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Quantitative In Vitro Characterization of Membrane Permeability for
Electroporated Mammalian Cells

Daniel C. Sweeney

(ABSTRACT)

Electroporation-based treatments are motivated by the response of biological membranes to high-

intensity pulsed electric fields. These fields rearrange the membrane structure to enhance the mem-

brane’s diffusive permeability, or the degree to which a membrane allows molecules to diffuse

through it, is impacted by the structure, composition, and environment in which the cell resides.

Tracer molecules have been developed that are unable to pass through intact cell membranes yet en-

ter permeabilized cells. This dissertation investigates the hypothesis that the flow of such molecules

may be used to quantify the effects of the electrical stimulus and environmental conditions leading

to membrane electroporation. Specifically, a series of electrical pulses that alternates between pos-

itive and negative pulses permeabilizes cells more symmetrically than a longer pulse with the same

total on-time. However, the magnitude of this symmetric entry decreases for the shorter alternating

pulses. Furthermore, a method for quantitatively measuring the permeability of the cell membrane

was proposed and validated. From data near the electroporation threshold, the response of cells

varies widely in the manner in which cells become permeabilized. This method is applied to study

the transient cell membrane permeability induced by electroporation and is used to demonstrate

that the cell membrane remains permeable beyond 30 min following treatment. To analyze these

experimental findings in the context of physical mechanisms, computational models of molecular

uptake were developed to simulate electroporation. The results of these simulations indicate that

the cell’s local environment during electroporation facilitates the degree of molecular uptake. We

use these models to predict how manipulating both the environment of cells during electroporation

affects the induced membrane permeability. These experimental and computational results pro-

vide evidence that supports the hypothesis of this dissertation and provide a foundation for future

investigation and simulation of membrane electroporation.



Quantitative In Vitro Characterization of Membrane Permeability for

Electroporated Mammalian Cells

Daniel C. Sweeney

(GENERAL AUDIENCE ABSTRACT)

Electroporation is a biophysical process in which intense electric fields permeabilize bilayer mem-

branes. The degree to which a membrane allows molecules to diffuse through it is called its

diffusive permeability, and is impacted by the structure, composition, and environment in which

the cell resides. This dissertation investigates the hypothesis that the flow of molecules into cells

through their membranes may be used to quantitatively study the effects of the electrical stimulus

and environmental conditions leading to membrane disruption. Here, I demonstrate that the cellu-

lar response to pulsed electric fields is affected by the waveform of the applied electrical stimulus.

Specifically, a series of electrical pulses that alternates between positive and negative pulses per-

meabilizes cells more symmetrically than a longer pulse with the same total energized time. How-

ever, the total molecular uptake decreases for the shorter alternating pulses over the longer pulse.

A method for quantitatively measuring the permeability of the cell membrane using a fluorescent

tracer molecule is also developed and validated. This method is applied to show how cell mem-

brane permeability changes following electroporation. To analyze these findings, computational

models of molecular flow through the cell membrane are developed. These simulations indicate

that the cell’s surrounding environment during electroporation dramatically impacts the degree of

molecular uptake. We use these models to predict how manipulating both the environment of

cells during electroporation affects the induced membrane permeability. These experimental and

computational results provide a foundation for future investigation and simulation of membrane

electroporation.
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Chapter 1

Introduction

1.1 Electromagnetics in Biology and Medicine

Conventionally, four fundamental forces motivate the physical interactions of matter: gravitational

forces, electromagnetic forces, and strong and weak nuclear forces. Of these, the electromag-

netic forces that act on and between charged particles are particularly strong: similarly charged

molecules repel each other while oppositely charged molecules are attracted. In biology, elec-

tromagnetic forces are ubiquitous and play vital roles in phenomena such as hydrogen bonding,

oxidation-reduction reactions, the propagation of action potentials, pH-facilitated diffusion, cell

division, and mitochondrial energy conversion. Relatively recently, advances in biomedical tech-

nology have made it possible to artificially control the distribution and flow of charge within biolog-

ical matter. For example, magnetic resonance imaging (MRI) technology—also known as nuclear

magnetic resonance (NMR)—utilizes a magnetic field to excite electrons in water molecules within

a specimen to provide spatial contrast for imaging [1]. Magnetic fields have also been proposed

as non-invasive ablation modalities because they induce an electric field within nearby material

[2, 3, 4].

