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ABSTRACT 

This work investigates the use of irreversible electroporation (IRE) for tissue engineer ing 

applications and as a cancer ablation therapy. IRE uses short, high- intensity electric pulses to 

increase membrane permeability by altering the transmembrane potential of cells. Past a certain 

threshold, damage to the cell becomes too great and it leads to cell death. Characterization of the 

particular thresholds for cell death for various tissue types will aid in the understanding of the 

underlying mechanisms that drive this process as well as encourage adoption of this modality as a 

primary cancer ablation therapy. We evaluated the response to pulsed electric fields (PEFs) by 

different cell types through experimental testing combined with numerical modeling. We show 

that IRE can be used to kill bacterial cells during cellulose deposition thus creating a porous 

scaffold for tissue regeneration. A porous topology is often required of biomaterials for successful 

implantation and integration with the host tissue while allowing oxygen and nutrients to flow 

through it; this would speed up recovery and decrease the chance of an adverse reaction to the 

implanted material. The use of tissue models also plays a key role in the investigation of various 

cancer treatments by providing a controlled milieu which can be manufactured to mimic the tumor 

microenvironment. We use collagen hydrogels to culture various types of cells with a more 

physiologically relevant morphology and evaluate their characteristic threshold for cell death from 

various types of PEFs. The treatment of prostate and pancreatic cancer cells with standard 

monopolar IRE pulses resulted in different time points for full lesion development depending on 

the particular cell type. These results indicate the presence of secondary processes that induce cell 



 
 

death in the periphery of the lesion and cause it to increase in size several hours after treatment. 

The use of high-frequency irreversible electroporation (H-FIRE)—comprised of short bursts of 

high-intensity, bipolar pulses—can give rise to selectivity of treatment whereby cancer cells can 

be ablated while healthy cells remain viable. We show that H-FIRE pulses can target tumor-

initiating cells (TICs) and late-stage, malignant cells over their non-malignant counterparts using 

a syngeneic mouse ovarian surface epithelial model of disease progression. To further explore the 

mechanisms that drive this response and any differences between treatments with IRE and H-

FIRE, we used more complex tumor models by making spheroids and embedding them in collagen 

hydrogels. These provide cell-to-cell contact and cell-to-matrix adhesion by interactions of cells 

with the collagen fibers which more closely mimics the tumor microenvironment. The parameters 

for successful ablation with IRE and H-FIRE treatments can be further optimized with the use of 

these models and the underlying mechanisms driving the response to PEFs at the cellular level can 

be elucidated. 
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GENERAL AUDIENCE ABSTRACT 

This work investigates the use of irreversible electroporation (IRE) for tissue engineer ing 

applications and as a cancer ablation therapy. IRE uses short, high-intensity electric pulses to create 

pores in a cell’s membrane and disrupt its stability. At a certain energy level, damage to the cell 

becomes too great and it leads to cell death. The particular mechanisms that drive this response 

are still not completely understood. Thus, further characterization of this behavior for cell death 

induced by pulsed electric fields (PEFs) will advance the understanding of these types of therapies 

and encourage their use to treat unresectable tumors that can benefit from the non-thermal 

mechanism of action which spares critical blood vessels and nerves in the surrounding area. We 

evaluate the response to PEFs by different cell types through experimental testing combined with 

computer simulations of these treatments. We show that IRE can be used to kill a specific type of 

bacteria that produce cellulose which can be used as an implantable material to repair damaged 

tissues. By killing these bacteria at particular times and locations during their cellulose production, 

we can create conduits in the overall structure of this material for the transport of oxygen and 

nutrients to the cells within the area after implantation. The use of tissue models also plays a key 

role in the investigation of various cancer treatments by providing a controlled environment which 

can mimic the state of cells within a tumor. We use tumor models comprised of a mix of collagen 

and cancer cells to evaluate their response to IRE based on the parameters that induce cell death 

and the time it takes for this process to occur. The treatment of prostate and pancreatic cancer cells 

with standard monopolar (only positive polarity) IRE pulses resulted in different time points for a 



 
 

full lesion (area of cell death) to develop for each cell type. These results indicate the presence of 

secondary processes within a cell that induce further cell death in the border of the lesion and cause 

the lesion to increase in size several hours after treatment. The use of high-frequency irrevers ib le 

electroporation (H-FIRE)—comprised of short bursts of high-intensity, bipolar (both positive and 

negative polarity) pulses—can selectively treat cancer cells while keeping healthy cells in the 

neighboring areas alive. We show that H-FIRE pulses can target tumor-initiating cells (TICs) and 

late-stage, malignant cancer cells over non-malignant cells using a mouse ovarian cancer model 

representative of different stages of disease progression. To further explore the mechanisms that 

drive this difference in response to IRE and H-FIRE, we used more complex tumor models. 

Spheroids are a type of 3D cell culture model characterized by the aggregation of one or more 

types of cells within a single compact structure; when embedded in collagen gels, these provide 

cell-to-cell contact and cell-to-matrix adhesion by interactions of cells with the collagen fibers 

(closely mimicking the tumor microenvironment). The parameters for successful ablation with IRE 

and H-FIRE can be further optimized with the use of these models and the underlying mechanisms 

driving the response to PEFs at the cellular level can be revealed. 
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SUMMARY OF CONTENT 

This document is comprised of 6 chapters. Chapter 1 presents an introduction to the field of 

electroporation, the theoretical background, and some of the applications of the use of pulsed 

electric fields for tissue engineering and as a cancer treatment. The historical review is adapted 

from the work published as: 

A. Rolong, R. V. Davalos, and B. Rubinsky. “History of Electroporation.” Irreversible 

Electroporation in Clinical Practice. Cham, Switzerland: Springer International Publishing, 2018. 

13-37.  

Chapter 2 presents experimental evidence for the use of irreversible electroporation to create pores 

in bacterial cellulose to be used as implantable scaffolds in the treatment of damaged tissues. This 

chapter is an adaptation of the work published as: 

A. Baah-Dwomoh*, A. Rolong*, P. Gatenholm, R. V. Davalos. The feasibility of using 

irreversible electroporation to introduce pores in bacterial cellulose scaffolds for tissue 

engineering. Applied Microbiology and Biotechnology, Vol 99(11), 2015, pp. 4785-4794.     

*Co-first authors.   

Chapter 3 presents an investigation into the characteristic thresholds for cell death from IRE 

treatment of four different pancreatic and prostate cell lines and the variability in response from 

treatment of cells in suspension compared to those embedded in collagen gels. This work was done 

in collaboration with Katherine J. Prokop, Dr. John Robertson, and Dr. Rafael Davalos and is in 

preparation for publication. Chapter 4 presents a study of the use of IRE and H-FIRE in the 

treatment of ovarian cancer where a syngeneic mouse model, comprising various stages of disease 

progression, was used to evaluate the selectivity of H-FIRE types of pulses to treat malignant, late-
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stage, and tumor-initiating cells over healthy cells. This chapter is an adaptation of work published 

as: 

A. Rolong, E. M. Schmelz, R. V. Davalos. High-frequency irreversible electroporation targets 

resilient tumor-initiating cells in ovarian cancer. Integrative Biology, Vol 9(12), 2017, pp. 979-

987. 

Chapter 5 presents a study using spheroids comprised of ovarian cancer cells, and others with a 

combination of malignant cancer cells and either fibroblasts or endothelial cells, as a more 

physiologically relevant in vitro tumor model to evaluate the differences in response to IRE and 

H-FIRE treatments. A list of the published literature referenced throughout the document is 

included last. 
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1 CHAPTER 1. INTRODUCTION 

The use of pulsed electric fields was first adopted in the areas of food and water sterilization to kill 

microbial organisms. Applications in biomedicine soon followed where electric fields began to 

play a role in the transport of and into biological material: cells can be brought into close proximity 

and fused together through membrane disruption (electrofusion), DNA material can be introduced 

into cells through transient pores in the membrane (electrogenetherapy), and chemotherapeutic 

drugs can be delivered directly to target cells (electrochemotherapy). All of these applications 

operate under the phenomenon known as reversible electroporation in which temporary cell 

membrane destabilization is achieved followed by complete recovery of membrane integr ity. 

Irreversible electroporation (IRE) induces cell death presumably through a loss of homeostasis by 

using an energy regime substantially higher than that of reversible electroporation. When pulse 

parameters are carefully designed, IRE can be used to ablate large volumes of tissue in such a 

manner that it does not induce significant traditional thermal damage. Irreversible electroporation 

was initially considered as the upper limit of reversible electroporation and, as such, something to 

be avoided since the aim of reversible electroporation is to create temporary pores in the cell 

membrane while maintaining cell viability. In 2003, R.V. Davalos and B. Rubinsky described the 

use of classical irreversible electroporation types of pulses (5 µs or longer) as a tissue ablation 

method. They suggested that IRE can be applied in such a manner to induce cell death and ablate 

tissue while mitigating deleterious thermal effects.1 The attitude within the scientific community 

was that irreversible electroporation would induce tissue necrosis and not apoptosis, hence it was 

considered a negative side effect of reversible electroporation and something to be avoided in order 

to prevent instantaneous necrosis leading to massive tumor necrosis and possible ulceration.2 Most 
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researchers believed that necrosis was the killing mechanism of electroporation caused by an 

excessive increase in permeability and subsequent disruption of the osmotic balance. Then two 

independent papers were published in 1999 in which it was shown that electroporation caused both 

necrosis and another mechanism of cell death with features compatible with apoptosis; this was 

shown through in vitro studies.3, 4 Both studies stated that electroporation leads to chromosomal 

DNA fragmentation which was considered to be an explicit indication of late apoptosis. Through 

optimization of IRE pulses, it was discovered that this approach would avoid the deleterious effects 

of massive necrosis as described above and spare important tissue structures, such as the 

extracellular matrix, to facilitate healthy tissue regeneration. 

This application of IRE for the treatment of disease has been widely investigated through in vitro 

studies, in vivo animal studies, and treating human patients through clinical trials. Its non-thermal 

mechanism to induce cell death makes it an attractive modality to safely treat unresectable tumors.  

This approach of delivering the IRE pulses to minimize what is traditiona lly considered thermal 

damage, marked the beginning of a series of studies in the use of IRE as a technique to treat 

cancerous tumors which are considered otherwise inoperable due to their proximity to sensitive 

structures. 

1.1 HISTORICAL REVIEW OF THE USE OF ELECTRIC FIELDS1 

The goal of this chapter is to present a historical review of the use of electric fields leading to the 

field of electroporation from the first reports of these events in the 18 th century to modern 

applications in minimally invasive surgery.5 

                                                                 
1 Adapted from Rolong A., Davalos R.V., Rubinsky B. (2018) History of Electroporation. In: Meijerink M., Scheffer H., 

Narayanan G. (eds) Irreversible Electroporation in Clinical Practice. Springer, Cham 
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Time period Advancement in the field 

1754 J.A. Nollet performed experiments with electric fields and noticed formation 

of red spots on human and animal skin in the areas where sparks were 

applied. These can be explained as thermal Joule heating effects6 or as 

damage to the capillaries by irreversible electroporation.7, 8  

1780  Luigi Galvani discovered “animal electricity” when a dead frog’s muscle 

twitched after being placed on an iron grating and having a bronze hook 

touch its spinal cord. Alessandro Volta explained the phenomenon as DC 

current. This led to the invention of a voltaic pile (first device able to produce 

steady electric current). 

1802 J.W. Ritter performs experiments in electrophysiology and observes a 

contraction that occurs after a strong current passes through a stretch of 

muscle-nerve sample and is interrupted (Ritter’s opening tetanus).9  

1898 G.W. Fuller performs what can be considered the first work on irreversib le 

electroporation phenomena as bactericidal processing of water samples.10  

1903 A.D. Rockwell reports on experiments performed in the late 1800s using 

Leyden jars11; these could now be explained as hemolysis induced by 

irreversible electroporation.12 

1913 A.J. Jex-Blake evaluates the lethal effects of electricity and lightning.13 It is 

currently accepted that some of the injuries caused by lightning, such as 

Lichtenberg figures on the skin, are due to irreversible electroporation.1 4  
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These figures are believed to have the same origins as Nollet’s red spots 

(mentioned above).  

1936 G.M. McKinley concludes that damage caused to living tissues by high 

frequency fields (10 to 100 MHz) cannot be from thermal origin alone, 

particularly in the case of nervous tissue. He proposes that this alternate 

mechanism associated with electric fields can be used as a minimally 

invasive method to selectively ablate specific tissues.15 

1946 J.E. Nyrop publishes a paper in Nature in which a large portion of bacteria 

in a liquid suspension is destroyed at sub-lethal temperatures by the 

application of high radiofrequency electric fields.16 

1951 A.L. Hodgkin explains the Ritter’s opening tetanus as “ …(the 

breakdown)… of the insulating properties of the membrane … under the 

influence of the abnormally high potential difference” which alludes to what 

is now referred to as irreversible electroporation.17  

1956 B. Frankenhaeuser and L. Widén explain the change in normal nerve 

conductivity that occurs after electric pulses are applied on nerve nodes; they 

refer to it as anode break excitation.18 In their study, amplitudes of up to ten 

times the normal threshold were obtained and pulse duration increased from 

<1ms to >100ms. They state the phenomenon is known since at least 1898.19  

1957 Stämpfli and Willi describe irreversible and reversible electroporation on a 

frog nerve membrane.20 Stämpfli reports that under certain conditions 
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membrane breakdown is irreversible whereas in others it is reversible.21 He 

compares the phenomenon to the breakdown of the dielectric field of a 

capacitor.  

1961 H. Doevenspeck 22 describes commercial installations using electrical pulses 

to break apart cellular components for industrial food-related processing of 

animal meat through non-thermal means, which resemble irreversib le 

electroporation. They report that these electric pulses can inactivate micro -

organisms with what is considered a non-thermal effect producing a small 

increase in temperature of at most 30 °C. 

1967 Pivotal papers by Sale and Hamilton on the bactericidal action of electric 

fields which set the basis for the field of irreversible electroporation. They 

contain the foundation of many of the future studies in electroporation in 

general.23-25  

1974 U. Zimmerman and his group determine that the electric field in cell counters 

induces cell membrane breakdown. Their methodology, which combines 

experimentation in Coulter type counters and between parallel plates with 

the solution of Laplace’s equation, produced some of the first systematic 

data on the electrical parameters required for electroporation in cells. The 

critical membrane potential difference leading to membrane breakdown was 

found to be about 1 V. Results were published in a series of papers.26, 27 They 

also suggest employing erythrocytes and lymphocytes as drug and enzyme 

carrier systems. 
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1977 K. Kinosita and T. Tsong,28 propose the permeabilization of the cell 

membrane due to the application of electric pulses is related to the formation 

of several pores. In experiments with red blood cells, they show that the size 

of the pores can be varied and that they eventually reseal.  

1978 S.V. Belov reports on what is probably the first case in which IRE of living 

tissues is intentionally pursued.29 In an investigation of coagulat ion 

electrosurgical devices, he suggests that surgical coagulation is actually 

related to cell membrane breakdown due to pulses that have a “high ratio of 

peak to mean voltages”. The research was performed on frog leg muscle 

where histological analysis and measurements of changes in electrica l 

resistance were used to show the damage to the cell membrane in tissue 

without producing a thermal effect. 

1982 The use of reversible electroporation to produce fusion between cells is 

described in a paper by Zimmermann.30 

1982 Neumann and his collaborators coin the term electroporation to describe the 

membrane breakdown induced by electric fields and introduce the use of 

reversible electroporation to insert genes into cells .31 

1984 After the design by H. Potter et al. 32 of an electroporation cuvette suitable 

for cell suspensions, microbiology researchers started to employ 

electrophoresis power supplies in order to perform gene transfection by 

electroporation. 
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1987 S. Orlowski, L.M. Mir and colleagues 33 and M. Okino and H. Mohri,3 4  

independently report on the use of reversible electroporation to transiently 

permeabilize cells and thereby introduce cytotoxic agents into malignant 

cells for the treatment of cancer.  

1987 - 1988 An important series of studies in the field of irreversible electroporation 

of tissue began with the 1987 35 and 1988 36 papers by R.C. Lee and his co-

investigators on tissue trauma induced by electrical discharge.  

1989 By performing electrical conductance measurements K.T. Powell et al. 37 

demonstrate that frog skin can be reversibly electroporated. 

1991 The first report on the use of reversible electroporation to introduce  

plasmid DNA into a living tissue  was published by Titomirov et al. 38 

1991 L.M. Mir and colleagues publish two breakthrough papers on the use of 

reversible electroporation to treat cancer by facilitating the diffusion of 

anticancer drugs, such as bleomycin, in the malignant cells. They coin the 

term electrochemotherapy to describe this procedure 39 and report on the 

first clinical trial in the field of electroporation.40 

1993 Prausnitz et al. publish the first studies on skin electroporation as 

transdermal drug delivery.41, 7 

1990 - 1999 The study of the contribution of irreversible electroporation to tissue 

damage during electrical shock trauma continued since it was first 

proposed in the 80s and was led primarily by R.C. Lee.42-44 They suggest 
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that irreversibly electroporated cell membranes could be therapeutically 

sealed with surfactants.45 

1997  Piñero et al. show in vitro that electroporation not only caused necrosis but 

it also induced cell death with features compatible with apoptosis.3 

1997 K.H. Schoenbach et al. 46, 47 report the first in vitro study on the use of very 

high voltage pulses of “submicrosecond” duration. 

1998 Treatment planning is performed using numerical methods to determine  

electric field distribution. This was pioneered for the case of in vivo 

reversible electroporation by D. Miklavcic et al.48 

1998 L.H. Ramirez et al. 49 report that blood flow is blocked in the area where  

the electric field is applied during tissue reversible electroporation. The 

phenomenon is later referred to as the vascular lock by Gehl et al.50  

2000 Al-Khadra et al. report on the role of electroporation on defibrillation.51 Jex-

Blake had previously cited works of the 18th century in which animals were  

recovered from heart failure induced by electrical current by means of 

another electrical shock (defibrillation term not coined at the time). 

2003 R.V. Davalos and B. Rubinsky file a provisional US patent application 52 

followed by a non-provisional application in 2004 which proposes the use 

of classical IRE (pulses longer than 5 µs) as a tissue ablation method. 

They point out that IRE can be easily applied in areas where perfusion is 
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high (e.g. in the vicinity of blood vessels), as opposed to thermal methods of 

ablation.  

2004 C. Yao et al. 53 investigates the use of special pulses, referred to as Steep 

Pulsed Electric Field (SPEF), to kill cells in vitro and to inhibit tumor 

growth in vivo. Their SPEF pulses consist of a fast rising edge (rise time ~ 

200 ns) followed by a slow exponential decay (τ ~ 200 µs), originated from 

a capacitance discharge. They propose and demonstrate (in vitro and with 

delayed tumor growth in mice) that intracellular effects from the rising slope 

together with the plasma membrane effects from the falling slope can be 

used to destroy both cell nucleus and membrane.  

2005 R.V. Davalos, L.M. Mir and B. Rubinsky publish a paper demonstrating that 

IRE can be used as an independent tissue ablation method 54 not 

necessarily accompanied by thermal effects, and that such feature has 

important implications in post-treatment healing. 

2007 IRE is performed on pigs under experimental conditions relatively close to 

those of a clinical scenario.55 IRE was applied in liver using 18-gauge 

stainless-steel needles positioned with the assistance of ultrasound 

sonography. The size and shape of the lesions is explained in a treatment 

planning procedure by Edd and Davalos.56 

2007 Al-Sakere et al. 57 58 perform in vivo IRE of tumors subcutaneous ly 

inoculated in mice and study the immune reactions. They achieved 92% 
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complete regression using a protocol that consisted of 80 pulses of 100 µs at 

0.3 Hz with a field magnitude of 2500 V/cm.  

2007 J. Lavee et al. publish a study with pigs in which IRE of the atrium is 

performed in order to analyze its applicability for the treatment of atrial 

fibrillation as an alternative to methods based on thermal ablation.59 The 

demarcation between ablated and normal tissue was clear and sharp.  

