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Engineered Platforms for the Development of Electroporation-based Tumor
Therapies

Elisa M. Wasson

(ABSTRACT)

Cancer is a complex and dynamic disease that is difficult to treat due to its heterogeneous nature

at multiple scales. Standard therapies such as surgery, radiation, and chemotherapy often fail,

therefore superior therapies must be developed. Electroporation-based therapies offer an alterna-

tive to standard treatments, utilizing pulsed electric fields to permeabilize cell membranes to either

enhance drug delivery (electrochemotherapy) or induce cancer cell death (irreversible electropo-

ration). Electroporation treatments show promise in the clinic, however, are limited in the size of

tumors that they can safely treat without increasing the applied voltage to an extent that induces

thermal damage or muscle contractions in patients. A method to increase ablation size safely is

needed. To make this advancement and to advance other cancer treatments as well, better in vitro

tumor models are needed. Heterogeneity not only makes cancer difficult to treat, but also difficult

to recapitulate in vitro. This dissertation addresses the complementary need to develop both better

cancer therapies and more physiologically relevant in vitro tumor models. My results demonstrate

that by using a calcium adjuvant with irreversible electroporation treatment, ablation size can be

increased without using a higher applied voltage. Additional mechanistic studies identified sig-

naling pathways that were differentially dysregulated under calcium and no calcium conditions,

impacting cell death. Finally, I have successfully encapsulated cells in fibrin microgels which may

enable the creation of more physiologically relevant and complex 3D in vitro and ex-vivo platforms

to investigate IRE as well as other tumor therapies.



Engineered Platforms for the Development of Electroporation-based Tumor

Therapies

Elisa M. Wasson

(GENERAL AUDIENCE ABSTRACT)

Cancer is a complex and dynamic disease. Heterogeneity exists at the single cell, tumor, and patient

levels making it difficult to establish a unified target for therapy. Standard therapies such as surgery,

radiation, and chemotherapy often fail for this reason, therefore superior therapies must be devel-

oped. Electroporation-based therapies offer an alternative to standard treatments, utilizing pulsed

electric fields to permeabilize cell membranes to either enhance drug delivery (electrochemother-

apy) or induce cancer cell death (irreversible electroporation). Electroporation treatments show

promise in the clinic, however, are limited in the size of tumors that they can safely treat without

increasing the applied voltage to an extent that induces thermal damage or muscle contractions in

patients. A method to increase ablation size safely is needed. To make this advancement and to

advance other cancer treatments as well, better tumor models are needed. Many of the same chal-

lenges in treating cancer serve as challenges in creating physiologically relevant tumor models. In

this dissertation, I have developed a simplified platform to test whether using a calcium additive

with irreversible electroporation therapies enhances ablation size. My results demonstrate that by

using a calcium additive with irreversible electroporation treatment, ablation size can be increased

without using a higher applied voltage. In addition, the biological pathways responsible for cell

death in irreversible electroporation treatment with and without calcium were studied. Finally, I

have successfully encapsulated cells in fibrin microgels that can be used to create better tumor

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

Introduction

1.1 The complexity of cancer

Robert Weinberg was the �rst to describe the "Hallmarks of Cancer" [1], a set of six traits that all

cancer cells possess: self-suf�ciency in growth signals, insensitivity to anti-growth signals, evasion

of apoptosis, limitless replication, sustained angiogenesis, and invasion and metastasis. Despite

being summarized by six traits, cancer is complex and heterogeneous at the single cell [2, 3],

tumor [4], and patient levels. Through clonal evolution and genomic instability, subpopulations

of cancer cells that are genetically distinct, called subclones, are formed [5]. This heterogeneity

makes it dif�cult to establish a uni�ed target to design effective treatments [6] and may also lead

to therapy resistance [7].

In addition to evolution of the tumor cells themselves, the surrounding tissue also evolves, creating

selective pressures that further drive heterogeneity and therapy resistance. The tissue surrounding

tumors contain many different stromal cells such as �broblasts, macrophages, and other immune

cells [8]. These cells can be induced by cancer cells to secrete growth factors that promote tumor

growth. Stromal cells often co-evolve with cancer cells as tumor progression takes place [1],

diverging from their healthy phenotype. As these supporting cells diverge, the extracellular matrix
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(ECM) proteins (�bronectin, collagen, laminin) as well as proteases that break down ECM, also

change, and the ECM itself becomes dysregulated [8]. Changes in the ECM have been associated

with different clinical outcomes in breast cancer [9].

As cancer cells proliferate, a high pressure develops inside the tumor causing blood and lymphatic

vessels to become compressed, increasing interstitial pressure [10], and therefore making transport

of nutrients and drugs to the tumor dif�cult. Due to the lack of transport, the cores of tumors

are often hypoxic. It is known that hypoxia leads to radiation resistance since radiation therapy

requires the production of reactive oxygen species to damage cancer cell DNA [11, 12]. For tumors

to continue to grow, they must acquire angiogenic ability. Oftentimes the vessels that do develop

are tortuous and leaky [13, 14] further complicating delivery of chemotherapeutics. These high

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

Animal models are costly and do not always adequately represent human tumor physiology, there-

fore betterin vitro models are needed to test new therapeutics as they are being developed. Many

of the same challenges in treating cancer, serve as challenges when building thesein vitro models.

Multiple cell types and ECM materials must be incorporated as well as a range of mechanical and

chemical gradients that are key in driving tumor progression. Therefore, there is a complementary

need to develop both superior cancer therapies, that overcome limitations of standard treatments,

and tissue engineering technologies that can be utilized to recapitulate the heterogeneity foundin

vivowithin in vitro tumor models.

1.2 Electroporation-based tumor therapies

Electroporation-based tumor therapies are an alternative to standard cancer treatments. Electropo-

ration utilizes pulsed electric �elds (PEFs) with high magnitudes (0.4-100 kV/cm), short durations

(0.1-100ms) and both low (1 Hz) to high frequencies (1 MHz) to destabilize cellular membranes.

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

When a cell is at rest, the cell membrane serves as a barrier to protect the inner contents of the

cell from the outside environment and maintain the distribution of ions and molecules needed for

homeostasis. The varying concentration of these charged molecules gives rise to the potential

difference (� -70 mV) across the membrane known as the transmembrane potential (TMP). Under

the in�uence of an externally applied electric �eld, the cell's TMP will increase (0.25-1V) and

lower the energy needed for small, hydrophobic pores that form naturally in the lipid bilayer due to

thermal �uctuations, to transition to hydrophilic pores [16, 17]. This electrically induced poration

allows otherwise impermeable ions and molecules to enter the cell, leading to a loss of homeostasis

[18].

Electroporation treatments are typically described by the pulse parameters that are applied. Am-

plitude, pulse width, inter-pulse delay, polarity (monopolar or bipolar), and the number of pulses,

or sets of pulses (bursts) that are applied can be tuned to elicit different cellular responses (Figure

1.1).

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

When the applied electric �eld is below a certain energy threshold and the TMP reaches� 500 mV,

the pores that form in the membrane may reseal over time and the cell is able to recover [16, 19].

