Old Dominion University

ODU Digital Commons

Biomedical Engineering Theses & Dissertations Biomedical Engineering

Summer 8-2020

Validation of Nanosecond Pulse Cancellation Using a Quadrupole
Exposure System

Hollie A. Ryan
Old Dominion University, hryan4@alumni.jh.edu

Follow this and additional works at: https://digitalcommons.odu.edu/biomedengineering_etds

b Part of the Bioelectrical and Neuroengineering Commons, Biomedical Commons, Biophysics

Commons, and the Electromagnetics and Photonics Commons

Recommended Citation

Ryan, Hollie A.. "Validation of Nanosecond Pulse Cancellation Using a Quadrupole Exposure System"
(2020). Doctor of Philosophy (PhD), Dissertation, Electrical & Computer Engineering, Old Dominion
University, DOI: 10.25777/89kj-z744

https://digitalcommons.odu.edu/biomedengineering_etds/13

This Dissertation is brought to you for free and open access by the Biomedical Engineering at ODU Digital
Commons. It has been accepted for inclusion in Biomedical Engineering Theses & Dissertations by an authorized
administrator of ODU Digital Commons. For more information, please contact digitalcommons@odu.edu.


https://digitalcommons.odu.edu/
https://digitalcommons.odu.edu/biomedengineering_etds
https://digitalcommons.odu.edu/biomedengineering
https://digitalcommons.odu.edu/biomedengineering_etds?utm_source=digitalcommons.odu.edu%2Fbiomedengineering_etds%2F13&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/231?utm_source=digitalcommons.odu.edu%2Fbiomedengineering_etds%2F13&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/267?utm_source=digitalcommons.odu.edu%2Fbiomedengineering_etds%2F13&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/4?utm_source=digitalcommons.odu.edu%2Fbiomedengineering_etds%2F13&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/4?utm_source=digitalcommons.odu.edu%2Fbiomedengineering_etds%2F13&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/271?utm_source=digitalcommons.odu.edu%2Fbiomedengineering_etds%2F13&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/biomedengineering_etds/13?utm_source=digitalcommons.odu.edu%2Fbiomedengineering_etds%2F13&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@odu.edu

VALIDATION OF NANOSECOND PULSE CANCELLATION USING A

QUADRUPOLE EXPOSURE SYSTEM

by

Hollie Ann Ryan
M.S. May 2013, Johns Hopkins University
M.A. November 2004, Royal Military College of Canada
B.Soc.Sci. May 1998, University of Ottawa

A Dissertation Submitted to the Faculty of
Old Dominion University in Partial Fulfillment of the
Requirements for the Degree of
DOCTOR OF PHILOSOPHY
BIOMEDICAL ENGINEERING
OLD DOMINION UNIVERSITY

August 2020

Approved by:

Shu Xiao (Director)
Christian Zemlin (Member)
Chungi Jiang (Member)

Patrick Sachs (Member)



ABSTRACT

VALIDATION OF NANOSECOND PULSE CANCELLATION USING A QUADRUPOLE
EXPOSURE SYSTEM

Hollie A. Ryan
Old Dominion University, 2020
Director: Dr. Shu Xiao

Nanosecond pulsed electric fields (nsPEFs) offer a plethora of opportunities for
developing integrative technologies as complements or alternatives to traditional medicine.
Studies on the biological effects of nsPEFs in vitro and in vivo have revealed unique
characteristics that suggest the potential for minimized risk of complications in patients, such as
the ability of unipolar nsEPs to create permanent or transient pores in cell membranes that trigger
localized lethal or non-lethal outcomes without consequential heating. A more recent finding was
that such responses could be diminished by applying a bipolar pulse instead, a phenomenon
dubbed bipolar cancellation, paving the way for greater flexibility in nsPEF application design.
Transitioning nsPEFs into practical use, however, has been hampered by both device design
optimization and the intricacies of mammalian biology. Generating electric fields capable of
beneficially manipulating human physiology requires high-voltage electrical pulses of
nanosecond duration (nsEPs) with high repetition rates, but pulse generator and electrode design
in addition to the complex electrical properties of biological fluids and tissues dictate the strength
range and distribution of the resulting electric field. Faced with both promising and challenging
aspects to producing a biomedically viable option for inducing a desired nsPEF response that is
both focused and minimally invasive, the question becomes: how can the distinct features of
unipolar and bipolar nsPEF bioeffects be exploited in a complex electrode exposure system to
spatially modulate cell permeabilization?

This dissertation presents a systematic study of an efficient coplanar quadrupole electrode
nsPEF delivery system that exploits unique differences between unipolar and bipolar nsPEF
effects to validate its ability to control cell responses to nsPEFs in space. Four specific aims were
established to answer the research question, with specific attention to the roles played by pulse
polarity, grounding configuration and electric field magnitude in influencing nsPEF stimulation
of electropermeabilization in space. Using a prototype wire electrode applicator charged by a

custom-built multimodal pulse generator, the aims were to spatially quantify



electropermeabilization due (1) unipolar and (2) bipolar nsPEF exposure, to (3) apply
synchronized pulses with a view to canceling bipolar cancellation (CANCAN) through
superposition that could shift the effective nsPEF response, and to (4) evaluate the ability of the
quadrupole system to facilitate remote nsPEF electropermeabilization. Numerical simulations
were employed to approximate the nsPEF distribution for a two-dimensional (2-D) area resulting
from unipolar, bipolar or CANCAN exposure in a varied-pulse quadrupole electrode
configuration. For all experiments, the independent variables were fixed for pulse width (600 ns),
pulse number (50) and repetition rate (10 Hz). Electropermeabilization served as the biological
endpoint, with green fluorescence due to cell uptake of the nuclear dye YO-PRO-1® (YP1)
tracer molecule serving the response variable. An agarose-based 3-D tissue model was used to
acquire, quantify and compare fluorescence intensity data in vitro, which was measured by
stereomicroscopy to enable macro versus micro level 2-D visualization.

Results of this investigation showed that increasing the magnitude of the applied voltage
shifts unipolar responses from localization at the anodal to cathodal electrode, and that adding a
second proximal ground electrode increases the response area. Bipolar nsPEF responses were
generally less intense than unipolar, but these depended on both the inter-electrode location
measured and amplitude of the second phase. CANCAN preliminary indicated some ability to
decrease strong uptake at electrodes, but evaluation across experimental and published data
indicate that greater differences between unipolar and bipolar responses are needed to improve
possibilities for distal stimulation. Overall, this work demonstrated the potential for more
complex pulser-electrode configurations to successfully modulate nsPEF electropermeabilization
in space by controlling unipolar and bipolar pulse delivery and contributed to a deeper
understanding of bipolar cancellation. By providing a set of metrics for test and evaluation, the
data provided herein may serve to inform model development to support prediction of nsSPEF
outcomes and help to more acutely define spatial-intensity relationships between nsPEFs and cell

permeabilization as well as delineate requirements for future non-invasive nsPEF therapies.
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CHAPTER 1

INTRODUCTION

Whether it is pain, anxiety, depression or a major disease, there is no “magic bullet” for
treating these or other pervasive medical conditions without concomitant negative health or
financial consequences. Demands for medical treatment technologies with higher specificity,
lower mortality and lower costs thus persist, but what if it was possible to control the body’s
natural responses to stress to promote healing without the risk of drug dependency or to destroy
disease without damaging healthy tissue? This dissertation focuses on the exploitation of
characteristic properties of nanosecond pulsed electric fields (nsPEFs) to assess how the
permeabilization of mammalian cells can be modulated using a versatile quadrupole electrode
system. This first chapter provides context by introducing the history and technology behind
nsPEF research and details the motivations for the current work. It concludes by laying out the
research strategy pursued, including an overview of how bipolar cancellation may be applied as a
unique nsPEF phenomenon to improve the control of biological responses to a quadrupole
electrode exposure to support a potential biomedical application. It sets up an approach for next
step in nsPEF study that supports the long-term development of a bioelectric technology that can

deliver more efficient, safer and less invasive forms of treatment than conventional medicine.

1.1  Electrical Properties of Cells and their Behavior in an Electric Field

Long considered a potentially safe and viable alternative or complement to traditional
medicine [7], electromagnetic (EM) energy has the potential to meet many of the current
challenges in medicine. By exploiting the EM energy inherent in biological systems, for several
decades, therapeutic doses of direct electrical current (DC) have been shown to augment healing
of chronic wounds in human subjects and induced wounds in animal models. In early studies of
cell cultures using microsecond (us) and millisecond (ms) long pulses, electric fields were shown
to influence the migratory, proliferative, and functional capacity of cells involved in the healing
process.

In biomedical research, much of the work is focused on alleviating illness or enhancing

physical function. The human body relies on the integrated activity of multiple life processes to



execute organization, responsiveness, movement, respiration, metabolism, reproduction, growth,
homeostasis, cognitive abilities, digestion, and excretion in fine-tuned balance for the well-being
of the individual and to maintain life. Despite these various functions, the basic element common
to all is the mammalian cell. Each tissue, muscle, nerve and skin cell is similarly composed in
that it contains most of the same organelles and has essentially the same construction: a nucleus
surrounded by cytoplasm contained by a plasma membrane. The ability each cell has to respond
in different ways to various stimuli allows for the particular functioning of a biological system.
How a cell can respond to these exogenous physiological stimuli is a matter of the various
signaling networks and pathways that provide cells the means to respond precisely and
effectively.

Part of what defines these signal transduction mechanisms is based on what are
inherently electrical features of cells. As electrical energy requires a medium in which to travel,
the physical properties of the various cellular components influence how energy is transmitted.
Biological cells are made up of charge carriers in the form of ions and charged molecules whose
motion and ability to exchange energy with their environments are responsible for driving
cellular processes. Modern understanding of how these components interact with each other
permits the formulation of modules that act as discrete functional systems. For instance, the
extracellular medium, cytoplasm and organelle interiors serve as conductive electrolytes,
whereas the plasma and organelle membranes act as insulators. A biological cell can thus be
modeled as an electrical circuit, where the capacity of various cellular compartments to either
separate charges or prevent their flow are defined as capacitors or resistors, respectively (Fig. 1-
1).

Fig. 1-1 Electric circuit model of the cell. Such models differ in complexity and may
(@) include or (b) exclude the nucleus, for example.



The lipid molecules that are arranged to form the plasma membrane act as a dielectric
layer, the interior of which is the conductive cytoplasmic medium. Cell membranes are not
perfect insulators, however, due to the presence of protein channels and pumps that actively
transport ions against their concentration gradient with the help of ATP. This activity functions
to maintain higher intracellular concentrations of Na*, Ca?* and CI- relative to extracellular
concentrations, with the reverse being true for K*. Membranes at equilibrium also comprise
many open K* channels that allow intracellular potassium ions to passively diffuse through the
membrane into the extracellular space, which results in the accumulation of positive charge on
the outside of the cell and of negative charges on the inside, close to the membrane. This
difference in charge creates a potential difference across the membrane of between 50 and 70
mV. Since the maintenance of these concentration and electrical gradients is necessary for
biological health, disruption from any source can impact essential biological process in ways that
may be either harmful or helpful.

One way to interfere with this homeostasis is through the application of an exogenous
electric field. Electric fields have demonstrated a range of effects on cells and tissues [8-16] and
can affect cell division, polarization and migration, in particular at low intensities (tens of
mV/cm to a few V/cm) [17]. Incorporating experimental findings, electrical model simulations
show that exposing a cell to a sufficiently high pulsed electric field (above a few hundred V/cm
to one kV/cm) generated from a ~1 microsecond (ps) to ~20 millisecond (ms) pulse charges the
plasma membrane by accumulating charges and altering the resting potential difference across it
[18-21]. This activity creates pores in the lipid bilayer in a process known as “electroporation”
[22, 23] leading to increased permeability of the cell membrane and allowing molecules as large
as DNA to pass through. With pore transience or permanence depending on the magnitude of the
field, this effect has respective biomedical applications in gene transfection and drug delivery or
tissue ablation [24]. Because these traditional pulses primarily operate at the plasma membrane
and the application is longer than the membrane charging time constant, they can produce
unwanted heating and painful consequences such as nerve stimulation and muscle contraction, as
well as other undesirable effects in non-target tissue areas. With longer pulse durations, it takes
longer for charges to accumulate along the membrane than it does to charge the plasma

membrane itself [25].



With pulses in the nanosecond range, as the membrane is charged within a time frame
that is shorter than the pulse duration, intracellular components are effectively shielded from the
exogenous electric field, much like how a Faraday cage operates. For a sub-microsecond (L)
pulse, the timescale during which the corresponding electric field is applied is shorter than the
charging time of the plasma membrane such that, at higher potential, charges are unable to amply
accumulate at the plasma membrane, allowing the field to be experienced inside the cell.
Notwithstanding the above, generating electric fields capable of sub-cellular manipulation,
especially that may be medically beneficial, requires high-voltage electric pulses. Advances in

pulsed power technology over the last two decades have made that possible.

1.2  Biological Effects of nsPEFs

Electric pulses with nanosecond durations (nsEPs) producing kVV/cm magnitude electric
fields have been available since the mid-1990s. Nanosecond pulsed electric fields (nsPEFs) are
characterized as high voltage (>1 kV/cm), ultra-short (sub-us) electrical pulses capable of
inducing cellular responses distinguished from those typical of longer pulses. Research over the
past few decades on the effects of nsPEFs has demonstrated minimal to no risk of side effects
[26], offering opportunities for the development of alternative biomedical therapies with greater
flexibility and clinical potential. While the plasma membrane is particularly more responsive to
longer pulses than with short ones [27], nsPEFs can stimulate various types of biological
responses in a highly cell-specific manner, namely the creation of dense, homogenous
‘nanopores’ in the plasma membrane [28], much smaller than those of conventional
electroporation with diameters less than 1 nm.

NsPEF induced membrane permeabilization (“electropermeabilization”) effects are
usually measured indirectly based on the degree to which a cell or cells allow the passage of
fluorescent molecules across the plasma membrane. Early published research on the effects of
nsPEFs on various cell types reported biological responses without permeabilization based on the
absence of cellular uptake of such plasma membrane integrity markers as Trypan blue and
propidium iodide [29-31]. Observations from experiments since have supported the notion that
nsPEFs can disrupt the cell membrane in various ways [18, 32], among which is the
externalization of phosphatidylserine (PS), a common indicator of apoptosis [33] in addition to

cell swelling [2, 22] and small molecule uptake [33-35]. Computational models that show



nsPEFs form nanometer scale pores in the plasma membrane [36-38] corroborated claims of the
latter’s disruption from nsPEFs, suggesting that the fluorescent molecules traditionally used to
detect membrane permeability (e.g. PI, ~1.5 nm in diameter) were too large to pass through these
nanopores, especially those formed by nsPEFs of lower relative field strength or pulse number
[28] Despite these findings, the debate regarding the size, duration and transmembrane passage
properties of nanopores persists.

The implication that nanopore size may restrict certain biological marker molecules from
passing through the cell plasma membrane was confirmed by the subsequent demonstration of
nsPEF electropermeabilization by detection of early uptake by smaller fluorescent markers YO-
PRO®-1 (with a Van der Waals diameter ~1 nm) and thallium (~0.39 nm) plus thallium-
sensitive fluorophore, followed by PI detection [39, 40] leading to the conclusion that nsPEF-
induced nanopores are smaller than 1.0-1.5 nm. However, the sensitivity of membrane-
impermeant fluorescent dyes is limited by the number and size of pores generated. For weaker
nSPEF exposures, this means there must be enough fluorescence emission due to pore formation
to distinguish it from background, along with available and effective imaging systems.

In the last decade, in addition to nanopore formation, researchers have reported changes
in cell volume, notably swelling, following nsPEF exposure [41, 42]. Increases in cell volume
are most likely due to water uptake initiated by an nsPEF-induced osmotic imbalance across cell
plasma membrane [41, 43, 44]. Smith et al. (2008) [45] demonstrated that nsPEF pore creation
dominates pore expansion, meaning that the flux of smaller species like calcium and monovalent
ions that cause osmotic imbalance exceeds the transport of even the smallest dye molecules
through nanopores created by nsPEF exposure. In work performed leading into this dissertation
[2] and briefly described in Chapter 2, it was observed that a 20 kV/cm exposure that just a
single 600 ns pulse could induce cell swelling. These findings suggest a role for cell swelling in
serving as a highly or even more sensitive indicator, beyond the common fluorescent indicators
of membrane integrity, of nsPEF-induced electropermeabilization.

Another hallmark of nsPEF effects is that exposure may also disrupt intracellular
structures such as organelle membranes and modulate cell signaling functions, which may or
may not exhibit observable effects at the outer plasma membrane. With sufficiently high field
strength, nsPEFs can penetrate the plasma membrane to reach the cell interior and create a

potential difference across organelle membranes substantial enough to permeabilize them [33,



36-38, 45-48], opening up possibilities for nsPEF in targeting and manipulating intracellular
compartments and components without destroying the cell. This concept offers the potential for
intracellular applications including nsPEF control of apoptosis [18, 30, 31], malignant tumor
reduction or elimination [19, 49], neuromuscular response stimulation [30, 50, 51], and platelet
activation and growth factor release to promote wound healing [52]. Intracellular studies of
nsPEFs that may trigger, for example, metabolic responses or changes in gene expression, are
still nascent, and such effects are, in any case, beyond the scope of this investigation.

1.3 Factors Affecting the Electropermeabilization Response to nsPEFs

The type of physiological response biological cells give to nsPEF exposure varies based
on multiple possible pulse parameters and exposure conditions, namely pulse shape, duration,
rise time, number, frequency and repetition rate, as well as electric field strength, medium
conductivity, target density and electrode arrangement. Along with these pulse parameters,
nsPEF efficiency depends on cell type, cell concentration and even the ambient temperature [53].
According to Zimmermann et al. (1974) [54], cell size also affects electropermeabilization since
the transmembrane potential is proportional to the cell radius. Lower intensity electric fields are
thus required to achieve membrane permeabilization in larger cells. In order for nsPEF exposure
protocols to be optimized, it is thus crucial that experimental studies provide data on the above
variables. Information gleaned from these can then allow researchers to predict the biological
effects linked to nsPEF exposure and design appropriate pulsing protocols with less guesswork

and time invested.

1.4 Impediments to Clinical Translation of nsPEFs Technology

Despite the potential nsPEF has for multiple applications, the lack of flexibility inherent
in current nsPEF delivery confounds ideal matching between biologically effective nsPEFs and
complex target treatment areas. Tackling this problem requires overcoming multiple challenges.
First, to optimize research outcomes, pulse generators must have the capacity to generate high-
voltage pulses with waveform quality suited to the desired biomedical application (e.g. on-
microscope versus in vivo versus clinical). Pulse generators are still largely custom-built and
exclusively unipolar (UP) or bipolar (BP), and although simple conversion of the former to the

latter is achievable, fidelity of wave shape and symmetry is often lost and subsequent phases tend



to suffer from longer fall times [55, 56]. Second, effective nsPEF system biological interface
design requires accounting for topological, dielectric and size differences. Electrode geometries
commonly used to generate nsPEFs — typically parallel plate or needle-like configurations —
introduce spatial constraints or are inherently invasive, and electric field values beyond regions
that are strictly of uniform field are often assumed or ignored in analyses [27]. The third
challenge is closing the enduring knowledge and/or consensus gap regarding physical and
biophysical mechanisms of nsPEF action. While researchers generally accept the equivalent
circuit model of the cell [57] and the role of biomolecules such as Ca?* in many observed effects,
the multitude of parameter combinations confound holistic comprehension of direct links
between nsPEF and biological responses. Requirements therefore often exceed the capacity of
most available custom-built systems to adapt. Better tools and techniques are needed to improve

the ability to spatially predict biological responses and to control nsPEF generation.

1.5 Bipolar Cancellation

Perhaps one of the most relevant discoveries in nsPEF research over the past decade has
been that of “bipolar cancellation” (BPC), a term used to describe a phenomenon whereby
biological responses to UP nsEPs — namely viability, membrane permeabilization and
intracellular calcium release — are reduced or obliterated when a second phase of opposite
polarity is applied (Fig. 1-2) [58]. What makes BPC remarkable is the fact that bipolar nsEPs
were shown to be much less efficient than unipolar nsEPs despite twice the duration and assumed
energy [59]. While the mechanisms of bipolar cancellation remain unknown, early research
findings warrant the exploration of how BPC can be applied to modulate nsPEF bioeffects.
While there is some evidence to conclude that BPC is not strictly limited to nanosecond pulses
[60], given the specificity of nsPEF bioeffects, BPC in this context provides an opportunity to
overcome the hurdle of nsPEF precision by presenting the possibility of tailoring electric pulses
to modulate specific biological responses. This topic is elaborated on in Chapter 2.

1.6 CANCAN

As ions and charged molecules are influenced by the electric field when a biological cell
is placed inside it. The presence of multiple electrodes, each contributing to the existing electric

field in a system, means a method can be devised to control the biological response. It is



expected that varying the voltage difference between two or more electrodes can alter the
effective field and thus enable control of the spatial biological response. As biological responses
to UP nsPEFs are known to be typically stronger than responses to BP nsPEFs, with the right
exposure system, bipolar cancellation may be exploited using a specific pulsing technique to
deliberately weaken biological responses at electrodes, where the field is typically highest, and
strengthen them at a point away from the electrodes, increasing flexibility and improving focus
(Fig. 1-2). The effectiveness of the method depends on the shape and orientation of the

conducting surfaces, which dictate how charges are distributed.

Fig. 1-2 Biomedical application for bipolar cancellation. If electrodes are properly configured, the
strongest nsPEF from a unipolar pulse will be delivered to a target tissue area while non-target tissues
will be exposed to weaker bipolar nsPEFs.

Pakhomov et al. [61] suggested that it might be possible to synchronize the delivery of
multiple independent nsEPs in a two-fold process that relies on the proper combination of
electrode configuration and bipolar pulse synchronization to produce a biologically effective UP
nsPEF at a distal target. A near-term goal of this work was to demonstrate remote
electrostimulation through the application of properly shaped nsEPs in an electrode configuration
that would shape the resulting electric field to a target tissue area. It was expected, for example,
that if two independent pulses of equal amplitude, but opposite polarity were delivered
simultaneously to electrodes in a linear configuration, a region of “0” field would result. By the
same vector calculation approach, given a bipolar nsEP with number of phases ¢ in the same
configuration, if a matching separate pulse with ¢-1 was initiated at the second phase, the

opposing vector electric fields would cancel each other, leaving only the electric field resulting



from the unipolar pulse (¢ = 1). The effect of bipolar cancellation would essentially be cancelled
by the subsequent pulse. This cancellation of cancellation is referred to as CANCAN [6].
Limited knowledge of bipolar cancellation and its study in primarily uniform electric
fields constitute two major gaps in effectively applying variable polarity nsEPs in a manner that
is both focused and minimally invasive. Several variations of research-grade solid-state and non-
solid state [62] DC-powered nanosecond pulse generators capable of producing unipolar and/or
bipolar rectangular waveforms are in operation for research purposes, but electrode interfaces
used to study nsPEF both in vitro and in vivo are either invasive or impractical for medical use.
One approach to closing this gap was to marry controlled nanosecond pulse generation with an
appropriate method of delivery, which in this case was a moderately complex electrode
geometry. This would enable spatial alteration of both the vector and strength of the PEF and
allow for cell responses to be potentially modulated by field strength and/or pulse phase polarity.
Ultimately, by synchronizing the delivery of anti-polar pulses, typically high nsPEF cell
responses proximal to electrodes could be eliminated or reduced while being enhanced distally.
This work revealed factors influencing remote nsPEF stimulation achievement, permitting better

approaches to realizing versatile, non-invasive, precision-based biotechnology to be defined.

1.7 Research Strategy

The purpose of this research was to test and evaluate the ability of a coplanar quadrupole
electrode system to spatially modulate cell membrane permeabilization non-invasively through
the selective individual and synchronized surface application of unipolar and bipolar nanosecond
pulses. This was accomplished using electric field modeling and simulation, select in vitro
experiments, and image analysis in two dimensions (2-D) to assess responses for spatial,
waveform and dose-response resolution. Exposures were performed on cells suspended in a 3-D
agarose gel to mimic a simple tissue environment. Given its relatively small molecular size and
sensitivity to early membrane permeabilization events [35], cellular uptake of a known
concentration of a membrane-impermeable fluorescent nuclear dye was employed to visualize
electropermeabilization. Fluorescence was imaged by stereomicroscope and then analyzed using
image processing software.

The long-term goal is to optimize multimodal pulse delivery and enable remote

CANCAN through the application of synchronized polyphasic ultra-wide band or radiofrequency
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pulses. Accomplishing this goal will reduce the risk of unwanted high-field effects and eliminate
the possibility of contamination (of patient and/or equipment). Although such an optimized
design promises standoff exposure, the initial use here of an electrode-based system permitted
the limits of bipolar cancellation and the feasibility of a BPC application to be tested and
evaluated on a small, adaptable scale.

Formulated on the finding that a strong linear correlation exists between nsPEF strength
(“dose™) and electropermeabilization (“response”) under ideal conditions, the governing
hypothesis is that if the two are linearly correlated, the spatial cell response can be predicted if
the local electric field is known. By extension, given a known electrode geometry and biological
system characteristics plus a flexible nsEP generator, an electric field can be generated at a
region in space to produce a desired biological effect. A growing body of work is emerging in
the study of bipolar nsEPs, largely in uniform fields and in single cells, and is illustrated in more
detail in Chapter 2. These various approaches to studying the effects of bipolar nsPEFs have
revealed some interesting features of BPC, but many questions remain. The principle research
question here is, how can the distinct features of unipolar and bipolar nsPEF bioeffects be
exploited in a complex electrode exposure system to spatially modulate electropermeabilization?
Specifically, how do pulse polarity, grounding configuration and electric field magnitude
influence nsPEF stimulation in space?

Using coplanar quadrupole wire electrodes charged by a multimodal pulse generator, four
specific aims were established to answer these questions. Using the 2-D electric field magnitude
in a 3-D tissue model as the explanatory variable, these aims are: 1) to spatially quantify
electropermeabilization by unipolar nsPEF exposure; 2) to spatially quantify
electropermeabilization by bipolar nsPEF exposure; 3) to validate CANCAN as a technique for
implementing spatial modulation of nsPEF electropermeabilization; and 4) to evaluate the
remote nsPEF biomodulation capability of the coplanar quadrupole electrode system. Based on a
set of conditions and assumptions defining the scope of the thesis, special attention has been paid
to electrode geometry, the identification of specific exposure parameters necessary to induce
electropermeabilization, the differentiation of unipolar and bipolar nsPEF spatial responses, and
the spatial nature of the pulses generating the electric field. Incorporating the above, this

dissertation builds upon nsPEF and bipolar cancellation research to date by focusing on the



11

various objectives established for each specific aim plus additional delimitations and

justifications.

1.8 Significance

Significant and beneficial contributions to biomedical science and engineering, both
primary and secondary, were produced in achieving the above aims. The major innovation of this
effort was in moving beyond the standard dipole electrode system to a quadrupole electrode
system, expanding the study of nsPEF bioeffects from one dimension (1-D) to 2-D. The
combination of a novel modular nanosecond pulse generator and basic quadrupole electrode
design used in this study multiplied the flexibility of current nsEP delivery and nsPEF
generation, which has typically been limited by pulsers having the capacity to only produce a
single waveform by simple electrode geometry. The system allowed for increased parameter
control and variable active and ground positioning to create and alter a 2-D electric field gradient
profile, and to support the creation of biologically effective nsPEFs of various shapes in
numerous inter-electrode regions.

This work included a detailed analysis of the non-uniform 2-D electric field distribution
created by sophisticated pulse types. Computational modeling of the quadrupole electrode
system and numerical analysis of the non-uniform electric field in 3-D provided more insight
into spatio-temporal electric field dynamics than has been reported in previous studies, if
conducted at all. Specifically, time domain approximation of the electric field allowed for the
dynamic evolution of the localized pulse waveform to be observed and the electric field vector to
be identified and integrated into comparative analyses of in vitro responses.

The characterization of these exposure-response relationships represents the third main
contribution of this dissertation. The comparative analysis of electropermeabilization responses
to unipolar and bipolar pulse waveforms contributes to existing quantification of this relationship
through access to the corresponding field vector data that permits better understanding of the
nature of the membrane response. A broader spectrum of continuous, distributional unipolar and
bipolar nsPEF intensity profiles is provided in tandem with biological effects against a greater
range of data with which to better assess BPC and nsPEF-response relationships in the same
sample, such as macro-biological investigation of dielectric polarization. Visualization of

gradient responses also provides a more precise estimate of transitional states, namely the critical
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threshold for cell electropermeabilization, than other studies using discrete nsPEF data allow.