2010 G. Onik and B. Rubinsky report on the first human clinical trial 60 where 16 

patients with prostate cancer were treated with IRE in a series of outpatient 

procedures. Potency and continence was preserved in all patients who were 

continent and potent prior to treatment. 

2011 A clinical trial that included 38 patients with advanced liver, lung, and 

kidney tumors, where a total of 69 tumors were treated, is performed by 

Thompson et al. in Australia.61  

2015 In the largest evaluation to date, 200 patients with locally advanced 

pancreatic adenocarcinoma (stage III), underwent either IRE alone (n=150) 

or pancreatic resection combined with IRE for treatment margin 

enhancement (n=50).62 

*It is worth noting that the above table is not an all-inclusive summary of the all the studies 

performed on electroporation across the various areas of food processing, water sterilization, and 

biomedicine, but rather a summary of key findings and what is believed to be the first report on 

each. 
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1.2 THEORY 

1.2.1 Determination of TMP threshold  

As described by Kotnik and Miklavcic63 and Gisma and Wachner64, the induced TMP on cells can 

be determined by considering the presence of a homogeneous electric field 𝐸0 being disrupted by 

the presence of a cell into an electric field 𝐸: 

E= − ∇φ (1) 

where 𝜑 is the electric potential and satisfies the Laplace equation  

∇2φ=0 (2) 

The TMP, ∆𝜑, induced by the external electric field on a cell is taken as the difference between 

the electric potential at the inner and outer surfaces of the membrane 

∆φ=𝜑𝑖 − 𝜑𝑒 (3) 

where the subscripts i and e denote the cell interior and exterior, respectively. Based on previous 

studies, a TMP > 1 V must be achieved for IRE to occur.63, 65 

 

1.2.2 Analytical solution of electric field distribution 

The local electric field produced by a pair of electrodes needs to be above a certain threshold for 

IRE to occur. Analytically, the electric field distribution caused by the electric pulses can be 

determined. An analytical solution using the Laplace equation for a simplified 2D, two-needle 

electrode setup was presented in detail by Corovic et al.66 The Laplace equation can be solved in 

two dimensions if the electrodes are assumed to be of uniform thickness, with a circular radius, a, 
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and with a distance, d, between the electrodes that is less than the needle penetration depth. The 

medium is assumed to have constant conductivity, making the solution of the Laplace equation for 

potential of the needles: 

∇2φ(𝑥, 𝑦) = 0 (4) 

where 𝜑(𝑥, 𝑦) is the electric potential. 𝜑(𝑥, 𝑦) can be rewritten as the sum of potentials generated 

by each needle based on superposition. 

φ(x,y) = ∑φn

N

n=1

(x,y) 
(5) 

Then, assuming two electrodes (n = 2), the electric field can be determined by taking the derivative 

of 𝜑(𝑥,𝑦). The final local electric field is determined to be: 

𝐸(𝑥,𝑦)=
𝑉𝑜

2 ln (
𝑑
𝑎)
[
1

𝑎
−
1

𝑑
] 

(6) 

Where V0 is the applied electrical potential. 

The first study presented below in part A on the use of IRE to develop scaffolds for tissue 

engineering applications provided the foundation for learning the theory behind the phenomenon 

of electroporation and for optimizing pulse parameters to induce death of cells based on their 

biophysical characteristics. The studies that followed built on this foundation to characterize the 

use of pulsed electric fields to treat various forms of cancer by studying the response to treatment 

on three dimensional tumor constructs made up of cells embedded in collagen gels. Part B 

evaluates the use of IRE and H-FIRE to treat ovarian cancer using a syngeneic model of disease 

progression and part C uses the same 3D tumor model to experimentally characterize the use of 
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IRE for the treatment of two types of cancer that are often deemed to be prime candidates to benefit 

from the advantages of this treatment modality. One is prostate cancer where the non-thermal 

mechanism to induce cell death and the minimally invasive method of treatment delivery can kill 

tumor cells while sparing crucial nerves and vessels, healthy and connective tissue in the 

surrounding area thus reducing the probability of incontinence and loss of potency as a side effect 

of treatment. The second one is pancreatic cancer which has a high mortality rate and very poor 

prognosis due to late-stage detection and inadequate treatment options that are able to successfully 

ablate malignant cells while maintaining nerve viability and vascular patency—IRE has the 

potential to address these issues while providing a minimally invasive surgical procedure for 

delivery of treatment. The 3D tumor models utilized in parts B and C provide a platform to study 

the behavior and response of cells in a more physiologically relevant in vitro environment. In part 

D we propose further developments to these in vitro testing platforms by adding another level of 

complexity through the use of additive manufacturing to incorporate different cell types in specific 

locations across the collagen tumor model. We aim to recreate the in vivo tumor microenvironment 

by incorporating spheroids of malignant cancer cells surrounded by healthy cells commonly found 

in the vicinity, and adding a monolayer of endothelial cells to mimic the surface composition. 

These heterogeneous tissue mimics will be used to further characterize and compare the difference 

in response to treatments with IRE and H-FIRE types of pulses; it will provide a pathway for 

further pulse optimization to aid in translation of this modality to the clinical setting and provide 

improvements to the algorithms used in pre-treatment planning. 
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1.3 THEORETICAL EVALUATION OF THE INDUCED VOLTAGE ON INTERNAL 

MEMBRANES OF A CELL EXPOSED TO ELECTRIC FIELDS 

The effects of short, high-intensity electric fields were initially studied in terms of the voltage 

induced on the plasma membrane of a cell. Subsequent studies reported that for very short and 

intense electric pulses, the cellular organelles would be affected more than the cell plasma 

membrane. Thus the opposite would be the case for long, less intense pulses. Kotnik et al. 

investigated the conditions under which the induced voltage on an internal membrane would 

exceed that of the plasma membrane of a cell.67 They show analytically that an evaluation of the 

frequency domain provides information on the relationship between voltage inducement and the 

geometric and electrical parameters of the cell and its surrounding environment. In summary, they 

conclude that at high enough frequencies, the voltage induced on the internal membrane (e.g. 

nuclear or mitochondrial membrane) can actually exceed the one induced on the outer cellular 

membrane. This phenomenon can occur when the interior of the organelle is more electrica lly 

conductive than the cytosol (intracellular environment); it can also occur if the dielectric 

permittivity of the organelle membrane is lower than that of the cell membrane. 
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Figure 1.1. Schematic of a cell with its nucleus modelled as concentric spheres. Each of the five regions is 

characterized by an electric conductivity, 𝜎, and a dielectric permittivity, 𝜀. The subscripts correspond to 

the nucleus interior (1i), the nuclear membrane (1m), the cytoplasm (2i), the cell plasma membrane (2m), 

and the extracellular space (e). The radii of the nucleus and the cell are denoted by R1 and R2, respectively, 

and the thickness of their membranes by d1 and d2, respectively.   

 When the cell is exposed to a uniform electric field as shown in Figure 1.1, the spatial distribution 

of the electric potential can be obtained by solving the Laplace equation in spherical coordinates.6 8  

It has the general form 

𝜓(𝑟, 𝜃) = (𝐴𝑘𝑟 +
𝐵𝑘
𝑟2
)cos𝜃 

(7) 

Where r is the radius, 𝜃 is the angle with respect to the direction of the electric field, and 𝐴𝑘  and 

𝐵𝑘  are constants for each particular region. Boundary conditions provide that at 𝑟 = 0, 𝐵1𝑖 = 0 
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from finiteness of the electric potential, and at 𝑟 → ∞, 𝐴𝑒 = −𝐸 due to uniformity of the field.  

The rest of the constants can be determined by the conditions of continuity of the electric potential, 

ψ, and the component of current density, ⋀(𝜕𝜓 𝜕𝑟⁄ ), normal to each of the four boundaries among 

the different regions. Therefore, the continuity requirements relating the boundary between the 

nuclear membrane and the cytoplasm can be written as  

𝐴1𝑚𝑟 +
𝐵1𝑚
𝑟2

= 𝐴2𝑖𝑟 +
𝐵2𝑖
𝑟2

 
(8) 

⋀ (𝐴1𝑚𝑟 −
2𝐵1𝑚
𝑟3

)
1𝑚

=⋀ (𝐴2𝑖𝑟 −
2𝐵2𝑖
𝑟3
)

2𝑖

 
 

Where ⋀ = 𝜎1𝑚 + 𝑗𝜔𝜀1𝑚1𝑚  and ⋀ = 𝜎2𝑖 + 𝑗𝜔𝜀2𝑖2𝑖  in the frequency domain (FD). It follows the 

same form for the pairs of conditions that characterize the remaining boundaries. 

The solutions for the eight constants, although lengthy, can be easily determined algebraica lly 

since they form a clear system of eight equations with eight unknowns. Then, adapted from Kotnik 

et al.67, the voltage induced on a membrane can be determined by taking the difference between 

the potentials of the inner and outer membrane which yields equations 9 and 10 for the voltages 

induced on the cell plasma membrane and the nuclear membrane, respectively, with M given by 

equation 11 for both cases. 
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∆𝜓𝑐𝑒𝑙𝑙

=

3𝐸𝑅2𝑑2

(

 
 
 
 
 
 
 
 
 
 
(𝑅1 − 𝑑1)

3(𝛬1𝑖 − 𝛬1𝑚)

(

  
 2(

3𝑅2
2

−3𝑅2𝑑2
+𝑑2

2

) (
(𝑅2 −𝑑2)

3(𝛬1𝑚 − 𝛬2𝑖 )

+𝑅1
3(2𝛬1𝑚 + 𝛬2𝑖)

) 𝛬2𝑖

+(
3𝑅2𝑑2
−𝑑2

2 )(
2(𝑅2 −𝑑2)

3(𝛬1𝑚 − 𝛬2𝑖)

−𝑅1
3(2𝛬1𝑚 +𝛬2𝑖 )

)𝛬2𝑚)

  
 

+𝑅1
3(𝛬1𝑖 + 2𝛬1𝑚)

(

  
 (

3𝑅2
2

−3𝑅2𝑑2
+𝑑2

2

)(
(𝑅2 −𝑑2)

3(𝛬1𝑚 + 2𝛬2𝑖)

+2𝑅1
3(𝛬1𝑚 −𝛬2𝑖 )

)𝛬2𝑖

+ (
3𝑅2𝑑2
−𝑑2

2 ) (
(𝑅2 −𝑑2)

3(𝛬1𝑚 +2𝛬2𝑖)

−𝑅1
3(𝛬1𝑚 − 𝛬2𝑖)

) 𝛬2𝑚)

  
 

)

 
 
 
 
 
 
 
 
 
 

𝛬𝑒

𝑀
cos𝜃 

(9) 

∆𝜓𝑛𝑢𝑐 =
27𝐸𝑅1𝑅2

3𝑑1(𝑅2 −𝑑2)
3(3𝑅1

2𝛬1𝑖 −𝑑1(3𝑅1 −𝑑1)(𝛬1𝑖 −𝛬1𝑚))𝛬2𝑖𝛬2𝑚𝛬𝑒
𝑀

cos𝜃 (10) 

𝑀 = 2(𝑅1 −𝑑1)
3(𝛬1𝑖

−𝛬1𝑚) ((𝑅2 −𝑑2)
3(𝛬1𝑚 − 𝛬2𝑖)(2(𝑅2 − 𝑑2)

3(𝛬2𝑖 − 𝛬2𝑚)(𝛬2𝑚 − 𝛬𝑒)

+ 𝑅2
3(𝛬2𝑖 + 2𝛬2𝑚)(𝛬2𝑚 + 2𝛬𝑒))

+ 𝑅1
3(2𝛬1𝑚 − 𝛬2𝑖)((𝑅2 − 𝑑2)

3(2𝛬2𝑖 +𝛬2𝑚)(𝛬2𝑚 − 𝛬𝑒)

+ 𝑅2
3(𝛬2𝑖 − 𝛬2𝑚)(𝛬2𝑚 + 2𝛬𝑒)))

+ 𝑅1
3(𝛬1𝑖

+2𝛬1𝑚) ((𝑅2 − 𝑑2)
3(𝛬1𝑚

+2𝛬2𝑖 )(2(𝑅2 −𝑑2)
3(𝛬2𝑖 −𝛬2𝑚)(𝛬2𝑚 −𝛬𝑒 )

+ 𝑅2
3(𝛬2𝑖 + 2𝛬2𝑚)(𝛬2𝑚 + 2𝛬𝑒))

+ 2𝑅1
3(𝛬1𝑚 − 𝛬2𝑖)((𝑅2 − 𝑑2)

3(2𝛬2𝑖 +𝛬2𝑚)(𝛬2𝑚 − 𝛬𝑒)

+ 𝑅2
3(𝛬2𝑖 − 𝛬2𝑚)(𝛬2𝑚 + 2𝛬𝑒))) 

(11) 
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Adapted from Kotnik et al.67, when a cell is exposed to sinusoidal electric fields, equations 9-11 

can be analyzed in the frequency domain whereby inserting the amplitude of the electric field for 

E, and writing explicitly 𝛬 = 𝜎 + 𝑗𝜔𝜀 , then the induced voltages on the cell and nuclear 

membranes become functions of a single variable, the angular frequency of the field, 𝜔 . The 

observed amplitudes of the induced voltages, |∆𝜓𝑛𝑢𝑐 |, |∆𝜓𝑐𝑒𝑙𝑙|, correspond to the sinusoida l 

steady states that occur after the transients of the onset of the field have subsided. 

Considering the induced transmembrane potential on the nucleus and the cell as a function of 𝜔, 

it can then be determined whether there are some parameter values and frequencies where ∆𝜓𝑛𝑢𝑐  

exceeds ∆𝜓𝑐𝑒𝑙𝑙 . This can be done by determining when the ratio |∆𝜓𝑛𝑢𝑐 | / |∆𝜓𝑐𝑒𝑙𝑙| is greater than 

1. Kotnik et al. performed a series of parametric studies where one parameter at a time was varied 

through a particular range of plausible values while all the others remained constant in order to 

determine the role each parameter plays on inducing a higher transmembrane potential across the 

nuclear membrane than the plasma membrane.67 Parametric studies were performed for 𝜔 ranging 

from 105 to 1010 𝑠−1 . Using default values gathered from published literature, it was found that 

the ratio does not exceed the value of 1 for any frequency. Similarly, this was also the observation 

made by K. R. Foster when assigning realistic permittivity values to each membrane but zero 

dielectric conductivities.69 Figure 1.2 below shows an example of one of the parametric studies 

where it can be easily observed that the ratio between the membrane potentials can indeed exceed 

1 for the case of a higher electric conductivity inside the nucleus compared to the cytoplasm. 
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Figure 1.2. The ratio |∆𝜓𝑛𝑢𝑐|/|∆𝜓𝑐𝑒𝑙𝑙| as a function of the electrical conductivity inside the nucleus and 

the angular frequency of the field. The contours represent the multiples of 0.1 and the region where the 

ratio exceeds 1 is to the right of the red line. The blue line corresponds to the value of 0.9, the red to the 

value of 1, and the green to 1.1. 

Further parametric analyses found other conditions that would satisfy the requirement for induced 

voltage on the nuclear membrane to be greater than that of the plasma membrane. In addition to 

the inside of the nucleus having a higher electrical conductivity than the cytoplasm (𝜎1𝑖 > 𝜎2𝑖), a 

lower dielectric permittivity of the nuclear membrane (𝜀1𝑚 < 𝜀2𝑚), as well as a thicker nuclear 

membrane (𝑑1 > 𝑑2)  than the cell plasma membrane, would also result in a higher voltage 

induced on the nuclear membrane compared to the plasma membrane. Although for the latter case 

of a thicker nuclear membrane, a proportionately larger voltage would be required for the same 

electric field within the membrane.67 Technically, a higher permittivity of the space inside the 

nucleus compared to the permittivity of the cytoplasm (𝜀1𝑖 > 𝜀2𝑖) would also result in a higher 

voltage induced on the nuclear membrane than the plasma membrane, but this is not further 
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explored as it seems the least likely condition to be satisfied by the biophysical properties of the 

cell. Since these two spaces are both aqueous solutions, it is reasonable to assume that their 

permittivities would be very similar and any variations resulting from temperature changes would 

probably affect both equally when taking into consideration the size of a cell.  

Figure 1.3, adapted from Kotnik et al.67, shows the outcome when three of the parameters 

aforementioned are chosen to comply with the conditions specified by the parametric studies. 

Assuming 𝜎1𝑖 = 0.5 S/m, 𝜀1𝑚 = 3× 10
−11  As/Vm, and 𝑑1 = 10 nm, while the other parameters 

remain unchanged from their default values taken from the literature and listed in the table below, 

then the observed results for a cell exposed to an alternating electric field with a frequency range 

in the tens and hundreds of MHz show that the induced voltage on the nuclear membrane could 

exceed the voltage induced on the plasma membrane by a factor greater than 3. Kotnik et al offer 

some insight to the instances when these conditions can be met in an actual biological system. For 

the first condition of 𝜎1𝑖 > 𝜎2𝑖 , the inside of the nucleus would either contain a higher 

concentration of ions than the cytoplasm, or a higher quantity of ions with higher mobility, such 

as less sodium and more potassium.67 The membranes with the lowest dielectric permittivity are 

pure lipid bilayers; hence the nuclear membrane would have to contain a smaller amount of 

proteins compared to the plasma membrane in order for the condition of 𝜀1𝑚 < 𝜀2𝑚  to be satisfied. 

Dielectric spectroscopy of the nucleus has provided some experimental estimates that corroborate 

a considerable difference exists between the electric conductivity of the nucleoplasm (i.e., inside 

of the nucleus) and the cytoplasm as well as a significant difference in the dielectric permittivity 

of the nuclear and plasma membranes.70, 71 In terms of the nuclear membrane being thicker than 

the plasma membrane, 𝑑1 > 𝑑2 , it seems to be a realistic condition satisfied by cells since the 

nuclear envelope is comprised of two lipid bilayers with an intermembrane space of 30-50 nm 
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between them.72 It is worth noting that other factors could also lead to the nuclear membrane (or 

another intracellular membranous structure, e.g. mitochondria) being electroporated while the 

plasma membrane remains intact; these include a higher resting voltage of the nuclear membrane, 7 3  

voltage sensitivity of some proteins of the nuclear membrane,74 and a higher curvature of the 

organelle membrane.75         

 

 

Figure 1.3. Frequency dependence of the voltages induced on a cell exposed to alternating electric field. 

The top plot shows |∆𝜓𝑐𝑒𝑙𝑙| as the blue line and |∆𝜓𝑛𝑢𝑐 | in red for an electric field, E, of 500 V/cm at 𝜃 =

0, with 𝜎1𝑖 = 0.5 S/m, 𝜀1𝑚 = 3× 10
−11 As/Vm, and 𝑑1 = 10 nm, plus all other values shown in the table 

of parameter values. The bottom plot shows the ratio of the induced voltage on the nucleus to that on the 
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cell which exceeds the value of 1 for 𝜔 > 7.78× 106𝑠−1 and in which the maximum of 3.67 is reached at 

𝜔 = 1.58 ×108𝑠−1. 

 

 

Table 1.1. Values for all parameters used to model the voltage induced on the cell and nuclear 

membranes after exposure to electric fields. 

Parameter Default Value Source 

𝜎1𝑖 [S/m] 0.3 Set equal to 𝜎2𝑖 .  

𝜀1𝑖 [As/Vm] 0.4 ×10−10  Physiological saline at 

35°C.76, 77 

𝜎1𝑚  [S/m] 3 × 10−7 Set to equal 𝜎2𝑚 . 

𝜀1𝑚  [As/Vm] 4.4 ×10−11  Set to equal 𝜀2𝑚 . 

