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ACADEMIC ABSTRACT

Breast cancer (BC) is the second most common cause of cancer-related deaths for women in

the United States, estimated to affect 1 in 8 women. Difficulties arise in BC treatment due to

the hormone sensitivity and heterogeneity of the malignancies, and the poor prognosis after

metastases. Due to the immense physical and psychological effects of conventional surgical

methods, minimally invasive, non-thermal, focal electroporation-based ablation therapies

are being investigated for the treatment of BC. Irreversible Electroporation (IRE) delivers

a series of long, monopolar electrical pulses via electrodes inserted directly into the targeted

tissue which disrupt cellular membranes by creating nano-scale pores, killing the cells via

loss of homeostasis while promoting an immune response. However, IRE requires cardiac

synchronization and a full-body paralytic to mitigate unwanted muscle contractions, which

motivated the creation of second generation High-Frequency IRE or H-FIRE. H-FIRE de-

livers short, bipolar pulses to destroy cancer cells without muscle contractions and nerve

excitation, and allows for more tunable treatment parameters. Throughout my thesis, I

discuss investigations of H-FIRE for the treatment of triple-negative and hormone-sensitive

BC cell lines and compare efficacy to IRE outcomes. To further establish the translation

and understanding of H-FIRE for BC applications, my master’s thesis focuses on: (1) de-

termining the lethal electric field threshold of both cell lines in a 3D hydrogel matrix after

H-FIRE and IRE; and (2) employ those values in a single bipolar probe numerical model to

simulate in vivo treatments. The culmination of this thesis advances the use of H-FIRE in

breast tissues, as well as demonstrates how in vitro data can be used to develop clinically

relevant numerical models to better predict in vivo treatment outcome.
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GENERAL AUDIENCE ABSTRACT

Breast cancer (BC) is one of the most deadly forms of cancer for women in the United

States, affecting every 1 in 8 women. Difficulties arising in the treatment of BC include the

hormone sensitivity of malignancies, metastatic tendencies, and the diversity of the tissue

that characterizes the breast. Surgical options like mastectomy or lumpectomy are most

often used when treating BC; however, these are incredibly taxing on the patient. This

reason has sparked investigations of focused ablation modalities for the treatment of BC,

specifically non-thermal mechanisms like electroporation-based therapies. Electroporation

explains the phenomenon that cells subjected to a high enough electric field will result in in-

creased membrane permeability, allowing for the entrance of therapeutic agents in reversible

mechanisms, or cell death beyond an irreversible point. Irreversible Electroporation (IRE)

has shown success for the treatment of prostate, liver, kidney, and pancreas. However, due

to some drawbacks, second generation High-Frequency IRE (H-FIRE) is increasingly being

investigated for certain cancer types and is the main focus of this thesis project. Within

this thesis, I discuss investigations of H-FIRE with applications to treat malignant breast

cell lines. Specifically, my thesis focuses on: (1) determining the point at which cancer

cells damage is irreversible; and (2) incorporate those values into a numerical model used to

simulate electroporation treatment if a tumor were embedded in a layer of fatty connective

breast tissue. The culmination of this thesis enhances our understanding of H-FIRE in the

breast, with the hopes of future transition of application into animal studies and ultimately

the clinic.
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Chapter 1

Background and Introduction

1.1 Breast Cancer and Alternate Therapies

Breast cancer (BC) remains one of the deadliest forms of cancer and is the second most com-

mon cause of cancer-related deaths for women in the United States [20]. Although the death

rate has been steadily decreasing since 1992, the rate of new cases of BC in women accounts

for one third of all new cancer cases [2, 4, 86]. Variation in incidence rate between ethnic

background is also present, as BC remains the highest cause of death for African Ameri-

can and Hispanic women [20]. Typically, lumpectomies and mastectomies are most often

chosen for tumor resection due to the certainty of complete tumor cell removal as well as

lower chance of metastases when removed at the appropriate stage. The difference between

these two procedures is that a mastectomy will remove the entire breast tissue in addition to

some nearby lymph nodes to ensure the cancer hasn’t spread, whereas a lumpectomy aims

to preserve the breast, and only removes the distinct lump and some portions of the lymph

nodes. While these conventional methods remain the most popular among physicians, there

is an immense toll that breast removal takes on the human body both physically and psy-

chologically.

BC can be characterized by certain genetic factors that allow clinicians to better determine

high-risk patients based on their hereditary components. Two tumor suppressor gene mu-

tations in the BRCA family (BRCA1 and BRCA2) account for 40% of familial BC cases
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[84], but the cumulative risk of developing BC for a person 80 years or older that has the

BRCA1 mutation is 80% [36]. A women’s risk of developing BC increases as they age, even

without a BRCA gene mutation. If a women tested negative for a BRCA gene mutation but

someone in their family did, they would have the same risk of developing BC as someone

who tested positive for the abnormal gene but had no family history. Research is currently

being conducted to discover new BC susceptibility genes and learn more about familial risks.

Breast tumors caused by the BRCA1 gene mutation are also typically characterized by a

triple-negative phenotype, where the tumor lacks the three receptors commonly found in BC:

the estrogen hormone receptor (ER), progesterone hormone receptor (PR), and the human

epidermal growth factor 2 (HER2) receptor [28]. Breast tumors can range in their expression

of these receptors. Breast endothelial cells are regulated by the endocrine system, which is

responsible for regulating hormone production. Estrogen for example, mostly released by

the ovaries, is essential in controlling endothelial cell proliferation and differentiation [11].

Triple-negative breast cancer (TNBC) is an extremely aggressive variant, which represents

15% of invasive BCs, and is associated with a poor prognosis with a low five-year survival and

high recurrence rates [28, 84]. Due to its lack of all three receptors, TNBC is also extremely

difficulty to treat. In order to gain a consensus on how hormone receptors affect response

to treatment, it is necessary to treat a multitude of phenotypically different BC cell types.

Table 1.1 compares currently available treatment methods for BC. The treatments fall under

either surgical, non-thermal focal or systemic, or thermal focal ablation modalities. Major-

ity of the focal ablation modalities have been used as conjunctive therapies in addition to

surgery; however, these are growing as individual treatment options today. Thermal ablation

modalities are not ideal for many cancerous tumors as this mode of treatment draws heat

into the surrounding vasculature leading to a possible incomplete ablation and thrombosis

within the blood vessels. As well, thermal ablation denatures proteins intra- and extracellu-

larly near the target site which causes a loss in functionality. General anesthesia required for



1.1. BREAST CANCER AND ALTERNATE THERAPIES 3

most procedures can cause adverse short- and long-term side effects in patients, as well as

be costly for those that are uninsured. The outpatient constraint is defined as being able to

receive the treatment without being admitted to the hospital or without having to stay for

monitoring anywhere from 2-24 hours post-treatment. The development of scar tissue at the

surgical site inhibits follow-up surgical visits, hindering post-treatment progress analysis. In

general, preserving healthy, non-cancerous tissue is the overall goal for any cancer therapy,

but some of the discussed treatment methods don’t achieve this.

Based on patient and tumor qualifications, there are other standard treatment options typ-

ically associated with BC. Radiation is commonly used in conjunction with a lumpectomy

procedure but requires weekly routine hospital visits and may cause undesirable side effects

including hair loss, swelling, and breast tenderness [69]. Chemotherapy is also a well-known

treatment for various types of cancers; however, these toxic drugs are dispersed throughout

the patient’s entire body with the hopes of killing any cancer cells that spread from ini-

tial tumor site. These agents can cause a slew of side effects including hair loss, fatigue,

infection, fertility complications, or neuropathy [3]. Research shows that some chemothera-

pies can elicit a positive immune response by triggering both innate and adaptive immunity

via subverting immunosuppressive breast tumor mechanisms or inducing immunogenic cell

death [17]. Although chemotherapy can target metastasis scattered throughout the body,

chemotherapeutics are not always able to directly target the entire primary tumor site.

Common targeted drug agents, like tamoxifen and raloxifene, are used to treat ER+ BC sub-

types, but few research has shown success for treating TNBC [30]. While immunotherapy

is also considered a plausible treatment for BC, it can be grouped into a form of targeted

drug therapy, since some immunotherapeutic drugs are used to target specific proteins. Im-

munotherapy drugs work by enhancing the body’s natural immune reaction by eliciting a

positive immune response to try to fight the immunosuppressive breast tumor microenviron-

ment. Hormone therapy is another BC treatment option designed to target one or more of
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the receptors, either preventing hormone production or blocking the effects of the hormone

driving cancer growth. However, hormone therapy can only be used for breast tumors that

are hormone sensitive, and typically must be used in conjunction with another therapy.

Focal ablation modalities that rely on thermal energy to ablate malignant tumors capitalize

on their minimally invasive capability to achieve better cosmesis than invasive techniques.

These include high-intensity focused ultrasound (HIFU) which emerged in the 1940s, cryoab-

lation in 1967, radiofrequency ablation (RF) in 1975, and microwave ablation in 1990. HIFU

causes protein denaturation and coagulative necrosis as ultrasound waves propagate through

tissue at high frequencies leading to increases in temperature [75]. No skin incision is re-

quired which is why it’s considered a non-invasive procedure; however, it does require a

medium to pass through due to the differences in attenuation between air and water or skin,

which is why ultrasound transmission gels are used in ultrasound applications. Duration

of treatment for HIFU is very long, lasting between an hour or more than two hours [74],

which would need to be reduced to be widely used in clinical practices. Some research has

shown that HIFU can generate a positive immune response, but the thermal mechanism

of cell death may potentially have deleterious effects on ensuing immune stimulation [12].