Finally, preliminary assessment of the CANCAN technique using this multimodal
exposure system demonstrated that some superposition of synchronized nsPEFs occurs in the
fringe field of blunt-end electrodes. This challenges the paradigm that effective electrode-based
treatments are limited to regions proximal to electrodes. Preliminary findings presented here thus
create possibilities for the selective and controlled application of unipolar and bipolar pulses and
further expands opportunities for remote nsPEF biomodulation technology.

In addition to the above, common features of multimodal pulse system operation are
illustrated and important variables for designing experimental protocols using surface contact
electrodes and a 3-D tissue model are highlighted. This dissertation contributes a holistic
analytical approach that gives both bipolar cancellation mechanistic insight as well as a
quantitative foundation to advance the state of medical nsPEF technology, supporting additional
engineering research and design using bipolar pulses so that nsPEF-based treatment regimens

can be optimized.

1.8.1 Scope and Delimitations

e NSsPEF electropermeabilization was spatially examined in cells cultured in a semi-solid
gel suspension after application of both unipolar and bipolar nsEPs to facilitate broad
understanding of the biophysical effect that nsSPEF magnitude, along with pulse polarity
and electrode grounding, have in 2-D.

e Electric field strength is specified here as the explanatory variable rather than the broader
term “dependent variable” because the same set of conditions that induce the membrane
response can also be described in terms of the applied voltage (or pulse amplitude) and
electrode geometry. It is also explanatory because limited understanding of the biological
mechanisms means that the degree to which secondary or tertiary level interactions may
influence nsPEF electropermeabilization is unknown.

e The biological endpoint was electropermeabilization, with the response variable defined
as intensity of green fluorescence due to cell uptake of a nuclear dye tracer molecule. Cell
membrane responses to nsPEF are known to correspond linearly with the electric field
generated in/at the biological target under an ideal set of nsEP conditions [3]. The

temporal dynamics of membrane permeabilization in general belongs in the realm of



13

biophysics, but since it was intended that this study leverage electropermeabilization to
visualize and indirectly verify the electric field distribution, a single timepoint was used
to measure the endpoint for all conditions tested. The investigation of other biological
endpoints was outside the scope of this study.

As electropermeabilization was predominately selected to aid visualization of a biological
response that has been shown to correlate strongly with the electric field magnitude, the
possible existence of bystander, abscopal or sub-cellular effects was acknowledged but
beyond the scope of this study.

It is acknowledged that both reversible and irreversible electropermeabilization could
have occurred at various points along the nsPEF gradient formed in the quadrupole field,
based in part on published research regarding membrane resealing after nsSPEF exposure
[63]. Confirming these dynamics across the area under study, however, was deemed
unnecessary, given the relatively short (<30 min) period within which data was collected
post-exposure.

To maintain gel integrity and because differences in temperature have been shown to
affect cell responses to nsPEF exposure, experiments were conducted at room
temperature (25°C + 2°C).

To allow meaningful analysis of results for a given electric field value at a point in space,
it was necessary to discretize fluorescence values across a gradient of ~5-10% of the in-
sample range due in part to the inherent variance arising from inhomogeneity of cell
distribution in the gel. Multiple exposures were performed in the same culture dish both
to reduce inter-sample variation and to conserve resources. Notably, the exposures
selected for this work relied on a gradient that would bracket the threshold expected for
electropermeabilization.

The models used to simulate nsEP delivery in order to numerically approximate the
complex electric field were not optimized. The use of electrodes with curved surfaces and
various combinations of high-voltage and ground electrode activation not only created a
time-variant, inhomogeneous electric field, but also presented some challenges in
assuring accurate measurements at edges and material interfaces. The goal in simulation
was to obtain reasonably accurate field values that could be roughly verified based on

well-known electropermeabilization response data and an available analytical solution for
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the simple case of the electrostatic model. Despite this lack of optimization, the care
taken to verify that Fourier transformed frequency spectra from experimental pulses
matched software-determined excitation signal spectra, and to ensure dielectric material
properties, mesh generation and input parameters obtained were sourced from published
peer-reviewed research and in-house experimentation, provided confidence that values
were well within expected ranges.

The strategy of quantitatively assessing electropermeabilization in 2-D substantially
expanded the data available for collection and thus the possibilities for exposure-response
analysis beyond what was feasible for this dissertation. Numerous avenues for design
modification and research interrogation therefore had to be restricted, beginning with
electrode shape. Various designs were initially modeled with different diameters to
determine which might produce the optimum focused electric field. While a rounded
applicator would have minimized fringe effects, a pre-made custom blunt-end wire
quadrupole electrode design was selected due to the challenges of locally manufacturing
a potentially more effective set of electrodes and of determining the proper perpendicular
alignment.

The higher-dimensional complexity associated with this research also necessitated
narrow delimitation of exposure parameters. The independent variables were thus limited
to a pulse duration, pulse number and repetition rate of 600 ns, 50 and 10 Hz,
respectively, for all experiments. It was already well known that applying multiple pulses
does not simply lead to additive effects, so the pulse number N of 50 pulses was selected
to avoid: 1) electrical breakdown at the load, which occurred during experimental
optimization at N = 100; 2) consequential heating, and 3) excessive time between sample
exposures. The choice of 10 Hz was also selected to minimize exposure time and to be
consistent and enable later comparison with the results of the linear quadrupole electrode
study. Pulse duration is defined as the time between the waveform’s rising and falling
edges representing the full width at half the maximum amplitude of the pulse (trwhm). A
600 ns trapezoidal pulse was selected to ensure that membrane effects could be expected
at relatively low pulse numbers for a wide range of voltages. Previously published studies

had shown that the 300 and 600 ns pulses above 5 kV/cm typically cause
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electropermeabilization in the same 3-D cultured CHO-K1 cell system used in the current
work, which could be easily visualized and quantified using stereomicroscopy [4, 5].

e A limited number of experiments were performed to pilot test the CANCAN technique
due to both time constraints and to the current electrical configuration of the pulser.

e Given the array of exposure conditions and surface area requiring analysis, biological
results are largely reported on only three experiments for each condition. While this
sample size may have been too small to ensure high enough statistical power to draw
significant inferences about the validity of hypotheses, it was nonetheless informative in
cases where sample standard deviation was low and was sufficient to provide evidence of

the reproducibility of the main results.

1.8.2 Dissertation Outline

Chapter 2 reviews major findings to date on common observations regarding BPC,
postulated mechanisms and limited techniques employed to explore these and other nsPEF
studies, as well as challenges to developing useful applications based on BPC. It provides the
theoretical foundation of this investigation and concludes by introducing a potential biomedical
application using CANCAN based on two quadrupole electrode configurations, the latter of
which is the focus of this dissertation.

Chapter 3 describes the exposure and 3-D cell suspension system components and details
of the experimental methods employed, including the commonly applied protocols for image and
fluorescence data collection, processing and analysis.

Chapter 4 describes the analytical and numerical framework for the in silico
determination of the 2-D electric field, including parameters for and results of modeling and
simulations used to approximate the inter-electrode electric field distribution and correlate with
electropermeabilization responses.

Chapters 5 and 6 present the specific approaches, results and discussion regarding in vitro
unipolar and bipolar exposure experiments, respectively. Chapter 7 incorporates a pilot study
performed involving the application of the CANCAN technique, then provides a qualitative and
quantitative assessment of the remote stimulation potential of this technique in the context of

findings from Chapters 5 and 6 as well as from published research.
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Chapter 8 summarizes the dissertation, highlighting factors contributing to experimental
outcomes, and concludes with recommendations for future research and an overall interpretation

of the findings.

1.9 Conclusion

This dissertation presents a systematic study of a basic four-electrode array for greater
nanosecond pulse delivery options and flexibility in electric field generation. Using verification,
validation and evaluation processes that include system characterization, modeling and
simulation, in vitro experimentation and multi-dimensional data analysis, it will show that nsPEF
technologies may be made more biologically effective by improving the control of nsPEFs.
Comparative studies performed under this project will allow pulse and synchronization

parameters to be determined that will elicit desired special cellular responses.
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CHAPTER 2

THEORY AND LITERATURE SURVEY

2.1 Introduction

This chapter is included to provide contextual information on topics relevant to the work
outlined by citing major conclusions, findings, and methodological issues related to the gaps in
knowledge identified in Chapter 1. The chapter thus begins with a background section that
includes quadrupole electric field foundations, namely multipole expansion and superposition,
followed by an overview of how certain biomarkers used to measure cell membrane
permeabilization are relevant to the field of nsPEF research. It then provides a summary of major
research findings on bipolar cancellation in non-excitable cells to date that laid the groundwork
crucial to performing the 2-D analysis for this work, specifically the roles of asymmetry, inter-
pulse delay, and phase order on biological responses.

The next section comprises the theoretical framework for the dissertation, starting with an
examination of competing theories on the electric double layer. Proposed mechanisms
responsible for bipolar cancellation emerging from nsPEF research are explored next. A simple
model of unipolar versus bipolar nsPEF electropermeabilization that informed the work is
described and provides justification for an analytical approach to the overall research problem.

The third and final section critically reviews the current empirical literature and
technology pertaining to nsPEF and bipolar cancellation research to expose the paucity of
quantitative and interdisciplinary analysis in certain areas, which underpinned the major
motivation for this investigation. These mainly regard the exposure system employed, electrode
design, exposure method, and visualization and quantitative analytical approaches. The latter
portion introduces the design for applied BPC, which is the major comparative source for
evaluating remote stimulation by CANCAN. The chapter concludes by exploring how the
identified gaps are addressed in the current work, underscoring the overall significance to
expanding understanding and application of bipolar cancellation to the field of nanosecond
pulsed electric fields in medicine and biomedical research.
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2.2 Historical Context and Technical Concepts

In order to understand the phenomenon of BPC and identify optimal strategies for
manipulating nsPEFs and their biological responses in 2-D, knowledge of the general technical
concepts, variables, terms and issues that defined this research, and the experimental methods
and analytical techniques used to conduct the related research, are required. This section
contextualizes the current study by identifying and defining key tenets of electric field theory
from the perspective of both the laws of physics and electricity. Specifically, a general
introduction to the point charge model with respect to the linear quadrupole and the role of
superposition in creating the non-uniform electric field distribution is presented. This is followed
by an explanation of how fluorescent biomarkers, in particular YO-PRO-1®, are used to
visualize and quantify cellular responses to nsPEFs. The section concludes with a comprehensive

overview of the main findings and conclusions of research on bipolar cancellation.

2.2.1 Quadrupole electric field foundations
2.2.1.1 Multipole expansion and the quadrupole electric field

In order to understand how an electric field can be manipulated, it is necessary to first
consider how the electric field relates to the distribution of charges in space. The measure of a
system’s overall electric polarity — a major theme of this dissertation — is defined by its dipole
moment, which is a measure of the separation of positive and negative electrical charges (in
Coulomb-meter or Debye units). An electric dipole, which describes a system of two opposite
charges that, theoretically, are infinitely close together, can be defined by the first-order term of
the multipole expansion. In principle, a multipole expansion provides an exact description of the
potential and generally converges when the sources (e.g. charges) are located close to the origin
and the point at which the potential is observed (at a distance, r) is far from the origin; or the
reverse. This expansion can be made in the Cartesian coordinates X, y, and z by applying a Taylor
series, numerous examples of which exist in the literature but are not elaborated on here.

In the simple point charge model system of a monopole, for a single charge in a vacuum,
where r represents the distance to a test charge q' at some point distal from the point charge
source, the electric field strength decreases as 1/r? at large distances. The simplest case of an
electric multipole [64] is described as a dipole, where two point charges have charge magnitudes

of +q, with each positive and negative charge separated by a distance d. Compared to the
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monopole electric field, the dipole field decreases as 1/r3. For this case, the electric dipole

moment has a magnitude

p = qd,

where d is the displacement vector, unless s = d/2 is used to denote the distance from each
charge to the center of the dipole. The direction of both $ and d is from the negative charge to
the positive one.

In the same manner that dipoles arise from point charges, quadrupoles arise from dipoles.
An electric quadrupole represents a second-order multipole and consists of a charge distribution
of two identical electric dipoles whose dipole moments are of equal magnitude, but opposite in
direction, and which are separated from each other by a small distance s. Fig. 2-1 illustrates two
quadrupoles formed from two different dipole orientations: a) anti-parallel arrangement and b)
linear. The relationship between the electric field, the charges and their location are described in
the general case by a set of five independent values that together constitute the quadrupole
moment of the system. In either case, the absolute value of the quadrupole moment is equal to
2ela, where e is the charge, | is the dimension of the dipoles, and a is the distance between their
centers. Given two opposing dipoles at a finite separation s and taking the limit of s — 0, the
dipole moments p grow to infinity in such a way as to keep ps constant. At great distances from

the axial center of the planar quadrupole, the electric field intensity decays as 1/r*.
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Fig. 2-1 Two dipole orientations forming quadrupoles with potential bipolar
cancellation applications: a) anti-parallel (left); and b) linear (right) [2].
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2.2.1.2 Superposition

The means to transform two biologically inefficient bipolar nsEPs into a biologically
efficient unipolar nsEP stimulus is foremost owing to a property of electric waves and fields
known as superposition. In a multiple electrode system, the principle of superposition can be
used to determine the electric field at any point. The widely conserved superposition principle
states that, for all linear systems, the net response caused by two or more stimuli is the sum of
the responses that would have been caused by each stimulus individually [65]. In other words:

If stimulus A — response X, and; if stimulus B — Y,

then stimulus (A + B) — response (X +Y).

As the superposition principle applies to any linear system, the stimuli and responses may
be numbers, vectors, vector fields, time-varying signals, or any other object that satisfies certain
axioms. As a time-varying signal, electric pulse waveforms are thus included under these linear
systems. They can also be functions, algebraic equations, linear differential equations, or systems
of equations of those forms. A linear function is one that satisfies both the additivity and

homogeneity properties that comprise the superposition principle, and are respectively defined as

F(x1) + F(xy) = F(x; + x,), and
F(ax) = aF(x)

for a scalar a.

A fundamental component of electromagnetism describes a physical interaction whereby
a charge g placed somewhere in space produces an electric field around it in all directions in
space. In a uniform field, as is the case between two parallel-plate electrodes, this field has a

magnitude E = F/q,, where F is the force exerted by the charge g on a secondary charge, qo,
independent of the presence of other charges in that medium. This field can be calculated with
the help of Coulomb's law, which states that the strength of the electric field at position r due to a

point charge Q, is given by
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E:kr—z,

where k is a constant of proportionality determined experimentally to be 9x10° Nm?/C2. To
calculate the electric field for a test charge, P, at the center of an ideal quadrupole, the net

electric field E is then the vector sum of the related components [66]:

E=FE +E,+E;+E,.

Known as the superposition theorem when referring to electrical circuits, the voltage (or
current) through an element in a linear circuit is the algebraic sum of the voltages (or currents)
through that element due to each independent source acting alone [67, 68]. The superposition
principle therefore allows for the combination of two or more electric pulses, as well as electric
fields that are created when those pulses are used to charge electrodes. Consider the planar
electric quadrupole in Fig. 2-2, described by the arrangement of four charged discs of opposite
polarity on the corners of a notional square. The electric fields created by independently charged
electrodes do not interact with each other but produce a net field that is just the vector
superposition of the fields due to the individual charges emanating in all directions from each
point along the entire surface of the electrodes. As such, although yielding a total dipole of zero,
the fields created by the dipoles do not fully cancel out, except under the specific condition
where the electrodes are in static equilibrium and charged to the same magnitude field, and even
then the only location where the field is zero is at a single point, which is at the axial center in
the plane. The total charge is canceled, but each point in space otherwise sees a different

asymmetrical distribution of charges around it.
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Fig. 2-2 Calculation of the electric field for a test charge, P, at the center of an ideal quadrupole,
where the absolute values of the charges s, g2, g3 and g4 on each electrode are the same.

2.2.2 Methods used to measure the electric field

The common sensor used to measure electric fields indirectly is an inductively coupled
sensor known as a B-dot probe. It uses a single small receiving loop (antenna), the basic theory
for which is described by Whiteside and King [69]. The probe functions by picking up part of the
magnetic field generated by the pulse as it passes the sensor. The major drawback of this or any
magnetic field probe is that the current distribution is induced by both electric and magnetic time
varying field components. When placed away from the current flow, the coils are sensitive to the
oriented magnetic fields, but the response depends strongly on the orientation of the coil axis,
precise area and distance to the current axis. The B-dot probe is thus highly limited due to its
sensitivity to the magnetic fields created by other spatial current distributions.

Another widely used electric field sensor is a field coupled sensor known as a D-dot
probe, which is also used to measure pulsed electric fields. Favored for its non-intrusive
installation, simplicity of construction, and potentially wide bandwidth, D-dot probes are used in
combination with passive integrators / low pass filters, providing a broad band capability, but
limited sensitivity. The probe has two elements that are sensitive to the same field but measure it
in opposite directions. Their main disadvantage as a diagnostic tool in a non-invasive PEF
application, however, stems from the fact that they cannot be placed near metallic components.

Where requirements dictate the need to measure an electric field in a very small or
compromised space, an electro-optic sensor poses fewer challenges than B-dot and D-dot probes.
Electro-optic effects are optical phenomena resulting from the application of a DC pulsed

electric field. Electro-optic measurement techniques rely on how a given material rotates the
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polarization of light passing through it, a property called birefringence for a molecularly ordered
(optically anisotropic) material. Conventional techniques for measuring high voltages, which
obtain electric field values indirectly, require that a small amount of the power from the system
be consumed during acquisition. With an electro-optic sensor, measurement can instead be
acquired from the change in material properties from the surrounding electric or magnetic field.
The advantages of this type are its small size, high sensitivity, electrical isolation and immunity
from interference due to electromagnetic radiation.

For biomedical PEF device applications, any of the above sensors may suffice given the
right combination of size, material properties and configuration. However, in nsSPEF research,
there remains no reliable way to directly measure the electric field. Typically, inter-electrode
spacing is too small to accommodate available probes, or the field is distorted by placement of
the sensor itself or its proximity to conductive materials. This might be, for example, those that
form part of the pulse generator, or platforms commonly used in experimental settings such as
translational stages or microscope components. For these reasons, computational methods such
as those employed for this work and described in Chapter 4, must be relied on.

2.2.3 Measuring cell electropermeabilization using YO-PRO-1® fluorescence

YO-PRO-1® (YP1) is a nuclear marker that binds to the DNA of cells whose membranes
are compromised either transiently or permanently [70]. At a relatively large size of 630 Da, the
dye is thus prevented from penetrating the plasma membrane of living cells. Exogeneous
stresses, such as those caused by PEF application, or endogenous processes such as apoptosis
threaten membrane integrity, permitting YP1 entry. The mechanism responsible for inducing
permeabilization, which is common to multiple stress sources, involves the release of ATP and
UTP molecules into the extracellular space, leading to the activation of P2X7 receptors [71].
This leads to the opening of cation channels, which then allows YP1 and other large molecules to
enter the cell [71-73]. As cell death induction via P2X7 is complex and relies upon multiple
factors, including the nature and duration of the stimulus and cell type investigated, positive YP1
fluorescence may or may not be an early indicator of P2X7 receptor activation and apoptosis
[74]. This study focused on the use of YP1 fluorescence due to cell uptake as a method to
quantify nsPEF electropermeabilization in 3-D cultured cells and changes due to the electric field

gradient for comparison under different exposure conditions described in the next chapter.
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Fig. 2-3 Theoretical mechanism of Yo-Pro-1® molecule uptake [1].

Possessing a strong fluorescent signal, YP1 is used primarily to stain cells in vitro and in
fewer instances ex vivo or in vivo [75-77]. However, YP1 can penetrate apoptotic cells in whole
mounted live tissue specimens and was previously used successfully to assess the viability of
pancreatic islets isolated post-mortem [78]. Expression of YP1 fluorescence has also been used
to assess early apoptosis in swine and mouse liver tissues whose cell membranes were
compromised by radiofrequency ablation [79]. Other studies have also used YP1 in hepatocyte
spheroids grown in culture [80, 81], while a recent nsPEF study used it in 3-D culture of Chinese
hamster ovary cells [82, 83]. Based on these findings, it was postulated that YP1 could be used
successfully in 3-D cultures of mammalian cells after exposure to quadrupole nsPEFs to allow
rapid assessment of electropermeabilization. For this study, cultures were prepared based on the
protocol used in the same laboratory by multiple researchers [4, 5]. As a linear relationship has
been demonstrated to exist between fluorescence intensity (based on optimized dye
concentration) and nsPEF intensity (based on the pulse number and electric field combination)
[60, 84-86], the hypothesis established was that YP1 would exhibit fluorescence proportional to

the nsPEF magnitude, enabling mapping and spatial quantification of the electric field.

2.2.4 Features of bipolar cancellation (BPC) in non-excitable cells

While it is often necessary to cite studies older than five years to provide a thorough

history of related research, as the discovery of BPC was made in less than a decade before the
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work of this dissertation began, there is limited published research from which extensive
conclusions may be drawn. The object is to acquaint the reader with existing studies relative to
the gap in the knowledge and highlight relevant authors, and to describe such things as what
approaches were used in terms of the methodology, instrumentation and statistical analyses. In
experimental and modeling studies, the addition of a second, anti-polar phase to a monophasic
nsEP has been shown to cancel the effects of the first phase for diverse endpoints, exposure
conditions, pulse numbers, and electric field strengths [87]. As biological responses to unipolar
nsPEFs were observed to be either absent or reduced when a second phase of opposite polarity
was applied [58], bipolar cancellation (BPC) is generally defined as the attenuation or absence of
a biological response normally resulting from a monophasic nsEP by application of an nseP of
opposite polarity. Given the limitations of current nsPEF technology, the ability to selectively
apply bipolar or unipolar nsEPs to spatially stimulate or inhibit certain biological responses
expands options for nsPEF generation. Despite relatively few empirical studies specifically
directed at BPC to date, several conclusions have been drawn to support its application, many of
which have been validated in at least one other study or model.

2.2.4.1 BPC efficacy given bipolar pulses of symmetric amplitude versus width

Early observations of the BPC phenomenon revealed that survival and intracellular
calcium activation responses to symmetric-amplitude bipolar 60 ns and 300 ns phase width PEFs
were significantly reduced compared to those from unipolar nsPEFs of the same amplitude [58].
In another study, which used multiple endpoint markers comprising Calcium Green 1, FM1-43,
Propidium lodide (PI) and FITC-Annexin V, responses to exposure from a symmetric 300 ns BP
nsEP were attenuated compared to those for the UP nsEP, which had twice the phase width and
thus overall energy, an effect which tended to abate at higher relative electric fields [59].
However, multiple studies with BP nsEP phase widths ranging from 60 ns to 900 ns, each
individual phase being equivalent to the UP nsEP duration, showed that cell responses were not

100% cancelled by the bipolar pulse, despite delivering two-fold energy [2, 58, 83, 88].

2.2.4.2 The effect of introducing an inter-phasic delay on BPC

To tease out a temporal mechanism behind the effects of reversing the pulse polarity and

corresponding field, multiple investigators introduced an inter-phasic delay between symmetric
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bipolar pulse phases. They found that, for pulse widths ranging from 300 ns to 100 ps, the inter-
phasic interval modifies BPC in a manner that is both time-dependent and saturable. For
example, published work performed in support of this investigation showed that a 600 ns interval
between a 1600|600 BP nsEP produced swelling and blebbing observed 20 s after pulse
delivery, which was comparable to that observed for the UP, whereas relatively few blebs were
observed with a 200 ns delay at 40 s post-exposure to the nsPEF [2]. In other studies, a step-wise
increase in the time interval between the phases of a 1300300 BP nsEP annulled BPC of nsPEF
intracellular calcium activation and YP1 uptake to levels equivalent to a 1300 UP nsPEF
exposure, with effects gradually tapering out with increasing time delay between phases [58, 83].
In comparison, the efficiency of previously characterized BPC of YP1 uptake induced by
symmetrical and asymmetrical BP nsPEF exposures (300-900 ns) was undone when the anti-
polar second phase was delayed by 10 ms, resulting in highly effective membrane perturbation
[89].

2.2.4.3 The import of pulse sequence on BPC for asymmetric waveforms

Results of studies on asymmetric BP nsEPs are perhaps the most revealing. Research first
performed comparing the biological effect of BP nsEPs having phase width (duration)
asymmetry showed that not only did a BP $300]900 nsEP produce a strong response equivalent
to that from a UP 600 nsEP (the absolute difference between first and second phase widths), but
a diminished response equivalent to that from a UP 300 nsEP resulted when the sequence was
reversed [88]. In contrast, results of biological exposures to BP nsEPs having asymmetric phase
amplitudes (voltages) indicate that, overall, BPC occurs when the second, anti-polar phase is as
small as 23% of the first, with peak cancellation occurring for an anti-polar phase of ~50%. Too
strong a second phase reduces cancellation, and may have its own effect unless cancelled by an
even smaller third phase [90]. Pakhomov et al. showed, for example, using 10 pulses of an 830
ns pulse at 5 Hz, that applying the positive (“anodal”, A-) phase at 400 V followed by an 800 V
negative (“cathodal”, C+) phase was more effective than when the voltages were applied in the
reverse order. This finding may only apply to rectangular-type waveforms, however, as under
comparable pulse conditions Gaussian-type appear to produce even greater cancellation when the
subsequent phase is more than 50% of the first [87]. Whether this might be due to the presence

of a possible third anodal phase remains a valid research question worthy of investigation.
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2.3 Theoretical Framework

The conceptual design of the quadrupole electrode system was achieved prior to this
work and so is not the focus of this dissertation. As such, this section describes the theoretical
framework that the research emerges from or is influenced by, providing the necessary structure
within which the modular nanosecond pulse quadrupole system is evaluated. It includes an
assessment of proposed mechanisms of bipolar cancellation, consideration of the electric double
layer at both electrode-electrolyte and cell membrane—cytosol interfaces, and the basic model

used to distinguish between unipolar and bipolar PEF induced electropermeabilization.

2.3.1 Mechanisms of BPC

The recent discovery of bipolar cancellation provides an opportunity to overcome the
hurdle of nsPEF precision. The peculiarity of BPC is highlighted by the fact that bipolar nsEPs
are much less efficient than unipolar nsEPs, even when they have twice the duration and
assumed energy. Although considered unique to nsPEF, exceptions have been noted. For
example, in the study by Sweeney et al. [60], it was found that short bipolar treatments induced
significantly less permeabilization than did long, unipolar PEF treatments tens of microseconds
in duration. The opposite phenomenon has been demonstrated in excitable cells and at longer
durations. For example, biphasic bipolar pulses are known to improve defibrillation efficacy in
canines compared to monophasic unipolar pulses [91, 92]. The former has also shown to be more
efficient than the latter at stimulating fibroblast growth under low electric field (<5 kV/cm) and
shorter millisecond (<5 ms) durations [93].

In addition to the parameters determined to correlate with bipolar cancellation, findings
from the same studies support the conclusion that bipolar cancellation does not depend on pulse
amplitude [88], repetition rate [87], frequency spectrum [87, 89] or the maximum electric field
generated [94]. The phenomenon has otherwise not been predicted by models of conventional
electroporation, and contrasts the effects of bipolar micro- and millisecond duration pulses,
which typically are equally or more pronounced than unipolar pulses of the same total duration
[2, 65, 83, 90, 95-97]. Since its initial discovery and demonstration in multiple cell types using
various endpoints, several theories have been presented to describe possible mechanisms of
bipolar cancellation, many of which are logical extensions of existing theories on how

nanosecond pulses interact with cells in vitro.
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A few theories have nonetheless been proposed to explain bipolar cancellation, including
three that emerged from the seminal paper from Pakhomov et al. [58]. The first is based on the
concept of assisted membrane discharge, which shortens the time when the membrane potential
is above the critical voltage required for nsPEF electropermeabilization. The second views
electropermeabilization as a two-step chemical process of charge transfer involving alternating
reduction and oxidation events, which are then reverted with electric field reversal. The third
considers a primary role for the electrophoretic transport of charged species (Ca?" in particular),
so that electric field reversal would decrease the net effect by driving these species out of the
cell.

These mechanistic theories to explain bipolar cancellation are, however, nascent and yet
to be empirically validated. Evidence is lacking for (e.g. ROS-modulated) charge transfer, and
research by Gianulis et al. conflicts with the electrophoretic transport (at least in terms of Ca?*)
and assisted membrane discharge theories [83, 90]. The authors concluded that data points to
electric field reversal as the more plausible explanation for bipolar cancellation, but this
reasoning is circular. It is likely that the intent behind this statement, however, aligns with an
idea advanced by Valdez et al. [88] through a theoretical model that relies on the membrane
charging threshold for YP1 uptake and charging and discharging at the anode and cathode. The
model describes cancellation as the counteraction of the initial phase (“front” pulse) charging
effects on the cell membrane by the charging reversal of the second phase of a bipolar (“back’)
pulse; the degree to which these overlapping changes to the membrane potential are driven by
BP nsEP exposures and their symmetry. Findings from this model are, of course, limited to cells
in a monolayer culture.