𝜎2𝑖  [S/m] 0.3 78, 79 

𝜀2𝑖  [As/Vm] 6.4 ×10−10  Physiological saline at 

35°C.76, 77 

𝜎2𝑚  [S/m] 3 × 10−7 From Hu et al.80 using the 

conversion given in Arnold et 

al.81 Also used in Gascoyne et 

al.82 

𝜀2𝑚  [As/Vm] 4.4 ×10−11  82 

𝜎𝑒 [S/m] 1.2 Blood serum at 35°C.83 

𝜀𝑒 [As/Vm] 6.4 ×10−10  Physiological saline at 

35°C.76, 77 

𝑅1 [µm] 3 Within average nucleus 

radius. 



23 
 

𝑑1 [nm] 5 84 

𝑅2 [µm] 10 Within average cell radius. 

𝑑2 [nm] 5 84 

 

 

1.4 HIGH-FREQUENCY IRREVERSIBLE ELECTROPORATION (H-FIRE) 

Recently, a platform known as high-frequency irreversible electroporation (H-FIRE) has been 

proposed for the treatment of cancer. It became evident that there was a gap in the literature for 

particular pulse durations (0.1 – 10 µs) which is beginning to be addressed by studies using H-

FIRE; these types of pulses are theorized to provide access for the electrical manipulation of 

intracellular organelles.85 H-FIRE pulses differ from those used in standard IRE: they are bipolar 

pulses of much shorter duration delivered as bursts of pulses with positive and negative polarity 

with a particular inter-pulse delay between alternations of these. Some of the advantages of H-

FIRE over conventional IRE include a considerable reduction of muscle contractions which would 

negate the need for paralytics during the procedure86, a more accurate prediction of the size and 

shape of ablations from treatments on heterogeneous tissues87, and the potential to specifica lly 

target cancer cells over healthy ones.88, 89 
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Table 1.2. Summary of parameters used for H-FIRE protocols in in vitro and in vivo models. 
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4.17 0.87 700 1 5 100 1 burst 
per 
second 

50 2 
mg/mL, 
and 20 
mg/mL 
collagen 
gels 

+ 
alginate 
scaffolds 
of similar 
conc.  

U-87, 
D1TNC1, 
C6,  

NHA,  

PC12, 
DBTRG 

24 hours 88 

10 1 1020 1 2 100 10 
bursts 
per 
second 

80 Potato 
tuber 
tissue 

Potato 
tuber tissue 

24 hours 87 

3.35 1.3 480 - 
500 

2 2 100 1 burst 
per 
second 

80 4 mg/mL 
collagen 
I gels 

Mouse 
ovarian 
surface 
epithelial 
(MOSE) 
cells 
comprising 
non-
malignant, 
late-stage, 
and tumor 
initiating 
cells 
(TICs) 

24 hours 89 

3.35 1.3 480 – 
500 

2 5 100 1 burst 
per 
second 

80 

3.35 1.3 480 – 
500 

1 2 100 1 burst 
per 
second 

80 

4.17 0.87 700 1 5 100 1 burst 
per 
second 

50 5 mg/mL 
collagen 
I gels 

U-87, 
U251, 
DBTRG, 
NHA 

24 hours 90 
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1.45 0.45 100-
400 

1 1 200 1 burst 
per 
second 

180 Rat brain Rat brain Euthanasia 
1 hour 
post-
treatment 
and intact 
brains 
fixed for 48 
hours 
before 
slicing 

86 

1.45 0.45 100-
400 

2 2 200 1 burst 
per 
second 

180 

15 1 2250 2 5 100 1 burst 
per 
second 
for sets 
of 50 
bursts 
with a 
10 s 
delay 
betwee
n these 
sets 

100-
300 

Porcine 
liver 

Porcine 
liver 

6 hours  91 

10 1 1000
-
2000 

5 2 100 1 burst 
per 
second 

90 Rabbit 
liver 

Rabbit 
liver 

72 hours 92 

10 1 1000
-
2000 

10 2 100 1 burst 
per 
second 

90 

 

1.5 PART A: THE USE OF IRE TO DEVELOP SCAFFOLDS FOR TISSUE ENGINEERING 

APPLICATIONS 

This work investigates the feasibility of the use of irreversible electroporation (IRE) in the 

biofabrication of 3D cellulose nanofibril networks via the bacterial strain Gluconacetobacter 

xylinus. IRE uses electrical pulses to increase membrane permeability by altering the 

transmembrane potential; past a threshold, damage to the cell becomes too great and leads to cell 

death. We hypothesized that using IRE to kill the bacteria at specific locations and particular times, 
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we could introduce conduits in the overall scaffold by preventing cellulose biosynthesis locally. 

Through mathematical modeling and experimental techniques, electrical effects were investigated 

and the parameters for IRE of Gluconacetobacter xylinus were determined. We found that for a 

specific set of parameters, an applied electric field of 8 kV/cm to 12.5 kV/cm was sufficient to kill 

bacteria and create a localized pore. We also found that an applied electric field of 8 kV/cm to 12.5 

kV/cm, which produces a local field of 3 kV/cm was suffic ient to kill most of the bacteria and 

produce a localized pore, but an applied electric field of 17.5 kV/cm was required to kill all. Results 

suggest that IRE may be an effective tool to create scaffolds with appropriate porosity for 

orthopedic applications. Ideally, these engineered scaffolds could be used to successfully treat 

osteochondral defects.  

1.6 PART B: TREATMENT OF PANCREATIC AND PROSTATE CANCER WITH IRE  

Irreversible electroporation (IRE) is a non-thermal tumor ablation therapy that utilizes pulsed 

electric fields to induce plasma membrane permeabilization and lead to cell death. For a given set 

of pulse parameters and tissue type, the degree of electroporation and size of the ablated region is 

primarily dependent upon the electric field distribution within the tissue and the cellular 

composition of the particular region. Cell death characterization for various tissue types needs to 

be investigated in order to improve treatment planning algorithms and advance IRE as a cancer 

treatment. In vitro tumor constructs (e.g. cells seeded in collagen gels) provide a more 

physiologically relevant platform for determining thresholds for cell death than in vitro cell 

suspension studies, without the immediate need for in vivo animal models. Four human pancreatic 

and prostate cancer cell lines were grown in tumor constructs, treated with IRE, and the ablated 

regions analyzed at various time points post-treatment with pulsed electric fields. A numerica l 

model of the hydrogel setup was used to determine the electric field threshold for cell death for 
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these cell lines. The results suggest that IRE may be predictable based on cell size only when 

evaluated within each particular tissue type (i.e., prostate or pancreatic for the study presented 

here). In addition, the response time for an IRE-ablated lesion to fully develop can vary based on 

different cell characteristics and the composition of the extracellular environment which may drive 

an inherent susceptibility to electric pulses. 

1.7 PART C: TREATMENT OF OVARIAN CANCER WITH IRE AND H-FIRE 

We explored the use of IRE and H-FIRE to induce cell death of tumor-initiating cells using a 

mouse ovarian surface epithelial (MOSE) cancer model. Tumor-initiating cells (TICs) can be 

successfully destroyed using pulsed electric field parameters common to irrevers ib le 

electroporation protocols. Additionally, high-frequency pulses seem to induce cell death of TICs 

at significantly lower electric fields suggesting H-FIRE can be used to selectively target TICs and 

malignant late-stage cells while sparing the non-malignant cells in the surrounding tissue. We 

evaluate the relationship between threshold for cell death from H-FIRE pulses and the capacitance 

of cells as well as other properties that may play a role on the differences in the response to 

conventional IRE versus H-FIRE treatment protocols. 

1.8 PART D: SPHEROIDS IN COLLAGEN GELS AS PHYSIOLOGICALLY RELEVANT 

TUMOR MODELS IN THE CHARACTERIZATION OF IRE AND H-FIRE 

TREATMENTS 

The extracellular matrix (ECM) provides both structural and biochemical support to the cells 

within all tissues and organs; the interstitial ECM of glandular epithelial tissues is comprised of 

collagen as its most abundant fibrous protein which has also been found to constitute up to 30% 

of the total protein mass of multicellular animals.93 Cellular interactions with the ECM as well as 
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cell-to-cell contact and communication have been shown to shape cellular architecture and play a 

key role in tissue morphogenesis and homeostasis.94 In ovarian cancer in particular, studies have 

shown the difference in the behavior of cancer cells when grown in isolation to that of cells grown 

in an environment that more closely recapitulates the tumor microenvironment includ ing 

connective tissue, made up of fibroblasts and ECM fibers, as well as blood vessels in the area.95 

Here we explore these differences by fabricating 3D tumor constructs comprised of cells 

commonly found in ovarian cancer malignancies as spheroids embedded in collagen gels to 

provide cell-ECM and cell-cell interactions and evaluate any differences in their response to IRE 

and H-FIRE treatments.   

  



29 
 

2 PART A: THE FEASIBILITY OF USING IRE TO CREATE 

POROUS SCAFFOLDS FOR TISSUE ENGINEERING2 

2.1 INTRODUCTION 

Tissue engineering, specifically through the use of biomaterials, provides a promising alternative 

to harvested tissue via the incorporation of cells with bio-engineered scaffolds that mimic the 

extracellular matrix.96-98 Multiple techniques such as sintering, salt leeching, gas foaming, and 

electrospinning have been used to create micro structured architectures within scaffolds.99-102  

However, the ability to create functional 3D tissue structures remains a challenge in the field due 

to the limitation of incorporating mass transport properties, such as nutrient and gas exchange. 

Engineered tissue constructs currently limit gas exchange to distances of less than 1 mm which is 

only adequate to maintain viability of simpler structures such as flat tissue layers and hollow 

organs. The aforementioned techniques allow for fairly uniform pore distribution but they do not 

allow for proper pore interconnectivity, which fails to induce microvasculature formation.103, 104 

This limitation needs to be overcome by creating an appropriate porosity and microvascula ture 

throughout the bio-engineered scaffold that can support complex tissues and organs such as the 

liver, kidneys, and bone.  

We propose the use of bacterial cellulose (BC), a nano-biomaterial produced by 

Gluconacetobacter xylinus, as the scaffold construct to treat cartilage and bone defects. Bone 

defects can arise due to age, trauma, disease, or congenital defects. Typically, when a bone defect 

or trauma occurs, both bone and cartilage are damaged. Cartilage does not have the same 

                                                                 
2 Chapter 2 is adapted from A. Baah-Dwomoh*, A. Rolong*, P. Gatenholm, R. V. Davalos. The feasibility of using 
irreversible electroporation to introduce pores in bacterial cellulose scaffolds for tissue engineering. Applied 

Microbiology and Biotechnology, 99(11), 2015, pp. 4785-4794. *Co-first authors. 
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regenerative capabilities as bone, which makes the use of autologous tissue—tissue transplanted 

from one site in the patient to another—a less viable treatment option. Untreated cartilage lesions 

lead to joint defects and the development of osteoarthritis, a degenerative joint disease affecting 

over 9 million people in the United States alone.105 To create a tissue engineered cartilage 

replacement, a suitable biomaterial needs to be developed to help with adherence and migrat ion of 

chondrocytes. BC has gained interest in the biomaterials field due to its proven biocompatibility 

and stability under a wide range of conditions.106 BC has received FDA approval for surgical 

meshes and is currently being marketed as an antimicrobial wound dressing.107 It is already 

successfully used for clinical applications such as dura replacement.108 Several studies have shown 

the use of BC for tissue engineered bone grafts, cartilage, and blood vessels.107, 109-111 Because of 

its good mechanical properties, such as high compressive strength, BC can withstand compressive 

forces similar to those experienced on the bone while closely matching the mechanical properties 

of the native tissue, which will allow for proper integration.112  

One of the challenges of using BC as a scaffold for tissue engineering has been the densely packed 

network of cellulose nanofibrils that are produced by the bacteria. This study proposes the use of 

irreversible electroporation (IRE) as a novel biofabrication method to incorporate porosity into the 

BC scaffold. A previous study conducted by Sano et al. used electrokinetic force to control 

bacterial motion of Gluconacetobacter xylinus which allowed for different orientations and 

organization of the cellulose fibers. This can in turn modulate the mechanical properties of the 

resulting construct and provide a means to fabricate customizable networks.113 Here, we focus on 

introducing porosity in the BC scaffold by inducing much higher electric fields to kill the 

bacterium rather than control its motion. We hypothesize that using IRE to kill the bacteria in 

specific locations and at particular times during cellulose production, we can introduce conduits 
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in the overall scaffold by preventing cellulose deposition at these sites. IRE uses electromagne tic 

fields to increase the cell’s transmembrane potential (TMP), thus disrupting the membrane and 

causing damages beyond the point of recovery, leading to cell death. Several studies have shown 

the use of IRE within in vitro cellular systems, in particular for sterilization in the food industry 

and the preprocessing of food.114, 115 A study conducted by Gusbeth et al. showed the effectiveness 

of pulsed electric field treatment for decontamination of hospital wastewater, which is full of 

pathogenic and antibiotic resistant bacteria.116 IRE is also currently used as a tissue ablation 

technique in cancer treatment. Its non-thermal mechanism of inducing cell death render the 

technology safe to kill tumors close to nerves and vessels.117, 118 A typical IRE procedure involves 

the use of a pair of electrodes inserted into the tissue to deliver microsecond-long pulses, at a 

specific voltage and frequency, to control the distribution of the electric field (i.e. delineation of 

lesion area) in the target tissue.65 The electric field distribution is dependent on several parameters 

including: conductivity and permeability of the tissue, number and frequency of pulses delivered, 

applied voltage, duration of treatments, electrode geometry, and distance between the electrodes. 

To achieve a specific pore geometry within the 3D BC scaffold, it is necessary to insert electrodes 

at the region of interest and deliver a series of pulsed electric fields to kill the bacteria.  

Here, we present an innovative method for generating a 3D tissue construct with the ability to 

mimic native tissue micro architecture. The use of IRE allows for a high degree of control in the 

topology of the design, which is typically not found in traditional biofabrication methods. By 

varying certain parameters such as the voltage applied, number of pulses, frequency, and duration 

between treatments, we can create a localized pore in the scaffold. In vitro experiments were 

conducted to predict cell death threshold. A finite element model (FEA) of BC pellic les was 

created to predict lesion volumes on the cellulose scaffolds treated with different IRE parameters. 
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Based on these models, a series of localized electrical pulses with varying voltage and treatment 

time were administered to create a variable sized conduit. The results suggest that IRE may be an 

effective way to create bio-engineered scaffolds with appropriate porosity for orthopedic 

applications. Ideally, these engineered BC scaffolds could be used to successfully treat 

osteochondral defects in a single minimally invasive surgery. 

2.2 MATERIALS AND METHODS 

2.2.1 Bacteria cell culture 

The bacteria strain Gluconacetobacter xylinus (700178, American Type Culture Collection) was 

used for all experiments. The culture media contained modified fructose media with an addition 

of corn steep liquid, with a pH of 5.5.113, 119 Cellulose forming cultures were placed in 50 mL 

conical tubes and incubated at 30°C for 4 days. After 4 days, the cellulose pellicles were pushed 

into culture media and stirred with a cell lifter to liberate bacteria cells. Bacteria cells were then 

taken from suspension to conduct in vitro studies or placed in a 12-well plate to conduct the IRE 

pulse delivery studies on the forming cellulose pellicles.  

 

2.2.2 Determination of cell death threshold by induced electric field  

Bacterial cells were taken from cell suspension and centrifuged at 10,000 x g. Cells were then 

resuspended in a sucrose buffer to a concentration of approximately 3 x 106 cells/mL. 90 µL cell 

suspension samples were loaded into cuvettes with 1 mm gap parallel plate electrodes, and 

electrical pulses were delivered using a BTX® Square Wave Electroporation System with a safety 

stand (Harvard Apparatus, Holliston, MA). The pulse duration (100 μs), number of pulses (1000), 

and interval between pulses (1 s) were held constant. The applied voltages used were 1250 V, 1500 
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V, and 1750 V to achieve an applied electric field of 12.5 kV/cm, 15 kV/cm, and 17.5 kV/cm. 

Untreated cells and cells soaked in CAVICIDE™ (Metrex, Orange, CA), a medical grade surface 

disinfectant/decontaminant cleaner, were used as negative and positive controls, respectively. 

After IRE pulse delivery, 5 µL of the bacteria suspension was placed on agar and incubated at 30 

°C, yielding an approximate seeding density of 1.5 x 104 cells/ agar plate. The positive and negative 

controls were also seeded at 1.5 x 104 cells/ agar plate. Agar plates were prepared using the bacteria 

culture media mixed with Agar (Fisher Scientific, Pittsburgh, PA) to a concentration of 4% agar. 

Agar plates were inspected at 48 hours and 72 hours to check for bacteria cell growth and coverage. 

Cells were imaged macroscopically using an Olympus EVOLT E-410 Digital Single- lens Reflex 

camera (Olympus Co., Center Valley, PA). A MATLAB (MathWorks, Natick, MA) script was 

written to determine the percent coverage of the bacteria on the agar, i.e. a direct correlation to 

percent growth. Statistical differences between treatments were evaluated using one-way analysis 

of variance (ANOVA) and Tukey’s HSD test for multiple comparisons (n = 3, p < 0.05). 

 

2.2.3 IRE pulse delivery on BC scaffold  

Four pairs of stainless steel electrodes, 300 μm in diameter with 1 mm spacing, were placed in the 

active cultures of Gluconacetobacter xylinus in four wells of a 12-well polystyrene plate (radius 

1.5 cm) and then incubated at 30° C for 48 hours to allow pellicle growth of approximately 2 mm. 

Three wells were treated concurrently and the fourth well was taken as a control. Electrical pulses 

were delivered through the BTX® system every 15 to 60 minutes at varying voltages of 800 V, 

1000 V, and 1250 V and treatment periods of 12-72 hrs. Parameters, such as the number of pulses 

(90), interval between pulses (1 s), and duration of pulse (10 μs) were kept constant. After 
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completion of treatment, pellicles were harvested, washed with 0.1 M NaOH at room temperature 

for 24 hours and rinsed with DI water.  

Pellicles were imaged macroscopically and lesion area was determined using ImageJ (NIH, 

Bethesda, MD). In addition to macroscopic imaging, pellicles were imaged with field emission 

scanning electron microscopy (FESEM). Pellicles were frozen at -80°C for 24 hours, freeze dried 

in a Labconco FreeZone 3 (Labconco Corp., Kansas City, Missouri) for 48 hours, and coated with 

5 nm gold palladium for FESEM. FESEM was conducted at a working distance of 12 mm and 5 

kV electron beam intensity using a LEO Zeiss 1550 FESEM (Carl Zeiss SMT, Oberkochen, 

Germany). 

 

2.2.4 Numerical model of lesion area  

A FEA model (COMSOL Multiphysics 4.3a, Boston, MA) was used to calculate and estimate the 

electric field distribution experienced on the BC. A 2D model represented electrode placement in 

the cellulose pellicle where one electrode was set to have a constant voltage at steady state and the 

other electrode set to ground. The dimensions of the stainless steel electrodes (300 μm diamater) 

and the pellicle (1.5 cm diameter) were selected to match the experimental conditions described in 

the previous section, with the whole pellicle being the region of interest. The pellicle was set to 

act as an insulating boundary. The applied voltages were selected to simulate an applied electric 

field of 10 kV/cm and 12.5 kV/cm for an electrode spacing of 1 mm.  The electrical conductivity 

of the pellicle was set to 2 S/m.120 An extra fine mesh was used that consisted of 8,934 triangular 

elements.  

 



35 
 

2.3 RESULTS AND DISCUSSION 

2.3.1 Determination of cell death threshold by induced electric field 

Bacteria were reseeded on agar plates after electroporation to determine cell viability (Fig. 2.1). 

