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Engineered Platforms for the Development of Electroporation-based Tumor
Therapies

Elisa M. Wasson

(ABSTRACT)

Cancer is a complex and dynamic disease that is difficult to treat due to its heterogeneous nature
at multiple scales. Standard therapies such as surgery, radiation, and chemotherapy often fail,
therefore superior therapies must be developed. Electroporation-based therapies offer an alterna-
tive to standard treatments, utilizing pulsed electric fields to permeabilize cell membranes to either
enhance drug delivery (electrochemotherapy) or induce cancer cell death (irreversible electropo-
ration). Electroporation treatments show promise in the clinic, however, are limited in the size of
tumors that they can safely treat without increasing the applied voltage to an extent that induces
thermal damage or muscle contractions in patients. A method to increase ablation size safely is
needed. To make this advancement and to advance other cancer treatments as well, better in vitro
tumor models are needed. Heterogeneity not only makes cancer difficult to treat, but also difficult
to recapitulate in vitro. This dissertation addresses the complementary need to develop both better
cancer therapies and more physiologically relevant in vitro tumor models. My results demonstrate
that by using a calcium adjuvant with irreversible electroporation treatment, ablation size can be
increased without using a higher applied voltage. Additional mechanistic studies identified sig-
naling pathways that were differentially dysregulated under calcium and no calcium conditions,
impacting cell death. Finally, I have successfully encapsulated cells in fibrin microgels which may
enable the creation of more physiologically relevant and complex 3D in vitro and ex-vivo platforms

to investigate IRE as well as other tumor therapies.



Engineered Platforms for the Development of Electroporation-based Tumor

Therapies

Elisa M. Wasson

(GENERAL AUDIENCE ABSTRACT)

Cancer is a complex and dynamic disease. Heterogeneity exists at the single cell, tumor, and patient
levels making it difficult to establish a unified target for therapy. Standard therapies such as surgery,
radiation, and chemotherapy often fail for this reason, therefore superior therapies must be devel-
oped. Electroporation-based therapies offer an alternative to standard treatments, utilizing pulsed
electric fields to permeabilize cell membranes to either enhance drug delivery (electrochemother-
apy) or induce cancer cell death (irreversible electroporation). Electroporation treatments show
promise in the clinic, however, are limited in the size of tumors that they can safely treat without
increasing the applied voltage to an extent that induces thermal damage or muscle contractions in
patients. A method to increase ablation size safely is needed. To make this advancement and to
advance other cancer treatments as well, better tumor models are needed. Many of the same chal-
lenges in treating cancer serve as challenges in creating physiologically relevant tumor models. In
this dissertation, I have developed a simplified platform to test whether using a calcium additive
with irreversible electroporation therapies enhances ablation size. My results demonstrate that by
using a calcium additive with irreversible electroporation treatment, ablation size can be increased
without using a higher applied voltage. In addition, the biological pathways responsible for cell
death in irreversible electroporation treatment with and without calcium were studied. Finally, I
have successfully encapsulated cells in fibrin microgels that can be used to create better tumor

models that encompass the heterogeneity of tumors found in the body.
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Chapter 1

Introduction

1.1 The complexity of cancer

Robert Weinberg was the first to describe the "Hallmarks of Cancer" [1], a set of six traits that all
cancer cells possess: self-sufficiency in growth signals, insensitivity to anti-growth signals, evasion
of apoptosis, limitless replication, sustained angiogenesis, and invasion and metastasis. Despite
being summarized by six traits, cancer is complex and heterogeneous at the single cell [2, 3],
tumor [4], and patient levels. Through clonal evolution and genomic instability, subpopulations
of cancer cells that are genetically distinct, called subclones, are formed [5]. This heterogeneity
makes it difficult to establish a unified target to design effective treatments [6] and may also lead

to therapy resistance [7].

In addition to evolution of the tumor cells themselves, the surrounding tissue also evolves, creating
selective pressures that further drive heterogeneity and therapy resistance. The tissue surrounding
tumors contain many different stromal cells such as fibroblasts, macrophages, and other immune
cells [8]. These cells can be induced by cancer cells to secrete growth factors that promote tumor
growth. Stromal cells often co-evolve with cancer cells as tumor progression takes place [1],

diverging from their healthy phenotype. As these supporting cells diverge, the extracellular matrix



(ECM) proteins (fibronectin, collagen, laminin) as well as proteases that break down ECM, also
change, and the ECM itself becomes dysregulated [8]. Changes in the ECM have been associated

with different clinical outcomes in breast cancer [9].

As cancer cells proliferate, a high pressure develops inside the tumor causing blood and lymphatic
vessels to become compressed, increasing interstitial pressure [10], and therefore making transport
of nutrients and drugs to the tumor difficult. Due to the lack of transport, the cores of tumors
are often hypoxic. It is known that hypoxia leads to radiation resistance since radiation therapy
requires the production of reactive oxygen species to damage cancer cell DNA [11, 12]. For tumors
to continue to grow, they must acquire angiogenic ability. Oftentimes the vessels that do develop
are tortuous and leaky [13, 14] further complicating delivery of chemotherapeutics. These high

interstitial pressures have also been associated with an increase in metastasis [15].

Animal models are costly and do not always adequately represent human tumor physiology, there-
fore better in vitro models are needed to test new therapeutics as they are being developed. Many
of the same challenges in treating cancer, serve as challenges when building these in vitro models.
Multiple cell types and ECM materials must be incorporated as well as a range of mechanical and
chemical gradients that are key in driving tumor progression. Therefore, there is a complementary
need to develop both superior cancer therapies, that overcome limitations of standard treatments,
and tissue engineering technologies that can be utilized to recapitulate the heterogeneity found in

vivo within in vitro tumor models.

1.2 Electroporation-based tumor therapies

Electroporation-based tumor therapies are an alternative to standard cancer treatments. Electropo-
ration utilizes pulsed electric fields (PEFs) with high magnitudes (0.4-100 kV/cm), short durations
(0.1-100 us) and both low (1 Hz) to high frequencies (1 MHz) to destabilize cellular membranes.

Pulse parameters are designed with the goal of either enhancing cancer drug delivery or inducing



cancer cell death.

When a cell is at rest, the cell membrane serves as a barrier to protect the inner contents of the
cell from the outside environment and maintain the distribution of ions and molecules needed for
homeostasis. The varying concentration of these charged molecules gives rise to the potential
difference (~-70 mV) across the membrane known as the transmembrane potential (TMP). Under
the influence of an externally applied electric field, the cell’s TMP will increase (0.25-1V) and
lower the energy needed for small, hydrophobic pores that form naturally in the lipid bilayer due to
thermal fluctuations, to transition to hydrophilic pores [16, 17]. This electrically induced poration
allows otherwise impermeable ions and molecules to enter the cell, leading to a loss of homeostasis

[18].

Electroporation treatments are typically described by the pulse parameters that are applied. Am-
plitude, pulse width, inter-pulse delay, polarity (monopolar or bipolar), and the number of pulses,
or sets of pulses (bursts) that are applied can be tuned to elicit different cellular responses (Figure

1.1).

Monopolar Pulse Treatment Bipolar Pulse Treatment
Pulse width
— +———Burst on tme——

Inter
Pulse pulse
amplitude ‘(Eziy
— »»» »»» »»»
delay u Inter
| ‘ burst
delay

Figure 1.1: Typical pulse waveforms and parameters used in electroporation protocols to
treat tumors. Electrochemotherapy (ECT) and conventional irreversible electroporation (IRE)
deliver a series of monopolar pulses separated by a delay. High-frequency irreversible electropo-
ration (H-FIRE) delivers n number of bipolar pulses in m number of bursts. Pulse parameters can
be varied to exert the desired effect on cells and tissues.

When the applied electric field is below a certain energy threshold and the TMP reaches ~500 mV,
the pores that form in the membrane may reseal over time and the cell is able to recover [16, 19].
The cells are then said to experience reversible electroporation (RE). Taking advantage of the fact

that cell membrane permeability is increased and greater molecular transport into the cytoplasm
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achieved, reversible electroporation has commonly been used in gene transfection [20, 21], BBB
disruption [22] and drug delivery [23]. Conversely, when the applied field exceeds a critical energy
threshold and the TMP reaches a critical value (~1 mV), the pores undergo a spontaneous increase
in size and the cell is unable to recover, experiencing what is termed irreversible electroporation

(IRE).

Electrochemotherapy (ECT) utilizes reversible electroporation to enhance transport of cell imper-
meable drugs, such as the chemotherapeutic drug bleomycin, into cancer cells [24, 25, 23, 26]
increasing cytotoxicity by 700 fold in a preclinical study [24]. ECT treatment typically consists
of delivering 8, 100 us pulses at either 1 or 5000 Hz using a commercially available unit called
the Cliniporator® [27]. Appropriate voltages are chosen based on tumor size and tissue type.
Treatments for cutaneous and subcutaneous tumors are delivered using parallel plate electrodes
while percutaneous tumors are treated using needle electrodes. Chemotherapy drugs can either
be injected directly into the tumor or delivered intravenously depending on tumor placement, and
results in similar response of nearly 60-70% complete remission of tumors < 3 cm after one treat-
ment [28, 29]. ECT is used clinically in the UK to treat melanoma [30], Kaposi’s sarcoma [31], as
well as basal and squamous cell carcinoma [32, 33]. In addition, ECT has been used to treat breast
cancer metastases to the chest wall [34] as well as brain cancer [35, 36, 37], and is currently under

investigation to treat pancreatic [38, 39] and liver cancer [40] in several clinical trials.

Recently, it has been shown that replacing bleomycin with calcium chloride during ECT treatments
results in similar levels of cell death without the added toxicity of bleomycin, therefore potentially
reducing side effects in patients [41, 42, 43] and promoting long-lasting immunity [44]. Since
calcium is present at low concentrations inside of the cell, electroporating cells in the presence of
calcium results in a flooding of the cell with calcium. It is hypothesized that this influx causes the
cell to go into overdrive to regain homeostasis, depleting the cell of its energy (ATP), leading to
cell death. [18, 41]. However, there are alternative pathways that have yet to be explored such as
the effect calcium has on the production of reactive oxygen species (ROS) and lipases as well as

the opening of the mitochondrial permeability transition pore.



IRE was first proposed as a tumor ablation therapy in 2005 [45]. Initially thought as an upper limit
to reversible electroporation treatments, it became apparent that IRE can be used to kill tumor cells
without the use of electrochemotherapy drugs [46, 47]. Treatments consist of delivering electrical
pulses through needle electrodes that are inserted into the bulk tumor. The tumors are then pulsed
with 80-100, monopolar, square wave pulses that are 100 us long and delivered at a frequency of 1
Hz using a commercially available unit called the Nanoknife®. Since electrical pulses are delivered
at short duration and low frequencies, there is minimal heating of tissue during treatment ensuring
ablation with minimal thermal damage [48, 49, 50], unlike other ablation modalities such as radio-
frequency or microwave ablation. Several preclinical studies in vitro and on animal patients have
shown that IRE treatment results in a sharp delineation between treated and untreated tissue with
submillimeter resolution [51, 52, 53], and sparing of critical structures such as vasculature [53, 54],
extracellular matrix [54], and nerves [55]. IRE was FDA approved for ablation of soft tissues in
2007 and has since been used in more than 5,500 patients worldwide. IRE is currently being used in
the U.S. for the treatment of pancreatic [56, 57, 58, 59] and liver [60] cancer in several pilot studies
and clinical trials. Recently, it was shown that after IRE treatment, tissue surrounding the ablated
tumor, experienced a decrease in expression of genes related to hypoxia (hypoxia-inducible factor
I-alpha) and increased stiffness of tumors (lysyl-oxidase) [61]. In addition, there was a transient
increase in microvessel density in the tissue surrounding the treated tumor, resulting in an increase
in permeability to FITC-conjugated dextran. This study demonstrated that IRE can overcome some
of the obstacles that lead to treatment failure using radiation and chemotherapy discussed in section

1.1 as well as enhance the efficacy of novel therapies such as immunotherapy.

Despite the promising outcomes of IRE treatment, there are several limitations such as muscle
contractions [60, 62], ablation of both healthy and malignant cells [63], as well as dependence
on cell size and tissue geometry making it difficult to predict lesion size in heterogenous tissue.
To address these limitations a second-generation IRE treatment was created. High-frequency irre-
versible electroporation (H-FIRE) is an emerging electroporation treatment that uses bipolar pulses

with 1-10 us durations delivered in a series of bursts. These bipolar pulses are delivered at higher



frequencies (kHz to MHz) and have been shown to reduce muscle contractions [64], target ma-
lignant over healthy cells [65, 66], promote systemic anti-tumor immunity [67], as well as lower
the dependence of treatment outcome on cell size and tissue geometry [68, 69]. However, re-
ducing pulse duration in H-FIRE treatment leads to a reduction in treatment volume compared
to traditional IRE. This necessitates the use of much larger applied voltages to generate ablations
comparable in size. Higher voltages may increase thermal damage and the likelihood of inducing
muscle contractions [70, 71, 72], therefore negating some of the benefits that H-FIRE treatment

has over traditional IRE.

The last class of pulsed electric fields that have been used to ablate cancer cells is called nanosecond
pulsed electric fields or nsPEFs [73, 74, 75]. This treatment uses ultra short pulse widths (60-300
ns) and ultra high applied electric fields (~ 100 kV/cm). It is hypothesized that as pulse widths
become much shorter than the plasma membrane charging time and the frequency of the applied
electric field increases, the cell membrane conducts more of the high-frequency components of
the applied field, allowing the field to reach intracellular organelles [76] and induce apoptosis
[77, 78]. While there is experimental evidence that shows nsPEFs can cause intracellular calcium
bursts [79, 80], the hypothesis is based on idealized computational models and no direct evidence
of intracellular electroporation is currently available. nsPEFS have recently been used to treat
basal cell carcinoma in a clinical trial where 7 out of 10 tumors were completely ablated, 2 were
partially ablated and 1 recurred within ten weeks [81]. Although promising, nsPEF treatment
requires expensive and complex waveform generator designs to produce ultra short and ultra high

intensity pulses, therefore limiting its availability and use in the clinic.

Although it is generally thought that IRE causes a permanent loss of homeostasis, the exact mecha-
nism of cell death is still being explored. It is largely thought that longer pulse widths such as those
used in ECT and IRE result in necrosis of the cell while nsPEFs result in apoptosis, however there
are conflicting reports in the literature [82, 83, 84]. Determining the different cell death pathways
presents a challenge since there are multiple subroutines of cell death signaling within each mech-

anism and many overlap [85]. Adding to the complexity, cells that are located near the electrodes



will experience a higher electric field magnitude than cells further away, therefore it is believed
that there may be four "zones" of electroporation: 1) small zone of cell death caused by thermal
damage (Joule heating) near the electrodes, 2) medium sized zone of necrotic tissue in which cells
are electroporated, lose homeostasis and are unable to recover, 3) large zone of apoptotic cell death
in which defects in the membrane close, but cells are unable to recover, and 4) reversibly electropo-
rated cells that recover and survive [18]. Despite the challenge, more fundamental research needs
to be done to determine the biological effect electroporation treatments have on cells in treated

tissues, specifically, uncovering the signaling pathways responsible for cell death.

Another avenue of improvement that needs to be explored in electroporation treatment is creat-
ing better in vitro models. A number of parameters outside of the applied pulse parameters can
influence electroporation treatment outcomes such as cell size [86, 87], morphology [88, 89, 90],
orientation to the electric field, and lipid composition [91, 92]. Therefore, care must be taken when
selecting the method of cell culture for in vitro experiments. Many in vitro studies rely on testing
electroporation treatments on cells cultured as a monolayer or in suspension, therefore, there is
a need to develop and utilize simple platforms that mimic the in vivo treatment environment to

advance electroporation treatments.

1.3 Motivation and aims

Even though ECT and IRE treatments have shown promise in ablating tumors in the clinic, they
have only done so successfully in tumors that are < 4cm in diameter. To increase ablation size in
vivo, either a higher voltage, higher number of pulses, or longer pulse width needs to be used. This
results in enhanced joule heating effects which can lead to thermal damage of vital structures such
as nerves and blood vessels. In addition, increasing the pulse parameters listed above can exac-
erbate muscle contractions and nerve stimulation which can hinder treatment success and patient

recovery. Therefore, a method is needed to safely increase ablation size.



Furthermore, many in vitro studies rely on testing electroporation treatments on cells cultured as
a monolayer or in suspension. It is well known that cell size, morphology, and membrane lipid
composition affect the outcomes of treatment. Therefore, there is a need to develop and utilize
simple platforms that mimic the 3D, in vivo treatment environment to advance electroporation
treatments. The overall objective of this dissertation is to develop and utilize simple 3D, in vitro
platforms to help accelerate the understanding and development of electroporation-based tumor
therapies. These platforms will serve as a tool to advance and improve IRE treatment by studying
the enhanced effect adjuvant calcium has on IRE ablations. Additionally, I have developed a tissue
engineering technique that may enable the creation of more physiologically relevant and complex
3D in vitro and ex-vivo platforms to investigate IRE as well as other tumor therapies. The following

work is subdivided into three aims.

Aim 1: A simplified tumor platform to study the enhanced susceptibility of glioblastoma
cells to irreversible electroporation using a calcium adjuvant. I hypothesize that combining
IRE treatment with adjuvant calcium will extend treatment margins without the need for additional
applied energy, therefore enhancing the safety and efficacy of IRE treatment. This hypothesis is
motivated by the fact that in a typical IRE treatment, there exists four zones of ablation: 1) thermal
damage next to electrodes, 2) irreversibly electroporated zone where cells are lysed and die, 3)
irreversibly electroporated zone where cells reseal, but are unable to recover from a loss of home-
ostasis, and 4) reversibly electroporated zone where cells survive. Calcium IRE treatment, through
an influx of calcium, will induce cell death in region four, therefore extending the lesion margin.
A collagen type I scaffold was used to investigate lesion size in response to calcium IRE treat-
ment in vitro. Two levels of calcium (ImM and SmM) were tested to determine dose dependence
of the treatment. IRE and ECT pulse parameters were used to compare the effectiveness of both
treatments. A custom algorithm was developed in MATLAB to quantify lesion area, reducing bias
in measurements made by hand. In addition, a finite element simulation was developed to predict
treatment volumes in brain tissue. The engineered platform developed in this chapter, allows quan-

tification of lesion size and the electric field threshold of cell death in response to various calcium



concentrations and pulse parameters.

Aim 2: Understanding the role of calcium-mediated cell death in high-frequency irreversible
electroporation. [ hypothesize that using adjuvant calcium in combination with H-FIRE will
enhance lesion size in vitro. Since a typical H-FIRE treatment consists of bipolar pulses that
are 1-10 us in duration, the TMP of the cell does not reach the critical threshold that leads to
IRE (~1V) unless a larger voltage is applied. Increasing the applied voltage, in turn, leads to an
increase in joule heating effects which can cause thermal damage of treated tissue. I investigated
my hypothesis using the same platform that was developed in Aim 1. Collagen scaffolds were
seeded with cancer cells and treated using H-FIRE waveforms with decreasing pulse widths (10,
5, 2, and 1 us) in combination with calcium to investigate whether there is a transition towards
calcium dependence for cell death. Both reversible and irreversible electroporation thresholds were
quantified by measuring lesion area and calculating the corresponding electric field magnitude.
Thresholds were compared to previously tested calcium IRE treatments to elucidate differences in
cell death response to extracellular calcium. Finally, gene expression analysis was used to uncover

the biological effects on cells in response to H-FIRE treatment with and without calcium.

Aim 3: Development of fibrin microgels for single cell analysis and tissue engineering ap-
plications. Droplet microfluidics has enabled creation of micron scale hydrogels (microgels) for
single cell analysis, long-term cell culture, and tissue engineering applications. To my knowledge,
fibrin microgels have not been fabricated using microfluidics previously. Fibrin has been shown to
be an excellent biomaterial due to its permissive nature and degradability. Therefore, I hypothesize
that the ability to fabricate fibrin microgels in a tunable, controlled, and high-throughput fashion
may enable their use for a wide range of single cell analysis studies as well as tissue engineering
applications. A flow focusing microfluidic device was used to encapsulate mammary gland can-
cer and endothelial cells in fibrin microgels. The efficiency of cell encapsulation was quantified
and compared to the expected Poisson distribution. Viability of cells was assessed 3 days after
encapsulation and a double emulsion flow-focusing device was designed and tested to keep fibrin

microgels dispersed in media to enable long-term cell culture. Microgels of different materials



were created to demonstrate the versatility of this technology. Finally, fibrin microstructure was
modulated using transglutaminase to control fibrin degradation in the presence of cancer cells.
Fibrin microgels may enable testing of different concentrations of drugs, calcium, or microenvi-
ronments in combination with electroporation while providing a 3D environment. This technique
may also allow creation of multi-material tissue models, therefore enabling in vitro and ex-vivo

recapitulation of tumor heterogeneity found in vivo.

1.4 Outline

This dissertation is organized into six chapters. Chapter 1 has discussed how the obstacles to
treating cancer also serve as obstacles in creating physiologically relevant in vitro and ex-vivo
tumor models. A brief overview of the current state of electroporation treatments as an alternative
to standard treatments is given, followed by outlining some limitations to IRE treatments. Finally,
the aims of this project and goals to enhance both the efficacy of IRE treatments as well as the

platforms used to test these therapies, are discussed.

Chapter 2 provides a review of the relevant theory of electroporation at the single cell and tissue
levels. The theory describing the rise in TMP of a cell during treatment as well as pore formation

in the membrane are discussed. Finally, modeling electroporation treatments in tissue is reviewed.

Chapter 3 describes the outcomes of Aim 1 and provides rationale for using adjuvant calcium with
IRE treatment to enhance ablation size. A simplified tumor platform consisting of a collagen type I
scaffold was utilized to allow cells to experience a 3D environment and assume a natural morphol-
ogy prior to treatment. The platform also allows visualization and quantification of ablation area.
A custom algorith was developed in MATLAB to automate measurement of ablation area. A finite
element model was used to simulate the treatment both in vitro and in vivo to determine the electric
field thresholds that result in cell death. These findings, combined with numerical modeling, make

a strong case for using adjuvant calcium to increase electroporation ablations.
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Chapter 4 extends the results found in the previous chapter to H-FIRE treatment. 1 mM and 5 mM
CaCl, were tested in combination with H-FIRE treatments of varying pulse widths (1, 2, 5, and 10
us). Both reversible and irreversible ablation areas and electric field thresholds were quantified for
calcium and no calcium conditions. Additional mechanistic studies identified signaling pathways

associated with calcium and no calcium conditions, elucidating potential cell death mechanisms.

Chapter 5 explores the development of fibrin microgels for single cell analysis and tissue engi-
neering applications. Mouse mammary gland cancer and human brain endothelial cells were suc-
cessfully encapsulated in fibrin microgels using a flow-focusing microfluidic device. Cell viability
was quantified 3 days post encapsulation. A water-oil-water double emulsion was designed and
tested to prevent fibrin microgels from clumping in cell culture media. Microgel microstructure
was modulated using transglutaminase and microstructure effects on fibrin degrdation were stud-
ied. Microgels were also fabricated using Matrigel and a fibrin-alginate blend, demonstrating their
versatility. To our knowledge, fibrin microgels have not been fabricated using microfluidics previ-
ously. In this chapter, we discuss how microgels can be utilized to incorporate heterogeneity for in

vitro or ex-vivo tumor models.

Chapter 6 concludes this work with a summary of our present findings and discusses the future
implications of both calcium IRE and the use of microgels for tissue engineering applications.

Avenues for future work and potential challenges are discussed.
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Chapter 2

Theory of electroporation

2.1 Electromagnetics

Electromagnetic theory is encompassed by Maxwell’s equations which encompass the divergence

and curl of the electric field E and magnetic field B as shown below.