The cells are then said to experience reversible electroporation (RE). Taking advantage of the fact

that cell membrane permeability is increased and greater molecular transport into the cytoplasm
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achieved, reversible electroporation has commonly been used in gene transfection [20, 21], BBB

disruption [22] and drug delivery [23]. Conversely, when the applied �eld exceeds a critical energy

threshold and the TMP reaches a critical value (� 1 mV), the pores undergo a spontaneous increase

in size and the cell is unable to recover, experiencing what is termed irreversible electroporation

(IRE).

Electrochemotherapy (ECT) utilizes reversible electroporation to enhance transport of cell imper-

meable drugs, such as the chemotherapeutic drug bleomycin, into cancer cells [24, 25, 23, 26]

increasing cytotoxicity by 700 fold in a preclinical study [24]. ECT treatment typically consists

of delivering 8, 100ms pulses at either 1 or 5000 Hz using a commercially available unit called

the Cliniporator® [27]. Appropriate voltages are chosen based on tumor size and tissue type.

Treatments for cutaneous and subcutaneous tumors are delivered using parallel plate electrodes

while percutaneous tumors are treated using needle electrodes. Chemotherapy drugs can either

be injected directly into the tumor or delivered intravenously depending on tumor placement, and

results in similar response of nearly 60-70% complete remission of tumors < 3 cm after one treat-

ment [28, 29]. ECT is used clinically in the UK to treat melanoma [30], Kaposi's sarcoma [31], as

well as basal and squamous cell carcinoma [32, 33]. In addition, ECT has been used to treat breast

cancer metastases to the chest wall [34] as well as brain cancer [35, 36, 37], and is currently under

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

Recently, it has been shown that replacing bleomycin with calcium chloride during ECT treatments

results in similar levels of cell death without the added toxicity of bleomycin, therefore potentially

reducing side effects in patients [41, 42, 43] and promoting long-lasting immunity [44]. Since

calcium is present at low concentrations inside of the cell, electroporating cells in the presence of

calcium results in a �ooding of the cell with calcium. It is hypothesized that this in�ux causes the

cell to go into overdrive to regain homeostasis, depleting the cell of its energy (ATP), leading to

cell death. [18, 41]. However, there are alternative pathways that have yet to be explored such as

the effect calcium has on the production of reactive oxygen species (ROS) and lipases as well as

the opening of the mitochondrial permeability transition pore.
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IRE was �rst proposed as a tumor ablation therapy in 2005 [45]. Initially thought as an upper limit

to reversible electroporation treatments, it became apparent that IRE can be used to kill tumor cells

without the use of electrochemotherapy drugs [46, 47]. Treatments consist of delivering electrical

pulses through needle electrodes that are inserted into the bulk tumor. The tumors are then pulsed

with 80-100, monopolar, square wave pulses that are 100ms long and delivered at a frequency of 1

Hz using a commercially available unit called the Nanoknife®. Since electrical pulses are delivered

at short duration and low frequencies, there is minimal heating of tissue during treatment ensuring

ablation with minimal thermal damage [48, 49, 50], unlike other ablation modalities such as radio-

frequency or microwave ablation. Several preclinical studiesin vitro and on animal patients have

shown that IRE treatment results in a sharp delineation between treated and untreated tissue with

submillimeter resolution [51, 52, 53], and sparing of critical structures such as vasculature [53, 54],

extracellular matrix [54], and nerves [55]. IRE was FDA approved for ablation of soft tissues in

2007 and has since been used in more than 5,500 patients worldwide. IRE is currently being used in

the U.S. for the treatment of pancreatic [56, 57, 58, 59] and liver [60] cancer in several pilot studies

and clinical trials. Recently, it was shown that after IRE treatment, tissue surrounding the ablated

tumor, experienced a decrease in expression of genes related to hypoxia (hypoxia-inducible factor

1-alpha) and increased stiffness of tumors (lysyl-oxidase) [61]. In addition, there was a transient

increase in microvessel density in the tissue surrounding the treated tumor, resulting in an increase

in permeability to FITC-conjugated dextran. This study demonstrated that IRE can overcome some

of the obstacles that lead to treatment failure using radiation and chemotherapy discussed in section

1.1 as well as enhance the ef�cacy of novel therapies such as immunotherapy.

Despite the promising outcomes of IRE treatment, there are several limitations such as muscle

contractions [60, 62], ablation of both healthy and malignant cells [63], as well as dependence

on cell size and tissue geometry making it dif�cult to predict lesion size in heterogenous tissue.

To address these limitations a second-generation IRE treatment was created. High-frequency irre-

versible electroporation (H-FIRE) is an emerging electroporation treatment that uses bipolar pulses

with 1-10ms durations delivered in a series of bursts. These bipolar pulses are delivered at higher
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frequencies (kHz to MHz) and have been shown to reduce muscle contractions [64], target ma-

lignant over healthy cells [65, 66], promote systemic anti-tumor immunity [67], as well as lower

the dependence of treatment outcome on cell size and tissue geometry [68, 69]. However, re-

ducing pulse duration in H-FIRE treatment leads to a reduction in treatment volume compared

to traditional IRE. This necessitates the use of much larger applied voltages to generate ablations

comparable in size. Higher voltages may increase thermal damage and the likelihood of inducing

muscle contractions [70, 71, 72], therefore negating some of the bene�ts that H-FIRE treatment

has over traditional IRE.

The last class of pulsed electric �elds that have been used to ablate cancer cells is called nanosecond

pulsed electric �elds or nsPEFs [73, 74, 75]. This treatment uses ultra short pulse widths (60-300

ns) and ultra high applied electric �elds (� 100 kV/cm). It is hypothesized that as pulse widths

become much shorter than the plasma membrane charging time and the frequency of the applied

electric �eld increases, the cell membrane conducts more of the high-frequency components of

the applied �eld, allowing the �eld to reach intracellular organelles [76] and induce apoptosis

[77, 78]. While there is experimental evidence that shows nsPEFs can cause intracellular calcium

bursts [79, 80], the hypothesis is based on idealized computational models and no direct evidence

of intracellular electroporation is currently available. nsPEFS have recently been used to treat

basal cell carcinoma in a clinical trial where 7 out of 10 tumors were completely ablated, 2 were

partially ablated and 1 recurred within ten weeks [81]. Although promising, nsPEF treatment

requires expensive and complex waveform generator designs to produce ultra short and ultra high

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

Although it is generally thought that IRE causes a permanent loss of homeostasis, the exact mecha-

nism of cell death is still being explored. It is largely thought that longer pulse widths such as those

used in ECT and IRE result in necrosis of the cell while nsPEFs result in apoptosis, however there

are con�icting reports in the literature [82, 83, 84]. Determining the different cell death pathways

presents a challenge since there are multiple subroutines of cell death signaling within each mech-

anism and many overlap [85]. Adding to the complexity, cells that are located near the electrodes
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will experience a higher electric �eld magnitude than cells further away, therefore it is believed

that there may be four "zones" of electroporation: 1) small zone of cell death caused by thermal

damage (Joule heating) near the electrodes, 2) medium sized zone of necrotic tissue in which cells

are electroporated, lose homeostasis and are unable to recover, 3) large zone of apoptotic cell death

in which defects in the membrane close, but cells are unable to recover, and 4) reversibly electropo-

rated cells that recover and survive [18]. Despite the challenge, more fundamental research needs

to be done to determine the biological effect electroporation treatments have on cells in treated

tissues, speci�cally, uncovering the signaling pathways responsible for cell death.