Cells were electroporated at 12.5 kV/cm, 15 kV/cm, and 17.5 kV/cm to determine the cell death 

threshold. The agar plates were inspected at 48 hours and 72 hours after electroporation to 

determine the effect of electroporation on cell growth. The mean percent coverage of the untreated 

bacteria, which served as the negative control, was 29.48 ± 6.162 (mean ± SD) % after 48 hours 

and 45.78 ± 12.73% after 72 hours (Fig. 2.2). Cells soaked in CAVICIDETM (positive control) 

yielded no cell growth after both 48 and 72 hours. After 48 hours, the mean percent coverage of 

bacteria electroporated at 12.5 kV/cm, 15 kV/cm, and 17.5 kV/cm were 1.833 ± 0.803 %, 2.248 ± 

1.503 %, and 0.223 ± 0.387%, respectively. After 72 hours, the mean percent coverage of bacteria 

electroporated at 12.5 kV/cm, 15 kV/cm, and 17.5 kV/cm were 20.04 ± 5.124 %, 8.122 ± 3.400 

%, and 0.650 ± 0.545%, respectively.  

All of the treatments, including the positive control, were statistically different from the untreated 

cells (negative control) after 48 hours. However, there was no statistical difference between any 

of the treatments and the positive control. After 72 hours, all of the treatments, including the 

positive control, were again statistically different from the negative control. Cells electroporated 

at 12.5 kV/cm were also statistically different from cells electroporated at 17.5 kV/cm and cells 

soaked in CAVICIDE™ (positive control). However, there was no significant statistical difference 

for bacteria electroporated at 15 kV/cm, 17.5 kV/cm and cells soaked in CAVICIDE™ (positive 

control). 
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Figure 2.1. Macroscopic images of bacteria seeded on agar plates taken after 48 and 72 h from initial 

seeding. Untreated bacteria (negative control), treated with CAVICIDE™ (positive control), and samples 

corresponding to treatments with an applied electric field of 12.5, 15, and 17.5 kV/cm are shown. There is 

an inverse relationship between percent coverage of agar and electric field magnitude used for IRE. 
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Figure 2.2. Percent coverage of bacteria samples treated with IRE and seeded on agar plates (n=3) 

analyzed at a 48 h and b 72 h. *p<0.05 indicates statistical difference from the untreated bacteria (negative 

control) and #p<0.05 denotes statistical difference from bacteria soaked in CAVICIDE™ (positive 

control). 

 

2.3.2 Analytical solution and numerical model of lesion area  

The analytical solution (Eq. 4) and the numerical solution of the local electric field distribution  

E(x,y) experienced by the pellicle were compared (Fig. 2.3). Solutions were given for the local 

electric field distribution experienced by the pellicle along the y axis (x = 0) for the applied electric 

field 10 kV/cm and 1 mm electrode spacing. The numerical solution and analytical solution are in 

good agreement (Fig. 2.3). A FEA model shows the mapping of the numerical solution of E(x,y) 

on the pellicle for an applied electric field of 10 kV/cm and 12.5 kV/cm for 1 mm electrode spacing 

configuration (Fig. 2.4). The field contour lines represent the electric field threshold needed to 

create a 2 mm - 3 mm lesion area, ranging from a local electric field of 2.45 kV/cm to 3.09 kV/cm 

for the applied electric field of 10 kV/cm to 12.5 kV/cm. 
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Figure 2.3. FEA model of IRE can accurately predict the electric field distribution on cellulose samples. 

Comparison of analytical and numerical solutions of the electric field distribution along y-axis (x=0) for 

an E_field of 10 kV/cm shows a discrepancy of <10 % for y<3 mm, which is the region of interest. 

 

 

Figure 2.4. FEA model describing the electric field distribution experienced on the bacterial cellulose at 

(a) 1000 V and (b) 1250 V delivered across a pair of needle electrodes spaced 1 mm apart. Contour lines 
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represent the electric field at 2.5, 2, and 1.5 kV/cm, respectively, starting from the contour field closest to 

the pair of electrodes and moving outward. 

2.3.3 Creation of pores in BC scaffold  

 

Figure 2.5. A pore of ≈ 2.26 mm in diameter was successfully created on cellulose sample after IRE 

treatment with 90, 10-μs-long pulses delivered every second at (a) 800 V every hour for 24 h, and at 1000 

V every hour for 48 h. (b) Measurement of lesion shown in (a). No damage is observed on the untreated 

control sample as shown in (c) and (d) with electrode measurement. 
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Figure 2.6. A pore of ≈ 1.95 mm in diameter was successfully created on cellulose sample after IRE 

treatment with 90, 10-μs-long pulses delivered every second at (a) 1000 V every hour for 20 h, and at 800 

V every hour for 52 h. (b) Measurement of lesion shown in (a). No damage is observed on the untreated 

control sample as shown in (c) and (d) with electrode measurement. 
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Figure 2.7. An applied electric field of 10 kV/cm caused a lesion of ≈ 2 mm in the cellulose sample. (a) 

SEM image of cellulose sample treated with 90, 10-μs-long pulses of 1000 V, delivered with 1 s interval, 

every 15 min for 72 h using a pair of needle electrodes spaced 1 mm apart. (b) No damage was observed 

on the untreated cellulose sample (control) except for the area where the electrodes were placed. 

 

 

Figure 2.8. An applied electric field of 12.5 kV/cm caused a lesion of ≈ 2.5 mm in the cellulose sample as 

can be observed in a SEM image of cellulose sample treated with 90 pulses of 1250 V, each lasting 10 μs, 

with 1 s interval, delivered every 30 min for 12 h using a pair of needle electrodes spaced 1 mm apart. (b) 

No damage was observed on the control sample (cultured with uncharged electrodes during the 12-h 

period). 
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Macroscopic images (Fig. 2.5 and Fig. 2.6) and FESEM images (Fig. 2.7 and Fig. 2.8) were taken 

of treated pellicles. Table 2.1 below shows the different treatments applied to each group, 

appropriate lesion size, and approximate threshold. The mean ± SD was determined for each 

treatment group where n = 3.  

 

Table 2.1. Different treatment groups for creation of pores through IRE on BC scaffolds. The number of 

pulses (90), interval between pulses (1 s), and duration of pulse (10 μs) were kept constant. Lesion size 

means and standard deviations are reported and correlated to a particular electric field threshold value 

(n = 3). Example lesions from each group are shown in Figs. 2.5-2.8. 

Group First pulse period Second pulse period 

Lesion size 

mean ± SD 

(mm) 

E-field 

(kV/cm) 
Fig. # 

1 800V 
Every hour 

for 24 hr 
1000 V 

Every hour for 

48 hr 
2.26  ± 0.13 1.8 Fig. 2.5 

2 1000 V 
Every hour 

for 20 hr 
800 V 

Every hour for 

52 hr 
1.96  ± 0.12 2.2 Fig. 2.6 

3 1000 V 
Every 15 

min for 72 hr 
N/A N/A 1.83 ± 0.07 2.5 Fig. 2.7 

4 1250 V 
Every 30 

min for 12 hr 
N/A N/A 2.59 ± 0.08 1.7 Fig. 2.8 

 

To determine cell death threshold, suspended bacteria were electroporated in cuvettes at electric 

field ratios ranging from 12.5 kV/cm to 17.5 kV/cm and then seeded on agar plates. Looking at 

the theory of bacterial growth, a bacterium experiences a lag phase, an exponential growth phase, 
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and eventually a stationary phase. For the exponential phase where more of the growth occurs, the 

growth rate equation for a specific species of bacteria can be described by the following equation: 

𝑁 = 𝑁𝑜𝑒
𝜇𝑡 (2.1) 

where N is the number of cells, N0 is the initial seeding cell number, μ is the growth rate of a 

species of bacteria, and t is the elapsed time.121 Because the growth rate is specific to a species of 

bacteria, μ is defined by the following equation: 

𝜇 =
ln2

𝑡𝑑
 

(2.2) 

where td is the doubling time of the bacteria species.121 Gluconacetobacter xylinus has a doubling 

time of 8-10 hours in static culture.122 Specifically for Gluconacetobacter xylinus, the calculated 

growth rate is approximately 8.66 x 10-2 h-1. We assume that a viable bacterium cell can divide and 

produce colonies and possible extracellular material on the agar plate and that a non-viable or dead 

cell will produce nothing after initial seeding. We also assume that 0% coverage represents 

completely non-viable cells that did not produce any colonies or any extracellular material on the 

agar plate and therefore exhibit 0% coverage of the agar plate. The untreated bacteria (negative 

control) exhibited approximately 30% coverage after 48 hours and 46% coverage after 72 hours. 

As the applied electric field increased, there was a noticeable decline in the percent coverage of 

bacteria. After 48 hours, all electroporation treatments and the bacteria soaked in CAVICIDE™ 

(positive control) were statistically different from the untreated bacteria (negative control). The 

lack of statistical significance between electroporation treatments and bacteria soaked in 

CAVICIDE™ may be due to the short incubation period of 48 hours, where no significant 

differences between treatments and positive control were observed. However, there are statistica l 

differences between treatments and the positive control after the 72 hour time point, with the 12.5 
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kV/cm treatment showing statistical difference from the 17.5kV/cm treatment and cells soaked in 

CAVICIDE™. Even though the 15 kV/cm treatment, 17.5 kV/cm treatment, and the cells soaked 

in CAVICIDE™ were not statistically different, bacteria treated at 17.5 kV/cm exhibited the 

closest lack of coverage, with <0.5% coverage after 48 hours and <1% coverage after 72 hours. 

These results are comparable to cells soaked in CAVICIDE™ (positive control) and show that 

with the correct set of parameters, IRE is a viable technique to kill Gluconacetobacter xylinus. 

Knowing what IRE parameters are required to kill Gluconacetobacter xylinus can be very useful 

when trying to determine the IRE parameters needed to kill other bacteria. If another strain of 

bacteria has a similar shape, size, and membrane thickness as Gluconacetobacter xylinus, one 

could use these parameters as a starting point to determine the parameters needed for a successful 

IRE treatment of the new strain.  

The FEA model developed to determine the electric field threshold necessary to create conduits of 

particular sizes for treatments using a 1 mm electrode-spacing configuration showed the 

discrepancy between numerical and analytical solutions increases outside the electrodes (y > 3 

mm). The numerical solution is a slight overestimation of the analytical solution. However, for y 

< 3 mm, which contains the region of interest for the lesions created, the discrepancy between the 

numerical and analytical solutions is <10%. This proves that the numerical model accurately 

depicts the electric field distribution experienced on the pellicle for the region of interest.  

The field contour maps (Fig. 2.4) represent the plotted numerical solution of the electric field 

distribution and predict the lesion area created on the surface of the pellicle, which can be 

compared to the macroscopic and FESEM images of the BC. Results show that samples in group 

2 and group 3 developed a lesion size of about 2 millimeters. Comparing the images to the FEA 

model for the applied electric field 10 kV/cm (Fig. 2.4a), a lesion size of approximately 2 mm 
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correlates to a threshold of 2.2 kV/cm. This shows that any bacteria that experienced a constant 

exposure of a local electric field of 2.2 kV/cm or higher every hour for 72 hours were lysed, 

allowing for formation of a 2 mm pore. Samples in group 4 caused a lesion size of ≈ 2.5 mm. Thus, 

an applied electric field of 12.5 kV/cm causes a lesion of ≈ 2.5 mm as compared to the control 

where there is no damage in the absence of electric field. Similarly, comparing the images to the 

FEA model for the applied electric field of 12.5 kV/cm (Fig. 2.4b) a lesion size of approximate ly 

2.5 mm corresponds to a threshold of 1.7 kV/cm. Thus any bacteria that experienced a constant 

exposure of 1.7 kV/cm or higher every 30 minutes for 12 hours were lysed, allowing formation of 

the 2.5 mm pore. Bacteria outside the threshold field were not affected which allowed cellulose 

production to continue around this area. All of the treatment groups also exhibited very low 

standard deviations, which shows that the set of parameters used in each group created a very 

similar sized lesion. This result validates the reproducibility of the IRE technique for creating 

conduits of a particular size.  

Pulse parameters and experimental conditions greatly affect cell death; this is seen by the different 

cell death thresholds obtained from the in vitro experiments of bacteria treated in suspension 

(without cellulose present) and from the samples of bacteria treated during cellulose production.12 3  

Because this is a proof-of-concept study, pulse parameters for the samples treated during cellulose 

production were varied to determine the possibility of a pore being formed. Based on the 

information provided by the FEA model, the electric field threshold needed to create a pore was 

established using multiple treatments. Bacteria cells are in suspension of growth media when 

pellicles are forming, making them active cultures. The in vitro studies were performed to 

determine the absolute threshold needed to kill bacteria based on a single treatment. However, 

applying these higher electric fields to the pellicle treatments produced too high of a current which 
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resulted in sparking. This led us to determine equivalent pulse parameters needed to kill bacteria 

in a particular area to create a pore. A study conducted by Pucihar et al. proved that with longer 

pulses or higher number of pulses, lower amplitudes are needed to cause cell death in the same 

fraction of electroporated cells.123 This is also the case for this set of experiments. Bacteria cells 

in suspension were treated with one continuous set of 1000 pulses, whereas the pellic les 

experienced 90 pulses every 15, 30, or 60 minutes over a period of 12 hours to 72 hours. The larger 

amount of pulses experienced by the growing pellicle caused a lower threshold needed to kill 

bacteria, allowing for conduit formation. If one wanted to kill the bacteria by administering only 

one treatment, a much higher electric field would need to be applied, which is evident by the in 

vitro results of cells treated in suspension and plated on agar plates. 

2.4 KEY FINDINGS 

In this proof of concept study, we successfully showed that controlled IRE prevented cellulose 

deposition in a particular area, thus creating a local conduit in the scaffold by lysing bacteria.  

 An applied electric field of 8-10 kV/cm causes a lesion of about 2 mm in the cellulose 

sample, whereas an applied electric field of 12.5 kV/cm causes a lesion of roughly 2.5 mm.  

 By varying certain parameters such as the voltage applied, number of pulses, frequency, 

and duration between treatments, we show the creation of a localized pore in the scaffold, 

which can then lead to the creation of interconnecting conduits.  

 Automation and refinement of this fabrication process was found to be crucial in order to 

develop custom-made scaffolds with various porosity densities to satisfy the requirements 

for orthopedic implants and other applications.  
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 The electric pulses can be delivered to the growing surface of the cellulose pellic le 

produced by bacteria since cellulose is produced at the liquid/air interface. The BC pellic le 

grows from the bottom up in a controlled predictable manner that allows for a layer-by-

layer fabrication process.  

 It was concluded that a multi-head composed of an array of micro-electrodes would be the 

best way to deliver the desired IRE treatment as each layer of BC is developed.  

 It was observed that the targeted pulses create a negative print or void at particular locations 

where the electric field distribution defines the area for bacteria lysing where no cellulose 

is produced. This allows for a controllable pore distribution in the pellicle on the XY-

surface.  

 Pore size is controlled via the voltage delivered and time duration of each pulse. It was 

conceived that as each layer or slice develops, the print head would ascend in the Z 

direction via an accurately coordinated servomotor, alternating pulse location and void 

formations. The array of micro-electrodes would rotate via step motors to vary the location 

of pores within the scaffold. This would allow for controlled porosity and a gradient 

scaffold to be created.  

Furthermore, it was noted that a similar automated approach could be implemented with 

magnetoporation and photoporation. These are relatively new techniques that could provide the 

means to lyse bacteria and create pores without requiring direct contact of the cellulose pellic le 

with electrodes. Magnetoporation employs a contactless treatment to kill cells by using pulsed 

magnetic fields124 and photoporation uses a short pulsed laser beam to induce cell damage.125 

There are other techniques that could be used to create pores in a BC scaffold. One possible 

mechanism is the generation of pH fronts emerging from electrodes that cause bacteria to migrate 
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to areas more similar to their natural environment.126, 127 Unlike IRE, this technique would not kill 

bacteria but would most likely cause bacteria to migrate and produce cellulose in areas not affected 

by the pH front. Another mechanism for creating pores could be through the use of 

dielectrophoresis (DEP), which uses a non-uniform electric field to induce polarization and move 

particles. Using inter-digitated electrodes, one could employ a lower level AC field to repel 

bacteria from high field gradients using negative DEP. By strategically charging certain electrodes, 

an interconnected tube formation from the bottom to the top of the BC scaffold could be created. 

A study conducted by Zaborowska et al showed the incorporation of wax paraffin microspheres 

into the fermentation process of Gluconacetobacter xylinus to create pores in bacterial cellulose 

scaffolds.128 The advantages of using wax paraffin microspheres to create pores in a BC scaffold 

are the ease of fabrication of wax microspheres, the ease of the removal of wax microspheres from 

the BC scaffold, and the control of the size distribution of the microspheres synthesized. This 

allows the researcher to create a range of sizes of microspheres to create a variable microporous 

scaffold. However, this technique does not provide a way to create interconnecting pores, which 

are essential for proper cell signaling, migration, and differentiation, as well as to provide a 

continuous pathway for a micro vessel to form. IRE potentially provides a solution to creating 

interconnecting pores. Ideally, as the cellulose grows, pulse parameters can be varied to produce a 

variable size conduit. A study conducted by Sano et al used electrokinetic force to stimulate and 

control bacterial motion of Gluconacetobacter xylinus to fabricate customizable networks of 

cellulose nanofibrils.113 Although this work shows how to create a BC scaffold with tunable 

mechanical properties by controlling the alignment of the cellulose nanfibrils, it does not include 

an approach to incorporate porosity in this network. This study by Sano et al can complement our 



49 
 

study by using it to tailor the mechanical properties of the BC scaffold and using IRE to create 

interconnecting pores that can give way to microvasculature formation.  

Tissue engineering, through the use of scaffolds, holds great promise for treating some of the most 

devastating diseases of our time. The major challenge thus far is attributed to the manufactur ing 

of stable and functional 3D tissue structures, with appropriate porosity and microvasculature, to 

allow long-term viability of complex organs such as bone. In this study we presented the feasibility 

of an approach to incorporate conduits into the cellulose scaffold through the use of IRE. The 

results suggest that IRE coupled with BC biofabrication could be an innovative technique to create 

scaffolds with pores and potentially conduits for tissue engineering applications. Our approach 

could allow for high degree of control over the bulk lattice structure which can result in better 

constructs with native tissue architecture.  
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3 PART B: TREATMENT OF PANCREATIC AND PROSTATE 

CANCER WITH IRE3 

3.1 INTRODUCTION 

Unresectable tumors are those near critical nerves, vessels, and bile ducts which can be damaged 

or compromised with the more commonly used ablation modalities such as cryoablation, 

radiofrequency, high intensity focused ultrasound, microwave, and laser. One of the main 

characteristics that sets IRE apart from these is its non-thermal mechanism for inducing cell death; 

IRE uses a series of short (~100µs), high- intensity pulsed electric fields (PEFs) to destabilize the 

cellular membrane, which in turn disrupts homeostasis and leads to cell death. The exact processes 

that take place are still not completely understood but there is interest in determining a predictable 

relationship between the threshold for cell death and cell size, which so far has gotten mixed 

results. Some groups argue a linear relationship of decreasing IRE threshold for cell death with 

increasing cell size,129-131 and some have found there is no strong relationship between 

electropermeabilization and cell size.132, 133 J. C Weaver proposed electroporation to be considered 

at two levels: the membrane level and the cellular level.134 Characteristics such as size may play a 

role at the membrane level as theoretical models have indicated a higher transmembrane potential 

is induced on bigger cells135; yet the mechanisms that lead to cell death may include secondary, 

cell-level events which could explain the discrepancy of results based on cell size alone.  

                                                                 
3 This work was done in collaboration with Katherine J. Prokop, Dr. John L. Robertson, and Dr. Rafael V. Davalos 

and is in preparation for publication. 
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We capitalize on the use of type I collagen hydrogels as the testing mechanism that provides for a 

fast, low-cost, reliable platform to test cells with physiologically relevant behavior and compare 

results to those of cells treated in suspension. We focus on two types of cancer, prostatic and 

pancreatic, as they are excellent candidates to exponentially benefit from the advantageous 

characteristics of IRE.  