While proposed mechanisms of BPC have yet to be fully validated, there is sufficient
evidence to support the exploration of how BPC can be applied to modulate nsPEF-induced
biological responses. For current BPC theories to be advanced, they must be validated in more
complex biological systems, with appropriate hypotheses that consider and incorporate

perspectives from other fields of science, engineering and medicine.

2.3.2 Insilico methods applied to probe mechanisms of BPC

Controlling for multiple variables is a persistent challenge in biomedical experimentation,

which is why computational modeling has contributed greatly to medical research. Extensive
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work focused on electroporation dynamics provides one quantitative foundation for elucidating
BPC mechanisms. Incorporating experimental data produced by Gianulis et al. [90],
Gowrishankar et al. [97] developed a computational model that showed how an extension of the
standard electroporation model can account for the relative reduction in signal for a tracer
molecule (e.g. YP1) by adding an anti-polar phase to a unipolar pulse, as well as for the recovery
of the response from a unipolar signal (i.e. reduction in BPC efficacy) if the time delay between
the first and second phase is increased. The model introduces an additional biophysical
mechanism and hypothesizes that occluding molecules from outside the membrane enter or
relocate within a pore, such that molecules near the membrane can enter pores to block transport
of tracer molecules while still allowing small ions (charge number £1) that govern electrical
behavior to pass.

Other computational modeling by Merla et al. [98] focused on the frequency spectra of
induced electropermeabilization by rectangular symmetric-amplitude BP nsEPs agreed with
experimental evaluations of electropermeabilization-induced Ca?" in CHO cells using 7.5 kV/cm
electric field, 300 nsEPs. Their results showed that BPC is directly related and proportional to
the low-frequency spectral component in the induced transmembrane potential reflecting the
charging and discharging of cell membranes, consistent with the hypothesis that BPC is a
consequence of the effects of mobile charge migration, which is driven by the low-frequency
content of the applied pulse. As noted by Merla et al., in addition to the contributions of input
pulse amplitude and phase, “experiment and theory regarding the role of mobile charge in the
external medium must be extensively corroborated, and also will improve the robustness and

reliability of predictions of bipolar pulse cancellation under all conditions” [98].

2.3.3 Electric double layer

In the discussion of nsPEF bioeffects, so far there has either been little mention of the
nature of the electrode/electrolyte interface, or boundary effects are ignored in order to simplify
analysis of cell membrane responses to an applied nsPEF. Obviously, any interface placed in an
electrolyte solution will disrupt it since the interactions between a solid and electrolyte are
considerably different to those in solution given inherent differences in their physical properties.
Electrodes under potentiostatic control are subject to the additional influence of the charge held

at the electrode. These contrasting factors result in strong interactions between ions and
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molecules in solution and an electrode surface, giving rise to a region known as the electrical
double layer.
Although multiple theoretical models have been advanced that may be represented by the

illustration in Fig. 2-4, an electric double layer generally has three components:

1. Surface charge. Charged ions (typically negative) adsorbed on the electrode surface.
First proposed by Hermann von Helmholtz in 1853 [99].

2. Stern layer. Counterions (ions whose charges are opposite to the surface charge),
attracted to the electrode surface and held closely to it by the electrostatic force.
Suggested by Otto Stern in 1924 [100]. Stern’s theory states that because ions have
finite size, they cannot approach the surface closer than a few nm.

3. Diffuse layer. A film of the solvent adjacent to the electrode containing free ions
where the counterions are higher in concentration. The ions in this layer are affected
by the electrostatic force of the charged electrode. The Gouy-Chapman diffuse double
layer theory first introduced in 1910 includes a cloud of oppositely charged ions in
the solution whose concentration decreases with distance from the surface. Stern’s

theory modified this, adding the Helmholz layer.

The purely diffusive double layer is thus formed to neutralize the charged surface, which
causes an electrokinetic potential known as the surface potential, between the surface and any
point in the mass of the suspending liquid. The magnitude of voltage difference relates to the
surface charge and double layer thickness and is on the order of millivolts. The potential curve is
useful because it signifies the strength of the electrical force between particles and the distance at
which it becomes relevant. As ionic distance increases away from an electrode surface, electrical
potential drops off approximately linearly and more steeply across the Helmholtz Plane than the
Stern layer. This decrease becomes exponential across the diffuse layer, where the potential (zeta
potential, z) depends on the electrophoretic mobility of the particle, dictated by the dielectric
constant and viscosity of the liquid. It then approaches zero at the imaginary boundary between
the Stern and diffuse double layers, called the slip plane. The ion concentration in the solution

dictates the relationship between the zeta and surface potentials.
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Fig. 2-4 Schematic representation of a double layer on an electrode (BMD model). 1. Inner Helmholtz
plane (IHP); 2. Outer Helmholtz plane (OHP); 3. diffuse layer; 4. solvated ions (cations); 5. specifically
adsorbed ions (redox ion); 6. molecules of the electrolyte solvent. (Source: “Electric double-layer (BMD

model)” by Tosaka is licensed under CC BY 3.0.)

2.3.3.1 The bioelectric double layer

For biological applications, it is well known that the continuous movement of charged
ions across a plasma membrane leads to net charges around the cell and hence, interaction of
cells with an external electric field is expected. As introduced in Chapter 1, the electrochemical
gradient determines the direction an ion moves across a cell membrane. In the mitochondria,
proton gradients are used to generate a chemiosmotic potential, also known as a proton motive
force, and this potential energy is used in oxidative phosophorylation to synthesize ATP. Second,
a differential concentration of ions across the membrane adds a chemical component to the
electrical gradient. These factors combined determine the direction of an ion's movement across
a membrane that is thermodynamically favorable. The difference in the electrochemical potential
on either side of the membrane provides the driving force that moves ions across the membrane.
Since cellular membranes and cytoplasm possess diverse dielectric properties, each cell type
exhibits specific characteristics, a property that makes a useful tool for identifying, manipulating
or separating cells. It is also a property responsible for the diversity seen in cell responses to
nsPEF.
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A double layer in biological systems is the surface where two different phases of matter
are in contact, as it is in electrolytic systems, but with several notable distinctions. Certain cell
types have a glycocalyx, which is a highly charged layer of transmembrane macromolecules
attached to the cell membrane. It functions as a barrier between a cell and its extracellular
environment, mediates cell-cell interactions, and protects the cell membrane from direct physical
forces and stresses, assuring membrane integrity. The glycocalyx can be modeled as a
polyelectrolyte layer with a volume spread electric charge [101]. However, in reality, biological
surfaces including proteins, macromolecules and cells carry various chemical groups with
different dissociation constants, which give them diverse electric charges at physiological pH.
The resulting constant ion exchange between cells and their liquid environments means that the
two are not in equilibrium. Further, this sets up a difference in electric potential between the cell
interior (cytoplasm) and external liquid environment known as the transmembrane potential
[102]. This potential in turn affects the structure of the double layer [103-106], and its
susceptibility to an exogenous electric field, as illustrated in Fig. 2-5.
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Fig. 2-5 Polarization of particles between parallel-plate electrodes if they have greater polarizability than
the medium (a), and if the medium has greater polarizability (b). The direction of the net dipole is reversed
for the two.
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2.3.4 A model of unipolar versus bipolar nsPEF electropermeabilization

The design of optimum nanosecond electric pulse biomedical technologies capable of
delivering focused pulsed electric fields to a target tissue area requires an understanding of how
nsEPs shape the electric field in complex biological systems, and of how biological responses
scale with the electric field and type of pulse delivered. These are in addition to considerations of
electrode material, geometry and arrangement. The many existing models are aimed at
understanding the physical mechanisms, rather than establishing a quantitatively accurate model.

For CANCAN to work there must be a significant biological difference between the
spatial unipolar and bipolar responses. Electrode shape and the according distribution of
individual charges are central to the effective implementation of CANCAN, but so is
understanding the relationship between electric field strength and biological response. As nseP
BPC was discovered fairly recently, a comprehensive picture of bipolar nseP potency is lacking.
Potency is defined here as the electric field strength it takes to elicit the maximum biological
effect. Due to BPC research emphasis on the pulse waveform and as BP nsPEFs were generated
in most related experiments by parallel plate-or-needle electrode systems, the pulse number,
repetition frequency, amplitude, width or sequence was varied while the electric field value was
typically kept constant. As there is an electric field maximum for each phase of the BP nsEP
studied versus one in the case of a UP nsEP with constant amplitude, the electric field referred to
here is based only on the latter amplitude as a positive control variable.

A few studies nonetheless examined BPC using various endpoints in vivo and in silico at
more than three nsPEF magnitudes for a general relationship to be assumed. Two independent
studies were published on intracellular calcium concentration in response to varying nsPEF
exposure magnitudes for both UP and BP nsEPs [58, 59], but direct comparisons are confounded
because the researchers used different repetition frequencies and post-exposure measurement
times. The first of these also compared YPluptake against a range of nsPEF values, while the
other compared Pl uptake. Despite different endpoint markers and a limited range of values, a
few common observations could be made: 1) UP responses in uniform fields are generally higher
than BP responses; 2) responses to both pulse types are not linear below 10 kV/cm; and 3) a
fluorescence signal saturation point occurs at higher fields for relatively shorter pulse widths.
The lower limit of detection (LOD) is less clear as there are too few data points, especially for
nsPEF values below 5 kV/cm.
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For both UP and BP nsEPs, electropermeabilization as measured by Pl and YP1 uptake
has been shown to increase with increasing pulse number applied [83, 107]. Despite limited BPC
data [6], a non-linear relationship below some critical electric field Ec can be attributed to sub- or
incomplete permeabilization, above which is a linear response range whose slope depends on the
potency of the exposure, followed by a saturation point that measures the maximal biological
effect that an electric field can produce, or efficacy. These dynamics are illustrated in Fig. 2-6 for
a notional investigation of membrane permeabilization, taking nsPEF magnitude as the abscissa
and YP1 dye uptake, which has shown to be more sensitive to PEFs from UP than BP nsEPs, as
the ordinate. The measure of the electric field magnitude that it takes to produce one half of the
maximum effect is designated by ECso, which stands for Effective Concentration at fifty percent

efficacy in traditional pharmacological intervention.
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Fig. 2-6 Representative unipolar versus bipolar response curves under ideal conditions.

NSPEF exposures using parallel-plate or parallel-wire electrode geometries are popular
because they generate a uniform electric field in the target area that allows for easy calculation of
a discrete, absolute field strength |E| that correlates with consistent biological data, thereby
simplifying analyses and minimizing error. This approach is insufficient for BPC analysis,
however, when one considers that a bipolar pulse polarizes the electric field vector, introducing a
temporal component to the biological response that is not easily accounted for by making direct

correlation to a single electric field value. Ibey et al. [59] previously concluded that BPC
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efficiency does not depend on the maximum electric field, but the ability to discern precisely
how the vector field influences cancellation requires detailed investigation.

Producing a practical nsPEF system capable of delivering treatment that is safer and more
effective than conventional approaches requires optimized methods to identify the precise
exposure parameters that will selectively elicit the favored responses. CANCAN may be a
revolutionary approach to deliver pulses with increased focal ability and potential for deeper
targeting, but presents challenges due to requirements for more complex pulse shapes and precise
synchronization. The ability to independently deliver tunable unipolar and bipolar pulses,
previously a major capability gap and was addressed by Ryan et al. (2018) in preliminary work
leading up to this dissertation [2]. Themes specifically dealt with here are common to nsPEF
biotechnology development in general, but are particularly crucial given the above CANCAN
requirements: 1) electric field characterization; 2) visualization of electropermeabilization; and
3) post-exposure quantitative analysis.

Based on the assumption that the relationship between electropermeabilization and nsPEF
strength is sigmoidal [108] for both unipolar and bipolar nsEP stimulations, with the former
having higher potency, it was expected that CANCAN would only be effective in the linear
range between Ec and Es. If the effect size difference between responses is too small, as might
occur near electrodes where field strength tends to be higher, CANCAN may not occur. It is
therefore necessary to delineate the conditions under which the magnitude of the effect size
difference between the unipolar and bipolar response is sufficient for CANCAN. Unfortunately,

limited data is available comparing bioeffects along an electric field gradient.

2.4 Current Empirical Literature Relevant to the Research Questions

2.4.1 Exposure systems for polar modulation of nsPEF responses
2.4.1.1 Pulsed power sources

One of the challenges of designing novel and effective nsPEF modalities rests with the
increased complexity of pulse shapes and precision synchronization. Understanding the
differential effects of typically square wave electric pulses of short, medium and long
nanosecond duration requires scalable high voltage pulse generators with the properties of fast

rise and fall times, powerful driving capability, and long lifetime. Schoenbach et al. [109]
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ascertained that nanosecond pulse generators that could allow for experiments on intracellular
electrical stimulation need voltage amplitudes at values sufficient to not only charge the plasma
membrane, but the membranes of subcellular structures, and create pores. Nanosecond pulse
generators rely on the energy stored in a capacitor, an inductor, or a combination of both, as in
the case of a transmission line generator. Scalable square-wave high voltage (up to ~250 kV)
nanosecond pulse generators are available with fast rise and fall times, powerful driving
capability (up to terawatt power, millions of volts voltage, and tens of thousands of amperes
current), and a long lifetime, and to date have tended to exclusively produce unipolar or bipolar
pulse waveforms [110]. These may be categorized as sub-microsecond (1.2 us-600 ns), medium-
short nanosecond (300-100 ns), short nanosecond (100-10 ns) or sub-nanosecond (800-150 ps)
and commonly employ either non-solid state or solid state circuitry, though typically the latter, in
addition to requiring costly power supplies to produce electric fields of such high magnitude
[111]. These types of pulse generators are well-suited to nsPEF studies on cell populations (e.g.
suspended in cuvettes or a gelatinous medium). While not the general focus of most pulsed
bioelectric systems, various feed types and connections are also used to ensure impedance
matching between the pulse generator and biological load—nbiologics such as sugars, proteins,
nucleic acids or related combinations of these, or cells and tissues—that absorb the energy from
nsEPs. These tend to have higher impedances than blood, for example.

The need for a broader range of applications and the ability to overcome the limitations
inherent in those systems, however, has already spurred next-generation nsEP power design.
These newer designs are in part thanks to the use of voltage-controlled switching that MOSFETSs
offer, but commercially available power MOSFETSs are commonly limited to 1 kV, so the output
amplitude of a single-stage pulse generator does not exceed ~5 kV. To overcome this limitation,
two different architectures have been developed that enable scaling of the output voltage. The
first employs a solid-state Marx bank; the second employs a pulse transformer. Each type has its
advantages: the first has a shorter trigger-to-output delay time and is capable of producing low-
jitter pulses with a linear input-output voltage relationship, making it possible to adjust each
individual phase (width, delay, amplitude); whereas, the pulse transformer is a simpler, ultrafast,
dual resonance pulse transformer with fewer components and a linearly integrated primary stage
[112]. Prototypes of both configurations have been designed, built, tested, and are currently

being used to charge nsPEF exposure systems.
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A custom-built solid-state pulser was used to drive the delivery of polyphasic pulses that
would enable more efficient investigations of bipolar cancellation. The generator consists of a
series of the fundamental module, which includes a capacitor and a MOSFET switch. A positive
or a negative phase pulse module can be produced based on how the switch is connected.
Stacking the modules in series can increase the voltage up to 5 kV. Multiple stacks in parallel
can create multi-phase outputs. As each stack is independently controlled and charged,
polyphasic pulses can be created to produce flexible and versatile pulse waveforms. The circuit
topology can be used for high frequency unipolar or, bipolar, high frequency nanosecond burst
pulse production, creating numerous opportunities for the generator in electroporation
applications, tissue ablation, wound healing and non-thermal plasma generation. These details
are elaborated in a recent publication [2], as are preliminary results from its use in testing nsPEF
modulation of membrane effects in 2-D cultured CHO-K1 cells on an inverted microscope, part
of which are summarized in the next section. For the current work, the pulse generator was
adapted to accommaodate six modules which, with an appropriate electrode design, would allow
for the superposition of independently delivered polyphasic nsEPs and manipulation of the

electric field, and therefore consequential cell response, in space.

2.4.1.2 Electrode design

Different electrodes are developed for specific treatment purposes. Electrodes invented
for experiment in vitro commonly employ any of the following designs: sheet electrode and
electrode cuvette; electrodes with high-speed fluorescence imaging system; electrodes with
patch-clamp; and electrodes with confocal laser scanning microscopy. Electrodes invented for
experiment in vivo, however, have consisted primarily of unipolar electrodes, five-needle array
electrodes, a single-needle bipolar electrode, parallel plate electrodes, or suction electrode.

Studies [19, 49] of nanosecond pulse effects on tumors have commonly been carried out
with commercial electroporation cuvettes, modeled as parallel-plate electrodes, where fringing
effects are negligible and the electric field distribution is assumed to be homogeneous. In
published and ongoing efforts directed at tumor therapy, however, needle-array electrodes are
employed for which quantification of the electric field distribution is not as simple. Others
include penetrating, two-needle (dipole) arrays, non-penetrating parallel ‘needles’ (Genetrode

electrodes, Genetronics, San Diego, CA, USA), plate electrodes (Tweezertrodes, BTX, Hollister,
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MA), balloon catheter-based electrode for delivery of DNA and electroporation, spoon electrode
for vascular electroporation, caliper-mounted electrode plate electrodes, conformable
defibrillator pads for electroporation, and multielectrode array [113].

The obvious limitations of the above approaches thus far are that the electrodes are
inherently invasive and thus damaging to the tissue, or the exposure system is not clinically
relevant. The approach studied here sought to overcome these by using a 3-D cell culture system
paired with a planar electrode system that could bypass the need for invasive nsPEF exposure by
demonstrating cell responses to a surface-level treatment, as well as the possibility of

perpetrating a cellular response distal from the electrodes.

2.4.1.3 Verification of bipolar nsPEF modulation in CHO-K1 2-D cell culture

As part of a research group contribution, the author processed and analyzed phase-
contrast microscope images of CHO-K1 cells exposed to a single 600 ns square wave
monophasic or biphasic pulse (with and without interphasic delay) enabled by the polyphasic
pulse generator to contrast biophysical responses, namely swelling and blebbing. Details of this
study have been published. CHO-K1 (Chinese hamster ovary) cells cultured in F-12 K medium
and mounted on the stage of an inverted microscope were exposed in 600 ul of culture medium
at room temperature to electric fields ranging from 20 kV/cm to 60 kV/cm cells through a pair of
0.1 mm diameter tungsten rods. Images were acquired at 10x magnification and analyzed in
ImagelJ (Fiji distribution). Cell swelling was exclusive to a 20 kV/cm monophasic nsPEF;
swelling and absent-to-moderate blebbing appeared for a 30 kV/cm; and blebbing was prominent
for 40-60 kV/cm nsPEF exposures. Cell expansion appeared to peak at 40 kV/cm for the
monophasic stimulation, but the blebbing response remained less under biphasic stimulation for
all nsPEFs in Fig 2-7(b).

2.4.2 Electric field characterization

Based on the review of over 200 published articles on the electroporation of biological
cells by nsEPs, it was found that “there is not enough emphasis on the determination and
description of the electric field to which biological cells are exposed or they are not described in
adequate detail” [27]. The strength and distribution of an electrode-generated electric field in a

biological medium depends principally on five parameters: voltage applied, distance between
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Fig. 2-7 Representative phase-contrast images of swelling and blebbing of adhered CHO-K1 cells due to a 600 ns
pulse exposure. (a) Top: swelling from a 30 kV/cm nsPEF; Bottom: blebbing from a 50 k\V/cm nsPEF. (b) 2D cell
area difference in UP nsEP vs. BP nsEP exposure at t = 60 s, plotted as percent change from baseline (t =0 s).

electrodes, electrode dimension and shape, tissue geometry and dielectric properties. For a
square wave pulse, any biological effect of pulsed electric fields on cells depends on the pulse
parameters of duration and number, as well as the electric field magnitude. The correlation
between pulse duration and biological effects is such that multiple pulses are typically required
for any application of nanosecond pulses, but their effects cannot be considered as simply
additive [114]. Consequently, pulse parameter optimization has depended on educated
guesswork and time-consuming experiments. Unlike pulse number, which is a discrete variable,
the electric field is a continuous variable that has been discretized either for simplicity or from
being inherently limited by the electrode system used to a uniform field.

As biological systems are inherently dielectric, the ability to predict where and how a
nsPEF is being generated at or in a complex biological target is paramount to developing the
precision-based medical nsPEF technology that CANCAN promises. To date, however, nsSPEF
studies have either been measured in uniform electric fields or in the linear region of an
otherwise non-uniform field, ignoring effects closest to electrodes and limiting our understanding
of the role of the electric field in BPC. The current study not only focuses on proximal responses
specifically, but on a method to minimize them. This approach is supported by the use of
modeling and simulation to approximate and visualize a non-uniform electric field distribution,

which more complex electrode arrangements necessitate [115].
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2.4.3 Visualization and spatial quantification of nsPEF electropermeabilization

The common use of primarily metabolic assays with optical spectroscopy has proved
valuable as an indirect method of quantifying some effects of bipolar cancellation, but not the
direct visualization of cell membrane permeabilization outcomes. Indirectly verifying the
distribution of the electric field applied requires that biological effects from exposure are
somehow observable. Tracer molecules such as YO-PRO®-1, FITC-Annexin V, FM1-43 and Pl
are commonly used in conjunction with fluorescence microscopy to visualize and spatially
quantify nsPEF electropermeabilization in single or multiple adhered cells. Small ions such as
Ca?* are also used in PEF research to visualize the plasma membrane with fluorescent markers
like Fluo-4, or Fura-2 [116]. Difficulties arise, however, in transitioning to more complex
biological samples and systems. Parallel-plate electrode (cuvette) systems typical of high-volume
cell suspension nsPEF studies, do not allow for observation of electropermeabilization, in
addition to the fact that cells exposed to nsPEF in liquid suspension may be subject to rotational
forces [117]. By comparison, a microfluidic electrode exposure design implemented by Oblak et
al. [118] facilitated the direct visualization of dielectrophoretic differences in non-electroporated
versus electroporated cells exposed to unipolar nsEPs at high and low frequencies in a non-
uniform field.

In line with methods commonly for visualization, quantification of
electropermeabilization fluorescence is typically performed in one of two ways. Vernier et al.
[39] photometrically extracted pulse-induced changes to FM1-43 fluorescence intensity in
human Jurkat T lymphoblasts after delivery of 4, 30 ns, 2.5 MV/m pulses from microscope
images by defining and measuring pixel intensity over a cell region of interest (ROI). Other
analytical methods have also been employed using differences in localization of membrane dye
fluorescence patterns to compare cathodal versus anodal nsPEF electropermeabilization. For
example, Valdez et al. [88] described dielectric polarization due to bipolar pulses of varied
symmetries in individual cells by measuring a YP1 fluorescence profile across the cell
membrane [88]. The majority of these studies have been in adhered single or small clustered
cells so are naturally of particular value to investigations of membrane biophysics, but they do
not account for differences in cell and tissue dynamics known to exist in vivo.

Membrane responses to nsPEFs have, nonetheless, been studied in larger cell populations
using similar quantification methods. For example, an agarose gel-based 3-D tissue model with
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stereomicroscopy was successfully employed in studies by Muratori et al. [4, 5]. In these studies,
non-uniform nsPEF induced cell death by unipolar pulses from a pair of electrode probes were
visualized by stereomicroscopy and quantified by measuring average PI fluorescence over a 2-D
ROI between the electrodes. However, the area measured excluded the high-field regions closest
to the electrodes and averaged a large area that accounted for 50% of the electrode gap distance,
effectively obliviating the electric field gradient and insight into spatial-intensity dynamics in
favor of a discrete value. By comparison, Chen et al. [119] used three different blunt-end wire
electrode configurations to perform limited 2-D nanosecond electric field mapping of YP1
uptake fluorescence in monolayer cultured Jurkat cells. In the most recent example of related
work, Gianulis et al. [120] reported only limited electric field data of YP1 fluorescence in 3-D
cultured cells, which was only for a line profile.

For the present work, a combination and enhancement of the approaches used in these
studies was applied in order to visualize and quantify nsPEF electropermeabilization.
Fluorescence due to YP1 uptake in 3-D cultured cells was captured using stereomicroscopy, then
multiple regions of interest were defined that spanned the full inter-electrode distance, to include
the high-field area, in addition to beyond the electrode boundaries. A more refined electric field
was obtained by numerical simulations performed in the time domain, which was overlaid with
the florescence images to provide a more precise and continuous description of the relationship
between electric field magnitude and electropermeabilization response across a gradient than
previously reported.

2.4.4 Analysis of nsPEF outcomes

The multitude of parameters involved in efforts to demarcate effective parameters within
which BPC operates, and nsPEF in general, has generated a plethora of data-generating
opportunities. The downside is that this exploratory incentive has minimized the emphasis on
analysis and outweighed the need for a more systematic assessment necessary to formulate more
useful conclusions regarding BPC outcomes. These are largely inferred from statistically
significant in vitro “exposure-response” differences between a negative (sham) or positive
(unipolar nseP) control and categorical variable (e.g. 50% BP nsEP). Few analytical approaches
have considered, for example, the practical significance of these differences, validated models, or

integrated findings into a larger system. The acquisition of comprehensive unipolar and bipolar
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nsPEF response data for electrodes with complex geometry would enable spatial prediction of
biological outcomes. As it stands, there has been no investigation of bipolar cancellation in a 3-D
biological environment that spatially examines non-uniform electric field intensity distribution

and can simultaneously be visually quantified.

2.5 The Quadrupole as an Ideal Electrode Arrangement for CANCAN

Two arrangements of a four-electrode array were considered to validate CANCAN as a
proof-of-concept for a bipolar cancellation application. In the first, the electrodes are co-linear
(i.e. reside on the same line) (Fig. 2-8(a)), while in the second, they are coplanar (i.e. reside in
the same plane) (Fig. 2-8(b)). In either arrangement, any combination of high-voltage and signal
ground electrodes can be selected depending on the location and strength of the electric field and
corresponding biological response desired. The orientation of the dipoles and relative amplitudes
of the h.v. pulses delivered dictate the position and strength of the resulting unipolar response. A
“pure” quadrupole describes the ideal condition where the h.v. electrodes of opposing dipoles are
charged to the same amplitude. Due to the temporal and spatial variation inherent in nanosecond
pulse delivery, this is only one of multiple conditions applied in this study. For descriptive
simplification, any use herein of the term “quadrupole” is solely in reference to the four-
electrode arrangement, and not the specific distribution of electric charge due to the presence of

four equal monopoles.
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Fundamentally, a linear electric quadrupole is created by superimposing two electric
dipoles of opposite orientation so that their positive charges overlap, with the central source
containing twice the charge as the outer sources. The first electrode configuration considered for
CANCAN is a modified linear quadrupole, where instead of a single 2q charge element at the
center, the charges are separated by some gap, dg, into two electrodes. The electric field in this
case is represented analytically from Coulomb's law by vector addition of the fields such that
cells placed in the field between the outermost electrodes would experience a force in the
direction of the cathodal electrode. If the anodal electrodes are charged to the same voltage,
opposing dipoles are created such that the electric field between them is cancelled.
Synchronizing delivery of a matching pulse at the second phase of a polyphasic pulse as in Fig.
2-8(a) then means that cells located at the quadrupole center are exposed to a unipolar electric
field based on the magnitude of the voltage from the first phase of the initial polyphasic pulse.

Gianulis et al. [121] recently validated bipolar cancellation in the linear system and
demonstrated CANCAN between the interior electrodes by superposing nsEPs of various phases.
However, effects were minimal, and a stronger effect is needed to be of practical use. This one-
dimensional set-up makes for reliable, linearly directed nsPEFs that make exposure-response
comparisons fairly simple and direct, but its practical use is negated by a target area that is
limited to a narrow band. Further, the planar electric field region between high-voltage and
ground electrode pairs is not unlike that of parallel wires, excepting that an agarose medium with
high cell concentration and other dielectric components introduces capacitance and complex
impedance factors. Outcomes based on the current studies using this system are relevant only to
invasive applications. The planar quadrupole arrangement tested in this work improved upon the
linear design by providing a two-dimensional, non-invasive exposure area with multiple sites for
electrode activation and field generation, with potential for ablative application if penetrating
needle electrodes are used to expand a surface area exposure to a volume of tissue.