Another avenue of improvement that needs to be explored in electroporation treatment is creat-

ing betterin vitro models. A number of parameters outside of the applied pulse parameters can

in�uence electroporation treatment outcomes such as cell size [86, 87], morphology [88, 89, 90],

orientation to the electric �eld, and lipid composition [91, 92]. Therefore, care must be taken when

selecting the method of cell culture forin vitro experiments. Manyin vitro studies rely on testing

electroporation treatments on cells cultured as a monolayer or in suspension, therefore, there is

a need to develop and utilize simple platforms that mimic thein vivo treatment environment to

advance electroporation treatments.

1.3 Motivation and aims

Even though ECT and IRE treatments have shown promise in ablating tumors in the clinic, they

have only done so successfully in tumors that are < 4cm in diameter. To increase ablation sizein

vivo, either a higher voltage, higher number of pulses, or longer pulse width needs to be used. This

results in enhanced joule heating effects which can lead to thermal damage of vital structures such

as nerves and blood vessels. In addition, increasing the pulse parameters listed above can exac-

erbate muscle contractions and nerve stimulation which can hinder treatment success and patient

recovery. Therefore, a method is needed to safely increase ablation size.
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Furthermore, manyin vitro studies rely on testing electroporation treatments on cells cultured as

a monolayer or in suspension. It is well known that cell size, morphology, and membrane lipid

composition affect the outcomes of treatment. Therefore, there is a need to develop and utilize

simple platforms that mimic the 3D,in vivo treatment environment to advance electroporation

treatments.The overall objective of this dissertation is to develop and utilize simple 3D, in vitro

platforms to help accelerate the understanding and development of electroporation-based tumor

therapies.These platforms will serve as a tool to advance and improve IRE treatment by studying

the enhanced effect adjuvant calcium has on IRE ablations. Additionally, I have developed a tissue

engineering technique that may enable the creation of more physiologically relevant and complex

3D in vitro andex-vivoplatforms to investigate IRE as well as other tumor therapies. The following

work is subdivided into three aims.

Aim 1: A simpli�ed tumor platform to study the enhanced susceptibility of glioblastoma

cells to irreversible electroporation using a calcium adjuvant. I hypothesize that combining

IRE treatment with adjuvant calcium will extend treatment margins without the need for additional

applied energy, therefore enhancing the safety and ef�cacy of IRE treatment.This hypothesis is

motivated by the fact that in a typical IRE treatment, there exists four zones of ablation: 1) thermal

damage next to electrodes, 2) irreversibly electroporated zone where cells are lysed and die, 3)

irreversibly electroporated zone where cells reseal, but are unable to recover from a loss of home-

ostasis, and 4) reversibly electroporated zone where cells survive. Calcium IRE treatment, through

an in�ux of calcium, will induce cell death in region four, therefore extending the lesion margin.

A collagen type I scaffold was used to investigate lesion size in response to calcium IRE treat-

mentin vitro. Two levels of calcium (1mM and 5mM) were tested to determine dose dependence

of the treatment. IRE and ECT pulse parameters were used to compare the effectiveness of both

treatments. A custom algorithm was developed in MATLAB to quantify lesion area, reducing bias

in measurements made by hand. In addition, a �nite element simulation was developed to predict

treatment volumes in brain tissue. The engineered platform developed in this chapter, allows quan-

ti�cation of lesion size and the electric �eld threshold of cell death in response to various calcium
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concentrations and pulse parameters.

Aim 2: Understanding the role of calcium-mediated cell death in high-frequency irreversible

electroporation. I hypothesize that using adjuvant calcium in combination with H-FIRE will

enhance lesion size in vitro.Since a typical H-FIRE treatment consists of bipolar pulses that

are 1-10ms in duration, the TMP of the cell does not reach the critical threshold that leads to

IRE (� 1V) unless a larger voltage is applied. Increasing the applied voltage, in turn, leads to an

increase in joule heating effects which can cause thermal damage of treated tissue. I investigated

my hypothesis using the same platform that was developed in Aim 1. Collagen scaffolds were

seeded with cancer cells and treated using H-FIRE waveforms with decreasing pulse widths (10,

5, 2, and 1ms) in combination with calcium to investigate whether there is a transition towards

calcium dependence for cell death. Both reversible and irreversible electroporation thresholds were

quanti�ed by measuring lesion area and calculating the corresponding electric �eld magnitude.

Thresholds were compared to previously tested calcium IRE treatments to elucidate differences in

cell death response to extracellular calcium. Finally, gene expression analysis was used to uncover

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

Aim 3: Development of �brin microgels for single cell analysis and tissue engineering ap-

plications. Droplet micro�uidics has enabled creation of micron scale hydrogels (microgels) for

single cell analysis, long-term cell culture, and tissue engineering applications. To my knowledge,

�brin microgels have not been fabricated using micro�uidics previously. Fibrin has been shown to

be an excellent biomaterial due to its permissive nature and degradability.Therefore, I hypothesize

that the ability to fabricate �brin microgels in a tunable, controlled, and high-throughput fashion

may enable their use for a wide range of single cell analysis studies as well as tissue engineering

applications.A �ow focusing micro�uidic device was used to encapsulate mammary gland can-

cer and endothelial cells in �brin microgels. The ef�ciency of cell encapsulation was quanti�ed

and compared to the expected Poisson distribution. Viability of cells was assessed 3 days after

encapsulation and a double emulsion �ow-focusing device was designed and tested to keep �brin

microgels dispersed in media to enable long-term cell culture. Microgels of different materials
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were created to demonstrate the versatility of this technology. Finally, �brin microstructure was

modulated using transglutaminase to control �brin degradation in the presence of cancer cells.

Fibrin microgels may enable testing of different concentrations of drugs, calcium, or microenvi-

ronments in combination with electroporation while providing a 3D environment. This technique

may also allow creation of multi-material tissue models, therefore enablingin vitro andex-vivo

recapitulation of tumor heterogeneity foundin vivo.

1.4 Outline

This dissertation is organized into six chapters. Chapter 1 has discussed how the obstacles to

treating cancer also serve as obstacles in creating physiologically relevantin vitro and ex-vivo

tumor models. A brief overview of the current state of electroporation treatments as an alternative

to standard treatments is given, followed by outlining some limitations to IRE treatments. Finally,

the aims of this project and goals to enhance both the ef�cacy of IRE treatments as well as the

platforms used to test these therapies, are discussed.

