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Abstract 

Electroporation is a dynamic phenomenon in which pores form in a cell’s extracellular membrane 

due to an externally applied pulsed electric field (PEF) of sufficient duration and intensity. These pores 

allow normally membrane impermeable substances, such as ions and molecules, to pass into the cell. 

Pores opened in this manner can close after a short duration of time, on the order of seconds to 

minutes, or remain open until they cause cell death depending on the PEF parameters among other 

factors. The former case is known as Reversible Electroporation (RE) and the latter is known as 

Irreversible Electroporation (IRE). Both RE and IRE have important clinical applications. RE is a 

promising technique for delivering macromolecules such as proteins, DNA, RNA [1]–[3], antibodies 

[4], and nanoparticles [5], [6] into the cytoplasm. IRE shows promise as a non-thermal technique for 

ablating unwanted tissue [7]. 

The primary motivation for this PhD research was to improve electroporation-based treatments, 

and specifically to address gaps in electroporation-based healthcare applications, such as minimally 

invasive techniques for gene therapy. We identified several shortcomings in the current published 

literature for clinical electroporation devices. Specifically, a lack of devices for difficult to reach tissues 

or physically confined spaces. For example, most clinical electroporation devices rely on invasive entry 

to access the site. Few devices have been developed for endoscopic, laparoscopic, and other catheter-

based applications. We developed and tested a device to reversibly electroporate liver hepatocytes that 

could be used to deliver gene therapy treatments in porcine liver and has potential to be further 

extended to human treatment.  
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Electroporation is a dynamic phenomenon in which pores form in a cell’s extracellular membrane 

due to an externally applied pulsed electric field (PEF) of sufficient duration (typically ns to ms) and 

intensity (on the order of V/cm to kV/cm). These pores allow normally membrane impermeable 

objects, i.e. molecules, to pass into the cell. Pores opened in this manner can close after a short 

duration of time, or remain open until the cell dies, depending on a variety of parameters. The former 

case is known as Reversible Electroporation (RE) and the latter is known as Irreversible 

Electroporation (IRE). Both RE and IRE have important clinical applications. RE is a promising 

technique for delivering macromolecules such as proteins, DNA, RNA [1]–[3], antibodies [4], and 

nanoparticles [5], [6] into the cytoplasm. RE has been shown to be more reproducible, efficient, and 

predictable than other macromolecule delivery methods such as viral or chemical manipulation of 

membranes. IRE shows promise as a non-thermal technique for ablating unwanted tissue [7].  

The focus of this dissertation was to improve electroporation techniques and methods to 

overcome challenges in efficiency, thereby allowing electroporation to be a more successful clinical 

technique. We identified three primary aims to achieve this goal.  

Early on, we identified the need to develop a more reliable, precise, and fast method for 

determining electroporation outcomes. Our existing method of tracking fluorescence of a single 

microscope frame of cells did not allow enough throughput to realistically analyze enough samples in 

a timely manner for any of our proposed studies. Specifically, the new method needed to be 

compatible with a single channel fluorescence microscope and had to be able to accurately differentiate 

between RE and IRE cells in a timely manner. Being able to do this quickly is important when 

searching for the best PEF parameter values for a given application, and therefore necessary to achieve 

the subsequent research for this dissertation. In a laboratory setting, one common technique for doing 

this is labeling cells with two membrane integrity indicators, one added to the sample prior to 
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electroporation, and one added after the transient pores have had time to close. Internalization or 

exclusion of these markers can indicate whether a cell was electroporated, and if it was, whether it was 

RE or IRE. We have developed a modified version of this method for the use in our lab. This is 

referred to as Aim 1 throughout this dissertation. 

The next area we identified as a research goal was improving the likelihood of RE outcomes. 

Currently, for example, when using electroporation for DNA delivery, only approximately 20-60% of 

the treated cells are successfully transfected using current electroporation techniques [1], [8], [9]. 

Successfully and stably getting DNA into the cell has been identified as a major challenge in gene 

therapy [10], [11], meaning that improving RE rates will make electroporation more valuable clinically. 

Many factors influence whether a cell will be IRE, RE, or non-electroporated (NEP). In addition to 

the PEF intensity and duration, cell size, orientation, resting membrane potential, temperature, type, 

etc. can affect the electroporation outcome. For this research, we decided to look further into 

modifying the membrane potential as a method to improve RE. A previous study showed that the cell 

membrane could be primed for electroporation using cationic peptides, therefore reducing the PEF 

intensity required to achieve electroporation [12]. However, this study only focused on the effects on 

IRE since the peptides were toxic and thus not applicable for RE uses. We investigated this 

phenomenon using ionomycin, which at low concentrations appears to be non-toxic, to induce a 

change in the resting membrane potential and examined the effects on both RE and IRE. We refer to 

this as Aim 2 throughout this dissertation. 

The third area we address in this dissertation is development of electroporation devices for in vivo 

use. We identified several shortcomings in the current published literature for clinical electroporation 

devices. Specifically, published research is lacking for minimally invasive techniques, especially in 

difficult to reach or physically confined spaces. For example, most clinical electroporation devices rely 

on line of sight to access the location, requiring multiple incisions near the target tissue. Only a few 
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devices have been developed for catheter, endoscopic, or laparoscopic applications [13]–[19]. We 

worked with colleagues at UW-Hospital to develop a minimally invasive clinical electroporation device 

for gene therapy. We refer to this as Aim 3 throughout this report. 

In summary, in this dissertation, I present my findings related to these three specific aims, which 

improved electroporation treatments and addressed gaps in electroporation-based healthcare 

applications.  

 

Aim 1. Develop an accurate and precise method for determining electroporation outcomes 

using two membrane integrity indicators to differentiate between RE and IRE.  

Aim 2. Investigate the effects of modifying membrane potential on electroporation 

outcomes. 

a. Modify the membrane potential using ionomycin with the intent of enhancing 

RE outcomes. 

b. Repeat part (a) with a focus on enhancing IRE outcomes by using longer pulse 

durations. 

Aim 3. Develop and evaluate a new PEF delivery device for electroporating and transfecting 

cells using minimally invasive methods in physically constrained tissue locations. 

 

 

 
2.1    Cell Structure/Cell Membrane 

All cells can be grouped into two groups, prokaryotes and eukaryotes. Prokaryotic cells are simpler, 

consisting of a single compartment enclosed by a plasma membrane, which is defined as the 

membrane that separates the internal portion of the cell (cytoplasm) from the exterior of the cell 
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(exoplasm). Eukaryotic cells have multiple compartments or enclosed structures within the plasma 

membrane. These structures are called organelles. The part of the cell enclosed by the plasma 

membrane is called the cytoplasm, and the liquid enclosed in the cell is called the cytosol [20], [21].  

 All cellular membranes are made of a phospholipid bilayer. Phospholipids are organic molecules 

consisting of a hydrophilic head, which faces outward and a hydrophobic tail, which faces inward. 

These phospholipid bilayers form a sealed compartment, which can enclose an entire cell or an 

organelle. In addition to phospholipids, cell membranes are also made up of proteins, which mediate 

transport of molecules through the membrane [20], [21]. A typical membrane thickness is on the order 

of 5 nm [22]. This thickness can be affected by heat since heat causes more movement of the 

phospholipids and other membrane molecules. This motion causes the membrane to shrink slightly 

in thickness [20].  

The plasma membrane of a cell serves several functions. First, it protects the cell by isolating it 

from the surroundings, and attaches to the cytoskeleton, providing a cell with its basic shape [20], [21], 

[23]. Second, it controls which substances and molecules can pass into and out of the cell [20], [21], 

[23][20]. The plasma membrane is also involved in many other processes, such as signaling, adhesion, 

and ion conductivity [20], [21], [23].  

 

 

2.2    Intracellular delivery of membrane impermeable macromolecules 

Delivery of membrane impermeable macromolecules to a cell’s cytoplasm is useful in a wide 

variety of applications, ranging from research to clinical treatments. Types of molecules that are 

membrane impermeable and desirable to be delivered into cells include DNA, drugs, peptides, 

enzymes, antibodies, and imaging agents [24], [25]. The ease with which a given molecule can pass 
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through a membrane is called permeability [25]. There are many techniques available for allowing 

membrane impermeable molecules to cross the plasma membrane.  

The first category of methods for allowing molecules to cross a cell membrane is through a natural 

process called diffusion [26]. There are two types of diffusion, passive diffusion and facilitated 

diffusion. Passive diffusion is the simplest method of molecules passing through the plasma 

membrane [25]. A molecule naturally flows through the membrane barrier from a higher concentration 

to lower concentration [26]. During passive diffusion, a molecule is dissolved in the phospholipid 

bilayer, then passes across the bilayer to the other side of the membrane [26]. No other membrane 

structures, such as proteins, are involved in this process [26]. Small nonpolar molecules like oxygen 

(O2) or carbon dioxide (CO2), and small uncharged polar molecules such as water (H2O) can diffuse 

through the phospholipid bilayer in this manner [26]. Larger uncharged molecules and charged 

molecules cannot diffuse through the membrane through passive diffusion [26]. Facilitated diffusion 

is similar to passive diffusion, in that it follows the concentration gradient and no external source of 

energy is required for molecules to pass through the membrane [26]. Unlike passive diffusion however, 

with facilitated diffusion, molecules are not dissolved in the plasma membrane. Instead, proteins 

mediate transport across the membrane [26]. This typically works for small, moderately polar 

molecules [25], [26]. 

The next category of molecules passing through a plasma membrane is called active transport, or 

transporter-mediated entry, in which energy is used to transport molecules across the cell membrane 

[25], [26]. Hydrolysis of ATP is the most common source of energy for this type of interaction [26]. 

An example of this is ion channels, such as the sodium/potassium pump, which transports three 

sodium ions out of the cell and two potassium ions into the cell for each ATP molecule used. This 

exchange of potassium and sodium ions results in the inner portion of the cell becoming more 

negatively charged than its exterior [25]. Another source of energy for active transport is existing ion 
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gradients. In the aforementioned sodium/potassium exchange, it creates a strong sodium gradient, 

which is used by cells to bring two sodium ions and one glucose molecule into the cell [26]. 

The next category is transport using a carrier such as certain peptides, toxins, and viruses. This 

type of transport happens when a molecular cargo (for example, DNA, RNA, quantum dots) is carried 

through the membrane. For example, some peptides, known as cell-penetrating peptides (CPP), have 

been reported to be able to cross a cell membrane, though the mechanism for this is still unclear [25], 

[27], [28]. CPPs have been used to transport drugs such as cancer inhibitors and viral inhibitors, and 

contrast agents such as green fluorescent protein (GFP) and quantum dots to cells [29]. In addition to 

CPPs, some plant and bacterial toxins are capable of forming their own pores and entering into cells 

[25], [30]–[33]. Lastly, viruses can enter the cell either directly through the plasma membrane or from 

binding to cellular receptors and triggering pathways into the cell [25], [34]–[39]. All viruses consist of 

two parts, the viral genome or genetic material (DNA/RNA) and a capsid which protects the viral 

genome and is involved with transport through the membrane [40]. Viruses can be stripped of their 

natural viral genome and replaced with a new genome, called a cassette, such as a therapeutic gene. 

The virus then transports the cassette through the membrane [41].  

Additionally, several physical methods exist to transport molecules through cell membranes. 

Physical methods include direct injection and particle mediated insertion. Direct injection is 

considered the most straightforward physical delivery method [24]. In this method, a single cell’s 

plasma membrane can be penetrated using a microneedle, where a small-diameter micropipette tip is 

placed directly in contact with the cell, creates a small tear in the membrane, then injects the molecules 

of interest into the cell [24]. While effective, this technique has limited use due to the slow delivery 

rate and low throughput [24]. Similarly, this can be done with a high-velocity, ultrafine stream of the 

macromolecule instead of a pipette [24], which is known as jet injection [24]. A more complicated 

physical delivery method is particle-mediated delivery. Particle-mediated delivery involves launching 
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the molecules at high speeds towards the target cells. These molecules penetrate the membrane due 

to their high velocity. One example of particle-mediated delivery is particle bombardment using the 

biolistic method, commonly referred to as the gene gun method. Particle bombardment is performed 

using heavy metal particles coated with the molecule of interest, which are then inserted into a solution 

near the cells, separated by a mesh [11], [24], [42]–[44]. This particle is then accelerated in the direction 

of the cells, and halted rapidly by the mesh [11], [24], [42]–[44]. The mesh catches the heavy metal 

particles and allows the macromolecules to pass through and into contact with the target cells with 

high velocity, penetrating the cell membrane [11], [24], [42]–[44]. This technique has been primarily 

used for plant cells, and some mammalian cells and tissues, but is limited in clinical applications by a 

low penetration depth on the order of 200-2000 µm [11], [24], [42]–[45]. 

The last category of methods for molecules passing into cells covered in this review is field-

induced membrane poration. Field-induced membrane poration uses fields and waves, such as electric 

fields, and mechanical waves to disrupt the membrane and open pores in the membrane. Examples 

of methods which use field-induced membrane poration include sonoporation/mechanoporation, 

optoporation, and electroporation. Sonoporation, otherwise known as mechanoporation or 

ultrasound-mediated membrane poration is a relatively new technology [24]. The exact mechanisms 

of this method are not fully understood, but the prevailing theory is that periodic oscillation of gas 

bubbles induced by ultrasound waves creates shockwaves that induce reversible poration, or the 

opening of temporary pores in a cell’s membrane [24], [46], [47]. The second form of field-induced 

membrane poration is laser-mediated membrane permeabilization, or optoporation [24], [48], [49]. 

This is sometimes also referred to as optoinjection, optical transfection, or laserfection [50]–[53]. This 

technique uses focused, ultrashort laser pulses to open transient pores in cell membranes [48], [49]. 

The last field-induced form of membrane poration covered here is electroporation. Electroporation 
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uses short duration, high intensity pulsed electric fields to open transient, reversible pores in a cell 

membrane, which allow normally membrane impermeable molecules to pass into the cell [54]–[57].  

Each of these techniques has its own advantages and limitations. For example, viral vectors are 

one of the most common delivery methods for DNA, however, viral delivery may invoke an immune 

response from the host that limits its uses clinically [8]. Viral vectors also are limited in the size of 

DNA that can be carried [58]. On the other hand, most non-viral techniques are either inefficient or 

toxic. Electroporation is one technique that may be able to overcome many of the challenges presented 

with delivery of macromolecules. However, currently it is hindered by low efficiency. For example, 

with DNA delivery, only approximately 20-60% of the treated cells are successfully transfected using 

current electroporation techniques [1], [8], [9].  

 

2.3    Electroporation Background 

Electroporation, the technique of applying an electric field across a cell to induce pore formation, 

has been reported since the 1950s, when the first published observations of the phenomenon were 

recorded [22], [59]. In 1967, researchers discovered that pulsed high intensity electric fields could cause 

cell death due to irreversible damage to cell membranes [60]. By the early 1970s, studies showed this 

damage could be reversible when a sufficiently short duration pulse was applied [61]–[63]. It was also 

discovered that a sufficient voltage across the membrane could cause dielectric breakdown, which is 

defined as current flowing through something that is normally an insulator, like lightning for example 

[61], [62]. This was eventually given the name of reversible membrane breakdown [64]–[67], and the 

idea that pulsed electric field induced dielectric breakdown of the cell membrane resulted in pore 

formation was first proposed in 1977 [68]. The general idea is the electric fields cause a slight 

separation to occur between the lipids of the phospholipid bilayer, resulting in a hydrophobic pore. 

Exposure to water causes the hydrophobic tails of the phospholipids to turn inward and the 
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hydrophilic heads face outward, resulting in a pore [69]–[71]. These induced pores allow for membrane 

impermeable molecules to pass through the membrane [72].  

Electroporation was first used to deliver small molecules through cell membranes in the early 

1980s [72]. Shortly after, the term electroporation started being used to describe this phenomenon, 

around the same time it was first used in vitro to transfect DNA into mammalian cells [54], [73]. The 

first use of electroporation in vivo was performed in the late 1980s, as a method to improve 

chemotherapeutic drug uptake into solid rat tumors [74]. This later became referred to as 

electrochemotherapy (ECT) [54]. Since then, electroporation has been used in a wide variety of 

medical and laboratory research applications, such as cancer treatments, heart disease, gene delivery, 

and drug delivery [22], [75]–[78].  

There are three known phases of the electroporation process. The first is pore formation, which 

happens in microseconds. The second is pore size expansion, which occurs for microseconds to 

milliseconds after the electric field pulse is complete. The third phase is pore resealing, which lasts a 

few minutes, and may not occur [1], [68], [69], [79]–[83]. If the membrane successfully reseals, the cell 

is considered reversibly electroporated (RE) [1], [68], [69], [79]–[83]. If the cell membrane never 

completely reseals the cell is considered irreversibly electroporated (IRE) [1], [68], [69], [79]–[83]. 

Molecular transport through the membrane due to electroporation has been observed during all three 

phases [84]–[87], while DNA transfection requires electrophoretic forces [4], [88]. Therefore, DNA 

delivery is more effective at longer pulse durations, since the longer pulse duration provides a larger 

window of time that the electrophoretic forces are assisting the gene through the plasma membrane 

[56], [88]. 

To further understand electroporation and predict results, it is helpful to understand the 

mathematical equations that describe pore formation. There are multiple proposed mathematical 

models to describe pore formation caused by electroporation. The most widely accepted model is the 
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transient aqueous pore model, which assumes hydrophilic pores are created in the cell membrane 

when exposed to a pulsed electric field of appropriate intensity and duration [89]. This model claims 

micro-pores are formed due to natural thermal fluctuation in the lipid bilayer. Externally applied 

pulsed electric fields cause ions inside the cell to relocate to the cell membrane, resulting in a large 

increase the transmembrane potential of the cell’s external membrane. This field amplification at the 

membrane causes these micro-pores to rearrange and become larger, hydrophilic pores [1], [70], [90]. 

The equation describing the induced transmembrane potential in a spherical cell is: 

 

 𝑈 =  −1.5 × 𝑟 × 𝐸 × 𝑐𝑜𝑠(𝜑) (1) 

   

where 𝑈 is the induced transmembrane potential, 𝑟 is the radius of the cell, 𝐸 is the strength of the 

externally applied electric field, and 𝜑 is the angle between the electric field and a line from the 

midpoint of a cell to a selected point on the cell’s surface. These values are shown in Figure 2-1. This 

is known as Schwan’s equation [1], [70], [89]. The transmembrane potential threshold for 

electroporation typically occurs for 𝑈 between 200 mV and 1V when using pulse durations on the 

order of microseconds to milliseconds, and is dependent on the specific pulse duration used [22], [90], 

[91]. Creation of pores in a manner such as this allows for normally membrane impermeable 

macromolecules to be delivered into a cell. Depending on the intensity of the electric field, the pulse 

duration, the cell shape and radius, and numerous other factors, a cell exposed to pulsed electric fields 

can be RE, IRE, or unaffected (non-electroporated, NEP). Due to the different possible outcomes, 

the electroporation parameters must be carefully considered and chosen for a specific application. 
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Figure 2-1. Diagram of cell depicting radius r, electric field E, and angle 𝜑.  

 

 

2.4    Electroporation Parameters 

Electroporation outcomes are dependent on many parameters, including pulse duration, 

amplitude, number of pulses, frequency, pulse shape, orientation, and temperature [56], [92]–[100]. 

Changing these parameters can alter the outcome. For example, whether a cell is RE or IRE is largely 

dependent on electric field strength and pulse duration. The charge buildup across the membrane 

causes electroporation to occur due to ions and protons relocating to the external membrane of the 

cell in the presence of the electric field [22], [101], [102]. This means a minimum effective pulse 

duration is required to allow time for the charged particles to rearrange and build an electric potential 

difference across the plasma membrane. Pulse durations shorter than this threshold are not likely to 

affect the plasma membrane (though they can still affect internal organelle membranes) [4]. Since 

changing parameters can drastically alter results, it is important to have an in depth understanding of 

how each specific parameter can affect the outcome to predict the most likely outcome. 

Weaver et al. assembled a rough summary of expected outcomes and applications based on field 

strength (0.1 kV/cm – 100 kV/cm) and pulse duration (on the order of ns to s), shown in Figure 2-2 

[56]. However, as Weaver et al describe, there are still relatively unexplored regions, meaning more 
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experiments need to be done to determine expected results and the appropriate parameters for specific 

applications. The values of applied field strength and pulse duration for different applications reported 

in this summary are consistent with our own findings in the lab and other published literature [7], [11], 

[109], [110], [13], [22], [103]–[108]. For example, someone interested in performing 

electrochemotherapy (ECT), which uses RE to deliver a chemotherapeutic drug to tumor cells, would 

choose a pulse duration in the range of 0.1 – 1 ms and an applied field strength of approximately 1 

kV/cm, depending on cell type and other laboratory settings. Someone interested in IRE ablation, or 

using IRE to destroy cells, would typically use a pulse duration in the range of 0.1 – 100 ms, and an 

applied electric field strength of around 2 kV/cm. While the end goal of both methods is to destroy 

tumors, the parameters and mechanisms used are different. With ECT, the primary mechanism of cell 

death is the chemotherapeutic drug, which has the advantage of sparing non-cancerous tissue in the 

nearby region [13], [103], [104], [111]. In contrast, with IRE ablation, the primary mode of cell death 

is rapid cell death resulting from the damage to the cell membrane [7], [12], [56], [112]. IRE can also 

cause delayed cell death (apoptosis) due to DNA or internal organelle damage at different pulse 

parameters, specifically high intensity, ns durations [56]. These ranges represent an approximation for 

the types of electroporation expected at the listed pulse durations and intensities, however as 

previously stated, electroporation is dependent on numerous other parameters [56], [92]–[100], and 

therefore these estimates should be verified for specific cases. Additionally, heterogeneity of the tissue 

can drastically change field strengths in vivo and should be considered for in vivo applications [113].   

The majority of electroporation applications are done with either unipolar or bipolar square wave 

pulses, however other pulse shapes have been used [114]–[116]. Different pulse shapes can have an 

effect on molecule uptake for a variety of reasons, including altering the voltage threshold for 

electroporation and, in the case of unipolar versus monopolar, affecting how charged particles move 

through the membrane [115], [116]. Additionally, the orientation of the electrodes can impact results 
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depending on cell orientation in non-spherical cells [117]. For example, oblong cells will electroporate 

more like smaller cells if their longer direction is perpendicular to the electric field and will undergo 

electroporation more like larger cells if the longer direction is parallel to the electric field. To overcome 

this, some applications, (usually in vivo), use pulses from multiple angles/orientations [92], [95], [118], 

[119].  