Pancreatic cancer is one of the deadliest and most aggressive cancers with the fourth leading death 

rate among cancers in developed countries.136 In 2018, an estimated 55,440 new cases will be 

diagnosed with approximately 44,330 of those resulting in death according to the American Cancer 

Society.137 Pancreatic cancer usually does not present with early symptoms, and therefore, is 

generally not detected until later stages at which point only about 15-20% of cases are candidates 

for surgery. This is partly due to the proximity and involvement of critical structures such as 

neighboring nerves and vessels and it is also the reason why treating with IRE would provide an 

attractive alternative to current options. 

Prostate cancer is the most common type of cancer in men in the United States and the second 

leading cause of cancer-related deaths in American men.138 According to the American Cancer 

Society, 164,690 new cases will be diagnosed in 2018 and about 29,430 men will die of prostate 

cancer. Even though most men diagnosed do not die from the disease, current treatment options 

such as radiation and surgery can greatly reduce quality of life through unwanted side effects that 

include erectile dysfunction, incontinence, and bowel problems. These side effects are usually 

caused by damage to healthy structures and nerves from the treatment procedures; IRE has the 

potential to prevent some of these while still killing the cancer cells. The reason for this goes back 

to the non-thermal nature of the procedure and the higher sensitivity of cancer cells to electric 

fields. 
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In order to further understand the characteristics of IRE and to accelerate acceptance of the 

technology as a primary cancer therapy in the clinical setting, four human pancreatic and prostate 

cell lines were cultured in tumor constructs, treated with IRE, and analyzed at various time points 

to determine the best time for evaluation post-treatment. All four cell types were also treated in 

suspension using various electric field magnitudes to compare to the behavior observed for these 

cells when treated in 3D collagen gels. Cell lines used include Grade IV human prostate 

adenocarcinoma cells (PC 3) derived from bone metastasis, and human prostate carcinoma cells 

(DU-145) derived from brain metastasis, as well as a human pancreatic cancer cell derived from a 

primary ductal epithelioid carcinoma (PANC-1) and a pancreatic adenocarcinoma derived from 

the primary tumor (BxPC-3).    

Different assays were used to determine whether a predictable trend is observed for cell death 

based on size or aggressiveness of cancer cells. The hypothesis behind the latter is that aggressive 

cancer cells are more metabolically active and divide faster which can make them more susceptible 

to high-intensity pulses. For a given set of pulse parameters and tissue type, the degree of 

electroporation and size of the ablated region is primarily dependent upon the electric field 

distribution within the tissue. Cell death characterization for various tissue types needs to be 

investigated in order to improve treatment planning algorithms and advance IRE as a cancer 

treatment. A numerical model of the hydrogel setup was used to determine the electric field 

threshold for cell death for these cell lines. The results suggest that a relationship based on size 

can only be established when looking at the two cell types comprising each cancer type separately 

since there is no observable trend when comparing all four. In addition, the full effects from IRE-

induced cell death are observable anywhere from 2 to 72 hours post-treatment depending on cell 
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type which indicates the presence of secondary processes that can take several hours after the 

procedure to manifest. 

3.2 MATERIALS AND METHODS 

3.2.1 Cell Culture 

Grade IV human prostate adenocarcinoma cells (PC 3) derived from bone metastasis, and human 

prostate carcinoma cells (DU-145) derived from brain metastasis were purchased from ATCC 

(ATCC, Manassas, VA).  The PC-3 cells were cultured in F-12K (Kaighn’s) Medium, a 

modification of Ham’s F-12 Growth Medium, supplemented with 10% fetal bovine serum (FBS; 

Sigma Aldrich, St. Louis, MO), 1% penicillin streptomycin (P/S; Invitrogen, Carlsbad, CA), and 

grown to about 75% confluency before detaching and seeding in collagen gels for IRE cell death 

threshold characterization experiments. DU-145 cells were grown in RPMI 1640 with L-glutamine 

and supplemented with 10% FBS (Sigma Aldrich, St. Louis, MO), 1% P/S (Invitrogen, Carlsbad, 

CA) and were also grown to 75% confluency before using for experiments. Experiments with 

pancreatic cancer cells were done using PANC-1 and BxPC-3 cell lines. PANC-1 is a human 

pancreatic cancer derived from a primary ductal epithelioid carcinoma, purchased from ATCC 

(ATCC, Manassas, VA) and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) 

supplemented with 10% FBS (Sigma Aldrich, St. Louis, MO), 1% P/S (Invitrogen, Carlsbad, CA). 

BxPC-3 is a pancreatic adenocarcinoma derived from a primary tumor and was cultured in RMPI 

1640 Medium supplemented with 10% FBS (Sigma Aldrich, St. Louis, MO), 1% P/S (Invitrogen, 

Carlsbad, CA). Both types were cultured to 75% confluency before using in experiments.   
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3.2.2 Collagen I extraction and polymerization 

Collagen I extraction and development of hydrogel tumor models were followed as previously 

stated in references139, 140. Rat tail tendons from Sprague Dawley rats were extracted, collected in 

a beaker, and dissolved overnight in pH 2.0, 0.1M hydrochloric acid with agitation. This solution 

was centrifuged at 30,000 x g, 4°C, for 45 minutes. The supernatant was decanted and set volumes 

removed to determine final concentration. Volumes of 0.25, 0.5, and 1 mL were weighed, dried at 

75°C overnight, and re-weighed once dry. The collagen was sterilized by layering over chloroform 

overnight. It was pipetted into a new bottle without chloroform and stored at 4°C until the time of 

use. A neutralizing buffer consisting of 10X DMEM, 1N NaOH, and dH2O was used to re-suspend 

a cell pellet to achieve a final cell seeding density of 5x106 cells/ml. The neutralizing buffer/ce ll 

solution remained on ice and was mixed with the appropriate volume of collagen to achieve a final 

concentration of 8 mg/mL in a pre-chilled sterile tube. This particular collagen concentration was 

chosen based on previous studies which showed that cells grown in this matrix displayed cell 

adhesion, viability, and proliferation profiles similar to established tumor models140 as well as to 

compare to similar studies of IRE using this tumor construct.139 Six well plates were used to pipette 

235μL into 10mm diameter cylindrical PDMS molds. After polymerization for 20 minutes at 37°C, 

molds were removed from the hydrogels and 2mL of media added to each well to maintain cell 

viability. Hydrogels were incubated overnight in complete media before IRE treatment the 

following day. 
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3.2.3 IRE Treatment of Cells Cultured in Collagen I Hydrogels 

Media was aspirated from the six-well plates containing hydrogels before delivery of IRE 

treatment. IRE pulses were delivered using 1.3 mm diameter stainless steel hollow needles with a 

3.35 mm center-to-center spacing. Eighty 100-μs pulses were delivered with a repetition rate of 1 

pulse/second using an ECM 830 electroporation system (BTX-Harvard Apparatus, Holliston, 

MA). Pulses were applied with amplitudes of 300, 375, and 450 V based on clinically used IRE 

protocols.141-143 Needle electrodes were inserted into the center of the hydrogels, cleaned with 

ethanol, and dried in between each sample treatment. Electrodes were also inserted into control 

samples without pulsing in order to validate that any observed effects resulted only from IRE rather 

than physical damage from coming in contact with the uncharged pair of electrodes. Post-

treatment, media was added to the well plates and gels were incubated for a period of 2, 24, and 

48 hours for all four cell lines plus additional time points of 6 and 12 hours for PANC-1, and 72 

and 96 hours for DU-145 cells based on the observed results. Each experiment comprised triplicate 

number of samples for each particular condition and three separate experiments were performed 

on different days.   

 

3.2.4 Viability analysis 

After IRE treatment the gels were incubated ranging between 2 and 96 hours prior to viability 

analysis in order to eliminate any dye uptake from reversible electroporation effects, as well as to 

determine the optimal time for analysis. Viability was assessed using calcein acetomethoxy (AM) 

and propidium iodide (PI) live/dead assay. Calcein AM (4μM; λem = 515 nm; Invitrogen) was 

added at a concentration of 2 μl/ml 25 minutes prior to analysis. Propidium iodide (1.5 mM; λem = 
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617 nm; Invitrogen) was added at a concentration of 30 μl/ml 5 minutes before analysis. Calcein 

AM stains live cells, as it can be transported across the cell membrane, and it fluoresces green once 

intracellular esterase cleaves the AM group.  Propidium iodide, a non-permeant dye, stains dead 

cells as it binds to nucleic acids and emits a red fluorescence. Hydrogels were imaged using a 

Leica DMI 6000 fluorescent microscope (Leica Microsystems, Buffalo Grove, IL), tiling a set of 

images in order to reconstruct the entire collagen gel surface. 

 

3.2.5 Numerical Modeling 

Calculations of the electric field threshold required for cell death were determined using finite 

element analysis (COMSOL Multiphysics 4.3a, Stockholm, Sweden). The model reconstructs the 

3D geometry of the hydrogel and electrode setup and the electric field is calculated at points all 

across the gel from the center to the edge. The electric field distribution is numerically solved from 

the Laplace’s Equation: ∇2φ(z) = 0, where 𝜑 is the electric potential. Boundary conditions for 

one electrode is set as ground with 𝜑 = 0 while the other is charged with 𝜑 = 𝑉𝑜. The remainder 

of the boundaries in the model including the hydrogel are set as insulation. The diameter of the 

lesion, both perpendicular and parallel to the electrodes, as well as the area were used to determine 

the electric field threshold at the transition between live and dead cells as previously described in 

Arena et al.142 An extremely fine user-controlled mesh was used resulting in a <0.01% difference 

in electric field calculations with successive refinements. A parametric study on voltage was 

performed to determine the electric field distribution for 300, 375, and 450 V.  
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3.2.6 IRE Treatment of Cell suspensions in Cuvettes 

Cells were detached with 0.25% trypsin, re-suspended in their growth medium, and distributed in 

cuvettes with 4 mm electrode separation for IRE treatments with 150, 240, 320, 400, 520, and 720 

volts corresponding to electric field magnitudes ranging from 375 to 1800 V/cm. Untreated control 

samples were also seeded in 4-mm-cuvettes and cell viability was tested within 5 minutes of 

seeding and one hour after being kept in suspension to evaluate any effects on overall viability 

from this waiting period. 700 µL of cell suspensions taken from the same culture flask were used 

for each experimental setup and the complete protocol was repeated three times all using cells with 

less than 10 passage difference across replicates. Viability was evaluated using a Vi-CELL XR 

Cell Viability Analyzer (Beckman Coulter, Inc. Miami, FL, USA) 30 minutes after treatment to 

allow for reversible effects to disappear.   

  

3.2.7 Cytoplasm and Nucleus Staining 

Actin in the cytoplasm and genetic material in the nucleus of the cells were stained to visualize the 

cells morphology under confocal imaging using a Zeiss LSM 510 Laser Scanning Microscope 

(Carl Zeiss Microscopy, LLC, United States). Hydrogels were fixed in 3.7% paraformaldehyde for 

10 minutes after two 5-minute washes with PBS and prior to staining with rhodamine phalloidin ( 

λem = 565 nm; Invitrogen) which stains actin filaments red, and  DAPI (4',6-diamidino-2-

phenylindole dihydrochloride;  λem = 461 nm; Invitrogen) to stain nuclei blue. Dyes were diluted 

in a blocking and permeabilizing buffer (PBS-X) consisting of PBS, Triton-X, and BSA at a 1:5000 

ratio for DAPI and 1:100 for rhodamine phalloidin. Samples were permeabilized in PBS-X buffer 

for 25 minutes prior to the addition of dyes which remained in contact with the samples for one 
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hour at room temperature; they were protected from light during and after staining.  Samples were 

rinsed three times in PBS after staining before being ready for imaging. Rhodamine phallo id in 

works by attaching to F-actin filaments and is then conjugated with the fluorophore eosin in order 

to fluorescently visualize these structures. DAPI stains the nuclei by binding to A-T regions of 

DNA. 

3.2.8 Statistical Analysis 

The dataset for each cell line was analyzed using Minitab 18 Statistical Software (2010). 

[Computer software]. State College, PA: Minitab, Inc. One-way ANOVA was performed to 

determine the variances between the different treatments and for the thresholds for cell death 

(based on measurements of the cell death region in hydrogels) between the different time points. 

Results were tabulated with a 95% confidence interval where the F value and p-values showed 

whether statistically significant variances were present in results. Post-test analysis was performed 

using Tukey’s test to determine which results were significantly different from one another. They 

are further discussed below. 

   

3.3 RESULTS AND DISCUSSION 

We chose these particular cell lines because of their reported capacity to recapitulate the disease 

from which they originated as well as the vast literature available for each of them as some of the 

most commonly used cell lines to study prostate and pancreatic cancer.144, 145 PC3 and DU-145 are 

prostate cancer cell lines derived from bone146 and brain147 metastasis, respectively. DU-145 have 

a growth rate of approximately 34 hours, similar to that of PC3 at about 33 hours.145 Both 

pancreatic cell lines were derived from the primary tumor: PANC-1 from a ductal epithelio id 
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carcinoma, and BxPC-3 from a pancreatic adenocarcinoma.144 Their reported doubling time is also 

similar at 52 hours for PANC-1148 and 48-60 hours for BxPC-3.149   

Table 3.1. Physical properties of each cell line gathered from the literature and cell size measurements 

collected experimentally.  

Cell line Human tissue 

type 

Derived 

from 

Cell 

diameter in 

suspension 

(µm). N=10* 

Cell 

diameter in 

hydrogel 

(µm). N=10† 

Doubling 

time (hours) 
145, 148, 149 

PC3 Grade IV 
prostate 

adenocarcinoma 

Bone 
metastasis 

18.64 ± 0.27 26.28 ± 6 33  

DU-145 Prostate 
carcinoma 

Brain 
metastasis 

16.81 ± 0.35 20.77 ± 6 34 

PANC-1 Pancreatic 

ductal 
epithelioid 
carcinoma 

Primary 

tumor 

18.68 ± 0.33 34.34 ± 4 52 

BxPC-3 Pancreatic 

adenocarcinoma 

Primary 

tumor 

16.52 ± 0.23 22.85 ± 4 48-60 

*Taken from Vi-Cell readings of 100 frames each. †Taken from ESEM images (data not shown). 
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3.3.1 IRE treatment of cell suspensions in cuvettes  

 

Figure 3.1. Percent viability of cells treated in suspension using 4-mm cuvettes at various voltages. The 

corresponding electric field magnitudes range from 375 to 1800 V/cm for treatments with 150 to 720 V. 

(n=3 for each data point). 

Results consistently indicated a higher viability for the initial concentration reading (untreated) for 

PC3 and PANC-1 cells at or above 95% compared to a slightly lower viability ranging from 85-

93% for both DU-145 and BxPC-3 cells. Their response to IRE treatment in suspension show an 

increased sensitivity for PANC-1 cells, followed by BxPC-3 and DU-145, and the highest 

resistance to treatment by PC3 cells which reduced their percent viability by half after treatment 

with the highest electric field magnitude (1800 V/cm) used in this study. PC3 and PANC-1 cells 

were also measured to be the largest in suspension—which for PC3 seems to be in opposition to 

the postulation that bigger cells are more sensitive to pulsed electric fields—although the reported 

differences in size are not significantly different across these cell lines while in suspension so no 

particular conclusion can be drawn from cell size alone. Furthermore, as aforementioned, if the 

effects from electroporation are evaluated at the two different levels: cell membrane and cellular 

level, then an effect based on cell size should be determined by the threshold for reversible 
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electroporation to occur—as this comprises a cell membrane level event—and not by the cell death 

threshold characterization which is the focus of the studies presented here. Figure 3.1 shows the 

trend observed for each cell line’s decrease in viability with increasing magnitude of electric field 

applied.  

3.3.2 IRE threshold for cell death of cells cultured in collagen I hydrogels  

 

Figure 3.2. Electric field threshold for cell death for each cell type. Values reported correspond to the 

average for the particular time point established for each cell line as that in which the lesion has stopped 

growing (i.e., full effects from treatment are observed) ± standard deviations. All data include at least 9 

replicates. 

Samples that were mistakenly left untreated were not included in the analysis. No observable lesion 

(i.e., region of cell death) was obtained from any of the untreated control samples for all four cell 

lines; minor cell death was seen in the location where the electrodes were inserted into the collagen 

sample as expected from mechanical injury. The thresholds for cell death from IRE treatment of 

PC3 cells embedded in collagen gels was found to be 477 ± 37 V/cm, similar to 482 ± 45 V/cm 

for DU-145 cells; although the full effects of treatment are seen by 2 hours post-treatment for PC3 

compared to 72 hours for DU-145. A larger difference is observed for pancreatic cell lines where 
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the threshold for cell death was 450 ± 21 V/cm for PANC-1 compared to 603 ± 63 V/cm for BxPC-

3. The time for full lesion development was found to be 12 hours for PANC-1 and 24 hours for 

BxPC-3 cells. The criteria used for the selection of time post-treatment for full lesion development 

is further discussed below. 

3.3.3 Time post-treatment for complete lesion development 

The time point for full lesion development was selected as the first time point without a 

significantly different size (from statistical analysis) for the dead cell region (i.e., lesion area 

stained with PI) from the previous time point between 2, 24, and 48 hours post-treatment with IRE. 

Based on initial studies, two additional time points of 6 and 12 hours were evaluated for PANC-1 

cells and two of 72 and 96 hours for DU-145 cells. Results for the time it took the death region to 

fully develop are tabulated below for all four cell lines.  

Table 3.2. Summary of times for full lesion development for each prostate and pancreatic cell lines 

investigated. 

Tissue type Cell type Time for full lesion 

development (hours) 

Prostate Cancer 
PC3 2 

DU-145 72 

Pancreatic Cancer 
PANC-1 12 

BxPC-3 24 

 

3.3.4 Confocal images of IRE treated and untreated samples 

Confocal imaging of both treated and untreated gels revealed some differences in the effects of 

PEFs on the actin cytoskeleton (stained red with rhodamine phalloidin) of the prostate and 

pancreatic cells used in this study. Images for PC3 cells after treatment show no evidence of actin 

microfilaments surrounding the blue nuclei stained with DAPI. On the other hand, a considerable 
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amount of actin can be seen for treated DU-145 cells which seems more concentrated around the 

nuclei. Fragments of actin microfilaments can be seen spread out through the cellular space for 

both PANC-1 and BxPC-3 cells. 

Cell type Untreated Treated with IRE 

PC3 

 

 

DU-145 
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3.3.5 Differences in response to treatment and time for full lesion development may be 

due to differences in the composition of each particular cell line and culture media  

Cellular homeostasis is partly dependent on cell to matrix adhesion through the engagement of 

integrin receptors with several extracellular matrix (ECM) proteins which is known to induce pro-

survival signals and as such, any disruption to this interaction plays a key role in cell survival. Loss 

of cell anchorage or inappropriate cell adhesion leads to a type of apoptotic cell death known as 

anoikis. This mechanism plays a critical role in conserving tissue architecture and controlling 

homeostasis by converting mechanical forces arising from the matrix to downstream intracellular 

signals that modulate viability.150   

PANC-1 

 
 

BxPC-3 

 

 

Figure 3.3. Confocal images of treated and untreated hydrogels for each cell line. Cells nuclei are 

stained blue with DAPI and F-actin is stained red with rhodamine phalloidin.  
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Studies from two different groups in the early nineties showed the significance of signals from the 

ECM to the cell in preventing the latter from undergoing programmed cell death.151, 152 They 

demonstrated the essential role that integrins, a transmembrane protein, play in preventing anoikis. 