Chapter 2 provides a review of the relevant theory of electroporation at the single cell and tissue

levels. The theory describing the rise in TMP of a cell during treatment as well as pore formation

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

Chapter 3 describes the outcomes of Aim 1 and provides rationale for using adjuvant calcium with

IRE treatment to enhance ablation size. A simpli�ed tumor platform consisting of a collagen type I

scaffold was utilized to allow cells to experience a 3D environment and assume a natural morphol-

ogy prior to treatment. The platform also allows visualization and quanti�cation of ablation area.

A custom algorith was developed in MATLAB to automate measurement of ablation area. A �nite

element model was used to simulate the treatment bothin vitro andin vivoto determine the electric

�eld thresholds that result in cell death. These �ndings, combined with numerical modeling, make

a strong case for using adjuvant calcium to increase electroporation ablations.
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Chapter 4 extends the results found in the previous chapter to H-FIRE treatment. 1 mM and 5 mM

CaCl2 were tested in combination with H-FIRE treatments of varying pulse widths (1, 2, 5, and 10

ms). Both reversible and irreversible ablation areas and electric �eld thresholds were quanti�ed for

calcium and no calcium conditions. Additional mechanistic studies identi�ed signaling pathways

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

Chapter 5 explores the development of �brin microgels for single cell analysis and tissue engi-

neering applications. Mouse mammary gland cancer and human brain endothelial cells were suc-

cessfully encapsulated in �brin microgels using a �ow-focusing micro�uidic device. Cell viability

was quanti�ed 3 days post encapsulation. A water-oil-water double emulsion was designed and

tested to prevent �brin microgels from clumping in cell culture media. Microgel microstructure

was modulated using transglutaminase and microstructure effects on �brin degrdation were stud-

ied. Microgels were also fabricated using Matrigel and a �brin-alginate blend, demonstrating their

versatility. To our knowledge, �brin microgels have not been fabricated using micro�uidics previ-

ously. In this chapter, we discuss how microgels can be utilized to incorporate heterogeneity forin

vitro or ex-vivotumor models.

Chapter 6 concludes this work with a summary of our present �ndings and discusses the future

implications of both calcium IRE and the use of microgels for tissue engineering applications.

Avenues for future work and potential challenges are discussed.

11



Chapter 2

Theory of electroporation

2.1 Electromagnetics

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

and curl of the electric �eldE and magnetic �eldB as shown below.

Ñ � E =
1
e0

r (Gauss's Law) (2.1)

Ñ � B = 0 (no name) (2.2)

Ñ � E = �
¶B
¶t

(Faraday's Law) (2.3)

Ñ � B = m0J+ m0e0
¶E
¶t

(Maxwell-Ampère's Law) (2.4)

whereE is the electric �eld,e0 is the permittivity of free space,r is the charge density,J is the

current density,B is the magnetic �eld, andm0 is the permeability of free space. Gauss's Law

says that the electric �ux through an enclosed surface is equal to the charge that is enclosed by

that surface. Using the divergence theorem, we can rewrite the integral form of Gauss's Law in
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differential form for any volume as shown in equation 2.1. The second equation (2.2) states that

the divergence of the magnetic �eld is zero. Faraday's Law (2.3) states that a changing magnetic

�eld induces an electric �eld. Likewise, from Maxwell-Ampère's Law (2.4), a changing electric

�eld may induce a magnetic �eld.

While the current form of Maxwell's equations are correct, most materials are subject to electrical

and magnetic polarization and contain bound charges and currents. We can rewrite Maxwell's

equations in terms of the free charges, which we have direct control over since they are not inherent

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

D = eE (2.5)

J = s E (2.6)

H =
1
m

B (2.7)

whereD is the electric displacement,e is the permittivity of the material (e = e0(1+ ce)), m is

the permeability of the material (m= m0(1+ cm)) , andH is the magnetic �eld expressed in terms

of the free current of the system. Here,ce is the electric susceptibility andcm is the magnetic

susceptibility. In a vacuum, there is no matter to magnetize or polarize and therefore the mate-

rial's permeability (m) becomes the permeability of free space (m0) and the relative permittivity or

dieletric constant (e) becomes the permittivity of free space (e0). Incorporating these changes into

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

Ñ � D = r f (2.8)

Ñ � H = J f +
¶D
¶t

(2.9)

It is possible to calculate the wavelength and the skin depth of an electromagnetic wave. The skin
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depth is the distance a wave must travel before it decays by a factor of 1=e. Since these distances

are much larger than the diameter of a single cell (� 10 mm), we can apply the quasi-electrostatic

approximation, which assumes that the magnetic �eld changes slowly in time and that the electric

�eld is irrotational (Ñ� E = 0). Since the curl of a gradient is always zero, we can therefore deduce

that the electric �eld must be the gradient of some vector. It indeed is de�ned as the gradient of the

electric potential (f ).

E = � Ñf (2.10)

We can next take the divergence of (2.4) and substitute (2.10) as well as the constitutive relations

for dielectric materials once again, resulting in the following equation for the quasi-electrostatic

case.

0 = Ñ� (s Ñf )+ eÑ�
¶(Ñf )

¶t
(2.11)

For standard IRE treatments, the pulse duration (100ms) is much longer than the plasma membrane

charging time (� 1ms), therefore we can assume a steady-state condition and the above equation

reduces to Laplace's equation.

0 = Ñ� (s Ñf ) (2.12)

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

separation of variables.
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2.2 Electroporation on a cellular level

2.2.1 Transmembrane potential development

Figure 2.1: Geometric and electrical properties used to solve for the TMP in response to a
homogenous electric �eld (E) for a spherical cell. The polar angle measured with respect to
the direction of the applied �eld is denoted asq. Heresc, se, andsm are the conductivities of
the cytoplasm, extracellular medium and membrane. The membrane capacitance is de�ned asCm.
Membrane thickness is denoted asd and radius of the cellR. (Adapted from Kotnik et al. 1997
[93].

Equation 2.12 can be solved analytically to obtain the voltage drop across the plasma membrane

for a spherical cell exposed to an otherwise homogeneous electric �eld (far from electrical sources)

E with no surface charge and constant conductivity (Figure 2.1). In this case, our system is com-

prised of three domains: the inside of the cell (cytoplasm), the cell membrane, and outside of the

cell (extracellular medium). The plasma membrane has a thickness,d, and the radius of the cell to

the inner boundary of the membrane isR. The conductivities of the cytosol, membrane, and ex-

tracellular medium are given assc, sm, andse. We assume azimuthal symmmetry which reduces

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

solution:

f (r;q) = Air +
Bi

r2 (cosq) (2.13)
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whereAi andBi are arbitrary constants that can be determined by solving for the particular solution

in each domain,r is the distance from the origin (center of the cell), andq is the angle between

the electric �eld and a chosen point on the cell membrane. We can now solve for the potential

distribution in all domains of the cell.

f c = Acr +
Bc

r2 (cosq) 0 � r � R (2.14)

f m = Amr +
Bm

r2 (cosq) R< r < R+ d (2.15)

f e = Aer +
Be

r2 (cosq) r � R+ d (2.16)

To �nd the particular solution and solve for constantsAi andBi in each domain i, we must apply

continuity of electric potential and continuity of electric current density boundary conditions across

each domain.

f c = f m at r = R (2.17)

f m = f e at r = R+ d (2.18)

sc
¶ f c

¶R
= sm

¶ f m

¶R
at r = R (2.19)

sm
¶ f m

¶R
= se

¶ f e

¶R
at r = R+ d (2.20)

Since we have six unknowns, we need two more equations to fully de�ne the problem. Due to

the form of equation 2.13, we know that atR= 0, Bc must equal zero, otherwise the solution will

approach in�nity. In addition, we know that very far away from the cell (R! ¥ ), the potential will

equal the electric �eld (Ae = � E). To solve for the potential drop across the membrane we need to

determine the potential distribution on both sides of the membrane �rst.