 

 

 

Figure 2-2. Pulse duration and applied field strength extracted from Weaver et al. 2012. Note that 
different applications use different pulse durations and applied field strengths. Figure reprinted with 
permission from Elsevier. Copyright 2012. Source: [56]. 

While general guidelines such as those presented above from Weaver et al. are useful in 

determining the approximate values to use for certain applications, it is difficult to predict precise 

optimal parameters. This is because the relationship between pulse parameters and RE/IRE outcomes 

has not yet been fully determined. Several studies have concluded that electroporation outcomes are 

not related to energy delivered [95], [96], but instead follow a complicated relationship between 
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multiple parameters and the extent of membrane electroporation. [100]. Multiple pulses and pulse 

frequency also both play rolls in electroporation outcomes. For a given pulse duration, a threshold 

electric field strength exists which is required for any electroporation to occur, below which little to 

no electroporation occurs. Also, previous research has indicated that longer pulse durations are more 

applicable for delivering large molecules since they open larger pores [57], [98], [120], and are widely 

used for delivering DNA since the electric field aids the DNA in passing through the membrane 

(unlike smaller macromolecules which enter through diffusion) [56]. It has been suggested that 

increasing the applied electric field opens more pores, while increasing duration opens larger pores or 

helps facilitate larger molecule transport through pores [121]. Other studies have had success 

transferring large molecules using microsecond pulses [122]. For electric field intensities above the 

threshold required for electroporation to occur, increasing the number of pulses can increase the 

amount of electroporation, while also affecting viability [92], [97], [123]. Additionally, there is a limit 

to the number of pulses that result in a meaningful increase in pore formation, where additional pulses 

do not generate many additional pores [92], [97]. This limit is around 16-20 pulses [92], [97]. 

 

2.5    Theoretical modeling of electroporation and membrane potential 

As mentioned above, many different studies have modeled the effects of electroporation to predict 

outcomes. Most of those studies use one of two theoretical models to predict electroporation. The 

first is an electromechanical approach, which uses electrostatics and elasticity principles to predict 

pore formation [124]. The other views the effect of the applied pulsed electric field on the stochastic 

model of pore expansion [90]. This model assumes the applied electric field decreases the energy 

barrier for formation of pores because the polarization energy of water in the pores is lower than that 

of the lipid membrane [125]. Both models commonly ignore the effect of the cellular resting 

membrane potential because it is small when compared to the applied electric field [126]. When 
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included in models, studies typically examined the effects on the plasma membrane, and did not 

investigate the possible effect it could have on cell viability [22], [70], [77], [83]. Therefore, we decided 

to explore the effects of membrane potential in more detail. 

 

 

2.6    Membrane potential and its effect on electroporation 

As described by Schwan’s equation (1), the dependence on the cosine of the angle of the electric 

field (𝜑) suggests that pores created due to electroporation occur near the cathode and anode. 

However, a study performed by Chock et al [126] demonstrated that pores form more easily near the 

anode, implying the cell’s resting transmembrane potential affects pore formation, which is not directly 

accounted for in Schwan’s equation. More specifically, this study showed that by gradually increasing 

the applied electric field strength, a fluorescent molecule would penetrate the plasma membrane near 

the anode at a lower field strength than the cathode. This implies that the resting potential of the cell 

affects electroporation [126]. This effect was more noticeable for lower applied electric field strengths 

and did not occur when using bipolar pulses. Additionally, other studies showed that while more 

electroporation happens close to the anode, larger pores open near the cathode, though fewer in 

number [4], suggesting that altering the membrane potential could potentially be useful for 

applications related to small molecule delivery into cells.  

It was theorized by Kennedy et al. [12] that the plasma membrane could be primed for 

electroporation by artificially increasing the voltage across the membrane at localized points, therefore 

reducing the externally applied pulsed electric field intensity required for electroporation to occur. We 

speculated we could use this to improve RE outcomes, since decreasing the externally applied electric 

field intensity would reduce damage to internal organelles, therefore increasing cell viability. Reducing 

cell death while maintaining the same number of electroporated cells would then make it possible to 
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enhance RE. As previously mentioned, the mechanisms of cell death through electroporation are 

either apoptosis or necrosis [56], [127], [128]. The type of cell death is primarily dependent on pulse 

duration, with short duration pulses primarily causing apoptosis, and long duration pulses resulting in 

more necrosis [56], [127], [128]. High intensity pulsed electric fields affect not only the plasma 

membrane, but also intracellular structures, such as the nucleus, endoplasmic reticulum, and Golgi 

complex. At longer pulse durations, cell death is immediate due to significant membrane damage, but 

at shorter pulse durations, damage to internal structures can lead to apoptosis [127]. Therefore, 

decreasing the externally applied pulsed electric field intensity may help reduce damage to these 

organelles and structures, thereby reducing apoptosis, and improving RE at certain pulse 

durations/intensities. In addition to influencing RE, at higher pulsed electric field intensities, more 

membrane damage was expected, resulting in more immediate cell death (necrosis). Kennedy et al. [12] 

adjusted the plasma membrane potential at localized points using a cationic peptide to test the 

hypothesis that it would result in more rapid cell death. This cationic peptide co-localized to the plasma 

membrane, which locally increased the transmembrane voltage without affecting internal organelles. 

This work focused on an IRE ablation technique due to the high toxicity of the cationic peptides used, 

and did not explore the possibility of membrane potential affecting RE.  

Non-toxic methods must be used for membrane potential manipulation to be tested for enhancing 

RE in clinical applications. One possible non-toxic method for altering the membrane potential could 

involve exploring the effects of ionomycin. The reasoning is that several studies have reported the 

drug ionomycin activates K(Ca) channels, which affects the membrane potential, 𝐸𝑚 according to the 

Nernst Goldman Equation below [129], [130]: 
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where 𝐸𝑚 is the membrane potential in volts, 𝑅 is the ideal gas constant in joules per kelvin per 

mole, 𝑇 is temperature in kelvin, 𝐹 is Faraday’s constant in coulombs per mole, 𝑃𝑖𝑜𝑛 is the permeability 

for the specific ion (𝑀𝑖
+or 𝐴𝑗

−) in meters per second, [𝑖𝑜𝑛]𝑜𝑢𝑡 is the extracellular concentration of 

that ion (𝑀𝑖
+or 𝐴𝑗

−) in moles per cubic meter, and [𝑖𝑜𝑛]𝑖𝑛 is the extracellular concentration of that 

ion (𝑀𝑖
+or 𝐴𝑗

−) in moles per cubic meter. When dealing with potassium, the equation for 𝐸𝑚can be 

approximated by: 

 

 𝐸𝑚 =  
𝑅 𝑇

𝑧 𝐹
ln (

[𝐼𝑜𝑛]𝑜𝑢𝑡

[𝐼𝑜𝑛]𝑖𝑛
) (3) 

 

where 𝑧 is the charge of a single ion, which for potassium is 1.  

 

2.7    Electrochemotherapy 

One illustrative application of modifying membrane potential for RE applications is 

electrochemotherapy (ECT). ECT combines RE with a chemotherapeutic drug which normally will 

not cross the cell membrane. RE allows the chemotherapeutic drug to enter the target cells, while 

minimizing the dose to healthy cells. Under the correct electroporation conditions and drug 

concentrations, ECT can leave healthy tissue intact (even if it lies within the treatment zone), while 

specifically targeting cancerous tissue, can be particularly useful treating tumors in sensitive areas. 

[104]. The most commonly used drugs for ECT are bleomycin and cisplatin. Bleomycin is either 

injected intravenously (IV) or intratumorally (IT), while cisplatin is reported as only IT. If a non-toxic 
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method for increasing membrane potential shows an advantage in cell viability during electroporation, 

it could potentially improve ECT treatment methods by doing less damage to healthy tissue in the 

treatment region, which is particularly useful in certain types of tumors (e.g. brain). 

 

 

2.8    Gene delivery  

One exciting prospect for using RE both clinically and in research settings is gene delivery. Gene 

delivery occurs when a gene, the functional portion of a DNA sequence, is transferred into a target 

cell. Once inside the cell, the foreign gene enters the nucleus where it is incorporated to the DNA 

sequence of this cell [131]. When the altered sequence replicates, it will produce different functional 

or regulatory proteins, changing the function of the cell. This change can be used for many purposes, 

ranging from labeling cells in a culture, for example by producing fluorescent proteins, to treating 

many types of genetic diseases by stopping the production of harmful proteins or activating the 

production of proteins that are lacking [131], [132]. Many methods exist to aid in genes passing 

through a cell’s plasma membrane, such as direct injection, viral delivery, plasmid liposome complexes, 

cationic lipids, and electroporation [11], [76], [110], [133]–[135]. These methods were discussed in 

more detail in Section 2.3.  

Currently, viral methods are the most commonly used technique despite drawbacks such as 

immune response to the virus, homologous recombination (which occurs when nucleotide sequences 

are exchanged between two similar sets of DNA), and possible oncogenic (cancer generating) effects 

[11], [136], [137]. For example, adeno-associated viral (AAV) vectors, one of the most useful type of 

viral vectors for gene therapy, have been used in clinical trials to treat a wide variety of diseases and 

conditions such as hemophilia B [138]–[142], lipoprotein lipase deficiency (LPLD) [143], Parkinson’s 

disease [10], among others [135], [144]. The primary challenges with AAV vectors are the immune 
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response to large doses and the associated cost [139], [145]. Electroporation has shown promise to 

overcome the challenges with viral gene delivery methods [133]. 

Electroporation is particularly of interest for gene therapy for localized treatments (e.g. liver, 

kidney) [133]. It has been used for gene delivery primarily in small animals. More recently it has been 

used in humans in a handful of clinical trials such as delivering genes that reprogram the immune 

system to target cancerous cells [109], [146]. As discussed in Section 2.4, thus far, researchers have 

primarily used three different sets of pulse characteristics for electroporation-aided gene delivery, 

depending on the experimental goals [4]. First, using short duration pulses, on the order of 100 µs, a 

marginal level of gene transfection can occur with low cell mortality [122]. One example applying this 

technique found 30-40% of electroporated rat liver cells expressed a genetic marker 48 hours after 

experimentation, with around 5% of those still expressing the marker after 21 days [122]. Secondly, 

longer duration pulses, on the order of 20-50 ms, have shown higher transfection rates [147]. Lastly, 

a few studies have used a mixture of high amplitude, short duration pulses followed by a single low 

amplitude, long duration pulse with significant increases (greater than three times uptake) in 

expression of certain gene types at specific pulse durations and electric field strengths (80 V/.cm, 83 

ms and 800 V/cm 0.1 ms, in muscle tissue) [148]. Each of these pulse characteristics have advantages 

and disadvantages. For example, longer pulses result in higher transfection rates, but also results in 

more cell death in the treatment region. Therefore, in sensitive regions, it may be better to use short 

duration pulses since they result in lower cell mortality, but also have lower transfection rates. For 

gene transfection, long duration pulses, on the order of 10-50 ms, are the most commonly used [85], 

[103], [110], [120], [133], [147], [149]–[151]. 

One potential method for increasing gene therapy delivery is combining aspects of different 

techniques. For example, one study combined adenovirus delivery of Smad7 with electroporation, 

which improved transfection of the gene in kidneys over either method alone (for short-term 
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expression of the gene) [110]. Another study tested a combination of AAV with numerous small 

molecules and discovered 13 different compounds which enhanced transgene expression [152]. These 

studies indicate there may be many yet untested ways to improve gene delivery well beyond what is 

currently available.  

 

 

2.9    Tissue ablation with IRE  

Irreversible electroporation also has clinical uses. Specifically, it has been used to ablate unwanted 

tissue, such as destroying tumors in patients with cancer or to deal with heart arrhythmias by 

destroying arrhythmogenic substrate [153]–[155]. IRE is currently considered an emerging technology 

in the field of cancer treatment [156]. Sources suggest various parameters for the electric field strength 

and pulse duration to optimize IRE, but the general consensus is to use electric fields of approximately 

2000+ V/cm and pulse durations of 100 or 800 µs [106], [107], [157], [158].  

IRE is being researched as a tumor ablation method for several reasons. One advantage IRE has 

over thermal based ablation techniques is how it interacts with nerves and blood vessels. IRE is less 

damaging to nerve and blood vessel structures, due to the innate structural differences between the 

tissue being treated and the structure of the nerves and blood vessels [105]. Electroporation is a 

membrane treatment, thus non-cellular structures such as the extracellular matrix remain intact, 

resulting in less swelling and faster healing [105]. Additionally, since IRE is a non-thermal ablation 

technique, it is not affected by the heat sink effect thermal ablation techniques suffer from when 

treating tumors near blood vessels [105]. The heat sink effect in this case occurs because blood flowing 

through blood vessels conducts heat to/from the nearby tissue, reducing effectiveness of thermal 

techniques near the blood vessels [105]. 
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IRE can efficiently kill unwanted cells and has the potential to be a viable treatment option for 

many kinds of therapies, including destroying tumors. However, many challenges exist with successful 

implementation of this technique in a clinical setting. Among those are the high cost of equipment 

and electrodes, the necessity to perform multiple puncture wounds for each treatment (especially for 

large treatment zones), the learning curve required to efficiently use the equipment, and safety/pain 

concerns. For example, the most significant safety concern is that if the pulses are not correctly 

applied, they can result in transient ventricular arrhythmia. This can be overcome with ECG-

synchronized delivery. [159]–[161]. Each factor needs to be considered and overcome when designing 

and using an IRE approach in a clinical setting. It is yet to be determined whether the advantages, 

such as being able to treat tissue close to veins and arteries and leaving structural and nervous tissue 

intact are beneficial enough to outweigh the drawbacks of this procedure.  

 

 

2.10    Electroporation Equipment – Laboratory Setup 

This section describes the basic electroporation equipment we used to perform in vitro experiments 

and test field strengths ex vivo in our lab. A pulse generator is typically used to deliver the pulsed electric 

field used for electroporation. We used the BTX ECM 830 Square Wave Electroporation System as 

our pulse generator to generate pulsed electric fields for all experiments in this investigation (shown 

in Figure 2-3). For in vitro experiments, the pulse generator was connected to a safety stand which 

encloses cuvettes and prevents accidental electric field exposure to researchers (Figure 2-4). Cuvettes, 

which hold in vitro samples containing cells and surround the samples with parallel conductive plates 

(Figure 2-5), were used extensively in our experiments. We filled these cuvettes (2 mm gaps between 

plates) with cultured cells which were suspended in an electroporation medium, placed in the safety 

stand, and then electroporated. Results were monitored using fluorescence microscopy, bright field 



22 
  

microscopy, or a luminometer, depending on the experimental design. Fluorescence microscopy uses 

absorption and re-emission of light at a different wavelength to detect molecules. This can be used to 

identify cells which have internalized a fluorescent molecule by shining light into a sample at a specific 

wavelength (called excitation). The fluorescent molecule absorbs that light and emits light at a longer 

wavelength, which can be detected by a fluorescent microscope [162]. Bright field microscopy is the 

simplest type of microscopy, which shines (bright) light on a (dark) sample, and is useful for a wide 

variety of applications [163], [164]. A luminometer is another device used to detect low levels of light, 

usually produced from luminescence/phosphorescence, or light emitted without a heat source [165]–

[167]. One common example of this is luminescence occurring in a firefly from luciferase activity 

[167].   
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Figure 2-3. BTX ECM 830 Square Wave Electroporation System [168]. 

 

Figure 2-4. BTX Safety Stand [168]. 
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Figure 2-5. Electroporation Cuvette [168]. 

 

 

2.11    Devices used for clinical electroporation delivery 

Choosing the correct device for delivery of the electric fields is a vital step when using 

electroporation in vivo. The most common delivery method of pulsed electric fields for 

electroporation is using an electrode which is positioned at the targeted location (e.g. tumor location). 

Many different types of electrode designs have been used to deliver electroporation-based treatments 

both in in vivo animal studies and in the clinical setting. These electrode designs vary based on desired 

application and the tissue being treated. There are several classes of electrode design types: needle 

electrodes, plate electrodes, and endoscopic/catheter-based electrodes.  

Among those, the most basic electrode design involves individually placing single needle 

electrodes in the desired location. This can be problematic because the distance between the tips can 

change if one of the electrodes is bumped, and it requires precise imaging to verify the electrodes are 

in the correct location and the correct distance apart. This distance is important because it directly 

impacts the electric field in the treatment region since electric field is dependent on distance. Precise 

positioning is important to achieve the desired electric field to be produced between the electrodes 

and reach the target location. This can be addressed by using a fixed array of needles. The needles in 

these arrays can be arranged in circular, linear, or other designs [112], [169]–[172]. Since the distance 

between the electrodes is known, the correct voltage can easily be chosen to yield the desired electric 

field strength for the procedure. If the treatment area is larger than the electrode, the electrode can be 

repositioned to treat the entire area. One downside of such procedure is it results in multiple entry 

points into the patient. For situations where it is important to have only one entry point (for example 

when treating brain tumors), an expandable array can be used [173]. This type of array has all the 
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probes packaged into a single tube, which is inserted into a single incision point. Once the tube is 

positioned at the treatment area, the electrodes extend outward from the tube and spread out, creating 

an array of needles [173].  

The second class of electrodes is plate electrodes. Plate electrodes are most often used to 

electroporate the skin [4], [106], [111], [171]. These electrodes are either fixed in place or have a caliper 

design to clamp around the treatment area [4], [106], [111], [171]. Due to its design, these probes have 

limited practical applications and are not relevant to the proposed research presented here, and 

therefore are not discussed in detail in this background. 

The third class of electrodes, endoscopic probes, are used to treat tissue located in cavities or 

hollow organs within the body. Several different designs for endoscopic probes have been developed. 

One common design involves two plate electrodes located at the end of the endoscope, and a vacuum 

system to draw tissue into the gap between the plates [174]. Current endoscopic probe designs are 

focused on larger dimension applications, such as colorectal and gastric tumors [174]. Another similar 

type of device is catheter-based electroporation instruments. A catheter is a flexible tube inserted 

through a small opening in the body and can be used to access structures such as veins, arteries, and 

the urinary tract. Existing electroporation catheters tend to be used in drug delivery or IRE 

applications into vein walls or tissue close to the device [15], [17], [175], [176]. One such use is the use 

of IRE to treat atrial fibrillation by destroying the electrically active tissue inside the pulmonary vein 

which causes atrial fibrillation [18]. Another is delivering genes to the spinal cord, which can potentially 

be used clinically to treat acute or chronic pain [16]. Additionally, vascular wall integrity is maintained 

when vessel walls are exposed to IRE, indicating that even for RE applications, small volumes IRE 

near the vessel walls is allowable [176], [177]. 

 Most of the aforementioned electrode types require large or multiple incisions to reach tissues 

deep within the body, limiting the uses for in vivo applications such as gene delivery and tumor ablation 
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in such tissues. To address this, we designed a catheter type probe which can be used to treat tissues 

within the body with minimal incision. This device is described in detail in Chapter 6.   

 

 

2.12    Statistical analysis used in this dissertation 

Several different types of statistical analysis were used throughout this dissertation to fit the 

specific hypothesis being tested. We used the Student’s T-test [178] to test the null hypothesis, that 

the means between two samples (e.g. treatment and control) were the same, versus the alternative 

hypothesis that they were different.  

 𝑡 =
𝑋1̅ − 𝑋̅2

𝑠𝑝√2/𝑛
 (3) 

where 

 𝑠𝑝 = √
𝑠𝑋̅1

2 + 𝑠𝑋̅2
2

2
 (4) 

sp is the pooled standard deviation for n = n1= n2, and 𝑠𝑋̅1
2 and 𝑠𝑋̅2

2 are the variances of sample one and 

sample 2 respectively. t values in conjunction with the respective degree of freedom for the specific 

test were used to estimate p-values (defined as the probability of getting a value more extreme or as 

extreme than the one observed, given the null hypothesis is true). Unless otherwise noted, we used a 

threshold for p-values of p = 0.05 for determining significance. 

For situations where we wanted to predict and/or determine significance of a treatment effect on 

a continuous outcome variable, we used regression analysis. Regression analysis provides information 

on the change expected in the outcome variable by one unit change in the predictor [179]. In our 

specific context of design of experiments that explored a two-way completely randomized design we 

can understand results of the regression as the “effect” of treatments on the outcome. This research 
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focused on two: polynomial and spline regressions. This is because the relationship between predictors 

and outcome was, in all cases, complex and not expected to be linear. For non-linear relationships, 

polynomial regressions are better suited when relationships can be explained by low degree 

polynomials [180], as the biological interpretation of results becomes challenging as one departs 

towards higher order polynomials. At the same time, low degree polynomials have limits in the 

relationships they are able to depict, and high degree polynomials have a high cost and risk of 

overfitting data [180]. Spline regressions can overcome those issues and work well in certain situations 

that are not well modeled by polynomial regressions [180]–[184].  

Polynomial regressions model the relationship between explanatory variables and the outcome 

variable using an nth degree polynomial for each predictor. When modeling with polynomials, it is 

possible to underfit and overfit the model, therefore care must be taken when choosing the correct 

order for the polynomial to fit the data [63], [185]–[187]. Researchers should be able to justify the 

order of the polynomial used to model based on the underlying function they are trying to fit and 

expected complexity of the relationship. For example, in biology, there should be a biological reason 

for trends observed using the model [182]. In addition to a physical justification for the fitting, the 

Akaike Information Criterion (AIC) [63] and Bayesian Information Criterion (BIC) [185], [186] can 

be used to help determine the appropriate order by penalizing overfitting.  

Spline regressions are similar to polynomial regressions, except they break the predictor variable 

into regions. Splines allow for better representation of highly non-linear data than polynomial 

regressions [180], [188]. The breakpoints that divide the separate regions are known as knots, which 

can be chosen by hand or through the use of pre-defined methods [183]. Spline regressions can allow 

different levels of smoothness by changing the order of derivative required at these knots [181]. In all 

analyses in this dissertation, we used cubic spline regressions, continuous for the first and second 

order derivatives, and selected knots to separate known regions. Cubic splines are commonly used to 
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model complex data, and continuous first and second order derivatives ensure the representation is 

smooth. 