While HIFU has been studied in the context of BC, a HIFU imaging platform dedicated

to BC still needs to be developed to achieve positive outcomes [35]. Cryoablation works

by employing extremely cold thermal temperatures in repeated protocols of freezing and

thawing to destroy cancerous tissue. Cryoablation’s systemic antitumor immune response

has significantly contributed to its potential for benefit in the clinic [75]; however, further

research still needs to be done to optimize treatment techniques. RF ablation uses inserted

electrodes under ultrasound guidance to employ alternating radiofrequency current waves to

generate heat and destroy malignancies. RF ablation seems to be a promising modality due

to safety measures and complete ablation rates [105]; however, there is not enough data to

suggest this option promotes a positive anti-tumor immune response and clinical trials to
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determine treatment efficacy for BC still remain [68]. While relatively new to the field of

focal ablation, microwave ablation uses electromagnetic waves to thermally ablate tumors

and has demonstrated promise for the treatment of cancer, but further research needs to be

conducted for this technique to be widely accepted. Additionally, microwave ablation cannot

be used to treat breast tumors that are larger than five centimeters in diameter, inhibiting

it’s application for late-stage metastatic breast tumors [101].

Table 1.1: Comparison chart for currently available treatment methods for breast cancer.
+/- indicates both possibilities dependent on treatment application.

Type of Treatment Treatment Outpatient
Minimally

Invasive
Non-thermal

No general anesthesia

/paralytic

Targets/removes

entire tumor

Antitumor

immune response

Does not form

scar tissue

Preserves healthy

tissue

Surgical
Mastectomy +/- ✓ ✓

Lumpectomy ✓ ✓ ✓ ✓ ✓

Non-thermal

Focal

H-FIRE ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

IRE ✓ ✓ ✓ ✓ ✓ ✓

Radiation Therapy ✓ ✓ ✓ +/- +/- +/- +/-

Non-thermal

Systemic

Targeted Drug Therapy ✓ ✓ ✓ ✓ ✓ ✓ ✓

Hormone Therapy ✓ ✓ ✓ ✓ +/- ✓ ✓

Chemotherapy ✓ ✓ ✓ +/-

Thermal Focal

HIFU ✓ ✓ +/-

Cryoablation ✓ +/- ✓

Radiofrequency (RF) Ablation ✓ ✓ +/- +/- +/-

Microwave Ablation ✓ ✓ +/-

Currently, vast improvements are being made to current cancer therapies. The biomedical

engineering field plays a key role in this, as developments to newer, innovative tumor ab-

lation modalities have shown efficacy over the last decade. Combinatorial strategies that

utilize the advantages of focal ablation modalities plus additional drug adjuvants are pro-

viding improvements for BC treatment. Of note, electroporation (EP)-based modalities are

of peak interest, as this technology can be applied to various cancer types with success-

ful tumor reduction. Specifically, irreversible electroporation (IRE) and second generation

high-frequency irreversible electroporation (H-FIRE) will be of focus in this thesis for the
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treatment of BC. H-FIRE is the only treatment option that capitalizes on all the advantages

for an optimal treatment option compared to standard surgical procedures and newer focal

ablation modalities. IRE is currently not considered an outpatient procedure due to the full

body paralytic requirement to mitigate muscle contractions, alluding to the need for clinical

development of H-FIRE applications for BC. Although uncommon, there are some cases of

minor scarring post-IRE treatment in kidney and prostate applications [43, 51], which can

lead to poor circulation, decreased function, or general pain around the site. This further

elucidates the importance of accurate treatment planning for electroporation delivery within

the breast.



Chapter 2

Electroporation

2.1 Theory

Electroporation explains the phenomenon that cells exposed to an external electric field in-

creases the lipid membrane permeability via disruption of the cellular membrane [97, 98].

Although the discovery of electroporation dates back more than half a century ago [87],

details into the mechanisms behind the biophysical phenomenon didn’t begin to accumulate

until the late 1970s. The transient change of membrane permeability due to electroporation

was detected by Neumann and Rosenheck, in which catecholamines (monoamine neurotrans-

mitters), were released as a result of the induced electric fields in a vesicular model system

[67]. Ultimately, modeling the membrane lipid system became of great interest, and moti-

vated further studies of developing mechanisms for membrane-based electroporation [48].

It is critical to understand the theory behind cellular electroporation in order to optimize

said mechanism for biomedical applications. The potential distribution associated with an

electrical pulse surrounding a spherical cell with a nonconducting membrane in an external

applied electric field, E⃗, can be described by the Laplace equation:

∇ · (σ∇Φ) = 0 (2.1)

7
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where Φ is the electric potential and σ is the electrical conductivity of the tissue, and has

the following solution for the transmembrane potential (TMP):

TMP = f · E · r · cos(θ) · (1− e
−t
τ ) (2.2)

where

τ = r · Cm · ( 1
σi

+
1

2σe

) (2.3)

f =
3σe[3dmr

2σi + (3d2mr − d3m)(σm − σi)]

2r3(σm + 2σe)(σm + 1
2
σi)− 2(r − dm)3(σe − σm)(σi − σm)

(2.4)

where f is the form factor describing the cell’s impact on the extracellular field distribution,

r is the radius of the cell, and θ is the angle between the location on the cell membrane

where TMP is measured and the direction of the applied electric field E⃗. Equation 2.2 is

also known as the Schwan equation, which gives insight into the transmembrane potential

induced by an external electric field applied to a spherical cell [91]. The external electric

field triggers an increase in the TMP, and if this exceeds a critical threshold, structural de-

fects in the phospholipid bilayer will allow ions and macromolecules to permeate the cellular

membrane. Equation 2.3 gives the solution to the membrane charging time constant τ (1

µs or less) determined by the specific membrane capacitance per unit area Cm, and σi and

σe (intracellular and extracellular conductivities respectively.) [29, 55, 90]. In Equation 2.4,

f [mV/(V/cm)] is a coefficient used to exhibit the influence of cell packing density; in other

terms, the relation of cell packing density to cell separation distance [48]. Explicitly, σi,

σm, and σe are the conductivity of the cytosol (intracellular), membrane, and extracellular

fluid within a cell, respectively. The thickness of the cell membrane is given by dm, with r

still being the cell radius. Through many in vitro experiments, f simplifies down to 1.5 in

Equation 2.2 for a perfectly spherical cell, assuming a completely electrically insulative lipid

bilayer (σm ≈ 0) [7, 19]. The Schwan Equation can also be solved as a steady-state function,
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which does not include the (1−e
−t
τ ) term in Equation 2.2 [52]. This steady-state equation is

used for direct current (DC) applications to determine the induced transmembrane voltage

for a single spherical cell [53]. As can be seen in the top schematic in Figure 2.1, with the

blue line simulating a perfectly spherical cell, the TMP will be highest if the direction of the

applied electric field is closest to 0°, since the cosine of zero is 1. However, if the electric field

is applied closer to 90° to the cell, then the TMP is theoretically zero. The bottom schematic

in the figure illustrates the outcome of TMP in relation to electric field, form factor, and

cell size, which heavily influence the TMP equation (Equation 2.2). Higher form factors

are typically associated with more complex and elongated cells, which resultingly increase

the TMP [10, 82]. The lowest possible form factor value is 1 which represents a circle [82],

although we assume a form factor of 1.5 for spherical cells in the context of electroporation

[7, 19]. This highlights the importance of comparing in vitro and in vivo electroporation

results, as cells are more spherical and smaller while in suspension, but will become larger

and stretched out in vivo, as is the case for cells embedded in 3D collagen hydrogel matrix

that mimic their in vivo morphology (see Chapter 3). In this example, the TMP for cells in

collagen (simulating an in vivo response to treatment), will be higher than the same cells in

suspension, due to the larger cell size. With a higher TMP is becomes more likely to induce

cell death from electroporation, i.e. it is easier to kill the cells. Therefore, electroporation

is more effective for larger cells, which will have a lower electric field threshold as a result.

Diving further into DC versus AC (alternating current) fields, the form factor (f) and the

cell size (r) still impact the TMP; however, the exponential time component in Equation

2.2 will also affect the TMP, as well as the density of pores formed [47]. As can be seen in

Figure 2.2, there is expected to be a higher TMP with larger pulse widths and with more

elongated cells, which confirms the trend between cell size and TMP. Cell permeability is

also shown in Figure 2.2, where the amount of pores per area is higher at larger pulse widths

and larger cells because of the larger amount of available surface area.
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Weaver and Mintzer [99], who based their conclusions off studies by Litster [57, 92] explor-

ing the stability of spontaneous pore formation on membranes, proposed a mechanism for

membrane rupture during electroporation based on energy levels during such event. They

found that the free energy available for pore formation is dependent on both the applied

electric field and membrane properties. In this model:

∆E(R,U) = 2πR · λ− πR2 · (σ + αU2) (2.5)

∆E is the free energy required to create a pore with radius R, λ is the tension of the edge

line of the membrane, σ is the surface tension of the membrane, and a is a value selected to

represent the contrast of the dielectric contents in that of water and membrane lipid. From

this equation we can estimate the pore formation rate, which is further described in detail

in [76, 93, 98]. The incorporation of both the applied external electric field and the intrinsic

physical properties of the membrane in this model is advantageous since surface and line

tension have been shown to influence the outcome of electroporation [49]. Although the field

of electroporation has been studied for many years now and there is a consensus of the pore

formation process, there is still a lack of information regarding how the membrane recovers

[54, 98]. As of right now, we know that there are two possible explanations for cell death:

permanent membrane lysis or loss of homeostasis in which contents of the cell are lost prior

to resealing [48].



2.1. THEORY 11

Figure 2.1: Transmembrane potential (TMP) is dependent on direction (angle) of applied
electric field, electric field magnitude, and cell size. The TMP will be greatest if the field
hits the cell at 0° but smaller if the field contacts the cell at 90°. As the cell size increases,
the electric field and TMP will both increase. Figure created with BioRender.com.
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Figure 2.2: TMP and cell permeability change depending on cell elongation and pulse width.
(A-D) 3D images of cell membrane TMP for 5 µs and 10 µs pulse widths and two cell
elongation scenarios show changes in TMP depending on pulse width and cell size. Legends
to the right correspond to each respective figure. (E-H) 3D images of cell permeability (pore
density) for the same scenarios show little changes.
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2.2 Electroporation-based Therapies for Cancer

2.2.1 Literature Review

Electroporation was first observed for its ability to breakdown cell membranes via applied

electricity in the 1950s [87]. Soon after this, other physical applications of the principle were

used in molecular biology for gene transfection, food sanitation by inactivating bacteria in

the 1980s, and in newer clinical practices for increased drug uptake, tissue ablation, and

gene therapies. Many of these applications utilize the phenomenon’s ability to temporarily

permeabilize the cellular membrane to allow the influx of certain agents into the cells, after

which the formed pores can reseal with that desired agent in place. This process is termed

reversible electroporation (RE) which may also sometimes be referred to as electropermeabi-

lization or electrotransfection, and has been developed for use in other applications. In the

early 1990s, the most common application of RE, electrochemotherapy (ECT), was created.