Electric fields have a longer biomedical pedigree than their magnetic counterparts as they are easier
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and more intuitive to manipulate. Pacemakers—devices inserted into the body to regularize cardiac

rhythms—apply an electric potential to excitable cells that initiates the electrical signaling cascade

within the heart to facilitate proper contraction [5]. Other devices have been developed to stimulate

regions of the brain with the goal of normalizing or mitigating seizures in epileptic patients [6, 7]

and to assist in the restoration of neural function following injury [8]. Beyond the threshold for

stimulation, electric fields can be applied at strengths and for durations that manipulate the physical

structure of bilayer membranes. Laboratory and clinical techniques that utilize this phenomenon,

collectively referred to as electroporation-based treatments and therapies, comprise a hotbed of

industrial and academic research.

Much of cellular physiology is structured to exploit electromagnetic gradients for energy con-

version, including thin, dielectric membranes that electrically isolate distributions of charge. For

example, a mitochondrion contains the molecular machinery to generate the proton gradients re-

sponsible for much of the conversion of energy into a form a cell is able to use [9]. By establishing

this chemical gradient, the mitochondrion simultaneously establishes an electric field across its

membrane on the order of 1 to 10 MV/m [10, 11], which is similar in magnitude to the electric

fields used to disrupt extracellular membranes (0.1 to 100 MV/m).

1.2 Applications of Electroporation Technology

From a biophysical perspective, electroporation is the process by which an intense electric field

motivates conformational changes in the molecular structure of cell membranes. Normally-occurring

nano-scale defects in the cell membrane expand into metastable structures that allow molecules to

pass from one side to the other more readily [12, 13, 14, 15]. In this chapter, I provide an overview

of the electroporation as a physical process, the implications of pore creation for diffusive transport

of molecules across the cell membrane, a timeline of events in the electroporation process, and a

discussion of post-electroporation events.
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Electroporation technologies all rely on the application of pulse electric fields (PEFs) to drive the

breakdown and rearrangement of the components of a cell’s membrane. These technologies may be

broadly classified as treatments that seek to destroy cells directly or treatments that are designed to

maintain cellular viability but permeabilize the cell membrane. Irreversible electroporation (IRE)

irreparably damages cells to induce maximal cell death for clinical ablation procedures. The later

class of treatments includes treatments such as gene electrotransfer (GET) and electrochemother-

apy (ECT) which rely on an applied electric field to render a cell membrane better able to uptake

DNA or normally-excluded drug molecules. While the fundamental mechanisms driving electro-

poration technologies are similar, the each class of treatments is optimized for a specific use case.

Electroporation-mediated ablation induces cell death with minimal thermal damage and irrecover-

ably destabilizes the constituent cells within a tissue [16]. IRE has been used to treat tumors in the

brain [17, 18, 19, 20], skin [21], liver [22, 23], kidney [24], and pancreas [25, 26]. IRE has shown

clinical promise because it destroys the cells within the target tissue, while leaving the stromal

components largely intact [27, 28]. IRE is being deployed in the clinical environment to treat pre-

viously untreatable tumors located near critical vasculature, such as the superior mesenteric artery

in the pancreas [25, 29]. Recently, calcium ions have been used as adjuvants in cells electropo-

rated in vitro [30, 31] and injected into tumors in vivo prior to treatment [32]. Tumors treated in

this manner exhibit significantly enhanced cell death compared to conventional IRE alone [21].

The present hypothesis for the mechanism that drives this enhanced lethality is that cells treated

in a calcium-rich buffer exhaust their ability to reestablish the calcium gradient across the cell

membrane and eventually the cells die in a process termed accidental necrosis [33].