 

 

 

The preliminary research for this thesis started with finishing work related to a study performed 

by a previous graduate student, Steve Kennedy. This study investigated the use of cationic peptides to 

enhance electroporation [12]. In this study, a cationic peptide, polyarginine, was added in varying 

concentration to samples of HL-60 cells. These cells were electroporated with propidium iodide (PI) 

in the electroporation medium, which was used as a membrane integrity indicator. A variety of electric 

field strengths and pulse durations were tested. At field strengths of approximately 1-2 kV/cm and 

concentrations of >50 µg/ml of polyarginine, high levels of PI uptake were observed, while at these 

same levels in the absence of polyarginine, little PI uptake was detectable. Additionally, he concluded 

that PI entered primarily through the anode-facing side of the cells when exposed to the peptides. 

Cationic peptides localized to the membrane, and increased the membrane potential, making it easier 

to electroporate the cell at electric field intensities that normally do not cause such phenomena. This 

effect could be combined with cell targeting techniques to become a useful tool in destroying targeted 

cells. The focus of this paper was on destroying cells with IRE since the cationic peptides used were 

toxic and therefore not a good candidate for RE applications. This paper provided more evidence that 

adjusting the membrane potential prior to electroporation could improve electroporation effects and 

prompted us to want to explore the RE case in more depth with a non-toxic method for modifying 

the resting charge across the membrane.  
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My contributions to this research involved determining the relationship between propidium iodide 

fluorescence intensity and electroporation type (RE or IRE) by using a second membrane integrity 

indicator, trypan blue (TB). Addition of TB allowed us to determine whether there indeed was a 

relationship between electroporation type and fluorescence intensity, and if fluorescence intensity 

could be used to estimate the percentage of a sample that was IRE. Since TB addition partially 

interfered with the fluorescence brightness, we adjusted exposure times to allow for the same levels 

of brightness for RE cells. We observed a strong correlation between brightness and TB 

inclusion/exclusion. The baseline case (NEP cells) had low levels of light detected that were 

statistically lower from cells exhibiting RE and IRE signatures. RE cells typically internalized less than 

200 million PI molecules per cell and had distinct levels of brightness from both NEP and IRE cells. 

Cells with fluorescence levels consistent with more than 200 million PI molecules entering a cell also 

internalized TB, indicating prolonged membrane disruption and likely cell death. These results are 

shown in Figure 3-1.  
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Figure 3-1 Relationship between Fluorescence intensity and electroporation type. From 
Kennedy et al [12]. A) PI fluorescence image, which was used to determine fluorescence levels of 
each cell. B) Bright field image used to determine each cell’s location and whether TB entered the 
cell. C) Histogram of fluorescence intensities. The PI fluorescence was strongly related to the 
electroporation type determined by PI and TB method. D) Average fluorescence intensity of the 
different electroporation types.  

This project provided background research necessary for achieving the second aim of improving 

RE outcomes by modifying membrane potential. Though this method proved there was a high 

correlation between fluorescence brightness and electroporation type, and was sufficient for this 

project, it also provided motivation to develop a higher throughput method for analyzing our samples.  
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The purpose of this project was to improve our ability to detect electroporation compared to the 

propidium iodide uptake versus time analysis performed previously in our lab, and therefore satisfy 

Aim 1 of this thesis. The original protocols in our lab involved analyzing propidium iodide uptake 

over time. This provided valuable insight into certain aspects of electroporation, however most of the 

planned projects would require more samples than could be easily attained by analyzing one slide for 

20-30 minutes. We developed a method that formed the basis for the rest of the in vitro electroporation 

research performed in this thesis. 

 

4.1    Method for Analyzing Electroporation Outcomes with Fluorescence 

Microscopy 

 

Erik J. Aiken, Brian G. Kilberg, Susan C. Hagness, John H. Booske 

 

Abstract—Electroporation is a technique that uses pulsed electric fields to transiently or 

irreversibly open pores in cell membranes. Transient electroporation (TEP) offers a means for 

introducing normally membrane impermeable macromolecules such as DNA or drugs into a cell’s 

cytoplasm, while irreversible electroporation (IRE) may be used to destroy diseased or unwanted cells. 

Identifying suitable pulse parameters (e.g. voltage, duration, and number) that achieve the desired 

effect requires the ability to differentiate between electroporation outcomes. Electroporation is often 

detected using fluorescent molecules as membrane integrity indicators. In this paper, we present a 

computer-based method to quantitatively analyze fluorescence microscopy images and distinguish 

between non-electroporated (NEP) and electroporated cells by comparing each cell’s fluorescence 
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intensity to the local background luminescence. Discrimination between TEP and IRE is based on 

internalization or exclusion of a second membrane integrity marker. This procedure improves 

precision and accuracy over previous methods for analyzing fluorescence microscopy images to 

determine fluorescent marker uptake and electroporation outcome. In an example using propidium 

iodide as the electroporation indicator, the observer-to-observer variability in the determination of 

electroporation outcome was significantly reduced by replacing a purely visual inspection of 

fluorescence images with the computer-based protocol introduced here. In another example the false 

positive and false negative rates were significantly reduced by replacing a quantitative analysis 

technique that makes use of a global intensity threshold with our proposed method. 

 

Index Terms—Bioelectric phenomena, biomembrane transport, cell membrane, drug delivery, 

electroporation, high-voltage pulses, HL-60 cells, transmembrane voltage.  

 

I. INTRODUCTION 

Image analysis is required to determine the presence or absence of these indicators when using 

microscopy to visualize the cells. Analysis based solely on visual inspection suffers from subjectivity 

in distinguishing between NEP cells and cells that undergo TEP with minimal internalization. A 

quantitative analysis using a fixed luminescence intensity threshold is also not ideal because stray light, 

such as coronas surrounding intensely fluorescing cells, can interfere and cause false positives (defined 

as the erroneous determination of electroporation for a NEP cell). 

In this paper, we present an improved method of analyzing fluorescence microscopy images to 

distinguish between electroporation outcomes. This method uses quantitative analysis to determine if 

a cell is fluorescing by comparing each cell to the local background luminescence intensity. We 

illustrate this method using propidium iodide (PI) as a fluorescent membrane integrity indicator. PI is 
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normally a membrane impermeable molecule. It binds to intracellular nucleic acids when it crosses the 

cell membrane (either through electroporation or cell death), causing a significant increase in 

fluorescence. Thus, PI fluorescence is only detectable once the molecule has passed through the 

plasma membrane. In our illustrative example, we use trypan blue (TB) as the secondary indicator to 

distinguish TEP from IRE. (TB could be replaced by a second fluorescent membrane integrity marker 

if multiple fluorescence channels are available.)  Images collected from HL-60 cells exposed to a 40 

µs PEF over the range of 0 to approximately 8 kV/cm were independently analyzed by two researchers 

using both a purely visual identification method and our proposed local-intensity quantitative method 

to determine PI internalization. The results generated by the two independent observers demonstrate 

that the local-intensity quantitative analysis technique offers significant improvement in precision over 

visual identification. Additional results generated from a comparison of the local-intensity quantitative 

method to a quantitative method that uses a global fixed-intensity threshold demonstrate an 

improvement in accuracy of the electroporation outcome determination.  

 

II. MATERIALS AND METHODS 

A. Electroporation Protocol 

Human promyelocytic leukemia cells (HL-60) (American Type Culture Collection, Manassas, VA, 

USA) were used for all electroporation experiments because their spherical shape eliminates the 

dependency of the electroporation outcome on the cell’s orientation relative to the electric field. The 

HL-60 cells were cultured at 37°C and 5% CO2. The incubation medium was RPMI-1640 with L-

glutamine (Mediatech, Inc., Manassas, VA, USA), supplemented with 10% fetal bovine serum (VWR, 

Philadelphia, PA, USA) and 2% penicillin and streptomycin (Global Cell Solutions, Inc., 

Charlottesville, VA, USA).  
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Slides were treated with poly-L-lysine adhesion coating (Sigma-Aldrich, Madison, WI, USA) at 

least one day prior to experimentation and then allowed to dry for at least 24 hours. Immediately 

before experimentation, cells were counted, pelleted, and re-suspended in Hank’s balanced salt 

solution (HBSS) (Thermo Scientific, Waltham, MA, USA) (1.42 S/m conductivity) at a concentration 

of 2 million cells per milliliter. The count was used to determine the percentage of dead cells at the 

beginning of each trial. PI (MP Biomedicals, Solon, OH, USA) was used as the primary membrane 

integrity indicator. PI was dissolved in HBSS and added to the cell/HBSS mixture resulting in a final 

PI concentration of 30 µM.  

A BTX Model ECM 830 Square Wave Electroporation System (Harvard Apparatus, Holliston, 

MA, USA) was used to deliver the PEF. Cells were electroporated in a 2-mm electroporation cuvette 

designed for this electroporation system. Square, monopole, 40 µs pulses with voltages up to 1.5 kV 

were used for this study. After electroporation, cells remained in the cuvettes undisturbed for 30 

minutes to allow for transient pores to close. 

TB (Lonza, Walkersville, MD, USA) was added 30 minutes after electroporation as the second 

membrane integrity indicator. Five minutes after the addition of TB, 13 µL of the cell/HBSS/PI 

mixture was injected onto a poly-L-lysine coated slide with a nylon washer placed in the middle to 

form a well for the cells. The cells were allowed to settle on the slide for 7 min, after which bright field 

and fluorescence images were taken. PI fluorescence was monitored using fluorescence microscopy 

at 535 nm excitation and 617 nm emission wavelengths. A Lambda DG-4 excitation lamp and high-

speed wavelength switcher (Sutter Instrument, Novato, CA, USA) were used to excite the PI. Control 

of the lamp and CCD camera was done with custom software (Prairie Technologies Inc., Madison, 

WI, USA). A Nikon Eclipse TE200 microscope (Nikon USA, Melville, NY, USA) equipped with a 

Hamamatsu C4742-95 Digital charge-coupled device (CCD) camera (Hamamatsu Photonics, 
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Bridgewater, NJ, USA) was used to capture all images taken in this study. A timeline of the 

experimental procedure is provided in Table 4-1.  

 

 

B. Analysis Method – Visual Techniques 

TB internalization was determined by visually inspecting the bright field images as seen in Figure 

4-1(a). Any in-focus cells darker than the norm were counted as having internalized TB. For example, 

in Figure 4-1(a), cells labelled 1 through 5 were identified as having internalized TB. Any cells 

considered TB-positive were counted as IRE. The precision of this visual inspection technique was 

tested using two independent observers. The results were then compared to determine if visual 

inspection was reliable for determining TB internalization.  

The approximate percentage of dead cells at the beginning of the experiment was identified using 

TB and a hemocytometer using a standard cell counting protocol. As part of the analysis protocol, the 

percentage of cells identified as dead at the beginning of the experiment was subtracted from the 

Table 4-1 

TIMELINE OF EXPERIMENTAL ELECTROPORATION PROCEDURE. 

 

Time Task 

T = -24 h At least one day prior to the start of the 

experiment prepare Poly-L-Lysine coated 
slides. 

T = 0 min Count cells to determine the percentage that 

are living. Place cells into centrifuge tube. 
Centrifuge until pellet forms. Re-suspend cells 

in HBSS at a concentration of 2 million cells 

per ml. Mix with equal parts of 2x (60 µm) PI 
solution. Incubate for 10 min. 

T = 10 min Place 200 µL of cell/PI mixture into a 2-mm 

cuvette. Electroporate cells. Leave cells 

undisturbed for 30 min.  

T = 40 min Add 2 µL of TB to the cuvette. Allow to sit 

for 5 min. 

T = 45 min Place 13 µL of cells on slide inside the nylon 

washer. Allow to settle for 7 min. 

T = 52 min Take snapshots of bright field and 

fluorescence images. Save files as 16-bit .tiff 

images to analyze in MATLAB®. 
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percentage of cells identified as IRE. This minimizes the effect that a variable number of dead cells at 

the start of the experiment has on the IRE determination.  

A similar technique was performed to illustrate the difficulty of visually determining PI 

internalization. Two researchers independently counted the number of fluorescing cells using visual 

inspection. Images were displayed using MATLAB® (The MathWorks, Natick, MA, USA). The 

colormap for the fluorescence image was adjusted to provide better contrast for dimly fluorescing 

cells. A cell was counted as fluorescing (and thus having internalized PI) if an observer perceived it to 

be visually brighter than the surrounding background. Results using the same colormaps were 

compared and the variability between observers was reported.  

 

C. Analysis Method – Quantitative Techniques 

The methods for performing quantitative analysis on fluorescence microscopy images (as opposed 

to analysis based purely on visual inspection) involve analyzing optical images acquired following the 

addition of TB. Cells that internalized both TB and PI were counted as IRE, cells that internalized PI 

but excluded TB were counted as TEP, and cells that excluded both TB and PI were counted as NEP.  

The location of each cell was manually identified via visual inspection of bright field images 

acquired during the electroporation procedure. A representative bright field image is shown in Figure 

4-1(a). We also used the bright field images to visually determine TB internalization.  

To distinguish between fluorescing and non-fluorescing cells, we used MATLAB® to 

quantitatively analyze the fluorescence images. First, we compared each cell’s internal fluorescence 

intensity to a global fixed-intensity threshold. Second, we used our proposed method whereby we 

compared the cell’s internal fluorescence intensity to several local intensities in the background region 

surrounding the individual cell. The fluorescence intensity inside the cell was determined by selecting 

a pixel near the center of the cell and then averaging the intensity throughout an M×M area centered 
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on the chosen pixel, where M was chosen to be 11 pixels. Hereafter, these M×M areas are referred to 

as pixel blocks. 

In order to measure the background fluorescence, we sampled three external regions, 

approximately evenly spaced around the cell. In preliminary trials, we found that using fewer than 

three regions created too much sensitivity in the determination of whether a cell was classified as 

fluorescing to the specific location of the regions (particularly near bright cells which had a visible 

corona surrounding them). Using more than three regions did not result in any notable benefit. The 

locations of the pixel blocks were chosen to be roughly equidistant from each other at a distance of 

approximately 10 microns from the outside border of the cell. The center of each of these pixel blocks 

is marked with an “x” as shown in Figure 4-1. The cell was determined to be fluorescing if its average 

internal fluorescence value exceeded a threshold of T times the local average external luminescence 

intensity.  
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Figure 4-1. A representative bright field and fluorescence image illustrating the quantitative image 
analysis method used in this study. Fluorescence intensity inside each cell was determined by 
comparing an M×M pixel block inside the cell, in the region of the cell number label, and comparing 
it to three M×M pixel blocks surrounding the cell, the center of which is marked with the red x. Any 
cell exhibiting fluorescence above a chosen threshold was recorded to have internalized PI, the 
membrane integrity indicator. Cells internalizing both TB and PI were considered to be IRE, cells 
internalizing only PI were considered to be TEP, and cells excluding both membrane integrity 
indicators were considered to be NEP. IRE cells typically exhibit higher amounts of fluorescence than 
TEP cells. (a) is the bright field image and (b) is the fluorescence image. The scale bar represents 20 
µm.  
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The threshold intensity, T, was chosen by examining the results of experiments with no externally 

applied electric field, for which the ground truth is known. Namely, these experiments should have 

IRE outcome determinations (i.e. cells identified to have internalized both TB and PI) equal to the 

number of dead cells at the beginning of the experiment and no TEP outcomes (i.e. no cells that 

internalized PI but excluded TB). Thus, a determination of TB internalization without PI 

internalization is defined as a false negative, while a determination of PI internalization without TB 

internalization (i.e. a determination of TEP) is defined as a false positive. A range of thresholds were 

tested, and the number of cells identified to be fluorescing was recorded. The results of changing T 

are shown in Figure 4-2. As threshold T increased, the number of false positives decreased. However, 

increasing the threshold also resulted in an increase in false negatives. For this series of experiments, 

threshold T was chosen such that there were as few false negatives as possible; this occurred over the 

threshold range of 1.05 through 1.15. A specific value within this range was chosen by considering 

where the false negatives were lowest, i.e. at 1.125 through 1.15 in this range. Therefore, in our specific 

experiments, the threshold was chosen to be T=1.125. This threshold matches well with the cutoff 

range for normally distributed NEP cells, as shown in Figure 4-3. In this figure, cells not exposed to 

electric fields, yielding mostly NEP cells, with some percentage appearing as IRE due to dead cells in 

the sample. In total, 50 cells in this sample were visibly stained with TB. Therefore, with a threshold 

of 1.125, 6 cells out of >330 sampled would be falsely labeled as RE, or less than a 2% error rate, 

most of which was caused by artifacts in the image (such as floating IRE cells above the focal plane).  

This is a close match to previous results in our lab, such as those shown in Figure 3-1c.  
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Figure 4-2. The effect of changing the intensity threshold on false negative and false positive 
determinations of PI internalization. The threshold intensity (T) multiplied by the local background 
luminosity is the value that a cell’s internal luminosity must exceed in order to be considered to have 
internalized PI. The number of occurrences represents the total number of false positives or false 
negatives counted in the sample.   
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Figure 4-3 Histogram of internal fluorescence intensity divided by local background luminescence. 
The leftmost bin represents all values less than 0.9, and the rightmost bin represents all values greater 
than 1.15. NEP cells are normally distributed around 1, most falling between 0.9 and 1.1. Samples 
contained only NEP and dead cells only. 50 cells in this group were stained with TB out of 56 total 
cells with greater than 1.125x the background luminescence, resulting in <2% false positive RE cells. 

There were several reasons why we chose to prioritize minimizing false negatives rather than 

minimizing the total number of cells incorrectly counted. In general, IRE and dead cells will have a 

higher level of PI internalization compared to TEP. This means that if this method results in any false 

negatives when labeling dead cells, it will also miss many TEP cases. Additionally, false positive 

identification can be the result of artifacts in the image, such as cells reflecting light from brightly 

fluorescing cells.  

A t-test was used to confirm that average intracellular pixel intensities exceeding 1.125 times the 

local average external luminescence intensity were reliably indicative of cell luminescence, and not a 
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result of background noise (p<0.001). This was done using randomly selected background areas and 

comparing to three nearby points. In general, the process described above can be used to establish an 

appropriate discrimination threshold. A similar approach was used to determine the threshold value 

used in the global fixed-intensity threshold analysis. 

 

 

D. Analysis of Precision and Accuracy  

Precision was evaluated by comparing the results generated by two independent observers 

analyzing the same images. The variation in detecting both TB and PI internalization visually was 

determined for a sample set of approximately 280 cells. This same batch of experiments was analyzed 

by the same two observers using the quantitative technique (with three manually selected background 

regions) as described in Section II-C. Accuracy was evaluated using the known ground truth case (no 

externally applied electric field) as described in Section II-C.  

 

III. RESULTS 

Cells were electroporated at 0, 411, 775, 1170, 1362, 1544 V (with a standard deviation of ≤ 1.6%) 

in cuvettes with a gap size of 2 mm. When using 2-mm cuvettes, any voltage higher than ~1550 V 

resulted in an arc (when using HBSS as the electroporation medium). Therefore, experiments were 

not performed at any higher voltages. All electric field strengths are reported in kV/cm, calculated by 

dividing the gap voltage by the gap spacing of 0.2 cm. Fourteen samples were taken at each voltage 

setting. 

To compare the precision of our computer-based quantitative image analysis method relative to 

that of the purely visual technique, two experimenters conducted independent visual determinations 

of fluorescing cells on six different samples, using the method described in Section II-B. The precision 
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of the results was quantified using the procedure outlined in Section II-D. Of the cells sampled, 

approximately 25% were identified differently between the two experimenters, likely due to several 

factors, including screen brightness. Additionally, humans are known to be inconsistent in color shade 

matching [189]. These same experiments were analyzed using the new method, which resulted in less 

than 0.5% of cells being identified differently between the same two experimenters. The method 

described in Section II-B was also performed to test the precision of visually determining TB 

internalization. The two observers’ determinations of TB internalization disagreed for 4% of the cells 

sampled. To account for this variation and reduce the effect of the observer, we averaged the results 

of two independent observers’ determinations of TB internalization. 

Accuracy was optimized using a range of thresholds, as described in Section II-C, for the new 

local-intensity quantitative analysis method and a global fixed-intensity threshold quantitative 

technique. Using the three background-region analysis, with the tuned threshold of T=1.125, we 

identified that there were 11 false positives and two false negatives out of 333 total cells analyzed using 

the local-intensity quantitative analysis method. We then analyzed the same samples using the global 

fixed-intensity threshold method. To fairly compare the two, we chose a global intensity threshold 

such that the number of false positives obtained with the global fixed-intensity threshold method 

matched the number of false positives obtained with the fixed-intensity threshold method at T=1.125.  

At this global threshold value, there were 29 false negatives. Thus, the new method resulted in 62% 

fewer false negatives than a global fixed-intensity-threshold quantitative method.  

Figure 4-4, 4-5, and 4-6 show the results for NEP, TEP, and IRE outcomes, which are presented 

as a demonstration of the technique presented in this paper. The central line in these boxplots 

represents the median, and the edges of the box represent the 25th and 75th percentiles. The whiskers 

extend to cover data within a 99.3% confidence interval, assuming normally distributed data. The 

99.3% confidence interval corresponds to the default whisker length in MATLAB® of 1.5.  Outliers 
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are marked with a + sign. Figure 4-4 shows the percentage of cells identified as NEP at the tested 

electric field strengths. The percentage of cells identified as NEP decreases as field strength is 

increased, which is consistent with existing literature. Figure 4-5 shows the TEP results. With these 

specific experimental parameters, the highest TEP percentage is 58% and occurs at 5.9 kV/cm. When 

used in gene transfer, electroporation has a survival rate of 20-60% [1], [8], so our TEP results are also 

consistent with existing literature. Figure 4-6 shows IRE results, where the percentage IRE increases 

with increasing field strength, as expected. 

 

 

Figure 4-4. Percentage of cells that did not internalize TB or PI. Cells that excluded both 
membrane integrity markers were deduced to be NEP. Pulse duration was 40 µs. The edges of the 
box represent the 25th and 75th percentiles and the whiskers extend to the most extreme non-outlier 
data points. Outliers are denoted by the + symbol. 
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Figure 4-5. Percentage of cells that internalized PI and excluded TB. Cells that excluded both TB 
but included PI were deduced to have undergone TEP. Pulse duration was 40 µs. The edges of the 
box represent the 25th and 75th percentiles and the whiskers extend to the most extreme non-outlier 
data points. Outliers are denoted by the + symbol. 