This therapy capitalizes on the increased permeability of the cellular membrane to help cells

intake large cytotoxic chemotherapy drugs, which are otherwise intravenously injected to

travel systemically throughout the body. ECT has been tested with various chemotherapeu-

tic drugs, namely bleomycin and cisplatin, with the ability to use lower drug concentrations

and inhibit off-target toxicity levels [7, 18, 60]. ECT has shown success in clinical trials

for liver cancer [32], pancreatic cancer [46], and brain cancer [81]. Another popular RE

application includes electrogene transfer (EGT), also known as gene electrotransfer or DNA

electroporation, which aims to directly inject plasmid DNA into cells to transfer desired ge-

netic material. This application is being heavily investigated in laboratory settings through

transfection assays, but clinical applications are still being developed; however, some active

clinical trials are exploring the use of EGT for HPV, HIV, pancreatic, prostate, lung and

skin cancers to name a few. Electrofusion or cell-to-cell fusion is another application of RE



14 CHAPTER 2. ELECTROPORATION

mechanisms, used for creating immune-enhancing therapies or fusing protoplasts of plants

[39, 94]. Additionally, electroimmunotherapy utilizes the combination of irreversible elec-

troporation mechanisms with immunomodulatory drugs [39]. The shared benefit between

all EP-based therapies is that they don’t rely on thermal strategies to ablate tumors, which

can be a major drawback depending on the tissue type as the advantage of non-thermal

mechanisms is the ability to preserve surrounding structures by minimizing thermal dam-

age. Research is continually being performed with EP-based modalities, such as microfluidic

applications like utilizing electroporation to try to permeabilize the blood brain barrier of

brain endothelial cells [16]. In 2005, Davalos et al. was the first to explore the concept of

irreversible electroporation (IRE) to ablate tissue without additional cytotoxic drugs [25].

Combinatorial EP strategies have been investigated, such as using IRE and ECT for glioma

treatment [62]. In this study, Neal et al. tested the effectiveness of IRE pulsing protocols

with the addition of two chemotherapeutic drugs bleomycin and cisplatin through in vitro

experiments. They found that the combination of ECT with IRE increased cytotoxicity and

therapeutic ablation volume by 2.1-2.3 times compared to IRE alone [62]. IRE has gone on

to become a well-established tumor treatment option for a variety of tissue types.

2.2.2 Irreversible Electroporation

Irreversible electroporation is a minimally invasive, non-thermal modality, that can deliver

rapid treatments while sparing vasculature and critical nerves, inducing a local and systemic

positive immune response [56]. This application can be verified with imaging and be used

to treat unresectable tumors. Blood perfusion will hinder thermal ablation modalities like

radiofrequency ablation because thermal modalities are reliant on tissue contact [51, 78], but

IRE can be used to treat tumors that are near large vasculature due to it being unaffected

by heat sink. A characteristic IRE waveform can be seen in Figure 2.3A, in which a single
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100 µs monopolar pulse is delivered at a frequency 1 Hz. Finite element modeling can be

used to design IRE treatment protocols that are confined to the desired area by visualizing

the electric field distribution within the tissue by incorporating tissue properties [34].

Since its first proposition in 2005 [25], IRE has shown success in numerous in vivo and

clinical studies for the lung, kidney, brain, prostate, pancreas, and liver. Neal et al. [66]

characterized prostate tissue in vivo to predict the lesion area after IRE and determined the

lethal electric field threshold to be 1072 ± 119 V/cm. Tissue characterization experiments

are required to determine the necessary preliminary electrical parameters needed for future

treatment modeling. In another study by Neal et al. [65], the authors investigated IRE

for kidney ablation at three different voltage-to-distance ratios. This paper also focused on

comparing numerical modeling methods (static, linear dynamic, and asymmetrical sigmoid

dynamic) to see which most accurately correlated to lesion size and electrical properties. A

lethal electric field threshold of 575 ± 67 V/cm was determined. The asymmetrical sigmoid

dynamic conductivity function was the most accurate and precise, but the simpler linear

dynamic model also matched predictions [65]. The NanoKnife system, which includes a gen-

erator and electrode probes, has been used to safely ablate a variety of tumors with IRE. In

a study by Rossmeisl et al. [80], the system was used to treat intracranial gliomas in dogs.

Median survival for all treated dogs was 119 days, and the 14-day post-treatment Karnofsky

Performance Scale score (health score) was 80 on a scale of 60-90 which improved from the

dogs’ scores prior to treatment [80]. A validated perfused organ model was used by Bhonsle

et al. [14] to characterize IRE ablations in pig livers, perfused with phosphate-buffered saline

to maintain viability. This study aimed to provide a means to avoid animal trials for investi-

gating IRE results while maintaining reliability and consistency. It was found that ablation

dimensions in the perfused organ model matched in vivo ablations, and provided consistent

IRE trends as the ablation dimensions grew with increasing pulse number [14]. Another

study further elucidated the effectiveness of IRE for liver ablation with an internally cooled
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electrode to reduce tissue temperatures and electric current, improving treatment outcomes

[70]. While still in its preliminary stages, IRE is being investigated as a treatment option

for cardiac ablation [88].

Neal et al. [63] was the first to investigate the feasibility of IRE for treating BC. Through

in vitro experiments, a lethal electric field threshold of 1000 V/cm for the MDA-MB-231

cell line was determined, and further modeling was done with this value to simulate BC

treatments. This 3D model showed that electrodes were placed within the targeted tumor

near the peripheral tissue. Three different simulations with varied conductivity ratios were

run to see the effect on the electric field distribution within the model. This feasibility

study sparked an interest in further investigating the potential of IRE for the treatment

of BC. A follow-up study by Neal et al. [64] developed the first in vivo clinically relevant

model for IRE for BC. A single needle electrode geometry was used to treat orthotopically

implanted BC tumors (MDA-MB-231 cells) in female mice. This study used the same lethal

electric field threshold of 1000 V/cm as previously determined to treat the tumor. Tumor

regression was seen in five out of the seven treated mice compared to consistent growth in

control groups, proving IRE successful in treating tumors in the mouse mammary fat pad

[64]. Another study by Goswami et al. [42] was interested in studying the relationship be-

tween various pulse parameters on cell signaling and immune-cell trafficking, as the immune

response is a very important factor in cancer treatment and progression. By performing in

vitro experiments on a TNBC cell line with varied electric field strength and exposure time

(number of pulses), they found that thymic stromal lymphopoietin signaling, which can drive

pro-cancerous immune cell phenotypes in BC, was downregulated above a certain threshold

independent of exposure times. They proposed that more studies are warranted to further

investigate IRE’s potential anti-tumor immune response [42]. A group at Purdue University

has also been investigating IRE effects through in vitro cuvette experiments with various

human and mouse BC cell lines (MCF-7, MDA-MB-231; 4T1), looking into changes in cell
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viability after varied treatment parameters [44, 77]. Other studies from the same group have

investigated the combination of enzyme inhibitors (galloflavin) with electroporation [41] and

assessed quantitative proteomics to understand the biological response to EP treatment [40].

Thermal dissipation is an important consideration during electroporation treatment plan-

ning, as the resulting Joule heating can lead to thermal damage nearby critical structures.

Although Joule heating can be a potential result of IRE treatments, it does not use thermal

energy as the primary mechanism of cell death, unlike HIFU or RF ablation as previously

mentioned. With correct thermal mitigation strategies, irreversible EP mechanisms are ca-

pable of ablating tissue without damaging non-cellular structures. Because of this advantage,

IRE can be used around major blood vessels [7]. While not discussed in detail here, temper-

ature considerations and thorough thermal mitigation strategies have been studied and can

be referred to in [9, 24, 26, 27, 37, 71].

Although proven successful in in vitro and in vivo animal models, there are serious drawbacks

that inhibit IRE from certain cancer types in clinical settings. For instance, the long monopo-

lar pulses that are characteristic of IRE (Figure 2.3A) lead to undesirable electrochemical

effects such as changes in pH or electrical arcing. Electrical arching has been documented

to occur when too high of an electric field is applied, converting water to gas causing the

electric pulse to travel through air. IRE also requires cardiac synchronization with ECG to

prevent arrhythmia, as well as a neuromuscular paralytic and general anaesthesia to avoid

unwanted muscle contractions from nerve excitation during treatment. Due to these reasons,

IRE requires further research to be feasible for clinical application for patients with BC.

2.2.3 High-Frequency Irreversible Electroporation

Due to the disadvantages of IRE, a second-generation mechanism termed High-Frequency

Irreversible Electroporation (H-FIRE) was created, using shorter pulses to better predict
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tissue ablation as opposed to longer monopolar pulses [5]. This minimally invasive appli-

cation maintains many of the positive attributes of IRE, in addition to minimal muscle

contractions, negligible electrochemical effects, having a more consistent field distribution

and ablation shape, mitigating impedance changes, having potential inherent selectivity to

malignant tissue phenotypes, and not requiring cardiac synchronization or full body para-

lytic [5, 15, 33, 45]. However, due to the shorter pulses, H-FIRE typically requires a higher

voltage to generate the same amount of cell death as IRE. With proper treatment planning,

H-FIRE is capable of destroying all of the targeted tumor, but will not form scar tissue, and

has been shown to promote a positive immune response [79].