16



Df = f c � f e = Acr � Er �
Be

r2 (cosq) (2.21)

Plugging in the equations forAc andBe and simplifying gives a form of the Schwan equation.

Df m(R;q) = fsERcosq (2.22)

HereE is the electric �eld magnitude andfs is a function representing the geometric and electrical

properties of the cell.

fs =
3se[3dR2sc + ( 3d2R� d3)(sm � sc)]

2R3(sm+ 2se)(sm+ 1
2sc) � 2(R� d)3(se � sm)(sc � sm)

(2.23)

This result provides the steady state TMP on a spherical cell when exposed to a uniform, con-

stant electric �eld magnitude. From equation 2.22 it is clear to see that the TMP across the cell

membrane is linearly dependent on the radius of the cell. As the radius increases, so does the

TMP. In addition, the TMP will be largest at the regions of the cell closest to the anode and cath-

ode (q = 0� ;q = 180� ). Typical values used to solve the model can be found in Kotnik et al.

1997 [93]. Equation 2.22 can be simpli�ed if it is assumed that the membrane is nonconductive

(sc;se � sm) which yields the original Schwan equation.

Df =
3
2

ERcos(q) (2.24)

While 2.24 provides an estimate for the TMP on a cell in the presence of an electric �eld, it has

been shown to underestimate the value offs when compared to experimental results [94]. The

above equations provide an equation for the steady state TMP, however, electroporation treatments

utilize pulsed electric �elds and therefore, the TMP is actually time-dependent. In the case of a

step turn on of the electric �eld, the TMP can be described by the following equation.
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Df m(R;q;t) = fsERcosq[1� e� t=t ] (2.25)

wheret is the time constant of the membrane.

t =
RCm

2sesc
2se+ sc

+ R
dsm

(2.26)

HereCm is the membrane capacitance de�ned as the membrane permittivity divided by the thick-

ness of the membrane (Cm = em=d). Here it is important to consider permittivity because of the

transient nature of the solution.

Figure 2.2: Electric �eld strength needed to induce electroporation as a function of pulse
duration. A) Extracellular medium conductivity close to physiological value (se = 0:2 Sm� 1). B)
Extracellular medium with low conductivity (se = 0:001 Sm� 1). Electroporation was considered
to occur at 250 mV (sc = 0:2 Sm

� 1, sm = 5:0x10� 7 Sm� 1, d = 5 nm,Cm = 0:01 Fm� 2):

Figure 2.2 demonstrates that the electric �eld strength needed to induce electroporation depends

on pulse duration, cell radius, and conductivity of the extracellular medium. For physiological

buffer, the electric �eld strength needed to induce electroporation decreases with increasing cell

radii and stays relatively constant with pulse duration. For a low conductivity buffer however, the

electric �eld strength is similar for all cell radii until pulse duration exceeds� 10 ms. The required

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

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

Equation 2.25 and the results shown in Figure 2.2 only apply for a step turn-on of the electric �eld.

To simulate a series of unipolar rectangular pulses and pulses that take on other shapes, this model

can be expanded to analyze TMP in response to a series of step functions [87]. To do so, equation

2.22 is converted to the frequency domain by taking the Laplace Transform of the forcing function

(E) and multiplying it by the Laplace Transform of equation 2.23. The equation describing the

TMP can now be solved for in the frequency domain as a function of spectral variables (Df m(s)).

By taking the inverse Laplace Transform ofDf m(s), the equation for TMP can then be obtained in

the time domain.

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

While the above mentioned models describe the TMP development on spherical cells, cells grown

in 2D and 3D culture conditions will have a range of sizes and morphologies. Morphology and

size can change depending on the cell type as well as the chemical and mechanical properties of

the substrate the cells reside. Several analytical and numerical models have been developed to
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determine the effect of cell morphology and packing density on TMP development [90, 95, 88,

96]. Kotnik et al., proposed an analytical solution for prolate and oblate spheroidal cells. To

do so, it is necessary for the membrane to have a non-uniform thickness so that the geometry

can be described in spheroidal coordinates. This assumption then requires that the membrane

is nonconductive (sm = 0), meaning that the cytoplasm is perfectly shielded and has a constant

potential and therefore, the TMP solely depends on the shape of the object. Figure 2.3 shows that

the maximum TMP only occupies a small percentage of the membrane for a prolate spheroidal

cell, whereas for an oblate spheroidal cell, the max TMP occupies a majority of the membrane.

For prolate and oblate spheroidal cells, the TMP will also depend on their orientation in the electric

�eld [95, 97]. If a prolate spheroidal cell is oriented perpendicular to the �eld, it will experience a

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

To determine the TMP on a realistic cell morphology, numerical modeling must be used. Pucihar

et al., modeled the TMP of adhered Chinese hamster ovary (CHO) cells using the �nite element

method [96]. The cells were stained with �uorescent dye to highlight the cell's membrane and

a series of images were taken in steps of 1mm from the the bottom to the top of the cell. A

3D reconstruction was made in MATLAB and subsequently imported into FEMLAB for the �nite

element analysis. To avoid having to model a membrane of �nite thickness which would be dif�cult

to mesh in this case, a speci�c surface conductivity was assigned to the boundary between the

interior and exterior of the cell. Since the conductivities of the extracellular medium and cytoplasm

are much larger than the membrane, this approach is valid. By comparing the numerical model

results for two CHO cells in close proximity to the analytical solution for two hemiellipsoids, it

was found that the solutions differ by 10-30%. It was also found that the cells act to electrically

shield each other. This effect was further modeled by Murovec et al., by calculating the TMP on

a monolayer of brain endothelial cells using the �nite element method [90]. It was found that an

isolated cell had a larger TMP than a cell that was packed in with other cells. Additionally, the

Schwan equation overestimated the TMP of the packed cell, more closely resembling that of the

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

2.2.2 Pore formation dynamics

Most of the cell's structure is determined by the plasma membrane. The cell plasma membrane is

composed of amphiphilic phospholipids that contain a hydrophilic head group and two hydropho-

bic tails. Because of their amphiphilic nature, they spontaneously form bilayers in aqueous en-

vironments which minimize the energy of the system. The bilayer structure serves to maintain

homeostasis of the cell and facilitate transport of essential nutrients and molecules necessary for

cell function. Nanoscale pores are regularly formed in the bilayer due to thermal �uctuations of

the membrane. These nanopores create a free edge with water forming a hydrophobic pore. Once

these hydrophobic pores reach a critical size (r� ), the lipid bilayer spontaneously rearranges so that

the hydrophilic head groups line the pore to create an energetically favorable state (Figure 2.4 A).