1

V.-E= S—p (Gauss’s Law) 2.1
0

V.-B=0 (no name) (2.2)

JoB
VXE= 3 (Faraday’s Law) (2.3)
JE N
VxB=puJ+ ,uoeog (Maxwell-Ampere’s Law) 2.4)

where E is the electric field, & is the permittivity of free space, p is the charge density, J is the
current density, B is the magnetic field, and ug is the permeability of free space. Gauss’s Law
says that the electric flux through an enclosed surface is equal to the charge that is enclosed by

that surface. Using the divergence theorem, we can rewrite the integral form of Gauss’s Law in
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differential form for any volume as shown in equation 2.1. The second equation (2.2) states that
the divergence of the magnetic field is zero. Faraday’s Law (2.3) states that a changing magnetic
field induces an electric field. Likewise, from Maxwell-Ampere’s Law (2.4), a changing electric

field may induce a magnetic field.

While the current form of Maxwell’s equations are correct, most materials are subject to electrical
and magnetic polarization and contain bound charges and currents. We can rewrite Maxwell’s
equations in terms of the free charges, which we have direct control over since they are not inherent

to the system. We can also use the constitutive relations for linear dielectric materials.

D=¢E (2.5)

J=0E (2.6)

H= lB 2.7)
U

where D is the electric displacement, € is the permittivity of the material (€ = &(1+ x.)), U is
the permeability of the material (1 = uo(1+ Xn)), and H is the magnetic field expressed in terms
of the free current of the system. Here, y,. is the electric susceptibility and y,, is the magnetic
susceptibility. In a vacuum, there is no matter to magnetize or polarize and therefore the mate-
rial’s permeability (1) becomes the permeability of free space () and the relative permittivity or
dieletric constant (€) becomes the permittivity of free space (&y). Incorporating these changes into

Maxwell’s equations gives the following for (2.1) and (2.4).

V-D=p; 2.8)

oD
VxH=J;+ 5 2.9)

It is possible to calculate the wavelength and the skin depth of an electromagnetic wave. The skin
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depth is the distance a wave must travel before it decays by a factor of 1/e. Since these distances
are much larger than the diameter of a single cell (~10 um), we can apply the quasi-electrostatic
approximation, which assumes that the magnetic field changes slowly in time and that the electric
field is irrotational (V x E = 0). Since the curl of a gradient is always zero, we can therefore deduce
that the electric field must be the gradient of some vector. It indeed is defined as the gradient of the

electric potential (¢).

E=-V¢ (2.10)

We can next take the divergence of (2.4) and substitute (2.10) as well as the constitutive relations
for dielectric materials once again, resulting in the following equation for the quasi-electrostatic

case.

0:V~(ov¢)+sv.@ (2.11)

For standard IRE treatments, the pulse duration (100 us) is much longer than the plasma membrane
charging time (~1us), therefore we can assume a steady-state condition and the above equation

reduces to Laplace’s equation.

0=V-(cV9) (2.12)

Laplace’s equation can be solved analytically for a spherical cell with azimuthal symmetry using

separation of variables.
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2.2 Electroporation on a cellular level

2.2.1 Transmembrane potential development

\m

Cytoplasm
O—C

Extracellular
medium
JE

Membrane
Gm! CTH

Figure 2.1: Geometric and electrical properties used to solve for the TMP in response to a
homogenous electric field (E) for a spherical cell. The polar angle measured with respect to
the direction of the applied field is denoted as 6. Here o,, o,, and 0, are the conductivities of
the cytoplasm, extracellular medium and membrane. The membrane capacitance is defined as C,,.
Membrane thickness is denoted as d and radius of the cell R. (Adapted from Kotnik et al. 1997
[93].

Equation 2.12 can be solved analytically to obtain the voltage drop across the plasma membrane
for a spherical cell exposed to an otherwise homogeneous electric field (far from electrical sources)
E with no surface charge and constant conductivity (Figure 2.1). In this case, our system is com-
prised of three domains: the inside of the cell (cytoplasm), the cell membrane, and outside of the
cell (extracellular medium). The plasma membrane has a thickness, d, and the radius of the cell to
the inner boundary of the membrane is R. The conductivities of the cytosol, membrane, and ex-
tracellular medium are given as O, Oy, and 0,. We assume azimuthal symmmetry which reduces

Laplace’s equation to two dimensions. Solving using separation of variables gives the general

solution:

o(r,0) :A,-H—%(cose) (2.13)

15



where A; and B; are arbitrary constants that can be determined by solving for the particular solution
in each domain, r is the distance from the origin (center of the cell), and 0 is the angle between
the electric field and a chosen point on the cell membrane. We can now solve for the potential

distribution in all domains of the cell.

B

O =Acr+ r—zc(cos 9) 0<r<R (2.14)
B

Om = Anr+ —5(cos 6) R<r<R+d (2.15)
r
B

P = Aer+ —(cos 0) r>R+d (2.16)
r

To find the particular solution and solve for constants A; and B; in each domain i, we must apply
continuity of electric potential and continuity of electric current density boundary conditions across

each domain.

Oc = Om atr=R (2.17)
O = Qe atr=R+d (2.18)
P, B A0, B
I _ 99 at r=R+d (2.20)

Om9R T %R

Since we have six unknowns, we need two more equations to fully define the problem. Due to
the form of equation 2.13, we know that at R = 0, B, must equal zero, otherwise the solution will
approach infinity. In addition, we know that very far away from the cell (R — o), the potential will
equal the electric field (A, = —E). To solve for the potential drop across the membrane we need to

determine the potential distribution on both sides of the membrane first.
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A¢ :(pc—(pe:Acr—Er—%(cosG) (2.21)

Plugging in the equations for A, and B, and simplifying gives a form of the Schwan equation.

Adm(R,0) = f,ERcos 0 (2.22)

Here E is the electric field magnitude and f; is a function representing the geometric and electrical

properties of the cell.

36.[3dR*0, + (3d*R — d*)(0;, — )]

Js= 2R3 (0 +20,) (O + 50¢) —2(R— d)3(C, — O1) (O — )

(2.23)

This result provides the steady state TMP on a spherical cell when exposed to a uniform, con-
stant electric field magnitude. From equation 2.22 it is clear to see that the TMP across the cell
membrane is linearly dependent on the radius of the cell. As the radius increases, so does the
TMP. In addition, the TMP will be largest at the regions of the cell closest to the anode and cath-
ode (0 =0°,0 = 180°). Typical values used to solve the model can be found in Kotnik et al.
1997 [93]. Equation 2.22 can be simplified if it is assumed that the membrane is nonconductive

(o¢, 0, > 0,,) which yields the original Schwan equation.

Ap = %ERCOS(Q) (2.24)

While 2.24 provides an estimate for the TMP on a cell in the presence of an electric field, it has
been shown to underestimate the value of f; when compared to experimental results [94]. The
above equations provide an equation for the steady state TMP, however, electroporation treatments
utilize pulsed electric fields and therefore, the TMP is actually time-dependent. In the case of a

step turn on of the electric field, the TMP can be described by the following equation.
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Adn(R,0,1) = fyERcos 8[1 —e™'/7] (2.25)

where 7T is the time constant of the membrane.

20.,6. |, R
20,40, + dGm

T= (2.26)

Here C,, is the membrane capacitance defined as the membrane permittivity divided by the thick-
ness of the membrane (C,, = €, /d). Here it is important to consider permittivity because of the

transient nature of the solution.

A Physiological conductivity buffer (ae =02 Sm'1) B Low conductivity buffer (ae =0.001 Sm'1)
10 g w 10 g . ;
"""""" R=1um
————— R=5um
——-R=10um
R =50 um
103+
£ B
) L o
2 2
w T —-—— w
102 F
10! . . 10! . .
10°® 10° 10* 10° 10° 10° 10 10°
t(s) t(s)

Figure 2.2: Electric field strength needed to induce electroporation as a function of pulse
duration. A) Extracellular medium conductivity close to physiological value (¢, = 0.2 Sm™!). B)
Extracellular medium with low conductivity (o, = 0.001 Sm™!). Electroporation was considered
to occur at 250 mV (6, = 0.2 Sm !, 6,, =5.0x10~7 Sm~!, d =5 nm, C,, = 0.01 Fm~?).

Figure 2.2 demonstrates that the electric field strength needed to induce electroporation depends
on pulse duration, cell radius, and conductivity of the extracellular medium. For physiological
buffer, the electric field strength needed to induce electroporation decreases with increasing cell
radii and stays relatively constant with pulse duration. For a low conductivity buffer however, the
electric field strength is similar for all cell radii until pulse duration exceeds ~10 us. The required

electric field strength to induce electroporation is much higher in a low conductivity buffer for
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pulse durations less than ~ 10 us. A longer pulse duration (~ 100 us) must be used to reduce the

required electric field strength to a value comparable to when a physiological buffer is used.

Equation 2.25 and the results shown in Figure 2.2 only apply for a step turn-on of the electric field.
To simulate a series of unipolar rectangular pulses and pulses that take on other shapes, this model
can be expanded to analyze TMP in response to a series of step functions [87]. To do so, equation
2.22 is converted to the frequency domain by taking the Laplace Transform of the forcing function
(E) and multiplying it by the Laplace Transform of equation 2.23. The equation describing the
TMP can now be solved for in the frequency domain as a function of spectral variable s (A@y,(s)).
By taking the inverse Laplace Transform of Ag,,(s), the equation for TMP can then be obtained in

the time domain.

— — —Sphere (R1=R2)
4Fo — Prolate (R2 = 0.2R1) |
---------- Oblate (R2=5R1)

A ¢fER,

Figure 2.3: The induced transmembrane potential on a spherical cell, prolate spheroidal cell,
and oblate spheroidal cell. The maximum TMP only occupies a small portion of the membrane
for a prolate spheroidal cell, whereas for an oblate spheroidal cell, the max TMP occupies a ma-
jority of the membrane.

While the above mentioned models describe the TMP development on spherical cells, cells grown
in 2D and 3D culture conditions will have a range of sizes and morphologies. Morphology and
size can change depending on the cell type as well as the chemical and mechanical properties of

the substrate the cells reside. Several analytical and numerical models have been developed to
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determine the effect of cell morphology and packing density on TMP development [90, 95, 88,
96]. Kotnik et al., proposed an analytical solution for prolate and oblate spheroidal cells. To
do so, it is necessary for the membrane to have a non-uniform thickness so that the geometry
can be described in spheroidal coordinates. This assumption then requires that the membrane
is nonconductive (0, = 0), meaning that the cytoplasm is perfectly shielded and has a constant
potential and therefore, the TMP solely depends on the shape of the object. Figure 2.3 shows that
the maximum TMP only occupies a small percentage of the membrane for a prolate spheroidal
cell, whereas for an oblate spheroidal cell, the max TMP occupies a majority of the membrane.
For prolate and oblate spheroidal cells, the TMP will also depend on their orientation in the electric
field [95, 97]. If a prolate spheroidal cell is oriented perpendicular to the field, it will experience a

much lower TMP than if it were oriented parallel to the field.

To determine the TMP on a realistic cell morphology, numerical modeling must be used. Pucihar
et al., modeled the TMP of adhered Chinese hamster ovary (CHO) cells using the finite element
method [96]. The cells were stained with fluorescent dye to highlight the cell’s membrane and
a series of images were taken in steps of 1 um from the the bottom to the top of the cell. A
3D reconstruction was made in MATLAB and subsequently imported into FEMLAB for the finite
element analysis. To avoid having to model a membrane of finite thickness which would be difficult
to mesh in this case, a specific surface conductivity was assigned to the boundary between the
interior and exterior of the cell. Since the conductivities of the extracellular medium and cytoplasm
are much larger than the membrane, this approach is valid. By comparing the numerical model
results for two CHO cells in close proximity to the analytical solution for two hemiellipsoids, it
was found that the solutions differ by 10-30%. It was also found that the cells act to electrically
shield each other. This effect was further modeled by Murovec et al., by calculating the TMP on
a monolayer of brain endothelial cells using the finite element method [90]. It was found that an
isolated cell had a larger TMP than a cell that was packed in with other cells. Additionally, the
Schwan equation overestimated the TMP of the packed cell, more closely resembling that of the

isolated cell’s TMP. Therefore, it is important to consider the context in which cells are cultured
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when studying the effects of electroporation-based treatments in vitro.

2.2.2 Pore formation dynamics

Most of the cell’s structure is determined by the plasma membrane. The cell plasma membrane is
composed of amphiphilic phospholipids that contain a hydrophilic head group and two hydropho-
bic tails. Because of their amphiphilic nature, they spontaneously form bilayers in aqueous en-
vironments which minimize the energy of the system. The bilayer structure serves to maintain
homeostasis of the cell and facilitate transport of essential nutrients and molecules necessary for
cell function. Nanoscale pores are regularly formed in the bilayer due to thermal fluctuations of
the membrane. These nanopores create a free edge with water forming a hydrophobic pore. Once
these hydrophobic pores reach a critical size (r,), the lipid bilayer spontaneously rearranges so that
the hydrophilic head groups line the pore to create an energetically favorable state (Figure 2.4 A).

This reduces the surface tension and therefore reduces the energy of the system.

o
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Figure 2.4: Formation of pores in the plasma membrane in response to an applied voltage. A)
Thermal fluctuations naturally induce hydrophobic pore formation in the lipid bilayer. Once these
pores reach a critical size, the lipids rearrange themselves to reduce the energy of the system. This
creates a hydrophilic pore (Adapted from Neu et al.,[98] and Glaser et al.,[16] ).B) Plot describing
pore energy for both hydrophobic and hydrophilic pores without a transmembrane potential. C)
Increasing transmembrane potential decreases the required energy (E;) to expand a hydrophilic
pore. Reprinted figure (B) and (C) with permission from John C. Neu and Wanda Krassowska,
Phys. Rev. E, 59, 3471, 1999] Copyright (1999) by the American Physical Society.

Several continuum models using numerical techniques have been proposed to describe this phe-
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nomenon and relate pore energy to transmembrane potential for electroporation applications [98,

16, 99]. The energy of hydrophobic and hydrophilic pores are given below.

2
u(r) =E, (L> —nrta,V? (2.27)

I

w(r) =2myr— ndr* — nrla,V? (2.28)

In the first term of equation (2.27), r, is the critical radius at which a pore transitions from hy-
drophobic to hydrophilic, and E, is the energy at which this transition occurs. The second term
introduces the transmembrane potential V and represents the electrical energy that motivates the
transition from hydrophobic to hydrophilic where a,, is the pore specific capacitance and intro-
duces the permittivity of the cell membrane (&,,) and surrounding medium (€,,) and the membrane

thickness (h).

a,=-——"— (2.29)

In equation (2.28) the first term represents the pore edge energy (y) and the second term is the
membrane surface tension (8). The constants used for these simulations are described in their
respective references [98, 16]. Figure 2.4 B describes this process. For a hydrophobic pore to
transition to a hydrophilic pore it must exceed a certain critical radius r,. The minimum energy
required for this transition is denoted as E,. Beyond this radius, the pore can reach a metastable
state (E,;,r,). The expansion of a hydrophilic pore is very difficult in the absence of an elevated
transmembrane potential (E;,r;). An increase in transmembrane potential decreases this required

energy.

The above equations have been related to the distribution of pores in the membrane in response

to an applied transmembrane potential providing a way to predict pore formation in response to
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different applied electric fields [99]. In addition, molecular dynamics models have also been de-
veloped to describe the mechanism of electroporation and pore formation [100]. Once pores form
in the membrane, transport of molecules into and out of the cell occurs, therefore disturbing the
homeostasis of the cell. Based on the pulse parameters applied, the number of pores, their distri-
bution, as well as their size can change. The larger the TMP, the more pores form and the more
likely they are to merge together to form larger pores. These pores can reseal over time (reversible
electroporation) or damage the cell beyond repair (irreversible electroporation). In addition to
influencing pore formation, it has recently been shown that electroporation-based treatments can
influence voltage gated ion channels and other structures in the membrane that influence molecular

and ion transport [101].

Although it is generally thought that IRE causes a permanent loss of homeostasis, the exact mech-
anism of cell death in response to pore formation and transport is still largely unknown and data is
conflicting in the literature. More fundamental research needs to be done to determine the biolog-
ical effect electroporation treatments have on cells in treated tissues, specifically, uncovering the

signaling pathways responsible for cell death.

2.3 Electroporation on a tissue level

At the tissue level, electroporation is typically delivered using two stainless-steel needle electrodes
that are inserted into the tumor. One electrode is set to a specified voltage while the other serves as

ground. As a result, an electric field distribution is created (Figure 2.5).

When delivering ECT, IRE and H-FIRE treatments in vivo for ablating cancerous tissues, math-
ematical modeling is often used to determine the pulse parameters needed to ablate the tumor
while sparing healthy structures. Specifically, finite element modeling provides a powerful tool in
predicting treatment margins and cell death regions for various treatment conditions. Treatment

planning begins by taking magnetic resonance images (MRI) of the brain tumor and surrounding
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Figure 2.5: Clinical application of electroporation treatments. A) Stainless steel needle elec-
trodes are inserted into the tumor to deliver pulsed-electric fields to the tissue. Tumor tissue will
experience irreversible electroporation whereas tissue further from the electrodes experiences re-
versible electroporation. Numerical modeling is used to optimize treatment parameters to ensure
the tumor will be adequately treated while surrounding tissue is spared. B) The analytical solution
of Laplace’s equation in an infinite 2D domain demonstrates the electric field distribution that re-
sults from two needle electrodes. The applied voltage was set to 450 V and the distance between
the electrodes is 4 mm.

tissue. It is then segmented to isolate white matter, gray matter, critical structures such as blood
vessels and nerves, and tumor tissue. These components are then imported into a software ca-
pable of rendering a 3D reconstruction such as OsiriX. The 3D reconstruction is then processed
(holes from segmentation are filled and sharp edges smoothed) and meshed using software such
as Gmsh prior to finite element analysis. Once meshed, the 3D geometry is imported into COM-
SOL Multiphysics (Stockholm, Sweden) and the necessary physics and material properties are
applied. Simulating treatment conditions allows researchers to map the electric field distribution
prior to actual treatment. Ablation volumes can be predicted using known electric field threshold
values taken from previous data or in vitro experiments. This data is then used to optimize pulse

parameters.

When developing a model capable of predicting treatment volumes in actual brain tissue, there are

several things to consider. First, the tissue is treated as a bulk material and microscopic features are
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not considered. Second, unlike the assumption made for a single cell model, tissue conductivity
does not remain constant during treatment. The conductivity of tissue increases nonlinearly as it
is electroporated, therefore influencing the electric field distribution [102, 103, 104]. This change
is more dramatic in vivo than when cells are treated in vitro since the ratio of cell volume to extra-
cellular fluid volume [105] is large. As cells become electroporated, the impedance of the tissue
decreases, allowing current to travel through the tissue more easily. This increase in conductivity
is dependent on the electric field distribution since the electric field strength dictates the extent that
the tissue is electroporated. Microscopically, the electric field as well as parameters such as cell
size, shape and interaction affect the transmembrane potential and therefore pore density and size
in the cell membrane during electroporation. Some cells will be electroporated before others due
to the parameters mentioned above, therefore a sigmoid function is used to model this nonlinear
change in conductivity. As some regions of the tissue become permeabilized, the local conductivity
in this region increases and regions that have not been electroporated will remain at lower conduc-
tivities. The conductivity therefore becomes heterogenous and the electric field intensity the tissue
experiences will vary locally. The sigmoid curve used to describe changes in conductivity is shown

below [103].

01 — O
7 + 0y (2.30)

oE)=——"57
1+De B

Here o7 is the maximal conductivity of permeabilized tissue, oy is the baseline conductivity of
the tissue, and D is a sigmoid function parameter. Variables A and B depend on the irreversible
threshold (£;) and reversible threshold (E() and are defined as follows where C is another sigmoid

function parameter.
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B Ey+E;

(2.31)

p=-—1=0 (2.32)

These values are based upon the reversible and irreversible electroporation thresholds for brain
tissue taken from experimental data in the literature. Conductivity increases by a factor of three
for other organs during electroporation therefore we used this as our maximum conductivity value
[103]. Joule heating in the tissue also plays a role and acts as a volumetric heat source, inducing
an additional increase in conductivity. Therefore, an additional linear heating term is used when

modeling thermal effects.

G(T) = G()(l—l—Ot(T(t)—To)) (2.33)

Here «, is the coefficient that describes how conductivity changes with temperature (3.2%/°C)

[106] and Ty is the initial temperature of the tissue (37°C).

When modeling electroporation treatments in vivo, we must also account for heat that is generated

by the body itself. To do this, we employ the Penne’s Bioheat equation.

pcpaa—f = V- (kVT) — apcppp(T —T,) + 4" + 6| Vo |*- % (2.34)
Here p and c, are the density and specific heat of brain tissue respectively, k is thermal conduc-
tivity of brain tissue, @) is the blood perfusion rate, ¢, and p; are the specific heat and density
of blood, T is the arterial temperature (37°C), qm is the metabolic heat generation, o is electrical
conductivity of the brain, and ¢ is electrical potential. Instead of iterating over each pulse which
is computationally expensive, the total resistive heating that occurs with a treatment is determined

using a duty cycle approach. This allows us to reduce computation time while still accounting for
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Figure 2.6: A sigmoid function is used to model the dynamic conductivity change in tissue
during electroporation treatments. Conductivity increases have been measured to be ~ 3x the

baseline value for IRE treatment. Here baseline conductivity is 0.285 Sm~! and final conductivity
is 0.85 Sm™ 1.

the heat generated during the total “on time” of the treatment. Here d is the pulse duration and 7 is

the pulse period. Detailed values used in these simulations can be found in Table 3.2.

In these models, we are largely ignoring the anisotropy of the brain and assuming a homogenous
tissue. In the body, this is not always the case since the brain is composed of both gray and white
matter. The gray matter of the brain is mostly comprised of neurons while the white matter contains
myelinated axons. These axons help to distribute action potential in the brain and aid in relaying
signals, but they also introduce anisotropic tissue conductivities. GBM tumors are typically located
in the cortex of the brain which is the outermost layer comprised mostly of gray matter. Although
tumors are mostly located in gray matter, therefore validating our homogenous assumption, it has
been shown that the anisotropic conductivity can influence electric field distribution in the brain
[110]. Therefore, in future studies it will be necessary to include this in our models simulating
IRE and ECT treatments. In addition, although conductivity changes in response to IRE have been
characterized for several organs (liver, kidney) they have not been characterized for brain tissue.
The change in conductivity may differ from our proposed model, therefore this also needs to be

characterized.
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Table 2.1: Material properties used in numerical models to simulate vivo treatments in the brain

Material Property Value Reference
Thermal conductivity (k) 0.565 2% [106]
Specific heat capacity (cp) 3680 kgLC [106]
Density (p) 1039 & [106]

Brain Tissue "
Metabolic heat generation (g ) 10437% [107]

Temperature coefficient (o) 032C"1 [106]
Electrical conductivity (o) 0.285 % [106]
Blood Specific heat capacity (c)) 3850 kgLC [107]
Density (pp) 1060 “& [108]
Perfusion rate (@) 7.15E-3 [108]
Stainless Steel Electrodes Thermal conductivity (k) 14.9 % [109]
Specific heat capacity (cp) 477 kgLC [109]
Electrical conductivity (o) 2.22E6 % [46]

H-FIRE treatment in tissue is a relatively new therapy and has not yet been extensively charac-
terized. Our research group has begun to carry out these experiments by mesauring conductivity
changes in response to different H-FIRE pulses for ex-vivo porcine liver [69] and rabbit kidney
tissue [111]. The conductivity curves also follow a sigmoid shape and curves have been proposed
for 1-5-1, 2-5-2, 5-2-5 and 10-2-10 pulses. Bhonsle et al. found that the conductivity changes
during H-FIRE treatment are not as drastic as those for IRE treatment [69, 64]. Since current can
travel intracellularly prior to the onset of electroporation, the total change of the impedance of the
tissue will be lower than for IRE treatment [68]. This suggests that H-FIRE treatment may be more
predictable in heterogenous tissues that contain anisotropy. It was shown that modeling a treatment

using Laplace’s equation served as a good estimate of the electric field threshold therefore tissue
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geometry and overall cell size may play less of a role for H-FIRE than IRE or ECT treatment.