H-FIRE splits the long IRE monopolar pulse (Figure 2.3A) into a burst of shorter, bipha-

sic pulses. An H-FIRE waveform (Figure 2.3B) is constructed as: positive phase (pulse

width anywhere from 1-10 µs), followed by an inter-phase delay (1-5 µs), a negative phase

– the same magnitude as the positive, and finally ended with an delay between pulses (1-50

µs). This single bipolar burst of pulsed electric field is repeated until a desired energized

time (typically 100 µs) is reached. Preliminary studies have established the feasibility of

H-FIRE across multiple electrode geometries and organs of interest. DeWitt et al. [31]

tested a single needle electrode plus a grounding pad approach for delivering H-FIRE in an

in vivo porcine experiment for liver tissue. No adverse effects were observed, and this study

illustrated the ease of a single needle/grounding pad setup as opposed to a multiple elec-

trode geometry in difficult anatomical regions. O’Brien et al. [72] utilized this single-needle

approach to demonstrate feasibility in an in vivo porcine model for pancreatic cancer and

found that average ablation volume increased as the pulse width increased (i.e., area for the

1-5-1 waveform was smaller than the area for the 5-5-5 waveform). The group also found

specific lethal electric field thresholds for pancreatic cancer at each specific waveform; again,

demonstrating the feasibility of H-FIRE for tumor ablation without the need for intraopera-

tive paralytic agents or cardiac synchronization. Siddiqui et al. [85] utilized the application
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Figure 2.3: Depiction of IRE (A) and H-FIRE (B) waveforms.

for liver tumors in a porcine in vivo model to test H-FIRE’s ability to induce reproducible

and effective ablation zones with a two-needle configuration. The authors demonstrated a

less than five-minute-long treatment time was needed to achieve reproducible ablation areas

across pulse numbers 100, 200, and 300. No EKG abnormalities were noted in the pigs

during treatment, and the authors were able to discern apoptotic cell death regions at pulse

number less than 200 compared to necrotic tissue at larger pulse numbers [85]. H-FIRE

is also being explored as an avenue for brain malignancies. Murphy et al. [61] specifically

investigated biological cell death mechanism dynamics after H-FIRE treatment for primary

and metastatic malignant brain tumors through in vitro cell experiments. The authors were

able to characterize H-FIRE-induced cell death and recovery by choosing appropriate treat-

ment parameters and pulsing protocols, as they found that at high enough H-FIRE doses

the application can inhibit damaged cell recovery, alluding to H-FIRE’s therapeutic poten-

tial. A huge therapeutic approach for brain malignancies is targeting the blood brain barrier

(BBB), a natural network of tightly dense blood vessels and tissue designed to keep harmful
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substances from reaching the brain. Lorenzo et al. [59] varied pulse widths and interphase

delay in H-FIRE waveforms, as well as electrode configurations, to understand their role in

potential BBB disruption and ablation volume. Through in vitro and in vivo rodent exper-

iments, the authors demonstrated that optimizing treatment parameters is crucial and has

the potential to modulate cell death while also inducing target ablation volumes. The first

human clinical trial of this application was done in 2018, where H-FIRE was used to treat

prostate cancer in 40 men without the incorporation of cardiac synchronization [33]. Four

weeks post-treatment, all patients had completely preserved urinary and sexual function

and no cardiac-related side effects were observed, which demonstrated the effectiveness of

H-FIRE treatment.

As far as utilizing H-FIRE for the treatment of BC, seldom work has been done to investigate

this. However, some researchers have piqued interest in using the application for investigat-

ing immunological responses. Ringel-Scaia et al. [79] wanted to specifically understand the

immune system activation following H-FIRE treatment. Therefore, a well established 4T1

mouse breast tumor model was used where mice where subjected to a 2-5-2 H-FIRE waveform

for 200 bursts and 100 µs of on-time. They found that H-FIRE can kill BC cells via inflam-

matory modes of cell death necrosis and pyroptosis, as well as shift the anti-inflammatory

tumor microenvironment to pro-inflammatory ultimately inducing a systemic anti-tumor

immune response. It was also found that local H-FIRE treatment reduced the number of

metastatic lesions in mice with intact immune systems, which may be another reason for

optimizing H-FIRE for breast applications as 20-30% of BC is will become metastatic. There

is still a lack of information regarding variation in H-FIRE parameters and their subsequent

treatment outcomes, as well as testing the application with human BC cell lines and in a

clinical setting.
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2.3 Overview and Thesis Hypothesis

Through various preclinical studies, IRE and H-FIRE have shown success for many forms

of cancer. While IRE has been studied various times in the context of BC in vivo [63, 64],

H-FIRE has yet to be established as a conclusive treatment option besides efficacious proof

in a rodent model [79]. Breast tissue is naturally heterogeneous, consisting of connective

adipose (fat) tissue, ducts, and lobules or the glands that produce milk. Due to these

biological challenges, there is motivation for extensive numerical modeling which would allow

engineers to help improve treatment planning and clinicians’ understanding of treatment

outcome depending on where the tumor is situated in the breast. This thesis focuses on

utilizing H-FIRE for the treatment of BC by changing various treatment parameters across

two phenotypically different human BC cell lines in order to explore H-FIRE as a possible

therapeutic option. The purpose of this thesis is to show that we can perform in vitro

experiments and obtain critical data that can be used in clinically-relevant numerical models

to accurately simulate treatment planning and ablation volume in vivo. In the future, this

work can also help facilitate pre-clinical in vivo animal experiments which would be more

relevant to human clinical trials of H-FIRE for BC.



Chapter 3

Experimental Validation of

High-Frequency Irreversible

Electroporation for Breast Cancer

3.1 Abstract

EP-based modalities have been efficacious as alternatives to standard of care treatments in a

variety of tumors. Currently, there is a paucity of information regarding the use of H-FIRE

for the treatment of BC, providing movitation for these studies. Here, in vitro hydrogel

experiments were performed for two human malignant breast cell lines to determine the

electric field thresholds (EFTs) from ablation volumes post-treatment and compared between

cell lines and waveforms. Lethal EFTs for the MCF-7 cells were 540 V/cm for 5-1-5, 473

V/cm for 10-1-10, and 405 V/cm for IRE. Lethal EFTs for the MDA-MB-231 cell line were

1824 V/cm for 5-1-5, 1674 V/cm for 10-1-10, and 1574 V/cm for IRE. These trends fit the

expected results that as pulse width is increased, EFT will increase. While ablation volumes

were calculated for the MDA-MB-231 cells, the reliability of the results remains questionable.

However, the overall results demonstrate the potential of H-FIRE to treat specific BC cell

lines, with the aim of translating results to future in vivo studies.

22
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3.2 Introduction

This chapter aims to experimentally validate the use of H-FIRE for the treatment of BC

across two different malignant cell lines. The two cell lines used in these in vitro experiments

were MDA-MB-231 and MCF-7 human malignant breast cell lines. The MDA-MB-231 cells

are a highly metastatic TNBC line harvested from an adenocarcinoma. This cell line is

considered very aggressive and difficult to treat, but is heavily used in research when studying

a triple-negative phenotype. MCF-7 cells are considered slightly less aggressive and ER+,

meaning it is sensitive to estrogen through the estrogen receptor alpha within the cytosolic

membrane, representing the most common subtype of BC, luminal A [102]. This subtype of

BC is characterized with positive expression of the hormone receptors but negative expression

of HER2. The MCF-7 cell line has shown varied dependence on the progesterone receptor

(PR+/-) but is not dependent on the human epidermal growth factor 2 (HER2-). Therefore,

the MCF-7 line comprises various individual phenotypes which differ in gene profile and

receptor expression [11]. These phenotypically different BC cell lines provide useful in vitro

BC models by representing different hormone receptor characteristics. The 3D cell-embedded

collagen scaffold used in these experiments allows for a more realistic model for treatment as

cells will maintain their in vivo morphology. These in vitro platforms are used to optimize

pulse parameters and determine the EFTs across multiple cell lines and waveforms from a

single experiment. This advantage is critical in electroporation studies, as comparing cell

characteristics allows us to understand differences in irreversible threshold [6]. No changes

in conductivity allows us to superimpose the Laplace equation (Equation 2.1) to determine

electric field thresholds.

Two previous studies by Neal et al. [63, 64] investigated the use of IRE for treatment of

malignant breast cells. Firstly, they demonstrated the feasibility of the technique for treating

MDA-MB-231 cells in vitro, in which they determined a baseline electric field threshold that
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can kill the cells, and optimized a numerical model to best simulate treatment response

in vivo. A follow-up study orthotopically injected the same cell line into female mice and

applied electroporation treatment, resulting in significant tumor reduction with a clinically

relevant single needle bipolar electrode design. Besides in an in vivo study with a malignant

murine cell line, no investigations have been comparing treatment outcome of H-FIRE to

IRE for malignant human breast cell lines. We hypothesize that with appropriate treatment

parameters and waveforms, we can achieve more desirable ablations in vivo for H-FIRE

compared to IRE. The data presented supports the use of H-FIRE as a treatment method for

heterogeneous BC, but also highlights similar outcomes for IRE. Therefore, further treatment

tuning is required to prove H-FIRE more successful than IRE for breast applications.

3.3 Materials and Methods

3.3.1 Cell culture

The human TNBC cell line MDA-MB-231 (ATCC) was thawed and maintained in a T175

flask with Dulbecco’s Modified Eagle’s Medium (ATCC) supplemented with 10% fetal bovine

serum (FBS) (R&D Systems) and 1% penicillin-streptomycin (Life Technologies) by volume.

This is an adherent epithelial cell line from an adenocarcinoma within the mammary gland

belonging to a 51-year-old white female (ATCC). MDA-MB-231 cells were passaged at 90-

100% confluency with a 1:10 dilution ratio. The ER+, PR+/-, and HER2- human BC cell

line MCF-7 (ATCC) was maintained in a T75 flask with Minimum Essential Medium Eagle

(Sigma) supplemented with 20% FBS (R&D Systems) and 0.1 mg/mL human recombinant

insulin (Sigma-Aldrich). These epithelial cells are treated as both a mixed adherent and

suspension cell line, isolated from metastatic adenocarcinoma breast tissue of a 69-year-old
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white female (ATCC). The passaging steps were the same for this cell line; however, floating

cells were gently centrifuged at 120 rcf for 8 minutes and the pellet was resuspended in fresh

media and put back into the plate for the first two subcultures, after which all cells became

adherent. MCF-7 are characterized by circular clumps that form mounds which can be seen

in Figure 3.1A, compared to spindle-shaped MDA-MB-231 cells in Figure 3.1B. MCF-7 cells

were passaged at 70-80% with a 1:3 subculture ratio. For both cell lines, 0.25% Trypsin-

EDTA (Gibco, Canada) solution was used for cell detachment. Cells were kept in water

jacketed CO2 humidified incubators set to 37 °C and 5% CO2.