The coplanar quadrupole was the configuration chosen for this work as it provided a two-
dimensional area in which a linear, non-uniform electric field could be created, manipulated and
quantified with minimal computational complexity [122]. As Fig. 2-8(b) shows, the quadrupole
is created by aligning the four electrodes as if on the corners of a square. In the ideal form, dipole
pairs are anti-parallel so that their positive charges are at opposite ends of the longest axis, which

would create a null electric field at the axial center where the opposing vector fields are
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generated. Applying the CANCAN method, adjacent electrodes (e.g. #2 and #4) are sequentially
stimulated as in Fig. 2-8(a); only the cancelling pulse waveform is inverted due to the different
vector orientation of the electric fields. Cells present in the perimeter gaps between electrodes
would experience a bipolar nsPEF, whereas cells occupying the axial center of the quadrupole—
the effective zone, where anti-parallel fields are superposed—are exposed to a unipolar nsPEF.

As with the linear quadrupole model, the superposition of electric fields in the coplanar
quadrupole from selectively charging and grounding the electrodes in various combinations can
create fields of differing magnitudes, and thus corresponding biological effects, at various inter-
electrode positions depending on the direction and intensity of the individual fields created by
the independent delivery of nanosecond pulses. The coplanar quadrupole system, however, offers
significant advantages over the linear system. First, the 2-D arrangement increases the exposure
area for practical application. Second, it moves the effective zone away from electrode surfaces
to a distal target zone. Third, multiple site selection for active and ground electrodes provides
options for the size of nsPEF area capable of being created. While only a pilot study was
performed as part of this work, taken together, the above features advanced the concept toward a
basic prototype to make spatial manipulation of nsPEFs possible. The production of a remote
unipolar nsPEF (and its biological response) at a location then becomes possible when the
delivery of appropriate pulse waveforms in the quadrupole configuration is effectively

synchronized.
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CHAPTER 3

RESEARCH DESIGN

The key objectives of this dissertation were to quantify and analyze the association
between electric field strength, pulse polarity, electrode grounding and electropermeabilization in
the 2-D plane perpendicular to the applicator end of coplanar quadrupole electrodes. The
research design employed included the spectrum of descriptive, correlational, quasi-experimental
and experimental quantitative approaches. NSPEF electropermeabilization was measured after
application of unipolar and bipolar nsEPs to cells in a semi-solid gel suspension to facilitate
better understanding of the effect these have on changes in cell permeabilization. Because nsPEF
electropermeabilization responses are known to correspond linearly with the electric field
generated in/at the biological target under an ideal set of nsEP conditions [3],
electropermeabilization served as the biological endpoint, with green fluorescence due to cell
uptake of the nuclear dye YO-PRO-1® tracer molecule serving the response variable. This
chapter details the engineering and biological approaches taken in pursuit of the stated
objectives. Section 3.1 provides an overview of the exposure system, including description of the
exposure system components and experimental set-up. Section 3.2 provides cursory
characterization of the pulse types and waveforms, including verification of the maximum
applied voltages and corresponding Fourier transforms. Section 3.3 describes the general
experimental methods and rationale for biological validation, along with the level of significance
that will be used to accept or reject the hypotheses. The chapter concludes with a short summary.

In a scientific study, a pilot study may precede the central observation to correct any
problems with the instrumentation or in the data collection techniques. In a quantitative study
such as this one, a non-commercial instrument requires a pilot study to validate the effectiveness
of the instrument and the value of the questions in which the right information can be elicited to
answer the primary research questions. Most nsPEF studies are based on biological responses to
the dipole electric field induced by a UP or BP nsEP applied to a single electrode with a signal
ground (reference) electrode, where V = 0. The custom-built, flexible modular nanosecond pulse
quadrupole electrode system employed in this study was modified from an earlier version, whose
electrical characterization and validation of its ability to produce BPC in a microscopic
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monolayer cell culture exposure to dipole electrodes was published in [2]. Described briefly in
Chapter 2, the work served as a pilot study to demonstrate that further modification of the
modular pulser to support a quadrupole electrode configuration could enable a broader study of
bipolar cancellation in 2-D. The additional multipole expansion from the common dipole
configuration thus allowed for the relationships above to be quantified in a non-uniform field
under various in vitro exposure conditions, and for the potential for remote biological response
modulation to be evaluated in 2-D. This in turn allowed for yet another pilot study to be
conducted as part of the current work to test the instrument for its ability to elicit stronger distal
electropermeabilization responses relative to the charged electrodes, and apply early results to
support future refinements to both instrumentation and approaches to CANCAN toward the
realization of remote nsPEF stimulation.

As BPC in space is being studied here for the first time, the approach to answering the
research questions are in some cases exploratory. Otherwise, where sufficient knowledge exists
regarding UP and BP nsPEF electropermeabilization, the null hypothesis is generally that the
unipolar response is greater than the bipolar response where the amplitude absolute value of the
second BP phase is <60% of the first. As detailed in Chapter 2, bipolar cancellation has been
shown to peak when a biphasic bipolar nanosecond electric pulse has a second-phase (¢, )
amplitude roughly 50% of the first, but until now has only been studied one-dimensionally
between a high voltage and a single ground electrode for a discrete electric field value. The first
objective for this section was to validate findings in research published to date by applying
asymmetric amplitude bipolar pulses with varied ground electrode configurations and compare
results at select points in the 2-D plane. The objective here was thus to test this hypothesis by
characterizing the BP spatial-intensity response relative to the UP response. With information at
these discrete points in the plane, the final objective in this section was to examine the
relationship between the unipolar electric field and bipolar cancellation response for the strongest
cancelling pulse, to include developing a basic model for BPC that can be applied by researchers
to estimate the electropermeabilization response for specified phase amplitude ratios.

To test the hypothesis that BPC efficiency is dependent on amplitude symmetry in space,
cell responses to dipole-activated bipolar pulses were assessed at key points in the quadrupole
plane: the axial center (A); the inter-electrode equator (B); and proximal to the h.v. electrode (C).

Cell samples were exposed to nsPEFs generated by asymmetric-amplitude biphasic bipolar
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pulses whose second (negative) phase amplitude was either 25%, 50% or 70% of the first. The
objective for this section was to examine the relationship between the monophasic electric field
and BPC response for a 50% BP nsEP due to its proven efficiency. Because the magnitude of the
field is based off the peak applied voltage, there are two nsPEF maxima for a single bipolar
outcome (YP1 uptake). Expressing the BP nsEP as a fraction of the UP nsEP allows for
comparison of electropermeabilization based on the distribution of |E| for the first BP nsEP
phase, which also represents the field for the UP nsEP.

Finally, this dissertation addresses analytical gaps by applying effect size statistics and
linear regression analysis where appropriate to facilitate 2-D spatial analysis with greater
predictive clarity. Regression analyses were performed to validate the fidelity of the dynamic cell
permeabilization response pattern to the modeled electric field distribution and establish a
quantitative framework with which to build predictive models of spatial cell permeabilization
and bipolar cancellation. However, time and equipment constraints meant that, in some cases,
sample size was too small to ensure statistical power was high enough. In these cases, rather than
limit post-exposure analysis to tests of statistical significance, tests of practical significance were
performed to measure the size differences of electropermeabilization effects between the pulse
modes. These data were then used to generate simple mathematical models to describe bipolar

cancellation.

3.1 Exposure System

Given that the complexity of studying nsPEF in a 2-D, non-uniform field with multiple
pulse types left multiple avenues for analysis, the experimental portion was kept simple, relying
on a single set-up and biological response endpoint. Fig. 3.1 presents an image of the three
principal components of the modular quadrupole electrode system: the pulsed power generator,
the quadrupole electrode applicator, and the 3-D tissue model. A benchtop electrical interface
with copper D-sub pin connections (Digi-Key Electronics, Thief River Falls, MN) is used to
allow manual switching of channel inputs between desired electrodes, which is independently
enabled by a function generator. Resistors totaling 100 Q in series ensure impedance matching

between the pulse generator and biological load.
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Fig. 3-1 Modular nsPEF exposure system. Pop-out shows the quadrupole electrode
applicator with 3-D cell culture.

3.1.1 Modular nanosecond pulse generator

The high-voltage pulses necessary to deliver flexible nsEPs to the quadrupole electrode
applicator were created by means of a modular nanosecond pulse generator that this author and
others described in a recent publication [2]. It consists of a series of the fundamental module,
which includes a capacitor and a MOSFET switch. Each module is responsible for the
production of a positive and/or negative phase pulse. Stacking the modules in series can increase
the voltage up to 5 kV, and multiple stacks in parallel can create multiple phase outputs. Each
black box in Fig. 3-2(a) contains one or two stacks whose basic circuit is shown in Fig. 3-2(b),
with each assigned to a specific channel and corresponding alphabetic designator (A-E). Because
each module is charged by separate positive and negative DC sources and independently
triggered, nearly any type of pulse can be created with or without a specified delay inserted
between phases. The voltage and pulse duration can also be differentially adjusted. These
features provided the flexibility this study required to produce versatile high frequency unipolar

and bipolar nanosecond burst pulse waveforms of various pulse amplitudes and phase numbers.
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Fig. 3-2 Polyphasic nanosecond pulse generator. (a) 3 stacked modules; (b) basic circuit of the fundamental
module (capacitor plus MOSFET switch) with positive and negative phase capacity; and (c) maximum source
output voltage waveforms.

The input voltage is controlled at the power source for all channels, although Channel E
is connected through a potentiometer, which serves as a variable resistor. While the positive and
negative power sources may in theory supply respective voltages of up to 5 kV and 3 kV, the
peak possible amplitude for each channel is limited by voltage dividing resistors connected
through an external box (not shown). When measured across a 100 Q load resistor, a 10% drop is
seen between the charging voltage and actual voltage, which may be due to cross-coupling in the
stacks across modules through the switches’ parasitic capacitances. This limits the maximum
positive charging voltage to 4.5 kV. Each of the five phase module channels thus has a maximum
pulse amplitude (3-2 (c)) pre-determined by the resistors and limited by the positive and negative

output voltage maxima as determined by the pulse capacity of the modular generator.

3.1.2 Pulse characterization

On a basic level, an electrical pulse can be characterized by its shape. Rectangular wave
pulses have their amplitude at the peak voltage delivered from the power source and a duration
measured by the time, tewm (full width at half maximum). Since most custom-built devices are
not perfectly rectangular, trwrim Can best be calculated by first defining the rise (tr) and fall
(decay) times (tr) and the maximum amplitude Amax of the pulse. Here, Amax refers to the

overshoot voltage, whereas the amplitude encompasses the pulse plateau, and is defined by the
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average of the voltage values ranging from the overshoot value to roughly where dV/dt drops by
more than 10%. As in [123], rise time refers to the time required for the voltage to rise from 10%
to 90% of the pulse amplitude. Similarly, fall time refers to the time it takes for the voltage to
decrease from 90% to 10% of the amplitude value. Both times depend on the load impedance,
which may vary with time, while the steady state value of the plateau region is also an important
requirement for driving loads, in particular biological [123, 124]. Fig. 3-3 illustrates the
waveform shape with tr = 120 ns and t ~ 75 ns for a sample pulse. Although the pulse
waveforms used for this research may be qualitatively described as quasi-rectangular or even
asymmetrically trapezoidal, given that trand tr are each <25% of tewnwm, In this work they are

simply referred to as rectangular.
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Fig. 3-3 Representative experimental waveform from a 600 ns unipolar pulse
delivered at 2.5 kV to one quadrupole electrode with one grounded.

3.1.3 The Three-Dimensional Quadrupole Electrode Design

A linear quadrupole configuration of wire electrodes was previously suggested [125] as
an ideal design for applying the principles described above to study the possibility of nsPEF
spatial manipulation of bioeffects. Quadrupole conducting rod arrangements have long been used
for applications in mass spectrometry [126, 127]. By applying either alternating-current (AC)
and direct-current (DC) combined or AC-only voltages to four parallel rods of circular or



51

hyperbolic cross section, a dynamic electric field can be created to selectively filter gas-phase
particles of a variety of or specific mass-to-charge ratios, which are axially ejected from the
quadrupole center to a detector. The voltages are applied to the conducting rods in such a way
that two opposing rods have the same voltage, while the other two have a voltage with opposite
sign (+ and —, respectively). The voltages applied can be adjusted to manipulate the oscillations,
and high voltages are not needed.

The operational principle behind manipulating charged particles by means of a dynamic
electric field generated by a linear quadrupole is not all that far removed from what this work
seeks to achieve using the same type of configuration. Rather than generate oscillating low-
voltage electric fields to focus traveling gas-phase ions, the nanosecond quadrupole electrode
system was designed to enable spatial manipulation of the electric field generated by high-
voltage DC-powered pulses in order to create a localized response in a biological target. The
response itself is based in part on the electrical properties of cellular charge carriers (ions and
molecules) found in the cell membrane and intracellular space (cytoplasm). Depending on the
spatial response desired, the nanosecond application may involve delivering a pulse to one or
two working electrodes while the other electrodes are either floating or grounded.

The basic quadrupole electrode design used in this work is depicted by the model in Fig.
3-5. It consists of four blunt-end cylindrical-rod electrodes arranged at the corners of a notional
square. Conceptually, this arrangement could allow for the treatment of a volume of tumorous
tissue. The quadrupole electrode applicator consists of four blunt-end stainless steel solid wire
conducting rods equidistantly spaced (“gap distance”, dg) 1 mm apart, arranged in a square
configuration. They are bound in place by a 3-D printed cylindrical Teflon housing, each having
a radius, a, of 0.5 mm. Any one or more of the electrodes could serve as the high-voltage or

grounded electrode.
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Fig. 3-5 Perspective plan of the planar quadrupole electrode arrangement in space (to scale).

As Fig. 3-4 shows, the applicator includes a disc-shaped plastic interface between the
feed and operating end, which is simply a milled 35 mm culture dish insulated by an epoxy resin.
This served simultaneously as a safety and functional barrier (from liquid immersion), as well as
a physical marker to guide electrode placement for in vitro experiments. At the exposure end, the
electrodes protrude at a height, h, of 5 mm past the housing. They are voltage-fed from the
modular nanosecond pulse generator through the housing by contact stranded wires held in place
with heat-shrink tubing (Fig. 3-1).

Fig. 3-4 lllustration of quadrupole electrode applicator.
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3.1.4 3-D cell culture system

A Chinese Hamster Ovary (CHO-K1) immortalized cell line from the American Type
Culture Collection (ATCC® CCL-61™, ATCC, Manassas, VA) was selected for all proposed
nsPEF exposures. Cells with passage numbers between 12 and 26 were propagated on average
over ~48 hours at 37°C with 5% COz in air in Kaighn's Modification of Ham's F-12 Medium
(ATCC 302004, Manassas, VA) supplemented with 10% fetal bovine serum, 2-mM L-glutamine,

and 100-U/mL penicillin/streptomycin before being transferred to a 3-D tissue culture system.
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Fig. 3-6 3-D cell culture (tissue model).

Each 3-D tissue culture system was comprised of a 35 mm culture dish containing a 2.5%
agarose gel base layer, followed by a 1% agarose cell culture layer, then a 1 uM buffer-dye
layer. As a method was needed that could provide both visual and quantifiable data to measure
and compare biological responses, the uptake of cell membrane impermeable green fluorescent
nuclear dye YP1 was used to confirm positive membrane permeabilization as the biological

outcome of exposure, and indirectly, spatial distribution of the electric field.

3.2 Electrical Characterization

3.2.1 Pulse parameter selection

The pulses delivered during biological validation experiments were either UP, BP or a
synchronized combination of these (CANCAN). The Channel A waveform was chosen as the UP
nsEP reference and positive control as it allowed for the highest possible amplitude and thus cell

permeabilization response with which to compare all other exposure conditions. A second phase
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was required to produce a bipolar pulse, so Channel B was paired with Channel A and adjusted
at the negative voltage power source to modify the amplitude of the second phase. Since negative
input voltages could not exceed 3 kV, it was not possible to produce a symmetric-amplitude BP
nsEP without resorting to a lower energy pulse, which would limit the analytical range available
for comparative study.

600 ns unipolar and 1,200 ns (+6004,600) asymmetric-amplitude bipolar pulses with
second phases approximately 25%, 50% or 70% of the first phase were selected for this work. As
revealed in published research cited in Chapter 1 and in work recently completed by Gianulis et
al. on the linear quadrupole system, 600 ns duration pulses consistently permeabilize cells, even
at low amplitudes and pulse numbers. To maximize the likelihood of measurable cell
permeabilization with YP1 uptake for all proposed exposure waveforms, a per-phase pulse width
of 600 ns was thus selected as the first independent variable that was kept constant across all
experiments. The second was pulse number N. As test experiments conducted at higher pulse
numbers (100 or more) resulted in voltage breakdown at the electrodes and bubbling in the gel,
an N of 50 pulses was chosen for all experimental conditions. The final parameter constant was a
pulse repetition rate of 10 Hz, which ensured that cells would neither sit too long in PBS/YP1 or
at room temperature prior to pulsing, nor be exposed to light at length post-exposure. For BP
exposures, the listed waveforms were chosen: 1) due to pulse generator limitations on amplitude
matching between positive and negative phases; 2) to ensure a sufficient magnitude spread for
predictive modeling while setting reasonable limits on experimental requirements; and 3) to
enable some comparison with data from the few published studies available that used similar
bipolar cancellation parameters.

3.2.2 Electrical signals

Pulse waveforms were captured during biological experiments using two high voltage
connected to a 2-channel, 200 MHz Hantek oscilloscope (DS05202P, Qingdao Hantek
Electronic Co., Ltd., Shandong, China), which served to measure and record the output (applied)
voltage at the load. The applied voltage is determined relative to a reference electrode, which in
this case is the grounded electrode. Pulse waveform traces were exported to a USB flash drive in
.csv format. Characterization of system voltage data was performed to inform experimental
design and electric field computations. Baseline waveforms at test amplitudes were initially
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acquired using a 1X Dulbecco’s Phosphate Buffered Saline (PBS) load, which has an electrical
conductivity of 1.3 S/m at room temperature. For a charging voltage of 4.5 kV, comparison of
input and output voltages in the conductive medium revealed a 46% loss. This reflected
mismatched impedance that limited the maximum voltage that could be applied during biological
validation experiments. Voltage waveform data was subsequently recorded during every
experiment and used in numerical analysis of the electric field for each exposure type. Fig. 3-7
(a) shows typical UP and BP nsEP traces. Corresponding voltage amplitudes calculated by phase

are provided in the experiment Chapters 5-7.
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Fig. 3-7 Example of a 600-ns pulse delivered by a high-voltage pulse generator measured at the biological load.

3.2.3 Frequency Analysis

Fast Fourier Transform (FFT) frequency spectra for the UP and BP voltage waveforms
used and shown in Fig. 3-7 are plotted in Fig. 3-8. The Discrete Fourier Transform (DFT) of time
domain signals was carried out using the FFT implementation in the MS Excel® Data Analysis
toolbox. The frequency composition of BP nsEPs differs from both UP nsEP and longer-pulse
exposures. As specifically illustrated in Fig. 3-10, the frequency content of the BP pulse shifts to
>1.1 MHz. The circuit model of the cell predicts that higher frequencies are less effective at
permeabilizing the plasma membrane. As such, with inherently higher frequencies and less
energy at lower frequencies, nsPEF exposures from BP pulses were predicted to be less effective

than UP pulses.
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Fig. 3-8 Log-transformed frequency spectrum of the voltage signals in Fig. 3-7 computed
by performing a Fast Fourier Transform and normalized.

3.3 General Methods — NsPEF Exposure, Data Collection & Analysis

3.3.1 NsPEF exposure protocol

After settling upon the pulse parameters, it was necessary to establish a protocol that
could be employed for all exposures. For each experimental objective, selective activation of

reference and ground electrodes was implemented according to the scheme in Fig. 3-6.

Single Dual (trans) Dual (cis) CANCAN

Fig. 3-9 Quadrupole electrode activation scheme for all conditions. From I-r: single ground (UP or BP); trans-
dual ground (UP or BP); cis-dual ground (UP or BP); and CANCAN. Red: reference; black: ground; white:
floating.

As Fig. 3-10 shows, after numerical simulations confirmed sub-permeabilization electric
field magnitudes at locations distal from the activated electrodes, it was deemed possible to

include four equally spaced exposures—allowing for a sham and positive control as well as two
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test conditions—in one dish. To assist with electrode placement, the circumference of the Teflon

housing, whose diameter was nearly equal to the inner radius of the dish, was used to guide the

applicator with the micrometer perpendicular to a 4-quadrant grid, which was affixed to the

platform below the translucent dish.

Each experiment proceeded as follows:

1.
2.

3-D cell culture samples are prepared.

Prior to exposure, 1.5 mL dye mix is added to each dish and left to stand at room
temperature for 5 mins.

Electrode applicator is lowered until electrodes have penetrated ~2.5 mm through
the culture layer to the base layer.

Applicator is raised until electrodes are level with the top of the culture layer.
Four exposures are performed following a clockwise pattern, beginning with a
sham control.

After 15 minutes, cell sample is moved to the stereomicroscope for imaging.

Fig. 3-10 Sample set-up for 3-D biological experiments.

3.3.2 Data Acquisition

Much of the following describes general techniques that were employed. Modifications

or substantial departures from these specific to a given analytical approach are detailed in the

description of results in the next chapter.
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3.3.2.1 Electric field data collection

1-D line plots of the electric field solution were plotted from a 2-D cut plane of the 3-D
model normal to the electrode surface (applicator end), minus 0.1 mm. Measurements were taken
in this plane rather than in the plane perpendicular to the applicator end to reduce the likelihood
of obtaining inaccurate results due to bending of the field lines at the electrode edges, an effect

known as fringing. The field strength was recorded at various positions as in Fig. 4-5.

3.3.2.2 Sample images

2-D stereomicroscopy was used to visualize YP1 fluorescence in the immediate area
encompassing the quadrupole electrode exposure. Imaging was performed using an Olympus
SZX16 fluorescent binocular stereomicroscope (Olympus America, Hamden, CT) in conjunction
with an Olympus 1.6x objective lens (NA 0.44). 1000x1000 pixel images were acquired by a
Hamamatsu C9100 EM-CCD camera using NIS Elements microscope image acquisition
software (Nikon Instruments, Inc.) at a resolution of 0.26 um/pixel at 100 Hz (bright field). YP1
positive cells were excited by an X-Cite 120 Q Microscope Metal Halide Fluorescence Light
Source (Lumen Dynamics/Excelitas Technologies Corp., Waltham, MA) at 200 Hz (GFP/FITC
filter set: Excitation = 479 nm; Emission = 522 nm; Dichroic mirror: 497 LP).

3.3.2.3 Fluorescence data

The following general technique was applied as an initial processing step to acquire
fluorescence data to enable post-processing quantification and spatial comparison of YP1 uptake
between nsEP experimental parameters. A user-defined rectangular region of interest (ROI) was
manually constructed in each image to measure the average fluorescence intensity at the
locations specified in Chapter 2 or along a linear intra-electrode path. Dimensions of the ROl are
0.25 mm x 1 mm from the h.v. to ground electrode, or 3 mm x 0.25 mm between h.v. and
ground electrodes bisecting the quadrupole. Each defined ROI was added to the ROl manager in
the FIJI image processing package of Image J (NIH, Bethesda, MD). An example of this method
is shown in Fig. 3-13.
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Fig. 3-11 Fluorescence image processing. YP-1 uptake from a trans-grounded
UP pulse applied at 1.5 kV (a) and; post-filtered plots of intensity averaged from
ROls in the x-direction (b, yellow dashed) and y-direction (c, green dashed).

3.3.3 Data Processing and Analysis
3.3.3.1 Electric field, electrical signal and image data processing

Time-resolved values of the electric field approximation acquired in silico by averaging
over the total pulse duration were plotted to make comparison with the experimental data
straightforward. The peak voltage applied for each nsEP condition was measured by taking the
mean of the plateau values from the waveform trace amplitude. Since the voltage excitation
signal entered in CST Studio was set at 1 kV and because the electric field scales linearly, the
experimental applied voltages could be used as a scaling factor against the in silico results to
calculate the corresponding electric field distribution.

Post image acquisition analyses were performed using FIJI and Microsoft® Office Excel
(Microsoft Corporation, Redmond, WA). All acquisitions represent 16-bit TIFF grayscale
images. After sampling multiple filters (Fig. 3-14), a Gaussian blur (o) was selected to reduce
high frequency noise [128] in all quantified images, which is higher at lower relative cell
concentrations. Background pixel data were subtracted to remove or reduce low frequency noise
due to auto-fluorescence and ambient light. As sham exposures were performed in the same dish
and were shown during troubleshooting to exhibit no YP1 uptake even after impressing the
electrodes, absolute fluorescence was calculated by subtracting pixels measured from sham

exposure images at the same inter-electrode ROIs from the same ROIs in the test sample images.
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Fig. 3-12 Sample plots for various 8-pt (a) and 12 pt (b) filters applied to YP-1 fluorescence
profiles of cells exposed to 600 ns pulses applied to a single quadrupole electrode at 2.5 kV.

Although ImageJ allows real-time identification of x and y coordinates, sample dishes
were not aligned to an exact position on the stereomicroscope, leading determination of the exact
midpoint between electrode impressions, for example, to be somewhat arbitrary. To reduce the
influence of occasional outliers (for example, the presence of a cell or small clump of cells
whose membranes were likely damaged during preparation), a square ROl was drawn around the
outlier with a radius no longer than twice the outlier radius before the Remove Outliers feature in

F1J1 was applied.

3.3.3.2 Image data analysis

Preliminary data showed that YP1 uptake occurs on a gradient along with the electric
field distribution. Data were either smoothed continuous or discretized, depending upon the type
of analysis, the latter by averaging intensity across generally <0.1 mm in order to compare
spatial-intensity relationships across pulse types at various inter-electrode positions of interest
(Pi). For most analyses a YP1 line signal was created from fluorescence averaged within an ROI

between h.v. and ground electrodes, or equatorially across the center, bisecting the quadrupole.
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3.3.3.3 Statistical analysis

With the exception of CANCAN pilot experiments, data from a minimum of n =3
independent experiments were included for all analyses. “Independent” here, for the case of in
vitro samples, means cells tested under repeated experimental conditions were sub-cultured on
different days at passage numbers ranging between 12 and 26. Cells replaced after late passage
may in some cases have come from a separate frozen seed stock.

Two types of control variables were used depending on the type of analysis considered.
The first was the negative (“sham”) control, included in every experiment (dish), which
underwent the same procedures as other minus actual nsPEF exposure. The other is a positive
control against which other exposure types were compared; for example, a unipolar pulse to
analyze bipolar cancellation efficiency. Only one response (dependent) variable was considered:
YP1 fluorescence, measured at 15 minutes post-exposure. Explanatory variables are electric
field, waveform type, and position (point in the electrode plane). It is important to make the
distinction here between a truly independent variable and explanatory variable. This is because
the electric field generated for bipolar pulses is both vector-dependent and time-dependent and it
is not yet known whether the cellular response also depends on other factors (e.g. pressure
transients).

Data sets included in analyses are: 1) unipolar nsEPs at three input voltages (1, 3, and 4.5
kV); 2) asymmetric bipolar nsEPs of three different second-phase widths (approximate ¢2/d1
percent ratios of 25, 50 and 70); and 3) CAN-CAN synchronized nsEPs for biphasic/monophasic
and triphasic/biphasic waveform combinations: 1). Simulation data are discrete and fluorescence
data are continuous, unless the latter are discretized or categorized for specific types of spatial
analyses. Descriptive statistics are presented as mean +/— SEM for n independent experiments
unless otherwise specified.

Statistical analyses, which were largely performed using the Data Analysis tool in
Microsoft® Office Excel (Microsoft Corporation, Redmond, WA), consisted of an unpaired two-
tailed t-test when comparing the means of two groups. A p-value less than 0.05 was considered
statistically significant. For the purpose of hypothesis testing, although the electric field in a
quadrupole is non-uniform and n was typically small (< 6), given that most data was discretized,

most distributions were assumed to be normal.
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3.4 Conclusion

This chapter provided an overview of the research design for the dissertation, with
emphasis on apparatus, technical and operational specifications, in vitro experimental
techniques, in silico determination of the electric field approximation, and methods selected for
data analysis. In the following chapter, results of modeling and simulation as well as biological
validation experiments, are presented. Specific parameters or variations on some of the above

methods only generally described are also detailed.
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CHAPTER 4

ANALYSIS OF THE QUADRUPOLE ELECTRIC FIELD

The ultimate biological application for nanosecond electric pulses (nsEPS) relies on
delivering an electric field of adequate intensity to the location where the expected effect is
needed. Numerical simulations of the electric field distribution produced by the quadrupole
electrode system were computed to provide the dosimetry for biological validation. Numerical
analysis of the electric field formed by the delivery of a unipolar or bipolar nanosecond pulse or
from applying the CANCAN technique was performed in the time domain in CST Microwave
Studio. In order to map the electric field from a defined pulse to the biological response to nsPEF
exposure, both the multimodal quadrupole electrode system and the 3-D tissue sample were first
modeled in CST before implementing the finite integration technique to solve the given system
of equations relevant to the structure. Additional information such as the position and
connectivity of the electrical feed, numerical parameters, initial and boundary conditions and
time step were defined externally and read by CST during execution. Finally, the solution was

written to a plain-text output file used for post-processing.