2.4 Conclusion

Here, we have outlined the current biophysical mechanisms and theory underlying the phenomenon
of electroporation. Starting at Maxwell’s equations, we arrived at the analytical expression for
the transmembrane potential of a cell in response to a uniform electric field. We discussed how
cell size, cell shape, as well as buffer conductivity can influence the TMP development. Next,
we discussed the dynamics of pore formation in the plasma membrane in response to an applied
electric field. Finally, we discussed the nonlinear conductivity changes that occur in vivo during
electroporation treatments, how they are modeled and how more recent electroporation therapies
may mitigate some of the challenges associated with conductivity changes. These concepts will be

used to explain and discuss our experimental results in the following chapters.
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Chapter 3

A simplified tumor platform to study the enhanced
susceptibility of glioblastoma cells to irreversible

electroporation using a calcium adjuvant

3.1 Abstract

! Trreversible electroporation (IRE) is a cellular ablation method used to treat a variety of cancers.
IRE works by exposing tissues to pulsed electric fields which cause cell membrane disruption.
Cells exposed to lower energies become temporarily permeable while greater energy exposure
results in cell death. For IRE to be used safely in the brain, methods are needed to extend the area
of ablation without increasing applied voltage, and thus, thermal damage. We present evidence
that IRE used with adjuvant calcium (SmM CaCl,) results in a nearly two-fold increase in ablation
area in vitro compared to IRE alone. Adjuvant 5 mM CaCl, induces death in cells reversibly
electroporated by IRE, thereby lowering the electric field thresholds required for cell death to

nearly half that of IRE alone. The calcium-induced death response of reversibly electroporated

'E.M. Wasson, J.W. Ivey, S.S. Verbridge, and R.V. Davalos. The Feasibility of Enhancing Susceptibility of
Glioblastoma Cells to IRE Using a Calcium Adjuvant. Annals of Biomedical Engineering, 45(11):2535-2547, 11
2017.

30



cells is confirmed by electrochemotherapy pulses which also induced cell death with calcium but
not without. These findings, combined with our numerical modeling, suggest the ability to ablate
up to 3.2X larger volumes of tissue in vivo when combining IRE and calcium. The ability to ablate

a larger volume with lowered energies would improve the efficacy and safety of IRE therapy.

3.2 Introduction

Grade IV astrocytoma, also known as glioblastoma (GBM), is among the most aggressive can-
cers. Standard therapies such as surgical resection, radiation, and chemotherapy aim to eliminate
the primary tumor in the hopes of alleviating neurological symptoms. Even with state-of-the-art

treatment, the increase in median survival time is merely 14 months [112, 113].

As an alternative to standard treatments, energy-based therapies that utilize electric fields with high
magnitudes (400-3000 V/cm), short durations (100 ts) and low frequencies (~1Hz) are being used
to induce cell death and enhance drug delivery. These therapies rely on a phenomenon known as
electroporation, which occurs when an applied electric field causes the transmembrane potential
of the cell membrane to rise above a threshold limit ( 200-1000 mV). The rise in transmembrane
potential results in the formation of nanoscale defects, allowing otherwise impermeant ions and
molecules to enter. At lower voltages, this permeabilization process may allow for membrane
recovery with removal of the applied field (reversible electroporation), while cell death through

loss of homeostasis occurs at a higher voltage threshold (irreversible electroporation) [18].

Irreversible electroporation (IRE) has been shown to treat spontaneous gliomas in canine patients
[114, 115] while sparing blood vessels and extracellular matrix [116]. An IRE treatment consists
of delivering electrical pulses through two needle electrodes that are inserted into the bulk tumor
[46]. Since electrical pulses are delivered at short duration and low frequencies, this causes min-
imal heating of the tissue, thereby ensuring ablation while mitigating thermal damage [49]. IRE

treatment results in a sharp delineation between treated and untreated tissue with submillimeter res-
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olution both in vivo [52] and in vitro [117], making it possible to develop finite element simulations

for predicting lesion volumes before treatment.

Reversible electroporation can be achieved using lower voltage pulse parameters that cause per-
meabilization of the membrane, allowing molecules to enter the cell, while permitting subsequent
recovery. This technique has been used in gene transfection [107], blood-brain barrier disruption
[22] and drug delivery [23]. Electrochemotherapy (ECT) utilizes reversible electroporation to en-
hance transport of cell impermeant chemotherapy drugs [23], which has shown to be effective in

treating brain tumors [35, 108, 118].

Because ECT uses lower applied electric field magnitudes and fewer pulses than IRE [119], and the
extent of electroporation largely depends on pulse duration and number [120], the zone of treatment
is limited. IRE is more versatile, enabling control of the ablation zone in tissue. IRE is effective as
a stand-alone therapy for ablating the primary tumor without the need for chemotherapy drugs, yet
still induces reversible electroporation further away from the electrodes, making cells susceptible
to adjuvant therapies. Neal et al., confirmed a 2-3X larger zone of cell death in vitro using IRE

treatment in combination with chemotherapeutic drugs compared to IRE treatment alone [121].

Our hypothesis is that IRE efficacy may be improved when combined with adjuvant calcium, for
a treatment that is safer than combined treatment with chemotherapeutics. This hypothesis is
motivated by results which demonstrate that ECT pulses used in conjunction with calcium cause
more cell death and a greater decrease in cellular ATP than electroporation alone [41]. Frandsen
et al., hypothesized that this may be due to ATP depletion resulting from calcium ATPase pumps
in the plasma membrane going into overdrive to pump calcium out of the cell, although further

investigation is needed to confirm this mechanism and rule out others.

The motivation for adjuvant calcium combined with IRE is based on the knowledge that electric
field magnitude during an IRE treatment decreases as you travel away from the electrodes. A high
electric field magnitude will develop close to the electrodes (irreversible electroporation) and a low

electric field magnitude far from the electrodes (reversible electroporation). Cells in the irreversibly
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electroporated zone will die through loss of homeostasis resulting from electroporation, while the
influx of calcium will exacerbate cell death in the reversibly electroporated zone. Calcium IRE
may accentuate the treatment margin without applying additional energy. Furthermore, it may
provide an advantage over microwave and radiofrequency ablation since the mechanism is non-
thermal and spares vital structures. Though efforts have been made to extend the margin of energy
based treatments, to our knowledge, we are the first to investigate IRE pulses in combination with

calcium.

To test our hypothesis, we cultured glioblastoma cells in 3D collagen scaffolds and tested ECT and
IRE pulses in combination with two concentrations of CaCl; solution. The electric field thresholds
calculated from in vitro results were then used to inform a numerical model that simulates an in
vivo treatment with the purpose of predicting treatment volumes. These results suggest that using

IRE with a calcium adjuvant enhances lesion size without increasing thermal damage.

3.3 Materials and Methods

3.3.1 Cell culture

U251 malignant glioma (MG) cells (Sigma Aldrich) were cultured in Dulbecco’s Modified Eagle
Medium (Life Technologies) containing 10% fetal bovine serum (Atlanta Biologicals), 1% peni-
cillin/streptomycin (Life Technologies) and 0.1% non-essential amino acids (Life Technologies).
Cells were routinely passaged at 70-90% confluence and kept in a humidified incubator at 37°C
and 5% CO,. Prior to fabricating the 3D collagen scaffolds, cells were removed from their flask us-
ing trypsin (Life Technologies) and centrifuged at 120g for five minutes. Cells were re-suspended

in fresh medium and added to the collagen solution for a final concentration of 1x10cells/mL.
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3.3.2 Collagen scaffold fabrication

3D cell cultures are now recognized as more appropriate tumor models than 2D monolayer cultures
[122]. This technique has been used previously by Arena et al. [117] and Ivey et al. [65] to study
the effects of IRE on different tumor cell lines using similar matrix composition and stiffness.
Concentrated collagen stock solutions (10 mg/mL) were created using rat tail collagen type I as
described previously [123]. While the brain consists of relatively low amounts of fibrous proteins,
collagen provides a convenient scaffold material that produces relevant 3D geometry, integrin en-
gagement with surrounding extracellular matrix, and appropriate cell-cell interactions. Collagen
stock solution was mixed with 10X DMEM (10% of total solution volume) and 1IN NaOH (2%
of total collagen volume) until homogenous and adjusted to obtain a pH of 7.0-7.4. Cells in me-
dia were mixed into the collagen solutions to produce a final collagen concentration of 5 mg/mL.
Collagen was injected into Polydimethylsiloxane (PDMS) wells of controlled geometry (10 mm
diameter, 1 mm height) to ensure uniformity of the electric field distribution across experiments.
Injected collagen was molded flat in the PDMS wells and placed in the incubator to polymerize at
37 °C and 5% CO; for 20 minutes. Fresh media was added to the wells and they were cultured in
the incubator for 24 hours before treatment. The electrical conductivities of the gel-cell mixtures
were measured with a conductivity meter to ensure similar electrical properties. Collagen hydro-
gels without cells had a conductivity of 1.08 + 0.06 S/m (n=4). Collagen hydrogels with cells
seeded in the bulk had a conductivity of 1.17 £ 0.08 S/m (n=4).

3.3.3 Electroporation protocol

Concentrations of 1 mM and 5 mM CaCl, were used in our study to determine the effect of a range
of CaCl, concentrations on lesion size in vitro. These concentrations have shown effect on cell
viability [41]. Media was aspirated from each well and a concentration of 1 mM or 5 mM CaCl,
in HEPES buffer was added for 30 min at room temperature to ensure complete diffusion into

the collagen scaffold. Calcium solutions were then aspirated from each well and scaffolds washed
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with new CaCl, solution to ensure all cell culture media had been replaced. Fresh calcium solutions
were added immediately prior to pulsing. A control solution of NaCl in HEPES buffer was used,
as it has similar conductivities and osmotic concentrations to the CaCl, solutions (Table 3.1). All
solutions were within the isotonic range of 260-320 mOsm/L and had pH values between 7.0-
7.2 to better emulate a slightly acidic tumor microenvironment [124, 125, 126]. Sham treatments
were carried out by adding the NaCl and CaCl, solutions to each well and inserting the electrodes
without pulsing.

Table 3.1: Properties of solutions used in experiment

Concentration ~ Solution  Conductivity (S/m) Osmolarity (mOsm/L)

| mM CaCl, 0.053 +£ 0.017 276.52 £2.12
m

NaCl 0.106 + 0.026 282.5 +£3.53

CaCl, 0.078 £ 0.005 288.0 £9.90
5 mM

NaCl 0.122 £+ 0.009 290.5 +4.95

Hollow stainless steel, blunt tip needles (Howard Electronic Instruments) with diameters 0.914 mm
(OD) and 0.635 mm (ID) were used as electrodes. A custom-made part housed the electrodes to
ensure uniform spacing (4 mm center-to-center) and placement in each collagen scaffold (Figure
3.2A). IRE pulses were delivered using an ECM 830 pulse generator (Harvard apparatus) and
consisted of eighty 450 V pulses, frequency of 1 Hz and pulse duration of 100 us. ECT pulses
consisted of the same parameters except eight pulses were delivered. After treatment, CaCl, and
NaCl solutions were removed from each well, replaced with cell culture media and the well plate

was returned to the incubator.

3.3.4 Determining area of cell death in collagen scaffolds

Scaffolds were kept in the incubator for 24 hours after treatment. It has been reported that this is

sufficient time to allow transient pores formed in the cell membrane to recover [127] and evaluate
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the effects of calcium electroporation [41, 43]. Scaffolds were incubated with 2 uM Calcein AM
(Invitrogen) and 15 uM propidium iodide (Life Technologies) in PBS for 30 minutes at room
temperature. Calcein AM labels living cells green while propidium iodide labels cells lacking
membrane integrity red. Images were taken of each well using an inverted DMI 6000B microscope

(Leica Microsystems) with a 5x objective. A custom algorithm developed in MATLAB was used

to measure lesion area, descibed below.
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Figure 3.1: Sweeping a line ROI across an experimental image and analyzing intensity values
along this line determines lesion area. A) Line ROI at = 0° B) Line ROI at = 76° C) Convex
hull operation encloses the points, eliminating the electrodes from the measurement. The convex
hull and least squares iteration can eliminate any outliers and converge on an area. D) Normalized
intensity values along the line at = 0° (shown in A). A 20% threshold is used to separate live and
dead regions. E) Plotting the values that are above the set threshold (live region) highlights the
lesion length along the line. This gap in intensity values is used to find the coordinate points that
outline the boundary of the lesion.

The green channel of images was used for analysis since intensity was more apparent. Contrast of
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the images was enhanced using the imadjust command to highlight differences between live and
dead regions. A line region of interest (ROI) was plotted directly on the image and swept through
various angles to analyze the image in increments of 0.5 degrees (Figure 3.1A). A total of 720
points (360/0.5) were used to accurately define the lesion boundaries. Intensity values along each

respective line were analyzed.

First, background intensities on the upper left corner of each image were averaged and subtracted
from all intensity values calculated along the line to shift intensity down to a baseline level, making
it easier to apply a threshold. The intensity values were smoothed using a median filter and were
then normalized to the maximum intensity value, giving a range between zero and one (Figure
3.1D). This resulted in two peaks where the line crosses regions of high intensities (live region)
and a region of low intensities where the lesion was located. Setting a threshold based on 20% of
the maximum intensity value was chosen (I > 0.2) since this successfully separated the live and

dead regions for all images.

Plotting the coordinate points that lie above the threshold (live region) versus their respective in-
tensity values, reveals a gap in values (Figure 3.1E). We performed a difference operation on the
vector of coordinate points which provided the change in distance sequentially from point to point.
The maximum of this difference indicated the length of the gap (i.e. our lesion). The (x,y) coordi-
nates at the beginning and end of this gap were plotted over the experimental image for each line

therefore tracing the perimeter of the lesion (Figure 3.1B).

The region inside of the plotted coordinate points was enclosed using a convex hull operation
which eliminated the electrodes from the measurement. The convex hull operation also served to
remove outliers in the coordinate points that might skew the area measurement since it returns the
point indices that define the hull (Figure 3.1C). An iterative process was used to remove outlier
coordinate points using the convex hull operation and then smooth the distribution of points using
a Savitzky-Golay filter. This filter utilizes least squares fitting to fit successive data points to a low

order polynomial. This resulted in an iterative process which would converge when the change
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in area of the enclosed fit of points differed by less than 6% for two consecutive iterations. This
criterion was chosen because some images contained a considerable number of outliers. Initially,
the change in area between successive iterations decreased, but as outliers were eliminated from
subsequent measurements, the change in area increased. A change in area of less than 6% was
sufficient to accurately determine lesion area while also avoiding errors due to insufficient points
available for the convex hull operation. The final resulting area of the enclosed region was cal-
culated using polyarea, a built-in MATLAB function. The code successfully measured 80% of
experimental images. Because of artifacts such as bubbles that form in the collagen, the remaining
were measured by hand. Figure 3.1C demonstrates the accuracy of the MATLAB image processing

code to detect the boundaries of cell death after treatment using IRE and 1 mM CaCls,.

3.3.5 Numerical model of electric field distribution in collagen scaffolds

The electric field distribution in the collagen scaffolds was determined using finite element analysis
(COMSOL Multiphysics 5.2, Burlington, MA). The finite element model consisted of a cylinder to
represent the scaffold, and two stainless steel cylinder electrodes as described above. We are able to
use the quasi-electrostatic approximation since the pulse duration is much larger than the charging
time of the plasma membrane. As shown previously by Arena et al. [117], the conductivity of the
scaffolds is assumed constant since the concentration of cells we are using in our collagen scaffolds
is not high enough to induce a change in bulk conductivity that significantly affects electric field
distribution during electroporation. In addition, temperature increase due to electroporation in
collagen scaffolds using similar pulse parameters and bulk conductivities was not sufficient to
cause thermal damage, therefore we neglected heating effects in our current study. This reduced

our governing equation to Laplace’s equation.

0=V?9 (3.1)
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where ¢ is electric potential and the electric field can be described as E = —V¢. The surface of
one electrode was considered charged (¢ = 450 V), one grounded (¢ = 0 V) and the remaining
boundaries defined as electrically insulative (d¢/dn = 0). The mesh was refined until there was
less than a 2.0% change in the electric field magnitude at the surface of the collagen scaffold
between the electrodes. The extra fine mesh used in the studies consisted of 103,297 tetrahedral

elements.

3.3.6 Determining the cell death electric field threshold

The numerical model of the electric field distribution in the collagen scaffold was integrated along
its surface to determine the affected area for a range of electric field thresholds. Values close to the
boundaries of the collagen scaffold were eliminated from the curve fit since these areas were not
relevant to our measurements. A relationship between lesion area and electric field magnitude was
determined using least squares fitting resulting in a sixth order polynomial equation (Figure 3.5).

The cell death threshold for each experimental condition was calculated using this equation.

3.3.7 Numerical model to simulate lesion volumes in the brain

A simplified finite element model of the brain was created using COMSOL Multiphysics 5.3 to
simulate the increased lesion size that would occur in vivo using IRE and calcium. The brain was
modeled as a 3D domain with dimensions sufficiently large to mitigate any boundary effects that
may influence lesion size and shape (12 cm X 12 cm X 12 cm). This assumption provided us with
an ideal case to separate the effectiveness of treatment from any influences geometry and boundary
conditions may have on lesion size. Two stainless steel, cylinder electrodes (I mm diameter),
spaced 2.0 cm apart (center-to-center) with a length of 1.5 cm were inserted into the center of the
3D domain. The governing equation that determines potential distribution in a material is defined

below:
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0=V-(cV9) (3.2)

Here, ¢ is electric potential and o is the electrical conductivity of the brain. We were unable to
assume constant conductivity since it has been shown that conductivity of tissue increases more
dramatically after electroporation than cells in suspension due to the large ratio of cell volume to
extracellular fluid volume [105]. As the cells are electroporated, resistance of the tissue decreases
as there are more paths for current to travel. Joule heating effects also increase conductivity and
act as a volumetric heat source. To model this change in conductivity, we employed a smoothed
Heaviside function that is dependent on electric field [114]. We can indirectly relate the change
in conductivity to the applied electric field since the extent to which the tissue is electroporated
depends on this magnitude. Conductivity also depends on the change in temperature that occurs
in the tissue, so an additional linear heating term is used. Here ., is the coefficient that describes
how conductivity changes with temperature (3.2%/°C) [106] and T is the initial temperature of the
tissue (37°C). To ensure the solution will converge, we smoothed the function using a continuous
second derivative. The function used to define conductivity is shown below as it was written in

COMSOL.

O(E,T) = oo[l +2- flchs(Enorm — Edeltas Erange) + (T — Tp)] (3.3)

Here E;,, 1s the magnitude of the electric field, E,4,q 1s the range over which the function transi-
tions (+ 120 V/cm), E 4., 1s the electric field value at which this transition occurs (580 V/cm) and
Oy is a baseline conductivity value for grey matter (0.285 S/m) [106, 114]. In using this function,
we assumed that conductivity increases by a factor of three since this was reported for other organs
during electroporation [103]. We must also account for metabolic heat generation, conduction,
and convection due to blood perfusion. We included the Penne’s Bioheat equation with a modified

Joule heating term to account for resistive losses [128].
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pcpaa—f = kV2T — @pcppp(T —To) +4q +c|V¢|2-‘—TZ (3.4)
Here p and ¢, are the density and specific heat of brain tissue respectively, k is thermal conductivity
of brain tissue, @y is blood perfusion rate, ¢, and p, are the specific heat and density of blood, 7,
is the arterial temperature (37°C), ¢ is the metabolic heat generation, o is electrical conductivity
of the brain, and ¢ is electrical potential. We approximated the total resistive heating that occurs
with a treatment using a duty cycle approach, as opposed to iterating over each pulse, to reduce
computation time while still accounting for the heat generated during the total “on time” of the
treatment. Here d is the pulse duration (50 us) and 7 is the pulse period (1 s).

Table 3.2: Material properties used in the in vivo numerical model of the brain

Material Property Value Reference
Thermal conductivity (k) 0.565 -2 [106]
Specific heat capacity (cp) 3680 ngC [106]
Densit 1039 X¢ 106
Brain Tissue y () " m? L106]
Metabolic heat generation (g ) 10437% [107]
Temperature coefficient (o) 032C1 [106]
Electrical conductivity (0) 0.285 % [106]
Blood Specific heat capacity (c)) 3850 k;C [107]
Density (pp) 1060 X& [108]
Perfusion rate (wj) 7.15E-3 [108]
Stainless Steel Electrodes Thermal conductivity (k) 14.9 ﬂ [109]
Specific heat capacity (c)) 477 ngC [109]
Electrical conductivity (o) 2.22E6 % [46]

For treatments in the brain, it is preferred to use 50 us pulses as opposed to 100 us to mitigate
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thermal damage [114]. The surface of one electrode was treated as energized, one grounded,
and remaining boundaries as insulated. 3000 V was simulated giving an applied electric field
magnitude of 1500 V/cm which is typical of IRE treatments delivered in the brain [114, 115].
1000 and 2000 V were also tested to establish a relationship between applied voltage and lesion
volume. All boundaries were treated as thermally insulative (7 /dn = 0) to account for the case of
maximum heating in the tissue. Material properties were defined as stainless steel for the electrodes
and grey matter for brain tissue (Table 3.2). Standard IRE and ECT treatment were simulated in the
numerical model of the brain and the electric field contour corresponding to its in vitro treatment
threshold was located. The volumes within these boundaries were numerically integrated. It was
assumed that homogenous concentrations of CaCl, and NaCl solutions would be achieved in vivo.

The mesh was refined until there was less than a 2.0% change in calculated volumes.

3.3.8 Statistical analysis

All IRE, ECT, and sham conditions were tested ten or eleven times (n = 10, n = 11) as determined
by a power analysis. The discrepancy between these repetitions resulted from collagen detachment
during treatment. Statistical analyses were performed with a confidence level of @ = 0.05 (JMP Pro
13). Two-way ANOVA was used to test for differences in cell death area and cell death threshold.
Tukey post-hoc comparisons were used to examine differences among treatment groups. Results

are shown as arithmetic means + standard deviation.
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3.4 Results

3.4.1 Experimental setup and numerical model simulating IRE pulses in

collagen scaffolds

Figure 3.2 shows our experimental platform. The electrode housing enabled precise positioning
of electrodes into the collagen scaffold, eliminating variability that may occur in the electric field

distribution due to varying exposure lengths or boundary effects if the electrodes were not centered.
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Figure 3.2: Calcium IRE experimental setup. A) Custom made electrodes inserted into the
collagen scaffold platform prior to pulsing with electrode spacing of 4.0 mm (scale bar 4 mm). B)
Geometry of the finite element model used to simulate treatment of the hydrogel platform (scale
bar 2 mm). The extra fine mesh consisted of 103,297 tetrahedral elements. C) Electric field
distribution in the scaffold after an IRE treatment (450 V, 1 Hz, 100 us pulse width, 80 pulses)
showing the region of collagen affected by different electric field thresholds (scale bar 2 mm).

Our numerical model was used to predict the field distribution in the collagen scaffolds during
a typical treatment. The experimental platform enabled us to visualize a range of electric field
magnitudes as opposed to a single value that is applied when testing cells in suspension using plate
electrodes (Figure 3.2C). This represents what occurs in vivo during a typical IRE or ECT treatment
since cells in the tumor will experience a gradient of field magnitudes depending on their distance
from the electrodes. For ECT treatments, reversible electroporation occurs at an electric field
magnitude around 300 V/cm whereas IRE occurs above 500-600 V/cm [107]. In our numerical

model of the collagen scaffolds, these zones can be distinctly visualized. By bounding regions of
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different electric field magnitudes using a contour plot, the model allowed us to determine the field
threshold that causes an equivalent area of cell death for each of our treatments. This highlights

our ability to precisely predict ablation sizes.

3.4.2 Experimental results

Our experimental results confirmed our hypothesis that calcium IRE results in larger lesions than
IRE alone. Sham treatments resulted in no cell death therefore confirming that the CaCl, and NaCl
solutions themselves do not affect cell viability (Figure 3.3). Similarly, treating with ECT pulses
and NacCl solutions did not result in cell death. Due to the small number of pulses used in an ECT

treatment, the cells become permeabilized, but subsequently recover.