Activation of integrin signaling is not only dependent on interactions between this type of protein 

and the ECM but also on underlying connections with the cytoskeleton.153 An applied voltage 

induces membrane depolarization which in turn induces a change in overall membrane tension and 

rearrangement of its constituents.154, 155 A local pressure is created on the membrane by charges 

on opposing sides of it which repel each other laterally and change the net surface tension as a 

result; it can also alter the cell radius in an attempt to maintain the pressure constant across the 

membrane.156 This cell remodeling is driven by dynamic processes that involve the main 

components of the cytoskeleton: microfilaments, intermediate filaments, and microtubules. Thus 

a change in these structures after treatment with PEFs, can induce enough damage to a cell that it 

eventually directs it to a programmed cell death. Confocal micrographs of treated gels show cells 

experienced actin degradation and rearrangement, with filaments condensing closer to the nucleus 

in some cases and more uniformly spread fragments through the cytoplasm in others, which is 

consistent with loss of adhesions with the plasma membrane or overall cell remodeling. The timing 

of these events could vary according to particular cytoskeletal composition and genetic makeup of 

each cell type, degree of damage, and doubling time. These could explain the longer time for a 

lesion on DU-145 collagen gels to fully develop after IRE treatment. DU-145 cells are reported to 

have a doubling time of about 34 hours,147 with decreased proliferation reported when grown in 

3D culture systems,157 which could account for the delay in observing a complete region of cell 

death from cells that underwent this process when trying to divide.    
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On the other hand, results show that DU-145 cells are more sensitive to PEFs than PC3 cells when 

cultured in suspension. This could be due to a higher degree of anchorage-dependence of DU-145 

cells compared to PC3 cells158 which makes them more susceptible to undergo cell death when 

kept in suspension. On the other hand, lesions from IRE treatment on collagen I hydrogels take up 

to 72 hours to fully grow for DU-145 cells compared to 2 hours for PC3. Two mechanisms could 

help explain this response to PEFs when cultured in 3D collagen I gels: 1) PC3 cells were cultured 

in F-12K media containing calcium chloride which has been previously shown to make cells more 

susceptible to treatments with PEFs159, 160; DU-145 cells were grown in RPMI 1640 media which 

lacks CaCl2 and thus would not experience the same effects of calcium ions during nor after 

treatment with IRE, 2) as shown in confocal micrographs, PC3 cells can spread along the collagen 

gel as single cells while DU-145 cells grow in clusters; this type of growth has been previously 

reported for DU-145 cells by various groups.161, 162 Moreover, DU-145 cells have been shown to 

form intercellular bridges which allow for various types of communication between adjacent cells 

including transport of membrane vesicles163; it has even been proposed that molecules involved in 

death-inducing mechanisms may also spread through these intercellular bridges and lead to 

apoptosis of chains of interconnected cells164, which may explain the delay in lesion development 

observed for gels with DU-145 cells.   

Based on the media composition, PC3 cells could be undergoing apoptosis through a caspase-

independent, BCL-2-sensitive emptying of the ER Ca2+ pool.165 Mobilization of ER Ca2+ is 

associated with a concomitant increase in mitochondrial Ca2+ levels. According to Nutt et al., 

neither ER Ca2+ mobilization nor mitochondrial Ca2+ uptake occurs in Bax-null DU-145 cells.165  

Pullan et al. performed experiments on individually isolated cells and examined the cell death-

associated genes bcl-2 and bax in mammary epithelium; they found that even though expression 
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of Bcl-2 did not correlate with increased cell survival, augmented levels of Bax were associated 

with apoptosis.166 These results demonstrate that mitochondrial Ca2+ uptake and absence of Bax 

play an important role in induced apoptosis and could help explain some of the differences in the 

response to IRE treatment for PC-3 and DU-145 prostate cancer cells. Authors of the 

aforementioned study also express it is possible for the involvement of Ca2+ fluxes in cytochrome c 

release to vary with both the proapoptotic stimulus and with particular cell type since prostate 

cancer cells are especially sensitive to Ca2+-mediated apoptosis.165 Their results also confirm that 

at least two distinct mechanisms or pathways for cytochrome c release can exist within a given 

cell type, one that is dependent on Ca2+ fluxes between ER and mitochondria and another that is 

not. Studies have shown that DU-145 cells in particular, can experience a significant impact on 

their proliferation capacity from simple changes in the calcium concentration of the media.167  

Computational models have shown that the induced transmembrane potential (ITV) is higher for  

an isolated cell than for densely packed cells.168 This could help explain the higher sensibility of 

PANC-1 cells to PEFs while in suspension compared to that of BxPC-3 cells since it has been 

previously shown, and we can confirm from the results presented here, that BxPC-3 cells grow in 

clusters as opposed to PANC-1 which can grow as single cells.144 Similar to the observed behavior 

for DU-145 cells which grow in clusters, the reason for a delay in lesion development for BxPC-

3 cells when treated in collagen gels compared to the time for PANC-1 cells (24 and 12 hours, 

respectively) may lie in the communication between adjacent BxPC-3 cells to induce cell death on 

neighbor cells.  

Magnesium (Mg) is the cofactor of several hundreds of enzymes; it is involved in all major cellular 

processes, primarily in energy metabolism. It acts as a counter-ion for ATP and nucleic acids and 

plays a key role in enzyme stabilization including those implicated in many ATP-generating 
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reactions.169-171 The essential role of Mg in regulating ion channels, metabolic cycles, and signaling 

pathways is widely recognized.171 Durlach et al. demonstrated differences between the 

pharmacological and toxicological properties of MgSO4 and MgCl2, stressing that absorption and 

retention are more efficient with MgCl2 than with MgSO4.172 Interestingly, RPMI-1640 and 

DMEM (used with DU-145, BxPC-3; and PANC-1, respectively) only contain MgSO4 as opposed 

to F-12K media (used with PC3 cells) which contains both MgSO4 and MgCl2. Furthermore, 

enhanced whole cell currents found in certain cells were potently inhibited by removal of 

extracellular Cl−, indicating a permeability of the current for Cl−.173 This could play a role in 

the degree of permeability experienced by cells with both CaCl2 and MgCl2 in their media as 

opposed to those media lacking these components. 

Future studies could look into increasing membrane stiffness using wheat germ agglut inin 

(WGA)174-176 to evaluate the differences in the response to IRE treatments and determine any 

effects from changes in the cell’s biomechanical properties with and without WGA. Similar ly, 

studies could be performed on cells with decreased cytoskeleton stiffness by incubation with the 

Rho kinase inhibitor, Y27632, prior to the experiment or by being osmotically pre-conditioned 

(i.e., exposed to a hypo-osmotic, 200 mOsm, PEG 600 solution at room temperature for 5 min) 

which would promote partial de-polymerization of the actin cytoskeleton.177 Changes in the 

response to IRE treatments of the same cell line with and without pre-conditioning could confirm 

whether the differences between the different cells used in this study were due to differences in 

their actin cytoskeleton and their aptitude for fiber regeneration after injury. 
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3.4 KEY FINDINGS 

 Both prostate cancer cell lines, PC3 and DU-145, have similar electric field thresholds for 

cell death from IRE treatments with 80 pulses of 100 microsecond duration, delivered at a 

frequency of 1 Hz.  

 The time post-treatment for full lesion development varies widely at 2 hours for PC3 and 

72 hours for DU-145 cells.   

 DU-145 cells are more sensitive than PC3 cells to IRE treatments in suspension. 

 The electric field threshold for cell death is significantly different for the two pancreatic 

cancer cell lines, PANC-1 and BxPC-3, within the time points tested in this study (up to 

48 hours for both of these cell lines). Thresholds were estimated to be 450 ±21 and 603 ± 

63 V/cm for each cell line, respectively.  

 Post-treatment time for full lesion development was 24 hours for BxPC-3 and 12 hours for 

PANC-1 cells. 

 Sensitivity to IRE treatments in suspension is higher for PANC-1 cells than BxPC-3 cells. 

 Looking more closely at the particular characteristics of each cell line as well as the 

differences in media composition, might provide further insights into the differences in the 

response to IRE treatments.  
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4 PART C: H-FIRE TARGETS RESILIENT TUMOR INITIATING 

CELLS IN OVARIAN CANCER4 

4.1 INTRODUCTION  

Failure to successfully treat cancer is not usually due to the absence of initial remission or a 

primary response, but rather due to tumor recurrence or relapse after therapy; tumor-initiating cells 

are believed to play a major role in this negative outcome.178 Tumor-initiating cells (TICs) or 

cancer stem cells (CSCs) are cells that are able to recapitulate the original tumor.179 These TICs 

may share some characteristics with the adult stem cells from the organ of origin; this is either 

because they are derived from stem cells or because they have gained stem properties. They present 

a high capacity for self-renewal, differentiation into actively proliferating tumor cells, and 

resistance to radiation or chemotherapy. Over time, the genetically instable TICs can acquire 

various genetic or epigenetic alterations in response to microenvironmental cues, thus different 

TICs can be present in a tumor to create clonal populations of cancer cells with different 

phenotypes (see recent reviews180, 181). The presence of TICs is associated with a worse 

prognosis;181 thus, in order to achieve long-term survival, therapies that can successfully eradicate 

these types of TICs need to be developed and tested.  

Irreversible electroporation (IRE) is a predominately non-thermal tissue ablation modality with the 

capability to treat otherwise surgically inoperable tumors.1 One of the main characteristics that sets 

IRE apart from the more commonly used ablation modalities such as cryoablation, radiofrequency, 

                                                                 
4 Chapter 4 is adapted from A. Rolong, E. M. Schmelz, R. V. Davalos. High-frequency irreversible electroporation 

targets resil ient tumor-initiating cells in ovarian cancer. Integrative Biology, 9(12), 2017, 979-987. 
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high intensity focused ultrasound, microwave, and laser, is its primarily non-thermal mechanism 

for inducing cell death. IRE uses a series of short (≈100µs), monopolar, high-intensity pulsed 

electric fields (PEFs) to destabilize the cellular membrane, which in turn disrupts homeostasis and 

leads to cell death.1, 182  

A second generation of IRE, known as high-frequency irreversible electroporation (H-FIRE), uses 

a series of bursts of bipolar pulses delivered at higher frequencies (kHz to MHz) than standard 

clinical IRE (Hz). These higher frequency pulses have been shown to be better suited to penetrate 

epithelial layers without inducing significant Joule heating, thus causing electroporation effects 

deeper within the targeted tissue.183 H-FIRE can greatly reduce the muscle contractions induced 

by standard IRE protocols which might make it easier to deliver treatment in a clinical setting.8 6  

In addition, H-FIRE pulses have been shown to produce a more uniform electric field distribution 

even when delivered to heterogeneous tissues, which makes it easier to predict through numerica l 

modeling of treatment parameters.87, 183 The particular characteristics of H-FIRE also have great 

impact in the clinical setting where algorithms for treatment planning can be optimized to 

potentiate their accuracy in predicting the lesion volume i.e. differentiation between treated and 

untreated tissue.         

Even though IRE has been gaining attention due to its success in treating pancreatic184, liver185 , 

kidney186, and prostate60 tumors, the potential of this technique to treat ovarian cancer has not been 

fully investigated. Ovarian cancer is the fifth leading cause of cancer-related deaths in women in 

the United States. An estimated 22,440 women will receive a new diagnosis of ovarian cancer and 

approximately 14,080 patients will die from the disease in 2017 in the United States alone, 

according to the American Cancer Society. Similar to other TICs, ovarian cancer stem cells can 

recapitulate the original tumor, and have an increased resistance to traditional chemotherapy.187 ,  
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188 Due to the genetically and histologically diverse nature of ovarian cancer, the expression of 

stem markers (CD44, CD133, c-kit/CD117, TLR-4+/MyD88+, EZH2, ABCG2)189-193 also varies 

among reports.  

We hypothesize that H-FIRE can be particularly suitable for treating ovarian cancer by 

preferentially targeting TICs that may be susceptible to H-FIRE pulses. To explore our hypothesis,  

we used mouse ovarian surface epithelial (MOSE) cells, which are representative of different 

stages of ovarian cancer and tumor-initiating variants (MOSE-LTICv).194-196 The unique 

characteristics and advantages of the syngeneic model of disease progression used in this study 

include the ability to study the cell properties and responses to various stimuli at the different 

stages, without having to consider differences originating from inter-individual variability from 

cells originating from different hosts. The MOSE model has been proven to undergo similar 

changes in gene expression levels as those seen in the disease progression in humans;197 this makes 

it a suitable platform to study the mechanisms of ovarian cancer, from early to malignant stages, 

and to test the response of these to various treatment modalities. 

The work presented here comprises the first study to evaluate the effectiveness of H-FIRE to treat 

ovarian cancer by determining the different thresholds for cell death in benign, tumorigenic, and 

tumor-initiating cells by pulsed electric fields. We found that there was no differential response of 

the cells to IRE, indicating that IRE does indeed kill the treatment-resilient cells within the targeted 

area. Of particular interest, we found that MOSE-LTICv and malignant, late-stage (MOSE-L) cells 

displayed a higher susceptibility to H-FIRE as compared to the non-tumorigenic (MOSE-E) cells. 

These results may have clinical implications for treating ovarian cancer and preventing disease 

recurrence after treatment with H-FIRE in which it may be possible to target the TICs and non-
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stem, late-stage, malignant cancer cells while preserving the benign epithelial cells and 

maintaining a viable healthy tissue that can aid recovery. 

4.2 MATERIALS AND METHODS 

4.2.1 Cell culture 

The mouse ovarian surface epithelial (MOSE) cell model was developed from female C57BL/6 

mice via in vitro passaging and represents different stages of disease.194, 197 For the studies here we 

used the benign (MOSE-E) and tumorigenic (MOSE-L) cell lines. The MOSE-LTICv were 

generated by intraperitoneal injection of tumorigenic MOSE-L cells into syngeneic mice and 

subsequent recovery of cells from the ascites. These cells represent fast-developing disease: the 

injection of 1x104 MOSE-LTICv develops lethal disease in 23 days in contrast to the MOSE-L that 

represent a slow-developing disease (lethal disease is induced after 100 days after the injection of 

1x106 cells).194, 196, 198 All cell lines were grown in high-glucose Dulbecco’s Modified Eagle’s 

Medium (Sigma Aldrich, St. Louis, MO), supplemented with 4% fetal bovine serum (Atlanta 

Biological, Atlanta, GA), and 1% penicillin streptomycin (Invitrogen, Carlsbad, CA). All cell lines 

were stably transfected with enhanced green fluorescent protein (EGFP) and 4 µg/mL of 

puromycin was added to maintain EGFP-expressing cells. All ovarian cancer cell lines were grown 

to 75% confluency before being trypsinized and embedded in collagen gels for electroporation cell 

death threshold characterization experiments. 

 

4.2.2 Collagen I extraction and polymerization  

Collagen I extraction was performed as previously described.139, 140 Specifically, rat tail tendons 

from Sprague Dawley rats were extracted and dissolved overnight in 0.1M hydrochloric acid (pH 
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2.0) with agitation. After centrifugation at 30,000 g, 4°C for 45 minutes, the supernatant was 

decanted and the final concentration of stock solution was determined by weighing volumes of 

0.25, 0.5, and 1 mL before and after being dried at 75°C overnight. The collagen was sterilized by 

layering over chloroform overnight, and the final collagen was stored at 4°C until time of use. A 

neutralizing buffer consisting of 10X DMEM, 1N NaOH, and dH2O (final concentration of 

collagen: 4 mg/mL) was used to re-suspend a cell pellet (harvested by trypsination and counted) 

to achieve a final concentration of 1x106 cells/mL. 235 μL of the collagen plus cells mixture were 

pipetted into 10 mm diameter cylindrical PDMS molds in six-well tissue culture plates. After 

polymerization for 20 minutes at 37°C, molds were removed from the collagen I hydrogels and 3 

mL of complete media were added to each well to maintain cell viability. Gels were incubated 

overnight before treatment with IRE or H-FIRE. 

 

4.2.3 IRE treatment  

Media was aspirated from the wells and the hydrogels were treated with IRE. Pulses were delivered 

using 1.3 mm diameter stainless steel hollow needle electrodes with a 3.35 mm center-to-center 

spacing. A total of 80 monopolar, square-wave pulses with 100 μs duration at a frequency of 1 Hz 

were delivered using an ECM 830 electroporation system (BTX-Harvard Apparatus, Holliston, 

MA). Pulses were applied at 300, 375, and 450 volts based on existing IRE protocols.60, 139, 141, 143 

Needle electrodes were inserted into the center of the gels for pulse delivery, cleaned with 70% 

ethanol in between each treatment, and completely dried before following treatment. Electrodes 

were inserted into control gels without pulsing to validate that any observed effects resulted from 

IRE treatment alone. Post-treatment, media was added to the well plates and collagen gels were 
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incubated from a range of 24 hours to 7 days before fluorescence microscopy images were taken 

to examine the death region and surrounding live cells. 

 

4.2.4 H-FIRE treatment  

A procedure similar to the one explained above for IRE treatment was followed for treatments 

with H-FIRE type of pulses. A custom-built electrical stimulator, capable of withstanding the 

desired pulse parameters within a specific energy regime, was used to deliver the treatment. Three 

different treatment types consisting of rectangular, bipolar pulses: a burst of 25 cycles of 2 µs 

pulses with a 5 µs inter-pulse delay (2-5-2), a burst of 25 cycles of 2 µs pulses with a 2 µs inter-

pulse delay (2-2-2), and a burst of 50 cycles of 1 µs pulses with a 2 µs inter-pulse delay (1-2-1) 

were all delivered with a 1 s interval between bursts for a total of 80 bursts in order to correlate to 

IRE treatments with 80 pulses of 100 µs duration delivered with 1 s interval. This means the ‘on’ 

time of energy delivery was the same for both IRE and H-FIRE types of treatments. Figure 4.1 

shows a schematic of pulse parameters for each type of treatment used in this study. 
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Figure 4.1. Schematic of pulse waveforms used to treat MOSE cell hydrogels. IRE treatments comprise 

monopolar pulses of 100 microseconds (µs) delivered at 1 second intervals (A). H-FIRE treatments deliver 

a set of bursts with alternating polarity (bipolar) pulses of various durations and inter-pulse delay such as 

2 µs positive, 2 µs delay, 2 µs negative (B); 1 µs positive, 2 µs delay, 1 µs negative (C); and 2 µs positive, 

5 µs delay, 2 µs negative (D). 

 

4.2.5 Viability analysis  

Post-delivery of pulsed electric fields, hydrogels were incubated between 24 hours and 7 days prior 

to viability assessment to determine that no recurrence of cells appeared inside the death region. 

Viability was assessed using a Leica DMI 6000 fluorescent microscope (Leica Microsystems, 

Buffalo Grove, IL) and Zeiss Observer Z1 microscope (Carl Zeiss Microscopy LLC, Thornwood, 

NY), tiling a set of images to reconstruct the entire gel surface. The death region was imaged by 

fluorescence microscopy where only live cells express EGFP. 
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4.2.6 Numerical modeling  

Calculations of the electric field threshold for cell death were determined using finite element 

analysis (COMSOL Multiphysics 4.3a, Stockholm, Sweden). The model reconstructed the 3D 

geometry of the gel and electrode setup where the hollow electrodes have a diameter of 1.3 mm 

and thickness (inner to outer rim) of 0.335 mm, and the hydrogel cylinder has a diameter of 9.94 

mm with a height of 2.25 mm, Figure 4.2. The electrical conductivity for the hydrogel and 

electrodes was 1.2 S/m and 2.22×106 S/m, respectively. The electric field was calculated at points 

from the center to the edge along the hydrogel; this distribution is numerically solved from the 

Laplace’s Equation 𝛁𝟐𝛗(𝐳) = 𝟎 where φ is the electric potential. Boundary conditions were set 

to specify electric potentials in which one electrode is set as ground with φ = 0 V while the other 

is charged to a specified voltage, φ = V0, matching the different voltages applied experimenta l ly. 

The remainder of the boundaries in the model including the hydrogel were set as insulation. The 

lesion size was measured and compared to the numerical model to correlate the lesion size to the 

electric field induced in that region as described by Arena et al 139 and as shown in Figure 4.2. 

The length of the axis in between the electrodes inside the lesion area is the most variable and thus 

was used to determine the electric field threshold at the transition between live and dead cells as 

previously described.139 An extremely fine user-controlled mesh was used resulting in a <0.01% 

difference in electric field calculations with successive refinements. A parametric study on voltage 

was performed to determine the electric fields along points across the gel for 300, 375, and 450 V 

for IRE, and 480 and 500 V for H-FIRE. 
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Figure 4.2. Schematic of experimental setup (left) for treatment delivery in collagen I gels embedded with 

ovarian cancer cells and the corresponding finite element model (right) used to simulate the electric field 

distribution.  