4.1 Introduction

One of the fundamental challenges of electric field determination in integrated electrical-
biological systems modeling and analysis is addressing the inherent complexity of working in a
three-dimensional (3-D) environment. Unlike in the point charge model of a quadrupole, where
the electric field is based on the summation of charges arranged in discrete units, if there is a
continuous charge distribution over a conducting body, as is the case with electrodes used to
deliver a nsPEF, the magnitude of the electric field must be integrated over the entire charged
surface. This becomes an extremely complex endeavor, made more so by tissue dielectric
considerations. However, when one takes advantage of the geometric symmetry inherent in
common electrode shapes, the mathematical approach to field strength and distribution
assessment becomes more straight-forward.

In the quadrupole electrode arrangement, if the origin is taken to be at the center of the

square (between the rods), three planes of symmetry would need to be considered in the
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approach to the electric field analysis in 3-D: the xz plane perpendicular to the y-axis that bisects
the top and bottom dipole pairs; the yz plane perpendicular to the x-axis that bisects the left and
right dipole pairs; and the xy plane perpendicular to the z-axis (axial center) that forms a cross-
section of all four electrodes. However, in this work, the target region/area of interest is
specifically the two-dimensional area bounded by the quadrupole electrode periphery at what
would constitute the “applicator” end of the electrodes for an nsPEF technology that operates at a
tissue surface. Analyses are thus confined to the xy planar region delimited by the outermost
edges of the four electrodes. The axial symmetry of the quadrupole design used in this work
allows for the 3-D electromagnetic problem to be initially approached using a 2-D model, thus
significantly reducing the burden of calculating electric field values. It also supports numerical
analysis and experimental validation of a non-uniform 2-D electric field distribution in a
biological sample based on the delivery of different pulses to different electrodes, results for
which are presented in the next chapter.

In the interest of simplifying electric field analysis and to take step toward assessing the
potential for remote nsPEF biomodulation using the current electrode design, the geometric
symmetry of the quadrupole electrode model is exploited to obtain simple expressions from the
dipole to quadrupole expansion to obtain the maximum electric field. By utilizing this well-
known approach, exact analytical formulas are obtained for the electric field as presented in the
following section in terms of the electrostatic potential at the boundary of cylindrical electrodes,
which can be used to estimate the same for the surrounding space and otherwise applied to the

analysis of electromagnetic problems and computer simulations of condensed-matter media.

4.2 Theory

As there are two lines of geometric symmetry in the 2-D cross-sectional model of the
nanosecond quadrupole electrode design —each one along the x and y axes—an algebraic
expression exists that allows for simple calculation of the electric field near to the electrode edge.
The field is produced by a uniformly distributed charge per unit length, A, on each electrode.
However, for the purposes of this work, it is assumed that each electrode's length, defined as
height, h, is much greater than the gap distance, S, between adjacent electrodes so that the effect
of fringing fields around the electrode ends can be ignored. Consequently, there is no component

of electric field in the z-direction [121]. The rod electrodes under evaluation can be considered as
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infinitely long compared to the wire diameter (1 mm) and inter-electrode regions being measured
(< 0.1 um?). Therefore, treating the electric field distribution as a two-dimensional problem
allows for some simplification of electric field calculations.

To find the maximum electric field, the geometry of the electrodes must be considered.
Superposition can be used in electrical theory to simplify a circuit with multiple inputs and
power sources, but calculating the vector field value at any inter-electrode point in this dynamic
3-D system cannot be accomplished using analytical methods. Despite the complexities of
determining the electric field distribution in a biological medium between quadrupole electrodes
under multiple time-variant pulse parameters, an analytical solution can be obtained for a
constrained set of conditions. Some common electrode designs used in biomedical applications
have elementary dimensions that can be described analytically to simplify the model for the

purpose of calculating the electric field [129].

4.2.1 Analytical solution for the maximum electric field in parallel dipole cylindrical wires

One of the electric field geometries that can easily be derived from Gauss’ law and is a
foundation for the electrode geometry used in this work is the axial rod-rod model, which is
equivalent to the sphere-sphere model when taken in two dimensions to represent the cross-
sectional area. Theoretical investigations of the electric field strength in rod-rod (singularly,
“cylindrical wire”) model configurations have previously been conducted by multiple authors
using known formulas [130-132]. In order to investigate the accuracy of the model electrode
system, they provide an analytical basis, along with the annotated illustration shown in Fig. 3-5,
against which results from the numerical simulation can be compared later in the chapter.

For the case of two thin parallel conducting rods of any diameter D, separated by a
distance, 2S, from the center of a reference conductor to the center of the proximal conductor,
two electric field quantities may be defined: the maximum field strength Emax at the rod edge and
the mean value of the field strength Emean = V/d, where d is the shortest distance between the
conductors and the second is to a ground. These two quantities allow for a “field efficiency
factor’ (originally proposed by Schwaiger) to be defined:

Emean V

= = 4-1
T Fax  dEmax S
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where n equals unity or 100 per cent for a uniform field. It approaches zero for an electrode with
an edge of zero radius. The factor ) is a pure quantity, however, and so only applies to
electrostatic field analysis. In a more complex electrode arrangement, Emax may appear at any
point on an electrode, not necessarily coinciding with the points providing the shortest gap
distance, d.

The field distribution along the flux line may be calculated for the highest density, i.e.
between the electrodes, where the field strength is highest. The flux line is that which lies
directly between the dipole electrodes through the points normal to each curved surface.
Assuming a total potential difference or voltage of V between them, the potential ®(y) along this
line starting at the point normal to the inside edge of the first electrode where y = 0, is given
by ®(y) = +V /2. The field strength E (y) can instead be expressed in terms of the gap distance,
S, noting that the field distribution is symmetrical to y = S/2, using the following formula [130]:

Plane of
symmetry
¢,=V=0

Fig. 4-1 A schematic of the 2-D electrode geometry of the cylindrical wire dipole, for which
there exists an analytical expression for the mean and maximum electric fields.
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where, a is the radius of the electrodes and x, y are the coordinates of the first electrode, while

the coordinates of the second are (0,0). The field distribution between two cylindrical conductors
can be more easily considered by relating equation (4-2) with the maximum field intensity Emax

fory = 0. This ratio becomes:

E(y) 1 a
= = : (4-3)
E y Yy _Y
"Ity 0% a+(1-3)
For all values y/S << 1 the parallel conductor is of diminishing influence. As the
minimum value of E is reached for y = S/2, the ratio Emin/Emax becomes:
Erin _ 1
Enax 1+4+S/4a° (4-4)
If the relationship is defined by the distance from the midpoint to the center of the
electrode instead of by gap distance, S, where y = d-a, (2-4) becomes:
E i 1 1
min __ (4_5)

Emax_1+d—a/2a=1+d/a'

Because the wires are assumed to be infinitely long and to have zero resistivity, the
electric field is independent of the z-coordinate. The maximum electric field strength occurs
where y =0, thus:

—VVd +a
Emax = : , (4'6)

avd—aln &+ (5)2 —1
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when defined by the coordinates, (X, y) to be at the electrode midpoint, or:

)+ 6

In(1+ %+m>

when defined [132] by the gap distance. With parallel cylindrical conductors as in Fig. 4.11

Emax -

(4-7)

wnl <

[135] (p. 222), cylindrical fields are more uniform for the same ratios of gap distance and radii.
If the two electrodes are designated as V1 and -V1, the potential difference between them

is 2V1. Thus, if the potential is defined as V, the equation should be changed to 0.5V. For an

applied voltage, V, the exact maximum electric field between cylindrical dipole electrodes can

then be determined algebraically by:

Enex = 0.5VVd + a / [aVd — aln (g + (E)2 - 1)>] . (4-8)

a

4.2.2 Applying the dipole analytical solution for Emax to quadrupole cylindrical wires

The relationship described by 4-7 is consistent in two-coordinate systems, so if two or
more cylindrical electrodes are at the same potential with reference to a ground, a solution of the
field distribution is possible by the complex variable technique (i.e. conformal mapping), and is
applied to define the maximum electric field in the case of four conducting cylindrical wires as
illustrated in Fig. 4-2 [132] (p. 221).

Assuming the electrodes carry potentials +¢o/2, the result is a 2-D potential field

Po(x* —y?)

2
215

P(x,y) = : (4-9)
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Plane of
symmetry

Fig. 4-2 A schematic of the 2-D electrode geometry of the cylindrical wire quadrupole, for which there
exists an analytical expression for the mean and maximum electric fields. Each electrode is equidistant
from its adjacent electrode, separated by some inter-electrode gap distance, S.

As in the case for the dipole configuration, the potential between the anti-parallel wires in
the quadrupole configuration, for applied voltages of equal magnitude, is ¢(y) = £V /2. The
region of maximum electric field, Emax, in the x-y coordinate plane of this configuration now
shifts due to the influence of the nearby conductors. At the center, E(o,0) is equal to 0 kV/cm if the
voltage applied to each of the electrode pairs is the same and the distance between each of the
outer electrodes is also the same. For an applied voltage, V, the maximum coplanar electric field
can then theoretically also be determined by (4-8). This value can then be compared with the
results of numerical analysis for equivalent electrode radius and distance quantities, which is

demonstrated at the end of this chapter.

4.2.3 Numerical analysis of the electric field in a quadrupole electrode model

The electric field strength distribution inside an insulating (i.e. biological or model
system) material is a key determining factor influencing the breakdown voltage under high
voltage stress. [1-3] As such, investigating the field strength distribution in non-uniform electric
fields, such as those in rod-rod arrangements, is of great importance for the design and
dimensioning of high voltage biomedical equipment. Direct experimental measurement of the

high voltage field strength in small electrode gaps is difficult, however, and not very accurate.
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The action of inserting a given sensor, especially near the active electrode, may be cumbersome
or prohibitive at a given sensor-gap size ratio, and even when possible, perturbs the field, thereby
affecting the measured result.

In electromagnetic theory, solutions of Poisson’s equation are common for various
geometries that have high symmetry. Along with the finite difference method, the finite element
method is the most frequently used numerical method to solve Poisson’s or Laplace’s equation.
Even absent a dielectric medium, however, mathematically analyzing air gap electric field
models using Laplace’s and Poisson’s equations for general 2- or 3-dimensional fields, although
more accurate, may nonetheless be laborious and time consuming. Numerical approximation, on
the other hand, is capable of solving complex conditions both accurately and rapidly.

As was shown above in the point charge model of the electric quadrupole in 2-D, which
consists of alternating positive and negative charges arranged on the corners of a square,
calculating the field at a location in the plane with respect to the four charges can be
accomplished through discrete mathematical analysis. When those charges are represented in 3-
D, however, calculation of the in- or out-of-axis electric field becomes more complex. Solutions
to more complex problems require software computing.

Numerical approximation of the electric field associated with a cylindrical quadrupole
electrode model has been achieved using derivation or appropriate computational software [133].
Accomplishing the aims in Chapter 1 required an approximation of the absolute electric field
value associated with the unipolar and bipolar nanosecond pulses of various phases delivered to
one or more quadrupole electrodes. As the focus was on time-dependent electromagnetic fields
that are mainly capacitive (electro-quasistatic) with negligible radiation and propagation effects,
the quasi-static quasi-electrostatic in silico model was employed to study the distribution of the
electric field from the quadrupole at the surface of a biological tissue and its magnitude at the
peak amplitude of the pulse.

The model and simulations were implemented using commercial 3-D electromagnetic
simulation software, Computer Simulation Technology (CST) Microwave Studio (CST Studio
Suite v2016/7, Dassault Systemes, Framington, MA), [134]. The full set of Maxwell’s equations
provides a general description of electromagnetic fields. Various levels of approximation based
on these equations can be applied to different problems in order to reduce the complexity of the

mathematical explanation. CST Studio employs the Finite Integration Technique (FIT) for its
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general purpose transient solver, which relies on an algorithm considered to be computationally
equivalent to of the Finite Difference Time Domain (FDTD) method for the particular case of a
time-stepped scheme using Cartesian grids [135]. The FDTD method has earned widespread
recognition among researchers because it makes spatial and temporal discretization of Maxwell’s
equations possible by a forward Euler method [136]. This computational approach is suitable for
the simulations performed in this research because it solves directly for the vector as well as
absolute electric field strength (|E[), which is the aspect of interest. Further, because it computes
in the time domain, all frequency components of the input signal can be accounted for in a single
simulation.

However, the major limitation of the FDTD approach is that the computational mesh is a
uniform, square grid. While this promotes high accuracy by promoting fast computation, it
creates ‘staircasing’ at curves in the model. As a key component of this work was to determine
the electric field nearest the curved edges of cylindrical electrodes, a much denser grid technique
IS necessary. The Finite Integration Technique (FIT) is a generalized finite difference scheme for
the solution of Maxwell’s equations. CST implementation of the FIT generates a non-uniform
hexahedral grid [137], which partially mitigates the staircasing effect and enhances resolution at
sharp or rounded edges, but since extremely small mesh steps can lead to long simulation times
that require considerable computing power, this does not completely overcome the problem. As
this discussion section of this chapter explains, it may be necessary to note values that represent
the maximum computed electric field value within the vicinity of the target position (i.e. the
nearest adjacent grid along the electrode surface containing the highest computed value). The use
of non-rectangular grids, such as trapezoids, is not available for the time domain solver [138].

The importance of linear systems is that they are relatively easy to analyze
mathematically, with many applicable mathematical techniques (e.g. time domain computational
methods that employ Maxwell’s equations, such as FIT, and frequency domain linear transform
methods, such as Fourier). Exact solutions to Maxwell's equations, however, only exist for
special geometries such as spheres, spheroids, or cylinders, so approximate methods are
generally required. When biological materials are exposed to a moderate to high frequency range
pulsed electric field, the distribution and magnitude of the endogenous field can be simulated by

solving Maxwell’s equations for given boundary conditions.
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There are a few reasons for choosing to complete electric field analysis in the time
domain (TD) versus frequency domain (FD). While FD approaches require relatively less
computational expenditure and are well suited to, for example, analyzing electrical and other
devices at power frequency, non-sinusoidal, non-smooth (e.g. rectangular pulse) excitations
would require a Fourier transform to be applied in order to make use of FD methods for each
spectral component of the signal. If more than a few frequency points need to be considered,
many FD simulations would thus be required to achieve sufficient accuracy. TD methods are
useful in the quasi-stationary regime in electric diffusion problems, such as where there may be a
nonlinear dependence of the electric conductivity o(|E|) on |E| in a material. Further, as the
biological validation performed in this work was limited to end-point analysis, necessitating a
static time point measurement of the electric field, consideration had to be given to allow for, at a
minimum, qualitative analysis of the spatial-temporal changes to |E| when a rectangular bipolar
pulse or multiple synchronized pulses were delivered to one or more electrodes. Therefore, the
use of TD methods was decidedly more appropriate given the complexity of the current

numerical solution process [135].

4.2.4 Governing equations underlying the quasi-electrostatic model

To begin a description of the quasi-electrostatic model requires a brief overview of the
key equations governing the electrostatic model. E(x, y) is the electric field at a point, which is
the force per unit charge. Electric field is a vector, having magnitude and direction. In a 2-D
Cartesian co-ordinate system it has components along the x and y axes, Ex, and Ey, such that the

coplanar components of the electric field are given by

_ 09(xy)
p, = - 222 (¢-10)
E, = —%}C]’”. (4-11)

A static electric field (vector) can be deduced from a gradient of some scalar function,

denoted here by ¢ (), and called a scalar electric potential. The electric field is then given by the
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negative gradient of the scalar potential, which can be written to define the relation based on
equations (4-10) and (4-11):

E=-Vp(x,y), (4-12)

where the gradient operator, V, is given by

V=—i+—7/, (4-13)

and where T and j are unit vectors in the x and y directions, respectively. This allows one to find
the electric field between two or more cylindrical systems.
Based on the law of conservation of charges, where J is the electric current density (in

amperes per square meter), the governing equation for electric potential can be written as
V-]=V-(a(T)-V-¢)=0. (4-14)

In free space where there are no charges, E must satisfy this law such that for static electric fields

due to charge distributions:

V-E=0. (4-15)

Basic electrostatic field theory may be applied to most practical applications involving
homogeneous, isotropic materials at power frequency or impulse voltages, but with direct or
slowly alternating voltages, effective general application of the theory is greatly impeded by
conduction phenomena [132]. Consider, for example, a saline solution that contains various ionic
species. When these are exposed to electric pulses, the electric potential (voltage difference)

becomes a solution to the quasi-electrostatic equation:

V- (cV¢) =0, (4-16)
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where o is the electrical conductivity of the fluid. The electric field distribution in the numerical

model is thus generated by solving the governing equation [139]:
~v- (a(E)V¢) =0, (4-17)

where a(ﬁ) is the electric field dependent electrical conductivity of the tissue, where o may be
highly dependent upon time due to relaxation phenomena, temperature and/or field intensity.

Biological tissues are largely composed of water, free ions such as Na*, K*, Ca?*, C1,
and a wide variety of proteins. This composition makes the dielectric properties of the tissues
like those of saline solutions, which are characterized by an important dielectric loss factor at
low frequencies (less than 3 GHz) [140]. The dielectric effect of cells suspended in a culture
medium must then factor into the field analysis, as biological tissues induce capacitive effects
due to their cell membrane structures [141]. This means that, for a lossy biological dielectric
medium, oEx and oFy must be subtracted. As there is no direct way to model dielectrically
complex biological materials to predict the distribution and magnitude of an endogenous electric
field generated from nanosecond pulses, some general assumptions of conductivity and
permittivity were made in the numerical analysis of the planar quadrupole electric field in
experimental biological media.

4.3 Approach

4.3.1 Modeling the dipole and quadrupole in 3-D

Before modeling the entire nsPEF exposure system, simple dipole and quadrupole
electrode models were created in silico in order to numerically assess the accuracy of the
analytical solution for Emax in a 2-D and 3-D system, as well as spatially quantify the electric
field distribution in 2-D in response to a nsEP exposure. Fig. 4-3 illustrates the basic planar
quadrupole electrode model, which consists of four cylindrical electrodes modeled as perfect
electrically conducting (PEC) finite wires of radius, a = 0.5 mm and length, | =5 mm, in a cube

domain.
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Fig. 4-3 Basic model of the planar quadrupole electrode arrangement.

4.3.2 Simulation parameters

The accuracy and performance of a simulation depend heavily on the quality of the mesh
describing the structure. A homogenous locally refined mesh (see Fig. 8a) was applied to ensure
consistency and to increase computational precision at curved edges of the model, each of which
are geometrically and materially equivalent. Mesh formation parameters were set to the values
listed in Appendix 2, with refinements added. Each structure was excited by one (dipole) or two
(quadrupole) discrete ports (Fig. 4-4(b-c)) used as a feeding point voltage source excited with a

constant voltage amplitude at the termination of a notional coaxial transmission line.
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Fig. 4-4 Sample refined mesh in the planar quadrupole model (a) and discrete port configurations in the dipole
(b) and planar quadrupole (c) models.
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A discrete edge port consists of a perfect conducting wire connecting start and end points,
which here are the points at the intersection of the flux line and the h.v and ground electrodes at
the feed end, and a lumped element in the center of the wire. Since discrete ports were used, the
boundary condition Open (Add Space) was applied in all directions, with an estimated reflection
level of 1 x 10* mm and added absolute distance of 2 mm. The boundaries of the cube domain
are considered a soft boundary condition, resulting in a nulled field at the cube boundary. In
transitioning from a 1-D theoretical to 2-D numerical analysis, solutions for the electric field
were obtained by executing both the electrostatic (Es) and transient (Ts) numerical solvers in the
dipole and quadrupole arrangements in CST MWS. Each electrode pair was activated with the
same potential difference. In the Es simulation, the charged electrodes were defined in the dipole
by +500 V and 0 V (ground) potentials, and in the quadrupole by +500 V and 0 V potentials at
each alternate electrode. In the Ts simulation, a +1000 V rectangular unipolar excitation signal
(120 ns rise, 600 ns plateau, 75 ns fall) was applied to one (dipole) or two (quadrupole)
electrodes according the discrete port scheme described by Fig. 8b-c, while the other electrodes
were at ground potential (0 V). The latter describes a ‘pure’ quadrupole, which is axially
asymmetric in the given cylindrical coordinate system. Each solution was computed in a

vacuum.

4.3.3 Electric field data collection

Based on the model Cartesian coordinates, 1-D line plots of the electric field solution
along the x and y axes were extracted from: 1) a 2-D xy cut-plane of the 3-D model bisecting
electrodes, and; 2) at 0.1 mm above the applicator end. Measurements were taken at this position
rather than coplanar with the applicator end to reduce the introduction of a greater error in
accuracy that would arise due to staircasing at model curves, despite applying hexahedral mesh
edge refinement. Absolute electric field values were quantified from the line plots at the five

target intra-electrode positions (A-E) shown in Fig. 4-5.
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L%

Fig. 4-5 Target points in the plane where inter-electrode electric field strength values
are measured. Electrode scheme: red (h.v.); black (ground); white (floating).

4.3.3.1 Modeling the quadrupole system for numerical analysis of nsSPEF exposure

To approximate the magnitude and distribution of a nanosecond pulsed electric field
under experimental conditions, an in silico exposure system that expands the basic model
described in Chapter 2 was designed. As Fig. 4-9 illustrates, it consists of up to four distinct 3-D
geometric components: the electrodes; the cell sample container; a conductive layer; and a
dielectric layer. In computing the electric field at the interface of two materials and at metal
surfaces, a similar problem to that encountered at curved surfaces occurs in simulation. To avoid
this, yet still ensure a reasonable degree of both accuracy and model fidelity to a surface-type
treatment modality, the model electrodes were aligned perpendicular to the surface of a 3-D cell
culture model with the blunt end of the electrodes placed just inside (0.25 mm) the tissue layer at
the interface between the two dielectric layers. Both media are contained within a 35 mm round
cell culture dish modeled as an open-top loss-free Teflon cylinder. The conductive layer and
dielectric layer represent a 1X PBS solution containing YP1 and cell suspension in a 1% agarose
gel medium, respectively. The upper layer has a conductivity, o = 1.5 S/m, while the bottom

tissue layer has a relative permittivity, e = 77.6 and conductivity, 6 = 0.24 S/m [142].
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Fig. 4-6 CST Microwave Studio structural model for biological exposure simulations.

The mesh and boundary conditions were the same as those applied in Chapter 2.
Optimized pulse waveforms based on those acquired from experimental observations (as in Fig.
4-5) were initiated in CST Studio. This was done by setting the rise (120 ns), fall (75 ns) and
plateau (600 ns) durations for a rectangular unipolar pulse in the signal library, exporting the
ASCII file, and then modifying the data in Excel to create new ASCII files of the bipolar
waveforms to import into the library. For each simulation, a +1000 V, a nanosecond pulse or set
of pulses was delivered to the 3-D model as the desired ASCII-defined excitation signal. These
were applied via discrete port to one (for unipolar and bipolar pulses) or two (for CAN-CAN)
electrodes, while at least one other electrode was left floating. The one or two remaining had an
applied voltage of 0 V (ground potential). The various port configurations required for each type

of condition are shown in Fig. 4-7.
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Fig. 4-7 Discrete port array for various excitation configurations: (a) single; (b) trans; (c) cis; and (d) CAN-
CAN. The arrow points away from the high-voltage electrode to the grounded electrode.
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4.4 Results & Discussion

As there was no visually discernable difference between the electrostatic solver and
transient solver images of the 2-D electric field distribution in the bisecting plane of the 3-D
models, representative images of the dipole and planar quadrupole configurations resulting from
the Es are shown in Fig. 4-8. The color scale bar is clamped to the highest electric field value in
kilovolts per centimeter (k\VV/cm) measured on the flux line between any two dipole electrode
pairs. What is immediately obvious from the quadrupole image is that the electric field tends to
zero at the center, where the superposing of the anti-parallel electric field vectors produced by

the adjacent dipoles cancel each other.
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Fig. 4-8 Contour plots with isolines of the electric field gradients (in kV/cm) at the
cross-section mid-way along the length of the electrodes.

Theoretical results for the maximum electric field and simulated results for Emax, as well
as the remaining target points specified in Fig. 4-5, are given in Table 4-1 for both electrode
arrangements. The purpose was to use the Emax value calculated from the well-known analytical
formula (2-8) describing the maximum electric field intensity between co-linear and coplanar
cylindrical wires as a reference to easily test the overall accuracy of the in silico model and
advanced mesh simulation results. Emax was calculated as 13.15 kV/cm with constants d and V
equal to 0.1 cm and 1 kV, respectively, and 0.05 cm for the radius a. These dimensions equal

those of the actual electrode structure used in this work.
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Table 4-1 Electric field values in kV/cm at target points for unipolar nsEP excitation of a single electrode

AIR
Dipole Quadrupole
Analytical | Electrostatic Solver Transient Solver Electrostatic Solver Transient Solver
Position Mid  End-0.1mm| Mid  End-0.imm| Mid  End-0.fmm| Mid  End-0.1mm
A — 3.69 2.91 3.66 2.88 0.00 0.01 0.00 0.00
B — 8.79 7.61 8.79 7.61 8.67 7.46 8.68 7.46
o} 13515 12.42 15.10 12.43 15.10 12.58 15.34 12.58 15.35
D — 3.15 3.13 3.18 317 8.68 7.46 8.68 7.46
E — 6.39 10.16 6.45 10.23 12.56 15.66 12.56 15.65

4.4.1 Verification of the analytical vs. numerical solution of the electric field

Although Emax was taken to be the value measured at the point on the flux line just before
touching the electrode (the electrode edge point coordinate +/- 0.01 mm), the solvers returned
slightly different values for Emax in the plane. Upon closer inspection of the model, these values
were found to reside along the curved edge of the electrode ends proximal to where the flux line
meets the PEC surface. The following standard formula was applied to determine the degree to

which the simulated values deviated from the exact value for Emax.

% Error = (|Simulated — Theoretical| / Theoretical) x 100

These percentages are reported in Table 4-2, where position C was previously defined
and position C* represents the otherwise unspecified position in the 2-D plane corresponding to
the maximum electric field value determined by the solver. The Emax values extracted from the 1-
D (flux) line plot and those returned by the solvers in both dipole and planar quadrupole
configurations indicated percent errors, rounded to the nearest whole number percent, as low as
1% and as high as 6%.
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Table 4-2 Percent error for Emax for measurements made on the flux line vs. solver-specified

Dipole Quadrupole
Electrostatic Solver Transient Solver Electrostatic Solver Transient Solver
Position Mid End-0.1mm Mid End-0.1mm Mid End-0.1mm Mid End-0.1mm
C 5.57% 14.81% 5.49% 14.81% 4.35% 16.64% 4.35% 16.71%

¢

Because the theoretical formula for Emax assumes infinitely long electrodes and that the
measurement is taken at the midpoint, the accuracy of the reported values must consider the short
length of the modeled electrodes (0.5 cm), in addition to the roles of solver (spatial and temporal)
resolution (e.g. how the perfect boundary approximation (PBA) algorithm computes) and user-
applied simulation parameters (e.g. mesh grid and sub-model boundary definitions). The
assumption clearly deviates at position C for measurements proximal to the rod ends and fails
according the solver-identified maximum in the same plane for C*. These suggest that, although
<6% simulation deviation from the theoretical value seems reasonable, for relatively simple
cylindrical rod-rod geometries, a smaller deviation is expected and suggests the need for

additional refinements to simulation parameters in order to increase computational accuracy.