On the other hand, when we applied IRE pulses in the presence of NaCl solutions, we see a small
region of dead cells formed in the collagen scaffold. This area experiences a higher electric field
magnitude for a longer duration of time, therefore electroporating the cells to a greater extent and

rendering them incapable of recovering.

Since NaCl and CaCl, solutions have comparable conductivities, it can be concluded that the larger
lesions observed for CaCl, treatments are due to the action of calcium and not additional heating

effects that may occur due to the conductivities of our buffer solutions.

It should be noted that in some of our experimental images, the propidium iodide staining is dif-
ficult to see. This effect has also been seen in previous experiments using the same platform [65]
and although the exact mechanism is not known, it seems as if the cells may be broken up and are
unable to take up and maintain the dye 24 hours after treatment. Since Calcein AM only fluoresces
when in the presence of intracellular esterases, we can conclude that cells in the dark region are

dead and those stained green with Calcein AM are alive.

Combining all area measurements from the image processing algorithm shows that 1 mM and 5

mM CaCl; treatments lead to an increase in lesion size of nearly double that of their respective
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Figure 3.3: CaCl, treatments produce larger cell death lesions than NaCl controls for both
IRE and ECT pulses (scale bar 1mm). Collagen scaffold experiments consisted of 4.0 mm
electrode spacing, 100 us pulse width, 1 Hz frequency and 450 V. IRE treatments were delivered
with a total of 80 pulses (n = 11) while ECT treatments were delivered with 8 pulses (n = 11,n
=10). 24 hours after treatment, hydrogels were stained with Calcein AM (stains live cells green)
and propidium iodide (stains dead cells red).

NaCl controls when using IRE pulses (Figure 3.4). The 1 mM CaCl, treatment combined with
IRE, resulted in an average lesion area of 25.1 & 3.9 mm? whereas its NaCl control resulted in an
average lesion area of 14.4 + 2.9 mm?. Combinatorial treatment using 5 mM CaCl, solution with
IRE resulted in an average lesion area of 32.5 + 2.0 mm? whereas 5 mM NaCl combined with IRE
resulted in an average lesion area of 13.2 4 3.6 mm?. Comparing 1 mM CaCl, and 5 mM CaCl,
concentrations in combination with IRE resulted in a significant difference in lesion area. There

was no significant difference between 1 mM NaCl and 5 mM NaCl treatments (p = 0.9553).
For ECT pulses, it is evident that calcium treatments also had a significantly larger lesion area than
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Figure 3.4: Lesion sizes measured in collagen scaffold experiments demonstrate that CaCl,
treatments lead to significantly larger lesion sizes than their NaCl controls. Collagen scaffold
experiments consisted of 4.0 mm electrode spacing, 100 us pulse width, 1 Hz frequency and 450
V. For IRE treatments, 80 pulses were delivered while for ECT treatments, 8 pulses were delivered.
Scaffolds had a total area of 78.54 mm? and thickness of 1 mm. U251 MG cells were seeded at
a concentration of 1x10° cells/mL. ECT treatments with NaCl solutions are not shown due to no
lesion being present. (***p<0.0001).

their NaCl controls for both 1 mM CaCl, and 5 mM CaCl,. Lesion areas were not significantly
different for 5 mM CaCl; and 1 mM CaCl; treatments (p = 0.1926). Data for both NaCl concen-
trations are not shown in figure 3.4 for ECT treatments since these pulses did not result in a lesion

and were treated as having zero area.

When comparing ECT pulses to IRE pulses, for the 1 mM CaClj, solution, there was no significant
difference between lesion areas (p = 0.9451) whereas for the 5 mM CaCl, solution, there was a
significant difference. As mentioned previously, an IRE treatment of 80 pulses leads to an average
lesion area of 32.5 + 2.0 mm?, whereas an ECT treatment of eight pulses lead to an average lesion

area of 26.7 + 2.1 mm? for the 5 mM CaCl, solution.
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3.4.3 Calculating electric field threshold required for cell death
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Figure 3.5: The numerical model of the experimental setup is used to determine the area
of collagen exposed to various electric field thresholds for applied voltages of 450 V and
800 V. A) Numerically integrating the finite element model of the collagen scaffold for different
electric field thresholds allowed us to construct a plot that related the two variables. B) Overlaying
the electric field contour lines taken from our numerical model with an image of a 5 mM CaCl,

treatment demonstrated the accuracy of the finite element model (scale bar 1 mm). The scaffold

has a total area of 78.54 mm?.

From our numerical model of the collagen scaffold, we determined a relationship between lesion
area and electric field magnitude by performing numerical integration on the surface of the scaffold
for a range of electric field magnitudes (100-1500 V/cm). We constructed a curve and fit this data
using least squares fitting in MATLAB. This resulted in a sixth order polynomial equation shown
in figure 3.5. Despite this equation not having relevance to the physics in our model, we were able
to use it to accurately back out the electric field thresholds for each treatment condition without
needing to manually determine them using COMSOL. Least squares fitting resulted in a maximum

relative error of 4.7%.

Increasing the applied voltage from 450 V to 800 V demonstrates that it is possible to increase
the lesion area by applying a higher voltage during treatment, however, the applied voltage in our

experiment was limited by the size of the scaffold. If we were to apply 800V in combination with
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5 mM CaCl,, the lesion size and shape may be influenced by the electrically insulated boundaries
of the collagen scaffold and an accurate area may be difficult to measure. An applied voltage
of 450 V was chosen because it provides a wide range of electric field magnitudes over a broad
range of areas. Figure 3.5B shows electric field contours taken from the numerical model of the
collagen scaffold, overlaid onto a treatment using IRE in combination with 5 mM CaCl, solution.
Electric field lines of high magnitude are plotted to locate the electrodes in the image and place
the overlaying solution accurately. The average field threshold using least squares fitting was
calculated to be 377 + 18.6 V/cm. An electric field contour of 400 V/cm demonstrates the accuracy

of the numerical solution in predicting cell death thresholds.
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Figure 3.6: Calculated electric field thresholds for collagen scaffold experiments demonstrate
that CaCl, treatments lead to significantly lower cell death thresholds than their NaCl con-
trols. 3D collagen experiments consisted of 4.0 mm electrode spacing, 100 us pulse width, 1 Hz
frequency and 450 V. For IRE, 80 pulses were delivered while for ECT, 8 pulses were delivered.
Collagen scaffolds had a total area of 78.54 mm? and thickness of 1 mm. U251 MG cells were
seeded at a concentration of 1x10° cells/mL. ECT treatments with NaCl solutions are not shown
due to no lesion being present. (***p<0.0001).

Figure 3.6 shows the electric field thresholds that were calculated using the polynomial equation.

IRE treatments used in combination with CaCl, solutions had significantly lower field thresholds
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than their NaCl controls. A treatment using IRE and 1 mM CaCl; resulted in a field threshold of
467 £ 67 V/cm whereas IRE used in combination with 1 mM NaCl resulted in a threshold of 698
+ 103 V/cm. Increasing the amount of calcium in our solution to a 5 mM concentration resulted
in a further reduced threshold of 377 4+ 19 V/cm. This threshold was significantly lower than its
control using 5 mM NaCl (745 £ 139 V/cm). IRE treatments using 5 mM CaCl; resulted in a
lower threshold than ECT treatments using 5 mM CaCl, (440 4+ 26 V/cm), but the difference was
not statistically significant (p = 0.3853). The same is true for a CaCl, concentration of 1 mM,

which resulted in an average threshold value for an ECT treatment of 481 = 38 V/cm (p = 0.9997).

3.4.4 Simulating lesion volumes for an in vivo treatment in the brain

A

Figure 3.7: Our numerical model simulating an in vivo treatment indicates IRE has a larger
increase in lesion size than ECT when used in combination with 5§ mM CaCl, (xz plane).
A) Electric field distribution (V/cm) after IRE treatment (3000 V, 2.0 cm electrode spacing, 50
pulses). B) Temperature distribution after IRE treatment (°C) C) Lesion size after IRE with 5 mM
NaCl control (white) D) Comparing lesion size for IRE with 5 mM NaCl control (white) and 5 mM
CaCl, (gray). E) Electric field distribution (V/cm) after ECT treatment (3000 V, 2.0 cm electrode
spacing, 8 pulses). F) Temperature distribution after ECT treatment (°C) G) Lesion size after ECT
treatment with 5 mM CaCl,. H) Comparing lesion size for ECT (white) and IRE (gray) treatments
in combination with 5 mM CacCl,.
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Calculating the field threshold for an in vitro calcium IRE treatment enabled us to estimate what
will occur during an in vivo treatment. Figure 6 shows the results of our numerical simulation
of ECT and IRE calcium treatments in a 3D model of the brain. Here, we have accounted for
dynamic changes in conductivity of the tissue due to electroporation and changes in temperature
that result due to Joule heating. Figures 3.7A and 3.7E indicate the electric field distributions in
the tissue after an IRE and ECT treatment respectively along a cut plane in the xz axis. For an ECT
treatment, the electric field magnitude between the electrodes does not reach as high a value as an
IRE treatment. This is due to the low number of pulses applied (8 instead of 50). ECT pulses are
designed to reversibly electroporate tissue and therefore the majority of the tissue does not reach a
large enough magnitude to kill cells. The reversible regime of electroporation also covers a smaller

area than an IRE treatment does.

Figure 3.7C shows the ablation zone for an IRE treatment without CaCl, (5 mM NacCl control). The
ablation zone is greatly increased when 5 mM CaCl; is added (Figure 3.7D). An ECT treatment
on the other hand, only has an ablation when CaCl; is used (Figure 3.7G). Comparing ECT and
IRE ablations when 5 mM CaCl; is used (Figure 3.7H) shows that the calcium IRE lesion is larger.

These results are also reflected in Table 3.

Table 3.3 shows lesion volumes calculated using the numerical model of the brain for applied
voltages of 2000 and 3000 V. For 3000 V, the lesion volume for a 1 mM CacCl, treatment using
IRE pulses is 2.10X larger than lesion size for a 1 mM NaCl treatment. The increase is even more
substantial for a 5 mM CaCl, treatment using IRE pulses. At an average lesion volume of 29.80 +

1.57 cm?, this extends well beyond the bulk tumor margin.

Figure 3.8 reveals the relationship between applied voltage and lesion volume for the 3D model
of the brain. As voltage increases with constant electrode spacing, the difference between a 5
mM CaCl, treamtent using ECT and IRE pulses grows substantially. When used in combination
with IRE pulses, a concentration of 5 mM CaCl, results in an increase in lesion volume 1.4X

an ECT treatment using the same concentration of calcium solution. This drastic increase can be

50



Table 3.3: Lesion volume for each experimental condition calculated using a numerical model of
the brain with different applied voltages (electrode spacing of 2.0 cm).

Pulse Treatment Volume at 2000 V (cm?) Volume at 3000 V (cm?)
1 mM CaCl, 11.54 +2.96 23.56 4+ 3.83
IRE 1 mM NacCl 277 +1.50 11.20 £ 4.69
5 mM CaCl, 15.30 = 0.88 29.80 £ 1.57
5 mM NaCl 2.35+1.93 9.34 £5.09
1 mM CaCl, 10.17 £ 1.40 18.90 + 1.82
ECT 1 mM NaCl No lesion No lesion
5 mM CaCl, 11.68 = 0.91 2093 £ 142
5 mM NaCl No lesion No lesion

attributed to the fact that both the irreversibly and reversibly electroporated regions are growing
as the number of pulses delivered increases. The degree to which the tissue is electroporated in-
creases dramatically with increased voltage, highlighting our ability to modulate pulse parameters

to optimize treatment.

3.5 Discussion

The overall goal of our study was to determine if using calcium in combination with IRE resulted
in larger lesions than IRE alone and ECT pulses combined with calcium. During an IRE treatment,
there will be four zones of electroporation: 1) small zone of cell death caused by thermal damage
(Joule heating), 2) medium sized zone of necrotic tissue in which cells are electroporated, lose
homeostasis and are unable to recover, 3) large zone of apoptotic cell death in which defects in the
membrane close, but cells are unable to recover, and 4) reversibly electroporated cells that recover
and survive [18]. Use of calcium IRE intensifies this cell death phenomenon and takes advantage

of the reversibly electroporated zone of cells by driving them to cell death using calcium, therefore
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Figure 3.8: Numerical modeling predicts larger lesion volume in vivo for an IRE calcium
treatment when compared to an ECT calcium treatment or IRE alone. The model consisted
of two electrodes spaced 2.0 cm apart in a 3D domain of brain tissue. Three different applied
voltages were tested (1000 V, 2000 V, 3000 V).

enhancing our zone of ablation.

Lee et al., have discussed the role that calcium can play in cell death after electroporation [18].
This was evidenced when cells were electroporated with a 450 ms pulse with 150 V/cm magnitude
and a sharp increase in intracellular calcium levels was observed. Instead of a rapid drop in calcium
concentration after the pulse was removed, the authors saw sustained elevated levels for 10 minutes.
A sudden influx of calcium ions may lead cells to consume their supply of ATP to pump excess
calcium across the cell membrane. This depletion of ATP after calcium electroporation has been
shown by Frandsen et al., after electroporating Chinese hamster lung fibroblast cells with ECT
pulses and 1 mM calcium [41]. Intracellular ATP levels decreased markedly and remained at 10.3%
of control values eight hours after treatment. Furthermore, evidence has shown that elevated levels
of intracellular calcium may activate proteases and phospholipases that further damage the cell and

membrane, preventing pores from resealing after electroporation [129].
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The possibility of enhancing ablation size by using calcium to drive cells in the reversibly electro-
porated zone to undergo cell death is supported by our experimental results and numerical model-
ing. In Figure 3.3, ECT treatments using NaCl solutions resulted in no cell death. Cells exposed
to this ECT treatment are reversibly electroporated and are therefore able to recover and maintain
viability. As evidenced by both ECT and sham treatments, the saline solution does not lead to
cell death. Scaffolds exposed to IRE pulses in NaCl solutions, on the other hand, form a small
region of cell death extending beyond the immediate vicinity of the electrodes (13.2 + 3.6 mm?
for 5 mM NaCl). It can be concluded that these cells experience irreversible electroporation (zone
2 described above). For both ECT and IRE treatments using CaCl,, a large zone of cell death
formed in the scaffold. Since a comparable lesion was not observed for NaCl treatments using the
same applied pulses, it can be concluded that the region of cell death extending beyond what was
seen with NaCl is due to the action of calcium and not the buffer or additional heating effects due
to changes in conductivity of the scaffold. A 1 mM CaCl, treatment results in a lesion area of
25.1 + 3.9 mm; for IRE and 23.8 + 2.5 mm? for ECT. A 5 mM CaCl, treatment resulted in much
larger lesion areas for both IRE (32.5 + 2.0 mm?) and ECT (26.7 & 2.1 mm?). The fact that | mM
CaCl, results in a smaller lesion area than 5 mM CaCl, suggests that some cells in the periphery
of the reversibly electroporated zone can recover from treatment. Using a higher concentration (5
mM CaCl,) further exacerbates the effects of calcium, rendering the cells unable to recover from
the treatment, causing additional cell death. The lesion area of our treatments may be influenced
by the lower conductivity of our medium, as shown previously by Pucihar et al [130]. Our lesion
area results are consistent with the findings of Frandsen et al., when comparing calcium ECT treat-
ment to NaCl controls in vitro [41] using three cell lines. The half maximal effective concentration
of calcium (ECsp) was found to be 0.57 mM. At 1 mM calcium, viability for all three cell lines
ranged from 10-30% and at 3 mM calcium, viability for all three cell lines was below 20%. Cell
death saturated at 5 mM calcium with viability for all three cell lines being below 10%. We have
extended the implications of that study to provide further evidence that calcium can also be used

to enhance lesion boundaries when used in combination with IRE pulses.
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Calcium treatments decreased the required electric field threshold for cell death. When treating
with IRE alone, we obtained a field threshold of 745 + 139 V/cm whereas for 5 mM CaCl,, we
obtained 377 + 19 V/cm, just over half of its control. This result is similar to findings of Hansen
et al., where SW780 human bladder cancer cell lines were treated using ECT pulses with varying
applied electric field magnitudes [43]. This suggests that it may be possible to increase lesion
size without increasing the applied voltage, mitigating concern of additional thermal damage with

higher energy IRE treatment.

Our numerical model that simulates a treatment in the brain, predicts an efficacy enhancement for
IRE and calcium therapy that may be expected in a clinically relevant in vivo setting. A 5 mM
CaCl, IRE treatment resulted in an increase in lesion volume three times that of its NaCl control.
Comparable results were found in a mouse model, when tumors treated with 168 mM CaCl, and
electroporation dramatically decreased in volume immediately after treatment and continued to
decrease in size up to 28 days after treatment [41]. We have previously demonstrated the safety
and efficacy of IRE treatment for brain cancer in canine patients that presented with spontaneous
gliomas [131, 115, 114]. Rossmeisl et al., demonstrated that IRE did not lead to neurotoxicity in
six out of seven canine patients, increasing Karnofsky Performance Scale in all patients [63]. It
has also been previously reported that non-thermal IRE treatment spares critical structures such
as nerves [132, 133, 134], therefore we do not have reason to believe that neuron function will
be impaired following IRE treatment. In future studies, it will be necessary to better characterize
the effect of treatment on neurons and the increase in conductivity due to electroporation in human
brain tissue. Treatments will also need to be simulated using 3D models reconstructed from patient

MR images in order to ensure maximum accuracy and efficacy.

It should be noted that despite most tissues having extracellular calcium concentrations around 1
mM, calcium ions are often bound by other macromolecules and only a small fraction are free
in the extracellular fluid. Therefore, when treating tumors in vivo using calcium electroporation,
administration of exogenous calcium will be required for effect. Ensuring uniform distribution

of calcium in the tissue to be treated may be difficult to achieve due to leaky vasculature, high
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interstitial pressure and convective forces that drive fluid out of the tumor. The potential chal-
lenges associated with delivery of calcium needs to be investigated in future research. Previously,
Frandsen et al., has demonstrated that direct tumor injection in combination with ECT has been
successful in treating mice that were injected with human small cell lung cancer cells [41]. CaCl,
solutions were injected into the tumor at a volume that was 50% of tumor volume and the needle
was moved around the tumor to ensure uniform injection. Using this technique, 89% of treated
tumors (~1 cm?) were eliminated. It may also be possible to have co-delivery of the treatment
with a needle electrode system, although this may present a challenge in and of itself and will be

left for future work.

Calcium IRE may provide an advantage over calcium ECT for in vivo treatment of tumors since
IRE treatment ensures that the bulk of the tumor will be killed whereas ECT does not. While the
bulk tumor is destroyed, the reversibly electroporated region extending beyond the tumor margin

will experience an influx of calcium, exacerbating cell death and enhancing the ablation margin.

3.6 Conclusion

We have demonstrated that CaCl; treatment used in combination with IRE therapy leads to larger
lesions than IRE alone. Consequently, the electric field threshold needed to kill the cancer cells is
reduced by nearly half, suggesting that larger lesions are attainable without an increase in applied
energy. Results from our numerical models indicate calcium IRE treatment in vivo can lead to
treatment volumes that are 1.4X larger than calcium ECT treatments and 3.2X larger than IRE
alone. While this study focused on calcium IRE treatment of brain cancer cells, the implications
of these results are applicable to many types of cancer that are unresectable and invasive. Since
calcium buffer solutions are regularly used in clinical settings and are known to be nontoxic to
cells with intact cell membranes, calcium IRE may provide a safe and effective way to increase

treatment volumes without inducing additional thermal damage.
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Chapter 4

Understanding the role of calcium-mediated cell

death in high-frequency irreversible electroporation

4.1 Abstract

! High-frequency irreversible electroporation (H-FIRE) is an emerging electroporation-based ther-
apy used to ablate cancerous tissue. Treatment consists of delivering short, bipolar pulses (1-10 us)
in a series of 80-100 bursts (1 burst/s, 100 us on-time). Reducing pulse duration leads to reduced
treatment volumes compared to traditional IRE, therefore larger voltages must be applied to gen-
erate ablations comparable in size. We show that adjuvant calcium enhances ablation area in vitro
for H-FIRE treatments of several pulse durations (1, 2, 5, 10 us). Furthermore, H-FIRE treatment
using 10 us pulses delivered with 1 mM CaCl, results in cell death thresholds (771 + 129 V/cm)
comparable to IRE thresholds without calcium (698 + 103 V/cm). Quantifying the reversible elec-
troporation threshold revealed that CaCl, enhances the permeabilization of cells compared to a
NaCl control. Gene expression analysis determined that CaCl, upregulates expression of EIFBS5
and 60S ribosomal subunit genes while downregulating NOX1/4, leading to increased signaling

in pathways that may lead to necroptosis. The opposite was found for control treatment without

I'E M. Wasson, N. Alinezhadbalalami, R.M. Brock, I.C. Allen, S.S. Verbridge, R.V. Davalos. Understanding the
role of calcium-mediated cell death in high-frequency irreversible electroporation. Bioelectrochemistry, 131, 2020.
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CaCl, suggesting cells experience an increase in pro survival signaling. Our study is the first to
identify key genes and signaling pathways responsible for differences in cell response to H-FIRE

treatment with and without calcium.

4.2 Introduction

Irreversible electroporation (IRE) treatment is an alternative to standard cancer therapies and has
been shown to successfully treat the most aggressive, and sometimes unresectable tumors such as
pancreatic adenocarcinoma and hepatocellular carcinoma in human patients [58, 135, 57, 59] as
well as glioblastoma in canine patients [115, 63, 115, 131]. In a typical electroporation treatment,
needle electrodes are inserted into the tumor and a series of electrical pulses are delivered to the
tissue. The applied electric field induces a rise in the cells’ transmembrane potential (TMP). This
rise in TMP lowers the energy needed for hydrophilic pores to form in the membrane [16, 17]
in a phenomenon known as electroporation. These pores allow the exchange of otherwise imper-
meable molecules and ions into and out of the cell. Additionally, recent studies have shown that
voltage gated channels may affect transport during electroporation [101], also allowing exchange
of molecules that may lead to a loss of cellular homeostasis. Pulse parameters that are applied
(field strength, pulse duration, and number of pulses) can be varied to elicit different cellular re-
sponses. Below a critical energy threshold, cells can recover from the loss of homeostasis and the
pores may reseal over time. The cells are then said to experience reversible electroporation. Tak-
ing advantage of the enhanced cell membrane permeability and transport into the cell, reversible
electroporation has commonly been used in gene transfer [136, 137] as well as for the treatment
of tumors in a technique known as electrochemotherapy (ECT) [23, 37, 118, 138]. However, if the
applied energy surpasses the critical threshold, cells cannot recover from the loss of homeostasis
induced by the electrical field. The permanent loss of homeostasis results in cell death and cells
are said to experience irreversible electroporation. IRE has been shown to cause minimal thermal

damage to tissue [49], unlike techniques such as radiofrequency and microwave ablation, therefore
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sparing critical structures such as vasculature and nerves [55, 63].

Despite the promising outlook of IRE for treatment of unresectable tumors [56], clinical applica-
tion of IRE is known to cause muscle contractions in human and animal patients, requiring the use
of neuroparalytic agents [62, 60]. We have developed a second generation modality of IRE treat-
ment known as high-frequency irreversible electroporation (H-FIRE) to address these limitations
[64]. While traditional IRE treatment uses square, unipolar pulses of 100 us, H-FIRE treatment
uses bipolar pulses that are much shorter in duration (1-10 us) and are delivered in a series of
80-100 bursts (1 burst/s), as in the case of IRE (1 pulse/s). It has been hypothesized that delivering
pulses at a higher frequency diminishes the dependence of IRE on cell size and tissue geometry
[139, 90, 96]. Nonlinear changes in tissue conductivity occur to a lesser degree than in IRE treat-
ment [69, 111] and therefore ablations using H-FIRE have been shown to be more predictable and
uniform [68, 70]. H-FIRE treatment also mitigates muscle contractions seen with IRE treatment
[64]. However, reducing pulse duration in H-FIRE treatment leads to a reduction in treatment
volume compared to traditional IRE. This limitation necessitates the use of much larger applied
voltages to generate ablations comparable in size. Higher voltages may increase thermal damage
and the likelihood of inducing muscle contractions [70, 71, 72], therefore negating some of the

benefits that H-FIRE treatment has over traditional IRE.