Figure 3.1: Brightfield microscope images to compare cell morphology of (A) MCF-7 and (B)
MDA-MB-231 cell lines in a monolayer at target confluency (10x magnification). Average
cell diameter is displayed in the bottom right hand corner.

3.3.2 Cuvette experiments - cell viability

Routine passaging steps were followed prior to cell viability experiments. A cell count of

at least 1.6E6 cells/mL was required to have a cell density of 1 million cells per cuvette.

After centrifugation cells were resuspended in a low conductivity electroporation buffer con-

sisting of sucrose, glucose, basal media, and deionized water, and 600 µL of cell solution
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was transferred into 4 mm electroporation cuvettes (BTX). Using a custom-pulse generator

(VoltMed Inc., Blacksburg, Virginia) and a BTX 630 (Harvard Apparatus), cuvettes were

treated at initial field strengths 0, 750, 1500, 2250, and 3000 V/cm with 100 bursts. Control

cuvettes contained the same volume of cell solution and were placed in the electroporation

chamber but no pulses were applied. After the treatment was over, the entirety of cell so-

lution was collected and transferred to a 1.5 mL centrifugation tube (Eppendorf) and spun

down at 150 rcf for 8-10 minutes. The buffer (supernatant) was removed from the eppendorf

tube and the pellet was resuspended in 650 µL of supplemented media. In a 96-well plate,

each cuvette was split into three wells (roughly 200 µL) to obtain three different sample

readings (n=3), and left overnight in the incubator. After 24 hours post-treatment, the

viability of the cells was measured through the metabolic assay AlamarBlue (Invitrogen).

This common cell viability assay detects fluorometric changes of resazurin dye to its highly

fluorescent form resorufin in response to metabolic activity in the cells. AlamarBlue reagent

was added to each well in a 1:5 ratio of dye to media (40 µL reagent to ∼200 µL media).

Pipetting was done to ensure complete combination, and the plate was placed on a shaker

for 30 seconds while covered in foil due to the light sensitivity of the assay. The plate was

incubated for two hours, after which the fluorescence was measured using a plate reader

(Molecular Devices)(Ex.530, Em.600 nm). Percent viability was calculated and normalized

to the untreated control groups. This data can be visualized in Figure 3.5. These cell via-

bility experiments were only performed as an initial gauge for the MDA-MB-231 TNBC cell

line, and were not repeated for the MCF-7 cells.
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3.3.3 Fabrication of collagen hydrogel scaffolds

Male Sprague Dawley rat tails obtained from BioIVT (Hicksville, NY) were used for col-

lagen extraction. After the collagen soaked in 70% ethanol, the collagen was placed in a

beaker with 150 mL of sterile 0.1% acetic acid per gram of collagen. After storing at 4°C

for 72 hours, collagen was placed in Nalgene centrifuge tubes (filled to 80% capacity) and

centrifuged at 30,000 g for 45 minutes at 4°C. After centrifugation, the clear supernatant

was transferred to 30 mL sterile conical tubes and frozen at -20°C, filled only to 20 mL. Once

the collagen supernatant was frozen, the collagen was added to a container for lyophiliza-

tion. Lyophilized collagen was then stored at -20°C until future use, in which the measured

amount of acetic acid diluted in deionized water is added and vortexed for 20 seconds and

transferred to a fridge to dissolve to achieve a final collagen concentration of 10 mg/mL

(Figure 3.2). The final concentration of the collagen after everything is added is around 5

mg/mL, which is ideal for standard experimentation in the lab.

The 3D collagen hydrogel tissue mimic was constructed to investigate cell ablation area

and irreversible cell death threshold in both the MDA-MB-231 and MCF-7 cells. Before

experimentation, individual wells in 24-well plates were coated in high vacuum grease (Dow

Corning) and sterilized under UV light for 20 minutes before plating. Once ready for hy-

drogel fabrication, collagen was neutralized using 10X DMEM (Sigma Aldrich) (10% of final

volume) and 1N NaOH (Sigma Aldrich) (2% of initial collagen volume) until a target pH

is achieved, followed by 1950 µL of supplemented media mixed with the cells. In a 24-well

plate, 200 µL of cell-laden collagen was added to each well and incubated at 37°C and 5%

CO2 to allow the collagen to solidify. After 30 minutes, each well was topped with 400 µL

of media and incubated for 24 hours until treatment.
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Figure 3.2: Fabrication of cell-laden collagen hydrogel scaffold. Collagen extracted from rat
tails is dissolved in acetic acid, centrifuged, degassed, and sterilized through lyophilization
and pH stabilized through additions of 1% NaOH. Cells added into the collagen mixture are
plated, solidified, topped with supplemented culture media and incubated until treatment
24 hours later. Figure created with BioRender.com.
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3.3.4 Finite element modeling

In order to back out the EFTs from the ablation volume areas obtained during the hydro-

gel experiments, a 3D model was made using COMSOL Multiphysics v6.1 (COMSOL Inc.,

Stockholm, Sweden). To simplistically model the electric field distribution for in vitro hy-

drogel studies with a two-needle electrode geometry, only dimensional parameters for the

gel and the electrodes were taken into account. The collagen scaffold was modeled as a disk

with a radius of 8 mm, or half the seize of an individual well in a 24-well plate, the height

or thickness of the gel was 1 mm, the separation between the center of the electrodes was

3 mm, and the height of the electrodes was simulated to be 1 cm. The two-inch gauge nee-

dles (Jensen Global JG20-2.0 20 Gauge 2.0” IT Series Dispensing Tip) used in treatments

were modeled with an inner diameter of 0.864 mm and outer diameter of 1.168 mm. Basic

treatment parameters were also simulated in the model, like 100 µs of energized or on-time,

a standard pulse rate of 1 pulse/second, 100 bursts, physiologic temperature of 37°C, and

a voltage of either 600, 700, or 800 V. For a more thorough explanation as to why 800 V

was eventually removed from treatments, please refer to Section 3.5. The output for the

electric field distribution in the 3D hydrogel at each voltage with the two-needle electrode

configuration is shown in Figure 3.3. The output data file of areas corresponding to EFTs

from 0 V/cm up to 2000 V/cm was then used to match the experimental area found from

fluorescent imaging with the approximate EFT to obtain lethal threshold values for the

specific waveform and applied voltage. This output data can be seen in Figure 3.7.
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Figure 3.3: 3D electric field distribution. (A) 600 V and (B) 700 V applied between the
electrodes. The black line indicates the ablation zone related to 1500 V/cm, which was the
target fields based off viability experiments. As you increase the voltage, the distribution
shape becomes more spherical, which will encompass more of the gel. (C) Needle dimensions
(I.D.=inner diameter, O.D.=outer diameter) with a 3 mm spacing between electrodes.
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3.3.5 Electroporation delivery

The electrodes and 3D printed needle holder were sterilized under UV light while a Heratherm

IMC 18 incubator (Thermo Scientific, Germany) was brought to 37°C and humidified with

a glass of deionized water to simulate typical incubation environment. Immediately prior

to treatment, the media on top of each hydrogel was removed due to the highly conductive

nature of culture media. The electroporation delivery system involves the custom-pulse

generator used to deliver both IRE and H-FIRE pulsing schemes. Voltage and current were

recorded using a WaveSurfer 2034z oscilloscope (Teledyne LeCroy, Chestnut Ridge, NY) with

a 1000X high voltage probe (Enhancer 3000, BTX, Holliston, MA) and 10X current probe

(2877, Pearson Electronics, Palo Alto, CA). Mini-grabber test clips were used to connect

the electrodes to the generator in order to deliver current and voltage. The two-needle

electrode holder was placed directly on top of an individual well in a 24-well plate, and the

sterile hollow needles were pushed through the entirety of the gel ensuring they were both in

contact with the bottom of the plate (Figure 3.4). The plate was placed inside the incubator,

and treatment was applied. After which, the electrode holder was removed and 400 µL of

media was added back into the well and incubated for 24 hours.
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Figure 3.4: Electroporation delivery system uses a custom high voltage pulse generator,
with current and voltage readings monitored during treatment via oscilloscope. Two-needle
electrode configuration placed directly into the cell-laden collagen hydrogel. Figure created
with BioRender.com.

3.3.6 Staining and Imaging

Following 24 hours post-treatment, plates were removed from incubation, and a stain con-

taining phosphate buffer saline (PBS, Corning), Dimethyl Sulfoxide (DMSO, Sigma-Aldrich),

Calcein AM (Invitrogen), and Propidium Iodide (PI, Invitrogen) was used to quantify

live/dead cell lesion areas. Media was aspirated from each well, followed by a single PBS

wash, and then 400 µL of stain was added to each treated and untreated (control) well. Once

the plate was covered in foil to protect from light, hydrogels were incubated at 37°C and 5%

CO2 for 30 minutes. Thereafter, hydrogels were double washed with PBS prior to imaging

using an inverted microscope (DMI 6000B, Leica Microsystems) with a 5× objective. The

appropriate filters were used to image calcein AM (green; Ex:460–500; DC:505; EM:570–640)

and PI (red; EX:545/26, DC:565, EM:605/70). Ablation zones were then be calculated with

the Leica software by measuring area of ablation.
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3.4 Results

Figure 3.5 displays the calculated viability results after an initial range of electric field

strengths (Figure 3.5A) for MDA-MB-231 cells treated in electroporation cuvettes. From

this, it was determined that the EFT to achieve at least 50% cell death for MDA-MB-231

cells was somewhere between 750 and 1500 V/cm. The same procedure was repeated with

a smaller range of field strengths (Figure 3.5B). After these experiments, the cell death

threshold to achieve at least 50% viability was determined to be approximately 1500 V/cm.

Additionally, it was decided that the 2-1-2 H-FIRE waveform should be taken out of treat-

ment protocols, as a significantly higher voltage would need to be applied to achieve similar

results to other pulsing schemes. Individual data points can be seen in Table A.1 in Ap-

pendix A.