4.4.2 The unipolar pulsed electric field

All unipolar pulse simulations involved applying the 600 ns excitation signal in Fig. 4-9,
which was modeled on the experimental UP nsEP characteristics, to one cylindrical conducting
rod (wire electrode) in the quadrupole system model. Simulations were run to compute the
electric field strength and distribution for a 1 kV unipolar pulse excitation delivered to one
quadrupole electrode while an adjacent electrode was at ground (0 kV), as well as to compare the
effect of adding a second ground connection to the electrodes. Also, in order to assess the effect
on the field of having inactive electrodes near to active and reference electrodes, an additional

simulation was performed on a dipole electrode model.
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Applied Voltage (KV)

Time (ns)

Fig. 4-9 600 ns excitation signal

In order to visualize the fields produced under these conditions as well as the effects of
varying the ground electrode configuration, contour plots with isolines for these conditions are
shown in Fig. 4-10. Accompanying legends show which electrode is high-voltage (red),
grounded (black) or floating (white). The color scale bar on the left is clamped to the highest
electric field value (kV/cm). The effect of nearby conductive material on the electric field
distribution is immediately apparent. Despite that the same excitation parameters are applied, the
presence of the conductive wire rods in close proximity to the active quadrupole electrode pair
distorts the electric field distribution (Fig. 4-10(b)) that is regularly concentric about the
electrodes in the dipole arrangement (Fig. 4-10(a)). In the cis-dual configuration (Fig. 4-10(c)),
the ground electrodes lie on the same side of the xz plane. Here, the applied voltage and inter-
electrode proximity is enough to induce local charging of the floating electrode and create and
electric field that is distributed around the entire quadrupole, with the potential difference set up
across the axial center (z-axis) creating a stronger field around the second ground electrode and
even pulling some of the field such that the field strength is reduced along the periphery of the
h.v. electrode, relative to that formed in the same area in Fig. 4-10(b). In the trans-dual ground
configuration (Fig. 4-10(d)), the field distribution is largely limited to the region around the three
active electrodes, with a broader maximum field localized around the h.v. electrode and oriented

toward the axial center.
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Fig. 4-10 Contour plots of the electric field for different 1 kV nsEP activation schemes: (a) dipole
electrodes (b), and; single (c) dual cis- (d) and dual trans- electrode activation in the quadrupole.

Since the electric field scales linearly with the applied voltage, the spatial electric field
value was simply calculated by multiplying the experimental applied voltage against the results
from the 1 kV excitation signal. To compare the biological effect of exposure to the electric field
generated by nanosecond pulses delivered to quadrupole electrodes, field measurements were
acquired at and compared between discrete points. These (A-E) were specified in Chapter 1 and
restricted as this study was primarily concerned with the electric field strength and biological
effects at the h.v. electrode or at the axial center of the quadrupole.

To discretely quantify and analyze the electric field distributions shown in Fig. 4-2,
absolute values were captured for each inter-electrode position and plotted (Fig. 4-3). As theory
predicted in Chapter 2 and as Fig. 4-2 illustrated, Emax occurs proximal to the high-voltage
electrode at points C and E. With a single ground, Emax is ~13 kV/cm at C. With a cis-dual
ground, Emax also occurs at C, but is slightly higher at 14 kV/cm. With a trans-dual ground, Emax
is ~15 kV/cm at both C and E. The only point at which the field does not appear to be affected by

the number or position of any ground electrode is at B, where it is a consistent 8 kV/cm.
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Fig. 4-11 Electric field strength at various inter-electrode positions for an applied
voltage of 1 kV.

To visualize and further quantify the electric field distribution for the above parameters in
2-D, line plots were generated along the x- and y-axes coplanar with the quadrupole applicator
end (Fig. 4-4). In the current model, the x and y values of -1.5 mm and 1.5 mm in Fig.4-2(b) and
(c) are points on the periphery of the quadrupole. For a single ground excitation (light blue), the
electric field at B, between the h.v. and ground electrodes, is lower (~7 kV/cm) than for the dual
ground configurations. It also appears to be lower than when measured from the y direction (~8
kV/cm) at this same position, in contrast with Fig. 4.3. At the axial center, A, the field along the
line (a) is ~2.5 kV/cm. Further, at the model electrode boundaries in (b), the maximum field is
balanced between them at ~13 kV/cm. This is despite the apparent computational discontinuity,
likely caused by decay of the excitation signal energy from absorption by the nearby discrete
ports, which are treated as transmission lines, and occurs as the time domain signal is
numerically propagated throughout the computational volume. Alternatively, it may be due to
incomplete localized mesh calculation at the curved metal surface. While E (c) is at the edge of
the same electrode as C (a), the maximum field there is only ~8.2 kV/cm. This is unsurprising
given its position 90° away from the ground electrode along the circumference toward the
proximal floating electrode. Finally, although D is positioned the same 0.5 mm distance away
from the h.v. electrode as B is, there is less influence by the ground electrode such that the
electric field at D is only ~3.5 kV/cm. However, the difference in magnitude between points B
and C and between D and E is about the same (~4.7 kV/cm).
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When a second, distal ground electrode is defined (“cis-dual”, green), the electric field at
the axial center, A, is nearly doubled at ~4 kV/cm. At B, the field is ~8 kV/cm when measured in
both the positive x and y directions. In the cis-dual ground configuration, the maximum electric
field is increased at C by at least 1 kV/cm relative to that resulting from UP pulse excitation in
the single ground configuration. The electric potential here is influenced by the adjacent as well
as distal ground electrode, producing a higher electric field (~14 kV/cm) than at E (~11 kV/cm).
Additionally, one can see how the added electrode causes a localized increase in the field profile

(a) between the second ground and floating electrodes.
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Fig. 4-12 Line profiles of the inter-electrode quadrupole electric field for three different ground configurations
of a unipolar pulse applied at 1 kV: single (a); cis-dual (b) and cis-trans (c). Inset images mark biological
response points of interest and direction of line profile plots. Bottom right image cluster shows, I-r,
configurations corresponding to (a-c) with high voltage (red) and ground electrode (black) positions.

Unsurprisingly based on the diagonal symmetry of the trans-dual grounded electrodes
relative to the h.v. electrode, the electric field is the same at points B and D (~8 kV/cm) as well
as at points C and E (~16 kV/cm). Also notable is that the values at the latter positions are twice
that for C in the single ground configuration, consistent with the 2X linear scaling factor that
applies for a symmetric addition of a second ground. Adding a second ground adjacent to the h.v.
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electrode clearly increases the maximum electric field otherwise produced with only a single
ground. However, it should be noted that, while only the field at positions in the half of the
quadrupole arrangement that include the h.v. electrode are quantified in this work, the line
profiles suggest a relative decrease in the field strength near the ground electrode corresponding
to the increase at the opposing h.v. electrode.

As field strength can be calculated from a single applied voltage for any point in the 2-D
electric field that has already been obtained, three peak voltage amplitudes from unipolar pulse
experiments — 0.6 kV, 1.7 kV and 2.5 kV — measured from pulse oscilloscope traces, were
multiplied by the spatial electric field values calculated from in silico results for each ground
configuration to approximate the experimental electric field distribution. The values at each of
the five positions of interest are listed in Table 4-3. Given a unipolar nsEP applied to one
electrode in a quadrupole arrangement in a moderately dielectric material, the maximum
attainable electric field for an applied voltage of 2.5 kV is 38.61 kV/cm, calculated near the high-
voltage electrode with a trans-dual ground; the minimum field is 1.89 kV/cm calculated at the
axial center with a single ground for an applied voltage of 0.6 kV.

Table 4-3 Unipolar pulse absolute spatial electric field for three ground configurations (in kV/cm).

Position 0.6 kV 1.7 kV 2.5kV
A 1.89 241 192 5.36 6.83 5.44 7.89 10.04 8.00
B 487 491 489 13.81 13.90 13.85 20.30 2044 20.37
c 7.66 8.39 8.84 21.70 23.76 25.05 31.92 34.94 36.84
D 2.08 2.93 349 5.88 8.31 9.90 8.65 12.22 14.56
E 497 6.62 9.27 14.08 18.76 26.25 20.71 2759 38.61

4.4.3 The bipolar pulsed electric field

In the UP nsEP case, the excitation signal was modeled on the experimental pulse so that
its frequency could be validated and because the CST signal library contained a tunable unipolar
rectangular pulse. In the bipolar case, numerical analysis was performed for only the single-
ground connection using the same general method as for unipolar pulses. Since the emphasis
here was on the spatiotemporal value of the electric field at the peak amplitudes of the pulse

phases, a rectangular bipolar excitation signal with a second phase amplitude that was half of the
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first was created from exported unipolar signal data having a shorter phase duration and rise and
fall times (80 ns and 1 ns, respectively), then imported as an ASCII file. Next, the spatiotemporal
vector electric field was computed for a simulated bipolar pulse applied at 1 kV. The resulting
values were then scaled based on the recorded experimental voltage amplitudes and new values
similarly calculated for a 25% and 70% bipolar pulse (Table 4-4).

At the voltage amplitudes calculated for the unipolar pulse and both phases of the bipolar
pulses, the electric field vector in the x direction (Ex) is ~0 kV/cm at the axial center of the
quadrupole (‘A’), between the high-voltage and grounded electrodes at their midpoint (‘B”) and
at the edge of the former (‘C’) on the same line as B. There is otherwise a positive x component
between the h.v. and adjacent floating electrode. Given that the 2-D analysis of the quadrupole
model is for electrodes whose cylindrical cross-section is in the xy-plane of a Cartesian
coordinate system, where the high-voltage electrode lies in the top-left quadrant, relative to the
grounded electrode, the electric field vector in the y direction (Ey) for the 0% BP nseEP (UP
equivalent) is predictably negative.

Table 4-4 Spatiotemporal electric field (in kV/cm) from a bipolar pulse with a 2.4 kV first-phase amplitude.

o1 92
Position 0% BP 25% BP 50% BP 70% BP

E E E E E E, E E
A 0.0 76 0.0 2.0 0.0 -3.9 0.0 -5.1
B 0.0 -19.5 0.0 -5.1 0.0 -10.1 0.0 -13.2
c 0.0 -30.2 0.0 7.9 0.0 -15.6 0.0 -20.5
D 76 2.0 2.0 0.5 3.9 1.0 15 1.3
E 19.9 -0.1 5.2 0.0 10.3 -0.1 -134 -0.1

Irrespective of pulse type, the absolute maximum electric field value occurs at the same
inter-electrode position, C, as predicted theoretically for Ey, and increases with increasing
amplitude by phase. For any of the bipolar nsEPs, with only the single adjacent ground in the
quadrupole electrode configuration, Ey is lowest and remains at 0 + 0.1 kV/cm at E, the edge of
the high-voltage electrode, at 90° from C and facing a floating conductor. Ex at this position,
however, is much higher in each case. A notable observation from these numerical

approximations is that, whereas Ex is positive for both the unipolar case and for both the 25%
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and 50% bipolar cases, the vector field turns negative when the BP nsEP second phase is 70%.

4.4.4 Simulation of the CANCAN electric field distribution

Numerical simulations of the electric field distribution produced by the quadrupole
electrode system were computed to provide the dosimetry for the experimental study and to
validate the CANCAN concept. To validate that the superposition of two pulses with
synchronized phases of opposite polarity produce regions of electric field that are distinctly
unipolar and bipolar, a representative CANCAN exposure was modeled whereby excitation
signals were delivered to two adjacent wire cylinder quadrupole model electrodes while the other
two opposing conductors were at 0 kV (ground). A 2+1 (bipolar plus unipolar) CANCAN model
was implemented. The 100/50% bipolar pulse was a biphasic waveform with the first phase (¢1)
amplitude set at 1 kV and the second (¢2) set at 0.5 kV. The unipolar pulse was a monophasic
waveform with a 0.5 kV amplitude. Excitation by the latter was delayed so that delivery of the

positive and negative 0.5 kV phase signals was synchronized.
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Fig. 4-13 CANCAN using bipolar and unipolar excitation signals

As in the bipolar case, the numerically approximated electric field values were scaled
based on the voltage amplitudes measured at the load for each positive and negative phase

applied. These are given in Table 4-5.
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Table 4-5 Spatiotemporal absolute electric field for a 2+1 CANCAN (100/50% ) applied at 1 kV and 0.5 kV.

Position @1 @2
A 24 0.0
B 0.1 3.9
c 04 8.1
D 48 7.8
E 3.9 3.8

4.5 Conclusion

This chapter described the fundamental physical and electromagnetic foundations that
make possible the study of the electric field distribution in a 2-D electrode system. The principle
of superposition and rationale behind approaches to investigating an electric field distribution
when moving from 1-D to 2-D systems are specifically addressed, namely regarding how the
simple circular geometries presented by the 2-D representation of dipole and quadrupole
cylindrical electrodes allow for an exact calculation of the maximum electric field. This
foundation then provided the input for the creation of basic electrode models that could be used
to support a first-order approximation of the electric field intensity at any point in a plane using
numerical simulation software that employs the Finite Integration Technique. Calculation of the
analytical formula for Emax based on the design used for in vitro simulation described in later
chapters revealed a value of 13.15 kV/cm, which assumes infinitely long wires uniformly
charged to 1 kV. Initial simulations conducted in air on both dipole and quadrupole models
returned values within 6% of theoretical (dipole) and within 5% (quadrupole) when measured
along the flux line in the perpendicular bisecting plane between 0.5 cm long electrodes. The key
parameters of the applied mesh formation have been investigated in order to ensure accuracy and
yet keep the demand for computing power and time low. These tests have shown that the
application of the selected mesh, material environment and boundary conditions has produced
simulation results that are in good agreement with primary theoretical expectations, but require
further optimization to ensure a higher degree of certainty (reliability) in modeling electric field

results when a biological medium is incorporated to reflect experimental conditions.
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CHAPTER 5
QUANTIFICATION OF CELL PERMEABILIZATION AFTER UNIPOLAR NSPEF

EXPOSURE

5.1 Introduction

Chapter 4 allowed for the visualization and numerical approximation of the electric field
distribution. To characterize and quantify the electropermeabilization response to unipolar
nsPEFs generated by a quadrupole electrode exposure system and compare them to the
calculated field, three objectives were specified: 1) define the critical electric field (Ec) required
for membrane permeabilization; 2) spatially delineate the degree of electropermeabilization for a
range of applied voltages; and 3) relate the electropermeabilization response pattern to the

electric field distribution.

5.2 Approach

Relating the electric field to the cell permeabilization response first required determining
a set of UP nsEP parameters that could produce a detectable signal in the 3-D in vitro system. As
multiple studies have alluded to a critical electric field threshold (Ec) for nsPEF
electropermeabilization and other bioeffects, the first task was to determine a precise Ec for cells
exposed in a 3-D tissue model. This was accomplished by exploiting continuous response data
across the non-uniform electric field generated by charging a single electrode grounded at an
adjacent electrode in the quadrupole to capture the earliest point at which electropermeabilization
occurs. By employing the formula (5-1) and applying a conservative threshold statistic, it was
hypothesized (Hia) that a lower Limit of Quantification (LOQ) could be determined in relation to
the sham control such that fluorescence values above that threshold would be considered a “true’
nsPEF electropermeabilization response. The Ec was then found by mapping the point at which
the LOQ crossed the plot of YP1 fluorescence to the electric field line plot. To ascertain the
relationship between applied voltage and degree of electropermeabilization, a set of voltage
parameters was tested to produce a range of electric field values that would produce a

commensurate fluorescence spectrum from YP-1 uptake that could be used to manage
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expectations of spatial responses in subsequent experiments, and as a qualitative indicator for
further investigation.

To quantify the electropermeabilization response to unipolar nsPEFs in a quadrupole
electrode exposure system, three objectives were specified: 1) define the critical electric field
(Ec) required for membrane permeabilization; 2) spatially delineate the degree of
electropermeabilization for a range of applied voltages; and 3) relate the electropermeabilization
response pattern to the electric field distribution. The electropermeabilization threshold is
defined as the lowest local electric field value that elicits a fluorescence response. To obtain a
rough estimate of Ec, one reference electrode was activated with high-voltage unipolar nsePs of
various amplitudes while an adjacent electrode was grounded. A 1 mm x 5 mm ROI was drawn
on the fluorescence image acquired from the 0.6 kV single ground nsEP exposure across the
quadrupole’s bisecting line (x-axis) after 10-point Gaussian blur image filtering, without
background subtraction. The following formula for the Line of Quantification (LOQ) was then

applied to determine the electropermeabilization threshold:

U
LOQup = Hc + Z'G—C ) (5-1)

Cc

where [ is the mean sham fluorescence, z is the z-score statistic, and pc/oc is the signal-
to-noise ratio, represented by the mean divided by the standard deviation of the mean. The z-
score selected was 1.96, which ensured that at least 97.5% of the values measured were above
the averaged sham, or baseline (background), fluorescence.

To ascertain a starting point from which to begin assessment of bipolar cancellation in a
non-uniform nanosecond pulsed electric field, it was necessary to determine the set of unipolar
pulse parameters that would provide a detectable electropermeabilization response range within
which to perform subsequent exposure-response analyses. To this end, three different pulse
amplitudes were tested to form the baseline for delineating the nsPEF plasma membrane
permeabilization response in the quadrupole system and the degree of linearity between the
numerically determined electric field distribution and corresponding biological response. As 4.5

kV was previously determined to be the maximum effective output of the pulser, this was the



92

highest positive phase input voltage used, with two others selected at lower amplitudes (3 kV and
1kV).

Having established the limits of fluorescence detection for the conditions specified, the
next step was to quantify the relationship between the degree of electropermeabilization and
magnitude of the nsPEF distribution. A major assumption of this research was based on the
general hypothesis that there is a linear relationship between the absolute electric field value and
YP1 uptake. A cursory comparison of the electric field values for the 1.7 kV and 2.5 kV UP
nsEP conditions between points in the sample plane where fluorescence intensities were the
same revealed that the corresponding field magnitudes were not the same. This observation
prompted a look into whether the above assumption was valid in an in vitro 3-D tissue model for
the applied voltages selected. The objective here was then to test the hypothesis (Hib) that YP1
fluorescence and nsPEF intensity are linearly correlated. YP1 uptake was quantified at specific
points in the quadrupole plane where the electric field strength was approximately equal. A
linear regression of the response (in relative fluorescence units) to electric field strength (k\V/cm)
was performed in MS Excel using the trendline tool, with a significant result defined as at or
below 5%.

To visualize the effect of grounding on YP1 uptake localization, one electrode was
charged with unipolar nsEPs at three different voltage amplitudes for each of the three ground
electrode positions described in Chapter 4. Based on those results, the degree to which charging
voltage influenced response localization was then assessed to learn whether and how
electropermeabilization depends on the spatial magnitude of the nsPEF. Results from a
preliminary experiment using parallel plate electrodes suggested that at higher relative cell
concentrations, dielectrophoretic effects may dominate and become a confounding variable.
Single-cell nsPEF studies have otherwise demonstrated electrode polarity bias under certain
pulse conditions, described as differences in the membrane concentration of ‘nanopores’ relative
to each electrode pole [88, 143] and by respective charging and discharging effects on the cell,
depending on the applied field [89]. Due to greater impedance in the 3-D culture sample relative
to monolayer cell culture targets and the tendency of charges to accumulate on electrode
surfaces, it was hypothesized that electrode localization of YP1 uptake depends on the magnitude
of the applied voltage (Hic). To test this secondary hypothesis, the symmetry of the unipolar

response between the h.v. and ground electrodes was assessed.
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The inter-electrode distribution of YP1 fluorescence was specifically examined from the
positive high-voltage electrode (“anode”) and ended at the negative terminal or ground electrode
(“cathode™) side of the cell surface area. After applying a 10-pt Gaussian blur to the stereoscopic
image of exposed cells in FIJI, using MS Excel, maximum dye fluorescence was identified
within 0.25 mm of the h.v. or ground electrode for each unipolar pulse amplitude. The mean
fluorescence intensity for ten pixels encompassing the peak values at each electrode pole was
calculated, representing 62.5 um (1 mm/160 pixels X 10 pixels) of the inter-electrode profile.

To quantify the spatial distribution of YP1 fluorescence, a polarity ratio was established
whereby post-exposure YP1 fluorescence was averaged across 25% of the data proximal to the

“anode” and “cathode” sides of the cell culture surface and their sums were divided such that:

_ Z(AF{O.é, 1.7,2.5})
Z(CF{0.6, 1.7,2.5}) ’

R

where Ar and Cr reflect YP1 uptake at the anode and cathode, respectively. If the ratio was
greater than one, then this would demonstrate that YP1 uptake across the cell culture surface
primarily occurred at the anodal electrode; if the ratio equaled one, then YP1 uptake did not
favor either pole; if the ratio was less than one, then YP1 uptake favored the grounded or

cathodal electrode. These relationships are expressed below using the above terms.

R >1; ¥(4r) > X(Cr)
R =1; ¥(4r) = X(Cr)
R <1; ¥(4r) < X(Cr)

Because cells behave differently in 3-D and dielectric differences may affect local cell
responses, a secondary hypothesis was that electropermeabilization favors the high-voltage
electrode (Hia). To test this, YP1 uptake was compared between a single working and single
ground electrode to determine if cells cultured in a tissue-like environment respond as they do in
a monolayer. The significance of the difference in magnitude between anodal and cathodal

responses to nsPEFs produced for each voltage amplitude was measured by applying an F-test
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for variance before selecting and performing a two-tailed t-test at a 0.05 alpha level of

significance to compare responses at each pole.

5.3 Results & Discussion

5.3.1 YP1 uptake after UP exposure

Before quantifying the relationship between applied voltage and degree of
electropermeabilization, the first step was to identify which UP nsEP parameters could produce a
detectable signal in the 3-D in vitro system. Based on the cited literature as well as test and
evaluation, the set of voltage parameters comprising 1 kV, 3 kV and 4.5 kV charging voltages
produced applied voltages of 0.6 kV, 1.7 kV and 2.5 kV at the biological load. These were

enough to elicit the small range of low-to-high YP1 fluorescence seen in Fig. 5-1.

0 kV UP (Sham) 06KV UP 17KV UP | 25KV UP

Fig. 5-1 Sample brightfield and YP1 fluorescence images from cell exposure to a dipole electrode
nsPEF by unipolar pulses delivered at three different voltages to the quadrupole system.

5.3.2 Defining the electropermeabilization threshold

Based on the mean of three experiments, the LOQ was calculated to be 1020.67
fluorescent units, a value that also appeared upon visual inspection to depart sufficiently from the
baseline value. If x = 2.5 mm is taken to be the axial center of the quadrupole in a Cartesian
coordinate system, where the outermost edges of the active electrodes in the quadrupole align
with x = 1 and x = 2, the intersection of the fluorescence profile plot and the LOQ occurs at x =
1.75 mm. When cross-referenced with the simulated electric field data for a 0.6 kV pulse, the
electric field at this position is 1.11 kV/cm and is considered Ec in this configuration. Notably, if
the same fluorescence value read at position x = 1 mm, which is the outer edge of the

quadrupole, that value is 2.83 kV/cm.
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Fig. 5-2 Critical electric field threshold for electropermeabilization. Green line represents mean YP1
fluorescence + SD (shaded area, n = 3) for a single ground 0.6 kV unipolar nsPEF exposure.

5.3.3 Connection of a secondary ground spatially modulates UP nsPEF responses

Representative fluorescence images after threshold application and color overlay are
presented in Fig. 5-3 for all unipolar exposures, illustrating the general distribution pattern of
electropermeabilization as well as the influence of ground electrode configuration. The pattern of
YP1 uptake illustrates that, with a single ground, the floating electrodes did not substantially
influence the local field enough to induce permeabilization up to Vapp of 2.5 kVV. When
electrodes on both sides of the h.v. electrode are grounded, YP1 fluorescence is hardly visible
around the electrode imprint sites at Vapp = 1.7 KV but is then visible around both and strongest
around the circumference facing the h.v. electrode. When the second electrode is grounded
diagonally across the plane, the field is insufficient for all applied voltages to induce dye uptake
across the axial center, but uptake can still be seen around the distal ground electrode. Minimal

YP1 uptake can be seen for a 0.6 kV unipolar pulse, which is strongest at the h.v. electrode.
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0 kV UP (Sham) 06kvUP 1.7kVUP 25kVUP

Single Ground

Trans Ground

Cis Ground

Fig. 5-3 Sample YP1 fluorescence images of cells exposed to unipolar pulses delivered at three
different voltages to one quadrupole electrode, each with different ground connections.

5.3.4 YP1 uptake in the quadrupole plane is detectable over a range of applied voltages

At the sample load, the applied voltages were measured at approximately 2.5 kV, 1.7 kV
and 0.6 kV, respectively. Line plots along the x-axis and y-axis are shown in Fig. 5-4
representing the average fluorescence due to YP1 uptake normalized to the sham (background)
response for three independent experiments (n = 3). The fluorescence patterns in Fig. 5-4 align
closely with the electric field distributions in Fig. 5-4 (a, b). Although electropermeabilization
was induced at all three voltage amplitudes, YP1 uptake at the periphery of the quadrupole (x =
—0.1 mm) is already present at the higher voltages (Fig. 5-4 (a)).

A Gaussian type pattern specifically occurred between active electrodes, peaking at point
B, which corresponded at each applied voltage with electric field strengths of 4.9 kV/cm (0.6
kV), 13.8 kV/cm (1.7 kV) and 20.3 kV/cm (2.5 kV), as in Table 4-3. The highest overall
fluorescence intensity occurred normal to the flux line at y = {—0.5 mm, 0.5 mm}, the
interfacing edges of the ground and h.v. electrodes, where theory predicted Emax to occur. The
corresponding electric field strengths at the h.v. electrode (point C) were 7.7 kV/cm (0.6 kV),
21.7 kV/cm (1.7 kV) and 31.9 kV/cm (2.5 kV). These results demonstrated that an applied

voltage of up to 2.5 kV could induce YP1 uptake in gel-suspended cells. However, the moderate
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YP1 response along the field gradient for a 0.6 kV pulse suggested that the lower threshold for
electropermeabilization should be investigated, namely since Tables 4-3 through 4-5 indicate that

the spatial electric field falls below 4.9 kV/cm in certain cases.
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Fig. 5-4 Fluorescence profile of cells measured along the x-axis (left) and y-axis (right) after unipolar
pulses were delivered to one h.v. electrode at different voltages with one adjacent electrode grounded. Data
is presented as mean £ SEM (n = 3).

5.3.5 Electropermeabilization does not solely depend on the absolute electric field

Having unipolar nsPEF electropermeabilization data from three different applied voltages
made it possible to compare YP1 fluorescence to the local electric field at a minimum of two
positions. Similar pixel intensities were found with corresponding electric field values of 2.5, 4
and 10 kV/cm for each of the three applied voltages and plotted in Fig. 5-4. Since a 0.6 kV pulse
was not enough to generate a 10 k\V/cm field (see Table 1), response data was only available at
the lower two field values. At points where the field was only 2.5 kV/cm, YP1 uptake was about
the same for all voltages applied. Linear regression of the trendlines for the two plots, each
having three electric field values for comparison, revealed a slope of 47.1 (R? = 0.998) for a 1.7
kV applied voltage, and a steeper slope of 59.9 (R? = 0.998) for the higher applied voltage of 2.5

kV. These differences were not statistically significant at « = 0.5.
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Fig. 5-5 Assessment of spatial linearity between single ground UP nsPEF strength and YP1 uptake.

5.3.6 Localization of UP nsPEF response depends on electrode polarization

While the magnitude of the electric field does not dictate the degree of electropermeabilization,
its value is nonetheless influenced by other factors that may influence the biological response,
such as electrode polarization. The ratios for each of the three applied voltages are plotted in Fig.
5-6. In general, as the applied voltage is increased, the electropermeabilization response tends to
favor the cathode. This relationship between fluorescence polarity (y) and applied voltage (x) is
curvilinear and fits (R? = 1) the second-order polynomial equation as indicated for voltage

amplitudes between 0.6 and 2.5 kV.
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Fig. 5-6 Ratio of YP1 fluorescence due to electropermeabilization from single-ground unipolar nsEPs at the
positive (anodal) versus negative (cathodal) electrodes.
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Analysis revealed that exposure to UP nsEPs delivered to a h.v. electrode in the
quadrupole arrangement with a single grounded electrode resulted in biased and unbiased YP1
uptake. At a 0.05 alpha level of significance, 0.6 kV UP nsEP exposure produced YP1 uptake
with highly significant anodal dependence (F = 4.03; p < 0.001); the same exposure delivered at
1.7 kV revealed no significant polarity bias (F = 1.23; p = 0.245), whereas YP1 uptake revealed
highly significant cathodal dependence (F = 1.94; p < 0.001) when pulses were applied at 2.5
kV.
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Fig. 5-7 Influence of electric polarity on Yo-Pro-1 uptake for single-ground unipolar pulses based on
voltage amplitude. Statistical significance is set at a = 0.05.
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CHAPTER 6
QUANTIFICATION OF CELL PERMEABILIZATION AFTER BIPOLAR NSPEF

EXPOSURE

6.1 Introduction

This study sought to build a quantitative basis to address how bipolar cancellation can be
applied simply in a complex exposure system to reduce field intensity at the electrodes and
enable focused, remote nsPEF biomodulation. This chapter describes the effect on YP1 uptake in
cells in 3-D culture by pulsed electric fields generated using the modular nanosecond quadrupole
electrode system. Experimental validation of the electric field distribution and of the efficacy of
bipolar cancellation and CANCAN in the quadrupole configuration comprised the preparation of
a multi-layer cell culture system, sample exposure to 50 pulses of a 600 ns unipolar or 1200 ns
bipolar pulse delivered at 10 Hz, and descriptive, inferential and effect-size statistics on select

inter- and intra-experimental results.