 

4.2.7 Determination of cell death threshold from lesion area  

Fluorescent microscopy images were exported as JPEG and analyzed using ImageJ (NIH, 

Bethesda, MD).199 Contrast was enhanced by 0.2% before converting to binary image and creating 

a selection delineating the lesion area. An ellipse was fitted to highlight the lesion area with clean 

margins and the minor and major axis lengths were exported and tabulated. The electric field 

magnitude corresponding to a lesion of the same size from the numerical model was assigned as 

the threshold for cell death for the particular case. 

 

4.2.8 Cell and nucleus size measurements  

Collagen gels were washed three times with phosphate-buffered saline (PBS), fixed in 10% 

formalin for 45 minutes, washed three more times PBS, permeabilized with solution containing 

10mL PBS plus 5 µL Triton-X and 200 mg BSA (bovine serum albumin) for 30 minutes before 

washing three times with PBS and adding DAPI ((4',6-diamidino-2-phenylindole) in a 1:5000 
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dilution. Gels were washed three more times with PBS before imaging. ImageJ199 was used to 

analyze 63x fluorescent images of cells embedded in collagen I hydrogels. Blue (nucleus stained 

with DAPI) and green (cytoplasm with EGFP) channels of each image were analyzed separately. 

The images were first converted to 8-bit and the threshold was adjusted to delineate the nucleus 

and cytoplasm area; the area was reported using the “analyze particles” feature and tabulated for 

subsequent analysis. 

 

4.2.9 Statistical Analysis  

A one-way ANOVA was used to calculate the variances between the different treatments for each 

particular type of cell and for each treatment type between the different cells. Minitab 17 Statistica l 

Software (2010). [Computer software]. State College, PA: Minitab, Inc. was used for all statistica l 

calculations. Results were tabulated with a 95% confidence interval where the F value showed 

statistically significant variances in results. Post-test analysis was performed using Tukey’s test to 

determine which results were significantly different from one another. They are further discussed 

below. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Determination of electric field threshold for cell death  

Applied voltages of 300, 375, and 450 V were used to determine the electric field threshold for 

cell death from standard IRE pulse parameters. As shown in Figure 4.3, results show a close 

agreement in the electric field threshold for cell death as calculated by comparison of experimenta l 
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measurements of lesion width (y-axis perpendicular to axis created by the pair of electrodes) with 

the corresponding contour of the electric field magnitude for that same measurement from the 

computational model at each of the three different voltages applied. The results corroborate the 

behavior observed by Arena et al139 and serve as further validation of this in vitro model for 

determination of electric field thresholds for cell death from electroporation protocols. There is no 

statistically significant difference between the means of the treatments at all three voltages for each 

stage of disease as shown in Figure 4.4. Moreover, there is no statistically significant difference 

between the threshold for cell death for MOSE-E and MOSE-LTICv, indicating that these two types 

of cells—representative of non-malignant and highly aggressive tumor-initiating disease stage—

require a similar amount of energy from IRE type of pulses to induce cell death. The IRE threshold 

for cell death for MOSE-L cells was significantly different than that for MOSE-E and MOSE-

LTICv. Also shown in Figure 4.4 is the combined average from treatments at all three voltages 

which was used as the threshold for cell death for IRE treatment with 80 monopolar 100 µs square-

wave pulses delivered at 1 Hz.  

 

Figure 4.3. Fluorescent microscopy of MOSE-L cells tagged with eGFP embedded in collagen hydrogel 

after IRE treatment at 450 V with superimposed electric field contour lines (a). Numerical model of the 



81 
 

experimental setup from COMSOL for the treatment with 450 V showing selected contour fields in white 

(b). Legend shows color map of corresponding electric field magnitude in V/cm. 

 

 

Figure 4.4. No statistically significant difference was found for IRE treatments at 300, 375, and 450 V (α 

= 0.05) for each type of cell except for a slightly significant difference for MOSE-L at 450V compared to 

300V and 375 V (p = 0.02). The threshold for cell death for MOSE-L is significantly different than that for 

MOSE-E and MOSE-LTICv but there is no statistically significant difference for the thresholds of the latter 

two. *Statistical significance at p < 0.05. 

 

4.3.2 Comparison of electric field threshold for cell death from H-FIRE and IRE  

The results from standard IRE treatments show a similar threshold for cell death for both MOSE-

E and MOSE-LTICv at 436 ± 20 and 432 ± 16 V/cm, respectively. MOSE-L cells presented a higher 

electric field threshold for cell death at 546 ± 28 V/cm, roughly 20.1% and 20.9% increase over 

the IRE threshold for MOSE-E and MOSE-LTICv, respectively as shown in Figure 4.4. In contrast, 
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H-FIRE treatments (Figure 4.5) required a lower electric field threshold for cell death for the 

MOSE-LTICv across all three different sets of pulsed parameters used in this study. The difference 

in thresholds for cell death for MOSE-LTICv and MOSE-L cells was consistently lower for the 2-

5-2 (95% CI; p=0.02 and p<0.001, respectively) and 2-2-2 (95% CI; p=0.001 and p<0.001, 

respectively) sets of pulses compared to those for the 1-2-1 set. The threshold for cell death for the 

MOSE-L cells after H-FIRE treatment with the 2-5-2 pulse set was 816 ± 29 V/cm and 855 ± 17 

V/cm for 2-2-2 pulses compared to 1045 ± 34 V/cm for 1-2-1 type of pulse. H-FIRE threshold for 

cell death for MOSE-LTICv was found to be 722 ± 25 V/cm for 2-2-2, 751 ± 24 V/cm for 2-5-2, 

and 835 ± 23 V/cm for 1-2-1 types of pulses. There is a statistically significant difference between 

the thresholds for cell death for 1-2-1 H-FIRE treatment and those for 2-2-2 and 2-5-2, and between 

all three of these and IRE threshold for cell death. There is no statistically significant difference 

between the thresholds for cell death at 2-5-2 and 2-2-2 sets of pulses for each cell type which is 

not surprising since they both consist of 2 µs square waves of alternating polarity with the only 

difference being an inter-pulse delay of 5 µs versus 2 µs for the time between the changes in 

polarity. Additionally, there is no significant difference in the mean thresholds for cell death for 

both MOSE-L and MOSE-LTICv from 2-5-2 pulses which could indicate that this is the ideal type 

of pulse to successfully treat both late-stage malignant and tumor-initiating cells with a single 

treatment protocol while sparing healthy cells.  

Furthermore, all three sets of H-FIRE treatments failed to elicit any considerable cell death in the 

MOSE-E cells; specifically, no lesion formation was observed for any of the different sets of pulses 

used in this study. Figure 4.6 shows representative images for each H-FIRE treatment used on all 

three stages of disease progression. In the hydrogels with MOSE-E cells, only the mechanica l 

damage produced by the insertion of needle electrodes into the gel was observed. From the results 
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obtained an electric field of 2000 V/cm, which would produce a small detectable lesion on the gels 

in the area in between the electrodes, was still insufficient to induce cell death in the MOSE-E 

cells. This indicates that an electric field higher than 2000 V/cm would be required to induce cell 

death in MOSE-E cells using the pulse parameters evaluated in this study.      

 

Figure 4.5. Electric field threshold for cell death for the three different stages MOSE-E, MOSE-L, and 

MOSE-LTICv treated with the various H-FIRE and IRE protocols (n=9). *Statistically different from other 

treatments at p < 0.05. 

 

Table 4.1. Calculated electric field threshold for cell death from the three different H-FIRE pulse trains 

and from standard IRE treatment for each stage of ovarian cancer. A total ‘on time’ of 8 ms was 

maintained across all treatment types. Values are reported as the mean ± standard deviation for n=9.  

Cell Type Ovarian 

cancer 

stage 

Electric Field Threshold for Cell Death Mean (Std. Dev.) in V/cm. 

N=9  

H-FIRE (2-2-2) H-FIRE (1-2-1) H-FIRE (2-5-2) Standard 

IRE 

*

*

*
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MOSE-E Early  No visib le 

lesion 

No visib le 

lesion 

No visible lesion 436 (20) 

MOSE-L Late  855 (17) 1045 (34) 816 (29) 546 (28) 

MOSE-

LTICv 

Highly 

aggressive, 

Stem-like 

properties 

722 (25) 835 (23) 751 (24) 432 (16) 

 

 

Figure 4.6. There is no visible lesion area for the early, non-malignant MOSE-E cells after treatment with 

the different sets of H-FIRE pulses. Representative images of lesion size after each type of H-FIRE 

treatment plus the untreated controls for all cell types are shown; scale bar = 3 mm. 

 

MOSE-E

MOSE-L

MOSE-LTICν

H-FIRE 2-2-2 H-FIRE 1-2-1 H-FIRE 2-5-2 Untreated Control
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4.3.3 Determining a relationship from treatment response based on cell and nucleus size  

Ivey et al88 postulated that the response to H-FIRE treatments is directly proportional to the size 

of a cell’s nucleus; our results seem to follow a similar trend but the high variability in cell and 

nucleus size, especially for MOSE-LTICv, can hinder a direct relationship based on size alone. There 

is no significant difference between means for nucleus size of MOSE-E and MOSE-L cells (95% 

CI). The mean nucleus size of TICs is significantly larger than both MOSE-E and MOSE-L cells 

for a 95% confidence interval with p<0.001 for both cases. The mean for cytoplasm (or overall 

cell size) of MOSE-LTICv is significantly larger than MOSE-E (95% CI, p<0.001), MOSE-L is 

significantly larger than MOSE-E (95% CI, p=0.032), and there is no statistically significant 

difference for MOSE-L cells compared to MOSE-LTICv (95% CI, p=0.2). There is no statistica l ly 

significant difference between N/C ratio of MOSE-E compared to both MOSE-L and MOSE-LTICv 

as calculated by Tukey simultaneous 95% CIs (see large standard deviation in Figure 4.7). The 

N/C ratio of MOSE-LTICv is significantly larger than the N/C ratio of MOSE-L (95% CI, p=0.008). 

Comparing these results to the response observed for IRE and H-FIRE, there is a relationship 

between IRE and N/C ratio where cells with a bigger nucleus area compared to its cytoplasm area 

are more susceptible to IRE type of pulses than cells with a lower N/C ratio. In the case of H-FIRE, 

nucleus size can play a role where larger nuclei are more susceptible to H-FIRE types of pulses 

but this might not be the only factor driving the response as our results would not explain the lack 

of lesion formation for MOSE-E cells after treatment with H-FIRE; some MOSE-L or MOSE-

LTICv of the same nucleus size could have succumbed to the types of pulses used in this study. 

From theoretical studies, we know that cell size plays a role in electroporation protocols where 

larger cells are more susceptible to electric fields than smaller cells but as with everything dealing 

with biological organisms, there is rarely a direct relationship from treatment response based on a 
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single factor. It could be the case that larger cells are more easily electroporated but there could be 

another mechanism that allows some cells to more rapidly recover homeostasis and avoid cell 

death. Below we present another explanation that could be driving the observed effects.  

 

 

Figure 4.7. Overall cell and nucleus size increases with increasing malignancy for MOSE cells based on 

the average across measurements. A high variability is observed for cell and nucleus size of MOSE-LTICv 

and for cell size and N/C ratio of MOSE-E cells. N=40 for all measurements. 

 

Figure 4.8 shows representative images of cell and nucleus size for each particular stage of disease. 

Even though the cell morphology is more circular than what would be expected in vivo, the results 

from this study are very promising especially for H-FIRE treatments where we would not expect 

cell morphology to play such a critical role in the cell’s response to the applied electric fields.  
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Table 4.2. Calculated nuclear and cytoplasmic area (µm2) reported as the mean ± standard deviation for 

each cell type along with the corresponding nucleus-to-cytoplasm ratio. 

Cell Type Nucleus size (St. 

Dev.) in µm2 

Cell size (St. Dev.) in 

µm2 

Nucleus-to-

cytoplasm ratio 

MOSE-E 66.08 (21) 159.86 (73) 0.47 (0.2) 

MOSE-L 81.23 (14) 195.48 (31) 0.42 (0.1) 

MOSE-LTICv 113.36 (38) 220.33 (77) 0.53 (0.1) 

 

 

Figure 4.8. Representative images of all three cell types showing the nuclei in blue (left column), cytoplasm 

in green (middle), and merged image of the previous two (right column). Scale bar = 25 µm. 
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4.3.4 H-FIRE protocols may induce cell death based on the bioelectromechanical 

properties of cells  

It has been previously postulated that when a cell is exposed to conventional IRE unipolar pulses, 

these have a strong direct-current (DC) component which renders the membrane capacitance 

negligible in the circuit model representing a cell exposed to this type of pulsed electric fields. 8 7  

On the other hand, there is a significant contribution from the alternating current (AC) components 

when high-frequency bipolar bursts are used in the PEF treatment. Due to the capacitive nature of 

the cell membrane, the effective membrane impedance is reduced at these high-frequency pulses 

as opposed to exposure to standard IRE pulses. Previously, the biomechanical properties of MOSE 

cells were measured using atomic force microscopy (AFM) where the elastic modulus was 

measured to be decreasing as a function of disease aggressiveness. It was reported200 to be lower 

for highly aggressive stem-like cells, with a slight increase for the malignant late-stage cells, and 

an even sharper increase for the non-malignant early cells. A lower elastic modulus corresponds 

to a higher compliance in these cells; results indicate that early cells are stiffer than the malignant 

types. Furthermore, an increased capacitance for the MOSE-LTICv cells is corroborated by another 

study in which the crossover frequency was found to be lower than that for MOSE-L,201 and the 

one for MOSE-L cells was found to be lower than the one for MOSE-E cells.202 At low frequencies, 

the membrane bulk conductivity prevents applied electric fields from penetrating the interior of a 

cell; with high frequencies (above 100 kHz), the membrane effective resistance drops and electric 

fields penetrate the cell.202, 203 The specific membrane capacitance can be estimated from the ratio 

of crossover frequency when a cell is exposed to dielectrophoresis (DEP). The changes in 

capacitance for the early cells could explain why they were not affected by any combination of H-

FIRE pulses used in this study.  
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If a relationship is found between the susceptibility to high-frequency pulses and cellular 

compliance or capacitance, this could be a very promising treatment modality for the treatment of 

various types of cancer which have all been investigated and consistently report that malignant 

cancer cells are more compliant than their healthy counterparts for each tissue type includ ing 

breast, prostate, thyroid, bladder, and kidney.204 It would be of particular interest in the treatment 

of tumor-initiating cells which are highly responsible for tumor recurrence and metastasis and have 

been reported to have a high compliance which allows them to translocate across different kinds 

of tissues.205   

 

4.3.5 Modeling the cell as a spherical capacitor when exposed to high-frequency 

irreversible electroporation  

If we consider the nucleus of a cell as the inner sphere of a spherical capacitor and the cell 

membrane as the outer sphere, then a charge Q on the inner sphere with radius a (radius of the 

nucleus) and a charge –Q on the outer sphere with radius b (radius of the cell) will be created when 

exposed to an electric field, E. By definition, the capacitance, C, will be given by the charge 

divided by the potential difference between the two spheres:  

𝐶 =
𝑄

𝑉
 

(4.1) 

To find the potential difference, V, between the two spheres, we can start with the electric field 

outside the inner sphere which is given by = 𝑘𝑒
𝑄

𝐾𝑅2
 ; recall that 𝑘𝑒 is Coulomb’s constant defined 

as 
1

4𝜋𝜖0
 where 𝜖0  is the permittivity of free space, Q is the magnitude of electric charge, K is the 

dielectric constant of the space between the inner and outer spheres, and R is any distance between 
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the nucleus and the cell membrane. For a constant electric field, E=V/R or V=ER. Since the electric 

field in our case is not constant, the potential difference is given by 𝑑𝑉 = 𝐸𝑑𝑅  and thus 

𝑉 = ∫𝑑𝑉 = −∫ 𝐸𝑑𝑅
𝑎

𝑏

 
(4.2) 

∆𝑉𝑏→𝑎 = 𝑉 = −∫
𝑘𝑒𝑄

𝐾𝑅2
𝑑𝑅

𝑎

𝑏

 
(4.3) 

∆𝑉𝑏→𝑎 = 𝑉 =
𝑘𝑒𝑄

𝐾
[
1

𝑅
]
𝑏

𝑎

 
(4.4) 

∆𝑉 = 𝑉 =
𝑘𝑒𝑄

𝐾
[
1

𝑎
−
1

𝑏
] =

𝑘𝑒𝑄

𝐾
(
𝑏 − 𝑎

𝑎𝑏
) 

(4.5) 

Therefore, combining equations 4.1 and 4.5, the capacitance is given by: 

𝐶 =
𝑄

𝑘𝑒𝑄
𝐾 (

𝑏 − 𝑎
𝑎𝑏 )

 
(4.6) 

𝐶 = 4𝜋𝐾𝜖𝑜 (
𝑎𝑏

𝑏 − 𝑎
) 

(4.7) 
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From equation 4.7 above, we can see that the capacitance of a spherical capacitor is dependent on 

the radii of the inner and outer spheres and the dielectric constant of the medium between the two. 

For a cell exposed to high frequency pulses as in the case of H-FIRE treatments, we can think of 

the cell behaving as a spherical capacitor where its capacitance is determined by the radius of the 

nucleus and that of the whole cell as well as by the dielectric constant between the two membranes.  

   

Using the equation for capacitance shown above (Eq. 4.7) to determine the corresponding values 

for all three stages of disease progression: MOSE-E, MOSE-L, and MOSE-LTICv, the average 

capacitance of these cells is 3.55x10-12, 3.93x10-12, and 5.88x10-12 F, respectively if we assume 

that K remains the same for all three cell types and by assigning it a value of 1 in this case. This is 

an arbitrary assumption since we do not have specific values measured for each of the different 

cells studied. Considering that they represent a syngeneic model of disease progression, it may not 

be too outrageous to assign the same value for all three; but without actual experimenta l 

measurements it is still a mere assumption for simplification. It may be possible, or even probable, 

Figure 4.9. Schematic of a cell’s nucleus and outer membrane represented as a spherical capacitor with 

inner radius, a, and outer radius, b, with a charge of magnitude Q. 
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that these cells present different dielectric constants and that is another factor that may be driving 

the difference in capacitance and overall response to the same PEF treatment parameters.  

It has been widely postulated that for electroporation to occur, a critical transmembrane potential 

(TMP) must be exceeded. TMP is calculated as the potential difference across the membrane : 

𝑇𝑀𝑃 = 𝑉𝑒 − 𝑉𝑖, where the subscripts e and i correspond to the outside and inside of the cell. From 

equation 9, we can see that for a cell with higher capacitance, a lower potential would be required 

to accumulate the same magnitude of electric charge along the membrane. Thus a lower potential 

can give rise to the same critical TMP for cells with a higher capacitance than those with low 

capacitance. This would explain the behavior observed in our study for the H-FIRE treatments 

where the low capacitance, MOSE-E cells, might not have reached the critical transmembrane 

potential to induce irreversible electroporation; whereas their malignant and tumor-initia t ing 

counterparts did. Since this behavior of spherical capacitors can only be applied to biological cells 

exposed to high-frequency pulses of AC current and not to DC current employed with standard 

IRE pulses, the same behavior does not hold true for the latter which is consistent with the observed 

results in this study.    

   

4.4 KEY FINDINGS 

The results gathered in this study show a promising outlook on the use of high-frequency 

irreversible electroporation types of pulses for the selective treatment of both malignant, late-stage 

cancer cells and tumor-initiating cells over their non-malignant counterparts in the healthy 

surrounding tissue.  
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 All three cell types are successfully ablated with standard monopolar IRE pulses of 100 µs 

delivered at 1 Hz. 

 High-frequency bipolar pulses induce cell death and an observable lesion on collagen gels 

embedded with malignant, late-stage cancer cells and tumor-initiating cells.  