As can be seen in Table 3.1, the average EFT for the MCF-7 cell line was 540 V/cm for

5-1-5, 473 V/cm for 10-1-10, and 405 V/cm for IRE. The average EFT for the MDA-MB-231

cell line was 1824 V/cm for 5-1-5, 1674 V/cm for 10-1-10, and 1574 V/cm for IRE. Table

3.1 also displays the average ablation area (mean ± standard deviation) calculated for each

waveform, which are much higher for the MDA-MB-231 cells compared to the MCF-7. For

both cell lines, a sample size of six was used to generate a statistical power of 99%. An

ordinary one-way ANOVA determined that the EFT was statistically different between each

applied waveform (p<0.0001) for the MCF-7, but only one group had a statistically signif-

icant p-value of (p<0.05) for the MDA-MB-231. The values fit the expected trend that at

lower pulse widths there will be a higher EFT, which can further be seen in Figure 3.6B

and C. The main difference between the MDA-MB-231 and MCF-7 cell lines is that there

was less PI uptake in the MDA-MB-231 cells, denoted by the black ablation zones in Figure

3.7A compared to the red zones in Figure 3.6A.
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Figure 3.5: Statistical analysis for cell viability in cuvettes post-treatment. (A) Initial range
of electric field strengths (0 to 3000 V/cm). (B) Additional round of experiments with
narrowed electric field strengths. In all experiments three H-FIRE waveforms (2-1-2, 5-1-5,
10-1-10) and a typical IRE protocol (100 µs, 1 Hz) were applied.

Table 3.1: Experimental electrical pulsing parameters and electric field threshold data for
both MDA-MB-231 and MCF-7 cell lines. In both experiments, 100 bursts were used and
the energized time was matched to 100 µs. All results are presented as mean ± standard
deviation.

Cell Line Output (n=6) 5-1-5 10-1-10 IRE

MDA-MB-231 Area (mm2)
EFT (V/cm)

5.69 ± 1.86
1824 ± 173

6.69 ± 2.33
1674 ± 211

7.26 ± 1.05
1574 ± 56

MCF-7 Area (mm2)
EFT (V/cm)

25.67 ± 0.36
540 ± 8

29.77 ± 0.61
473 ± 8

35.54 ± 0.36
405 ± 4
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Figure 3.6: (A) Ablation areas for all pulsing schemes in the MCF-7 cells. Corresponding area
measurements (mm2) (B) and electric field threshold (V/cm) (C). Statistically significant
p-values are <0.0001, demonstrating expected results with dye uptake and data analysis.
Scale bars are 2 mm.

Figure 3.7: (A) Ablation areas for all pulsing schemes in the MDA-MB-231 cells. Corre-
sponding area measurements (mm2) (B) and electric field threshold (V/cm) (C). Statisti-
cally significant p-values are <0.05, which demonstrate that ablation did not follow expected
trends. Ablation images in (A) show the lack of PI uptake within the gels. Scale bars are 2
mm.
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3.5 Discussion and Conclusion

The results from these experiments provide evidence that IRE and H-FIRE have the potential

to ablate malignant breast cell lines in vitro. Both applications demonstrated expected

results in the MCF-7 cell line, in which larger ablations were seen in wells treated with IRE,

followed by the 10-1-10 then the 5-1-5 H-FIRE waveforms due to the direct relationship

between ablation area and pulse width. However, there is an inverse relationship between

pulse width and field threshold, which explains why 5-1-5 had a higher threshold than the

10-1-10 and IRE for the MCF-7 cells.

Initially, 800 V was applied to the cells in the gels; however, consistent arching was observed,

either only slightly detected from clicking at each pulse, or enough to cause the generator to

stop treatment. At too high of a voltage, it is possible to melt the gel, which in turn denatures

the proteins within the collagen. Initially, the goal of applying two different voltages was to

yield more redundant information and more confident results to estimate and visualize the

ablation zones at 1500 V/cm. However, 800 V was most likely too high of a voltage to apply

in hydrogels, therefore it was omitted from further experiments and only 600 V was applied

for the MCF-7 cells. For the MDA-MB-231 cells, 600 V was insufficient in generating an

ablation zone, as can be seen in the data analysis in Figure 3.7B, which is why 700 V was

chosen as an additional voltage to try to ablate these cells. The ablation zone images in

Figure 3.7A correspond to an applied voltage of 700 V. The 600 and 700 voltages did not

cause significant arching as compared to 800 V. However, in general, increasing or decreasing

the voltage should not have an effect on electric field threshold, therefore the MDA-MB-231

results should be interpreted with caution.

For the fluorescent staining, PI is not permeant to live cells, but it is able to diffuse through

the compromised membranes of dead cells. Once the dye is inside the cell, it binds to nucleic

acids and enhances its red fluorescence upwards of 20-30-fold. Calcein AM is used to contrast
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PI since it is a cell permeant dye that fluoresces green after internalization and hydrolysis

by live cells. These two dyes are typically used to visualize the distinct regions within the

3D hydrogel collagen scaffold of live and dead cells after electroporation treatment under a

fluorescent microscope [6]. This staining method was successful in the MCF-7 cells (3.6A),

but barely uptaken in the MDA-MB-231 cells. We determined that plated cell density

couldn’t explain these differences, as experiments were repeated for the MDA-MB-231 cells

with a density of 1, 1.5, and 2 million cells/mL whereas the target 1 million cells/mL density

used for the MCF-7 was adequate. It was speculated that cell size could be a factor in

dye uptake; however, there is only a relatively small difference in cell size between the cell

lines, and PI is only dependent on membrane permeability and not excluded by cell size

according to current literature. It was assumed that each cell line would be compatible

in the 3D collagen matrix based on previous studies investigating cell invasion [13], but

after comparing fluorescent images this was believed to not be the case. To investigate this

possibility, 3D images of the cell-laden collagen hydrogels were taken post EP-treatment

on a Zeiss LSM 800 confocal microscope using a 10× objective (Figure 3.8). These images

demonstrate that MCF-7 circular cell morphology is maintained, whereas the MDA-MB-231

cells are completely degraded after being in the gel for 48 hours, as can be seen by the small

cell fragments. To be sure that the dye wasn’t the reason behind poor images associated with

the MDA-MB-231 cells, other fluorescent dyes were also used to quantify ablation zones, as

can be seen in Figure 3.9. In 3.9A, Calcein red-orange AM was used to assess cell viability

by staining nonspecific esterases in live cells. Yo-Pro-1 was used in conjunction with this as

it will only stain apoptotic cells. In 3.9B, ethidium bromide fluoresces dead cells red after

binding to DNA by inserting itself between base pairs through intercalation [83]. Calcein

AM was used with ethidium bromide to stain the live cells. Each dye stained the cells

appropriately; however, it is difficult to tell what exactly is considered the ablation zone:

whether it is the region directly surrounding the electrodes or spread out into the gel based
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off this hazy zone. The last possibility discussed that could explain the poor MDA results

was treating the cells at too high of a confluency (i.e. 90% instead of 70%). Although

unlikely, other mechanical factors like the specific hormone receptors or the concentration

of the collagen itself could potentially explain these differences. Further experimentation

is needed before determining that the MDA-MB-231 cell line is incompatible in the type 1

collagen matrix.

Overall, we were able to achieve successful in vitro ablation data for the hormone-sensitive

MCF-7 cell line. These experiments also helped determine the incompatibilities of the triple-

negative MDA-MB-231 cells in a 3D hydrogel scaffold, which inhibits studying clinically-

relevant electroporation effects to this specific TNBC cell line. In the future, it would

be insightful to find such a platform that allows for realistic TNBC treatment. In the

next chapter, we will utilize the electric field thresholds determined for the MCF-7 cell line

only and implement them into a numerical model to examine various modeling aspects like

waveform-specific electric field distribution, ablation volume and sphericity.

Figure 3.8: 3D confocal images of embedded (A) MCF-7 and (B) MDA-MB-231 cells in a
portion of the collagen hydrogel (10x magnification). Cell morphology is maintained in the
MCF-7 cells, but not in the MDA-MB-231s, alluding to their incompatibility in the collagen
matrix.
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Figure 3.9: Additional fluorescent dyes properly stained the MDA-MB-231 cells. (A) Live
cells are stained red with Calcein red-orange AM and dead cells are stained green with Yo-
Pro-1. (B) Live cells are stained green with Calcein AM and dead cells are stained red with
ethidium bromide.



Chapter 4

Implementation of experimental

results in a clinically relevant

numerical model of H-FIRE for breast

cancer

4.1 Abstract

Prior to performing in vivo electroporation experiments, finite element analysis can be done

using COMSOL Multiphysics, allowing researchers to study the effect of certain pulsing pa-

rameters on treatment outcome. The goal of this chapter was to investigate the comparisons

between IRE and H-FIRE waveforms through relevant 2D and 3D models. The hypothe-

sis that H-FIRE parameters can be tuned to achieve similar results to IRE was validated

by performing a voltage sweep across waveforms to determine the exact voltage as which

H-FIRE ablation surface area, volume, and sphericity are nearly identical to IRE.

40
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4.2 Introduction

This chapter aims to prove how we can incorporate in vitro threshold results into a clinically-

relevant numerical model for simulating in vivo treatment. Further, it was of interest in this

experiment to see if we can achieve comparable ablation results to IRE by fine-tuning H-FIRE

treatment parameters. COMSOL Multiphysics can tell us numerous 2D and 3D outputs

that are relevant to electroporation therapy. Specifically, the software can show us electric

field distribution in the target tissue, how much of the tissue is ablated, along with other

visual results like thermal affects and dynamic conductivity changes. COMSOL can also

tell us about joule heating, which occurs because of the resistance of current from electrical

pulses traveling through the target tissue, and may result in increased electrical current since

conductivity has been shown to have an effect on heat and electroporation effects. Each of

these variables can be better understood through accurate numerical modeling.