GET is a process facilitated by an electroporation-enhanced cell membrane permeability by which

plasmids are introduced into cells. GET was one of the first applications of electroporation tech-

nology [34] and has since been used for therapeutic applications [35, 36, 37, 38, 39, 40] and for

bench-top research [41]. GET is a common non-viral technique that greatly enhances the efficiency

by which cells are transfected with a particular piece of genetic information [42, 43].
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ECT also exploits electroporation-enhanced membrane permeability to deliver drugs locally to a

tumor. One of the challenges in conventional chemotherapy is that the drugs used in these clinical

procedures, such as bleomycin, are largely unable to cross cell membranes, yet entry into the

cell is a requirement for their therapeutic efficacy. Electroporation technology allows such drugs

to be injected into the tumor prior to treatment so that when the cells become permeabilized,

the chemotherapeutics can efficiently enter the cells localized to the treatment region [44, 45,

46, 47]. Termed electrochemotherapy (ECT), this process has been successfully implemented in

Europe at the time of writing and is popular because the systemic side-effects associated with

chemotherapeutics are mitigated due to the localized treatment [48].

1.3 Physiological Mechanisms of Electroporation

The physiological responses of cells to the sudden onset of an enhanced membrane permeability

state are complex and coupled through physical, chemical, and electrical means. Each individual

cell has a unique membrane composition and morphology and therefore responds differently to ap-

plied electric fields. Though these complexities impose obstacles to directly quantifying the precise

cellular response to different treatments, several trends are predictable following electroporation

treatment.

Cell morphology, or the physical shape of a cell, can greatly impact the manner in which it is

electroporated. Beyond the idealized spherical cell, it has been shown that prolate and oblate

spheroidal cells exhibit a larger transmembrane potential at their anodic and cathodic poles if

their major axes are oriented parallel with the electric field vector than for a spherical cell of the

same volume [49, 50]. Furthermore, when positioned perpendicular with the electric field, these

same cells experience a decreased transmembrane potential. Ultimately, a larger transmembrane

potential indicates a greater propensity for electroporation, all else being equal. Additionally,

realistic cell morphologies typically have protrusions from the main cell body, especially in three-

dimensional culture [51, 52]. Depending on how these protrusions are oriented, the electric field
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parameters required to cause electroporation may change [53].

The phospholipids constituting cell membranes are themselves comprised of a hydrophobic head

groups with long hydrocarbon tails. These tails can be modified with functional groups that alter

their shape and result in a change in the spacing between adjacent lipids. For example, acyl chains

and methyl branched chains on lipids with ether and ester linkages affect the electric field threshold

required to permeabilize the cell membrane [54]. The presence of cholesterol has been shown to

increase the electroporation threshold from 325 mV/nm for 0% cholesterol to 750 mV/nm for 40%

[55]. Depending on the molecular network and the applied electric field, groups of lipids may form

and move together along the cell membrane. These rafts move together around the cell membrane

and locally change the manner and degree to which the cell membrane responds to an electric field

[56, 57].

When a cell becomes electroporated, the process of electroporation begins with the application of

an electric field on the order of 0.1 to 1.0 MV/m [58, 59]. The electric field enhances the resting

transmembrane potential (TMP) of the cell (-65 to -70 mV [60]) in a manner that depends on the

cell radius [61, 62, 63, 64, 65]. The electric field at the aqueous-membrane interfaces orients the

local water molecules into energetically stable long dipole chains within 1 to 10 ns [14, 66, 67, 68].

Once the TMP surpasses a threshold of 0.25 to 1.0 V, these water dipoles—or water wires—

penetrate the cell membrane [14, 69]. This hydrophobic pore allows minimal molecular transport

across the membrane, though the potential for a molecule to pass through its structure increases

over the following 10 ns as additional water molecules aggregate around the original water wire

[14, 68].