 

 

Figure 4-6. Percentage of cells that internalized both TB and PI after removing the average 
percentage of cells determined to be dead prior to the start of each experiment. These cells were 
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deduced to have undergone IRE. Pulse duration was 40 µs. The edges of the box represent the 25th 
and 75th percentiles and the whiskers extend to the most extreme non-outlier data points. Outliers 
are denoted by the + symbol.  

 

IV. DISCUSSION 

There exists some inherent error when using TB and PI internalization to identify which type of 

electroporation had occurred. At 0 kV/cm an ideal situation would result in 100% of the sample being 

identified as NEP. As evident in Figure 4-4, a small percentage of the cells internalized TB and/or 

were fluorescing enough to be determined as PI positive. This small percentage is likely the result of 

variability in the number of dead cells in the sample at the beginning of each data acquisition period, 

despite measures taken to remove dead cells from consideration. Additionally, TB molecules are 

slightly larger than PI, meaning it is possible for pores to open that are large enough to allow PI 

internalization, but still exclude TB. Also, as previously discussed, while this method was designed to 

reduce PI false positives, it cannot completely eliminate them without inducing an unacceptable 

number of PI false negatives. These issues may be the cause of the small number of TEP cells 

identified at 0 kV/cm (shown in Figure 4-5).  

  

Data gathered using the techniques outlined in this paper can be used to determine electroporation 

parameters for specific applications. In our specific example, the highest electric field of 7.7 kV/cm 

yielded approximately 70% IRE and ~25% TEP (with less than 2% NEP outcomes); this type of 

outcome is appropriate for applications that require maximizing the IRE outcomes from a single pulse. 

Another useful trend to note is that with these specific settings, the percentage of cells identified as 

TEP is relatively consistent between 2.1 kV/cm and 6.8 kV/cm. Therefore, when TEP is the desired 

outcome, the electric field strength can be selected from within this range at a level that best 

accommodates the more nuanced needs of a specific application (i.e. choosing whether it is better for 

the alternate outcome to be NEP or IRE). 
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V. CONCLUSION 

The quantitative analysis procedure developed for determining PI internalization the local-

intensity quantitative analysis method presented in this paper provides a significantly less subjective 

and more accurate method for determining electroporation outcomes using single channel 

fluorescence microscopy. This method can be combined with visual identification of TB to create a 

computer-based method for quantitatively analyzing single channel fluorescence microscopy images 

to distinguish between NEP, TEP, IRE cells. 

This method offers an improvement over other microscopy techniques that determine 

electroporation outcomes because it reduces the error caused by different observers when using visual 

techniques. The method described in this paper improves precision over visual identification of PI 

and TB internalization and is more accurate than a fixed intensity threshold method. For example, in 

an illustrative comparison, the observer-to-observer outcome assessment variability was reduced from 

25% to 0.4% between a purely visual inspection of fluorescence images and the local-intensity 

quantitative analysis protocol introduced here. The number of false positive for PI cells was reduced 

by 62% from a fixed intensity threshold method.  

This procedure can be useful for predicting the approximate distribution of cells that were NEP, 

TEP, and IRE at a given electric field strength and thus aid in determining the proper electroporation 

parameters for a desired outcome. This technique allowed us to process more samples within our 

existing laboratory setup. It was designed specifically to function well with our existing laboratory 

setup. 
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4.2    Automated detection of cells and image analysis 

To process more samples quickly, we decided to develop a program that would automate our 

image analysis. To do this, we needed a program capable of identifying unstained cells in a bright field 

microscope image, stores the coordinates, compares to an after image which determines if a cell has 

moved, then for cells which remained stationary, analyzes internal fluorescence of the cell and 

compares it to the local background fluorescence, and detects TB within bright field images. We chose 

to use MATLAB® to achieve this. All staining procedures are the same as discussed in Chapter 4.1. 

We used bright field and fluorescent images like those in 4.1. 

To detect cells in a bright field image, we decided to identify edges within the images. First, we 

filtered the images using Gaussian and average filters to smooth the background noise. Cell edges 

were then identified on bright field images using the Sobel edge detection method (part of MATLAB’s 

Image Processing Toolbox), where the threshold was determined by testing numerous images 

generated from our lab to minimize false positives. Cell outlines were generated from the edge 

detection by a combination of removing small objects (i.e. remaining background noise), dilating, 

filling, thinning, and using the Sobel edge detection on the filtered image to re-find edges. This process 

is depicted in Figure 4-7. We also removed any cells touching the border of the image at this stage. 

We then identified the center and radius of every remaining enclosed area, which after the correct 

tuning parameters (such as cell size and values for how much noise to include) were input, outlined 

single and small clusters of cells. Large clusters of cells appeared as a single large cell and were therefore 

removed from the analysis, since detecting an individual cell’s fluorescence is difficult if the cell is part 

of a large cluster.  
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Figure 4-7. Automatic cell detection. This figure provides an example of how cells were detected 
using this method. From left to right: Bright field image of cells, Sobel edge detection, dilate and 
remove small objects, outline, and smooth outlines shown on original images. 

 

 

This method was highly effective at identifying single cells and cell groups of two, however larger 

clusters of cells would appear as one large area. To rectify this problem, we removed any objects 

significantly larger than normal (later in the procedure) and adjusted procedures within the lab to avoid 

this, particularly by being careful of the final concentration of cells. This is a good general practice, 

since it can be difficult to identify an individual cell’s fluorescence within a large cluster of cells 

regardless of the analysis method used. 

After cells were detected using edge detection, the cell movement between a before and an after 

image was determined. Any cells with more than 50% overlap between the before and after images 

were kept.  

The local background fluorescence was determined by removing the areas in the image for all 

detected cells (even those on the boarders of the image) plus a small margin around them. These areas 

were replaced with NaN values, which are not counted when averaging using MATLAB’s® nanmean 

function. Anything brighter than a pre-determined threshold was counted as fluorescing. 

Cells in the ‘before’ image were analyzed based on their darkness to determine if TB was 

internalized. Cells which internalized both TB and were counted as fluorescing were determined to be 

IRE, cells which did not internalize TB and were fluorescing were determined to be RE, and cells 
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which did not internalize TB and were not determined to be fluorescing were determined to be NEP. 

Any cells which were identified as internalizing TB but not fluorescing were labeled with an Error tag 

to be analyzed individually, which rarely happened, and was generally the result of foreign objects 

getting into the sample. We adjusted parameters, including allowed cell size, fluorescence intensity for 

PI detection, and pixel darkness for TB detection in this method to allow it to match our existing 

results. In a random selection of samples, the average difference between the automated method and 

the existing method was 3.9%, with an aggregate difference of 0.2% across all samples tested. 

Additionally, the standard deviation of the automated method was 6.7% compared to 8.3% for the 

existing method, indicating that the automated method reduces variance. Development of this 

automated method improved our results from Aim 1 and significantly improved our internal lab 

operation, reducing labor by hundreds of hours per project and reducing the chances of human error.  

 

 

 

 

Since the work with cationic peptides was primarily focused on IRE [12], we decided to investigate 

the effects of changing the resting membrane potential on electroporation outcomes with a specific 

focus on RE outcomes. Improving RE outcomes could be useful in a wide range of applications since 

the widespread use of RE as a molecule delivery technique is largely limited by its relatively low 

efficiency [1], [8], [190]. We also reviewed the mechanisms of electroporation causing cell death (IRE) 

to find ways to reduce IRE therefore further improve RE outcomes.  

In order to reduce IRE it is important to recall that cell death resulting from electroporation is 

caused by either apoptosis or necrosis [56], [127], [128]. The type of cell death is primarily dependent 
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on pulse duration, with short duration pulses primarily causing apoptosis, and long duration pulses 

resulting in more necrosis [56], [127], [128]. Short duration pulses affect not only the plasma 

membrane, but also intracellular structures, such as the nucleus, plasma membrane, endoplasmic 

reticulum, and Golgi complex [127]. Reducing the externally applied PEF intensity may help reduce 

damage to these structures, thereby reducing apoptosis, and improving RE at certain pulse 

durations/intensities. Therefore, we hypothesized that one way to do so is hyperpolarizing the cell 

membrane, which would increase RE at lower PEF durations/intensities. More specifically, it would 

cause less apoptosis from organelle damage due to lower applied electric fields required to cause 

electroporation on the outer membrane. At higher PEF intensities, we hypothesized that the 

mechanism for cell death changes and we expect more cell death due to plasma membrane destruction 

when hyperpolarized. We conducted the following experiment to test these hypotheses. Completion 

of this section satisfied Aim 2 of this dissertation. 

 

5.1    Ionomycin-Induced Changes in Membrane Potential Alter 

Electroporation Outcomes in HL-60 Cells 

 

E. J. Aiken, B. G. Kilberg, S. Yu, S. C. Hagness, and J. H. Booske 

 

The Department of Electrical and Computer Engineering, University of Wisconsin-Madison, Madison, Wisconsin, United States of America  

 

As accepted by Biophysical Journal, DOI: 10.1016/j.bpj.2018.05.018 
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5.2    Abstract 

Previous studies have shown greater fluorophore uptake during electroporation on the 

anode-facing side of the cell than on the cathode-facing side. Based on these observations, 

we hypothesized that hyperpolarizing a cell prior to electroporation would decrease the 

requisite pulsed electric field (PEF) intensity for electroporation outcomes, thereby yielding 

a higher probability of reversible electroporation (RE) at lower electric field strengths and a 

higher probability of irreversible electroporation (IRE) at higher electric field strengths. In 

this study, we tested this hypothesis by hyperpolarizing HL-60 cells using ionomycin prior to 

electroporation. These cells were then electroporated in a solution containing propidium 

iodide, a membrane integrity indicator. After 20 min, we added trypan blue to identify IRE 

cells. Our results showed that hyperpolarizing cells prior to electroporation alters the PEF 

intensity thresholds for RE and IRE, allowing for greater control and selectivity of 

electroporation outcomes.  

 

 

5.3    Introduction 

A pulsed electric field (PEF) applied across a cell membrane causes positive and negative charges 

to accumulate at opposite sides of the membrane, increasing the transmembrane voltage [71]. If 

sufficient charge accumulates for a long enough time, pores will open in the cell membrane [1], [12], 

[67], [71], [191]. This phenomenon is referred to as electroporation [1], [12], [191]. There are three 

potential outcomes of electroporation. It can cause irreparable damage to the cell membrane resulting 

in cell death. This outcome is denoted as irreversible electroporation (IRE) [1], [12], [191]. 

Alternatively, the pores generated during electroporation may close after a short delay, allowing the 

cell to remain viable [81] - an outcome known as reversible electroporation (RE) [1], [12], [191]. A 
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third possible outcome of PEF exposure occurs when the energy delivered is insufficient to open a 

significant number of pores or the pores opened are of negligible size. Cells under this condition are 

considered non-electroporated (NEP) [1], [12], [191].  

IRE and RE both have important clinical applications. IRE shows promise as a non-thermal 

technique for ablating tissue [7], [105], [106]. In contrast to thermal ablation techniques such as radio-

frequency (RF) ablation, IRE-based ablation is not impeded by heat sink effects of nearby veins and 

arteries [7], [105], [106], [192], [193]. Additionally it leaves the extracellular matrix intact [7], [194] and 

avoids an inflammatory response [195]. It is also useful due to its short treatment time compared to 

RF ablation and cryosurgery [77]. RE is a promising technique for delivering macromolecules such as 

proteins, DNA, RNA [1]–[3], [149], [196]–[198], antibodies [4], and nanoparticles [5], [6] into a cell’s 

cytoplasm. In contrast to viral delivery techniques, RE does not invoke an immune response and can 

transfect larger DNA molecules [8], [36], [58], [199]. One limitation of current RE procedures is the 

relatively low survival rate of the treated cells [8], [199]. Improving cell viability will make RE more 

attractive for therapeutic applications involving the insertion of DNA, proteins, enzymes, or drugs 

into cells [90], [200].  

There is interest in developing methods that increase the probability of RE or IRE depending on 

pulse parameters. In this paper, we are focusing on a potential method that exploits manipulating the 

transmembrane potential across cell’s plasma membrane prior to electroporation. Previous studies 

have indicated a correlation between transmembrane electric potential and pore creation. One of the 

earliest studies reported the discovery that more fluorophores entered the cell through the membrane 

the facing positive electrode (anode) than through the opposing side [126]. The inner portion of cells 

are normally negatively charged, which is balanced by charges on the external face of the plasma 

membrane from protons or cations, resulting in a natural anion-membrane-cation transmembrane 

potential [101], [102]. This naturally occurring phenomenon has been attributed to the increase in pore 
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formation near the anode [126], [201]. This suggests that altering the transmembrane potential prior 

to electroporation could decrease the applied PEF threshold for electroporation and increase the 

probability of RE or IRE depending on pulse parameters. Kennedy et al. demonstrated that cationic 

peptides could be used to increase the cytoplasmic transmembrane voltage (resulting in membrane 

hyperpolarization) and reduce the threshold for IRE [12]. However, the cationic peptides used in that 

study have a high toxicity and are therefore not good candidates for RE applications.  

Transmembrane voltage can also be regulated by the concentration of ions and their permeability 

inside and outside the cell [202]. The ions with the strongest effect on transmembrane potential are 

potassium (K+), sodium (Na+) and chloride (Cl-). Changing the concentration of ions outside the cell 

or activating ion pumps within the cell membrane alters the transmembrane potential. For example, 

Brent et al. showed that HL-60 cells exposed to the drug ionomycin, a Ca++ ionophore, underwent 

membrane hyperpolarization for several minutes [130]. This group observed a similar effect using 

adenosine triphosphate (ATP), with a shorter duration [130]. They did not report any toxic effects 

from the either method over the seven-day duration of their experiments, suggesting that low 

concentrations of ionomycin or ATP are non-toxic to HL-60 cells.  

We present a comprehensive study designed to test the hypothesis that hyperpolarizing cell 

membranes prior to electroporation reduces electroporation PEF thresholds and increases 

electroporation outcome efficiencies. We specifically hypothesized that decreasing the threshold for 

electroporation would make conditions for RE more favorable at lower PEF intensities and therefore 

improve the ratio of RE to IRE cells in a sample, while at higher PEF intensities, decreasing the 

threshold would cause more membrane damage to occur, thereby increasing IRE outcomes without 

increasing the externally applied PEF intensity. Membrane hyperpolarization of HL-60 cells was 

achieved using ionomycin. We elected to model our experimental results with cubic spline data fit 

models in anticipation of nonlinear relationships between PEF intensity or pulse duration and the 
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three possible outcomes. An interaction between ionomycin and PEF or pulse duration was also 

allowed in the models. Significant effects were determined using an analysis of variance (ANOVA) 

procedure. We observed significant increases in RE for shorter pulse durations and lower PEF 

intensities, and increases of IRE for all higher PEF intensities. This suggests that RE is effectively 

achieved over a select window of pulse durations, while IRE performance is pulse-duration 

independent.  

 

5.4    Materials and Methods 

A. Cell Preparation, Electroporation Protocols, and Design 

HL-60 human promyelocytic leukemia cells (American Type Culture Collection, Manassas, VA, 

USA) were used for all experiments because their spherical shape eliminates the dependency of the 

electroporation outcome on the cell’s orientation relative to the electric field. HL-60 cells were 

cultured at 37°C and 5% CO2 in RPMI-1640 containing 2% glutamine supplemented with 10% fetal 

bovine serum (FBS) and 2% penicillin and streptomycin. Propidium Iodide (PI) (MP Biomedicals, 

Solon, OH, USA) and Trypan Blue (TB) (Lonza, Walkersville, MD, USA) were used as membrane 

integrity indicators. PI is visible using fluorescence microscopy, fluorescing after it enters a cell. TB is 

visible using bright field microscopy, staining cells with compromised membranes.  

At least one day prior to conducting experiments, slides were treated with a poly-L-lysine adhesion 

coating (Sigma-Aldrich, Madison, WI, USA) and then allowed to dry. Immediately prior to 

experimentation, a sample of cells was counted, using TB to distinguish between live and dead cells. 

Cells were pelleted and re-suspended in Hank’s balanced salt solution (HBSS) without phenol red, 

calcium, or magnesium, containing 5.3 mM KCl, 0.44 mM KH2PO4, 4.17 mM NaHCO3, 137.93 mM 

NaCl, 0.34 mM Na2HPO4, and 5.56 mM D-glucose (dextrose) (Thermo Scientific, Waltham, MA, 

USA) (1.42 S/m conductivity) at a concentration of 2 million cells per milliliter. The cell count was 



56 
  

used to quantify the percentage of dead cells at the beginning of each trial. An equal quantity of 60 

µM PI solution (Fisher Scientific International, Pittsburgh, PA, USA) (dissolved in HBSS) was added 

to the cell/HBSS mixture resulting in a final PI concentration of 30 µM. For the treatment group 

(HBSS + ionomycin experiments), the control solution (PI + HBSS) was supplemented with 100 nM 

ionomycin (Fisher Scientific, Pittsburgh, PA, USA). After addition of PI (and ionomycin when 

applicable), cells were incubated for ten minutes at 37°C and 5% CO2. After incubation, ionomycin 

was added again to the HBSS + PI + ionomycin samples because under these conditions the effects 

of the ionomycin on the transmembrane electric potential started to diminish after approximately ten 

minutes. In order to estimate causal effects of hyperpolarization on electroporation outcome, we 

randomized samples of cells to treatment and control levels. 

A BTX Model ECM 830 Square Wave Electroporation System (Harvard Apparatus, Holliston, 

MA, USA) was used to deliver the PEF. The PEF was delivered to cells in an electroporation cuvette 

with a 2.0 mm gap between parallel plate electrodes. Square monopolar pulses with voltages up to 1.5 

kV were used for this study. Pulse durations ranged from 20-100 µs. After electroporation, cells 

remained in the cuvettes undisturbed for 20 minutes to allow transient pores to close. We selected the 

20 minute interval based on the understanding that pore resealing in RE cells typically lasts up to a 

few minutes [1], [68], [69], [79]–[83]; hence, a 20 minute interval allows sufficient time for transient 

pores to close. 

TB was added 20 minutes after electroporation. Two minutes after TB addition, 13 µL of the 

cell/HBSS/PI mixture was then placed onto a poly-L-lysine coated slide with a nylon washer placed 

in the middle to form a well for the cells. The cells were allowed to settle on the slide for five minutes, 

after which bright field and fluorescence images were taken. PI fluorescence was monitored using 

fluorescence microscopy at 535 nm excitation and 617 nm emission. A Lambda DG-4 excitation lamp 

and high-speed wavelength switcher (Sutter Instrument, Novato, CA, USA) was used to excite the PI. 
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Control of the lamp and CCD camera were done with custom software (Prairie Technologies Inc., 

Madison, WI, USA). A Nikon Eclipse TE200 microscope (Nikon USA, Melville, NY, USA) equipped 

with a Hamamatsu C4742-95 Digital charge-coupled device (CCD) camera (Hamamatsu Photonics, 

Bridgewater, NJ, USA) was used to capture all images taken in this study. A timeline of the 

experimental procedure is provided in Table 5-1.  

 

Table 5-1. Timeline of experimental procedure 

Time Task 

Prep At least one day prior to the start of the experiment, prepare Poly-L-Lysine coated 
slides. 

0 min Count cells to determine the percent living. Place cells into centrifuge tube. 
Centrifuge until pellet forms. Re-suspend cells in HBSS at a concentration of 2 million 
cells per milliliter. Mix with equal parts of 2x (60 µm) PI solution. Add ionomycin for 
ionomycin + HBSS experiments. Incubate for 10 minutes. 

10 min Add second dose of ionomycin for the ionomycin + HBSS experiments. Place 
200 µL of cell/electroporation medium mixture into a 2 mm cuvette. Electroporate 
cells. Leave cells undisturbed for 20 minutes.  

30 min Add 2 µL of TB to the cuvette.  
32 min Place 13 µL of cells on slide inside the nylon washer.  

37 min Take snapshots of bright field and fluorescence images.  

 

We performed three sets of experiments. The first was fixing the pulse duration at 40 µs and 

varying the amplitude of the PEF from 0 – 7.5 kV/cm. We chose the 40 µs pulse duration because 

previous work in our lab had determined it is well suited for RE in HL-60 cells (unpublished work). 

We then repeated the experiments at a pulse duration of 100 µs, which was chosen because it is 

commonly used for IRE applications [14], [77], [203], [204]. Lastly, we fixed the PEF amplitude at 

2.06 kV/cm (which is approximately where the peak percentage of RE was previously observed) and 

varied the pulse duration from 20-100 µs to investigate the range of pulse durations that are effective 

for increasing RE. 
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5.4.1   Transmembrane Potential Measurements 

The transmembrane potential was measured using the potential-sensitive dye DiBAC4(3). We 

created a calibration curve to establish a direct relationship between the internalized concentration of 

DiBAC4(3) and the respective measured fluorescence intensity. We then used this relationship to 

determine the concentration of DiBAC4(3) within any cell of interest. The transmembrane potential 

was calculated using the Nernst equation (eq. 1) with the fluorescence-determined intracellular dye 

concentration and the known extracellular dye concentration. 

where R is the universal gas constant, T is the absolute temperature, F is the Faraday constant, 

iD
 is the concentration of DiBAC4(3) internalized by the cell, and eD

 is the external concentration of 

DiBAC4(3). 