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

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

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

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

u(r) = E�

�
r
r�

� 2

� pr2apV2 (2.27)

w(r) = 2pgr � pdr2 � pr2apV2 (2.28)

In the �rst term of equation (2.27),r� is the critical radius at which a pore transitions from hy-

drophobic to hydrophilic, and E� is the energy at which this transition occurs. The second term

introduces the transmembrane potentialV and represents the electrical energy that motivates the

transition from hydrophobic to hydrophilic whereap is the pore speci�c capacitance and intro-

duces the permittivity of the cell membrane (em) and surrounding medium (ew) and the membrane

thickness (h).

ap =
(ew � em)e0

2h
(2.29)

In equation (2.28) the �rst term represents the pore edge energy (g) and the second term is the

membrane surface tension (d). The constants used for these simulations are described in their

respective references [98, 16]. Figure 2.4 B describes this process. For a hydrophobic pore to

transition to a hydrophilic pore it must exceed a certain critical radiusr� . The minimum energy

required for this transition is denoted asE� . Beyond this radius, the pore can reach a metastable

state (Em,rm). The expansion of a hydrophilic pore is very dif�cult in the absence of an elevated

transmembrane potential (Ed,rd). An increase in transmembrane potential decreases this required

energy.

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

to an applied transmembrane potential providing a way to predict pore formation in response to
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different applied electric �elds [99]. In addition, molecular dynamics models have also been de-

veloped to describe the mechanism of electroporation and pore formation [100]. Once pores form

in the membrane, transport of molecules into and out of the cell occurs, therefore disturbing the

homeostasis of the cell. Based on the pulse parameters applied, the number of pores, their distri-

bution, as well as their size can change. The larger the TMP, the more pores form and the more

likely they are to merge together to form larger pores. These pores can reseal over time (reversible

electroporation) or damage the cell beyond repair (irreversible electroporation). In addition to

in�uencing pore formation, it has recently been shown that electroporation-based treatments can

in�uence voltage gated ion channels and other structures in the membrane that in�uence molecular

and ion transport [101].

Although it is generally thought that IRE causes a permanent loss of homeostasis, the exact mech-

anism of cell death in response to pore formation and transport is still largely unknown and data is

con�icting in the literature. More fundamental research needs to be done to determine the biolog-

ical effect electroporation treatments have on cells in treated tissues, speci�cally, uncovering the

signaling pathways responsible for cell death.

2.3 Electroporation on a tissue level

At the tissue level, electroporation is typically delivered using two stainless-steel needle electrodes

that are inserted into the tumor. One electrode is set to a speci�ed voltage while the other serves as

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

When delivering ECT, IRE and H-FIRE treatments in vivo for ablating cancerous tissues, math-

ematical modeling is often used to determine the pulse parameters needed to ablate the tumor

while sparing healthy structures. Speci�cally, �nite element modeling provides a powerful tool in

predicting treatment margins and cell death regions for various treatment conditions. Treatment

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

tissue. It is then segmented to isolate white matter, gray matter, critical structures such as blood

vessels and nerves, and tumor tissue. These components are then imported into a software ca-

pable of rendering a 3D reconstruction such as OsiriX. The 3D reconstruction is then processed

(holes from segmentation are �lled and sharp edges smoothed) and meshed using software such

as Gmsh prior to �nite element analysis. Once meshed, the 3D geometry is imported into COM-

SOL Multiphysics (Stockholm, Sweden) and the necessary physics and material properties are

applied. Simulating treatment conditions allows researchers to map the electric �eld distribution

prior to actual treatment. Ablation volumes can be predicted using known electric �eld threshold

values taken from previous data or in vitro experiments. This data is then used to optimize pulse

parameters.

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

several things to consider. First, the tissue is treated as a bulk material and microscopic features are
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not considered. Second, unlike the assumption made for a single cell model, tissue conductivity

does not remain constant during treatment. The conductivity of tissue increases nonlinearly as it

is electroporated, therefore in�uencing the electric �eld distribution [102, 103, 104]. This change

is more dramaticin vivo than when cells are treatedin vitro since the ratio of cell volume to extra-

cellular �uid volume [105] is large. As cells become electroporated, the impedance of the tissue

decreases, allowing current to travel through the tissue more easily. This increase in conductivity

is dependent on the electric �eld distribution since the electric �eld strength dictates the extent that

the tissue is electroporated. Microscopically, the electric �eld as well as parameters such as cell

size, shape and interaction affect the transmembrane potential and therefore pore density and size

in the cell membrane during electroporation. Some cells will be electroporated before others due

to the parameters mentioned above, therefore a sigmoid function is used to model this nonlinear

change in conductivity. As some regions of the tissue become permeabilized, the local conductivity

in this region increases and regions that have not been electroporated will remain at lower conduc-

tivities. The conductivity therefore becomes heterogenous and the electric �eld intensity the tissue

experiences will vary locally. The sigmoid curve used to describe changes in conductivity is shown

below [103].

s (E) =
s1 � s0

1+ De� E� A
B

+ s0 (2.30)

Heres1 is the maximal conductivity of permeabilized tissue,s0 is the baseline conductivity of

the tissue, and D is a sigmoid function parameter. VariablesA andB depend on the irreversible

threshold (E1) and reversible threshold (E0) and are de�ned as follows where C is another sigmoid

function parameter.
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A =
E0 + E1

2
(2.31)

B =
E1 � E0

C
(2.32)

These values are based upon the reversible and irreversible electroporation thresholds for brain

tissue taken from experimental data in the literature. Conductivity increases by a factor of three

for other organs during electroporation therefore we used this as our maximum conductivity value

[103]. Joule heating in the tissue also plays a role and acts as a volumetric heat source, inducing

an additional increase in conductivity. Therefore, an additional linear heating term is used when

modeling thermal effects.

s (T) = s0(1+ a (T(t) � T0)) (2.33)

Here a , is the coef�cient that describes how conductivity changes with temperature (3.2%/°C)

[106] andT0 is the initial temperature of the tissue (37°C).