A hydrophilic water wire in the hydrophobic membrane interior is energetically unstable and, as

more water molecules aggregate around the water wire, lipid head groups migrate into the pore

structure to stabilize it [70, 71]. Hydrophilic pores are a metastable energetic state in the process

of pore formation at which the steric hinderance and line tension of the pore balance the change

in electrical energy and the surface tension [72, 73, 74]. It is through these hydrophilic pores,
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initially created with a radius of 0.5 to 1.0 nm [72, 75], that the inner and outer membrane leaflets

are continuous [76, 77, 78]. Molecular transport is significantly enhanced by the presence of pores

[79, 80, 81] and the membrane begins to shunt ionic and electrical current, largely inhibiting further

pore creation [13, 82].

Transport of chemical species across an electroporated cell membrane is governed by electro-

diffusive forces. In addition to simple diffusion along a concentration gradient, charged molecules,

such calcium ions or propidium ions (Pro), are motivated by Coulombic forces during the applica-

tion of an electric field [80, 83, 84]. An intact membrane largely inhibits the flow of molecules, or

tightly facilitates their passage through specific biochemical mechanisms. However, an electropo-

rated membrane loses the capacity to inhibit molecular flux. A membrane’s diffusive permeability

is the quantity that describes its capacity of the membrane to allow molecules to pass through

it. Membrane permeability is mathematically expressed as a multiplier for the typical diffusion

coefficient of a molecule in aqueous medium. Though the cell membrane’s diffusive permeabil-

ity following electroporation has been qualitatively investigated in vitro [85, 86, 87, 88, 89, 90],

quantitative measurements of the evolution of its permeability over time have not been estimated,

though extensive qualitative data have been reported. For example, it was noticed that different

molecular weight sugars would pass through the cell membrane differently following electropo-

ration [91]. Additionally, estimates of the cellular uptake rates of fluorescent tracer molecules

have been made using molecules such as Pro [65, 90, 92, 93, 94], YO-PRO-1 and its derivatives

[90, 93, 95], ethidium homodimer [96, 97], 7-AAD [98], calcein [58, 97], and others [90, 99, 100].

Most of these molecules are used as viability markers for cells because they are excluded from

intact membranes, but will enter a cell and become noticeably fluorescent when they pass through

a damaged membrane and bind to intracellular structures. Upon entering the cell, many of these

exclusion dyes have diffusion coefficients approximately 3-fold lower than they do in the extra-

cellular buffer and readily diffuse throughout the intracellular space [101]. Caution should be

exercised when interpreting the results of electroporation experiments involving these molecules,

as their uptake does not assay cell death, but only membrane integrity to molecules with similar
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physical properties to the molecular tracers used to make the measurements [90].

Pores are metastable structures according to molecular dynamics simulations of electroporation

[14], indirect visualization of pore structures [102] and continuum-level modeling. Indirect ev-

idence through fluorescent tracer molecule uptake measurements confirms that there exists a fi-

nite period of time following removal of the applied electric field in which membranes remain

permeable, though they may eventually reseal [85, 90, 91, 102, 103, 104]. Molecular dynamics

(MD) simulations of the atomistic interactions in pore formation estimate that pore resealing of

hydrophilic pores occurs on the order of 1 to 20 seconds [14, 105] following treatment and be-

gins with the dissociation of the headgroup-headgroup interactions in core of the membrane pores

[14, 98]. The water wires bridging the cell membrane through hydrophilic pores are estimated to

have a stable lifetime of 10 ns to >100 ms [106, 107] and the process of pore collapse, once begun,

occurs on the order of 20 ns [108]. Large pores with diameters >1.5 nm are relatively rare in these

simulations, suggesting that increased permeability observed between two electroporation treat-

ments of different pulse durations and similar electric field strengths is due to an increase in pore

number rather than pore radius. While MD simulations are useful for investigating the possible

mechanisms underlying electroporation, they are largely considered to predict much faster pore

formation and collapse rates than are observed experimentally or with continuum-level modeling.

Further MD simulations are sufficiently computationally intensive that it is infeasible to perform

simulations on timescales longer than a few microseconds [105].