The calibration curve was created by depolarizing cells with 0.5 μg/mL gramicidin (Fisher 

Scientific, Pittsburgh, PA, USA) [205] and incubating with various concentrations of DiBAC4(3) 

(Fisher Scientific, Pittsburgh, PA, USA) ranging from 1 µM to 15 µM. This depolarization caused the 

intracellular and extracellular DiBAC4(3) concentrations to be equal. The cells were incubated for 30 

minutes after the addition of DiBAC4(3) and gramicidin. After incubation, the fluorescence of 

DiBAC4(3) was then sampled using the same microscope setup as described in Section II-A using a 

470 nm excitation/525 nm emission filter cube with an exposure time of 750 ms. The calibration 

experiments were run three times and the internal fluorescence was calculated using MATLAB® (The 

MathWorks, Natick, MA, USA), and thus we were able to establish a relationship between the amount 

of DiBAC4(3) internalized to fluorescence intensity. Using this curve, shown in Supplementary 

Materials Figure 5-S1, we were able to calculate the concentration of DiBAC4(3) internalized for an 
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unknown sample by measuring its fluorescence intensity. Each experiment was run as a pair of one 

control and one hyperpolarized, and the difference was recorded to minimize effects of day to day 

variation. This provided improved accuracy over averaging across all recorded values. The 

transmembrane potential was then calculated using eq. 1. Finally, the calibration measurements were 

replicated using a 10-minute incubation after addition of DiBAC4(3) and gramicidin. The results of 

the 10-minute incubation time protocol matched the results of the 30-minute incubation protocol, 

confirming the accuracy of calibrations and confirming that a 10-minute incubation protocol was 

sufficient for our purposes. 

When measuring the effects of ionomycin on transmembrane potential, the same (10-minute) 

procedure was followed as described above, except no gramicidin was used, 11 µM DiBAC4(3) 

solution was used, and the cells were incubated in HBSS plus 0.1 µM ionomycin solution. Additional 

ionomycin was also added immediately following incubation to match the conditions of the 

electroporation experiments.  

Throughout the duration of the electroporation experiments, a sample of the cells was periodically 

tested with 11 µM DiBAC4(3) solution to confirm that ionomycin was continuing to affect the 

transmembrane potential. Any experiments that were tested that resulted in negligible change in the 

transmembrane potential were discarded, and new ionomycin was used. The measured change in 

transmembrane potential across all (kept) experiments was 13.2±6.1 mV (more negative). 

DiBAC4(3) was also used to determine the time response of ionomycin by collecting snapshots 

over the course of 30 min after ionomycin addition. The transmembrane potential effects of 100 nM 

ionomycin wore off between 10 & 15 min. However, if ionomycin was added again after 10 min, the 

effects lasted much longer (>20 min). Additionally, it took 5-10 min for the cells to adjust their 

transmembrane potential after HBSS was added. Taking these both into account, we chose to incubate 
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the cells in HBSS (or HBSS + Ionomycin) for 10 min prior to applying the PEF and adding a second 

dose of Ionomycin approximately one minute prior to applying the PEF. 

5.4.2   Analysis Method  

PI and TB were used to distinguish between NEP, RE, and IRE outcomes. PI is normally a 

membrane impermeable molecule which binds to intracellular nucleic acids when it crosses the cell 

membrane (either through electroporation or cell death), causing a significant increase in fluorescence. 

Thus, PI fluorescence is only detectable once the molecule has passed through the plasma membrane. 

TB stains any cells with compromised membranes, and thus when added after reversible pores have 

had time to close only stains IRE cells. TB is detectable using standard bright field microscopy. Cells 

which internalized both TB and PI were counted as IRE, cells that internalized PI but excluded TB 

were counted as RE, and cells that excluded both TB and PI were counted as NEP. Cells that were 

dead prior to electroporation also internalize PI and TB, and thus appear as false positive IRE cells 

with this method. To account for this, we determined the live/dead ratio of the samples immediately 

prior to electroporation, and adjusted the IRE counts accordingly so the reported numbers reflect 

what happened to the living cells. 

The center of each cell was identified using the bright field images, acquired during the procedure. 

A representative bright field image is shown in Figure 5-1(a). We also used the bright field images to 

visually determine TB internalization.  

To distinguish between fluorescing and non-fluorescing cells, we used MATLAB® to quantitatively 

analyze the fluorescence images by comparing each cell’s internal fluorescence intensity to several local 

luminescent intensities external to the individual cell. The fluorescence intensity inside the cell was 

measured near the center of the cell. This was compared to the average external luminescence 

intensity, determined by sampling the background near to the cell. In order to measure the background 

fluorescence, we sampled three external regions, approximately evenly spaced around the cell. In 
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preliminary trials, we found that using fewer than three regions created too much sensitivity in the 

determination of whether a cell was classified as fluorescing to the specific location of the regions 

(particularly near bright cells which had a visible corona surrounding them). Using more than three 

regions did not result in any notable benefit. The cell was determined to be fluorescing if the average 

measured internal fluorescence value exceeded a threshold of 𝑇 times the average value of the 

surrounding background luminescence intensities. Unpublished work in our lab determined that, for 

our setup, T equal to 1.125 gave the highest accuracy (least number of false negatives and positives). 

We present a representative fluorescence image in Figure 5-1(b). 

5.4.3   Statistical Analysis 

In the 40 µs and 100 µs experiments described in section A, we implemented a cubic splines  

regression using the lm package in R® [206] to estimate effects on the electroporation outcome. We 

modeled the treatment effect of hyperpolarization with ionomycin as linear. The effect of PEF 

intensity and its interaction with treatment were modeled using a nonlinear cubic spline regression 

generated using the ns function in R® [206]. We chose cubic splines because they allow for 

incorporation of nonlinear effects with more than one point of inflection using a relatively small 

number of parameters [180], [188]. Knots were chosen to reflect known underlying trends in the 

results [183]. Specifically, we expected the primary electroporation outcome to change depending on 

the applied PEF intensity. At low PEF intensity, NEP was expected to be the dominant term, followed 

by a region where RE is dominant, then IRE. We selected knots to be in transition areas to allow for 

the best representation of the data. Prior findings establish that this approach is best for describing 

the expected nonlinear biological dependence of electroporation type on field strength [182]–[184]. 

Specifically, the biological mechanisms that rule this relationship are highly nonlinear [207], justifying 

the use of splines. The interaction term was included to explore the hypothesis that the effects of 

membrane hyperpolarization using ionomycin would vary depending on PEF intensity. Significance 
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of effects was determined using ANOVA. Interaction effects that were not deemed significant 

(meaning the effect of PEF intensity was not significantly different for different levels of ionomycin) 

were excluded from the model. Three separate regressions were performed, one for each possible 

outcome as a percent of cells (i.e. percent NEP, RE, or IRE). In the experiments where we fixed PEF 

at a constant value and varied the pulse duration, the statistical model was fitted similar to the one 

described above but substituting PEF intensity with pulse duration. In our analysis, we considered P 

< 0.05 as significant. We calculated means and standard error (SE) for all combinations of treatment 

and PEF, shown in the figures. 

5.4.4   Viability Studies 

We investigated whether the experimental conditions were toxic to cells by performing live/dead 

counts on groups of cells in both the control group (HBSS/PI solution) and the treatment group 

(HBSS/PI/ionomycin solution). For both cases, we did not detect any decrease in cell viability within 

the first two hours. The treatment group resulted in 1.11% ± 0.59% standard deviation (SD) dead, 

while the control resulted in 1.72% ± 0.65% SD. This resulted in P = 0.1508, and therefore we 

concluded that the percentage of dead cells is not significantly different between the two groups. 

Cells in the control group did not show any increase in cell death during the two-hour duration of 

the experiment. At the working concentration of ionomycin, cells in the treatment group did not show 

any change in cell viability over the course of two hours. Live/dead counts were comparable to cells 

incubated in HBSS without ionomycin at each time point sampled during the two hours.  

However, cells incubated in a solution with double the working concentration of ionomycin (i.e. 

200 nM ionomycin, added at t = 0 and t = 10 min) for two hours resulted in a twofold increase in cell 

death and lower proliferation rate of about half when compared to cells incubated for the same 

amount of time in HBSS. These samples were then washed, and the cells which were exposed to 
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ionomycin proliferated normally (doubling approximately every 24 hours) once the ionomycin was 

removed.  

 

 

 

 
Fig. 5-1. A representative bright field and fluorescence image 

illustrating the analysis method used in this study. PI 

fluorescence intensity inside each cell was determined by 
comparing an area inside of the cell to three nearby points 

external to the cell, (marked with the red x). Cells internalizing 

both TB and PI were considered IRE (cells 1-5), cells 
internalizing only PI were considered RE (6, 8, 11, 14-20, 22, 

25), and cells excluding both membrane integrity indicators were 

considered NEP (cells 7, 9, 10, 12, 13, 21, 23, 24, 26-28). (a) is 
the bright field image and (b) is the fluorescence image. The 

scale bar represents 20 µm. 
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5.5    Results 

5.5.1   40 µs Results 

Cells were electroporated at approximately 200-1500 V in cuvettes with a gap size of 2.0 mm. 

When using these cuvettes, any voltage higher than 1500 V resulted in an arc (with HBSS as the 

medium). Therefore, we did not perform experiments at higher voltages. All electric field strengths 

(PEF intensities) were calculated from the applied voltage and gap size and therefore reported in 

kV/cm, calculated by dividing the gap voltage by the gap spacing of 2.0 mm. The PEF intensities for 

the 40 µs experiments ranged from 0-7.5 kV/cm. We took a minimum of fourteen samples at each 

voltage setting. These results are shown in Figures 5-2 through 5-5.  

At low PEF intensities (1.8, 2.0, and 3.0 kV/cm), the addition of ionomycin significantly increased 

the percentage of RE cells while decreasing the number of NEP cells. The peak RE percentage 

increased from 57.5% ± 17.7 SD at 3 kV/cm to 71.85% ± 11.7 SD at 2 kV/cm. It is worth noting 

that the window of PEF intensities that attain close to peak RE decreased for the hyperpolarized cells. 

The hyperpolarized cells are close to the peak RE percentage in the range of 1.77 kV/cm to 4 kV/cm, 

while the control cells peak RE range is 2 kV/cm to 7 kV/cm. Here we define close as overlapping 

95% confidence intervals. At higher PEF intensities (6.0 and 6.9 kV/cm), the addition of ionomycin 

significantly increased the percentage of IRE cells, while decreasing the number of RE cells. 

We analyzed the results for the 40 µs pulse durations using a cubic spline regression with three 

knots, located at 1.5, 2.5, and 6.5 kV/cm. These results are shown in the next three sections. 

 

i.  NEP Regression Results 

Results from the regression analysis for NEP outcomes indicated that the direct effect of treatment 

with ionomycin, PEF intensity, and the interaction between treatment and PEF intensity were 

significant, meaning they all resulted in statistically significant changes in electroporation percentage. 
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The significance of the interaction term between the electroporation spline and treatment means the 

effects of ionomycin change depending on the PEF intensity. This is specifically seen in the 1.75 – 3 

kV/cm range. The results of the regression are shown in Figure 5-2 (fitted lines) and Table 5-2. We 

flipped the NEP results to show the percent electroporated in Figure 5-2. Results confirm that 

hyperpolarizing the cellular membrane decreased NEP, and therefore increased the chances for 

electroporation at certain ranges of PEF intensities with 40 µs pulse durations.  

 

 

 

 
 

Fig. 5-2. Percentage of sample determined to be electroporated (EP) 
with a 40 µs pulse duration. The control group was electroporated in 

HBSS and the treatment group was electroporated in HBSS 

supplemented with 100 nM ionomycin. The average values of each 
sampled PEF intensity are depicted by ‘o’ for control and ‘*’ for 

treatment. The error bars represent a 95% confidence interval. PEF 

intensities of 1.8 and 2.0 kV/cm resulted in significant differences in 
the percent of electroporated cells. Regression lines represent the fitted 

cubic splines. 
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Table 5-2. 40 µs NEP regression ANOVA 

results  

 

Degrees of 

Freedom 
Sum of 

Squares P Value 

Direct Effect 1 2279 < 0.0001 

Spline of PEF 4 181169 < 0.0001 

Interaction 4 2751 0.0003 

 

 

ii.  RE Regression Results 

Results from the regression analysis for RE outcomes indicated that the direct effect of treatment 

with ionomycin was not significant for the electroporation outcome. But both the effect of PEF 

intensity and the interaction between treatment and PEF intensity were. This suggests, respectively, 

that PEF intensity has an effect on electroporation outcome, and that hyperpolarizing the cellular 

membrane changed RE outcomes differently depending on the PEF intensity (i.e. interaction). 

Specifically, hyperpolarizing the membrane increased the chances for RE at lower PEF intensities and 

decreased the chances for RE at higher PEF intensities using 40 µs pulse durations. This increase in 

RE was observed for a smaller range of PEF intensities in the hyperpolarized case (1.75 – 3 kV/cm, 

with between 62.3% and 71.9% fluorescing), while a more constant effect across PEF intensities was 

observed for non-hyperpolarized membranes, as seen in the window between 2 – 7 kV/cm (with 

between 42.7% and 57.4 % fluorescing). The results of the regression are shown in Figure 5-3 (fitted 

lines) and Table 5-3. We flipped the NEP results to show the percent electroporated in Figure 5-3. 

No departures of normality or heterogeneity of variances were found in the residual and variance 

check. 
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Table 5-3. 40 µs RE regression ANOVA 

results  

 

Degrees of 

Freedom 
Sum of 

Squares P Value 

Direct Effect 1 364 0.1780 

Spline of PEF 4 108475 < 0.0001 

Interaction 4 16422 < 0.0001 

 

iii.  IRE Regression Results 

Results from the regression analysis for IRE outcomes indicated that the direct effect of treatment 

with ionomycin, PEF intensity, and the interaction between treatment and PEF intensity were 

significant, meaning they all resulted in statistically significant changes in electroporation percentage. 

 
 

Fig. 5-3. Percentage of sample determined to be RE with a 40 µs pulse 
duration. The control group was electroporated in HBSS and the 

treatment group was electroporated in HBSS supplemented with 100 

nM ionomycin. The average values of each sampled PEF intensity are 
depicted by ‘o’ for control and ‘*’ for treatment. The error bars 

represent a 95% confidence interval. PEF intensities of 1.8 and 2.0 

kV/cm resulted in significant increase in the percent of RE cells in the 
treatment samples, while at 6.0 and 6.9 kV/cm had a statistically 

significant reduction in RE in the treatment samples. Regression lines 

represent the fitted cubic splines. 
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Results of the regression are shown in Figure 5-4 and Table 5-4. Results suggest that hyperpolarizing 

the cellular membrane changed IRE outcomes differently depending on the PEF intensity. 

Specifically, hyperpolarizing the membrane increased the chances for IRE at higher PEF intensities 

using 40 µs pulse durations when compared to the control. We observed a slight increase in the 

regression for the control compared to the treatment at around 3 kV/cm, however this is not 

significant, as visualized by the overlapping 95% confidence interval bars. 

 

 

 

 

 

 
 

Fig. 5-4. Percentage of sample determined to be IRE with a 40 µs pulse 

duration. The control group was electroporated in HBSS and the 

treatment group was electroporated in HBSS supplemented with 100 
nM ionomycin. The average values of each sampled PEF intensity are 

depicted by ‘o’ for control and ‘*’ for treatment. The error bars 

represent a 95% confidence interval. PEF intensities of 6.0 and 6.9 
kV/cm resulted in a statistically significant increase in IRE in the 

treatment samples. Regression lines represent the fitted cubic splines. 
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Table 5-4. 40 µs IRE regression ANOVA 

results  

 

Degrees of 

Freedom 
Sum of 

Squares P Value 

Direct Effect 1 849 0.0036 

Spline of PEF 4 174216 < 0.0001 

Interaction 4 7858 < 0.0001 

 

5.5.2   100 µs Results 

We performed the second set of experiments using 100 µs pulse durations. Cells were 

electroporated at approximately 0-1150 V in cuvettes with a gap size of 2.0 mm. The longer pulses 

resulted in arcs when a voltage greater than 1150 V was supplied, therefore experiments were cut off 

at 1150 V. Electric field strengths (PEF intensities) were calculated from the applied voltage and gap 

size, therefore the PEF intensities used in this part of the study ranged from 0-5.75 kV/cm. These 

results are shown in Figures. 5-5 through 5-7. Unlike the 40 µs results, we did not observe any increase 

in overall EP. However, there was an increase of IRE at higher field strengths. 

We analyzed the results for the 100 µs pulse durations using a cubic spline regression with three 

knots, located at 1.5, 2.5, and 5 kV/cm. These results are shown in the next three sections. 

 

 

i.  NEP Regression Results 

Results from the regression analysis for NEP outcomes indicated that only the effect of PEF 

intensity was significant. The results of the regression are shown in Table 5-5. Unlike 40 µs, there was 

neither a statistically significant direct effect of treatment on NEP outcomes nor a significant 

interaction between treatment and PEF intensity.  Therefore, we conclude that ionomycin did not 

significantly alter the NEP outcomes for 100 µs pulse durations and that the effect of treatment was 

not different for different levels of PEF intensity. For this reason and being concerned about 
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overfitting, we decided to exclude the interaction term from the model and refit the spline curve for 

PEF intensity without it (Figure 5-5), as it is a better representation of the data. The regression results 

without the interaction term are shown in Table 5-6. 

 

 

 

 

 

 

 
 

Fig. 5-5. Percentage of sample determined to be electroporated with a 

100 µs pulse duration. The control group was electroporated in HBSS 

and the treatment group was electroporated in HBSS supplemented 
with 100 nM ionomycin. The average values of each sampled PEF 

intensity are depicted by ‘o’ for control and ‘*’ for treatment. The error 

bars represent a 95% confidence interval. No PEF intensities resulted 
in a significant difference in the percent of electroporated cells. 

Regression lines represent the fitted cubic splines. 
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Table 5-5. 100 µs NEP regression ANOVA 

results 

 

Degrees of 

Freedom 
Sum of 

Squares P Value 

Direct Effect 1 41 0.5111 

Spline of PEF 4 140132 < 0.0001 

Interaction 4 285 0.5526 

 

Table 5-6. 100 µs NEP regression ANOVA 

results – without interaction 

 

Degrees of 

Freedom 
Sum of 

Squares P Value 

Direct Effect 1 17 0.6701 

Spline of PEF 4 140155 < 0.0001 

 

 

ii.  RE Regression Results 

Results from the regression analysis for RE outcomes indicated that the direct effect of treatment 

with ionomycin was not significant, but the effect of PEF intensity and the interaction between 

treatment and PEF intensity were both significant. We conclude that hyperpolarizing the cellular 

membrane changes RE outcomes differently depending on the PEF intensity. Significant differences 

between the two curves occurred for specific portions of the plot, more precisely decreasing the 

chances for RE at higher PEF intensities using 100 µs pulse durations. The results of the regression 

are shown in Figure 5-6 and Table 5-6.  

 



72 
  

 

 

Table 5-7. 100 µs RE regression ANOVA 

results 

 

Degrees of 

Freedom 
Sum of 

Squares P Value 

Direct Effect 1 274 0.2031 

Spline of PEF 4 63172 < 0.0001 

Interaction 4 4385 0.0001 

 

 

iii.  IRE Regression Results 

Results from the regression analysis for IRE outcomes indicated that the direct effect of treatment 

with ionomycin, PEF intensity, and the interaction between treatment and PEF intensity were 

significant, meaning they all resulted in statistically significant changes in electroporation percentage. 

 

 
 

Fig. 5-6. Percentage of sample determined to be RE with a 100 µs 

pulse duration. The control group was electroporated in HBSS and the 

treatment group was electroporated in HBSS supplemented with 100 
nM ionomycin. The average values of each sampled PEF intensity are 

depicted by ‘o’ for control and ‘*’ for treatment. The error bars 

represent a 95% confidence interval. PEF intensities of 4.0 kV/cm had 
a statistically significant reduction in RE in the treatment samples. 

Regression lines represent the fitted cubic splines. 
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Results of the regression are shown in Figure 5-7 and Table 5-8. They confirm that hyperpolarizing 

the cellular membrane changed IRE outcomes differently depending on the PEF intensity, specifically 

increasing the chances for IRE at higher PEF intensities using 100 µs pulse durations. No departures 

of normality or heterogeneity of variances were found in the residual and variance check. 

 

 

 

Table 5-8. 100 µs RE regression ANOVA 

results 

 

Degrees of 

Freedom 
Sum of 

Squares P Value 

Direct Effect 1 522 0.0149 

Spline of PEF 4 146260 < 0.0001 

Interaction 4 5785 < 0.0001 

 

 
 

Fig. 5-7. Percentage of sample determined to be IRE with a 100 µs 
pulse duration. The control group was electroporated in HBSS and the 

treatment group was electroporated in HBSS supplemented with 100 

nM ionomycin. The average values of each sampled PEF intensity are 
depicted by ‘o’ for control and ‘*’ for treatment. The error bars 

represent a 95% confidence interval. PEF intensities 4.0 kV/cm 

resulted in a statistically significant increase in IRE in the treatment 

samples. Regression lines represent the fitted cubic splines. 
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5.5.3   2.06 kV/cm Results 

In the last set of experiments, we used a fixed PEF intensity of 2.06 kV/cm and pulse durations 

of 20, 40, 60, 80, and 100 µs. Results are shown in Figures. 5-8 through 5-10. Only the 40 µs pulse 

duration had a significant change in the electroporation outcome for both EP and RE compared to 

the control (no overlap in the 95% confidence interval). Overall, increased pulse duration yielded a 

small decrease in the percentage of EP and RE and an increase in IRE. There was no notable change 

in IRE between the control and treatment groups. We analyzed the results for 2.06 kV/cm 

experiments using a cubic spline regression with two knots, located at 30 and 90 µs. 

 

i.  NEP Regression Results 

Results from the regression analysis for NEP outcomes indicated that the direct effect of treatment 

with ionomycin, pulse duration, and the interaction between treatment and pulse duration were 

significant, meaning they all resulted in statistically significant changes in electroporation percentage. 

These results are shown in Figure 5-8 and Table 5-9. We observed that each instance tested resulted 

in at least a slightly increased percent electroporated in the treatment group. Interestingly, while 

individually some NP values were not significant (overlapping 95% confidence intervals), when 

evaluated together they were deemed significant (i.e. the direct effect of treatment was significant). 

The significant interaction term suggests that the effect of treatment is different for different levels of 

pulse duration, in other words certain regions (specifically lower pulse durations) had an increased 

effect for the treatment when compared to the control.  
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Table 5-9. Varied duration NEP regression 

ANOVA results 

 

Degrees of 

Freedom 
Sum of 

Squares P Value 

Direct Effect 1 1539 0.0006 

Spline of 

Duration 
4 4874 < 0.0001 

Interaction 4 1237 0.0228 

 

 

ii.  RE Regression Results 

Results from the regression analysis for RE outcomes indicated that the direct effect of treatment 

with ionomycin, pulse duration, and the interaction between treatment and pulse duration were 

significant, meaning they all resulted in statistically significant changes in electroporation percentage. 