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

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

r cp
¶T
¶t

= Ñ � (kÑT) � wbcbr b(T � Ta) + q000+ s jÑf j2 �
d
t

(2.34)

Herer andcp are the density and speci�c heat of brain tissue respectively,k is thermal conduc-

tivity of brain tissue,wb is the blood perfusion rate,cb andr b are the speci�c heat and density

of blood,Ta is the arterial temperature (37°C),q
000

is the metabolic heat generation,s is electrical

conductivity of the brain, andf is electrical potential. Instead of iterating over each pulse which

is computationally expensive, the total resistive heating that occurs with a treatment is determined

using a duty cycle approach. This allows us to reduce computation time while still accounting for
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Figure 2.6: A sigmoid function is used to model the dynamic conductivity change in tissue
during electroporation treatments. Conductivity increases have been measured to be� 3x the
baseline value for IRE treatment. Here baseline conductivity is 0.285 Sm� 1 and �nal conductivity
is 0.85 Sm� 1.

the heat generated during the total “on time” of the treatment. Hered is the pulse duration andt is

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

In these models, we are largely ignoring the anisotropy of the brain and assuming a homogenous

tissue. In the body, this is not always the case since the brain is composed of both gray and white

matter. The gray matter of the brain is mostly comprised of neurons while the white matter contains

myelinated axons. These axons help to distribute action potential in the brain and aid in relaying

signals, but they also introduce anisotropic tissue conductivities. GBM tumors are typically located

in the cortex of the brain which is the outermost layer comprised mostly of gray matter. Although

tumors are mostly located in gray matter, therefore validating our homogenous assumption, it has

been shown that the anisotropic conductivity can in�uence electric �eld distribution in the brain

[110]. Therefore, in future studies it will be necessary to include this in our models simulating

IRE and ECT treatments. In addition, although conductivity changes in response to IRE have been

characterized for several organs (liver, kidney) they have not been characterized for brain tissue.

The change in conductivity may differ from our proposed model, therefore this also needs to be

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

Material Property Value Reference

Brain Tissue

Thermal conductivity (k) 0.565 W
mK [106]

Speci�c heat capacity (cp) 3680 J
kgC [106]

Density (r ) 1039 kg
m3 [106]

Metabolic heat generation (q
000

) 10437W
m3 [107]

Temperature coef�cient (a ) 0.32C� 1 [106]

Electrical conductivity (s ) 0.285 S
m [106]

Blood Speci�c heat capacity (cp) 3850 J
kgC [107]

Density (r b) 1060 kg
m3 [108]

Perfusion rate (wb) 7.15E-3 [108]

Stainless Steel Electrodes Thermal conductivity (k) 14.9 W
mK [109]

Speci�c heat capacity (cp) 477 J
kgC [109]

Electrical conductivity (s ) 2.22E6 S
m [46]

H-FIRE treatment in tissue is a relatively new therapy and has not yet been extensively charac-

terized. Our research group has begun to carry out these experiments by mesauring conductivity

changes in response to different H-FIRE pulses for ex-vivo porcine liver [69] and rabbit kidney

tissue [111]. The conductivity curves also follow a sigmoid shape and curves have been proposed

for 1-5-1, 2-5-2, 5-2-5 and 10-2-10 pulses. Bhonsle et al. found that the conductivity changes

during H-FIRE treatment are not as drastic as those for IRE treatment [69, 64]. Since current can

travel intracellularly prior to the onset of electroporation, the total change of the impedance of the

tissue will be lower than for IRE treatment [68]. This suggests that H-FIRE treatment may be more

predictable in heterogenous tissues that contain anisotropy. It was shown that modeling a treatment

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

2.4 Conclusion

Here, we have outlined the current biophysical mechanisms and theory underlying the phenomenon

of electroporation. Starting at Maxwell's equations, we arrived at the analytical expression for

the transmembrane potential of a cell in response to a uniform electric �eld. We discussed how

cell size, cell shape, as well as buffer conductivity can in�uence the TMP development. Next,

we discussed the dynamics of pore formation in the plasma membrane in response to an applied

electric �eld. Finally, we discussed the nonlinear conductivity changes that occur in vivo during

electroporation treatments, how they are modeled and how more recent electroporation therapies

may mitigate some of the challenges associated with conductivity changes. These concepts will be

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

A simpli�ed tumor platform to study the enhanced

susceptibility of glioblastoma cells to irreversible

electroporation using a calcium adjuvant

3.1 Abstract

1 Irreversible electroporation (IRE) is a cellular ablation method used to treat a variety of cancers.

IRE works by exposing tissues to pulsed electric �elds which cause cell membrane disruption.

Cells exposed to lower energies become temporarily permeable while greater energy exposure

results in cell death. For IRE to be used safely in the brain, methods are needed to extend the area

of ablation without increasing applied voltage, and thus, thermal damage. We present evidence

that IRE used with adjuvant calcium (5mM CaCl2) results in a nearly two-fold increase in ablation

areain vitro compared to IRE alone. Adjuvant 5 mM CaCl2 induces death in cells reversibly

electroporated by IRE, thereby lowering the electric �eld thresholds required for cell death to

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

1E.M. Wasson, J.W. Ivey, S.S. Verbridge, and R.V. Davalos. The Feasibility of Enhancing Susceptibility of
Glioblastoma Cells to IRE Using a Calcium Adjuvant.Annals of Biomedical Engineering, 45(11):2535–2547, 11
2017.
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cells is con�rmed by electrochemotherapy pulses which also induced cell death with calcium but

not without. These �ndings, combined with our numerical modeling, suggest the ability to ablate

up to 3.2X larger volumes of tissuein vivowhen combining IRE and calcium. The ability to ablate

a larger volume with lowered energies would improve the ef�cacy and safety of IRE therapy.

3.2 Introduction

Grade IV astrocytoma, also known as glioblastoma (GBM), is among the most aggressive can-

cers. Standard therapies such as surgical resection, radiation, and chemotherapy aim to eliminate

the primary tumor in the hopes of alleviating neurological symptoms. Even with state-of-the-art

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

As an alternative to standard treatments, energy-based therapies that utilize electric �elds with high

magnitudes (400-3000 V/cm), short durations (100ms) and low frequencies (� 1Hz) are being used

to induce cell death and enhance drug delivery. These therapies rely on a phenomenon known as

electroporation, which occurs when an applied electric �eld causes the transmembrane potential

of the cell membrane to rise above a threshold limit ( 200-1000 mV). The rise in transmembrane

potential results in the formation of nanoscale defects, allowing otherwise impermeant ions and

molecules to enter. At lower voltages, this permeabilization process may allow for membrane

recovery with removal of the applied �eld (reversible electroporation), while cell death through

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

Irreversible electroporation (IRE) has been shown to treat spontaneous gliomas in canine patients

[114, 115] while sparing blood vessels and extracellular matrix [116]. An IRE treatment consists

of delivering electrical pulses through two needle electrodes that are inserted into the bulk tumor

[46]. Since electrical pulses are delivered at short duration and low frequencies, this causes min-

imal heating of the tissue, thereby ensuring ablation while mitigating thermal damage [49]. IRE

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

for predicting lesion volumes before treatment.

Reversible electroporation can be achieved using lower voltage pulse parameters that cause per-

meabilization of the membrane, allowing molecules to enter the cell, while permitting subsequent

recovery. This technique has been used in gene transfection [107], blood-brain barrier disruption

[22] and drug delivery [23]. Electrochemotherapy (ECT) utilizes reversible electroporation to en-

hance transport of cell impermeant chemotherapy drugs [23], which has shown to be effective in

treating brain tumors [35, 108, 118].