In continuum-level models of electroporation, a cell membrane is typically considered a thin lossy

dielectric with a finite characteristic thickness (approximately 5 nm) that is significantly smaller

than the cell radius [109]. While much of the atomistic resolution is lost in continuum-level models,

the fundamental perspective of the model shifts from a water dipole initiating pore formation to the

heuristic perspective of a voltage threshold beyond which electroporation occurs [13, 82]. Once

a pore is formed, it can fluctuate along a radial parameter space, depending on the induced TMP

[13, 73, 74]. Continuum-level models estimate that pore resealing occurs on the order of seconds

to minutes [82, 110, 111] following electroporation and, consequently, the induced permeability of
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Figure 1.1: Dramatic in morphological
changes occur in CHO-K1 cells following
electroporation in a microdevice. Images of
cells are shown prior to electroporation (0
min) and 30 min following treatment with a
320 kV/m electric field applied for 100 µs
as a square pulse. Following electroporation,
blebbing (1), swelling of the cell body (2),
and nuclear condensation (3) occur.

the cell membrane persists on a similar timescale [80]. Such models are discussed in further detail

in later chapters.

Attempts have been made to indirectly visualize of pore dynamics using high-resolution microscopy

techniques. Rapid-freeze techniques have been used to preserve pores for microscopic examina-

tion [102, 112]. Experiments in erythrocyte ghosts show that that pores can exist for several sec-

onds and all fluorescence would be lost in 1 to 2 min following treatment [113]. Further, with

two fluorescent tracer molecules of different sizes, it was confirmed that initial large pores col-

lapse into smaller stable pores following electroporation [90]. Pores can remain open for hundreds

of seconds following treatment, and increase in number and size with increasing transmembrane

potential [104]. The pore lifetime was demonstrated to not depend on the applied potential, sug-

gesting that the bulk population of pores exhibits similar relaxation times, regardless of how it was

generated.

Due to the osmotic gradient between the cellular interior and exterior, opening pores within the

membrane is concomitant with cellular swelling due to an inrush of water molecules down the

osmotic gradient (Fig. 1.1). If the osmotic pressure forces the cell membrane to expand beyond its

capacity, the cell membrane will rupture in a process called osmolysis [114, 115]. Cells have been

observed to increase in volume by >55% over their untreated volume in the minutes following

electroporation, though these results appear to be at least partially inhibited by the addition of

sucrose and polyethylene glycol (PEG) with molecular weights between 200 and 1000 g/mol [116].

In such buffers, cells have been observed to swell to a radius about 5% larger than their pre-
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treatment radius [94].

Related to swelling, cellular blebbing is a phenomenon observed following electroporation that

involves the irregular bulging of the cell membrane. One possible mechanism motivating post-

electroporation bleb formation is the disruption of cortical actin structures by the influx of water

following membrane damage [117], though additional investigation is required to elucidate the

precise mechanisms driving this phenomenon. Blebs typically have a 20 s or longer delay be-

tween the removal of an applied electric field treatment and its onset at the anodic and cathodic

membrane poles [118] (Fig. 1.1). The directional extension of such blebs showed that elongated

pseudopod-like blebs extend exclusively in the anodic direction [119], but were increasingly inhib-

ited by increasing the extracellular sucrose concentration. Bleb growth stabilizes following initial

formation and is concomitant with a large membrane permeability increase 30 to 60 min following

electroporation [120].

When a cell is electroporated, membrane components that are normally only present on one leaflet

are able to travel to the other leaflet. For example, phosphatidylserine is exclusively found on the

inner leaflet of the cell membrane, under normal physiological circumstances. However, when a

pore forms, phosphatidylserine is able to diffuse across to the outer membrane leaflet on a contin-

uous membrane surface through the pore interior [121, 122]. Interestingly, it has been shown that

electroporated cells exhibit blebbing and phosphatidylserine externalization following electropora-

tion treatments and, when co-cultured with mouse macrophages, become the target of macrophage

phagocytosis at frequencies 10 to 15 times greater than the non-electroporated cells [123]. Other

work has shown that intracellular calcium mobilization, phosphatidylserine externalization, and

caspase activation can occur at electric field strength-duration thresholds lower than required to

allow transport of larger reporter molecules [96, 121]. These results suggest that electroporated

cells exhibit an apoptosis-like response that could be recognized as cell death by other cells.