 

 
 

Fig. 5-8. Percentage of sample determined to be electroporated 

with a 2.06 kV/cm PEF intensity. The control group was 

electroporated in HBSS and the treatment group was 
electroporated in HBSS supplemented with 100 nM ionomycin. 

Only 40 µs pulses resulted in significant differences in the 

percent of electroporated cells. Error bars represent a 95% 
confidence interval. Regression lines represent the fitted cubic 

splines. 
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These results are shown in Figure 5-9 and Table 5-10. Similar to the EP case, there is a visual trend of 

increases in RE for all but one pulse duration. The direct effect of treatment being significant agrees 

with the visual inspection. In addition, similar to EP results, the significant interaction term suggests 

that the effect of treatment is different for different pulse durations, in other words certain regions 

(specifically lower pulse durations) had an increased effect for treatment when compared to the 

control.  

 

 

 
 

 
Fig. 5-9. Percentage of sample determined to be RE with a 2.06 

kV/cm PEF intensity. The control group was electroporated in 

HBSS and the treatment group was electroporated in HBSS 
supplemented with 100 nM ionomycin. Only 40 µs pulses 

resulted in significant differences in the percent of RE cells. 

Error bars represent a 95% confidence interval. Regression lines 
represent the fitted cubic splines. 
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Table 5-10. Varied duration RE regression 

ANOVA results 

 

Degrees of 

Freedom 
Sum of 

Squares P Value 

Direct Effect 1 1865 0.0012 

Spline of 

Duration 
4 11176 < 0.0001 

Interaction 4 1823 0.0165 

 

 

iii.  IRE Regression Results 

Results from the regression analysis for IRE outcomes indicated pulse duration had a significant 

effect on IRE outcomes, but treatment with ionomycin and the interaction between treatment and 

pulse duration did not. These results are shown including the interaction term in Table 5-11. As the 

interaction was not significant, we removed the interaction term and reanalyzed the regression to avoid 

overfitting the data. Results without the interaction term are shown in Figure 5-10 and Table 5-12. An 

increased pulse duration was shown to negatively affect IRE.  
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Table 5-12. Varied duration IRE regression 

ANOVA results 

 

Degrees of 

Freedom 
Sum of 

Squares P Value 

Direct Effect 1 16.1 0.6046 

Spline of 

Duration 
4 1698 < 0.0001 

 
 

Table 5-11. Varied duration IRE regression 

ANOVA results 

 

Degrees of 

Freedom 
Sum of 

Squares P Value 

Direct Effect 1 16 0.6046 

Spline of 

Duration 
4 1698 < 0.0001 

Interaction 4 108 0.6175 

 
 

Fig. 5-10. Percentage of sample determined to be IRE with a 2.06 
kV/cm PEF intensity. The control group was electroporated in HBSS 

and the treatment group was electroporated in HBSS supplemented 

with 100 nM ionomycin. There were no statistically different 
percentages of IRE cells. Error bars represent a 95% confidence 

interval. Regression lines represent the fitted cubic splines. 
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5.6    Discussion 

Our results show that hyperpolarizing HL-60 cell membranes by adding ionomycin yields a 

statistically significant change in electroporation outcomes. In particular, making the transmembrane 

electric potential more negative by 13.2±6.1 mV resulted in: 

 

 Increase of RE outcomes at low PEF intensities and 40 µs pulse duration (1.8, 2.0, and 3.0 

kV/cm). The most significant increase was observed at 2.0 kV/cm with 62.3% RE compared 

to 42.7% of the control.  

 Increase of IRE outcomes at high PEF intensities for both 40 and 100 µs pulse durations. 

 No statistically significant difference for electroporated or RE outcomes with 100 µs pulse 

durations. 

 

Finally, our results from the fixed PEF intensity and variable pulse duration experiments suggest 

a slight increase in EP and RE across all pulse durations in addition to the significant increase at 40 

µs. 

The most likely biological mechanism that justifies the results found in this analysis is that 

hyperpolarizing the cell membrane prior to electroporation increases the resting transmembrane 

electrostatic energy [106], thereby reducing the PEF intensity threshold needed to create and expand 

membrane pores. Since cell death (IRE) can be caused by multiple factors, such as immediate death 

due to substantial, irreparable plasma membrane damage, or delayed death due to internal organelle 

damage [56], [128], [208], [209], we further hypothesize that ionomycin only alters the external 

transmembrane potential, leaving the internal organelles’ transmembrane potentials unaltered. 

Therefore, for a given externally applied PEF intensity, the plasma membrane is more likely to be 
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electroporated when the membrane is hyperpolarized. At lower applied electric field intensities (e.g., 

40 µs and lower E field strengths between 1.8 and 3.0 kV/cm), this results in increasing RE while 

maintaining a similar level of IRE. Other studies have reported that for 40 µs pulses, the endoplasmic 

reticulum, the largest organelle in most eukaryotic cells, begins to experience electroporation at PEF 

intensities of around 2 kV/cm [56]. This is the region where we saw an increase of RE outcomes, 

suggesting that the increase in RE outcomes could be related to this phenomenon. At higher energy 

levels, we hypothesize that the main mechanism changes and more irreparable plasma membrane 

damage at a given field strength occurs when cells are hyperpolarized, causing the increase in IRE. 

This is consistent with existing knowledge that IRE (caused from high PEF intensities) is the result 

of rapid irreparable damage to the cell membrane [106], [107], [158], [191]. 

Results obtained in this analysis also support our initial claim that the relationship between PEF 

and electroporation outcome is non-linear [191], [207]. Since pore creation, and thus electroporation 

outcomes are nonlinear [191], using piecewise cubic splines is a more recommended method for 

modeling outcomes than simplified linear models [180], [181]. Alternative models such as low order 

polynomial regressions are likely to miss important details in the fitted curves, while higher order 

polynomial models can add artificial artifacts, potentially overfitting the model [180]. 

Cell membrane hyperpolarization achieved using ionomycin combined with 40 µs pulses resulted 

in an increase in RE outcomes at lower PEF intensities. When the membrane was hyperpolarized, the 

peak percentage of RE with a 40 µs pulse (71.9%) was higher than with 100 µs (57.0%), revealing that 

membrane hyperpolarization can improve the efficiency of the RE procedures at select pulse 

durations. Increasing the likelihood of RE outcomes could be instrumental for practical applications 

of the results presented in this study. For example, the increase in the peak percentage of RE could 

increase the efficiency of RE-based drug delivery therapies. When applying such therapies, one should 

also anticipate that the benefits of hyperpolarizing the cell membrane for RE applications appear to 
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be limited to a relatively small range of pulse durations. We note that the results presented here were 

based on in vitro experiments and some applications may require additional in vivo studies. 

Similarly, cell membrane hyperpolarization achieved using ionomycin showed an increase in IRE 

outcomes at higher field strengths for both the 40 µs and 100 µs. The 100 µs experiments resulted in 

the highest peak percentage of IRE outcomes. The significant difference (> 2X) of pulse length 

between these two data sets demonstrates a wide window of parameter space in which membrane 

hyperpolarization effects can increase IRE outcomes. These results are interesting for practical 

applications, such as tumor ablation, where increasing the efficiency of IRE could either increase the 

size of the ablation zone if keeping all the pulse parameters the same or decrease the required field 

strength or pulse duration to achieve a particular treatment. For example, electroporation protocols 

using longer pulse durations encounter problems such as heating, arcing, thermal effects, etc. at lower 

PEF intensities than protocols using shorter pulse durations. In fact, from analyses such as those 

reported by Ji, et al., avoidance of thermal effects favors shorter pulses [210], thus decreasing 

thresholds for IRE reduces the likelihood of thermal effects. Additionally, similar to that discussed by 

Kennedy et al [12], if membrane hyperpolarization can be combined with targeting methods (i.e. 

specifically hyperpolarizing tumor cells while not affecting non-cancerous cells), techniques could be 

developed to improve tumor destruction while sparing nearby healthy tissues.   

 

 

5.7    Conclusion 

Addition of ionomycin caused a 13.2±6.1 mV (more negative) difference in transmembrane 

potential in HL-60 cells suspended in HBSS. This change in transmembrane potential prior to 

electroporation affected electroporation outcomes at both low and high pulsed electric field (PEF) 

intensities. The probability of reversible electroporation (RE) was increased at low PEF intensities and 
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short pulse durations (particularly 40 µs), while the probability of non-electroporated (NEP) outcomes 

decreased. At high PEF intensities, the probability of irreversible electroporation (IRE) increased 

while the probability of RE decreased. 

Changing the transmembrane electric potential allows for improved control and selectivity of 

electroporation outcomes. Controlled, selective increase of RE outcomes could improve the efficacy 

of electroporation for in vitro procedures and in vivo therapies involving transfection or drug delivery. 

Controlled, selective increase of IRE outcomes could improve the efficacy of electroporation for IRE 

ablation therapies. 
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IV. SUPPLEMENTARY MATERIALS 

 

 

 

 
Together with colleagues at UW-Hospital, we identified the clinical need for an electroporation 

device and procedure capable of achieving RE in liver cells. Our colleagues had developed an AAV 

viral vector capable of delivering a gene which converted liver cells, allowing them to act as surrogate 

pancreas cells and therefore cure Type 1 diabetes. However, this method was only practical in small 

animals such as mice. This is because scaling gene therapy methods to large animals is difficult for 

three reasons. First, viral gene transfer is inefficient, requiring cost-prohibitive gene vector doses [140]. 

Second, larger doses result in an increase in vector-neutralizing antibodies against the virus capsid 

(which contains the curative gene), which at best interferes with transfection and at worst can trigger 

 
 

Fig. 5-S1. Calibration curve used to map brightness to known 

concentrations of internalized DiBAC4(3). The calibration curve, 

shown in blue, is a 3rd-order polynomial fit to the measured data 
shown in red. The circles represent the mean and the variability bars 

span the min and max of the three brightness measurements obtained 

at each concentration. 
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significant–possibly fatal– immune responses in the patient [145], [211]. Third, systemic injection of 

the vector creates adaptive immunity, causing subsequent treatments to be less efficient, requiring 

even more of the virus than earlier treatments [211]. We hypothesized that electroporation could be 

used to overcome all of these challenges by providing a localized treatment that significantly reduces 

the quantity of virus necessary to achieve the therapeutic goal of around 5% of liver cells transfected 

[212]. To meet this requirement, we hypothesized that we could combine AAV-mediated transfection 

of the gene with electroporation to boost efficiency, therefore only requiring a small dose of AAV, 

and reducing or avoiding the major drawbacks of viral gene transfer. The first step in testing this was 

showing electroporation could improve AAV uptake of a gene. 

 

6.1    Electroporation aided delivery of Adeno-associated virus 
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6.2    Abstract 

Adeno-associated virus (AAV) is a virus commonly used to transport DNA through cell 

membranes to treat genetic disorders. Once the new DNA is transducted through the cell 

membrane, it travels to the nucleus and replaces target portions of the existing DNA with the 

modified version, potentially altering protein production which can be beneficial in many 

diseases. However, clinical use of AAV to transduce DNA is limited due to the large doses 

required to deliver genes in large sized animals (including humans), resulting in high costs, 

low efficiency, and safety concerns. Targeted, localized delivery of AAV is one promising way 

to overcome these issues, however low efficiency is still an area that needs to be improved. 

Regarding that concern, we hypothesize that electroporation can improve AAV transfection 

efficiency for targeted delivery, significantly reducing the quantity of viral vector needed for a 

given treatment. In this study we present results showing that electroporation greatly 

improves expression of green fluorescent protein (GFP) using the AAV complex CMV.GFP-

AAV2/8 transfection with a short delivery time across multiple cell types. 

 

6.3    Introduction 

Gene therapy is a promising technique for treating a wide variety of diseases. In 2017, the U.S. 

Food and Drug Administration (FDA) announced a landmark approval of gene therapy for the 

treatment of Acute Lymphoblastic Leukemia in humans [213]. This ex vivo gene therapy method 

removes hematopoietic cells from the patient, alters them, and reinfuses genetically modified cells that 

are capable of combating the tumor cells. On the other hand, many other diseases (e.g. solid tumors, 

hemophilia, and diabetes) require in vivo delivery of the vector directly to the target organ or tissue. In 

vivo gene therapy clinical trials have been approved for a large number of diseases and conditions [78], 

[214]–[218], which use a variety methods for getting the altered genes into target cells [11]. The central 
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issue preventing the broad use of gene therapy is that existing methods of getting the genes into cells 

have severe limitations, such as size of the gene, efficiency, ease of use, and safety. [139], [219], 

[220].Of the currently available methods, viral vectors are the most commonly used for delivering 

DNA.  

The process of introducing foreign DNA into a cell using viral vectors is called transduction [221]. 

Many different virus vectors exist for this purpose. Adeno-associated virus (AAV) is one of widely used 

viral vectors for gene transduction in humans [135] and animal models [212], [222]. While trials using 

AAV to transduct cells in small animals have been successful [212], scaling it to larger animals (such 

as humans) has three major limitations. First and most significantly, large quantities of viral vectors 

can invoke potentially fatal immune response [8], [145]. Second, adaptive immunity may limit 

effectiveness of subsequent treatments [211]. Third, inefficient transduction requires large, cost-

prohibitive doses [140].  

Non-viral techniques have been explored to attempt to overcome the above mentioned challenges 

[4], [108], [134], [146], [198], [217]. More generally, the process of introducing foreign DNA into a cell 

(generally using non-viral methods) is called transfection [220]. Reversible electroporation (RE), the 

use of short duration pulsed electric fields (PEF) to open temporary pores in cell membranes, is one 

technique that may be able to overcome many of the aforementioned challenges with delivery of 

macromolecules. These transient pores make it easier for macromolecules, like DNA, to pass into the 

cell. However, currently RE is hindered by low efficiency. For example, with DNA delivery rates 

ranging from 20 to 60% of the treated cells in different studies that used current electroporation 

techniques [1], [9].  

One way to overcome this issue is to increase the efficiency of uptake while localizing the injection 

of the viral vector to the target tissue. This would result in reducing the quantity of the viral vector 

needed and therefore make gene transfection more applicable in fields like medicine or veterinary 
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sciences Electroporation has been used to assist adenovirus uptake in kidneys [47], [110], and may be 

useful in aiding the localized delivery of other viral vectors, such as AAV, in different cell types. In 

this paper, we present a method for improving viral aided gene transfection by combining 

electroporation with AAV delivery in vitro. We examined a range of electroporation parameters and 

AAV concentrations to determine the ranges that obtained the most successful uptake outcomes.  We 

successfully established a range of parameters in vitro for virus concentration (titers) and electric field 

settings that significantly improved transfection. These results can potentially have practical 

application in gene therapy as they showed that this combined method of AAV and electroporation 

greatly improve AAV uptake, addressing the limitations outlined above. 

 

6.4    Materials and methods 

6.4.1   Cell Preparation and Electroporation Protocols 

We used HL-60 human promyelocytic leukemia cells (HL-60) (American Type Culture Collection, 

Manassas, VA, USA) for initial experiments. These cells are well suited for these experiments because 

their low autofluorescence levels improves our ability to detect fluorophores and their spherical shape 

eliminates the dependency of the electroporation on the cell’s orientation. HL-60 cells were cultured 

at 37°C and 5% CO2 in RPMI-1640 (Mediatech, Inc, Manassas, VA) containing 2% glutamine 

supplemented with 10% fetal bovine serum (FBS) and 2% penicillin and streptomycin.  

Mus musculus, mouse hepatoma cells (Hepa 1-6) (ATTC, Manassas, VA, USA) were used as a 

second cell type. Hepa 1-6 cells were cultured at 37°C and 5% CO2 in DMEM with 4.5 g/L glucose, 

L-glutamine, and sodium pyruvate (VWR International, Radnor, PA), supplemented with an additional 

1% glutamine dipeptide and penicillin and streptomycin and 10% FBS. 

To test our hypothesis that electroporation could aid AAV uptake, we used adeno-associated virus 

2/8 (AAV 2/8) combined with green fluorescent protein (GFP) (CMV.GFP-AAV2/8, Waisman, 
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Madison, WI) as our test for viral gene delivery. The experimental procedure we used to test for 

increased GFP expression is described below. 

At least one day prior to conducting experiments, slides were treated with a poly-L-lysine adhesion 

coating (Sigma-Aldrich, Madison, WI, USA) and then allowed to dry. Immediately prior to 

experimentation, a sample of cells was counted, using Trypan Blue (TB) (Lonza, Walkersville, MD, 

USA) to distinguish between live and dead cells. Cells were pelleted and re-suspended in Hank’s 

balanced salt solution (HBSS) (Thermo Scientific, Waltham, MA, USA) (1.42 S/m conductivity) at a 

concentration of 1 million cells per milliliter. Prior to electroporation, CMV.GFP-AAV2/8 was added 

to each sample at a predetermined concentration (either 10,000 vg/cell or 10 vg/cell). Cells were then 

incubated for five minutes at 37°C and 5% CO2.  

A BTX Model ECM 830 Square Wave Electroporation System (Harvard Apparatus, Holliston, 

MA, USA) was used to deliver the PEF. The PEF was delivered to cells in an electroporation cuvette 

with a 2.0 mm gap between parallel plate electrodes. These cuvettes were designed for this 

electroporation system. Previous research has shown both µs and ms pulses have been used for gene 

transfection, with better performance in the 20-50 ms range [103], [122], [147], [149], [150], therefore 

we tested 40 µs, 100 µs, and 50 ms pulses. Electric field intensities were varied through a wide range 

of values. Preliminary testing was done in the range of 75-275 V/cm, with further testing at regions 

with less than approximately 50% cell death and notable GFP expression. HL-60 cells were used first 

to determine efficient pulse parameters because of their round shape and low levels of 

autofluorescence which were expected to give more easily interpretable results, and Hepa 1-6 cells 

were tested after to test a different cell type. Preliminary testing indicated that 125 – 250 V/cm was 

the best range for HL-60 cells and 75 – 200 V/cm was the best range for Hepa 1-6. Square monopole 

pulses were used for this study.  
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After electroporation, a 20 µL portion of the cells were removed from the samples to determine 

cell counts. The remaining cells were centrifuged and washed to remove excess CMV.GFP-AAV2/8 

from the samples. Cell counts were performed using TB and a hemocytometer. 

Samples were taken from the incubated cells and analyzed using a fluorescent microscope daily 

for up to four days. GFP were detected using fluorescence microscopy with a 470 nm excitation/525 

nm emission filter cube with an exposure time of five sec.  

 Our preliminary testing showed little to no increased effect using 40 µs and 100 µs pulses 

compared to CMV.GFP-AAV2/8 without electroporation. Single pulses of 50 ms durations showed 

an increase (on the order of 10-30%) but wasn’t high enough to be worthwhile for many practical 

applications. To increase GFP expression, we decided to use multiple pulses on the same sample, 

testing multiple 50 ms pulses, and 40 or 100 µs pulses followed by a single 50 ms pulse. Preliminary 

testing for both 40 µs and 100 µs pulses followed by a single 50 ms pulse did not provide any apparent 

increase in GFP uptake, and thus we did not further pursue these parameters. 

We repeated these experiments using 8 pulses with a 50 ms pulse duration and varying electric 

field strength. Peak values of cells expressing GFP were similar to the 2x pulses, however the 2x pulses 

resulted in a wider window of electric field strengths where the percent expressing GFP was close to 

the peak value, therefore we did not pursue further 8x pulsed experiments for this project.  

 

6.4.2   Analysis Method  

TB, which stains any cells with compromised membranes and is detectable using standard bright 

field microscopy, was used to determine the amount of cell death after electroporation. We determined 

the quantity of cells killed during the electroporation procedure by counting the electroporated 

samples and comparing the number of surviving cells (i.e. cells still excluding TB) to the non-

electroporated controls. 
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To distinguish between fluorescing and non-fluorescing cells, we used MATLAB® to quantitatively 

analyze the fluorescence images by comparing each cell’s internal fluorescence intensity to several local 

luminescent intensities surrounding (external to) the individual cell. We developed a customized 

automatic cell identification script, based off the image segmentation method [223]. Our program 

automatically detected cells on bright field images, tracking any movement by comparing a before and 

after image. Cells which had their centers move by more than a half radius were discarded from the 

sample. We did this by modifying existing open source code for circle movement detection and 

snipping vectors [224], [225]. The fluorescence intensity inside the cell was measured near the center 

of the cell. This was compared to the average external luminescence intensity, determined by sampling 

the background near the cell. A cell was determined to be fluorescing if the average measured internal 

fluorescence value exceeded a threshold of 𝑇 times the average value of the surrounding background 

luminescence intensities. 

The threshold 𝑇 for distinguishing between fluorescing and non-fluorescing cells was determined 

by allowing no more than 25 percent of false positives on the non-electroporated, non CMV.GFP-

AAV2/8 control groups. Note that some percentage is expected due to normal cell autofluorescence, 

especially in liver cells. Natural autofluorescence was partly blocked in Hepa 1-6 cells by 

supplementing with 0.5 mM CuSO4 prior to fluorescence images being taken. The percentage of false 

positive cells in a given sample was determined using a non-electroporated, no CMV.GFP-AAV2/8 

control. This percentage of fluorescing cells were subsequently subtracted from the samples which 

included CMV.GFP-AAV2/8. We monitored GFP fluorescence for three days after electroporation 

for HL-60 cells and four days for Hepa 1-6 cells, since beyond those thresholds high levels of cell 

death were noted, likely caused by GFP exposure [226]. The peak average (mean) percentage 

fluorescing for each field strength was used to determine the number of cells transfected. The 

percentage killed, otherwise known as irreversibly electroporated(IRE) was analyzed using a 
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hemocytometer after electroporation. The average IRE percentage at a given pulse duration/intensity 

was included when determining the percentage of the sample transfected. 

A completely randomized control trial was conducted to test the hypothesis that electroporation 

improves the cellular uptake of AAV. Cells were randomized to all possible combinations of the two 

treatments: titer level (10 or 10,000 vg/cell) and of the above mentioned electric field parameters. All 

cells were evaluated for the percent of cells expressing GFP. 