It has been shown that utilizing ECT pulses in combination with adjuvant calcium results in ATP
depletion of cancer cells for as long as eight hours after treatment, compared to only one hour after
electroporation treatment alone, leading to enhanced cell death [42, 41, 44, 43, 140]. Motivated by
these studies, we have previously demonstrated that using adjuvant calcium in combination with
IRE treatment induces a larger zone of cell death without the need to increase the energy applied to
the tissue [141]. We hypothesize that using adjuvant calcium will enhance the lethality of H-FIRE
treatment. Utilizing adjuvant calcium with H-FIRE treatment will allow us to retain its clinical
advantages while eliminating the need to use higher voltages to produce ablations similar in size

to traditional IRE treatment.
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We investigated our hypothesis using a simplified collagen hydrogel model of a tumor that allowed
visualization of treatment ablations. Cancer cells were seeded in collagen scaffolds and treated
using H-FIRE waveforms of varying pulse durations (1, 2, 5, and 10 us) with and without cal-
cium. Reversible and irreversible electroporation thresholds were quantified and compared to our
previously tested calcium IRE treatments [141] to elucidate differences in cell death response to
extracellular calcium. Finally, we began work to uncover the biological effects on cells in response
to H-FIRE treatment with and without calcium, which to our knowledge, has not been previously
investigated. Our results show that adjuvant calcium enhances ablation size for all H-FIRE treat-
ments. Furthermore, 10 us pulses delivered with calcium result in ablations comparable in size to
IRE treatment without calcium. Additional mechanistic studies identified signaling pathways asso-
ciated with NADPH oxidase activity, ROS production, and the translation of stress related mRNA

that were differentially dysregulated under CaCl, and no CaCl; conditions, impacting cell death.

4.3 Materials and Methods

4.3.1 Cell culture

U251 malignant glioma cells (Sigma Aldrich) were maintained at 5% CO2 and 37°C in Ea-
gle’s Minimum Essential Medium (Sigma Aldrich) supplemented with 1% penicillin/streptomycin
(Life Technologies), 10% fetal bovine serum (Atlanta Biologicals), 1% non-essential amino acids
(Sigma Aldrich) and 1 mM sodium pyruvate (Sigma Aldrich). Cells were routinely passaged at
80-90% confluence.

4.3.2 Collagen scaffold preparation

Sterile polydimethylsiloxane (PDMS, SYLGARDTM 184, Dow Corning) wells (10 mm diameter,

1 mm height) were placed in a 24 well plate to ensure uniform scaffold geometry and electric field
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distribution between each replicate. PDMS wells were treated with 1% PEI for 10 minutes (Acros
Organics), 0.1% glutaraldehyde (Fisher Scientific) for 20 minutes, and then washed twice with
deionized water prior to collagen seeding to ensure collagen adhesion during treatment. Commer-
cial rat tail collagen type I (BD Biosciences) was neutralized using a solution of 10X Dulbecco’s
Modified Eagle Medium (10% total volume, Sigma Aldrich), 1 N NaOH (2% collagen volume,
Sigma Aldrich), and 1X Dulbecco’s Modified Eagle Medium (Sigma Aldrich) to a final concen-
tration of 5 mg/mL. U251 cells were detached from flasks using 0.25% trypsin/EDTA (Thermo
Fisher Scientific) solution and added to the neutralized collagen solution at a concentration of
1x10° cells/mL. The collagen/cell solution was dispensed into PDMS tops molded the collagen
flat while they polymerized in a cell culture incubator for 20 minutes. PDMS tops were then re-
moved and cell culture media was added. Collagen scaffolds were maintained in the incubator for

24 hours prior to treatment.

4.3.3 Electroporation treatment

After 24 hours, the media was aspirated from scaffolds and replaced with either CaCl, (Fisher
Scientific) or NaCl (Fisher Scientific) solutions (1 mM or 5 mM). Each solution contained the
same base components; 250 mM sucrose (Fisher Scientific), 1 mM MgCl, (Sigma Aldrich) and
10 mM HEPES buffer (Sigma Aldrich) in deionized water with pH of 7.2-7.4. Table 4.1 lists the

osmolarity and conductivity of buffers used in this study.

Solutions incubated in the wells at room temperature for 30 minutes, were aspirated, and then
replaced with fresh CaCl, or NaCl solutions for another 10 minutes to ensure that all media was
removed. Fresh solutions were added immediately prior to pulsing. A custom-designed elec-
trode housing was used to ensure precise placement (4 mm center-to-center spacing) of two hol-
low, stainless-steel blunt tip needles with 0.914 mm outer diameter and 0.635 mm inner diameter
(Howard Electronic Instruments) into the collagen scaffold. To investigate whether enhanced cell

death was unique to calcium, other ions that are involved in removing calcium from the cell were
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Table 4.1: Properties of solutions used in experiment

Concentration Solution Conductivity (S/m)  Osmolarity (mOsm/L)
CaCl, 0.075 £ 0.004 307 + 25.5
1 mM
NaCl 0.056 £+ 0.001 302 £274
KCl 0.064 289
CaCl, + NaCl 0.065 287
CaCl, 0.131 300
5 mM
NaCl 0.089 291

tested, namely KCl1 (1 mM, Alfa Aesar) and a combination of CaCl, and NaCl (1 mM each). These

treatments followed the same protocol described above.

Burst width

—_— th
Pulse duration (100 ps on time)
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Figure 4.1: Schematic of bi-polar H-FIRE waveforms. The same inter-pulse delay (1 ps) and
varying pulse durations (1, 2, 5, 10 us) were investigated in this study. A series of 80 bursts were
delivered at the frequency of one burst/s and amplitude of 800 V for a total on time of 100 us. H-
FIRE waveforms are described in this study by the following name scheme (positive pulse duration
— inter-pulse delay - negative pulse duration).

Several H-FIRE pulses were investigated in this study and delivered using a custom-built pulse gen-
erator (EPULSUS®-FBM1-5, EnergyPulse Systems). Waveforms were captured using a voltage
probe (BTX, Harvard Apparatus) and oscilloscope (DPO 2012, Tektronix). An H-FIRE waveform
can be described by pulse duration, inter-pulse delay, number of pulses, number of bursts, and

frequency of burst delivery (Figure 4.1). Here, we describe the treatment delivered by the param-
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eters of one bipolar pulse (positive pulse duration, inter-pulse delay, and negative pulse duration).
Inter-pulse delay was kept constant at 1 us while pulse duration was varied (1, 2, 5, and 10 us).
80 bursts with a total on-time of 100 ps (100, 50, 20 and 10 pulses respectively) were delivered at
a frequency of 1 burst/s and a voltage of 800 V. For irreversible threshold experiments, CaCl, and
NaCl solutions were aspirated and replaced with cell culture media and scaffolds were returned
to the incubator for 24 hours prior to live/dead staining. For reversible threshold experiments,

scaffolds were imaged immediately after treatment as described below.

4.3.4 Analysis of ablation area

To visualize ablations, scaffolds were stained with calcein AM and propidium iodide (PI). It has
been previously determined that 24 hours post treatment is sufficient to allow any reversibly elec-
troporated cells to recover as pore resealing happens on the order of minutes [142, 143], there-
fore, staining the cells immediately after treatment and 24 hours later allows us to quantify both
the reversible zone of electroporation and irreversible zones of ablation. To stain the scaffolds,
media was removed and replaced with phosphate buffered saline (PBS) containing 2 uM calcein
AM (Invitrogen) and 23 uM PI (Invitrogen) and incubated at room temperature for 30 minutes.
Scaffolds were then washed twice with PBS prior to imaging using an inverted microscope (DMI
6000B, Leica Microsystems) with a 5x objective and an EM-CCD camera (Hamamatsu C9100).
The appropriate filters were used to image Calcein AM (Ex:460-500, DC: 505, EM: 570-640) and
propidium iodide (EX:545/26, DC:565, EM:605/70). To determine the reversible zone of electro-
poration, treatment followed the same electroporation protocol described above, but calcein AM
and PI were added to the CaCl, and NaCl solutions at all steps prior to pulsing. Scaffolds were
then imaged immediately after treatment. For analysis, images were separated into two chan-
nels (green — calcein AM, red — PI) and ablation areas for the green channel were analyzed for
irreversible thresholds and red channels for reversible electroporation thresholds using a custom

algorithm written in MATLAB as previously described [141]. In cases where the algorithm was
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unable to accurately measure ablations, coordinate points from the algorithm outlining the ablation

area were used as a guide to manually trace and measure the area in ImagelJ.

4.3.5 Numerical model simulating H-FIRE treatment enables determina-

tion of reversible and irreversible electroporation thresholds

Lesion area measurements were then mapped to a finite element model of the experimental setup
to determine the corresponding electric field threshold. The electric field and temperature dis-
tributions were simulated in the collagen scaffold using COMSOL Multiphysics (v5.3, Burling-
ton, MA). It has been previously determined that H-FIRE ablations can be predicted by solving
Laplace’s equation for potential distribution in tissue [68], therefore the spatial distribution of elec-

tric potential (¢) can be expressed as:

0=V?9 (4.1)

where the electric field can be defined as (E = —V¢) with an electro-quasistatic approximation. In
addition, it has been shown that a constant conductivity solution matches well with a simulated H-
FIRE treatment including an empirically determined non-linear conductivity equation [69], there-
fore in this study, a constant conductivity is used to simplify the simulation. One electrode was set
to ground (¢ = 0V) while the other was set to the applied voltage used (¢ = 800V). The remaining

boundaries were treated as electrically insulated (d¢ /dn = 0).

The temperature distribution in the scaffold can be described by the following governing equation:

oT d
pep - :1<V2T+c|15|2-E (4.2)

where p is density, ¢, is specific heat capacity, k is thermal conductivity and o is electrical con-

ductivity, all defined for both the collagen scaffold and electrodes (Table 4.2). Since collagen
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Table 4.2: Material properties used in numerical model

Parameter Units Collagen scaffold [51] Electrodes [109]
Thermal conductivity (k) Wm 1K1 0.6 14

Density (p) kgm ™3 997.8 477

Specific heat capacity (c) Jkg 1K1 4181.8 7900

Electrical conductivity (o) Sm~! 0.131 (measured) 2.22x10°

hydrogels have a large water content, all thermal parameters were chosen to be the same as water
[144, 145]. The equation for temperature distribution includes a joule heating term to simulate the
electrical power that is dissipated into the scaffold during treatment. Instead of simulating each
pulse which is computationally expensive and offers little benefit [146, 64], we have taken a duty
cycle approach and scaled the joule heating term by the total on time of the burst (d = 100Lts) and

frequency of burst delivery (7 = 1 burst/sec).

The CaClj; solution with the highest conductivity (¢ =0.131 S/m) was used in the model to account
for the maximum amount of heating that would occur in the scaffold. The exposed electrodes as
well as the surface of the collagen scaffold were modeled as convective boundaries with ambient
air (h = 25 W/mK) and initial temperature set to 22 °C. All other boundaries were treated as
thermally insulated (07 /dn = 0) and thermal properties were assumed constant. The mesh of the
model was refined until there was < 1% change in the electric field and temperature values along
a cutline between the electrodes on the surface of the scaffold. Refinement resulted in a mesh
that consisted of 83,881 tetrahedral and 18,734 triangular elements. Integrating along the surface
of the collagen scaffold geometry determined the area encompassed by a range of electric field
magnitudes (1-3200 V/cm). Least squares fitting was used to determine a relationship between
area and electric field magnitude resulting in a sixth order polynomial equation. The reversible and

irreversible electroporation thresholds were calculated using this equation.
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4.3.6 Gene expression analysis

Collagen scaffolds, prepared as previously described, were subjected to 5 mM CaCl, (n=10) or 5
mM NaCl (n = 10) solutions as described above. Wells were treated with either 2-1-2 or 10-1-10
H-FIRE waveforms while submerged with solution buffers. Treated wells were rested for 24 hours
in media and then underwent collagenase digestion for cell retrieval. 0.5% collagenase (Thermo
Fisher) and 1% fetal bovine serum (Atlanta Biologicals) in Hanks Buffered Salt Solution (HBSS)
(Lonza) were added to each well. The samples were then incubated at 37°C for 2 hours. Recovered
cells were washed with ice cold PBS. Scaffolds were pooled by group and RNA extracted using
TRIzol (ThermoFisher). RNA was converted to cDNA via RT2 Firststrand (Qiagen). Following
cDNA generation, gene expression was profiled for 89 genes using a Qiagen Calcium Signaling
RT?2 Profiler PCR Array and data was evaluated utilizing the AACt. Method. The resulting fold
changes in gene expression were used to determine the effects of H-FIRE treatment parameters
on biological functions and complex signaling networks using Ingenuity Pathway Analysis (IPA),
as previously described [147, 148, 149]. Results were normalized respectively to untreated cells.
The gene list for each array and functional categories for each gene are available through the
manufacturer. Ingenuity Pathways Analysis (IPA) and the manufacturer’s array software (Qiagen)

was used to analyze gene expression data. IPA data were ranked and evaluated based on z-score.

4.3.7 Statistical analysis

Irreversible experiments were repeated 6-12 times for each condition. Reversible experiments were
repeated at least six times. Discrepancies in the number of replicates between conditions were
due to bubbles or other defects that may have changed the electric field distribution or prohibited
a reliable measurement of ablation area. These scaffolds were excluded from analysis. Two-way
ANOVA was used to test for differences in cell death area due to the different applied solutions and
pulse waveforms. Tukey post-hoc comparisons were used to examine differences among treatment

groups. Statistical analyses were performed with a confidence level of @ = 0.05 (JMP Pro 14).
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Results are shown as means =+ standard deviation.

4.4 Results

4.4.1 Collagen scaffold allows testing a range of electric field magnitudes
and determination of electroporation thresholds using finite element

analysis

Our numerical model allows simulation and visualization of the electric field and temperature
distribution in the collagen scaffold (Figure 4.2). Using surface integration, we can determine
the area encompassed by different electric field magnitudes, enabling us to determine the electric
field threshold that results in different ablation areas for each treatment. This platform provides
measurements that are more relevant to in vivo treatments on tissue since the cells experience a 3D
environment and are exposed to a range of electric field magnitudes. Simulating treatment resulted

in a maximal temperature increase of 4.4 °C.

(A) Energized (B) Viem () °C
electroe :200 24.6
Collagen 14gg 24.4

Ground scaffold :
electrode 1200 24.2
e 1000 4.0

800 r .. .
600 4 a 23.8
400 23.6

200

0 23.4

Figure 4.2: Simulating H-FIRE treatments using the finite element method allows us to de-
termine the electric field and temperature distribution in the collagen scaffold. (A) The mesh
was refined until there was < 1% change in electric field and temperature values along a cutline
between the electrodes. The mesh consisted of 102,615 total elements. (B) Solving for the elec-
tric field distribution and quantifying area of electroporation allows us to determine the electric
field threshold for each treatment. 800 V was applied with an electrode spacing of 4 mm (center-
to-center). (C) Using the highest conductivity buffer (¢ = 0.131 S/m) in the simulation led to a
predicted increase in temperature of 4.4 °C in the collagen scaffold.
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4.4.2 Adjuvant calcium increases ablation size for all conditions and is nec-

essary to produce ablations for short pulse durations (<10 us)

We tested a range of H-FIRE pulse durations (1, 2, 5, 10 us) and calcium concentrations (I mM
and 5 mM) on cells seeded in collagen scaffolds to quantify cell death with and without calcium.
Figure 4.3 shows that the ablations produced in the collagen scaffolds by calcium H-FIRE treat-
ment are larger than NaCl controls for all pulse parameters tested. For short pulse durations (<10
us), it seems that the cells treated with NaCl can recover from the treatment and no ablations are
produced. Only in the presence of CaCl, or when longer pulse durations (>10 us) are used, do
continuous ablations form. Results suggest that the cell death response to CaCl, is dose dependent
since treatments with 5 mM CaCl, result in larger ablations than those using 1 mM CaCl,. As IRE
and H-FIRE were delivered at different voltages, we directly compared the electric field thresh-
olds evaluated by first quantifying ablation areas using ImageJ and a custom algorithm previously

developed in MATLAB [141].

Figure 4.3 clearly demonstrates enhanced ablation area in response to calcium H-FIRE treatment.
The increase of ablation area for 1 mM CaCl; compared to its NaCl control is nearly 2.13x for the
1-1-1 waveform, 2.79x for the 2-1-2 waveform, 5.69x for the 5-1-5 waveform, and 3.3x for the 10-
1-10 waveform. For 5 mM CaCl,, the 1-1-1 waveform results in a 3.47x increase in ablation area,
for the 2-1-2 waveform there is a 4.37x increase, for the 5-1-5 waveform there 1s a 5.23x increase,
and for the 10-1-10 waveform there is a 2.69x increase. As pulse duration increases, the area of
ablation for CaCl, increases dramatically while for NaCl, ablation areas increase moderately. The
5-1-5 waveform results in the largest increase of ablation area between CaCl, and NaCl treatments.
For 1 mM CaCl,, the 5-1-5 resulted in a 5.69x increase in ablation area compared to NaCl and for
5 mM CaCl,, the 5-1-5 resulted in a 5.23x increase in ablation area. Differences seen between

calcium concentrations is more pronounced for shorter pulse durations (1 and 2 us).
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Figure 4.3: Ablation areas for CaCl, are significantly larger than ablations for NaCl for all
pulse durations. Pulse durations below 10 s, need CaCl; to produce an ablation larger than
5 mm? (***p < 0.001, **p < 0.05, scale bar Imm). (A) In vitro collagen scaffolds consisted of 5
mg/mL rat tail collagen type I and U251 malignant glioma cells (1x10° cells/mL). Electrodes were
spaced 4 mm apart (center-to-center). For IRE treatments, 80, 100 us pulses were delivered at 450
V and 1 Hz frequency. For H-FIRE treatments, 80 bursts of various pulse durations were delivered
at 800 V at a frequency of 1 burst/s for a total on time of 100 us. Live cells are stained with
calcein AM (green) while dead and/or membrane compromised cells are stained with propidium
iodide (magenta). Propidium iodide stains cells red, but the images are shown in magenta for
visualization purposes (n > 6 for all conditions). (B) Ablations were measured using a custom
algorithm developed in MATLAB and Image]. The total area of the scaffold was 78.54 mm? (10

mm diameter) with a thickness of 1 mm. Results are shown as mean =+ std. IRE* data was taken
from a previous study (Wasson et al., 2017) [141].
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4.4.3 Reversible electroporation zones using CaCl, are larger than NaCl

controls

To investigate how CaCl, and NaCl treatments affect permeabilization of the cells, we character-
ized areas for reversible electroporation and their corresponding reversible electric field thresholds.
Reversible electroporation thresholds for H-FIRE treatment have not been extensively character-
ized, making our study one of the first to quantify reversible thresholds for a range of unexplored
pulse durations [150]. Figure 4.4 shows that both NaCl solutions had smaller reversible areas
than their CaCl, counterparts, therefore the buffers used seemed to affect the extent that the cells
were being permeabilized. In addition, it appeared that the difference between NaCl and CaCl,
reversibly electroporated zones was similar for all waveforms. To compare the reversible zones
more quantitatively, area was measured using our custom MATLAB algorithm. Figure 4.4B shows
that for 1 mM CaCl,, the reversible zone was 1.56x larger than the 1 mM NacCl zone for the 2-1-2
waveform, 1.7x larger for the 5-1-5 waveform, and 1.42x larger for the 10-1-10 waveform. For 5
mM CaCl,, the reversible zone was 1.66x larger than the ImM NaCl zone for the 2-1-2 waveform,
1.73x for the 5-1-5 waveform, and 1.46x larger for the 10-1-10 waveform. There was no statisti-
cally significant difference between 1 mM and 5 mM treatments for the reversible case, although,
after 24 hours, the 5 mM CaCl, areas are larger than the 1 mM CaCl; for shorter pulse durations

suggesting that cells exposed to lower levels of calcium recover to some extent.

Figure 4.5 shows that reversible electroporation zones were larger than irreversible zones for all
conditions tested. For the 2-1-2 waveform, reversible zones were 4.68x larger than irreversible
zones for 1 mM NaCl, 3.88x for 5 mM NaCl, 2.62x for 1 mM CaCl,, and 1.47x for 5 mM CaCl,.
For the 5-1-5 waveform reversible zones were 5.58x larger than irreversible zones for ImM NaCl,

3.94x for 5 mM NaCl, 1.67x for 1 mM CaCl,, and 1.3x for 5 mM CaCl,.
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Figure 4.4: Reversible electroporation areas show that the NaCl buffer produces a smaller
affected area than the CaCl, buffer indicating the cells are electroporated to a lesser extent.
The NaCl buffer may provide protection against cell death whereas the CaCl, solution does
not (*** p < 0.001, scale bar 1 mm). (A) The image on the left of each panel shows both the
unpermeabilized (green) and permeabilized (violet) regions of cells while the image on the right
(violet alone) shows permeabilized cells alone. In vitro collagen scaffolds consisted of 5 mg/mL rat
tail collagen type I and U251 malignant gliomas (1x10° cells/mL). H-FIRE treatments consisted
of delivering 80 bursts of pulses with various durations at 800 V and a frequency of 1 burst/s for
a total on time of 100 us. The total area of the scaffold was 78.54 mm? (10 mm diameter) with a
thickness of 1 mm. (B) Reversible electroporation areas were measured using ImageJ and a custom
algorithm developed in MATLAB. Electrodes were spaced 4 mm apart (center-to-center). Results
are shown as mean = std (n > 6 for all conditions).

For the 10-1-10 waveform, reversible zones were 3.17x larger for 1 mM NaCl, 2.94x larger for

5 mM NaCl, 1.32x larger for I mM CaCl,, and 1.59x larger for 5 mM CaCl, when compared to
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irreversible zones.

(A) 2-1-2 5-1-5 10-1-10 (B)
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Figure 4.5: CaCl, reduces the difference between reversible and irreversible electroporation
areas. (A) Reversible electroporation zones are overlaid (white) onto irreversible ablation images
to demonstrate the effect that calcium has on enhancing the ablation margin. In vitro collagen scaf-
folds consisted of 5 mg/mL rat tail collagen type I and U251 malignant gliomas (1x10° cells/mL).
H-FIRE treatments consisted of delivering 80 bursts of pulses with various durations at 800 V and
a frequency of 1 burst/s for a total on time of 100 us. The total area of the scaffold was 78.54
mm? (10 mm diameter) with a thickness of 1 mm. (B) The ratio of reversible electroporation (RE)
to irreversible ablation areas (IRE) and the propagated uncertainty were calculated. Results are
shown as mean =+ std.

In Figure 4.5, the difference between reversible and irreversible electroporation areas was largest
for NaCl solutions. When CaCl, was used, the difference between reversible and irreversible
electroporation areas decreased. As pulse duration increased, the difference between reversible

and irreversible electroporation areas also decreased for all conditions.

4.4.4 Using adjuvant calcium in combination with a 10-1-10 H-FIRE treat-
ment reduces the irreversible electroporation threshold to that of an

IRE treatment

Using our finite element model of H-FIRE treatment in the scaffold, we were able to find the

corresponding electric field thresholds for each ablation area. Table I shows that using adjuvant
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calcium reduces the electric field threshold in all experimental conditions. When compared to
the NaCl control, 1 mM CaCl, reduces the electric field threshold 1.24x for the 1-1-1 waveform,
1.48x for the 2-1-2 waveform, 2.05x for the 5-1-5 waveform, and 2.19x for the 10-1-10 waveform.
When comparing 5 mM NacCl to 5 mM CaCl,, the electric field threshold is reduced 1.46x for the
1-1-1 waveform, 1.91x for the 2-1-2 waveform, 2.43x for the 5-1-5 waveform, and 1.83x for the
10-1-10 waveform. It seems the maximum effect for CaCl, is seen with 5 mM CaCl, for the 5-1-5
waveform and with 1 mM CaCl; for the 10-1-10 waveform. Using a 10-1-10 waveform with 1 mM
CaCl, results in an electric field threshold of 771 £ 129 V/cm, reducing the threshold to less than
half its value with NaCl (1641 + 159 V/cm). It is important to note that 1 mM CaCl; also reduces

the threshold to a level that is comparable to an IRE treatment with NaCl (698 £ 103 V/cm).