6.2 Approach

As bipolar cancellation has largely been studied in dipole electrode configurations, it was
thought that a more complex electrode arrangement in the form of a quadrupole might provide
insight into BPC mechanisms. The primary objective of Aim 2 was thus to validate BPC under
comparable exposure conditions and add to recent findings regarding BPC in two-electrode
systems by examining BP nsPEF electropermeabilization in the quadrupole system. To
determine whether BPC occurs and identify how it manifests spatially in a non-linear electric
field, asymmetric amplitude bipolar pulses were first applied to a single working electrode and
grounded at one or two adjacent electrodes and visualized. As with the unipolar case in Chapter
5, stereo microscopic imagery allowed for a qualitative evaluation of YP1 uptake to consider
whether factors such as incident field vector or electrode proximity might play a role not
observable in two-electrode exposure studies.

Given that exposures occurring between the blunt ends of curved electrodes disperse the
vector electric field, bipolar pulses applied in the same manner as unipolar pulses were expected

to exhibit spatially dependent bipolar cancellation. To test the hypothesis (Hza) that cancellation
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efficiency spatially varies in a non-uniform field, YP1 uptake after single-ground quadrupole
nsPEF exposure was thus measured at three inter-electrode points and compared with respect to
the unipolar response at the same points. Pulses were delivered to one electrode; an adjacent one
was grounded while the other two remained floating. To simplify the matter of measuring only a
single endpoint (post-exposure YP1 fluorescence) for an interrogation that has spatiotemporal as
well as directional components, BP nsEPs are reported in terms of the pulse phase amplitude
ratio (¢, /¢,), but described as a percentage in the text. The same ¢, input voltage of 4.5 kV
was used in order to make reasonable comparisons with the results from UP nsEP delivery,
which served as a positive control. This produced attenuated applied voltage amplitudes of
2.44 + 0.06 kV. A 2-point Gaussian blur was applied to each post-exposure fluorescence image
and ROI data were collected across the quadrupole’s equatorial x-axis and between active
electrodes along the y-axis. The fluorescence intensity value was obtained at points A, B and C
for each pulse type. The amplitude of the UP nsEP was normalized to a value of ‘1’, with its
corresponding YP1 fluorescence value representing the 100% response. The unipolar pulse was
thus described by a phase ratio of ‘0’ and the bipolar pulses by their appropriate decimal value.
After plotting results from the three BP nsEP types at the selected points, a curve fit
analysis was performed to assess the linearity of the relationship between phase amplitude
symmetry and electropermeabilization. Regression analysis was used to model bipolar
cancellation dynamics as it gives information on the relationship between a response (dependent)
variable and one or more predictor (independent) variables, such as confounders and risk factors,
whose importance is determined through expanded systems analysis. The response variable here
is, of course, YP1 fluorescence intensity, whereas the bipolar pulse phase ratio is the predictor
variable. To provide a simple model that could be built upon to describe the general behavior of
cell electropermeabilization under known cancellation conditions, a set of algebraic expressions
was then established based on the spatial intensity values of YP1 fluorescence corresponding
with each of the three bipolar pulse types. These expressions serve as a jJumping-off point for

further development of models to aid in predicting BPC in space.

! This only defines the positive control unipolar response by which subsequent bipolar responses are
compared. It is not meant to imply 100% electropermeabilization.
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To spatially assess BPC efficiency, YP1 uptake for UP compared to BP nsPEF exposures
is illustrated and discussed relative to the anodal phase electric field. The algebraic expression
was conceived of based on results generated from single ground UP (0%) and BP (25%, 50%
and 70%) pulses at three inter-electrode positions, A-C, in Fig. 4-5. Because the goodness of fit
and accuracy of conclusions depend on the type and quality of data used, it is imperative to use
truly representative data that is properly compiled. Given that the underlying hypothesis of this
dissertation assumes linearity between nsPEF strength and electropermeabilization response, the
linear regression model was specifically employed here. It describes the linear relationship

between response variable, y and predictor variable, xi, where i = 1, 2,.....n, of the form

f(x) = Bo+ Bixy + Baxy + Paxs+ -+ Ppxy + € (6-1)

where Po, B1, B2 and B3 are regression coefficients (unknown model parameters), and ¢ is
the error due to variability in observed responses. The trendline function in MS Excel was first
used to visually compare different order polynomials and identify candidate models, limiting
selection to those with R? > 0.95 regression coefficients for fitting the BPC data. A second-order

polynomial appeared to fit each of three data sets best, which has the form:

y =a+ bo + ce?. (6-2)

Bipolar cancellation has been shown to peak when a biphasic bipolar pulse has a second-
phase amplitude roughly 50% of the first, but until now has only been measured one-
dimensionally between one working and one ground electrode. Due to the plane-perpendicular
application of the electrodes and non-linear fringing fields cells were exposed to, examining the
role of polarization between only two electrodes was considered an important objective in
determining BPC efficiency. The formation and breakdown of electrical double-layers due to
charging and discharging between the high voltage and ground electrodes, which can affect the
response of the cell sample as a dielectric medium. Electropermeabilization polarization, defined
here as the alignment of cell responses to the cathodal or anodal electrodes, have been observed
in single cells exposed to nsPEFs. Unipolar responses were shown to favor the anode; bipolar

responses were balanced if symmetrical, whereas they favored the electrode corresponding with
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the higher amplitude phase if asymmetrical [88, 143]. For this reason, it was hypothesized that
YP1 uptake in the tissue model balances between cathodal and anodal electrodes under single-
ground bipolar nsPEF exposure parameters prescribed for this work (Hzb). To test this, the BPC
efficiency of the three asymmetric pulses was determined by comparing YP1 uptake at the high-
voltage and the ground electrodes. The two polarity values were calculated by taking the average
YO-PRO®-1 fluorescence from each half of the “anode” and “cathode” sides of the target
sample area, defined by a 0.25 um wide by 1 um long inter-electrode ROI. Statistical analysis
was performed using an unpaired two-sided t-test for differences in YP1 uptake at a 0.5 alpha
level of significance.

Finally, to establish a foundation for the assumption laid out in Chapter 2 (see Fig. 2-6)
that regions of higher cancellation are a pre-requisite to successful CANCAN, the bipolar nsPEF
and YP1 fluorescence distributions are illustrated and analyzed along the regions between the
h.v. (E2) and base floating (E3) electrodes with a cis-dual ground connection. This configuration
was chosen to serve later in Chapter 7 as a basis of comparison for the successful example of
CANCAN in the linear quadrupole. E2 was charged by a 3 kVV UP or BP nsEP, which produced a
1.7 kV load voltage for the UP nsPEF and ~1.6/0.8 kV for the BP nsPEF.

6.3 Results & Discussion

6.3.1 YP1 uptake varies among asymmetric amplitude bipolar exposure regimes

Validating BPC with the current system seemed like a logical objective, but with multiple
conditions, the question was how to approach interrogation. As results with UP nsEPs
demonstrated that changing the ground configuration spatially alters nsPEF
electropermeabilization, the first objective of Aim 2 was to image and compare features of inter-
electrode and axial responses when a second ground electrode is added. To obtain a broader view
of the response distribution, BP nsEPs were delivered with the first phase charged to 4.5 kV.
YP1 fluorescence was captured under the same exposure conditions for different ground (top
row) and pulse (left column) parameters as shown in Fig. 5-8. In the montage, features of
localization and intensity of the YP1 signal are contrasted between conditions. A cursory
qualitative review of the post-exposure fluorescence imagery from stereomicroscopy presented
in Fig. 6-1 helped to home in on some immediately observable and contrasting features between

responses to the different types of bipolar pulses and ground configurations.
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The first thing that stands out is that, save for YP1 uptake by a few stray cells, likely due
to damage caused during cell preparation, no clear pattern of fluorescence is present in the sham
exposure images. This is crucial because it confirms that cells are not damaged by the act of
impressing electrodes into the gel-suspended cells. When scanning across single-cis-trans, YP1
uptake for a 25% BP nsEP appears to localize primarily at the ground electrodes in the first two
configurations, but be dispersed when the two grounds are side-by-side. For the 50% BP nsEP
case, inter-electrode intensity appears to be overall lower than for the other two pulse types, with
some localization seen around the h.v. electrode in the far-right frame. The opposite appears to
be true for the 70% BP nsEP, with inter-electrode intensity being the strongest compared to all
other BP configurations. However, fluorescence appears to be more distributed rather than
strongly localized around a particular electrode.

Sham Single ground Cis ground Trans ground

50% BP 259 BP

709 BP

Fig. 6-1 Sample images of YP1 fluorescence after bipolar nsPEF exposure. Pulses were delivered to the bottom-
left (h.v.) electrode. Rows show percent phase amplitude and columns show ground electrode configuration.
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6.3.2 Spatial character of YP1 uptake differs between bipolar and unipolar exposures

One way to interrogate a possible role for the vector field on BPC was to evaluate
electropermeabilization at different points in the field. Since quadrupole electropermeabilization
occurred across a gradient that also included the influence of double-layer effects, YP1 uptake
was measured at the quadrupole axial center (A), at the halfway point between the h.v. and
ground electrodes (B), and at the h.v. electrode where Emax occurs. As Fig. 6-2 shows, YP1
uptake displays a similar response pattern at all three points in the quadrupole plane, with
electropermeabilization decreasing for a 25% BP nsEP case to roughly 50-70%, relative to the
unipolar response. This decreases a further ~15% when the second phase is 50% of the first,
except at ‘A’, which is the axial center of the quadrupole. Here, the bipolar response increases
by about the same magnitude. When ¢, is 70%, YP1 uptake at all points increase relative to the
50% BP nsEP, but with each markedly different relative to the unipolar response. Proximal to the
h.v. electrode, BPC occurs, with YP1 uptake at about 70% of that for the UP response. Between
the h.v. and grounded electrodes, YP1 uptake is only ~5% higher, and for the 70% BP nsEP,
YP1 uptake is much (75%) higher than that for the unipolar pulse.

6.3.2.1 Modeling bipolar cancellation
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Fig. 6-2 Spatial-intensity plot of YO-PRO-1® uptake as a function of the bipolar pulse phase ratio.
Cancellation efficiency is represented as the mean +/- SEM of n = 3 or 4 independent experiments.
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The ability to quantitatively predict BPC is crucial to nsPEF technology design and
development, yet it has been elusive to date. Elucidation of its mechanisms is partly limited by
the fact that it has not been specifically demonstrated in high cell concentration samples or
analyzed regarding the vector field. Although Fig. 6-2 showed that BPC differed spatially in
magnitude, similar patterns relating YP1 uptake to the pulse phase ratio were observed. It was
inferred from this that if electropermeabilization is proportional to the bipolar pulse phase
amplitude ratio, then the relationship can be quantified to predict BPC in space for a given cell
type. The objective was thus to formulate a quantitative model that might facilitate a simple
algebraic description of BPC in terms of the pulse amplitude phase ratio for predicting spatial
responses within experimental constraints.

Regression analysis is about determining how changes in the independent variables are
associated with changes in the dependent variable. Coefficients tell you about these changes and
p-values tell you if these coefficients are significantly different from zero. The model is meant to
include the essential features of the relationship between bipolar nsPEFs and cell
permeabilization and exclude superfluous details, only to the degree that the relationship can still
be described with reasonable accuracy within experimental constraints.

The normalized value of YP1 uptake (y-axis), ¢ is the value of the second phase of the
bipolar waveform as a fraction of the scaled unipolar waveform. The data for each of the plots
shown in Fig. 6-2 were imported into the online software tool, MyCurveFit (MyAssays Ltd.,
England and Wales, #07089538). A Cubic Regression was then performed on each set, which
returned the functional coefficients in Fig. 6-3 according to their sequence in (5-2), with

respective error values given in Table 6-1.

Table 6-1 Bipolar cancellation goodness-of-fit analysis

Position * Error
a b [
A 0.070 0.485 0.669
B 0.061 0.426 0.587
C 0.103 0.714 0.985
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Fig. 6-3 Curve fitting using polynomial quadratic regression to model bipolar cancellation. Calibrator
represents mean fluorescence data (n = 3) from Yo-Pro-1® uptake after exposure to a BP nsEP delivered by
one working electrode grounded by one electrode in the planar quadrupole.

The R? = 1 value for all three expressions, corresponding to the calculated coefficients,
suggests a very good fit between the model curve and the pattern of fluorescence for the BPC
parameters studied and within the boundaries of the experimental data. The Durbin-Watson
Statistic> (DWS) values shown indicate a moderate positive autocorrelation, or the degree to
which a subsequent increase in the second phase will be positive if the previous is positive. As
qualitative analysis also suggested, the coefficients at positions A and C are identical when
rounded to the nearest tenth and suggest that response behavior can be predicted using the same
model at these inter-electrode positions.

2 The Durbin-Watson Statistic (DWS) is used to detect the presence of autocorrelation in the residuals of
the regression. DWS values range between 0 and 4. A value close to zero indicates positive autocorrelation between
residuals; 4 indicates negative autocorrelation, and a value around 2 indicates there is no significant autocorrelation.
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6.3.3 Electrode polarization effects differ between unipolar and bipolar exposures

In addition to the discovery that there are spatial differences in YP1 uptake, considering
also that unipolar responses showed anodal bias based on the applied voltage, it was necessary to
similarly examine the possible differences in charging effects caused by electrode polarization
when bipolar pulses are applied. Qualitative examination of the line created by averaging pixels
across a rectangular ROI drawn around the flux line between the cathodal and anodal electrodes
revealed that exposure to 50% BP nsEPs resulted in unbiased YP1 uptake. Similar to results from
a UP nskP delivery (Fig. 6-4 (2)), the YP1 uptake pattern for a 25% BP nsEP (Fig. 6-4 (b))
displayed cathodal bias but had an overall lower response. Fluorescence due to YP1 uptake from
exposure to electric fields from 50% BP nsEPs (Fig. 6-4 (c)) appeared evenly distributed along
the same pattern as the electric field gradient, with no polar bias. In contrast, when the second
phase was 70% of the first (Fig. 6-4 (d)), not only was a slight reversal in maximum YP1
fluorescence localization to the “anode” detected, but fluorescence along the full length of the
averaged inter-electrode region was higher overall for than for the UP response, with a roughness

that was also more evident than in comparison to the other BP and UP nsEPs.
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Fig. 6-4 Effect of electrode polarization on YP1 uptake. Each plot shows mean + SEM fluorescence intensity

(solid line) measured with 2-pt Gaussian blur filter along the flux line between the h.v. and adjacent grounded.

The first (dashed line) and second phase (dotted line) |E| are shown for each UP (a) and BP (b-d) pulse charged
to 4.5 kV. Pulse phase ratios are expressed as percentages.
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When Ar versus Cr was compared, no statistically significant difference in response
polarity was found for each asymmetric pulse type tested. This diverges from results of the linear
quadrupole study [6], which clearly displays YP1 uptake, albeit reduced relative to the unipolar
result with equivalent first-phase amplitude, favoring the “anodal” electrode. That the linear
example employed embedded electrodes may account for this difference, as more cells would
have been exposed to the stronger uniform field at the center region of the electrode. Of further
contrast is the finding from Valdez et al. [64] during a study of asymmetrical width BP nsPEF
exposures where “anode” dependence of YP1 uptake was present for a positive first-phase 900
ns pulse followed by a negative second-phase 300 ns pulse. The reverse was true (i.e. “cathode”
dependence was present) when the phase widths were reversed. As of this writing, no similar
studies were found regarding polarization effects on nsPEF electropermeabilization in single

cells given an asymmetric amplitude bipolar pulse waveform.

1400 -

B (+) electrode
. 1200 1 O (-) electrode

i 1000 1
800
600
400 4
200 4

)

Fluorescence (a

25% BP 50% BP 70% BP
Exposure

Fig. 6-5 Influence of electric polarity on Yo-Pro-1 uptake for single-ground unipolar pulses based on
voltage amplitude. Statistical significance is set at a = 0.05.

6.3.4 BPC efficiency and electric field distribution

Although it was important to quantify the exposure-response relationship at specific
points in the quadrupole plane, it was thought that spatially characterizing the relationship
between the |E| and electropermeabilization distributions for unipolar and bipolar nsEPs might
reveal more about bipolar cancellation efficiency. Of specific interest were the base (E2/E3) and

equatorial regions between the h.v. and floating electrodes as shown in Fig. 6-6. To focus on the



distal rather than electrode-proximal response, only the field and fluorescence values for the

central 0.6 mm gap region were considered.
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The anodal phase electric field is strongest starting from the h.v. side of the quadrupole
and weakens toward the rightmost side of the measured region over both ROIs. It is highest
between E2 and E3 at ~9 kV/cm compared to ~7.2 kV/cm in the center region close to E1 and
E2. On the opposite side of the quadrupole, the reverse is true. For the axial ROI, |E| is slightly
higher at ~5 kV/cm than at the same vertical position between E2 and E3 at ~3.2 kV/cm. |E| is
0.5 kV/cm higher along the y-axis in the equatorial position than between E2 and E3.

In both regions, YP1 uptake from both UP and BP exposures generally follows the |E|
distribution. Bipolar cancellation is evidenced by the dashed line falling below the solid line and
is thus indicated across both regions, but it is mild. However, the UP response drops below that
of the BP response approaching E2 in Fig. 6-6 (a), indicating electrical double-layer influence.
Based on the finding that BPC was minimal in the target region, per the assumption illustrated by
Fig. 2-6, it was expected that this would lead to poor CANCAN. Nevertheless, as both UP and
BP responses generally follow the trajectory of the field, adjustments to the charging voltage or
electrode shape or distance may allow for greater separation between the two to be achieved.
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CHAPTER 7

CANCAN IMPLEMENTATION: A PILOT STUDY

7.1 Introduction

Gianulis et al. [6] successfully demonstrated moderate distal electropermeabilization by
CANCAN using a linear quadrupole system. The goal of the final part of this study was to verify
that spatial modulation of nsPEF electropermeabilization using the CANCAN technique is
feasible in a coplanar quadrupole system. Proximal to the electrodes, electropermeabilization
was expected to be eliminated or reduced relative to the quadrupole center. This is because
reversing the electric field vector by delivering a subsequent pulse of opposite polarity initiates a
local bipolar nsPEF response, which becomes increasingly unipolar approaching the axial center
due to destructive interference of a second superposing wave caused by delivering an anti-polar
pulse to an opposing electrode, demonstrating the potential for remote tissue stimulation. The
study by Gianulis et al. demonstrated that two pulses, at least one of which is polyphasic, could
be delivered independently by gel-penetrating electrodes such that the superposition of their
electric fields produces relatively stronger UP nsPEF electropermeabilization in suspended cells
between the two innermost electrodes of a linearly arranged quadrupole [6, 61]. In order to
provide preliminary evidence for a more effective 2-D remote nsPEF biomodulation capability, a
pilot study was conducted to test both theory and empirical data described in earlier chapters.
The coplanar quadrupole electrode system was thus employed using the CANCAN technique
and assessed for its effectiveness in creating a unipolar-equivalent nsPEF electropermeabilization
response at the axial center. This was followed by an evaluation of the system and its ability to
exploit bipolar cancellation to facilitate remote nsPEF electropermeabilization. Taken together,
the information gleaned in this chapter serves to further the potential for the development of a

non-invasive, 2-D remote nsPEF biomodulation capability.

7.2 Approach

The first objective was to identify feasible pulse modes for realizing CANCAN. The next
was to apply synchronized pulses by independently charging adjacent electrodes such that the
second, anti-polar (superposing) pulse began at the second phase. YP1 uptake was then
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compared between regions closest to the electrode first charged and at the axial center. Although
time and resource constraints did not allow for a full study, it was possible to pursue two main
objectives toward the aim of implementing and quantifying CANCAN. The first was to
determine a pulse application regime expected to produce visible YP1 uptake at the quadrupole
center. The second was to demonstrate CANCAN by delivering the synchronized pulses and
confirming whether and to what degree responses aligned with expectations.

Feasible pulse modes for realizing CANCAN were identified by sampling from the
various pulse generator channels and adjusting the positive and negative voltage sources to
ascertain which settings would align the synchronized phases best. Two regimes were
constructed comprising a monophasic unipolar pulse synchronized with the second phase of a
biphasic bipolar pulse (2+1) or a bipolar biphasic with the second phase of a bipolar triphasic
pulse (3+2). Their respective representative waveforms are shown in Fig. 7-1 (a) and (b). Each
was delivered to paired electrodes such that their superposition would sum to a unipolar pulse.
The other two electrodes were grounded and voltages at the biological load were measured by
two probes.

Fig. 7-1 Pulse waveform options for applying CAN-CAN: a) biphasic cancellation and b) triphasic cancellation.

The second part of this chapter and final aim of this research was to evaluate the current
system for its overall ability to support remote biomodulation by nsPEF. Insights gleaned
regarding bipolar cancellation characteristics of this system were incorporated along with spatial
modeling of UP and BP nsEP transients to establish a means by which remote biological

response might be achieved by applying the CANCAN technique using quadrupole electrodes.
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within a given set of constraints. These illustrative models were then compared with results of
published research on BPC studied in 1-D systems. A second objective was to conduct a spatio-
temporal analysis of CANCAN from the perspectives of the vector field, pulse waveform
dynamics and grounding configurations to gain insight into cancellation mechanisms and
identify any patterns that might reflect the magnitude of the biological responses. Finally, the
third objective was to quantitatively compare and contrast 2-D versus 1-D quadrupole electrode
permeabilization by synthesizing and comparing experimental results from Aims 1-3 against
those obtained from the related recent linear quadrupole study by Gianulis et al. [82] to verify

parameters that could be optimal for manipulating proximal versus distal responses.

7.3 Preliminary Results

As with the unipolar and bipolar exposures, the phase duration, number, and repetition
rate were kept constant for each contributing CANCAN pulse. Preliminary data was obtained for
different peak amplitudes, number of phases and phase amplitude ratios. The pilot test was
conducted using three pulse synchronization schemes based on these independent variables as
listed in Table 7-1. For each set of CANCAN conditions, the phase one (¢1) amplitude was used
as a reference (100%), with each subsequent phase (¢s) set as a percentage of the former. For
ease of narrative description, exposures were defined as: CANCAN A (100/45%), CANCAN B
(100/26%) and CANCAN C (100/41/27%).

Table 7-1 Peak amplitude for each synchronized CANCAN pulse

CANCANA CANCANB CANCANC
Pulse Phase
n=3 n=1 n=2
Q1 1.35 — 2.26 — 1.42 —
Q2 0.59 -0.63 043 -0.76 0.64 -0.53
Q3 n/a n/a n/a n/a 048 -0.29
+ - + - + -

As it was with the unipolar and bipolar calculations, numerical approximations of the
electric field were scaled based on the peak applied voltages for each phase. Unlike with

CANCAN A, it was more difficult to match the magnitudes of the positive and negative
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independent pulses during phase two of CANCAN B and C. Due to this limitation, superposition
would result in incomplete cancellation during the second and third phases, so limited or no
distal YP1 uptake was expected.

7.3.1 Proximal versus distal effect

Since it was possible to complete three independent CANCAN A experiments and since
the synchronized second phases were well matched in opposing amplitudes, proximal and distal
responses were considered first for this 2+1 combination. To confirm whether CANCAN A
could reduce nsPEF electropermeabilization at the electrodes normally occurring with UP nsEPS,
analysis of YP1 uptake were limited to two regions of interest (ROIs): a 1 X 0.25 mm
rectangular area tangent to the interior edge of the first-charged electrode (E1) facing the
quadrupole interior, and a 0.5 mm X 0.5 mm square area encompassing the axial center. NsSPEF
responses from a 3 kV first-phase charging voltage were measured at these two positions and
plotted in Fig. 7-3 for the following conditions: single- and cis-dual ground unipolar, cis-dual
ground bipolar and CANCAN A nsPEF exposure.

For the CANCAN A sequence, where a ~45% BP nsgP (11.35,0.63 kV) was
synchronized with a 0.59 UP nsEP, proximal YP1 uptake was 25.9% higher than for a 1.7 kV
single-ground UP exposure, but on par with the cis-dual ground UP exposure. This contrasts with
a cis-dual ground 50% BP pulse (11.64,0.8 kV), the response to which was surprisingly ~15%
higher at the reference electrode than it was for the UP pulse. As Fig. 7-2 (b) depicts, there was
no significant difference in YP1 uptake between all exposures in the axial region.

To confirm whether a higher pulse amplitude or additional phase might be better at
reducing nsPEF electropermeabilization at the electrodes and creating a distal (axial) response,
and especially to assess the effects of incomplete cancellation, YP1 uptake in the same two
regions was compared between all three CANCAN pulse synchronization regimes. Results from
these are shown in Fig. 7-3. A relative CANCAN effectiveness score (rCCE) was defined to aid
in quantifying this comparison as follows:

rCCE = distal response / proximal response
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Fig. 7-2 Comparison of proximal and distal YP1 uptake for a CANCAN A (2+1) pulse synchronization.

The proximal response from one CANCAN B experiment, with its higher @1 amplitude at
2.26 kV and partly cancelled @2, had a score (0.58) twice that of the lower strength g1 CANCAN
A equivalent (0.27). The CANCAN C scheme was the least effective with an rCCE score of

0.09.
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Fig. 7-3 Spatial analysis of fluorescence after application of CANCAN technique.
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When the preliminary data from all three CANCAN approaches were compared, results
suggested possible notable relationships between response localization and waveform character.
While CANCAN A and B had similar synchronization regimes, the proximal responses were
about the same despite the difference in @1 magnitude, yet the distal response was 57% higher for
B. For CANCAN C, the proximal response was even higher than it was for B despite the lower
o1 value, but YP1 uptake at the axial center was the lowest overall. Due to small sample sizes,
additional experiments are necessary to confirm the accuracy and statistical significance of these

early results.

7.3.2 CANCAN reduces UP uptake, but not at charged electrode

Based on unexpected results of high bipolar nsPEF responses relative to CANCAN A
(Fig. 7-2), it was worth investigating whether the analytical approach used may have been
insufficient. It was thought that if the proximal ROl measured along the center-facing part of the
electrode was in fact drawn too long, then it was possible that pixel data otherwise confined to
the flux line region between electrodes was erroneously being included. To test the hypothesis
that CANCAN under certain conditions can produce an effective remote electropermeabilization
response at different inter-electrode points in the quadrupole plane, YP1 uptake was measured
and compared among cis-UP, 50% cis-BP and CANCAN A exposures between electrodes E1
and E2. The common @1 pulse charge amplitude was 3 kV. Statistical analysis of YO-PRO®-1

uptake 15 min post-exposure was determined with an unpaired two-tailed t-test, alpha = 0.05.
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Significant reduction of YP1 uptake did occur (p = 0.038) nearest an electrode relative to
the UP response, but it was the ground electrode rather than h.v. electrode. Though not quite
statistically significant, the equatorial position indicates the higher relative BP nsPEF response (p
= 0.059) observed in the first section of this chapter, as well as a lower relative CANCAN A

response (p = 0.053). Differences in exposure types were not significant at the h.v. electrode.

7.4 Evaluation of Remote NsPEF Biomodulation

The long-range goal of this work is to be able to remotely stimulate a biological response
to nsPEF. Two aspects of nsPEF were already investigated as part of this work. The ability to
spatially manipulate nsPEF electropermeabilization was qualitatively and quantitatively explored
by varying the ground connection of UP and BP nsEPs delivered to the tissue model by a planar
arrangement of quadrupole electrodes driven by a pulsed power system. This first involved
assessing the vector details of the electric field responsible for the spatial differences in the
planar bipolar nsPEF responses. The purpose of this chapter is to build on the understanding
acquired through these experiments to determine the feasibility of using the planar quadrupole
exposure system as a non-invasive nsPEF delivery technique. The objective is then to consider
the vector character of the electric field in more detail and assess it against the quality of spatial
nsPEF electropermeabilization in the target tissue model. This would provide insight into how

waveform polarity transitions over a field gradient may be reflected in cell responses.