Due to the incompatibilities with the triple negative MDA-MB-231 cell line, threshold data

from the MCF-7 cell line was used. Although unfortunate to not be able to model the

response of TNBC to EP, utilizing data from the MCF-7 cells permits us to understand EP

treatment response for a luminal A subtype of BC, which is the most common form of invasive

BC, accounting for upwards of 60% of BC cases [100]. Prognosis for this subtype is typically

good, but treatment methods are still reliant on surgery, radiation, or chemotherapy, further

motivating the need for optimizing H-FIRE treatment. We hypothesize that at the same

applied voltage for all waveforms, IRE will generate a higher ablation volume than H-FIRE.

However, it is also hypothesized and the main aim of this modeling experimentation, that

we can tune the applied voltage in a relevant range with the H-FIRE waveforms to achieve

comparable ablation volume and sphericity results to that of IRE. This experimentation

aims to prove the capability of H-FIRE tuned parameters efficacious as a potential treatment

option for BC.
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4.3 Methods - Mathematical Modeling

Various assumptions were taken into account when designing this model. The tumor was

modeled as a sphere with a radius of 1.5 cm, surrounded by a layer of healthy fatty connective

adipose breast tissue with radius 3 cm. The electrodes (source and sink) both had lengths

of 0.7 cm, where the insulation between them was 0.8 cm based on a commercially available

electrode used by Garcia et al. [38], with a handle protruding out of the the breast being 5

cm in total length. Due to the total height of exposed electrode equaling 2.2 cm in diameter,

the minimum radius of the tumor had to be above 1.1 cm to fit the entire probe. The radius

of the entire probe was modeling as 0.1 cm. The stage of the breast tumor was assumed

to be stage 2, or T2, which ranges anywhere from 2-5 cm in diameter and is described as

localized cancer in which the mass has begun to grow and affect nearby tissue but has not

yet metastasized. This stage of breast tumor was chosen due to the large number of new

cases of localized BC being higher than regional (T3) or distant (T4) stages [2]. Figure 4.1

displays a 3D view of the entire numerical model with each electrode dimension described

above.

Tissue characterization experiments allows us to measure voltage threshold and current

values in the desired tissue, which can be correlated to conductivity. Since breast and

surrounding connective tissue sections were never harvested, tissue characterization studies

were not performed and various tissue parameters were pulled from literature. Some elec-

trical and thermal properties can be pulled from the IT’IS Dielectric Properties database

including electrical conductivity, density, heat capacity, thermal conductivity for the breast

gland tissue (tumor mimic) and the breast fat (surrounding tissue). Suroweic et al. [89] pub-

lished dielectric property values of breast carcinomas and the surrounding tissues in 1988

at frequencies from 20 kHz to 100 MHz. Initial conductivity values were extrapolated from

within the manuscript with a graph-reading software to harness conductivity values of the
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Figure 4.1: 3D view of numerical model generated in COMSOL, with the bipolar probe
being inserted into the center of the tumor (blue), through the peripheral breast fat (light
grey). D=diameter, L=length.

tumor (central part of the tumor) at frequencies 83.3 kHz (5-1-5), 45.4 kHz (10-1-10), and

10 kHz (IRE). Those characteristic frequencies were calculated by dividing one over the pe-

riod which is the total time of a single burst (ex. period for 5-1-5-1=12) times 106 to be

in the correct frequency range. Specific heat capacity, density, and thermal conductivity of

the breast tumor and peripheral tissue were found from Neal et al. [63]. Other variables

not included in Table 4.1 include blood perfusion rates, which were found to be 0.0002 1/s

and 0.012 1/s for the fat and tumor respectively [21]. IT’IS Database was used to find the

specific heat capacity and density of blood, which were 3617 J/kg ∗ K and 1050 kg/mm2

respectively [1]. Table 4.1 contains a comprehensive list of all of the modeling parameters

related to a malignant breast tumor and healthy periphery of fatty connective breast tissue

pulled from the various literature sources.
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COMSOL Multiphysics was used to run all of the simulated models. Model simulations are

run at the intersections within a designated boundary at a user-defined mesh level. As you

increase the mesh (increase the refinement), you are increasing the amount of intersections

in the domain making your model more accurate. However, higher levels of mesh will take

longer to run and in some cases super fine meshes may not be necessary. Therefore, a mesh

convergence study was done in order to determine the optimum mesh refinement level when

running the models in order to achieve maximum speed of model run-time without compro-

mising the results. It was determined that a mesh level of 0.327 would be appropriate to

run the 3D model, since this value resulted in a less than 1% difference than that of a finer

mesh levels (Figure 4.2B). In the 2D axisymmetric model, a predefined mesh level of extra

fine was chosen for simulations.

Figure 4.2: Mesh convergence study revealed a refinement level of 0.327 was appropriate for
the 3D model. (A) Explicit current data across mesh levels from 0.1 (coarsest) to 3 (finest).
(B) Corresponding percent difference in mesh levels. Pink box highlights chosen mesh level
of 0.327.

Previous literature has demonstrated that as tissue transitions to a fully electroporated state,

the conductivity of the tissue will increase and then reach a plateau [23]. This matches the
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dynamic conductivity of the tissue in the model, further demonstrating that tissue conduc-

tivity is a function of applied electric field magnitude. Equation 4.1 was used in COMSOL

to understand the dynamic changes in conductivity of the tumor and fat respectively:

σ(|E⃗|) = σ0 · (1 + A · flc2hs(E⃗ − Edel, Erange)) (4.1)

where σ0 is the initial conductivity of the tissue, A is a unit less term modeled as the

(σfinal,tissue/σinitial,tissue-1), flc2hs is the Heaviside function that is used to characterize the

dynamic changes in conductivity [104], and E⃗ represents the electric field magnitude. Edel

is treated as the electric field threshold corresponding to each waveform used during in vitro

hydrogel experiments found to induce electroporation effects (i.e. Edel=540 V/cm for 5-1-5

(MCF-7)). The σ0 and Edel values will change depending on the tissue selected to model was

tumor or fat. Finally, Erange relates to the slope of the transition and was selected to be 350

V/cm based on previous studies by Zhao et al. [103]. σfinal,tumor and σfinal,fat were omitted

from Table 4.1 because these values will not change depending on applied waveform. Based

on current knowledge of the field, a cell is considered fully electroporated at 10 MHz, at

which the values of σfinal,tumor and σfinal,fat were found to be 0.452 S/m [50] and 0.0281 S/m

[1], respectively. The dynamic conductivity curve generated from the COMSOL model can

be seen in Figure 4.3, which shows changes in dynamic conductivity based on the applied

waveform.

Another key clinical consideration for EP treatment is the shape of the ablation. A spherical

shape is more ideal than an ovular or peanut-shaped ablation as this generates a more

uniform ablation. Sphericity of each ablation was calculated in order to compare the change

in ablation shape depending on applied waveform. This equation can be seen in Equation

4.2,

Ψ =
π

1
3 (6V )

2
3

A
(4.2)
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where V is the volume of the ablation and A is the surface area of the volume produced by

the ablation, both specific to applied waveform and voltage. A volume of a perfect sphere is

1, therefore the closer the values are to 1 the more spherical the shape of the ablation.

Figure 4.3: Dynamic conductivity curves for applied waveforms in the breast tumor. σ0 is
the initial conductivity of the tissue, Erange is half the value of on either side of the transition
point (Edel), and σf is the maximum tissue conductivity after applied electroporation.

Table 4.1: Tissue properties used in numerical modeling.

Property Variable Value Reference

Electrical Conductivity (S/m), 5-1-5 σinitial,tumor

σinitial,fat

0.227
0.025

[89]
[1]

Electrical Conductivity (S/m), 10-1-10 σinitial,tumor

σinitial,fat

0.217
0.0249

[89]
[1]

Electrical Conductivity (S/m), IRE σinitial,tumor

σinitial,fat

0.209
0.0247

[89]
[1]

Heat Capacity (J/(kg*K)) Cp,tumor

Cp,fat

3700
3550 [63]

Density (kg/m3) ρtumor

ρfat

1044
928 [63]

Thermal Conductivity (W/(m*K)) ktumor

kfat

0.564
0.499 [63]
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4.4 Results

Figures A-C in 4.4 provide a visual depiction of the electric field distribution through the

simulated breast tumor and peripheral healthy fat at the maximum clinical voltage of 3000

V. Firstly we see that the differences in electric field distributions between waveforms is very

slight. In all cases, the electric field is strongest at the electrodes and dissipates outwards

into the tissue, where IRE distributes farther into the tissue because of the targeted energy

from the monopolar pulses. Although the H-FIRE waveforms are characteristic of higher

frequencies than that of IRE, the change in polarity from H-FIRE helps to mitigate thermal

effects due to electroporation, which are expected to be stronger in an IRE pulse scheme.

Two domains were specified for calculating the surface area, volume, and resulting sphericity

for the ablations, where V1 is the tumor and fat domains combined to encompass the entire

ablation region, and V2 is the tumor only domain.

From the sphericity calculations at the maximum clinical application of 3000 V applied, the

sphericity of the 5-1-5 waveform was 0.6969, 0.7135 for the 10-1-10, and 0.8169 for IRE.

This demonstrates that at 3000 V, IRE will generate the most spherical ablation volume. To

investigate how much of the breast tumor is being ablated for all pulsing schemes, the tumor

ablation volumes can be compared to the total volume of the tumor, calculated to be 14.14

cm3. Based off the V1 values, 5-1-5 is ablating 49.7%, 10-1-10 is ablating 65.6%, and IRE is

ablating 87.5% of the simulated breast tumor. IRE also spreads into the fat more than the

H-FIRE waveforms, which alludes to the desire to optimize H-FIRE treatment protocols for

maximum treatment efficacy. To investigate how H-FIRE outcomes could achieve similar

results to IRE, a parametric sweep was performed for each H-FIRE case to find the scaled

voltage that achieved similar ablation volumes and sphericities to IRE at 3000 V. As can

be seen in Table 4.3, to achieve similar results to IRE, 3463 V and 3757 V would need to

be applied for the 10-1-10 and 5-1-5 H-FIRE waveforms respectively. These scaled voltages
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achieved similar ablation surface areas, volumes, and sphericities to IRE; however, these

voltages end up ablating more of the tumor specifically, achieving 91% ablation for 10-1-

10, and 92.4% ablation for 5-1-5. The tunability of parameters based off the electric field

distribution in the 2D axisymmetric model, and the ablation and sphericity quantifications

from the 3D model, demonstrate the potential of H-FIRE to achieve comparable ablation

results to that of IRE with fine-tuned treatment parameters.

