossi et al [39], where only a few animals
exhibited tumor rejection as a vaccine effect. A notable challenge identified in these cases
was the persistent presence of immunosuppression in the TME [38], as highlighted by

Guo et al [36].
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It seems that there are two distinct thresholds or types of targets that need activation to
achieve tumor-free animals on one hand and tumor-free animals with an in situ
vaccination effect on the other. The hypothesis suggests that the vaccine effect is
attributed to an "optimal™ form of nsPEF-induced regulated cell death (RCD), specifically
one that is considered immunogenic. This type of RCD allows dendritic cells (DCs) to
effectively detect cancer antigens and present them to T-cells through cross-presentation,
as reviewed by Galluzzi et al [40]. NsPEFs were demonstrated to induce intrinsic
apoptosis in Jurkat cells, as evidenced by caspase-3/9 activation, along with cytochrome ¢
release into the cytoplasm, as reported by Beebe et al [162]. Ren et al. reported in APAF1
knockdown Jurkat cells that nsPEFs induced caspase-dependent apoptosis at lower
electric fields, while at higher electric fields, it led to caspase-independent regulated cell
death (RCD) [163]. Figure 22 shows that in B16F10 nsPEF or MWCNT or their
combination did not induce caspase activation although the pulse treatment severely
impaired cell viability (Figure 19), which agrees with Pescatori et al. They reported that
incubating carboxylated or amine-functionalized MWNTSs with Jurkat T cell line or THP-
1 monocytic cell line did not induce cell apoptosis [146]. Interestingly, nsPEFs do not
induce apoptosis in two cell types known for inducing tumor elimination with vaccine
effects and in situ vaccinations [2]. The cell death mechanism(s) in these to models of in
situ vaccination are not yet known, although 4T1-luc cells were shown to be
immunogenic in response to nsPEFs [34].

Given that the PFL induces distinct cellular responses | first chapter, exploring its
potential for in vivo studies becomes a valuable avenue for further investigation. In our in

vivo studies, nanosecond pulses include around 100 ns durations, 1000 pulses at 50
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kV/cm (5 Vs/cm), can be safely eliminated a melanoma tumor. These conditions render
the PFL less practical due to its half-charging voltage output, thereby raising safety
concerns. Consequently, to overcome this limitation, we used our standard BL pulser, and
integrated it with CNTs. This combination enhances the nsPEF and offers potential
benefits for future studies by enabling the use of lower nsPEF conditions while

harnessing the advantages of the PFL pulser.
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CHAPTER 5:

Conclusions

The main objective of this thesis is to explore the effects of nsPEFs on cells and tumor
tissues. The strategies employed include in vitro exposure of B16f10 melanoma cells to two
different pulse generators that exhibit different post-pulse waveforms that differentially affected
cell responses such that the PFL generator waveform induced cell responses at lower thresholds
for most importantly reducing cell viability, dissipating the A¥Ym, and diminishing the
mitochondrial spare respiratory capacity than the BL generator waveform. The differences in the
cell responses to these different waveforms have potentially unique application for inducing non-
lethal effects, that can specifically affect cell physiological fate. This can be seen for enhanced
electron transport in response to the PFL that is absent with the BL.

These studies also show that a PFL generator could possibly produce more effective
tumor elimination that could more readily lead to effective immune responses and in situ
vaccination to B16f10 melanoma tumors, which is absent in the present in vivo BL pulse
generators in this melanoma model. This may also translate to other cancer models where
immunity and in situ vaccination are absent such as in the mouse Pan02 pancreatic model.
Nevertheless, to enhance tumor elimination, it demonstrated my hypothesis that CNT reduced
the charging effect to eliminate 85-90% of B16f10 tumors by at least two-fold by one or more
mechanisms. While in vitro results do not always translate to in vivo tumor models, it is

noteworthy that CNT decreased the charging requirement for cell death and tumor elimination by
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two-fold in vitro and in vivo. This two-fold decrease in charging requirement may be helpful
with a PFL generator in vivo requiting twice the voltage.

Overall, the results gained from in vitro and in vivo nsPEF treatment of B16f10
melanoma cells and tumors provided new insight in 1) possibilities for nsSPEF waveforms to
induce selective physiological cell responses related to electron transport, metabolism,
differentiation, proliferation, and other redox cell processes, 2) possibilities to reduce the
charging requirement for tumor elimination with the addition of CNT to nsPEF treatment of
tumors and 3) the possible application of a more effect pulse generator with PFL configuration

for tumor elimination and possibly immunity.
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