Because ECT uses lower applied electric �eld magnitudes and fewer pulses than IRE [119], and the

extent of electroporation largely depends on pulse duration and number [120], the zone of treatment

is limited. IRE is more versatile, enabling control of the ablation zone in tissue. IRE is effective as

a stand-alone therapy for ablating the primary tumor without the need for chemotherapy drugs, yet

still induces reversible electroporation further away from the electrodes, making cells susceptible

to adjuvant therapies. Neal et al., con�rmed a 2-3X larger zone of cell deathin vitro using IRE

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

Our hypothesis is that IRE ef�cacy may be improved when combined with adjuvant calcium, for

a treatment that is safer than combined treatment with chemotherapeutics. This hypothesis is

motivated by results which demonstrate that ECT pulses used in conjunction with calcium cause

more cell death and a greater decrease in cellular ATP than electroporation alone [41]. Frandsen

et al., hypothesized that this may be due to ATP depletion resulting from calcium ATPase pumps

in the plasma membrane going into overdrive to pump calcium out of the cell, although further

investigation is needed to con�rm this mechanism and rule out others.

The motivation for adjuvant calcium combined with IRE is based on the knowledge that electric

�eld magnitude during an IRE treatment decreases as you travel away from the electrodes. A high

electric �eld magnitude will develop close to the electrodes (irreversible electroporation) and a low

electric �eld magnitude far from the electrodes (reversible electroporation). Cells in the irreversibly
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electroporated zone will die through loss of homeostasis resulting from electroporation, while the

in�ux of calcium will exacerbate cell death in the reversibly electroporated zone. Calcium IRE

may accentuate the treatment margin without applying additional energy. Furthermore, it may

provide an advantage over microwave and radiofrequency ablation since the mechanism is non-

thermal and spares vital structures. Though efforts have been made to extend the margin of energy

based treatments, to our knowledge, we are the �rst to investigate IRE pulses in combination with

calcium.

To test our hypothesis, we cultured glioblastoma cells in 3D collagen scaffolds and tested ECT and

IRE pulses in combination with two concentrations of CaCl2 solution. The electric �eld thresholds

calculated fromin vitro results were then used to inform a numerical model that simulates anin

vivo treatment with the purpose of predicting treatment volumes. These results suggest that using

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

3.3 Materials and Methods

3.3.1 Cell culture

U251 malignant glioma (MG) cells (Sigma Aldrich) were cultured in Dulbecco's Modi�ed Eagle

Medium (Life Technologies) containing 10% fetal bovine serum (Atlanta Biologicals), 1% peni-

cillin/streptomycin (Life Technologies) and 0.1% non-essential amino acids (Life Technologies).

Cells were routinely passaged at 70-90% con�uence and kept in a humidi�ed incubator at 37°C

and 5% CO2. Prior to fabricating the 3D collagen scaffolds, cells were removed from their �ask us-

ing trypsin (Life Technologies) and centrifuged at 120g for �ve minutes. Cells were re-suspended

in fresh medium and added to the collagen solution for a �nal concentration of 1x106cells/mL.
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3.3.2 Collagen scaffold fabrication

3D cell cultures are now recognized as more appropriate tumor models than 2D monolayer cultures

[122]. This technique has been used previously by Arena et al. [117] and Ivey et al. [65] to study

the effects of IRE on different tumor cell lines using similar matrix composition and stiffness.

Concentrated collagen stock solutions (10 mg/mL) were created using rat tail collagen type I as

described previously [123]. While the brain consists of relatively low amounts of �brous proteins,

collagen provides a convenient scaffold material that produces relevant 3D geometry, integrin en-

gagement with surrounding extracellular matrix, and appropriate cell-cell interactions. Collagen

stock solution was mixed with 10X DMEM (10% of total solution volume) and 1N NaOH (2%

of total collagen volume) until homogenous and adjusted to obtain a pH of 7.0-7.4. Cells in me-

dia were mixed into the collagen solutions to produce a �nal collagen concentration of 5 mg/mL.

Collagen was injected into Polydimethylsiloxane (PDMS) wells of controlled geometry (10 mm

diameter, 1 mm height) to ensure uniformity of the electric �eld distribution across experiments.

Injected collagen was molded �at in the PDMS wells and placed in the incubator to polymerize at

37 °C and 5% CO2 for 20 minutes. Fresh media was added to the wells and they were cultured in

the incubator for 24 hours before treatment. The electrical conductivities of the gel-cell mixtures

were measured with a conductivity meter to ensure similar electrical properties. Collagen hydro-

gels without cells had a conductivity of 1.08� 0.06 S/m (n=4). Collagen hydrogels with cells

seeded in the bulk had a conductivity of 1.17� 0.08 S/m (n=4).

3.3.3 Electroporation protocol

Concentrations of 1 mM and 5 mM CaCl2 were used in our study to determine the effect of a range

of CaCl2 concentrations on lesion sizein vitro. These concentrations have shown effect on cell

viability [41]. Media was aspirated from each well and a concentration of 1 mM or 5 mM CaCl2

in HEPES buffer was added for 30 min at room temperature to ensure complete diffusion into

the collagen scaffold. Calcium solutions were then aspirated from each well and scaffolds washed
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with new CaCl2 solution to ensure all cell culture media had been replaced. Fresh calcium solutions

were added immediately prior to pulsing. A control solution of NaCl in HEPES buffer was used,

as it has similar conductivities and osmotic concentrations to the CaCl2 solutions (Table 3.1). All

solutions were within the isotonic range of 260-320 mOsm/L and had pH values between 7.0-

7.2 to better emulate a slightly acidic tumor microenvironment [124, 125, 126]. Sham treatments

were carried out by adding the NaCl and CaCl2 solutions to each well and inserting the electrodes

without pulsing.

Table 3.1: Properties of solutions used in experiment

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

1 mM
CaCl2 0.053� 0.017 276.52� 2.12

NaCl 0.106� 0.026 282.5� 3.53

5 mM
CaCl2 0.078� 0.005 288.0� 9.90

NaCl 0.122� 0.009 290.5� 4.95

Hollow stainless steel, blunt tip needles (Howard Electronic Instruments) with diameters 0.914 mm

(OD) and 0.635 mm (ID) were used as electrodes. A custom-made part housed the electrodes to

ensure uniform spacing (4 mm center-to-center) and placement in each collagen scaffold (Figure

3.2A). IRE pulses were delivered using an ECM 830 pulse generator (Harvard apparatus) and

consisted of eighty 450 V pulses, frequency of 1 Hz and pulse duration of 100ms. ECT pulses

consisted of the same parameters except eight pulses were delivered. After treatment, CaCl2 and

NaCl solutions were removed from each well, replaced with cell culture media and the well plate

was returned to the incubator.

3.3.4 Determining area of cell death in collagen scaffolds

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

suf�cient time to allow transient pores formed in the cell membrane to recover [127] and evaluate
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