Table 4.2: Ablation quantification and sphericity calculations of all pulsing schemes at the
maximum clinical voltage of 3000 V.

Variable 5-1-5 10-1-10 IRE
Ablation Surface Area (A, cm2) 28.567 34.270 37.437

Tumor Ablation Volume (V1, cm3) 7.0347 9.284 12.371
Entire Ablation Volume (V2, cm3) 8.3530 11.370 15.905

Sphericity (V1) 0.6215 0.6233 0.6909
Sphericity (V2) 0.6969 0.7135 0.8169

Table 4.3: Ablation quantification and sphericity calculation of H-FIRE waveforms with
scaled voltages to achieve comparable IRE results.

Variable 5-1-5 (3757 V) 10-1-10 (3463 V) IRE (3000 V)
Ablation Surface Area (A, cm2) 39.238 38.734 37.437

Tumor Ablation Volume (V1, cm3) 13.064 12.872 12.371
Entire Ablation Volume (V2, cm3) 17.074 16.744 15.905

Sphericity (V1) 0.6836 0.6857 0.6969
Sphericity (V2) 0.8172 0.8171 0.8196
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Figure 4.4: (A-C) Electric field distribution travels farther out into the peripheral tissue for
IRE than the H-FIRE waveforms at 3000 V. (D-F) Electric field distribution with scaled H-
FIRE voltages. White contour lines on each plot mark the specific EFT for each waveform.
The black semicircle in the middle demarcates the tumor boundary (r=1.5 cm).
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4.5 Discussion and Conclusion

Figure 4.4 demonstrates the potential of tuned H-FIRE parameters to ablate the same quan-

tity of breast tumor as IRE. Quite unexpectedly, 5-1-5 ended up ablating a larger percentage

of the tumor, but this can be explained by the much higher applied voltages compared to

10-1-10 and IRE. Although not included in this thesis document, an important considera-

tion that must be reflected in further modeling is the potential thermal damage that may

result from the very high voltages. It is unclear to what extent we expect thermal damage

to occur, but further fine-tuning of treatment parameters may facilitate reducing potential

thermal damage. For instance, increasing the interpulse delay may result in reducing heat

produced from the waveform [8], as well as utilizing a different electrode configuration based

off patient-specific tumor dimensions.

One of the most important aspects of delivering electroporation in the clinic is performing

accurate treatment planning beforehand. The generated models in this project were run

in the dynamic module, which takes into account changes in temperature and conductivity

over time. The static module can also be used to run these models; however, this will only

show us immediate electroporation effects. Using accurate treatment planning we can also

visualize the shape of the ablation in relation to the shape of the tumor to see what param-

eters achieve the greatest tumor coverage. One of the benefits of H-FIRE is the generation

of a more consistent electric field distribution and predictable ablation shape. Treatment

planning allows us to input patient-specific tumor dimensions, typically from MRI images

and compare ablation coverage with various treatment parameter scenarios. The represen-

tative electric field distributions using the single bipolar probe would change depending on

the depth of probe insertion; therefore, clinicians may need to utilize real-time imaging (i.e.

ultrasound guidance) be sure of accurate placement of electrodes. As is the case for most

tumors, a breast tumor will have a higher conductivity that the peripheral healthy tissue
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likely due to the regions of necrotic tissue that no longer have the insulating cellular mem-

brane. Since electric field distribution is dependent on the conductivity ratio of tumor and

healthy tissue (as well as electrode geometry), tissue characterization experiments should be

performed to collect relevant data for breast tumors and the heterogeneous peripheral tissue.

Additionally, the lethal EFTs treated as Edel values for modeling dynamic changes in con-

ductivity were found for a malignant breast cell line. To have EFT data representative of the

healthy peripheral tissue, hydrogel experiments should be performed with a non-malignant

breast cell line and used to update the model. Even though obtaining these values would

provide a more comprehensive breast tumor model, these EFT values are assumed to not be

fully representative of true electroporation treatments, as in vivo EFTs will be higher than

in vitro due to the effect of cell size on electric field as explained in Section 2.1.



Chapter 5

Thesis Conclusions

The goal of this project was to provide sufficient fundamental knowledge and insight into

using H-FIRE as a stand-alone therapy for BC. Although comparing MDA-MB-231 and

MCF-7 cells gives us a better understanding of the response of BC to EP treatment, further

research needs to be conducted to better represent the heterogeneity that exists in BC. Fur-

thermore, the underlying explanation as to why the MDA-MB-231 cells were not compatible

in the collagen hydrogel remains a mystery. While it may require a collaborative effort to

determine this, finding a compatible treatment platform would enhance our understanding

of H-FIRE in a triple-negative phenotype specifically. The next step in this project is to

repeat hydrogel experiments with the MDA-MB-231 cells at a lower confluency to see if this

explains the unexpected results, as well as with a non-cancerous human breast cell line like

MCF-10A to draw comparisons between healthy and malignant tissues and see how neigh-

boring cells may succumb to electroporation effects.

A very important engineering consideration for accurate electroporation treatment is that

of dynamic conductivity from tissue characterization, which was not included in this thesis

project. Fourier transforms can aid in electrical properties from characterizing tissue sam-

ples. This process allows us to find baseline conductivity values in a tissue type after a

specific treatment waveform has been applied. To achieve these values for this project in

the future, healthy breast tissue would need to be collected from each type of tissue (glands,

ducts, adipose fat), as well as a biopsy from a breast tumor that would all be kept in buffer

52
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solution to maintain the same electrical properties they possess in the body. Various fre-

quencies can be applied to characterize tissue impedance values and electric field threshold

that can be implemented in COMSOL for accurate treatment planning and outcome.

In the future, there are numerous possibilities to improve upon this study. One idea would

be to add calcium (Ca2+) directly to the cell media or buffer solution to see if there is an

increase in ablation volume, as this has been proven before in treating glioblastoma with

IRE [95] and malignant glioma with H-FIRE [96]. Although very preliminary, it would be

interesting to note the differences between pulse number in ablation size, as 100 pulses were

kept constant for all experiments. While this is a standard clinical delivery amount, burst

number will change the resulting EFT. Therefore, researchers should have appropriate ra-

tionale when deciding treatment factors such as burst number. Adding a comparative study

between cancerous and non-cancerous breast cell lines would aid in tissue characterization

since malignant cells have a higher conductivity than that in non-cancerous cells. Another

experiment could be done to test pulse parameters for cell death mechanism selectivity, and

see if it’s possible to provoke a specific mode, preferably pro-inflammatory for BC (i.e. py-

roptosis). Pyroptosis is mediated by Gasdermin proteins, which are increasingly expressed

in BC [22]. This could be done by studying cleaved proteins specific to pyroptosis activa-

tion like caspase 1 in the canonical pathway and caspase 4/5 in the non-canonical pathway.

All of this in vitro information would prove useful for understanding the complexity of EP

treatment for BC, and motivate in vivo experimentation. With the help of collaborators,

human or murine BC cells could be injected into rats as these rodents’ mammary glands are

more similar to that of humans [58]. An experimental matrix would be designed to outline

treatments groups to study H-FIRE, chemotherapy, and the combination of the two to study

effect on tumor reduction and survival. Another collaborative project could be done to study

the role of an important bacteria associated with poor treatment outcome, Fusobacterium

nucleatum, and its role in the breast tumor microbiome [73].
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In summation, the in vitro hydrogel experiments and numerical modeling conducted in this

thesis proves our expectations that IRE would generate desirable ablation results. However,

it should not be considered the best treatment option for clinical BC applications because

of the requirement for general anesthesia for mitigating neuromuscular contractions. Due to

these drawbacks, it was our goal that we’d be able to generate equivalent or preferable results

with H-FIRE, which was also proven from the work done in Chapters 3 and 4. Therefore,

the condensed work of this thesis proves that H-FIRE would be feasible as an alternative BC

treatment, and with further experimentation it could hopefully become a standard treat-

ment option. However, additional research is warranted in the future to fine-tune treatment

parameters for understanding expected outcomes.
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Appendix A

First Appendix

A.1 Section one

Table A.1: Cell viability data found from cuvette experiments. In all H-FIRE waveforms,
there is an inter-pulse delay of 1. For all applied waveforns, 100 bursts was used. The first
and second row of field strengths correspond to Figure 3.5A and Figure 3.5B, respectively.

Parameters Viability Results (%)

Electric
Field
Strength (V/cm)

Waveform

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

0
750
1500
2250
3000

108.07, 99.26, 92.65
96.97, 88.48, 97.65
74.19, 75.06, 73.01
22.28, 23.84, 25.28
21.52, 19.92, 20.64

107.50, 88.22, 104.27
77.07, 80.47, 77.24
26.14, 25.72, 25.53
25.91, 25.76, 27.63
23.32, 20.74, 20.63

115.00, 96.56, 88.43
88.60, 76.73, 60.15
29.62, 27.83, 29.15
25.95, 25.99, 28.29
24.99, 23.37, 22.25

111.81, 93.15, 95.02
65.60, 58.07, 87.34
22.28, 21.85, 20.37
16.63, 16.08, 19.76
13.44, 12.08, 11.70

1250
1500
1750
2000
2250

80.72, 53.37, 50.32
29.21, 28.15, 30.85
13.94, 12.80, 12.83

5.66, 6.88, 4.43
3.21, 3.59, 3.52

17.90, 15.97, 17.38
5.47, 5.20, 5.79
2.58, 2.63, 2.74
2.02, 2.25, 3.90
2.62, 1.54, 2.15

6.61, 7.12, 10.32
3.59, 3.25, 4.19
2.52, 2.32, 2.38
2.04, 1.66, 2.79
2.17, 1.89, 1.90

2.62, 2.69, 2.99
1.97, 1.90, 2.94
3.13, 2.97, 3.05
2.60, 2.24, 3.22
2.90, 3.23, 4.17
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