Table 4.3: Electric field threshold for both H-FIRE and IRE treatments. Results are pre-
sented in V/cm as mean + std (n > 6 for all conditions). Boxes highlight that the 10-1-10
H-FIRE treatment with calcium results in comparable electric field thresholds to standard IRE
treatment.

1-1-1 2-1-2 5-1-5 10-1-10 IRE

M Naep | Treversible 248187 23824275 22824134 1641 £ 159
Reversible 1299 £ 119 1124 £175 839 +£217 524 + 85
| M Cagl, EVETSible 2003270 1607112 1111208 467 + 67
Reversible 954 £ 159 657 £ 67 577+ 4 409 + 57

s Ngey  TEversible 2494 11T 2331:£389 21974377 1597 4229
Reversible 1298 £206 1149+ 148 804 + 165 437 + 88
S mM CaCl, Irreversible 1702 315 1222 £ 157 903 £ 145 377 £ 19
Reversible 900 £ 143 658 £36 5787  351£53
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4.4.5 The enhanced cell death effect is unique to calcium

There are several ion channels in the plasma membrane that act to pump calcium out of the cell.
One of these pumps is the Na™ - Ca’" exchanger. The exchanger works to allow Na™ to be
transported into the cell while pumping Ca®* out of the cell. To investigate whether NaCl would
be able to aid the cells in pumping the excess Ca>™ out, we tested a solution that contained 1 mM
of both ions. We also tested a solution of KCI to determine whether the enhanced cell death effect
is unique to calcium. Figure 4.6 shows that the CaCl; solution and the combined solution of NaCl
and CaCl, did not result in significantly different ablation sizes (p < 0.001), therefore, NaCl does
not rescue the cells from the effect of excess Ca?>* and does not provide a protective mechanism
(Figure 4.6). In addition, testing a 1 mM KCI solution did not result in statistically significant
ablation size than the NaCl control, again confirming that the enhanced ablation areas were unique
to calcium.

1 mM CacCl
(A) 1 mM NaCl 1 mM KCI 1 mM CaCl, +4mMNaci B
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Figure 4.6: Enhanced cell death using H-FIRE treatment with pulse durations below 10 us is
unique to CaCl,. Experiments were completed using a 5-1-5 waveform (***p < 0.001). (A) In
vitro collagen scaffolds consisted of 5 mg/mL rat tail collagen type I and U251 malignant glioma
cells (1x10° cells/mL). Electrodes were spaced 4 mm apart (center-to-center). 80 bursts consisting
of 5 us pulses were delivered at 800 V, frequency of 1 burst/s for a total on time of 100 us. Live
cells are stained with calcein AM (green) while dead and/or membrane compromised cells are
stained with propidium iodide (magenta). Propidium iodide stains cells red, but the images are
shown in magenta for visualization purposes. (B) Using a combined solution of ImM CaCl, and
1 mM NaCl (n = 5) results in ablations similar in size to CaCl, alone (n = 9), therefore NaCl is
unable to rescue the cells from the effect of CaCl,. Replacing CaCl, with KCI (n = 8), results in
an ablation that is similar to NaCl alone.
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4.4.6 NaCl condition leads to upregulated expression of NOXI and NOX4

while calcium upregulates expression of EIF5B

To better define the mechanisms underlying calcium-mediated cell death following H-FIRE, we
profiled gene expression patterns following the treatment of cells in either CaCl, or NaCl sup-
plemented buffer. Our IPA evaluation identified 4 key signaling components that were signifi-
cantly impacted by the adjuvant calcium (Figure 4.7). NOXI and NOX4 were significantly upregu-
lated in the NaCl treatment group compared to the downregulation observed in the CaCl, exposed
cells (Figure 4.7A). Conversely, EIF5B and 60S Ribosomal Subunit signaling was significantly
up-regulated in the CaCl, treatment group and significantly down-regulated in the NaCl exposed
cells (Figure 4.7A). Both NOX1 and NOX4 encode NADPH oxidases that are best known for their
roles in the generation of reactive oxygen species (ROS). The EIF5B gene encodes the Eukaryotic
Translation Factor 5B that functions in translation initiation and interacts with the 60S Ribosomal
Subunit. A heatmap was generated using the Average Linkage Euclidean Distance Measurement
Method to better visualize the global changes in gene expression (Figure 6B). These data demon-
strate the global changes in gene expression across treatment groups, with multiple differences

observed between CaCl, and NaCl (Figure 4.7B).
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Figure 4.7: Signaling pathways associated with NOX1/4 and EIF5B are differentially regu-
lated following H-FIRE depending on CaCl, or NaCl environment. Gene expression profiling
analysis identified biological functions specifically associated with NOX1, NOX4, EIF5B and
the 60S ribosomal subunit that were significantly dysregulated following H-FIRE treatment
and correlated with CaCl; or NaCl containing buffer. (A) Individual expression of each of these
genes was significantly and differentially regulated based on CaCl, or NaCl. (B) Heatmap analy-
sis reflects global changes in gene expression and revealed significant dysregulation among genes
associated with NADPH oxidase activity, proliferation, cell death, calcium signaling, and cellular
stress. Red is downregulated genes and green signifies upregulated genes. (C) Ingenuity pathway
analysis of gene expression profiling data revealed differentially activated pathways, quantified by
associated z-score, associated with increased proliferation and survival under NaCl conditions and
increased necroptosis under CaCl, conditions following H-FIRE. Here, red represents upregulated

genes and green signifies downregulated genes. **p < 0.01.
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Based on the significant correlation between changes in NOX1, NOX4, EIF5B, and the 60S riboso-
mal subunit signaling with NaCl and CaCl; and the diverse changes in global gene expression, IPA
analysis identified a specific group of related biological functions impacted by H-FIRE treatment
under the two cation conditions tested (Figure 4.7). Under NaCl conditions, H-FIRE induces as
significant up-regulation in NOX/ and NOX4 expression. This upregulation results in an increase
in genes associated with NADPH Oxidase activity (Figure 4.7C). However, consistent with the
limited Ca”™ in the media, we observed gene expression changes consistent with a defect in lu-
minal calcium signaling. Because NOX proteins require Ca’* for ROS generation, these data are
also consistent with the attenuation of ROS production observed in the NaCl conditions (Figure
4.7C). Together, these data suggest that the increase in NOXI and NOX4 expression may be com-
pensatory changes associated with the Ca?* limited conditions in the NaCl buffer and likely signal
attempts by the cell to generate ROS following H-FIRE treatment. Concurrently with the defect in
ROS signaling, we also observed a significant decrease in EIF5B and the 60S Ribosomal Subunit
signaling (Figure 4.7C). Consistent with these observations, IPA identified a significant decrease in
pathways associated with the translation of stress related mRNA and a significant increase in sig-
naling pathways associated with pro-survival (Figure 4.7C). Together, these data suggest that low
Ca* conditions in the NaCl buffer provides a protective effect to minimize cell death following

H-FIRE treatment.

Compared to our findings for the NaCl buffer, we observed opposite effects under the CaCl, con-
ditions. Our results show a significant decrease in NOX1 and NOX4 associated signaling pathways,
reduced unfolded protein response signaling, and attenuated apoptosis signaling (Figure 4.7C). To-
gether, these data would suggest less cell death under these conditions. However, we also observed
a significant increase in luminal calcium signaling pathways that were significantly correlated with
increased cell death and a concurrent increase in signaling pathways associated with the translation
of stress related mRNA (Figure 4.7C). These data are consistent with the increase in EIF5B and
60S Ribosomal subunit signaling that was also observed (Figure 4.7C). The increases in these path-

ways resulted in an increase in necroptosis signaling, rather than apoptosis, in the CaCl, conditions

76



following H-FIRE (Figure 4.7C).

4.5 Discussion

We have demonstrated that adjuvant calcium used in combination with H-FIRE treatment enhances
ablation areas and reduces both reversible and irreversible electroporation thresholds. Pulse dura-
tions shorter than 10 us require the use of adjuvant calcium to produce ablations larger than 5
mm? in vitro (Figure 4.3). It has been shown that shorter, bipolar pulses are less efficient at perme-
abilizing cells compared to longer, monopolar pulses [72, 151]. Longer pulse durations cause an
increase in the number and/or size of pores that are created in the membrane [72, 71, 100], enhanc-
ing permeabilization and potentially cell death. Interestingly, the 5-1-5 waveform resulted in the
largest increase of ablation area between CaCl; and NaCl treatments. The 5-1-5 waveform may be
maximizing permeabilization, while minimizing cell death from irreversible electroporation in the

absence of calcium. To confirm this, it was necessary to characterize the reversible ablation areas

and thresholds.

When CaCl; was used, the difference between reversible and irreversible electroporation areas de-
creased for all waveforms (Figure 4.5). This result further supports our hypothesis that cells which
are reversibly electroporated are driven to undergo cell death in the presence of adjuvant calcium,
therefore enhancing the area of irreversible electroporation. As pulse duration increased, the dif-
ference between reversible and irreversible electroporation areas also decreased for all conditions,
suggesting that there is a transition to a higher number of cells dying. The difference between
irreversible and reversible electroporation was highest for | mM NaCl and the 5-1-5 waveform

confirming that permeabilization was maximized while cell death was minimized.

Results suggest that the cell death response to CaCl; is dose dependent for shorter pulse durations
(1-5 us). Figure 4.5 shows that for 5 mM CaCl,, irreversible ablation areas are almost the same as

reversible electroporation areas whereas for 1 mM CaCl,, the irreversible areas are much smaller.
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Cells may also be able to pump lower concentrations of calcium out through the plasma membrane
ATPase pump [18, 41]. In addition, Ciobanu et al., demonstrated that cells electroporated in the
presence of calcium (< 0.5 mM) had a lower relative fluorescence emission when exposed to PI
five minutes post pulse [152] than cells that were electroporated without calcium, suggesting that
low levels of calcium may aid in the resealing process [153]. The dose dependence seen in our
results seems to diminish as pulse duration increases. When a 10-1-10 waveform is used, the cells
may be electroporated to an extent that they cannot recover and the difference in ablation area for
the two calcium concentrations decreases, suggesting that there is a transition to a higher number

of cells being irreversibly electroporated.

Using a 10-1-10 waveform with CaCl, decreases the cell death threshold (771 £+ 129 V/cm) to a
value comparable to an IRE treatment without CaCl, (698 + 103 V/cm). This finding may allow
researchers to ablate areas similar in size to traditional IRE treatments, while eliminating some of
the side effects associated with IRE such as conductivity changes and dependence on tissue geom-
etry [111]. It has been shown that decreasing pulse duration as well as the use of bipolar pulses
leads to a decrease in nerve excitation [154], however elimination of muscle contractions using a
10-1-10 waveform is yet to be confirmed. In addition, using a 10 us waveform may eliminate the
need for custom built electronics to deliver the pulses, therefore reducing the complexity of pulse

generator design and cost of H-FIRE treatment.

We found that CaCl, buffer lowers the electroporation threshold, causing larger reversible electro-
poration zones compared to NaCl buffer (Figure 4.4). These results match the findings of Pakho-
mova et al. where the authors found that cells treated in a sucrose and NaCl buffer were rescued
from cell swelling and early cell death while showing increased caspase activation [155, 156].
The authors hypothesized that sucrose is unable to enter pores formed during nsPEF treatment,
therefore preventing cell uptake of water and subsequent rupture of the membrane. When buffer
contained both CaCl, and sucrose, blebbing of the membrane was suppressed initially, followed
by sudden bleb formation and massive uptake of propidium iodide leading to necrosis. Sucrose

prevented cell swelling initially, but over time as more CaCl, entered the cell, existing pores either
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expanded or new large pores formed, allowing sucrose and PI to enter the cell. Therefore, the
authors concluded that CaCl, causes cell death through a non-osmotic mechanism, although they
did not specify the biological mechanism responsible. It is important to note that Pakhomova et al.,
used trapezoidal pulses with a duration of 300 ns whereas our pulses are square wave with longer
duration (1-10 us). It is known that pulse shape as well as duration affects pore formation during
electroporation, therefore it is possible that the dynamics of CaCl, and sucrose/NaCl uptake are
different during H-FIRE treatment. However, we do see similar results in terms of CaCl, causing
more permeabilization than the NaCl/sucrose solution. This similarity may suggest that pore for-
mation during H-FIRE treatment may be similar to nsPEF treatment, however, to directly compare

our results we would need to monitor cell swelling and uptake in response to H-FIRE treatment.

To investigate the differences in cellular response to CaCl; and NaCl conditions, we analyzed the
regulation of calcium signaling genes. The genes chosen were pre-selected and validated by the
vendor (Qiagen) to provide the broadest overview of calcium signaling pathways using a commer-
cially available array. When the data are processed and evaluated using the vendors software and
Ingenuity Pathway Analysis (also from Qiagen), the 89 genes selected are optimized to identify
biological pathways and functions impacted by treatment. Our gene expression profiling identi-
fied several distinct biological functions that were significantly altered and correlated with NaCl or
CaCl, environments. Under the NaCl conditions, the U251 cells were more resistant to cell death
than cells treated in CaCl; conditions due in part to the downregulation of EIF5B and the eventual
reduction in stress associated mRNA translation following H-FIRE in the NaCl conditions. The
increase in NOXI and NOX4 signaling should have increased cell death through increased ROS in
these cells under these conditions. However, we paradoxically observed minimal ROS signaling,
indeed even an attenuation (Figure 4.7). This is likely due to the requirement for Ca?>* for NOXI
signaling. In the absence of calcium, it is likely that the cell death effects associated with NOX1
and ROS production are minimized [157]. Thus, we are likely observing increased gene transcrip-
tion of NOX1 as a compensatory mechanism following H-FIRE in cells attempting to initiate ROS

signaling. This is also likely associated with the increase in NOX4 transcription. Unlike NOX1,
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NOX4 is constitutively active and likely upregulated at the expression level as compensation for
the low calcium conditions where it can ultimately compensate for the defect in NOX/ signaling
[157]. However, this delay in NOX4 signaling would be predicted to stall apoptosis in our models,
as reflected in the reduced levels of cell death following H-FIRE treatment. In addition to its roles
in cell death, increased expression of NOX1 also plays a role in cell proliferation where it has been
demonstrated to mediate cell growth and transformation when overexpressed [158]. NOX1 regula-
tion also targets cyclin D1 and ERK1/2 activity [159]. Thus, in addition to reduced cell death in the
NaCl conditions, we are also likely observing some differences associated with increased cell pro-
liferation and pro-survival signaling. Interestingly, Pakhomova et al. did not observe a cell sparing
24 hours after treatment with NaCl and sucrose buffer, which does not appear consistent with our
findings. Perhaps the pulse parameters or cell type that we have chosen to study are responsible
for this contradiction. Previous research has shown that the mechanism of cell death may differ

between cell types as well as pulse strength and duration [150, 82].

Conversely, the U251 cells were more sensitive to H-FIRE treatment in the CaCl, conditions than
they were in the NaCl conditions. This is due, in part, to the upregulation of EIF5B and the eventual
induction of necroptosis. EIF5B represents a regulatory node in cancer cells, whereby under some
conditions increased gene expression is associated with cell evasion of apoptosis by promoting
the translation of pro-survival proteins, while under other conditions overexpression promotes cell
cycle defects resulting in cell death in response to stress [160, 161]. Our data is consistent with
the later findings, whereby in conditions of calcium enrichment followed by cellular stress and
damage associated with H-FIRE, we observe significantly increased cell death. Likewise, the anti-
apoptotic functions of EIF5B, associated with the upregulation of X/IAP and BCL-XL, may function
as a significant driver of the increased necroptosis signaling as the predominate form of early cell
death in the U251 cells following H-FIRE in the CaCl; conditions (Figure 4.7). Finally, it should be
noted that dysregulated increases in intracellular calcium can promote cell death through necrosis
following cellular damage and/or stress [162]. One limitation of our study is that we analyzed

gene expression of cells that were exposed to a range of electric field magnitudes which may be
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experiencing differential gene expression. To accommodate for this limitation, we normalized our
results to sham controls to observe general trends. However, in future work it may be useful to
investigate gene expression in response to a uniform electric field magnitude. Such investigations
would allow for precise characterization of cell response for different electric field strengths. Our
results can be used to inform future studies as to which electric field magnitudes may be of interest

for future investigations into H-FIRE treatment with and without calcium.

While the exact mechanism distinguishing cell death for NaCl and CaCl; still needs further inves-
tigation, several molecular dynamics studies have shown that calcium interacts with and can even
bind to the lipid head groups of the membrane [91]. These interactions may influence pore forma-
tion, pore lifetime, and pore resealing [91, 163]. It has also recently been demonstrated that lipid
composition varies between cell type and can further influence pore formation and interaction of
ions with the membrane [164]. Furthermore, previous studies have shown that an excess of intra-
cellular calcium may activate proteases and phospholipases which further contribute to the lifetime
of pores and exacerbate membrane damage, subsequently preventing resealing of the membrane

[129].

4.6 Conclusion

We have demonstrated successful enhancement of H-FIRE ablations using adjuvant calcium. Uti-
lizing a 10-1-10 H-FIRE waveform with 1 mM CaCl, reduces the irreversible electroporation
threshold to a value comparable to standard IRE treatments without calcium, therefore enhanc-
ing the efficacy of H-FIRE without increasing the applied voltage. This finding may potentially
allow clinicians to use commercially available generators instead of custom-made generators for
treatment, simplifying translation to the clinic. We have also uncovered several distinct biological

functions that were significantly altered and correlated with NaCl or CaCl, environments.

Calcium electroporation has recently been investigated in several clinical trials for cutaneous
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metastases, colon as well as head and neck cancer [165, 166, 44]. We envision using calcium
H-FIRE treatment in vivo in a similar fashion to enhance ablation size by injecting calcium chlo-
ride directly into the tumor and delivering H-FIRE pulses through needle electrodes inserted into
the tumor. However, translating to the clinic still presents challenges such as optimizing CaCl,
concentration as well as injection volume as to avoid necrosis of surrounding tissue and hypercal-

cemia.

Following our observation that sucrose and NaCl may prevent cell death, we also envision inject-
ing a buffer that contains sucrose and lacks calcium to control electroporation treatments in vivo,
therefore preserving tissue that is outside of the desired ablation zone. This sucrose buffer could be
injected into blood vessels near tumors prior to treatment to prevent electroporation of the endothe-
lial cells in the vessel. Spatial control over ablations and sparing of blood vessels may be beneficial
for treatments such as blood-brain barrier disruption. Electrodes may be designed to inject CaCl,
into the tumor during treatment while also delivering NaCl and sucrose buffer on the tumor bor-
ders to protect surrounding tissue. Venofer is an Iron Sucrose solution (300 mg/ml sucrose w/v)
that is administered intravenously and utilized to treat anemia. Side effects are relatively minor
and include muscle cramps, nausea, vomiting, and dizziness. Most side effects are associated with
the speed of administration. However, it would be reasonable to utilize something like Venofer to

increase sucrose concentrations as supported by the data provided here.

In addition, these results suggest that adding calcium to electroporation buffers prior to gene trans-
fection procedures may enhance permeabilization and therefore cell uptake [41]. Our study is the
first to demonstrate enhancement of H-FIRE ablations using adjuvant calcium, in addition to iden-
tifying key genes and signaling pathways responsible for differences in cell death with and without

calcium.
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Chapter 5

Development of fibrin microgels for single cell

analysis and tissue engineering applications

5.1 Abstract

! Droplet microfluidics has enabled creation of micron scale hydrogels (microgels) for single cell
analysis, long-term cell culture, and tissue engineering applications. Here, we have shown suc-
cessful encapsulation of mouse mammary gland cancer and human cerebral endothelial cells in
fibrin microgels using a flow-focusing microfluidic device. Microgels were monodisperse and
their diameter tuned to range from 56 um to 85 um with nearly 80% of cells surviving up to 3
days following encapsulation. Creating a thin shell of oil (11 + 3.0 um) around fibrin microgels
using a double emulsion device prevented them from clumping in cell culture media, keeping them
dispersed for 7 days. Microgel microstructure was varied using transglutaminase and was shown
to prevent fibrin degradation in the presence of aggressive cancer cells. Microgels were also fab-
ricated using Matrigel and a fibrin-alginate blend, demonstrating their versatility. The ability to
fabricate fibrin microgels in a tunable, controlled, and high-throughput fashion may enable their

use for a wide range of single cell analysis studies as well as tissue engineering applications.

IThis work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National
Laboratory under Contract DE-AC52-07NA27344.LLNL-MI-798105
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5.2 Introduction

Single cell analysis has become a key technique for understanding the origins and behavior of
tumors. As Robert Weinberg described in his "Hallmarks of Cancer" [1], genetic mutations can
kick off a cascade of events that result in altered gene expression, altered protein structure and
function, as well as altered signaling pathways. These alterations can vary from cell to cell even
within the same tumor, let alone patient, producing a degree of complexity that is difficult to sort
out using methods that rely on bulk samples. Furthermore, intratumoral heterogeneity leads to
therapy resistance since there exists different tumor cell populations within one tumor, making
it difficult to establish a unified target. In recent years, genomic, transriptomic, and proteomic
tools have been created that allow researchers to begin this characterization at the single cell level,

revealing key features of tumor evolution and diversity [167, 168].

Single cell analysis is challenging. One challenge lies in separating single cells from large tissue
samples such as those taken during biopsies or surgical resection. Typical methods rely on fluores-
cence activated cell sorting (FACS), micropipetting, and serial dilution. Micro-pipetting and serial
dilution are labor intensive and low throughput whereas FACS provides higher-throughput sorting,
but requires specialized equipment and may be expensive [169]. In addition, cells contain minute
levels of DNA (6-12 pg) and RNA (10-50 pg), requiring amplification to produce enough material
for analysis [167]. Performing this amplification in microtiter plates requires a large amount of

reagents, making high-throughput studies costly.

Droplet microfluidics provides an alternative to these methods for single cell analysis [170, 171,
172, 173]. Platforms such as the inDrops [174, 175], Drop-seq [176], and 10X Genomics Chromium
microfluidic systems utilize droplets to carry out single cell RNA-seq. These systems allow for
high efficiency cell encapsulation, the use of less reagents and therefore lower costs, as well as
high-throughput generation of sequencing libraries. Furthermore, droplets can be produced at high

rates, their size easily tuned, and downstream splitting and sorting is possible.

Although droplet microfluidics has proven to be a powerful tool for omics studies, there are several
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limitations. Once cells are lysed inside the droplets and DNA or RNA content released, it is difficult
to perform washing steps to rid the droplet of cell debris. It is also not possible to carry out long-
term studies of adherent cells in their native 3D microenvironment [177]. Utilizing micron scale
hydrogels (microgels) provides a solution. Bigdeli et al., encapsulated cells in alginate microgels
for direct PCR and whole genome amplification [178]. Rakszewska et al., utilized functionalized

hydrogel beads to capture mRNA that is released from lysed cells.

Microfluidic droplets have also been utilized for single cell electroporation. Zhang et al., devel-
oped a microfluidic platform capable of electroporating cells at a range of applied electric field
magnitudes (2000-3500 V/cm) and durations (0.37-21.6 ms). As applied voltage increased from
4.1V to 7.1V, viability of Chinese Hamster Ovary (CHO) cells decreased from 68% to 14%. CHO
cells were also succesfully transfected with a plasmid vector coding enhanced green fluorescent

protein (EGFP).

In addition to single cell analysis, microgels have also been used for cell culture [179, 180, 181,
182], spheroid formation [182], stem cell differentiation [183, 184, 185], drug studies [171], and
other tissue engineering applications. Allazetta et al., demonstrated that microgel composition can
be easily tuned by adjusting device flow rates, creating a library of different microenvironments
with which to culture and study cells [186]. Brouzes et al., developed an on chip cell cytoxicity
screen by optically encoding different concentrations of the drug mitomycin C with the dye Alexa
Fluor 680 R-phycoerythrin [171]. A dose-response curve was generated by binning each drug

concentration by its corresponding dye concentration.