6.4.3   Statistical Analysis 

The experimental data was analyzed using a linear regression combined with an Analysis of 

Variance (ANOVA) to determine significance of effects. First order effects for titer were allowed and 

first and second order effects were allowed for electric field, as well as an interaction between electric 

field and titer in the model as follows: 

 
𝑦𝑖𝑗𝑘 =  𝜇 + 𝛼1𝐼𝑖 + 𝛽1𝐸𝑗 + +𝛽2𝐸𝑗

2 + 𝛾1𝐼𝑖𝐸𝑗 + 𝛾2𝐼𝑖𝐸𝑗
2 + 𝜀𝑘 (1) 

 

where 𝑦𝑖𝑗𝑘 is the percentage of cells which expressed GFP; 𝜇 is the overall intercept; 𝐼𝑖 is the 

treatment level with either 10 or10,000 vg/cell titer; and 𝐸𝑗 is the electric field strength. 𝛼1 is the direct 

effect of treatment, and 𝛽1 and 𝛽2 is the linear and quadratic electric field effects, respectively. 𝛾1 and 

𝛾2 is the interaction effect between electric field (linear and quadratic, respectively) and titer. 𝜀𝑘 is a 

random disturbance term associated to each sample. 

We allowed higher order terms because electroporation is non-linear with respect to electric field 

[207]. Our range was restricted to a relatively small window which reduced the complexity of the 

model, allowing us to use a lower order polynomial (as opposed to a more complex method such as 

splines or higher order polynomials). We tested models using the 1st through 3rd order polynomials, 

and used Akaike Information Criterion (AIC) [63] and Bayesian Information Criterion (BIC) [185], 
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[186] to penalize these models. AIC and BIC assign penalties for increased complexity, and are widely 

used in model selection [63], [185]–[187], [227]–[229]. Both AIC and BIC indicated that the 2nd order 

model was the best choice.  

Model assumptions were checked and met for all models. P-values are presented for all statistical 

tests performed and values below 0.05 were deemed significant. If the quadratic interaction effect was 

not deemed significant, it was excluded from the model, which was refit without it. Means and 

standard deviations were calculated for all combinations of titer and EF and presented as a boxplot. 

 

 

6.5    Results 

For the HL-60 cells, two 50 ms pulses, spaced 5 min apart resulted in a wide window of electric 

field intensities that significantly enhanced CMV.GFP-AAV2/8 transfection. As mentioned in the 

methods section, preliminary testing showed that the range of 125 – 250 V/cm was the best region 

for electroporation with this cell type and pulse parameters, so we focused on these values. Results 

for this region are shown in Figure 6-1. Both 10 vg/cell and 10,000 vg/cell titers had increases in GFP 

expression compared to non-electroporated samples, indicating that electroporation can increase 

AAV delivery of a gene, even at relatively low concentrations of the virus. The maximum fluorescence 

increased greater than 5 times the control in the treatment of 10 vg/cell of CMV.GFP-AAV2/8, and 

greater than 10 times the control with the addition of 10,000 vg/cell of CMV.GFP-AAV2/8, showing 

that while both titers were efficient at increasing GFP expression, 10,000 vg/cell had a more significant 

impact. These results also show a wide range of electric field strengths that caused an increase in GFP 

expression. 

In the linear model regression for the RE outcomes of the HL-60 cells, the effect of titer (P = 

0.0043), the second order electric field (P < 0.0001) as well as the interaction effect between linear 
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electric field and titer (P = 0.0444) were deemed significant (P-value < 0.05). These results are shown 

in Table 6-1. This provides significant evidence to reject the null hypothesis that effects are equal zero 

and accept the alternative hypothesis that the there is an effect and that the effect of titer is different 

for different levels of electric fields.  

In Figure 6-2 we provide a visualization of the results for the polynomial regression. Results for 

titer indicate that there was a significant difference in GFP expression between the 10 and 10,000 

vg/cell concentrations of CMV.GFP-AAV2/8, with higher titer yielding a higher percentage of cells 

that express GPF. For the effect of the intensity of the applied electric field, the significance of the 2nd 

order term reiterates our hypothesis that the effect of electric field on GFP expression is better suited 

by a nonlinear model, as expressed by the curve in the graph. Overall, we see a decreasing trend in the 

percentage of cells fluorescing as we increase the electric field strength in the range observed, likely 

due to increased cell death at higher electric field strengths. This figure also allows visualization of the 

difference in curves for different treatment effect (i.e. interaction). 

When combined, the above results confirm that electroporation significantly increases the amount 

of GFP transfected across the range of electric fields tested, that the effect of titer is important, as was 

the interaction between both. Our results suggest that the window of applied electric field strengths 

between 125 and 225 V/cm is effective at increasing CMV.GFP-AAV2/8, with better results at the 

lower end of this range. 
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(a)  (b) 

 

Fig. 1. Percentage of HL-60 cells expressing GFP when exposed to two 50 ms pulses and two different titers of 

CMV.GFP-AAV2/8. (a) 10 vg/cell concentration of CMV.GFP-AAV2/8. (b) 10,000 vg/cell concentration of 

CMV.GFP-AAV2/8. Both titers had a large increase in percentage of cells fluorescing. The maximum fluorescence 

increased greater than 5 times the control in the treatment of 10 vg/cell of CMV.GFP-AAV2/8, and greater than 10 

times the control with the addition of 10,000 vg/cell of CMV.GFP-AAV2/8. 

 

Fig. 2. Regression results for HL-60 cells 

pulsed twice. Regression lines for 10 and 

10,000 vg/cell presented for treatment levels in 

comparison to the control. 
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For Hepa 1-6 cells, overall, similar results were obtained at the 10,000 vg/cell titer (though at 

slightly lower PEF intensities, probably due to the larger cell size), however there was very little 

detectable uptake of GFP in the 10 vg/cell titer. Results for the Hepa 1-6 cells are shown in Figure 6-

3. This difference indicates that electroporation can increase AAV delivery of GFP, but only at a high 

concentration of CMV.GFP-AAV2/8 for Hepa 1-6 cells. The maximum fluorescence increased 

greater than 3 times the control in the treatment of 10,000 vg/cell of CMV.GFP-AAV2/8 but 

decreased by approximately 50 percent for the 10 vg/cell titer. This decrease could be related to 

general autofluorescence interfering with our ability to detect low levels of GFP in this cell type. These 

results also show a wide range of electric field strengths that caused an increase in GFP expression for 

the 10,000 vg/cell titer. 

In the linear model regression for the RE outcomes of the Hepa 1-6 cells, the effect of titer (P < 

0.0001), the first order electric field (P = 0.0102), the second order electric field (P = 0.0003) as well 

as the interaction effect between second order electric field and titer (P = 0.0003) were deemed 

significant (P-value < 0.05). These results are shown in Table 6-2. Note that the model choice was 

slightly different for Hepa 1-6 cells, compared to the HL-60 cells described above since the quadratic 

interaction term was deemed significant. This difference is caused by the inability to detect any increase 

in GFP expression at the 10 vg/cell titer, requiring additional terms in the model to accurately account 

for this difference. This provides significant evidence to reject the null hypothesis that effects are equal 

Table 6-1. HL-60 cells 2x Pulses ANOVA 
Results 

 Df 
Sum of 

Squares P-Value 
Titer 1 706 0.0043 

EF 1 151 0.1810 

EF2 1 9551 
< 

0.0001 

Titer 
× EF 1 345 0.0444 
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zero and accept the alternative hypothesis that the there is an effect and that the effect of titer is 

different for different levels of electric fields.  

In Figure 6-4 we provide a visualization of the results for the polynomial regression for the Hepa 

1-6 cells. Following a similar approach to the above stated for HL-60 cells, results provide evidence 

to reject the null hypothesis of no effect of titer and EF on the percentage of cells which expressed 

GFP and accept the alternative hypothesis that there is an effect. More specifically, this analysis 

indicated that the effect of titer was different between the 10 and 10,000 vg/cell concentrations of 

CMV.GFP-AAV2/8. Regarding the intensity of the applied electric field, for the 10,000 vg/cell we 

observed a nonlinear trend of decrease in the of fluorescing cell as we increased the EF. For the 10,000 

vg/cell, there was a linear trend of decrease that was not significant. Regarding the interaction effects, 

results suggest that the effect of EF was different for different levels of titer on the quadratic level 

only. This is different from the linear interaction results observed for the HL-60 cells. 

The above results confirm that electroporation significantly increases the amount of GFP 

transfected across the range of electric fields tested, that the effect of titer is important, as was the 

interaction between titer and electric field strength. Only the 10,000 vg/cell concentration produced 

a detectable increase in GFP expression in Heap 1-6 cells. Regression results suggest that the most 

optimized electric field strength for GFP uptake using CMV.GFP-AAV2/8 and Hepa 1-6 cells is 

between 75 and 175 V/cm, with better uptake at the lower end of that range.  

Overall, we observed an increase of GFP expression, which was sensitive to titer, in both cell types 

tested. This sensitivity to titer indicates that one should be careful selecting the proper dosage based 

on the cell type. The window of electric fields that were effective was approximately the same size, 

with fields between 125 and 225 V/cm for HL-60 cells and fields between 75 and 175 V/cm for Hepa 

1-6 cells resulting in large increases of GFP expression in at least one titer. The difference in magnitude 

is most likely a result of the difference in cell size  



97 
  

 

 

 
(a)  (b) 

 

Fig. 3. Percentage of Hepa 1-6 cells expressing GFP when exposed to two 50 ms pulses and two different titers 

of CMV.GFP-AAV2/8. (a) 10 vg/cell concentration of CMV.GFP-AAV2/8. (b) 10,000 vg/cell concentration of 

CMV.GFP-AAV2/8. Only 10,000 vg/cell resulted in a detectable increase in fluorescence. The maximum fluorescence 

decreased by approximately 50% compared to the control in the treatment of 10 vg/cell of CMV.GFP-AAV2/8, while 

a greater than 3 times increase was detected using 10,000 vg/cell of CMV.GFP-AAV2/8. 

 

Fig. 4. Regression results for Hepa 1-6 cells 

pulsed twice. Regression lines for 10 and 

10,000 vg/cell presented for treatment levels in 

comparison to the control  
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6.6    Discussion 

Our 2x pulse procedure produced the highest percentage of cells transfected and the widest 

window of PEF intensities that achieved similar levels of transfection. This was expected since the 

mechanism for DNA entry into a cell through electroporation requires the presence of an electric 

field, so increasing the number of pulses increases the exposure to the DNA [4]. Somewhat 

surprisingly, it was more effective than the 8x pulse protocol we tested. Six to eight pulses is a common 

range cited in literature as a useful number of pulses for gene transfection [108], [133], [216], [230]. 

However, it is possible that the amount of damage caused by electroporation in the eight pulse 

experiments was too much at higher electric field strengths, reducing the window of effective electric 

field strengths. This will need to be explored more in in vivo experiments to determine the optimal 

number of pulses. 

Our results showed significant increases in GFP expression in both cell types using 10,000 vg/cell 

of the vector. This confirms our hypothesis that electroporation can increase gene delivery of AAV, 

similar to reported using other viruses [110]. The peak level of transfection occurred in HL-60 cells at 

125 V/cm, resulting in an average value of 37% of the samples fluorescing. For Hepa 1-6 cells, this 

Table 6-2. Hepa 1-6 cells 2x Pulses ANOVA 
Results 

 Df 
Sum of 

Squares P-Value 

Titer 1 8436 
< 

0.0001 

EF 1 1422 0.0102 

EF2 1 2955 0.0003 

Titer × 
EF 1 6 0.6143 

Titer × 
EF2 1 2877 0.0003 
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peak occurred at 75 V/cm, with an average value of 58% of the sample fluorescing enough to 

overcome autofluorescence. This efficiency is on the upper limits of existing techniques (not counting 

techniques involving direct contact with individual cells) [1], [9].   

10 vg/cell of the vector resulted in significant GFP expression in HL-60 cells but did not result in 

a significant increase in Hepa 1-6 cells. We postulate that this was caused by an inability to discern 

between innate autofluorescence of liver cells and fluorescence from GFP, due to the limitations of 

the autofluorescence blocking we attempted in this study. Specifically, with a lower titer value, (i.e.10 

vg/cell) we hypothesize that fluorescence was not strong enough to overcome this effect during the 

four-day duration of these experiments, while the 10,000 vg/cell titer resulted in a strong enough 

fluorescence signal to overcome the background noise. This is supported by the average time it took 

for samples to reach the peak percentage fluorescing, which was 44.6 hours (± 5.1 standard error (SE)) 

for the 10,000 vg/cell titer while the 10 vg/cell titer was 96 (± 0.0 SE). 96 hours was the cutoff 

duration for these experiments due to cell viability concerns. The percent fluorescing peak at the end 

of the experiments suggests that the percentage fluorescing was still increasing by the end of the 

experimental window, and therefore would have likely further increased had the duration of these 

experiments been extended further. These results would not have been indicative of the actual percent 

fluorescing however, since GFP has a high toxicity which resulted in significant cell death after three 

to four days [226]. 

The difference in the significance of the EF and interaction terms between HL-60 and Heap 1-6 

cells is also likely related to this phenomenon. Since the 10 vg/cell titer did not result in any detectable 

increase in GFP, the results are flat, while the 10,000 vg/cell case followed the parabolic function, 

causing this difference in the shape of the curves, and therefore the difference in significance in the 

related terms.  
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6.7    Conclusion 

Electroporation significantly increased CMV.GFP-AAV2/8 transfection in both HL-60 cells and 

Hepa 1-6 cells for a wide range of electric field strengths. These results show a viable way to increase 

AAV uptake in a wide range of applications, potentially reducing the quantity of AAV needed to 

achieve transfection and therefore improving clinical outcomes by decreasing immune effects of AAV 

and reducing costs of treatments. The a wide window of electric field strengths which increase AAV 

uptake that we have shown in this study is valuable for in vivo applications, where tissues can be 

exposed to different field strengths dependent on probe positioning [103].  
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After determining that electroporation significantly aided AAV-mediated transfection of a gene, 

we began testing various designs for a minimally invasive device capable of causing RE deep into the 

liver tissue. Catheter designs were the logical device type choice since the catheter could be used to 
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inject the AAV-capsid locally and is minimally invasive, only requiring a small incision. As stated in 

Chapter 2.11, existing catheter electroporation devices involved a single catheter and were used to 

treat tissue near or within blood vessels. To reach deeper into tissue, it would be necessary to either 

extend a guidewire down a nearby vein or use a second catheter. We decided to pursue the second 

catheter design since it would be easier to implement clinically and resulted in larger volumes 

electroporated than a guidewire model did in preliminary electromagnetic simulations. We then 

focused on this two-catheter design in our electromagnetic simulations. 

In addition to electromagnetic simulations, we tested a prototype design of this device in excised 

swine livers, which were catheterized and injected with dye-containing fluid with varying volumes and 

rates of injection and monitored the extent of perfusion. These data allowed us to ensure the volume 

of cells exposed to the AAV particles (combined with RE exposure) would be sufficient for gene 

therapy treatments.  
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7.2    Abstract 

Inherited genetic diseases severely affect hundreds of millions of people around the world. Gene 

therapy has the potential to cure many of these diseases. One of the common methods for getting 

genes into target cells (transduction) is the use of a virus, where the viral load has been replaced with 

the therapeutic gene. When inside the cell the therapeutic gene goes to the nucleus, where it replaces 

portions of the DNA sequence fixing functions that cause the disease. While this technique has shown 

promise, it currently faces significant challenges in efficiency, cost, and safety. Many of these 

challenges are related to the large quantities of viral vector needed to successfully transduct enough 

cells to have an effect. We have developed a device and procedure capable of significantly reducing 

the quantity of vector needed for successful gene therapy. By combining viral gene therapy with 

electroporation, or the use of pulsed electric fields to open pores in cell membranes, we can 

significantly increase the uptake of a viral vector. This can be combined with a double balloon catheter 

to localize treatment, decreasing the necessary quantity of viral vector, therefore reducing cost and the 

probability of adverse side effects. In this paper, we present a combination of ex vivo and 

electromagnetic field simulation results tested in liver tissue to demonstrate the potential applications 

of this device. Our results indicate that this technique is capable of delivering RE-inducing electric 

fields and injectate to a sufficient volume of liver tissue to potentially treat several genetic diseases, 

such as hemophilia and type 1 diabetes. This device also has the capability to be used to cure numerous 

other genetic diseases. 

 

 

7.3    Introduction 
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Inherited genetic mutation-based metabolic diseases significantly reduce quality of life for 

hundreds of millions of people in the world and account for 70% of child hospitalizations and 10% 

of adult hospitalizations [211], [231]. There are hundreds of types of such diseases, including diabetes, 

cystic fibrosis, sickle cell anemia, hemophilia, and thalassemia. Many of them involve the liver due to 

its central role in metabolism [211], [232], [233]. Developed countries spend trillions of dollars each 

year for patient care, with over $800B spent annually on type 1 diabetes alone. The recent advent of 

gene therapy has potential to provide a cure for many of these diseases. However, for many diseases, 

it can only occur if practical, cost-effective, in vivo methods existed to transport a normal single curative 

gene into a small portion of the liver cells. More specifically, for gene therapy to work, a gene, defined 

as the functional portion of a DNA sequence, needs to be transferred into a target cell. From there, 

the foreign gene enters the nucleus and is incorporated into the cell’s DNA sequence [131]. When the 

altered sequence then replicates, it will produce different functional or regulatory proteins, changing 

the function of the cell.  

A variety of methods exist to aid in gene transduction (the transfer of genetic material into a cell) 

including direct injection, viral delivery, plasmid liposome complexes, cationic lipids, and 

electroporation [11], [76], [110], [133]–[135]. Most non-viral treatments suffer from poor efficiency, 

therefore many applications have used viral delivery for gene therapy [217], [234]. Viruses can enter 

the cell either directly through the plasma membrane or from binding to cellular receptors and 

triggering pathways into the cell [25], [34]–[39]. All viruses consist of at least two parts, the viral 

genome or genetic material (DNA/RNA) and a capsid which protects the viral genome and is involved 

with transport through the membrane [40]. Naturally occurring viruses can be stripped of their original 

viral genome and replaced with a new genome, called a cassette, to help transport new genomes 

through the membrane [41]. Successful treatments of viral aided gene therapy have been reported with 

systemic injection of the viral vector, but these have been primarily for small mammals [211], [212]. 
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The notable exception is a report of systemic injection for treatment of hemophilia, which had a 

prohibitively high cost on the order of $1 million per treatment [140]. 

However, this is not the only hurdle that gene therapy faces. Three major obstacles have prevented 

success of systemic injection in vivo gene therapy for large mammals. First, as mentioned above, 

inefficient transduction of target cells necessitates large, cost prohibitive gene vector doses [140]. 

Second, neutralizing antibodies form against the virus capsid containing the curative gene and can 

interfere with or prevent transduction [211]. Third, systemic injection of large quantities of the virus 

vector can trigger adaptive immunity that destroys the transduced transgene-producing cells [211].  

Another method for gene delivery which could be useful in overcoming these challenges is 

electroporation. Electroporation is a technique that uses an externally applied pulsed electric field to 

induce pore formation in cells, and has also been used for gene therapy [54], [73], [214]. We have 

developed a revolutionary approach that could be a single-procedure, complete, permanent and cost-

effective cure for many liver-based genetic metabolic diseases. This approach combines localized, 

intravenous targeted delivery of viral vectors containing modified genes with intravenous reversible 

electroporation (RE) – achieved simultaneously in the liver using a minimally invasive balloon catheter 

– to increase the efficiency by which curative genes get transducted into hepatocytes. This approach 

addresses the core issues of gene therapy: inefficient transfection of target tissue cells resulting in either 

failure or suboptimum transgene expression, and the requirement of large, expensive, and pathogenic 

viral loads often resulting in an immune response to the vector.  

Previous research supports the idea that electroporation can improve viral gene delivery. A study 

by Terada et al. has shown that electroporation combined with adenovirus could greatly increase the 

gene transfer of Smad7, which was used to prevent renal fibrosis in kidneys [110]. Based on these 

results, we showed in our lab that electroporation could improve AAV uptake CITATION.  
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Our overarching hypothesis is that combining in vivo RE – the use of pulsed electric fields to open 

temporary pores in the cellular membrane – with adeno-associated virus (AAV) vector delivery will 

enhance transfection rates to achieve the therapeutic goal of transducing a significant fraction (≥3-

8%) of available hepatocytes. AAV is a commonly used viral vector that has already been used for 

gene therapy treatments of a variety of diseases including hemophilia B [138]–[142], lipoprotein lipase 

deficiency (LPLD) [143], Parkinson’s disease [10], among others [135], [144]. The range of ≥3-8% of 

available hepatocytes was chosen because it was the target conversion rate for gene therapies such as 

curing hemophilia and type I diabetes [138], [139], [141], [212]. The estimates for treating hemophilia 

ranged from a 3-8% conversion rate [138], [139], [141] and the estimates for treating diabetes were 

around a 5% conversion rate [212].  

In this paper, we present a design for an effective electrode configuration for delivering electric 

fields capable of achieving RE in hepatocytes/liver tissue, quantify the PEF dose variability due to 

electrode positioning uncertainty, and determine perfusion of injectate into liver tissue. Computational 

electromagnetic simulations and ex vivo experiments with pig livers have been designed to a) develop 

electroporation electrodes for intravenous catheter introduction in the liver which expose a significant 

hepatocytes volume (≥3-8%) to the pulsed electric field intensities needed for RE, and b) determine 

relationships between electrode positioning, applied voltage, and tissue volume receiving a pulsed 

electric field dose that achieves hepatocyte RE. Our hypotheses are: (i) a well-defined mapping 

between electrode orientation/position/voltage and pulsed electric field intensity spatial distribution 

will enable an interventional radiologist to position the electrodes using real-time imaging and choose 

a suitable voltage to yield the desired RE-exposed volumes, and (ii) the uncertainty in electrode 

positioning will be small enough to ensure that any unintended variability in pulsed electric field dose 

is negligible. We have established the relationship between electrode spacing, angle, and voltage 

required to maximize the amount of tissue that receives both RE and the injectate. During ex vivo 
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experiments with commercial catheters, we have investigated insertion, manipulation, and positioning 

of prototype catheter-based electrodes in excised pig livers.  