 The same high-frequency types of pulses fail to induce enough cell death to create an 

observable lesion on collagen gels embedded with non-malignant MOSE-E cells. 

 It was noted that there may be an inverse relationship between capacitance and electric 

field threshold for cell death from H-FIRE pulses. 

 This relationship could also be determined by the compliance of cells which would be a 

great indication if the same behavior is observed for other types of cancer as studies have 

shown cancer cells are consistently more compliant than healthy cells. 

 A new method of modeling the cell behavior when exposed to high-frequency pulsed 

electric fields as a spherical capacitor was proposed. If it is validated to fit the behavior of 

other cell types in addition to the ones used in this study, it could have a positive impact 

on pre-treatment planning algorithms—simulations aimed at predicting the outcome from 

treating specific cells and tissues with a particular set of pulse parameters.     

Future work should consider using different pulse parameters with shorter burst widths to evaluate 

their effect on cell death thresholds while still maintaining the non-thermal characteristic of 

electroporation modalities. In addition, the use of flexible planar electrodes should be investigated 

in the clinical application of IRE and H-FIRE protocols for the treatment of ovarian cancer. These 

would prevent physical puncture to the tissues in the peritoneal cavity which would decrease the 

chance of complications from the procedure and speed up recovery. The planar electrodes could 

be placed on the epithelial layer without puncturing and the higher frequency of H-FIRE may 
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enable the electric field to further penetrate the epithelial surface as compared to IRE. The 

particular characteristics of H-FIRE protocols such as decreased muscle contractions and 

malignant cell selectivity can be exploited to successfully treat small tumor masses without 

damage to healthy cells and surrounding critical structures. Variations in the pulse parameters may 

induce some interesting responses in different types of cells and, as was recently reported for 

asymmetric H-FIRE pulses,206 be able to decrease the threshold for cell death which means less 

energy would be required to eradicate undesired tissue. Promising observations from the use of 

high-frequency pulses in treatments with irreversible electroporation warrant further investiga t ion 

to realize the full potential of this modality to successfully treat cancer as well as to elucidate the 

underlying mechanisms driving this response in biological tissues.   
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5 PART D: SPHEROIDS IN COLLAGEN GELS AS 

PHYSIOLOGICALLY RELEVANT TUMOR MODELS IN THE 

CHARACTERIZATION OF IRE AND H-FIRE TREATMENTS 

5.1 INTRODUCTION 

Spheroid tumor models have been used to study their degree of permeabilization after exposure to 

pulsed electric fields commonly used in electrochemotherapy and gene electrotransfer.159, 207 

Frandsen et al. tested three different cancer cell lines including colon, bladder, and metastatic 

breast cancer, as well as normal dermal fibroblasts to characterize the effect of calcium 

electroporation compared to ECT using bleomycin.159 They used 8 pulses of 100 µs duration at 1 

Hz with an applied voltage to electrode distance ratio of 1000 V/cm and found that calcium 

electroporation may induce cell death in cancer cell spheroids more effectively than in normal 

fibroblast spheroids. These experiments were done with spheroids cultured and treated in 

suspension; a live/dead viability/cytotoxicity assay with calcein-AM and ethidium homodimer-1 

(EthD-1) was done four days after treatment to determine the degree of injury induced. Previous 

studies on the sensitivity of spheroids to electric fields showed that smaller spheroids were the 

most sensitive to electroporation;208 however, this was contradicted by the results from Frandsen 

et al where the smallest spheroids comprised of fibroblasts (182 +/- 9 μm in diameter) were the 

least affected by the pulsed electric fields. They were stained with calcein (live cells) irrespective 

of treatment which proves that many cells in the spheroid were still viable with only few cells 

stained with EthD-1 (dead cells). On the other hand, colon cancer spheroids (the largest of those 

included in the study with 628 +/- 17 μm in diameter) showed a high death rate as observed by 
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high EthD-1 staining and low calcein staining. Staining of bladder cancer spheroids (514 +/- 17 

μm in diameter) showed that neither dye was able to fully penetrate the spheroid to stain cells 

which the authors attribute to tight junctions in this bladder cancer cell line. Some EthD-1 was still 

picked up after electroporation with calcium and bleomycin with a higher intensity for the former. 

Interestingly, both types of treatment worked so well against breast cancer spheroids (321 +/- 15 

μm in diameter), that these could not be used for post-treatment viability assay; electroporation in 

the presence of calcium and bleomycin successfully destroyed spheroids comprised of breast 

cancer cells.  

It is worth noting that studies reporting the use of spheroids as tumor models in the characteriza t ion 

of electroporation treatments have been done in suspension and with pulse parameters that induce 

reversible electroporation.159, 160, 208 It would be important to investigate the response of these 

tumor models to irreversible electroporation types of pulses and characterize their response to 

different frequencies and amplitudes. Seeding spheroids in collagen gels and allowing them to 

grow and invade this matrix, would provide a more physiologically relevant model of solid 

tumors209, 210 thus improving our understanding and confidence on how treatments with these 

pulsed electric fields will perform for in vivo therapies. 

The use of additive manufacturing (3D printing) would provide a higher level of control over the 

cell distribution within these collagen scaffolds which would allow for enhanced mimicking of the 

in vivo tumor microenvironment.211, 212 Additionally, this manufacturing technique provides a high 

degree of reproducibility which will afford the experimental robustness needed to make any kind 

of scientific argument based on experimental results. 3D printing allows for precise and 

simultaneous deposition of several cell types, enables development of tissue with a high level of 

cell density, and allows for variations in the morphological pattern.211 Spheroids can be made in 
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large quantities with reproducible size and composition; their biomechanical properties, size, and 

shape make them a suitable “bioink” for automated dispensing onto a hydrogel.      

Heterogeneous tumor models comprised of different cell types seeded in particular locations could 

represent a small tumor mass surrounded by healthy tissue. These models could be very useful in 

the study of standard IRE types of pulses compared to H-FIRE pulses; the latter has been postulated 

to induce a higher fidelity of lesion size and shape to those predicted from numerical modeling 

even when delivered to heterogeneous tissues. The indication that these H-FIRE pulses could also 

selectively kill cancer cells over their normal counterparts can be further examined with the use of 

these 3D tumor constructs comprised of spheroids made with cancer cells and normal cells from 

the connective tissue around it.  

5.2 MATERIALS AND METHODS 

5.2.1 Cell culture 

The mouse ovarian surface epithelial (MOSE) cell model which was previously developed from 

female C57BL/6 mice via in vitro passaging and represents different stages of disease,194, 197 was 

used for these studies. Only the tumorigenic (MOSE-L) cells were used to make spheroids. These 

cells represent a slow-developing disease (lethal disease is induced after 100 days after the 

injection of 1x106 cells).194, 196, 198 They were grown in high-glucose Dulbecco’s Modified Eagle’s 

Medium (Sigma Aldrich, St. Louis, MO), supplemented with 4% fetal bovine serum (Atlanta 

Biological, Atlanta, GA), and 1% penicillin streptomycin (Invitrogen, Carlsbad, CA). Cells were 

grown to 75% confluency before being trypsinized and used to make spheroids.  
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5.2.2 Culture of homogeneous and heterogeneous spheroids 

Spheroids were made up of 5,000 cells total for both mono- and co-cultures. Cells were trypsinized 

and resuspended in complete media for counting. The desired concentration was obtained so that 

5,000 cells would be pipetted into each well of a low-attachment 96-well plate in 100 µL of media 

per well. The plate was then centrifuged at 900 rpm for 3 minutes and placed in an incubator at 

37°C and 5% CO2 overnight, then another 100 µL of complete media were added to each well and 

plates were incubated for 48 hours. The tip of a 1000 µL pipette tip was cut with sterile scissors to 

widen the diameter and pick up the spheroids without disrupting them. Spheroids were collected 

in a 50 mL conical tube and the supernatant was removed by suction to isolate the spheroids before 

embedding in collagen gels. Homogeneous spheroids were comprised of 5,000 MOSE-L cells and 

heterogeneous spheroids had the same total amount of cells combined at a 4:1 ratio of MOSE-L to 

OP9 (fibroblasts) and 2:1 for MOSE-L to MS1 (endothelial cells). 

5.2.3 Fabrication of collagen gels  

Spheroids were resuspended in neutralizing buffer consisting of 10X media (10% of total volume), 

1N NaOH (2% of collagen volume), and 1X media (remaining volume) before adding the desired 

volume of collagen to a final concentration of 5 mg/mL, and mixing by pipetting up and down 

with widened tip and with mechanical stirring. This mix was then distributed onto each well of a 

24-well plate which had been previously adapted with a PDMS mold of 10 mm inner diameter as 

previously used by Ivey et al.88 and Wasson et al.213 Molds were placed under UV for steriliza t ion 

before being fitted into each well; they were then treated with 1% PEI for 10 minutes at room 

temperature, followed by treatment with 0.1% glutaraldehyde for 20 minutes at room temperature  

to allow for proper contact with collagen matrix and decrease the probability of dislodging out of 

place during electrode removal after treatment. Solutions were aspirated between each step and 
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PDMS molds were washed twice with DI water and allowed to dry before seeding mixture of 

collagen and tumor spheroids. After seeding, plates were incubated at 37°C and 5% CO2 for 20 

minutes to allow for collagen polymerization before adding 600 µL of complete media and 

returning to incubator for culture. Media was changed every 48 hours and spheroids were cultured 

in collagen gels for various time points up to 15 days. 

5.2.4 IRE and H-FIRE treatments 

Treatments were delivered using a pair of blunt stainless steel needle electrodes with an interna l 

diameter of 0.635 mm and outer diameter of 0.914 mm separated by a distance of 4 mm (center-

to-center). IRE pulses were delivered using an ECM 830 electroporation system (BTX-Harvard 

Apparatus, Holliston, MA) and a EPULSUS®-FBM1-5 (EnergyPulse Systems, Ltd. Lisboa, 

Portugal) was used to deliver the H-FIRE pulses. A total of 80 monopolar, square-wave pulses 

with 100 μs duration were delivered at an interval of 1 second for IRE treatments at 450 and 500 

volts. H-FIRE treatment consisting of rectangular, bipolar pulses of 600 and 700 V with a 2 µs 

width in both positive and negative polarity separated by a 5 µs inter-pulse delay (2-5-2) were 

delivered as bursts of 25 cycles for a total of 100 µs of energized time. Eighty bursts were delivered 

with a 1 second interval as described for IRE protocol to compare between treatments of equal 

overall time for energy delivery. Needle electrodes were inserted into the center of the gels, cleaned 

with 70% ethanol in between each treatment, and completely dried before the following treatment. 

Electrodes were inserted into control gels without pulsing to validate that any observed effects 

resulted from treatment with PEFs alone. Post-treatment, fresh media was added to the well plates 

and collagen gels were incubated from a range of 24 hours to 10 days before imaging with 

fluorescence and bright field microscopy. 
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5.2.5 Numerical model  

The electric field distribution across the gel was determined using finite element analysis 

(COMSOL Multiphysics 5.3, Stockholm, Sweden). The model reconstructed the 3D geometry of 

the gel and electrode setup. The electrical conductivity for the hydrogel and electrodes was 1.2 

S/m and 2.22×106 S/m, respectively. The electric field was calculated at points from the center to 

the edge along the hydrogel; this distribution is numerically solved from the Laplace Equation 

𝛁𝟐𝛗(𝐳) = 𝟎 where φ is the electric potential. Boundary conditions were set to specify electric 

potentials in which one electrode is set as ground with φ = 0 V while the other is charged to a 

specified voltage, φ = V0, matching the different voltages applied experimentally for IRE and H-

FIRE. The remainder of the boundaries in the model including the hydrogel were set as insulat ion. 

An extra fine user-controlled mesh was used resulting in a <0.01% difference in electric field 

calculations with successive refinements as described by Arena et al.139 A parametric study on 

voltage was performed to determine the electric fields along points across the gel for 450 and 500 

V for IRE, and 600 and 700 V for H-FIRE. 

5.2.6 Fluorescent staining 

Spheroids in collagen gels were treated while in 500 µL of PBS solution with 50 µg/mL of 

propidium iodide for permeability studies. The LIVE/DEAD™ Viability/Cytotoxicity Kit 

(ThermoFisher Scientific) was used to stain live cells based on their intracellular esterase activity 

indicated by green-fluorescent calcein-AM and red-fluorescent ethidium homodimer-1 (EthD-1) 

to stain dead cells by indicating their loss of plasma membrane integrity. A concentration of 4 µM 

and 2 µM was used for EthD-1 and calcein-AM, respectively, diluted in 600 µL of 1X PBS and 

incubated for 45 minutes without light exposure before imaging.  
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5.2.7 Imaging and analysis 

Tile images of each well were taken with a 5x objective using an inverted DMI 6000B microscope 

(Leica Microsystems) and merged into a single image with Leica’s proprietary software. ImageJ 

(NIH, Bethesda, MD)199 was used to select the regions of interest (i.e. location of each spheroid) 

and analyzed through the set measurements and mean gray value feature to quantify the intens ity 

of the dye. A higher intensity corresponds to more dye being taken up by the spheroids thus a 

higher degree of permeabilization induced by a particular treatment.   

5.3 RESULTS AND DISCUSSION 

5.3.1 Differences in morphology and growth pattern 

Spheroid morphology varies depending on whether cells reach a flat surface (e.g. the bottom of 

the culture mold or on top of the collagen) or spread through the collagen matrix. The former is 

characterized by a sheet-like spread of cells similar to the growing fronts observed when cultured 

on 2D (tissue culture flask) and the latter presents finger- like protrusions that extend out from the 

original core of the spheroid in all directions of the 3D space provided by the collagen matrix. 
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Figure 5.1. Fluorescence and bright field images of spheroids of MOSE-L cells cultured on collagen gels 

for 4 days. The top images show a spheroid with some cells spreading onto a flat surface and the bottom 

images show a spheroid growing into and along the collagen fibers. Scale bar = 500 µm. 
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Figure 5.2. MOSE-L spheroids cultured in collagen gels for 24 hours (right, bright field image) and 10 

days (left, fluorescence image). The red core of dead cells in the fluorescence image is characteristic of all 

spheroids since these cells are deprived of oxygen and nutrient. Scale bar = 2 mm. 

  

5.3.2 Size variability between homogeneous and heterogeneous spheroids  

Different growth rates and/or arrangement within spheroids (based on size) was observed for 

monoculture of malignant cancer cells and co-culture of cancer cells with fibroblasts (OP9) and 

endothelial cells (MS1). Homogeneous spheroids of MOSE-L result in smaller spheroids 

compared to heterogeneous spheroids with OP9 and MS1 cells as shown in Figure 5.3. Figure 5.4 

shows the areas measured for all the spheroids within a gel for three separate gels of each culture 

type. Monoculture of MOSE-L spheroids after 5 days in collagen gels resulted in an area of 0.52 

± 0.19 mm², co-culture of MOSE-L with OP9 cells measured 1.08 ± 0.21 mm², and spheroids with 

MOSE-L and MS1 cells were 1.10 ± 0.46 mm². These results show that homogeneous spheroids 

comprising cancer cells are about half the size of heterogeneous spheroids comprised of cancer 

cells with either fibroblasts or endothelial cells despite starting out with the same total number of 
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cells (5,000 for results presented here); furthermore, there was no significant difference in size 

between the two types of heterogeneous spheroids even though different cell ratios were used (4:1 

for MOSE-L:OP9 and 2:1 for MOSE-L:MS1). 

 

Figure 5.3. Monoculture of MOSE-L cells result in smaller spheroids (left) compared to those of co-culture 

of MOSE-L with OP9 (middle) and MOSE-L with MS1 (right). Scale bar = 2 mm. 

 

Figure 5.4. Average size of spheroids after 5 days in culture in collagen I gels. Data shown correspond to 

three different gels for each particular combination with n=16 for MOSE-L homogeneous spheroids, 

n=15 for combination of MOSE-L with OP9, and n=18 for MOSE-L with MS1 spheroids. Error bars 

show standard deviations from the mean.   
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5.3.3 Differences in degree of spheroid permeability induced by IRE and H-FIRE pulses 

Permeability studies of spheroids treated in the presence of propidium iodide show a higher uptake 

after H-FIRE treatments compared to IRE treatments. Figure 5.5 shows representative 

fluorescence images of MOSE-L spheroids treated with H-FIRE and IRE pulses. H-FIRE 

treatments showed consistently higher fluorescence intensity values even for spheroids located far 

from the electrodes which experienced a lower electric field magnitude than spheroids treated with 

IRE pulses. This indicates a higher degree of permeabilization (i.e. propidium iodide uptake) can 

be achieved throughout the spheroid after treatments with bipolar H-FIRE pulses of 2-5-2 

combination compared to standard monopolar IRE pulses. Untreated control samples did not show 

any detectable uptake of propidium iodide during the same time frame used for treated samples 

(data not shown). All treated and control samples were imaged live during the time frame 

corresponding to delivery of pulses and images of the whole gel, taken 10 minutes after completion 

of treatment, were the ones used to compare intensity values as shown in Figures 5.5 and 5.6.  

Figure 5.7 shows the selective permeability of cells lying deep within a heterogeneous spheroid of 

MOSE-L with OP9 cells after treatment with H-FIRE pulses of 2-5-2 combination. If it follows 

the same trend observed in previous studies, it would seem that the MOSE-L cancer cells would 

be more susceptible to treatments with PEFs compared to normal fibroblasts but proper staining 

and differentiation between each particular cell type would be required to confirm such claim. 



106 
 

 

Figure 5.5. Fluorescence images of propidium iodide uptake by MOSE-L spheroids 10 minutes after 

treatment with H-FIRE (left) and IRE (right). Scale bar = 2 mm. 

 

Figure 5.6. Comparison of intensity values measured from fluorescence of propidium iodide after 

treatment with H-FIRE and IRE pulses. Total energized time was the same for both H-FIRE and IRE 

protocols where 600 and 500 V were used for each treatment, respectively. N=3. 
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Figure 5.7. Selective permeabilization of cells within a spheroid comprised of MOSE-L and OP9 cells was 

observed after treatment with H-FIRE pulses. Bright field and fluorescent images are merged on the left 

and only the fluorescent image showing propidium iodide uptake is shown in the middle; an enlarged image 

of the region of interest is shown on the far right. 

 

5.4 KEY FINDINGS AND FUTURE DIRECTION 

 Heterogeneous spheroids made from co-culture of MOSE-L and OP9 or MS1 cells make 

bigger spheroids than homogeneous spheroids of MOSE-L cells. 

 Various growth patterns are observed for spheroids comprised of the same number and 

type of cells depending on their location within the culture matrix which may be due to 

differences in the local microenvironment as well as any contact with the molded plate.  

 H-FIRE treatments induce a higher uptake of propidium iodide compared to IRE treatments 

which indicates a higher degree of permeabilization of spheroids treated with H-FIRE 

pulses. 

 Selective permeabilization of cells lying deep inside heterogeneous spheroids comprised 

of MOSE-L and OP9 cells was observed for samples treated with H-FIRE pulses.  
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Future work should look into testing different time points for evaluation post-treatment to 

determine the best outcome and parameters for comparison. The use of fluorescently labelled cells 

to differentiate between cell types would allow for detailed evaluation of their arrangement within 

heterogeneous spheroids; this would aid in determining differential responses to IRE and H-FIRE 

treatments by various cell types within the same spheroid. It would also be interesting to know if 

there are any differences in growth patterns and response to treatments from spheroids with 

different initial concentrations of each cell type, and from different cell arrangements (e.g. cancer 

cells comprising the core of spheroids encapsulated by a shell of fibroblasts or vice versa).  

Optimization of parameters for 3D printing would afford precise control of spheroid location 

within the gel which increases replicability of particular conditions for statistical analyses. 3D 

printed models would also allow for more complex structures that closely mimic the in vivo tumor 

microenvironment for example by seeding heterogeneous tumor spheroids in collagen gels 

embedded with other healthy cells and with microvasculature through this scaffold.   
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