7.4.1 Assessment of the role of bipolar cancellation efficiency in effective CANCAN

Bipolar cancellation efficiency was evaluated by quantitatively comparing and
contrasting 2-D versus 1-D quadrupole electrode permeabilization by synthesizing and analyzing
experimental results produced in this study along with those (published and unpublished)
obtained from a related study by Gianulis et al. [121], who recently validated bipolar
cancellation using a modified linear quadrupole electrode configuration driven by the same
modular nanosecond pulse generator used in this work. As Table 7-2 describes, the linear system
electrodes each had a larger radius than that for the planar system and were separated by twice
the distance. This is important because it generally results in a more homogenous field. It must
also be noted that the linear system tested BPC at the center of the electrodes, which were

embedded in the gel-suspended cells, whereas the planar system tested the phenomenon at the
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surface of the 3-D culture, where the electrodes were instead sitting in a PBS electrolyte. Since
charging voltages were roughly the same in both studies, the effect on the above is evident in the
electric field ranges produced, which was twice as high for the planar system. BPC trends found
in both were in line with earlier studies reported in Chapter 2, in which BPC peaked at second-

to-first-phase ratios of 20-60% for various exposure systems and biological markers used.

Table 7-2 Bipolar cancellation efficiency of a linear versus planar quadrupole system

Linear Quadrupole Planar Quadrupole

Gap Distance e 2mm e 1mm
Electrode Diameter e 16mm e 1mm
Max Electric Field Range o 4 <E <20kviem e 05 <E <40kviem
Max BPC By d>2/d>1amplitude e ~2-3fold when 20-60% o ~2-3fold when 25-50%
Pulse Number, N e For N <40 p, BPC not dependent e ForN=50p, BPC not

on |E| dependent on |E|
Saturation e >80p,E > 12kVicm e Not tested for >100 p

Fig. 7-5 illustrates the relationship between stimulation by the first-phase electric field of
a 50% BP nsEP and electropermeabilization response using the linear quadrupole system.
Fluorescence was measured between E2 and E3. Despite differences in electrode size and
spacing between the linear and planar quadrupole systems and higher pulse numbers used in the
linear study, it was still possible to compare responses based on the electric field values. The
degree of bipolar cancellation in the linear configuration was clearly much greater across the E2-

E3 gap than it is in the planar configuration (Fig. 6-6), especially at the anodal electrode.
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Fig. 7-5 Bipolar cancellation in linear quadrupole system exposure.
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7.4.2 Vector field dynamics at select points in the exposure surface plane

The effect of independently delivering various pulse types in the same exposure was
determined at key points in the 2-D plane. Results from Chapter 4 revealed similar, but distinct
differences between unipolar and bipolar responses measured from the same exposure at
different inter-electrode locations. To better understand such differences, in silico results were
used to identify the 2-D vector and absolute (additive) field at specified points of interest across
the exposure surface in order to assess the extent to which pulse polarity plays a role in the
spatial dynamics of YP1 uptake. Although there were many possibilities in terms of where to
examine the field, this investigation was limited to a circular ROl whose center was at the axial
center of the quadrupole (Fig. 7-6 (a)), as this is the desired target CANCAN response location.

A 50% bipolar pulse has been shown in this work and in others to produce perhaps the
strongest cancellation. This evaluation thus examines the case where a 50% BP nsEP with a 1 kV
rectangular wave excitation signal is applied to E2, synchronized at the second phase with an
opposite-polarity UP nsEP delivered to E3 at 0.5 kV to understand the nature and likelihood of
electropermeabilization from nsPEF exposure under this condition at a given point in the plane.
Fig. 7-6 shows that, counterclockwise starting from between E1 and E4, the absolute field rises
briefly then drops to its lowest value between E3 and E4 before steadily increasing at points
closest to E1 and E2, the electrodes activated with the initial pulse.

—@-Ph | |E| at radial points
- ——Ph | |E| at axial center

Electric Field (kV/cm)
= ra = =7 (=]

5 v
0 1 2 3 4 5 6 7 8 9
Select Point

Fig. 7-6 Exploration of dynamic polarization of the CANCAN electric field around the axial center.
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When the field is broken down at each point around the circle, some relevant details
emerge. The nature of the non-uniform field is such that it is more or less bipolar depending on
the point examined and from which perspective. Fig. 7-7 gives the breakdown of the 2-D vector
field in the x (a) and y (b) directions, along with their corresponding waveforms (b, c). At the
center, where electrostatic theory predicted a unipolar field upon properly synchronized anti-
polar pulses, the y component of the field is unipolar whereas the x-component of the field has
been cancelled. At opposing points 1 and 5 there is a combination of bipolar and unipolar vector
field components. At points 2, 4 and 6 both x and y vector field components produced are
bipolar. At points 3, 7 and 8, the x-component field is cancelled, and the y-component field is
bipolar. The consequence and potential of these findings is that, at each point, cells or tissue will
be exposed to a different field in space and respond accordingly. The simplest assumption is that
electropermeabilization would correspond to the field polarity as in Table 7-3 summary.
However, it must be remembered that research to date that can in part explain cell membrane
responses to unipolar and bipolar fields is bi-directional. Understanding cell responses to
dynamic nsPEF exposure from different directions, especially in bulk culture, has not even

begun to be explored.
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Table 7-3 Electric field polarity at points around the axial center

Field Polarity Fraction
Unipolar 3/16
Bipolar 8/16
Additive 316
Cancelled 6/16
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CHAPTER 8

SUMMARY

8.1 Introduction

The main research question driving this work was: how can pulse and electrode
complexity be exploited to spatially modulate nsPEF electropermeabilization? Namely, what
factors do pulse polarity, grounding configuration and electrode proximity play in facilitating the
realization of remote nsPEF stimulation? In order to reliably determine the extent to which
bipolar cancellation occurs and in what biological systems requires technologies capable of
supporting multi-dimensional exploration of in vitro and in vivo responses to complex nsPEFs
for various cell types. From both the biological experiments performed and numerical analysis of
the 2-D electric field, this work provides evidence of how combining the right electrode
configuration with independent and flexible pulsed power capabilities supports a more
informative investigation of nsSPEF membrane biophysics and may lead to improvement of the
spatial control of nanosecond pulses to provide more effective localization of medically relevant
PEFs. In silico and in vitro experimental results from this work were synthesized and are
discussed in this chapter in the context of published and ongoing research to provide
interpretation and assess the implications of findings against stated aims and objectives.

The principal goals of this investigation were to facilitate understanding of 2-D bipolar
cancelation of nsPEF electropermeabilization in a non-uniform field, and to determine whether
certain features could be exploited to control a biological response to nsPEF stimulation. A
planar quadrupole electrode arrangement differentially charged by a multimodal nsPEF generator
was employed to simplify comparison of unipolar and bipolar nsPEF electropermeabilization and
evaluation of the feasibility of using the proposed system for remotely stimulating cells and
tissues through superposition.

In this study, the need for further advancement toward the development of technologies
capable of accurately targeting 3-D tissue environments (in vitro and in vivo) for nsPEF
treatment was addressed. While electromagnetic field medical technology is not new, nsPEF
technology has yet to be largely incorporated in current therapeutic regimens due to the

uncertainty presented by so many nsPEF parameters and systems yet to be explored, as well as
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the general challenge of competing with more conventional modes of treatment. This work
emphasized the critical need to overcome limitations imposed by common parallel electrode-
based exposure systems. Most commercially available nsPEF exposure systems cannot address
the unique demands of individual research laboratories. The custom planar quadrupole electrode
system demonstrated the ability to spatially modulate nsPEF electropermeabilization at the
surface of a 3-D tissue model, without compromising the integrity of the surrounding tissue.
Despite this achievement, certain limitations in this work, some of which are described below,
prevented full realization of this novel capability at this time. New approaches to the work are

therefore suggested.

8.2 Challenges, Limitations and Other Considerations

8.2.1 Apparatus

There are two principal challenges that imposed limits on this work. As both the pulse
generator and an electrode interface are custom-built, their functionality has not been optimized,
but much care has been taken to minimize errors and maximize accuracy during experimental
design. This was largely aided by following baseline protocols that were applied for studies of
the modified linear quadrupole system by Dr. Gianulis et al. Some voltage variance could also
not be overcome between UP and BP nsEPs with the same first-phase amplitude, as well as
between asymmetric amplitude BP nsEPs and those of different ground connection positioning.
Due to what may be described as a combination of cross-coupling among stacks and impedance
mismatching at the biological load, it was not always possible to achieve the same load voltages
for all conditions being compared. Since it was impractical to continuously attempt to adjust

input conditions, voltage values are only considered accurate to one decimal place.

8.2.2 Cell sample preparation and nsPEF exposure technique

Insufficient mixing or pouring can cause gel inhomogeneity and thus serve as a source of
‘noise’ in subsequent fluorescence data analyses if the cell volume isn’t fully dispersed. Another
inconsistency is in making identical electrode-target contacts when manually lowering electrodes
due to visual distortion between media phases in the dish. Both may be mitigated by post-
processing techniques and careful selection of statistical approaches. The latter may otherwise be

corrected for future work by improving the exposure set up to incorporate a physical stopper
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(e.g. toothpick) when lowering the electrodes or marking the gel height segments directly on the
dish prior to pulsing.

To effectively manage and ensure consistency regarding the time between exposure and
image acquisition, all exposures were performed clockwise, beginning with sham. Each exposure
was separated from a previous one by 1 cm to prevent mechanical disruption of the gel or
exposure dose overlap. Occasionally, a few stray cells fluoresced in the sham exposure as well as
in nsPEF exposure images. This was mainly attributable to YP1 uptake by cells damaged during
mixing with the viscous gel. The general absence of fluorescence around the quadrupole
electrodes nonetheless verified that electrode position marking did not damage cell membranes

and contribute to YP1 uptake during nsPEF exposure.

8.2.3 Analysis

A prominent source of potential error that limits the precision of measured data has to do
with the impact of the exposure technique used. One of the main goals of this work was to assess
the possibility of using the modular pulser with planar quadrupole for non-invasive (and long-
term, remote) applications. Surface-level exposure, however, was found to result in a pixel
“ramp” whose intensity peaked not at the exact position associated with the electrode edge, but
farther away, closer in towards the opposing adjacent electrode. One of three things likely
happened: 1) the action of pressing the electrodes into a semi-soft gel culture and then lifting
them to where the blunt wire ends are coplanar with the cell culture surface caused the gel
culture to settle away from the ends and thus be exposed to a lower field; 2) difficulty visualizing
the cell surface during exposure setup led to the electrode applicator end not aligning properly
with the cell culture surface, exposing the embedded cells to a lower electric field; or 3) the cells
closest to the blunt ended wires were actually exposed to weaker fringe fields rather than the
maximum field normally present at electrode surfaces and upon which the theory underlying part
of this work is based. As such, it must be assumed that peak electropermeabilization responses
did not occur at the maximum proximal electric field. To mitigate the above, which might have
occurred in combination, maximum YP1 fluorescence values proximal to electrodes were
identified and typically reported as the average of bracketed pixel data in relation to a given

electrode, rather than at the exact Cartesian point corresponding to the electrode-gel interface.
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8.2.3.1 Detection

Membrane integrity analysis is often performed optically by measuring the uptake or
release of fluorescent markers such as YOYO-1, PI, acridine orange and calcein AM. YO-
PRO®-1 was used because it makes optical detection easier, but it may not be the best method
for detecting electropermeabilization in this experimental system. As Napotnik et al. [144] point
out in a detailed review article, numerous methods have been developed over decades of
‘electroporation’ research, each with its advantages and disadvantages, considering the available
equipment and experimental conditions used. Measuring impedance is one such technique that is
non-invasive and has the advantages of a fast, connected response that is often used to follow
electroporation [145]. Further assessments may be valuable to ascertain which is the most
suitable for this particular type of exposure study, which may be YO-PRO®-1 if the saturation

and complete linear range parameters are ascertained.

8.2.3.2 Cell selection

NSPEF effects have been shown to vary for different types of cells. Of importance here is
the fact that bipolar pulses do not always have the same cancelling effect in nerve cells [146].
Because CHO-K1 cells in particular lack voltage-gated channels, findings from this study cannot

be generalized to all cell populations. Hence, more research is needed on other cell types.

8.2.3.3 Statistical approaches

The two-sided t-test was primarily used to determine the statistical significance between
spatial electropermeabilization responses for the various pulse conditions tested. Unfortunately,
time and equipment constraints meant that sample size, n, was too small in most cases to ensure
statistical power was high enough. The likelihood of committing a Type Il error (i.e. accepting as
true the null hypothesis that there is no difference in biological response to different exposures,
when in fact, there is a difference) was therefore high. This approach, however, was primarily
used to identify large differences. For expanded analysis, the one-sided K-S test is useful in
curve-fitting and linear regression analyses (e.g. least-squares estimation) to support predictive
modeling of spatial-intensity relationships. The Wilcoxon Rank-Sum/Mann Whitney U approach
could also be used if appropriate given: 1) the inclusion of a control group gives unpaired, two-

sample (non-parametric) data; and; 2) n is small. To evaluate the strength of statistical claims, it
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can be more insightful to use effect size — a quantitative measure of the magnitude of a

phenomenon [45] — determined by means of the Vargha and Delaney A coefficient [147].

8.3 Future Research Recommendations

Since only a pilot study was performed as part of the work here, substantially more can
be done to validate CANCAN using the planar quadrupole exposure system. First, experiments
should be repeated to validate findings to date. More importantly, full validation can be
accomplished by re-configuring the pulse generator to deliver the pulse amplitude ranges
necessary for complete waveform cancellation and exploiting the acquired data around the full
arc of the applicator electrodes. Given the challenges posed by marking electrode positioning
directly in the gel, an indirect technique, such as using an electrode bumper paired with an
alignment marker on the stereomicroscope, could be incorporated into the exposure system to
increase accuracy and enable electropermeabilization data closer to the electrodes. Additionally,
future designs should have different electrode shapes that optimize the fringing electric field in
the regime where the bipolar pulse is generated. These will help minimize charge accumulation
along the blunt end perimeter of the current wire electrodes.

Modeling studies show that changes in cellular dielectric parameters such as plasma
membrane conductivity can significantly affect the dielectric spectrum of a cell suspension.
Measuring the dielectric spectrum of CHO-K1 cells suspended in agarose gel in varying
concentrations then fitting this data into proper dielectric models, such as the Maxwell-Wagner
mixture model combined with a single- or double-shell cell model, could allow nsPEF-induced
changes to be estimated. The temporal development of dielectric properties of CHO-K1 cells
could thus be derived following exposure to quadrupole nsPEF from 50 pulses of 600 ns duration
at a repetition rate of 1 Hz. Despite that there is no effective means available to image gel-
embedded cells in real time, changes in plasma membrane integrity could nonetheless be
assessed at various voltage amplitudes by stereomicroscopy for different times reasonably at 30 s
intervals after exposure by fluorescence imaging of YP1 uptake.

Results are measured post-pulse rather than in response to what is actually a dynamic
field. The temporal effects of BPC would best be understood with ultra-fast imaging, using a
longer pulse width (e.g. 1600 ns) and technology like serial time-encoded amplified microscopy

(STEAM), which can take an image every 163 nanoseconds. Further experiments should be run
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with samples combining low- and high-conductivity media tests to determine if permeabilization
is further enhanced in combination with these nsEPs in a synergistic manner.

The fidelity of the 3-D agarose gel system should be examined. According to Sigma, the
manufacturers of the low-gelling temperature agarose used in this study, although anionic groups
in an agarose gel are affixed to the matrix and cannot move, dissociable counter-cations can
migrate toward the cathode in the matrix, giving rise to a phenomenon knowns as
electroendosmosis (EEO) - a movement of liquid through the gel. Since electrophoretic
movement of dye molecules like YPL1 is usually toward the anode, EEO can be a confounder in
the localization of membrane biomarkers due to internal convection.

Finally, these experiments, plus ones applying 100% BP nsEPs, for example, should be
performed with the objective of studying cohort and abscopal effects in other areas of the cell
culture gel. Due to the semi-soft nature of the gel tissue model, it is possible (especially if the gel
is made at a higher percent of agarose or allowed to set longer) to cut portions of it out. DNA or
RNA can then be extracted to perform polymerase chain reaction (PCR) or gene expression

analysis.

8.4 Conclusions

This work demonstrated the potential for a planar quadrupole electrode system to non-
invasively modulate cell membrane permeabilization in two dimensions through the selective
individual or synchronized application of unipolar and bipolar nanosecond pulses. The
dependency of the degree of electropermeabilization on the absolute electric field strength and
vector, were quantified and analyzed, as well as the influence of electrode polarization and
grounding configuration. Additionally, a pilot study was conducted to determine whether it
might be possible to concentrate the biological response at the center of the quadrupole rather
than proximal to the electrodes. Bipolar cancellation efficiency and CANCAN was then
compared and contrasted between the planar and linear quadrupole systems. Finally, a semi-
quantitative description based on spatial waveform transients of synchronized pulses was used to
evaluate the potential for the planar quadrupole electrode system to remotely elicit cell
responses.

Conventional methods for studying nsPEF bioeffects have relied on parallel-plate

exposure of suspended cells, parallel wire exposure to single or monolayer cultured cells, or non-
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specific tissue-penetrating needles. While each of these methods has its purpose and offers its
own advantages, they are difficult to optimize for visualization and biophysical parameter
control, such as spatial and temporal control over experimental conditions. This report provides
evidence of the superiority of 2-D exposure systems over conventional methods for studying
mammalian cell plasma membrane behaviors under nsPEF influence. Further, the ability to
examine electropermeabilization across a field gradient suggests the quadrupole method has the
advantage of providing the ability to ask previously unanswerable questions such as: What
would introducing an ‘excitable’ cell type into an nsPEF gradient tell us about nerve cell

activation given a notional tissue treatment environment?

8.4.1 Electric field versus charge magnitude

The degree of electropermeabilization from nsPEF exposure can be related to exposure
parameters such as pulse amplitude, duration, number and repetition rate, a finding largely
established in nsPEF studies employing unipolar pulses. The local electric field serves more as
an explanatory variable because its magnitude is based on several factors that influence charge
separation, distribution and migration. For these reasons, it was important to limit the parametric
variables used in this study to allow for better isolation of the factors influencing spatial control
of the nsPEF response. Determining the critical electric field threshold (Ec) in the quadrupole
system for UP nsPEF electropermeabilization provided a crucial baseline for all subsequent
analyses. Because this study relied on the measurement of changes in membrane
permeabilization in a spatially non-uniform field, it was necessary to know whether
electropermeabilization could be expected when bipolar or CANCAN pulses might otherwise
predict lower field strengths at a given location.

For various outcomes, it has been previously established with nanosecond pulses that
longer pulse durations require fewer pulses to permeabilize cell membranes in vitro. While other
nsPEF exposure systems require multiple exposures to establish a range of electric field values
through which an Ec for electropermeabilization can be derived, the lack of precision inherent in
the use of discrete data points can result in overshooting the actual value of the critical field and
a key parameter of permeabilization mechanisms being missed. One of the contributions of this

work is that, due to the non-uniform field established with all pulse regimes and 2-D analysis,
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multiple gradients are produced in a single exposure from which a more informative
determination of the Ec for nsPEF electropermeabilization can be obtained.

Based on published data and results presented in Chapter 4, it was expected that UP
responses would primarily depend on electric field magnitude, which would lead to the
assumption that YP1 uptake would be consistent at each point of interest. It has long been held
based on unipolar exposures (i.e. parallel electrodes where the electric field is assumed to be
homogenous) and discrete measurement systems that there is a linear relationship between field
magnitude and biological response. In in vitro samples, it is nonetheless bound by upper and
lower limits based on degree of permeabilization, for example, or threshold for activation and
saturation of a biomarker. Due to the field gradient produced by the planar quadrupole electrode
configuration, it was necessary to examine whether the spatial response depended on the absolute
value of the electric field at a given point. The small, but possibly significant differences, in
spatial biological responses to unipolar pulsing may be attributed to variations in surface
potential due to the differences in charge accumulation as well as the increase in charge mobility
at higher applied voltages, which would exhibit a greater force on permeabilized cells and

promote dye molecule localization.

8.4.2 Electrode polarization and YO-PRO®-1 uptake localization

In these studies, it was found overall that better agreement exists between the pattern of
YP1 uptake and nsPEF when values are roughly between 1.5 kV/cm (Ec) and 2.2 kV/cm. Given
that voltage amplitude is known to contribute to where YP1 localizes with respect to positively
and negatively charged or grounded electrodes, it was necessary to determine a range of suitable
charging voltages capable of inducing measurable YP1 uptake. In comparing UP nsEP responses
between one pair of adjacent h.v. (*anode’) and ground (“cathode’) electrodes in the planar
quadrupole, it was found that when the load voltage is 0.6 kV, YP1 uptake was greater at the
anodal side (A—), but shifts to favor the cathodal side (C+) at 2.5 kV. For the asymmetric BP
nsEPs studied, fluorescence was largely balanced between both electrodes for the 50% BP nsEP,
but did appear to favor A— slightly for the 25% case and C+ for the 70% case. These results
contrast somewhat with published research on polarization of nsPEF membrane responses in
single cells, suggesting the possible involvement of large cell population biological double-layer

formation in counter-balancing charge migration.
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Valdez et al. [88] examined polarization in single cells as a function of pulse duration and
waveform symmetry 350 Volts (V) that generated an electric field of 12.0 k\V/cm. They noted
that if hyperpolarization due to A— and depolarization by the C+ are strong enough, cell
membrane potential will be driven past the threshold to allow YO-PRO®-1 to enter cells. They
argued that because YP1 is a membrane-impermeable cation, its entry into the cell is driven by
A— causing the local membrane to become negatively charged, allowing the dye to move down
its electrochemical gradient. As a result, YP1 uptake exhibits an anodal bias given a UP nsPEF
exposure. The scale of YP1 uptake is regulated by the strength of A—, which is affected in turn
by the pulse parameters mentioned above, as well as whether the pulse waveform is unipolar or
bipolar. This phenomenon has been observed for other cationic uptake dyes (e.g. Propidium
iodide) [58, 59, 148, 149]. It has also been reported in single-cell systems that, in general,
electropermeabilization is stronger at A— for unipolar pulses, but more symmetric between A—
and C+ for bipolar pulses. Sweeney et al. [60] found this to be true with PI uptake in single cells
during long unipolar pulsing and short bipolar pulse exposures in the microsecond range
corresponding to electric field intensities of 0—1.25 kV/cm (£3.5%, depending on location of
cells between two electrodes). Using a nonlinear optical probe method described by Moen et al.
[150], this phenomenon was demonstrated in single Jurkat cells exposed to 300 ns UP and BP
pulses at 16.5 kV/cm.

Dye uptake may be a combination of number of pulses contributing to opening of greater
number of pores and longer-lived pores due to relatively longer ns duration pulses. Findings
from past studies suggest that the transport of larger molecules (YP and P1) occurs largely if not
exclusively post-pulse. If true, then polarization of the visualized YP1 response could be due to
the relative time for the anodal electrode to discharge at lower vs. higher charging voltages,
leaving more or less time for dye molecules to migrate to permeabilized cells at a given pole
[151].

8.4.3 Bipolar cancellation efficiency

The results of studies in which uptake of YP1 served as an indicator of membrane
electropermeabilization revealed that bipolar cancellation could be achieved by manipulating the
parameters of the cathodal pulse phase in specific ways. Gianulis et al. [90] observed bipolar

cancellation when the amplitude of the E-field of the cathodal pulse phase was reduced to 35%
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of the initial anodal pulse phase. A subsequent study from the same group reported also that
optimal cancellation by a single or multiple nsPEFs in different cell types could be achieved by a
cathodal phase electric field amplitude ~50% lower than the anodal phase. Given the same
amplitude during the first phase, it was expected that UP nsEPs would produce the greatest
response compared to BP nsEPs tested over the same surface area for BP nsEP ¢2/¢1 amplitudes
at or below 0.5. Results here aligned with expectations when responses were measured directly
between E1 and E2, where E1 is grounded, with the 70% BP nsEP exhibiting the highest YP1
fluorescence across all conditions compared. This is generally consistent with BPC studies on
single and small-culture cells.

What is most insightful is that when examining equatorial responses beyond the flux line,
the additive effect of the 70% BP nsEP observed between electrodes becomes a cancellation
effect mid-way between the interior electrode edge line and the center line of the quadrupole.
Essentially, the UP and BP effects are inverted. This is a critical observation, suggesting that
BPC is a function of the vector field that must be taken into account when designing exposure
system applicators for 2-D nsPEF exposures.

Empirical data on spatial BP nsPEF effects acquired allowed for exploration of whether
an nsPEF index could be defined to predict bipolar cancelation in a quadrupole configuration. A
basic linear relationship was established for points along the flux line between E1 and E2 for
increasing @2/¢1 amplitudes, but it was not maintained for values analyzed at the quadrupole
center. Although this allowed for YP1 uptake to be predicted within an assessed range of BP
nsEP phase ratios, a simple, but important, point worth noting is that models are hypotheses
[152]. As such, these findings represent only a small portion of a complex biological system but
are quantitatively testable. Their value thus lies in providing more rapid insights into spatial
aspects of BPC than are possible with experiments alone.

The change in field magnitude across the plane of the electrodes meant that it made sense
to question where the degree of bipolarity at any point in the 2-D plane and existence of a

cancellation response to varied amplitude bipolar pulses affected the spatial response.

8.4.4 CANCAN in the linear versus planar quadrupole electrode configuration

Despite only having preliminary data, BP nsEPs were expected to reduce YP1 uptake at

the h.v. electrode edge relative to UP nsEPs. CANCAN A and B regimes were designed to assess
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biphasic-monophasic superposition and compare the effect of increasing the applied voltage,
while CANCAN C was created to examine the effect of adding a third phase, specifically if it
might offer the possibility of stronger cancellation. Based in part on limitations imposed by the
configuration of the exposure system at the time of implementation, these were the only
combinations that would allow for the possibility of effective waveform synchronization.
Alternate regimes would have otherwise required certain channel resistors to be replaced in the
pulse generator.

Experiments performed in triplicate for CANCAN A and synchronized phases matched
to within 0.04 kV allowed for the minimum level of confidence in finding that this simple regime
and low relative applied voltages does not differ from the UP response at the center-facing
proximal h.v. electrode region and axial center, but does lower the response at the adjacent
ground electrode (the response at the second ground was not measured). This could be due in
part to the low but high-gradient field at a perimeter electrode gap distance of only 1 mm, in
addition to fringe effects. The results from two CANCAN B were highly similar. Without
additional numerical analysis, however, it cannot be stated with any certainty whether the higher
distal response relative to the other CANCAN regime spatial responses was contributed to by the
higher applied voltage producing a stronger UP type YP1 uptake, but the partial second phase
cancellation would have in theory equated to delivery of an nsPEF from a 15% BP pulse. With
CANCAN C, the incomplete cancellation of the second and third phases may have produced an
additive effect responsible for producing the highest overall proximal h.v. electrode response.
Membrane resealing at lower fields might also explain why distal effects are unseen.

The only comparison possible at this time is with CANCAN that was demonstrated in the
recent paper by Gianulis et al. [120] between the interior (E2 and E3) electrodes of a linear
quadrupole arrangement. While superposing nsEPs of various phases did produce a noticeable
increase at the axial center, effects were minimal. A stronger effect is needed to be of practical
use. The one-dimensional set-up makes for reliable, linearly directed nsPEFs that make
exposure-response comparisons simple and direct, but its practical use is negated by a target area
that is limited to a narrow band. Further, the electric field region between the high-voltage and
ground electrode pairs is not unlike that of parallel wires, except that an agarose medium with
high cell concentration and other dielectric components introduces capacitance and complex

impedance factors. Outcomes based on the current studies using the linear system can only be
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extrapolated for relevance in invasive applications. Still, lessons from the linear quadrupole
study can serve to identify possible major contributing factors — such as a higher pulse number —
in the stronger cancellation / CANCAN seen and help to increase CANCAN effectiveness in the
planar quadrupole.

The results from unipolar and bipolar pulse in vitro exposure experiments suggest and
inform future work on bipolar cancellation, including applications. By standardizing the delivery
of synchronized pulses to various tissue types, this system may provide a potential method to
reliably investigate the contextual properties of electropermeabilization in vivo. Understanding
the impact of multi-directional field interaction with membranes of cells in a 3-D tissue
environment represents a powerful, beneficial way to investigate the mechanisms that influence
nsPEF electropermeabilization. Discovery of the ‘cancellation effect’, along with rapid advances
in pulse generator technologies, presents exciting possibilities for pulsed electric field therapies
that rely on stimulating the body’s natural ability to heal itself, for example, rather than on potent
chemicals or biopharmaceuticals, which can often be expensive, lead to addiction, or create new
medical complications. Combining these and knowledge of the effects of electric field intensity
range on BPC efficiency described in this dissertation may result in novel and valuable practical
data to inform the parallel work of investigators on the design of antennas for possible

contactless remote PEF stimulation capabilities at nanosecond and picosecond time scales.
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