 

7.4    Materials and Methods 

7.4.1   Electroporation Range 

We used a combination of in vitro laboratory results and existing literature to determine the 

effective range of electric field strengths which result in RE. Higher intensity electric field strengths 

can cause cell death through irreversible electroporation (IRE) and should generally be avoided for 

molecule delivery applications. Our in vitro testing on mouse hepatocyte cells showed a significant 

increase in AAV uptake compared to non-electroporated controls in the range of 75-175 V/cm when 

using two pulses spaced 5 min apart with a pulse duration of 50 ms. While these numbers provide a 

good starting point, in vivo results can often differ from in vitro. An extensive literature review of in vitro 

electroporation for gene therapy showed a larger range of electric field intensities reported to result in 

RE for gene uptake. Previous studies have shown an effective range of 70-250 V/cm for transferring 

genes into liver tissue using 50 ms pulses [142], [230], [235]–[237]. In other tissues, the range is from 

around 60-300 V/cm for pulse durations in the 10-150 ms range [147], [238]–[241]. Based on these 

results, we anticipate the most RE to occur in the range between 100 and 200 V/cm and some uptake 

in the 60-100 and 200-275 V/cm range when using 50 ms pulses in vivo for liver tissue.   

 

7.4.2   Ex Vivo Experiments 

In order to develop a device capable of achieving clinically relevant volumes of molecule delivery 

inside target cells, we needed to determine the region where this equipment would be capable of 

delivering the molecule of interest. To do this, we performed ex vivo experiments to investigate 
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insertion, manipulation, and positioning of prototype balloon-catheter-based probes in excised 

porcine livers to confirm and refine the electrode orientations.  

We used porcine livers provided by the University of Wisconsin-Madison Meat Science program 

to test injectate perfusion. Immediately prior to catheter experiments, livers were perfused with a saline 

solution. To test the distribution of the injectate (in practice the injectate would contain the curative 

AAV-gene), we used a green India ink to visualize regions where the injectate can perfuse to for 

different catheter locations. Initial tests were performed with single and double balloon catheter 

setups. Catheters were inserted into the hepatic vein in an isolated lobe of the liver. Dye was injected 

either upstream or downstream from single balloons and between double balloon setups. Early 

observations indicated that a double balloon design was superior to single balloon delivery, since it 

required less volume of dye injected to reach tissue where the electrode would be positioned. More 

precisely, the single balloon design was poor because most of the dye either returned up the vein (if 

the balloon was downstream from the injection site) or ended up far from the balloon (if injected 

downstream from the balloon). Therefore, we decided to focus on the two-balloon design for 

simulations and further experimentation. 

After dye was injected, the liver was cut perpendicular to the vein in which the dye was injected. 

The regions where the electrode would be positioned were analyzed for dye distribution in various 

contours, as shown in Figure 7-1. In this figure we can identify the injectate flow based on the green 

dyed region. In total, seven separate total lobes from three different pig livers were used for this 

analysis. 
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Figure 7-1.  Illustrative image of dye distribution in cross-section of liver. The red (innermost) 
contour has a 0.8 cm radius, the yellow contour (second from center) has a 1.2 cm radius, the blue 
contour (third from center) has a 1.5 cm radius, and the black (outermost) contour has a 2.5 cm 
radius. The amount of dye enclosed by each of the contours were used to determine idealized pulse 
parameters for electroporation depending on electrode spacing. 
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7.4.3   Electromagnetic Simulations 

This catheter device is designed to enter two nearby veins or arteries. In the case of liver, it could 

be inserted down the hepatic vein and into sub-branches such as those depicted in Figure 7-2. Figure 

7-3 depicts a diagram of the intended device, with key components labeled.  

 

(A) (B) 

 
Figure 7-2. Single pig liver lobe ultrasound image. This device would be positioned in nearby, 

roughly parallel veins. Measured lengths are depicted in yellow, with a dashed line drawn to the 
measurement. (A) Vein width measurements. (B) Lengths of straight segments. 
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Figure 7-3. Diagram of catheter electrode layout. The catheters are represented by the yellow lines, 
with the inflated balloons represented by the orange circles. The active portion of the electrode is the 
black line between the balloons, with an illustrative electroporation region shown in pink. The 
estimated perfusion of the injected viral vector, here represented by AAV, is shown by the green ‘x’ 
characters. Successful transfection is expected to occur in the region where the electroporation range 
overlaps the injected viral vector.  

 

After determining the radii of injectate perfusion, we used the electromagnetic simulation software 

CST Studio [242] to simulate electric field distributions in liver tissue with different electrode 

configurations to determine the voltage-spacing relationship required to cause the most RE in the area 

where the injectate reaches. All material properties used in this simulation were CST Studio default 

properties unless otherwise noted. 

In CST Studio, we designed this device to have a coaxial conductor inside a catheter leading up to 

the active element. The coaxial conductor was chosen because it reduces stray electric fields in the 

tissue. In the active portion of the device (between the balloons), the inner conductor is extended, 
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while the polytetrafluoroethylene (PTFE) dielectric and outer conductor stopped at the balloon. A 

prototype of this design either could use a semi-rigid coaxial cable or layered medical tubing (such as 

nitinol inner and outer layers with a dielectric in-between). The inner conductors were connected to a 

voltage generator port, and the shields were shorted together, which prevented any stray fields from 

the source from entering the area of interest. The structure of this device is labeled in detail in Figure 

7-4a.  

As previously mentioned, we decided to use a double balloon catheter on each probe. Double 

balloon catheters have two inflatable balloons which can be used to block flow in a blood vessel. A 

fluid can be injected between the balloons, which helps localize the injectate to that region. We 

simulated the expanded balloons using air to fill them, however saline could also be used for the same 

purpose. The catheter was simulated using PTFE for its material and had an outer radius of 0.835 mm 

and an inner radius of 0.4445 mm, consistent with a 5 Fr catheter. A single hole was included the 

catheter in the center of the region between the balloons was added to allow injectate to flow to the 

target region. All metal components were simulated using perfect electrical conductors. We used blood 

as the material inside the veins, and the liver properties were chosen to be the built-in liver tissue 

properties included with CST Studio. We adjusted the angle of the veins to determine the impact of a 

non-parallel environment on results, as is likely to be encountered in an in vivo setting. Figure 7-4 

shows the probes and simulation domain used in CST, with Figure 7-4a and 4b showing the parallel 

configuration and Figure 7-4c and 4d showing the 30º configuration.  
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(A) 

 

(B) 

 

(C) 
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(D) 

Figure 7-4. Device layout in CST. A) 3D view of parallel configuration with labels. B) Top view 
of parallel configuration. C) 3D view of angled configuration. D) Top view of angled configuration. 

 

 

7.5    Results and Discussion 

 

Results presented in this section were designed to simulate and predict field strengths capable of 

achieving RE outcomes in liver tissue. More precisely, as above mentioned, the device developed here 

must be capable of delivering sufficient electric fields to attain RE in a significant volume of tissue 

and a sufficient quantity of the desired injectate must be present at the time of the electric field 

exposure. In the previously mentioned example of treating diabetes with gene therapy for example, it 

is estimated that approximately 5% of liver cells must successfully uptake the modified gene to 

produce insulin and thus behave as surrogate pancreas cells [212]. For moderate and mild hemophilia 

in humans,  the estimated volume to achieve considerable reduction in frequency and severity of 

hemorrhaging is approximately 3 to 8% of hepatocytes. [141]. To predict the volume of liver exposed 

to both RE and the curative gene we analyzed how dye perfused when injected between two balloons 
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in a branch of the hepatic vein within the liver, and then compared these results to electromagnetic 

simulations. 

 

7.5.1   Liver Dye Perfusion 

We analyzed the dye flow in two cross sections between balloons (except in a single case where 

only one cross section was used). Balloon spacings were 3-5 cm apart for all measurements. We 

measured dye flow within four different radii of the vein: 0.8, 1.2, 1.5, and 2.5 cm for the 2-3 separate 

lobes from three different pig livers (in total seven lobes). Averages for Radius (in cm), Dyed Area 

(cm2) as well as its respective SD, Total Area (cm2) and the percentage of the area that was dyed (% 

of Area) are shown in Table 7-1. We noticed that the dyed area increases as we increase radius (from 

1.6 cm2 at 0.8 radius to 6.7 cm2 at 2.5 radius), but there is also increase in the variation (SD ranges 

from 0.37 at 0.8 radius to 2.0 at 2.5 radius). It is also noticeable that the percentage of area decreases 

with increase in the radius (from 80.3% at 0.8 radius to 34.3% at 2.5 radius).  

 

Table 7-1. Dye perfusion in excised liver in seven separate lobes 

Radius (cm) Dyed Area 
(cm2) 

S.D. Total Area 
(cm2) 

% of Area 

0.8 1.615 0.37 2.01 80.32 
1.2 2.88 0.78 4.52 63.67 
1.5 4.00 0.95 7.07 56.57 
2.5 6.74 2.037 19.63 34.34 

 

In order to understand the linear association between radius (in cm) and the percentage of area 

dyed (more precisely the change observed in the measured dyed area given a change in radius) we used 

a simple linear regression. Results of the regression are shown in Table 7-2. These results indicate that 

there is a significant (P < 0.0001) association between radius and the dyed area. More precisely, for 

every 1 cm change in radius we expect to observe 3.01 cm2 increase in the dyed area. Results from the 
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regression were used to predict values for dyed area in the full range of radii analyzed from 0.8-2.5 

cm. The calculated R2 value for this regression was high and equal to 0.726, meaning that 72.6% of 

variance in the dyed area is explained by the radius. 

 

Table 7-2. Dye perfusion regression coefficients 

 Estimate S.E. P Value 

Intercept -0.70 0.42 0.1061 
Radius 3.01 0.26 < 0.0001 

 

This provided us with a simple linear equation for predicting the area dyed within a given radius, 

described in Equation 1 

 

 𝐴 =  −0.70 + 3.01𝑅 (1) 

 

where A is the dyed area, the overall mean is equal to -0.70, and R is the radius. Results for the 

linear prediction of dyed area, given the radius are illustrated in Figure 7-5. The predicted value is 

represented by the red line and individual datapoints are represented by the blue dots. 
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Figure 7-5. Fitted results for radius and measured area dyed. The line indicates the fitting of 
equation 1 and the circles indicate individual measurements. 

 

7.5.2   Electromagnetic Simulations 

We used CST Studio to perform electromagnetic simulations of the device as described in the 

methods section. We tested a range of spacings from 5-30 mm between probes, angles from 0 degrees 

to 45 degrees, and applied voltages of 250-1025 V. These simulations gave us the electric field 

distributions for these different parameters. Results are shown for 0 degrees in Figure 7-6 and 30 

degrees in Figure 7-7. The spacing for the angled probes was measured at the closest spacing between 

the two electrodes.  

As seen in Figure 7-6a, in the parallel configuration the RE area reaches 15 cm2 (represented by 

the yellow region) at 30 mm spacing and 1000 V. In contrast, as seen in Figure 7-7a, there is a larger 

set of parameters where the 30º electrodes exceeds 15 cm2 (also represented by the yellow region). The 

reason for this difference is that there is on average a larger spacing in the angled case than the parallel 

case. If the angled measurements are instead measured from the center point of the conductor, the 

results are a closer match for the parallel and angled case, as seen by comparing Figure 7-6a and 7-6b 

to Figure 7-7c and 7-7d. If measuring from the midpoint of the electrode, small spacings are not valid 

in the angled case since the closer points would overlap and have therefore been omitted from the 
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figure (represented as the white region in Figures 7-7c and 7-7d). The percent difference in area RE 

was evaluated from 15-30 mm spacings and is shown in Figure 7-8. At approximately 600 V, the 

different spacings converge to a similar response, with the minimum difference at around 600 V and 

gradually increasing. The percent differences in RE area are all within 10% of the parallel case up to 

950 V. The angled probes resulted in larger areas in all measurements, indicating that the parallel 

configuration is a good baseline measurement for expected RE area.  

At angles of 45° we started noticing higher amounts of IRE near the closest spacing, likely due to 

edge effects of the electric field, because electric fields tend to concentrate near sharp edges, and 

therefore we did not continue simulating angles ≥ 45°. The total area exposed to electric fields which 

cause RE was similar for most relevant spacings and voltages (within 10% area, as shown in Figure 7-

8), if measured from the midpoint instead of closest location in the angled probes. Figure 7-9 shows 

a representative top view of a parallel and angled probe.  

 

(A) (B) 

Figure 7-6. Cross sectional area between probes that received RE or IRE for a parallel probe 
configuration. A) The area of tissue that received RE field strengths (60-275 V/cm). B) The area of 
tissue that received IRE field strengths (>275 V/cm). 
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(A) (B) 

 

(C) (D) 

Figure 7-7. Cross sectional area between probes that received RE or IRE for the 30-degree 
angled probe configuration. A) The area of tissue that received RE field strengths (60-275 V/cm). B) 
The area of tissue that received IRE field strengths (>275 V/cm). C) RE, adjusted to show center 
spacing. D) IRE, adjusted to show center spacing. Small spacings are not valid in the angled case 
when measured from the midpoint and have therefore been omitted from the figure, as seen in the 
white regions of part C and D. 
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Figure 7-8. Percent difference in Area RE between parallel and 30º angled probe. The angled 
probe spacing measurement is taken at the midpoint. The angled probe resulted in more RE area for 
all measurements. For voltages between 600-950 V there was little difference between the different 
spacings and less than 10% difference for the RE area. 
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(A) (B) 

Figure 7-9. Top view of electric field distribution for parallel and angled electrodes at 30 mm 
spacing and 1000 V. The electric field intensity has been set to 0 V/m inside the vein areas so as not 
to be included in area or volume calculations. (A) parallel probed. (B) 30° probes. The total volume 
RE was 42.22 cm3 in the parallel case and 45.15 cm3 in the 30° case.  

 

7.5.3   Combined Results 

To determine the area that would receive a dose of an injected drug, we combined the dye 

perfusion results with the electromagnetic simulations. Since the density of dye decreased with 

increasing radius, we calculated the percentage of tissue in the RE region that received dye using 

equation 1 and multiplied that by the RE area for a given field strength and voltage. To do this, we 

determined the approximate radius of the IRE area from the simulation results and used equation 1 

to calculate the area of injectate that would be within that radius. We then did the same calculation 

with the approximate radius of the RE area, which provided the area of injectate in the entire 
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electroporated area. Subtracting the amount in the IRE region provided the amount of dye only in the 

RE area. This was compared to the total area of circle of the same radius minus the IRE region to 

provide the proportion of cells in the RE area that received dye and did not die and would therefore 

be expected to receive an injected drug for gene therapy. Results of these calculations are shown in 

Figure 7-10. The amount of tissue that received both dye and RE strength fields ranged from 1.2-6.6 

cm2 in the parallel case, where 1.2 cm2 is seen as the blue regions in Figure 7-10a and 6.6 cm2 is the 

yellow region and 1.8-6.9 cm2 in the 30º configuration where 1.8 cm2 is seen as the blue regions in 

Figure 7-10b and 6.9 cm2 is in the yellow region. The parallel configuration results in approximately 

4.8-6.6 cm2 volume of cells with both RE and the vector for spacings larger than 10 mm, while the 

30º angled probes had at approximately 5.8 to 6.9 at the same spacings.  

 

 

(A) (B) 

Figure 7-10. Area of RE times the probability of dye reaching that area. The color indicates the 
area expected to receive both RE and the injected vector. (A) parallel probe configuration. (B) 30° 
angled probe configuration. 
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7.6    Practical applications, limitations, and advantages 

As previously stated, treatment of diabetes and hemophilia with gene therapy require 3-8% of the 

liver to be transducted [138], [139], [141], [212]. In a small pig, the total volume of a liver is around 

440-640 cm3 [243], [244]. For larger pigs, the volume is on the order of 1400-1800 cm3 [244]. Human 

livers have a volume of 998-2067 cm3 [245], [246]. This means that to attain clinically relevant volumes 

of around 5% treated, 22-32 cm3 would need to be treated for small pigs and 70-90 cm3 would need 

to be treated for large pigs and humans. We must also consider that RE can result in approximately 

50% of cells in the range transfected [1], [8], [9], and therefore these volumes should be doubled to 

account for this possible inefficiency.  

These results can be used for several purposes. In a case where an entire liver could be exposed 

to a vector, the results shown in Figure 7-6 provides the expected area RE and IRE for given spacing 

and voltages. These values could predict the amount of tissue exposed for a given length of electrode. 

For example, in the case of a 3 cm electrode an 800 V pulse would result in approximately 30 cm3 of 

tissue exposed to RE field strengths. In this case, it would be easy to attain clinically relevant volumes 

of tissue with few pulses. The downside to this is that it would require a large volume of an injectate 

to expose the liver, which as previously stated can result in large costs [140]. 

 It is often desirable to keep the injectate close to the electrodes to reduce costs and other adverse 

effects such as immune responses [211]. The results shown in Figure 7-9 provide a map for 

determining the expected volume of tissue that will receive both RE and an injected vector for this 

double balloon catheter electrode design. In this case, to treat clinically relevant volumes of tissue, this 

method can be applied along the length of several parallel veins in a liver. Assuming a minimum 

combined treatment of RE and Vector area of 5 cm2 (which as shown in Figure 7-7 is possible for all 

spacings larger than 15 mm), a total length of 36 cm would need to be treated to treat a large pig or 

human. Therefore, using a probe design using a 3 cm spacing between balloons, a total of 12 locations 
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per liver would need to be chosen to reach this threshold, while a 4 cm spacing would require 9 

positions. In a smaller liver, a three cm probe would need approximately 5 positions, and a 4 cm probe 

would need approximately four positions. These results indicate it is possible to attain clinically 

relevant volumes of transduction while reducing the cost and chances of adverse effects. In the case 

of a small pig, over 5% of the volume can be transducted with 4-5 different probe positionings with 

a 3 cm electrode. In a larger pig and human sized liver, it could require up to 12 total locations to 

achieve the desired volume, though that number can be reduced by several factors. If the spacing is 

around 30 mm between probes, it is possible to attain 6.5 cm2 area of both RE and the injectate, and 

therefore the maximum number of positionings would fall to ten. Using a 5 cm electrode instead of 3 

cm would further reduce this to 6 locations. In vivo studies will be needed to determine the actual 

efficiency of RE for this device, and the realistic spacings and designs.       

 

7.7    Conclusion 

We have developed a design for an effective electrode configuration for RE of hepatocytes in liver 

tissue, that when combined with the appropriate procedure is capable of exposing a clinically 

significant volume of hepatocytes to the PEF intensities and an injected drug. In the case of gene 

therapy for treating either hemophilia or Type 1 diabetes with gene therapy, this device is easily capable 

of delivering a gene therapy to the minimum 3 or 5% necessary for treatment. We also demonstrated 

that this procedure is relatively stable for slight variations in probe angle and spacing, with angled 

configurations resulting in slightly more RE on average. We showed that correct electroporation 

parameters can be determined based on knowing the approximate spacing  
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8.1    Conclusions 

Electroporation has a wide variety of clinical and research purposes. During this PhD thesis, I 

investigated underlying principles of electroporation with the focus on improving electroporation 

treatments, and to specifically address gaps in electroporation-based healthcare applications. The 

research projects I pursued demonstrate this progression, starting with improving the ability to process 

a high number of samples with our existing laboratory setup. Then I investigated ways to increase 

reversible electroporation (RE) outcomes, and finished by providing the groundwork, including the 

preliminary research and device development, for using a newly developed combination 

electroporation/viral delivery technique for locally improving gene therapy delivery. This device is 

minimally invasive and could ultimately change the way gene therapy is performed in healthcare 

applications. 

In satisfying the previously mentioned specific aims, we have shown different ways to improve 

electroporation-mediated delivery of macromolecules. The first was through adjusting the cellular 

environment by modifying the plasma membrane potential prior to electroporation. We specifically 

wanted to focus on the effect of modifying the plasma membrane potential on RE outcomes, since 

this had never been done before and could have important clinical and research applications. This 

work led to the conclusion that even a slight change in the plasma membrane potential influenced 

electroporation outcomes at certain pulse parameters. If further advancements can be made in 

adjusting the membrane potential without harming the cell, it could have significant impact, with uses 

ranging from improving uptake in a laboratory setting to targeted clinical delivery. The second 

technique for improving electroporation-mediated delivery of macromolecules was related to the 

development of a minimally invasive in vivo electroporation device capable of localized delivery of RE. 

This development addressed one of the major obstacles in gene therapy: successful and efficient 
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transfection of the therapeutic gene into target cells. This device and procedure can deliver electric 

fields capable of performing RE to a clinically relevant volume of tissue for gene therapy treatment of 

several diseases. Therefore, we conclude that with our combined viral-electroporation technique and 

the catheter device presented in this dissertation that it is feasible to perform localized 

electroporation/viral mediated gene therapy. Furthermore, we discovered that the electroporation 

device is relatively robust to uncertainty in electrode position, which is beneficial for clinical use.  

 

8.2    Possible Future Work 

This thesis presented promising results in the area of electroporation for improve cellular AAV-

gene uptake, and a device for delivering electroporation in vivo was successfully tested in an ex vivo and 

a simulation environment. Both the membrane potential study and the device development study have 

potential future work. 

While we determined that hyperpolarizing cells affected RE outcomes, additional studies may 

improve this method. For example, more significant changes in membrane potential could be useful, 

especially for the RE case. Additionally, for this technique to be used in a wider variety of applications, 

more research could be done investigating the range of pulse durations where hyperpolarization is 

effective for increasing RE. Lastly, for in vitro applications, it would be useful to combine membrane 

potential adjustments with cell targeting techniques, which was not investigated in this project. 

The next step for this the device development is to test this device in vivo to show electroporation 

improves AAV uptake in larger animals. The long-term goal is for this device to be successful in 

humans.  

There are several short-term goals for in vivo testing of this device. First is to determine the actual 

RE efficiency in vivo and the region where RE occurs around the veins. While the simulations presented 

in this dissertation provide a starting point and present encouraging results, these need to be tested in 
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a living animal to further validate these claims. The next testing goal is to confirm long lasting modified 

cell function. This technique most useful clinically if the cells continue to express the modified gene 

and function long after treatment. Lastly, there should be minimal immune/inflammatory response, 

which as previously stated would be detrimental to subsequent treatments (if needed) and could pose 

additional serious health concerns.  If this device and procedure can overcome these challenges, it 

could be a gamechanger in the field of gene therapy.  
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