Griffin et al., developed a method to anneal microgels together to create a porous, injectable scaf-
fold that promoted faster wound closure (40% in 7 days) and re-epithelialization in mice than a
nonporous control scaffold (10% in 7 days) [187]. Void spaces that formed between the annealed
microgels allowed enhanced perfusion of the tissue and enhanced proliferation and retention of
stem cells in a mouse model when compared to a control bulk gel [188]. The material of the mi-

crogels can also be tuned to enhance stem cell function in addition to decoupling pore size and
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scaffold stiffness [189]. Microgels have also been shown to uncouple a tissue’s micro- and macro
environments [190] enabling the creation of multimaterial tissue models. Poly(ethylene glycol)
diacrylate (PEGDA) microgels were incorporated into different bulk materials (collagen, alginate,
alginate-GeIMA, PEGDA) using several techniques such as photolithography, emulsification, in-
jection molding, extrusion printing, and wet spinning. Matsunaga et al., utilized cell coated col-
lagen microgels to create millimeter thick tissues that showed no signs of necrosis after 30 hours

[191].

Here, I have shown successful encapsulation of cancer and endothelial cells in fibrin microgels.
Fibrin has been shown to be an excellent biomaterial due to its permissive nature and degradability.
Fibrin can be easily modified to incorporate growth factors as well as change its structure and
mechanical properties for specific applications such as stem cell differentiation [192, 193, 194],
nerve regeneration [195], angiogenesis [196], and cancer [197]. To my knowledge, fibrin microgels
have not been fabricated using microfluidics previously. Therefore, I hypothesize that the ability to
fabricate fibrin microgels in a tunable, controlled, and high-throughput fashion may enable their

use for a wide range of single cell analysis studies as well as tissue engineering applications.

5.3 Materials and Methods

5.3.1 Microfluidic device design

Two microfluidic devices were used in this investigation. Device 1 encapsulates cells in fibrin
microgels and the device consists of three stages (Figure 5.1A). In the encapsulation stage, two
aqueous inlets (fibrin components) converge into a flow-focusing orifice, 30 um in width, where
they intersect an immiscible, continuous oil phase. Microgel size is dictated by pressure, surface
tension, inertial, and viscous forces and can be tuned by either adjusting the flow rates of the
different phases, or by changing the geometry of the orifice. There are several regimes of droplet

production in microfluidic flow-focusing devices. At slower flow rates, droplets fill the orifice,
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blocking downstream flow which results in a pressure buildup in the droplet. The Laplace pressure
at the neck of the droplet is larger than at the front of the droplet since the diameter here is smaller
and Laplace pressure varies inversely with diameter [198]. As a result of this pressure imbalance,
fluid rushes into the front of the droplet, causing it to break off. This is known as the squeezing
regime. Here, the oil flow rate and orifice geometry determine droplet diameter. At higher flow
rates, viscous forces deform the interface of the droplet, carrying it downstream where it then
breaks off due to capillary wave instabilities, resulting in smaller droplets. This regime is known

as the dripping regime and droplet diameter is smaller than in the squeezing regime.

The fibrin components (fibrinogen and thrombin) in the microgels are then mixed by chaotic advec-
tion induced by a section of curved channel (mixing stage) that is 30 tm in width and consists of
10 turns. Since the microgels are in contact with the walls of the device, the fibrinogen and throm-
bin recirculate in the droplet, reducing the length scale over which diffusion must act (known as
striation length) exponentially with each turn from ~ 30 um to ~ 0.029 yum. Scaling analysis has
been previously used to define the mixing time in droplets in a curved channel as #,,;, = ¢Flog(Pe)
where w is the cross-sectional dimension of the channel, a is the length of the droplet normalized
to w, U 1s velocity of the droplet and Pe is the Peclet number. For the flow rates used in this study,
tmix 18 ~ 0.008 seconds. Calculating the residence time for the curved section of our device gives
tresidence ~ 0.216 seconds, therefore microgels will be adequately mixed upon exiting the curved

section.

Gelation of microgels is then initiated in a serpentine section with a residence time of 0.838 sec-
onds. Although this is not enough time for the fibrin to fully gel, it allows the microgels to become
more stable and resistant to deformation before being collected in a microcentrifuge tube where

gelation is completed. All other channels are 60 um wide and the entire device is 30 pm tall.

Device 2 was used to prevent hydrophobic interactions between microgels that caused them to
clump in cell culture media by creating a thin droplet of oil around the fibrin in a water-oil-water

(w/o/w) double emulsion. Here, fibrin is the internal phase, a thin shell of oil encapsulates the fibrin
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Figure 5.1: Design of encapsulation and double emulsion microfluidic devices used in this
study. A) Device 1 encapsulated cells in fibrin microgels for cell viability testing and the device
consists of three stages: (i) encapsulation stage, (ii) mixing stage, (iii) gelation stage. B) Device 2
was used to create a water-oil-water (w/o/w) double emulsion of fibrin microgels surrounded by a
thin oil shell to prevent the microgels from sticking and clumping while cultured in cell media.

and both are surrounded by cell culture media (Figure 5.1B). The design of this device follows a
previously published paper that was used to create a double emulsion in a one and two-step process
[199]. The dimensionless numbers that dictate droplet breakup are the Weber number of the inner
phase (We;,, = pviznl /7) and the Capillary number of the outer phase (Ca,,; = Uvou/Y) Where p is
the density and v;, is the velocity of inner fluid, / is the diameter of the channel, u is the viscosity
and v, 1s the velocity of the outer fluid, and Y the surface tension. When (We;,,,Ca,yr) < 1, a
dripping instability occurs and the the inner phase will break into drops creating a double emulsion
in a two-step process. When (We;,,,Ca,,;) > 1, inertial and viscous forces dominate and the inner
phase will create a coaxial jet which is then pinched into a double emulsion by the oil phase in

a one-step process. The first orifice used to form the fibrin microgels was 30 um wide and the
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second, used to create the oil shell, was 50 um wide. The mixing and serpentine sections of the
double emulsion device were designed to match residence and mixing times of the encapsulation

device. All other channels had a width of 100 um and the height of the device was 50 yum.

5.3.2 Device fabrication

Silicon molds used to create polydimethylsiloxane (PDMS, SYLGARDTM 184, Dow Corning)
devices were fabricated in a cleanroom using photolithograhy. Four inch, 525 pum thick silicon
wafers were cleaned using O, plasma ash for 2 min at 150W. Wafers were then coated with Omni-
coat ™ for increased adhesion at 2750 rpm for 30 seconds and then baked at 200°C for 1 minute to
dehydrate. SU-8 2025 was then spin coated onto the wafers at 1750 rpm for 30 seconds and baked
at 65°C for 90 seconds, then at 95°C for 7 minutes. Wafers were exposed using a Heidelberg Mask-
less Aligner at a dose of 320 mJ/cm?. Wafers were then baked at 65°C for 1 minute, then 95°C for
6 minutes and 10 seconds followed by developing with SU-8 developer for 5 min, agitating every
30 seconds. Finally, wafers were surface treated with silane to prevent surface adhesion prior to

casting PDMS.

PDMS was mixed at a 10:1 ratio of polymer base to curing agent and degassed in a vacuum
chamber for 30 minutes. PDMS was then poured onto the wafers and cured in an oven at 65°C
for three hours. After curing, devices were cut out and inlets punched using a 1 mm biopsy punch
(Integra™ Miltex®). Devices were cleaned by blowing nitrogen gas across them and into the
punched holes. Packaging tape was then used to lift off any remaining debris. Devices were then
plasma bonded to a flat piece of PDMS by exposing to air plasma for 30 seconds (Harrick Plasma,

PDC-001-HP). Devices were kept in an oven at 60°C until use.

Device design 2 was selectively surface treated using 1% polyvinyl alcohol (87-90% hydrolyzed
30,000-70,000 MW, Sigma Aldrich) solution to render the media channel hydrophilic following
a previously published protocol [200]. Polyvinyl alcohol (PVA) solution was made by dissolving

g in deionized water at room temperature for 30 minutes using a magnetic stir bar. The solution

&9



was then heated to 90°C and stirred overnight. The PVA solution was filtered using a 0.22 um
filter to remove any insoluble particles. To treat the devices, the fibrinogen and thrombin inlets
were blocked with a plug of PDMS while the PVA solution was injected through the outlet at a
flow rate of 1 uL/min using a 1 mL syringe. To prevent the PVA solution from entering the oil
channel and orifice, air was injected manually into the oil inlet using a 5 mL syringe. PVA solution
was allowed to flood the media channel for 10 minutes before ejecting it using air from the 5 mL
syringe. Devices were then heated to evaporate any remaining PVA for 5 minutes at 110°C. This

process was repeated 3x and devices were stored at room temperature for one day prior to use.

5.3.3 Cell culture

Human cerebral microvascular endothelial cells (hCMEC/D3, Millipore Sigma, SCC066) were
used for cell encapsulation and viability studies. Cells were maintained in EndoGRO ™-MV
complete growth media (Millipore Sigma, SCMEO004) supplemented with 1 ng/mL FGF-2 (Milli-
pore Sigma, GF003) at 37°C and 5% CO0,. Cells were routinely passaged when 80-90% confluent

following the vendor’s protocol.

The 4T1 mouse mammary gland cancer immortalized cell line (ATCC, CRL-2539) was used to
study degradation of fibrin gels and cell encapsulation in the w/o/w double emulsions. Cells were
maintained in RPMI-1640 (ATCC, 30-2001) supplemented with 10% fetal bovine serum (ATCC,
30-2020) and 1% penicillin-streptomycin (Gibco). Cells were routinely passaged at 80-90% con-

fluence.

5.3.4 Fibrin microgel formation

To form fibrin microgels without cells, 20 mg/mL fibrinogen (Millipore Sigma, F8630) and 2
U/mL thrombin (Millipore Sigma) were injected into the encapsulation device using 1 mL Luer-

Lock syringes (Becton Dickinson) at a flow rate of 1 uL./min (Harvard Apparatus, Pump 11 Elite).
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These concentrations ensured that the final concentration of fibrin within each microgel consisted
of 10 mg/mL fibrinogen and 1 U/mL thrombin. Fluorescently labeled fibrinogen (Alexa Fluor 594,
ThermoFisher Scientific) was incorporated into the fibrinogen solution at 1% (w/w) concentration
to enable tracking of microgels downstream. Fibrinogen was suspended in phosphate buffered
saline without calcium or magnesium (PBS, Gibco) and thrombin was suspended in a S mM CaCl,
solution. The CaCl, solution was made in deionized water with 250 mM sucrose, 1 mM MgCl,,
and 10 mM HEPES buffer. Flangeless fittings (Cheminert, CFL-1G) were used to secure Tygon
tubing (Cole Parmer) with 1/50" inner diameter and 1/16" outer diameter to the syringe with a Leur
Lock adapter (IDEX). 2% Pico-surf™ 1 in Novec 7500 (Sphere Fluidics) was used as the contin-
uous phase fluid and was injected using a 1 mL syringe at 4 uL/min. Microgels were collected

using a microcentrifuge tube filled with 500 uL Pico-surf.

To characterize microgel size for different flow rates, the continuous phase (oil) flow rate (Q.) was
increased while the dispersed phase (fibrinogen and thrombin) flow rate (Q;) was held constant.
Microgel formation was visualized on a Nikon Eclipse TE2000-U inverted microscope using a
20x objective and high-speed camera (Photron Fastcam SA-X2). Videos were recorded at 12,500
fps and microgel diameters were measured using ImageJ (National Institutes of Health, Bethesda,

Maryland). Fifty microgels from 3 separate devices were measured for each condition.

5.3.5 Cell encapsulation in fibrin microgels

To prepare cells for encapsulation, cells were passaged according to the vendor’s instructions and
resuspended in media. Cells were then centrifuged at 200g for 5 min. The media was aspirated and
cells were resuspended in PBS with 2% bovine serum albumin (BSA, ThermoFisher Scientific).
Cells were washed with 2% BSA in PBS twice to ensure removal of all media prior to adding the
cells to the fibrinogen to prevent clumping of the cells and premature gelation of the fibrinogen.
After washing, cells were passed through a 40 um nylon cell strainer (VWR) to break apart any

remaining clumps. Cells were then counted and resuspended in 20 mg/mL fibrinogen at a con-
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centration of 8.0x10° cells/mL. The process of encapsulating cells in microgels was the same as
the previously described protocol (see section 1.3.4) except all devices and tubing were autoclaved
to ensure sterility before use. In addition, a 2 mm x 2 mm microstir bar (VWR) was added to
the syringe containing the fibrinogen-cell solution. Cells were kept suspended in the fibrinogen
solution by manually moving the micro stir bar around in the syringe with a larger stir bar outside
of the syringe. Devices were run for 30 minutes on a Olympus IX83 inverted microscope using a

high-speed camera (MotionPro X4) to monitor microgel production.

To remove microgels from the oil phase, microgels were washed 3x with fresh Novec 7500 with-
out surfactant. Presence of surfactant can make it more difficult to remove the oil phase when
resuspending the microgels in cell culture media. Next microgels were dispensed onto a 40 um
cell strainer that was positioned over a 50 mL conical tube. The microgels were washed with 2 mL
of media to remove the oil. The cell strainer was then inverted and microgels were washed and
suspended in 2 mL of cell culture media. Microgels were then dispensed into a 96 non-adherent

well plate (Corning, CLLS3474).

To determine the efficiency of cell encapsulation, two different cell concentrations were tested
(4.0x10° cells/mL and 8.0x10° cells/mL). Optiprep™, a density gradient medium, was added to
the fibrinogen solution at a 20% (v/v) concentration to match the cells’ density (1.11 g/mL) to
keep them suspended in the fibrinogen solution and prevent them from settling in the tubing and
syringe. Microgel production was recorded using a high-speed camera (Photron Fastcam SA-
X2). The number of cells encapsulated in microgels was counted along with the total number
of microgels. Results were compared to the Poisson distribution expected for the corresponding

concentration of cells.

-A9x
PX=x)=" x!’l (5.1)

Here, P is the probability of finding x number of cells in a microgel (0,1,2, etc.) and A is the mean

number of cells in the volume of a microgel, based on the concentration of cells used and the size

92



of the microgels.

5.3.6 Cell viability

Three days after encapsulation, cell viability was evaluated using 4 uM calcein AM (Life Tech-
nologies) and 4 uM ethidium homodimer (ThermoFisher Scientific). Calcein AM is cell permeant
and upon entering a live cell, is cleaved by esterases in the cytosol forming non-permeant fluo-
rescent calcein. Ethidium homodimer is cell impermeant and only binds to nucleic acids in cells
whose membranes have been compromised, indicating cell death. Microgels were collected from
the well plate and placed in a conical tube and the dyes were added. This minimized handling
of the microgels since they deform and clump when centrifuged, therefore making it difficult to
remove media and stain them in PBS. The staining solution was incubated for 30 min in a cell
culture incubator. Microgels were then imaged on a Olympus [X83 inverted microscope using a
4x objective and CCD camera (Olympus XM-10). The total number of live and dead cells were

counted.

5.3.7 Encapsulating fibrin microgels in bulk hydrogels

Microgels were then encapsulated in three different bulk hydrogel materials to demonstrate the
capability of introducing heterogeneity in tissue engineered models. The same protocol described
above (see section 1.3.5) was used to remove the microgels from oil, but instead of washing with
cell culture media, microgels were washed and suspended in 2 mL of either 20 mg/mL fibrinogen

or 1.2% sodium alginate.

To form fibrin and alginate gels, 125 uL of thrombin or 1.1% CaCl, solution was dispensed into the
wells of a 48 well plate. Then, 125 uL of the microgel-fibrinogen or microgel-alginate solution was
added to each well and mixed by pipetting up and down 6 times. Gels were allowed to polymerize

for 15 minutes before the addition of 300 uL cell culture media to prevent dehydration.
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5.3.8 Fabricating matrigel and fibrin-alginate microgels

Stock Matrigel solution was diluted using PBS to a 5 mg/mL concentration and injected into the
encapsulation device at a flow rate of 1.0 uL/min. The oil flow rate used was 4.0 uL/min. The
Matrigel solution was kept cold by applying an ice pack to the syringe to prevent premature gela-

tion.

To create fibrin-alginate microgels, sodium alginate and fibrinogen stock solutions were made in a
buffer that consisted of 500 mM NaCl, 50 mM KCI, 1 mg/mL glucose, and 2.5M HEPES buffer.
Fibrinogen and sodium alginate were mixed at a 1:1 (v/v) ratio to give a final concentration of 20
mg/mL fibrinogen and 1.2% sodium alginate. This solution was injected into the encapsulation
device at a flow rate of 1.0 uL/min. Thrombin (2 U/mL) was made in a 1.1% CaCl, solution and

injected into the device at a flow rate of 1.0 wL/min. The oil flow rate was 4.0 uL/min.

5.3.9 Double emulsion microgel formation

Fibrinogen (20 mg/mL) and thrombin (2 U/mL) were injected into the double emulsion device at
flow rates of 1.5 uL/min. The continuous phase (2% Picosurf ™ in Novec 7500) was injected
at a flow rate of 4.5 uL/min and cell culture media with 0.5% PVA was injected at 8.0 pL/min.
The w/o/w emulsions were captured in a microcentrifuge tube filled with 500 uL cell culture
media with 0.5% PVA. The double emulsions were visualized using a high speed camera (Photron
Fastcam SA-X2) mounted on a Nikon Elipse TE2000-U inverted microscope. Encapsulating cells
in the double emulsion device followed the same procedure described in section 1.3.5. Microgel
and oil droplet diameters were measured using ImageJ on day 1 and day 7. The data was not
normally distributed, so means were compared using the nonparametric Mann-Whitney test (ot =

0.05) using GraphPad Prism 8.
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5.3.10 Impedance correlation spectroscopy analysis of fibrin microstructure

Transglutaminase (TG) is an enzyme known to crosslink proteins in the body. Transglutami-
nase was added to fibrin to alter microstructure without changing bulk mechanical properties.
Impedance correlation spectroscopy is an image processing technique that uses the autocorrela-
tion function to determine number, size, and orientation of structures in an image [201, 202, 203].
The autocorrelation function relies on convolution of the image with itself. In the frequency do-
main, this calculation can be done by taking the Fourier transform of the image and multiplying it
by its complex conjugate. This is the power spectrum of the image and taking the inverse Fourier
transform of this gives the autocorrelation function (G(a,b) = F~'[F (i(x,y) * F (i*(x,y))]) where
i is the image. The autocorrelation function is then fit to a 2D Gaussian function using nonlinear
optimization in MATLAB and parameters such as the amplitude and major and minor axis stan-
dard deviations of the Gaussian function can be extracted. Different regions of the autocorrelation
function can be fit to the 2D Gaussian function, to analyze the number and size of structures at
different scales. It has been shown that amplitude of the autocorrelation (A) varies inversely with
the number of structures in the image, whereas the standard deviations give a characteristic length
along the major and minor axes of the image. By taking the average of the two standard deviations,

an estimation of the size of structures in the image (R) can be determined.

Two fibrin formulations were tested. Fibrin with TG consisted of 10 mg/mL fibrinogen, 1 U/mL
thrombin, and 2 mg/mL TG (n = 9). Fibrin without TG consisted of 10 mg/mL fibrinogen and
1 U/mL thrombin without TG (n = 11). Fluorescent fibrinogen at 1% (w/w) was added to the
formulations to visualize fibrin microstructure. Images were taken on a Zeiss LSM 700 confocal
microscope with a 63x, oil immersion objective. The number of structures (A) and their size (R)
were compared statistically. Data was not normally distributed, so the Mann-Whitney nonpara-

metric test (@ = 0.05) was used to compare the means at the fiber length scale: 8-15 pixels (0.8-1.5

um).
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5.3.11 Rheological characterization

Fibrin with TG (fibrin 1) and fibrin without TG (fibrin 2) were characterized using oscillatory shear
rheology. First, isothermal time sweeps were carried out at 24°C, 0.5% strain and 1 Hz frequency.
The linear viscoelasitc regime was verified by conducting a strain sweep (0.01% - 100%) at 1
Hz and frequency sweeps were also conducted (0.01-1000 Hz) at 0.5% strain. Time to gelation
was calculated as the time when the change in storage modulus was <1%. Storage modulus was
determined from frequency sweeps at 1 Hz. Results are presented as means £ std. A two sample

t-test was used to test for significance between means (a = 0.05).

5.3.12 Quanitfying fibrin degradation

4T1 mouse mammary gland cancer cells were cultured in fibrin with (n = 4) and without TG (n =
4) at a concentration of 1.5x10° cells/mL. Fluorescent fibrinogen (Alexa Fluor 594, ThermoFisher
Scientific) was incorporated into both formulations at 1% (w/w) concentration to monitor degraded
fibrinogen that has been released from the bulk gel. Fluorescent fibrinogen and spectrophotometry
have been previously used to quantify degradation in vitro [192, 204, 205]. As fibrin is hydrolyzed,
fibrinogen is released into the surrounding media which can be quantified by measuring its ab-
sorbance using a spectrophotometer. Acellular fibrin hydrogels served as a negative control (n =4)
while acellular fibrin hydrogels cultured with 4 pg/mL plasmin in the surrounding media served
as the positive control (n = 4). The supernatant from each gel was collected every day. Fluores-
cent content was measured using a spectrophotometer (BioTek Synergy HT) and a 590nm/617nm
(excitation/emission) filter set. Background fluorescence (cell culture media) was subtracted from
all absorbance measurements, which were then normalized to the negative control (acellular gels).
A two-way ANOVA was used to analyze statistical significance followed by Tukey’s post hoc

analysis to compare significance across groups (& = 0.05).
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5.4 Results

5.4.1 Microgel fabrication characterization

Microgel fabrication was characterized using device 1 for cell encapsulation. By varying the flow
rate ratio between the oil phase (Q.) and fibrinogen/thrombin (Q,), microgel size can be tuned
(Figure 5.2A). As the ratio between the two flow rates increases, microgel diameter decreases as
expected in the squeezing regime of droplet formation. In addition, as the fibrinogen/thrombin flow
rate (Qy) increased, microgel diameter decreased, indicating a transition to the dripping regime of
droplet formation. With the device geometry and the flow rates that were used, it was possible
to create microgels ranging in diameter from 56 um to 85 um. Although there is slight variation
across devices, microgels were monodisperse within each device for the two fibrinogen/thrombin
flow rates tested (Figure 5.2B). A flow rate ratio of 2 (Q; = 2.0 uL/min, Q. = 4.0 uL/min) produced
microgels 74 £ 8 um in diameter and were selected for cell viability analysis to allow room for

the cells to grow and proliferate.
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Figure 5.2: Microgels are monodisperse and their size can be tuned. A) Microgel diameter was
characterized for different flow rates. Data is shown as means 4 std. B) Microgels are monodis-
perse in diameter for both fibrinogen/thrombin flow rates tested at a flow rate ratio (Q./Q,) of 2.
One device from each flow rate group is shown here.

The efficiency of cell encapsulation was lower than predicted by Poisson distribution (Table 5.1).
Despite using Optiprep™, cells began settling in the syringe after 25-30 minutes. In addition, cells

tended to clump at the inlet of the device, preventing a dispersed solution of cells from entering
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the orifice and instead clumps of cells were encapsulated. Future efforts to enhance encapsulation

efficiency will be examined in more detail in the discussion section.

Table 5.1: Experimental and predicted cell encapsulation efficiency

4.0x10° cells/mL 8.0x10° cells/mL

Ocell | Tcell |2cells|3cells| Ocell | 1cell | 2cells | 3 cells

Experimental | 94.6 % | 4.5% | 0.71% | 0.24% | 76.5% | 12.2% | 4.8% | 2.5%

Predicted | 42.8% |36.3% | 15.4% | 4.4% | 18.3% | 31.1% | 26.4% | 14.9%

54.2 Cell viability

Human cerebral microvascular endothelial cells (hCMEC/D3) were encapsulated in fibrin micro-
gels and cultured for three days. A live-dead assay was performed to quantitfy the number of
cells that survived the encapsulation process. Approximately 80% of the cells survive the pro-
cess (Figure 5.3), however, quantifying viability was challenging since the endothelial cells grew
into spheroids after 3 days making it difficult to count single cells. Instead, clusters of cells were
counted as one cell, therefore this result serves as a conservative estimate of the number of live

cells.
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Figure 5.3: Viability analysis demonstrates that the majority of cells survive the encapsula-
tion process. Human cerebral microvascular endothelial cells (hCMEC/D3) were encapsulated at
a concentration of 8.0x10° cells/mL (n = 3). Cell viability was quantified after 3 days in culture
using calcein AM (green) and ethidium homodimer (red, shown here in violet for visualization pur-
poses). Live and dead cells were counted manually. Nearly 80% of cells survived the encapsulation
process.

5.4.3 Double emulsion microgels enable easier handling

Culturing the fibrin microgels long-term proved difficult as they tended to clump and stick to each
other when placed in cell culture media. Figure 5.4 shows the w/o/w double emulsion that was
created to circumvent this problem. Microgels were 56.5 £ 5.6 um in diameter while the oil
droplets surrounding them were 78.7 + 4.1 um in diameter. The oil layer was 11.1 4+ 3.0 um
thick. In this w/o/w emulsion, it was possible to keep the fibrin microgels in media for 7 days

without clumping. Fibrin microgels maintained their size over the 7 days (56.1 £ 1.8).
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Figure 5.4: Creating a water-oil-water (w/o/w) double emulsion prevents clumping of micro-
gels enabling storage in cell media for 7 days.

4T1 mouse mammary gland cancer cells were successfully encapsulated in the w/o/w double emul-
sion (Figure 1.5A). However, the double emulsions were not uniform in size due to periodic wetting

of the fibrinogen and thrombin at the oil orice (Figure 1.5B).

Figure 5.5: 4T1 mammary gland cancer cells encapsulated in w/o/w double emulsion. A) Cell
encapsulation process in the double emulsion device. B) Cells encapsulated in the double emul-
sions. The double emulsions were not uniform in size due to wetting of the fibrinogen/thrombin
phase at the oil orice. Cell viability needs to be quantified in future work.
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5.4.4 Versatility of microgel technology

It was also possible to incorporate fibrin microgels within other biomaterials such as bulk fibrin
(Figure 5.6A) and bulk alginate (Figure 5.6B). Alternatively, microgels can be made with materials
other than fibrin such as Matrigel (Figure 5.6C) or a blend of materials such as fibrin and alginate
(Figure 5.6D). Fibrin-alginate microgels were polydisperse due to the concentration of calcium
chloride used (1.1%) which initiated gelation prematurely. This caused a thread of gel material to

form between droplets, making it difficult for them to pinch off uniformly.

Figure 5.6: Microgels are versatile, allowing for incorporation of different materials (scale
bar: 100 um.) Fibrin microgels were successfully incorporated into bulk hydrogel materials
such as fibrin (A) and alginate (B), demonstrating the ability to introduce heterogeneity in tumor
engineered models. White circles indicate the areas where fibrin microgels are located within the
bulk hydrogel. Microgels were also made using Matrigel (C) and a blend of fibrin-alginate (D)
demonstrating the diversity of materials that can be used.

5.4.5 Transglutaminase alters microstructure while keeping bulk mechani-

cal properties constant

Transglutaminase (TG) alters fibrin microstructure while keeping bulk mechanical properties con-

stant. Fibrin with TG consisted of large, sparsely packed fibers (Figure 5.7A) while fibrin without
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TG contained smaller, more densely packed fibers (Figure 5.7C). This is reflected in the ICS anal-
ysis (Table 5.2) which shows that the amplitude (A) of the autocorrelation function was larger for
fibrin with TG compared to fibrin without TG at the fiber length scale, 0.8-1.5 um (p < 0.0001).
A higher amplitude signifies that there is a lower density of structures and more distinct regions
of intensity values in the image. The size of structures (R) was also larger for fibrin with TG
than fibrin without TG (p = 0.0074). The microstructure differences were preserved when the two

formulations were used to create microgels (Figure 5.7 C&F).

Fibrin + TG , Fibrin + TG

Fibrin + TG microgels —

Fibrin - TG mm [ Fibrin - TG

45
490 495 o L 10 15 20 25 30 35

Fibrin - TG microgels ==

Figure 5.7: Transglutaminase alters fibrin microstructure (scale bar: 10 ttm). A) Fibrin with
TG seems to have large, densely packed fibers (n = 9). B) Autocorrelation function of fibrin with
TG. C) Fibrin with TG microstructure is maintained in the microgels. D) Fibrin without TG has
smaller, more densely packed fibers (n = 11). E) Autocorrelation function of fibrin without TG. F)
Fibrin without TG microstructure is maintained in the microgels.
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Table 5.2: Impedance correlation spectroscopy analysis demonstrates that fibrin with transg-
lutaminase (TG) has larger structures (higher R) while fibrin without TG has more structures
(lower A) at the fiber length scale (0.8 - 1.5 um).

A R

Fibrin + TG | 0.87 £ 0.24 | 8.27+ 0.30

Fibrin - TG | 0.45 £ 0.24 | 7.50 £ 0.66

Oscillatory shear rheology was used to study the gelation mechanics of fibrin with and without TG.
Fibrin with TG (fibrin 1) had a significantly shorter time to gelation (12.76 £ 2.66 min) than fibrin
without TG (fibrin 2) (20.6 4= 2.05 min) (Figure 5.8A). Fibrin with TG (fibrin1) had a final storage
modulus of 204 + 104 Pa which was not statistically different than fibrin without TG (fibrin 2)

(233 = 18 Pa).
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Figure 5.8: Bulk mechanical properties remain similar for fibrin with and without transglu-
taminase. Results are shown as means 4 std. A) Oscillatory shear rheology was used to study
the gelation mechanics of fibrin with (fibrin 1) and without (fibrin 2) transglutaminase (TG). Time
sweep runs for the fibrin formulations at 0.5% strain, 1 Hz frequency, and 24°C. B) Fibrin with TG
has a shorter time to gel than fibrin without TG (n = 4, p = 0.006). ¢) Frequency sweeps taken at
0.5% strain and 24°C. D) Storage modulus for fibrin with and without TG are similar (n =3, p =
0.661).

5.4.6 Microstructure can be used to control fibrin degradation in the pres-

ence of cells

4T1 mammary gland cancer cells were cultured for four days in the two fibrin formulations to
determine if the change in microstructure corresponds to a change in fibrin degradation. Since
fibrin without TG has a higher density of fibers, it is more opaque than fibrin with TG which
has a lower density of fibers (Figure 5.9A). On day 1 there are a few spots of clearing (spots
of higher light intensity indicated by black arrows) already seen in both formulations, however

it seems to be more pronounced in fibrin without TG. By day 4, fibrin with TG remained intact
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with a slight increase in clearing, suggesting an increase in degradation. Cells cultured in fibrin

without TG seem to be both degrading (black arrow) and compacting (white arrow) the gel on day

4, suggesting that the cells are degradting the two gels to a different extent.
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Figure 5.9: Tuning microstructure using transglutaminase changes fibrin degradation. A)
4T1 mouse mammary gland cancer cells were cultured in fibrin with and without transglutaminase
(TG). Arrows indicate regions of degradation. By day 4 of culture, the cells seem to be compacting
regions of the fibrin gel that lacks TG (white arrow) while also degrading other regions (black
arrow). Fibrin with TG also showed some degradation indicated by arrows, but to a lesser extent
(Scale bar: 200 um). B) Fluorescent fibrinogen that had been released from the bulk gel was
quantified using a spectrophotometer. Fibrin without TG (n = 4) degrades to a greater extent than
fibrin with TG (n = 4). Results are shown as normalized means =+ std.
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Spectrophotometry measurements indicated that more fluorescent fibrinogen was hydrolyzed and
released into the media for fibrin without TG when cultured with cells (Figure 5.9B) than for fibrin
with TG. The amount of fluorescent fibrinogen that was hydrolyzed seemed to increase linearly
from day 1 to day 4 for fibrin without TG, with almost 10x the amount released from an acellular
fibrin hydrogel. On day 4, fibrin with TG released nearly 5x the amount of fibrinogen than its
acellular control, indicating that TG prevents cellular degradation. The amount of fibrinogen that
was released for fibrin with and without TG were statistically significant from each other for all
four days (p < 0.0001). Plasmin was used as a positive control, but did not show much more
degradation than the acellular control. The degradation of acellular fibrin hydrogels with plasmin

for the two formulations were not statistically significant from each other.

5.5 Discussion

We have successfully encapsulated cells in fibrin microgels using a microfluidic flow-focusing
device. Using the encapsulation device we were able to fabricate monodisperse microgels and
tune their size simply by changing the flow rate ratio between the fibrinogen/thrombin and oil
phases. With the flow rates we tested, we were able to fabricate microgels 56 yum to 85 um in
size. It has been shown that for a flow-focusing device, droplet size decreases as the flow rate
ratio (Q./Qy4) and dispersed phase flow rate increases, matching our results [198]. Ward et al.,
developed a scaling law that related normalized droplet diameter to the flow rate ratio (I/a =
2.35(Q4/0Q.)%%) where [ is the droplet length and a is the orifice diameter [206]. When we
plot our data in this fashion and fit to a power law, we obtain a very similar equation (I/a =
3.34(Q4/ QC)0"33). To increase the range of diameters of microgels that we can produce, we will
need to test a larger range of flow rates (500-2000 uL/hr). From the literature, as the flow rate
of the dispersed phase increases, droplet formation transitions from the dripping regime to jetting
regime, resulting in smaller droplets. It is also known that orifice diameter and geometry govern

microgel size [206, 207, 198], therefore modulating these design features will enable production
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of a wider range of microgel diameters.

Our efficiency of cell encapsulation was lower than what was predicted by Poisson distribution,
despite using Optiprep ™ to keep the cells suspended in the fibrinogen solution (Table 5.1). It was
noticed during experiments that cells did eventually settle in the syringe after ~ 30 minutes. It was
also observed that Optiprep ™ changed the microstructure of the microgels, and they appeared to
lack their typical fibrous structure. It is known that buffers can have an effect on fibrin formation
[208, 209], so Optiprep ™ was eliminated from further experiments and a micro stir bar was used

instead to prevent cell settling.

Quantifying cell viability was also challenging since the endothelial cells grew into spheroids 3
days after being encapsulated. There might be several reasons for this happening. First, the cells
were sticking to each other during the encapsulation process which may have lead to multiple cells
being encapsulated in one microgel. In addition, a larger number of cells entering the orifice may
have prevented the fibrin from completely surrounding the cells. Instead, what would result is a
clump of cells bound together weakly by a small amount of fibrin. Second, some cells escape
the microgels during the process. Since the microgels are placed in a non-adherent well plate
after encapsulation, these cells are left to grow in suspension which may result in the formation of
spheroids. Therefore, the key to culturing cells long term in the fibrin microgels is to prevent cell

settling, clumping, and escape from the microgels.

Several groups have enhanced encapsulation efficiency using active and passive [210, 211, 212]
microfluidic methods to order cells before they reach the orifice. Other groups have relied on
sorting after encapsulation using both commercially available [213] and microfluidic systems [214,
215, 216, 217]. Instead of manually actuating the microstir bar in the cell solution syringe, groups
have attached a magnet to a motor to keep cells suspended [218]. Filters may also be designed into
devices to break up cell clumps. In addition, a delayed crosslinking technique was successfully
utilized to prevent cell escape [190]. Incorporating these technologies and solutions into our system

will enable long-term culture of cells in fibrin microgels for single cell analysis.
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Another challenge we faced was removing oil from the microgels and keeping them disperse in cell
culture media. We demonstrated that encapsulating the fibrin microgels in droplets of oil allowed
us to maintain the microgels in cell culture media for seven days without clumping (Figure 5.4).
We also successfully demonstrated cell encapsulation in these double emulsion microgels (Figure
5.5). However, further optimization of the selective PVA surface treatment is needed to prevent
wetting of the fibrinogen and thrombin phases at the oil orifice. Cell encapsulation also needs to
be optimized and cell viability quantified. In addition, it will be necessary to characterize how the
oil shell affects transport of nutrients and cell health. Cai et al., measured transport of molecules
out of double emulsions that were being continually perfused [219]. They found that molecules
with a lower molecular weight and higher partition coefficient were transported more easily. It
will be necessary to characterize transport in our fibrin double emulsions using similar methods. It
would also be important to vary the thickness of the oil shell and study how this changes transport.
Abate et al., demonstrated that the thickness of the oil shell decreases with increasing velocity
of the inner phase and increasing Weber number [199]. From figure 5.5A, it is evident that we
are creating double emulsions in a two-step process. Since we are using similar continuous and
dispersed phases as Abate et al., we assumed the surface tension between the two phases to be
1-5 mN/m. Calculating the Weber number for our system confirms that it is indeed less than
one (0.007 < We;, < 0.033), matching what was predicted by Abate et al. In the future, it will
be necessary to measure the surface tension between the fibrin and Pico-surf solutions and test a
wider range of flow rates to induce double emulsion formation in one-step. This would allow us
to optimize the thickness of the oil shell to keep microgels disperse in media while also allowing

transport of nutrients to cells that are encapsulated.

We have demonstrated the versatility of microgels by incorporating them into bulk hydrogels and
by fabricating them using different materials (Figure 5.6). Integrating microgels into a different
bulk material enables modification of microenvironments in a macroscale tissue model. The me-
chanical and chemical properties as well as the biological content encapsulated in microgels can

be tuned to direct cell growth and behavior in a tissue [220]. Microgels can also be used to reca-
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pitulate the heterogeneity found in vivo, not only for tumors, but organs as well by encapsulating
different cell types in different biomaterials [190]. To utilize fibrin microgels for tissue engineering
applications, it may be necessary to create a core-shell microgel with another material surrounding
the fibrin, such as alginate or polyethylene glycol, to enable easier handling and elimination of oil

[221].

Fibrin microgels may also be utilized to control cell degradation in tissue engineered models.
We demonstrated that adding the enzyme tranglutaminase to fibrin, resulted in a decrease in cell
degradation compared to fibrin without transglutaminase (Figure 5.9). Plasmin, a protease known
to degrade fibrin [222] resulted in less degradation than the 4T1 cells, indicating the aggressiveness
of the cells. Adding transglutaminase to fibrin altered microstructure (Figure 5.7) while retaining
similar bulk mechanical properties (Figure 5.8). Impedance correlation spectroscopy (ICS) analy-
sis found that fibrin with TG had larger structures whereas fibrin without TG had more structures,
confirming the difference in microstructure (Table 5.2). However ICS is a very generalized quan-
tification and other methods may be used to give insight into the mechanisms responsible for the
differences in degradation. Microrheology can be performed to determine the mechanical proper-
ties of the microenvironment that the cells experience. Additionally, fluorescence recovery after
photobleaching (FRAP) may be performed to characterize differences in transport phenomena in
the two different formulations. If pore size in the two formulations is different, this may influence
the transport of proteases that the cells are secreting, and therefore change degradation. TG itself
may also influence the behavior of cells and warrants investigation. Assays that quantify prolifer-

ation and metabolic activity of cells may be helpful in determining TG’s effect on cell behavior.

5.6 Conclusion

We have successfully encapsulated cancer and endothelial cells in fibrin microgels and have de-
veloped methods that will enable their use for long term cell culture and tissue engineering ap-

plications. The double emulsion fibrin microgels may enable testing of different concentrations
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of drugs, calcium, or microenvironments in combination with electroporation while providing a
3D environment. Microgels may be used to test electroporation-based therapies at the single cell
level while also enabling downstream genomic or transcriptomic analysis to evaluate cell response.
The ability to control degradation of fibrin microgels by simply changing their microstructure may
be a powerful tool that can be used to control cellular interactions in a tissue engineered model
both spatially and temporally. Microgels may also help to preserve the integrity of tissue models
when using highly aggressive cancer cells that tend to degrade extracellular matrix quickly such
as the 4T1 cells. This technique may also allow creation of multi-material tissue models, therefore

enabling in vitro and ex-vivo recapitulation of tumor heterogeneity found in vivo.
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Chapter 6

Conclusion

6.1 Introduction

Cancer is a very complex disease that is heterogeneous in nature, making it challenging to develop
successful treatments. The same challenges that serve as obstacles in treatment such as hetero-
geneity of cell types and extracellular matrix, gradients in growth factors and oxygen, and leaky
vasculature, also serve as obstacles in developing physiologically relevant in vitro or ex-vivo tumor
platforms. Therefore, the need to develop both superior cancer therapies that overcome limitations

of standard treatments, and relevant models with which to test them, are interconnected.

Electroporation-based tumor therapies are an alternative to standard cancer treatments. Electropo-
ration treatments such as electrochemotherapy (ECT) and irreversible electroporation (IRE) utilize
pulsed electric fields to permeabilize cellular membranes, allowing otherwise impermeable ions
and molecules to enter the cell, with the goal of either enhancing cancer drug delivery or inducing
cancer cell death. While these therapies have shown promise in the clinic, they are limited in the
size of tumors that they can treat without increasing the applied voltage, which results in increased
thermal damage and muscle contractions. Therefore, a method is needed to safely enhance ablation

size.
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The goal of this dissertation was to address the coupled challenge of advancing electroporation-
based therapies and developing a method to create better in vitro tumor models with which to test
them. A simplified tumor platform was used to study the effect of adjuvant calcium on ablation
size for IRE and high-frequency IRE (H-FIRE) treatments. Finite element analysis was used to
correlate ablation area to the electric field threshold for different concentrations of calcium as well
as different pulse parameters. The predicted increase in ablation volume for an in vivo treatment
using IRE and adjuvant calcium was also simulated. Gene expression of cells treated using H-
FIRE with and without calcium was analyzed to uncover the biological pathways responsible for
cell death. Finally, fibrin microgels were created as a tool to incorporate different materials, cells,
and microenvironments into in vitro and ex-vivo tumor models, with the goal of recapitulating the

complexity and heterogeneity of tumors found in vivo.

6.2 Summary of results

In chapter 3, a simplified tumor platform was designed to study the enhanced susceptibility of
glioblastoma cells to irreversible electroporation using a calcium adjuvant. Glioblastoma cells
were cultured in a collagen scaffold and were treated with IRE. Fluorescent images of live and
dead cells were used to quantify ablation area using a custom algorithm developed in MATLAB.
Ablation areas were then used to determine the corresponding electric field threshold in a numer-
ical model of electric field distribution. IRE in combination with adjuvant calcium (SmM CacCl,)
resulted in a nearly two-fold increase in ablation area in vitro compared to IRE alone. Adjuvant
CaCl, induced death in cells reversibly electroporated by IRE, thereby lowering the electric field
thresholds required for cell death to nearly half that of IRE alone. These findings, combined with
our numerical modeling, suggested the ability to ablate up to 3.2X larger volumes of tissue in vivo

when combining IRE and calcium.

Chapter 4 expands upon the results of chapter 3 by investigating the effect adjuvant calcium had on

ablation size for H-FIRE treatment. Adjuvant calcium enhanced ablation area in vitro for H-FIRE
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treatments of several pulse durations (1, 2, 5, 10 us). Furthermore, H-FIRE treatment using 10 us
pulses delivered with 1 mM CaCl; resulted in cell death thresholds comparable to IRE thresholds
without calcium. This finding may allow researchers to ablate areas similar in size to traditional
IRE treatments, while eliminating some of the side effects associated with IRE such as conduc-
tivity changes and dependence on tissue geometry. Additionally, clinicians may be able to use
commercially available generators instead of custom-made generators for treatment, simplifying
translation to the clinic. Quantifying the reversible electroporation threshold revealed that CaCl,
enhances the permeabilization of cells compared to a NaCl control. Gene expression analysis
determined that CaCl, upregulates expression of EIFB5 and 60S ribosomal subunit genes while
downregulating NOX1/4, leading to increased signaling in pathways that may lead to necropto-
sis. The opposite was found for control treatment without CaCl, suggesting cells experience an

increase in pro survival signaling.

In chapter 5, I developed a technology that may enable creation of physiologically relevant and
complex in-vitro and ex-vivo tumor models using droplet microfluidics. Fibrin microgels were
created using a microfluidic flow-focusing device. By varying the flow rate ratio between the fib-
rinogen/thrombin solution and the continuous oil phase, microgel diameter was tuned and ranged
from 56 um to 85 um. Human cerebral microvascular endothelial cells (hCMEC/D3) were suc-
cessfully encapsulated in fibrin microgels and approximately 80% survived up to 3 days. Microgels
tended to clump in cell culture media, so a double emulsion device was used to create a thin shell
of oil around the microgels to prevent this occurrence. Cells were successfully encapsulated in the
double emulsions, however, cell encapsulation efficiency needs to be improved. Microgels were
also fabricated using Matrigel and a blend of fibrin-alginate demonstrating their versatility. Micro-
gels were also easily incorporated into bulk fibrin and bulk alginate, demonstrating their potential

for creating tailored microenvironments in a larger tissue construct.
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6.3 Future work

Calcium IRE treatments will need to be tested in vivo to confirm the results that were obtained
here using in vitro studies. H-FIRE treatment using 10 us pulses delivered with calcium resulted
in cell death thresholds comparable to IRE thresholds without calcium, however elimination of
muscle contractions during treatment need to be confirmed. Following our observation that sucrose
and NaCl may prevent cell death, we envision injecting a buffer that contains sucrose and lacks
calcium to control electroporation treatments in vivo, therefore preserving tissue that is outside
of the desired ablation zone. Spatial control over ablations and sparing of blood vessels may be

beneficial for treatments such as blood-brain barrier disruption.

One limitation of the simplified platform that was used to investigate IRE treatments with a calcium
additive is that gene expression of cells that were exposed to a range of electric field magnitudes
was analyzed. These cells may be experiencing differential gene expression that could be lost in
a bulk sample. Microgels may provide a great platform that would enable exposing single cells
to a range of electric field magnitudes found in the in vitro scaffold. Subsequently, single cell
genomic and transcriptomic studies can be carried out to precisely characterize cell response for
different electric field strengths. The collagen scaffold used to test the effects of using calcium in
combination with IRE and H-FIRE treatment is an improvement upon previous methods used to
test electroporation treatments that used cells in suspension or monolayer culture. However, the

scaffold still lacks the heterogeneity that exists in cancer.

I envision using fibrin microgels to create 3D tissue constructs using bioprinting techniques. To
our knowledge, no one has previously demonstrated the use of cell encapsulated microgels in
bioprinting. I hypothesize that microgels may be used to protect cells from the shear forces required
by direct ink write techniques. Cells with a range of known sensitivities to shear stress can be used
to test this hypothesis along with materials with different shear thinning properties. This would

enable bioprinting with cells that have been previously avoided due to concerns about viability.
Skylar-Scott et al., recently developed a technique to use embroid bodies and cardiac organoids
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as a self-healing, porous bath to print sacrifical vasculature that can then be washed out after the
organoids have been annealed together [223]. We envision using microgels in a similar fashion,
however microgel diameter can be tuned more easily than the diameters of organoids. This enables
tuning of the structure’s pores which can be used to modulate transport throughout the tissue [187,
188]. Additionally, microgels are very monodisperse, ensuring uniformity of pore size whereas
organoids and spheroids tend to be more polydisperse. Different cell types may be encapsulated
in microgels of different biomaterials, therefore enabling the creation of a complex, heterogeneous

tissue construct.

6.4 Conclusion

This dissertation tackled the complementary need to develop both superior cancer therapies that
overcome limitations of standard treatments and tissue engineering technologies that can be uti-
lized to create better in vitro tumor models. I have developed a method to enhance ablation size for
electroporation-based tumor therapies using adjuvant calcium and began uncovering the signaling
pathways responsible for cell death in calcium and no calcium conditions. Additionally, I devel-
oped a tissue engineering technique that can be used to create more complex and heterogeneous in
vitro tumor models using micron scale hydrogels (microgels). I envision using these microgels to
test different drug, calcium, and microenvironment conditions with electroporation therapies at the
single cell level to further our knowledge about the cell death mechanisms induced by irreversible
electroporation. In the future, microgels may also be used to advance the field of bioprinting,

protecting cells from shear stress as well as enabling creation of perfusable 3D tissue constructs.
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