Although the cellular membrane is considered the primary structure affected by PEFs, organelles

on the cell interior do not appear to escape the effects of direct electroporation. In particular, sub-
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cellular effects of electroporation (and the mechanistically-similar magnetoporation) have become

a topic of interest for the application of computational models [64, 64, 109, 124, 125, 126]. Though

little experimental evidence is currently available to corroborate these predictions directly, it is

hypothesized that, as the frequency of the applied electrical pulses increases, the cell membrane

conducts more of the high-frequency components of the applied field, which subsequently allows

membrane-bound organelles to also be exposed these fields. Computational models consistently

predict that a TMP can plausibly be developed on dielectric membranes inside the cell. Electrical

pulses, tens of nanoseconds in length, have been shown to mobilize intracellular calcium and

activate caspase signaling within a cell [96, 121, 123, 127], but as of yet, little direct evidence of

intracellular electroporation is available.

The pathways by which electroporated cells die following treatment are complex and reports are

conflicting. For example, there appears to be a region in the strength-duration parameter space

where caspase-dependent cell death is induced. However, cell death has also been shown to be

caspase-independent in other regions [127]. A combination of hypothermia and electroporation

was shown to induce caspase 3/7 activation and resulted in >60% PARP cleavage following a

4.5 hour post-treatment incubation [128]. The introduction of calcium ions into the extracellular

buffer has also been investigated as an effective means of inducing cell death [30, 31, 32, 120], but

little evidence on the cell death model is yet available. Together, these data indicate that apoptotic

pathways may contribute to cell death resulting from electroporation, though there is significant

work to be done in this area.

In addition to pore formation, a cell may also deform in response to an applied electric field, When

a polarizable body, such as a cell, is exposed to an electric field, it experiences an electric force that

is spatially distributed proportional to the charge density. As the transmembrane potential builds

across the cell membrane, ionic charge densities build on either side and create local Coulombic

forces that mechanically deform the cell membrane [129]. Electrical deformation of an intact

cell membrane has been studied from a computational perspective and data indicate that a cell

elongates along the electric field vector in a manner that depends on the ratio of the internal and
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external buffer conductivities [130, 131]. The greatest electrotension was observed at the extreme

anodic and cathodic poles compared to a cell’s equator; however, the cell was predicted to pass

through a transition state prior to equilibration in which concavities are present in the membrane.

However, in these numerical experiments, the effects of electroporation and the maximum in TMP

possible before the onset of electroporation were ignored.

1.4 Motivating Hypothesis and Outline

Clinical treatments based on electroporation have generally been successful. While the specific

mechanisms motivating these therapies are not yet well-understood, experimental observations

indicate that a well-defined strength-duration threshold exists for applied electric fields beyond

which electroporation occurs. Existing computational models of electroporation agree with and

recapitulate the strength-duration threshold and molecular uptake, but have largely been left un-

validated due to a lack of quantitative data. These models predict the generation and expansion of

membrane pores and the associated membrane transport by incorporating electrostatics, reaction-

diffusion style schemes for pore formation, and drift-diffusion for molecular transport. Though

complex, present computational models of cellular electroporation remain largely unvalidated, yet

sufficiently too complex to be useful for designing practical electroporation protocols through con-

sideration of the underlying biophysical mechanisms.

Attempting to bridge this computational-experimental gap, experimentalists have developed tech-

niques involving fluorescence microscopy, flow cytometry, and impedance measurements to empir-

ically elucidate the mechanisms underlying electroporation. Propidium ions, YO-PRO-1, trypan

blue, calcein, and other tracer molecules have been used to observe the molecular flux into and

accumulation inside of the cell. Understanding and characterizing the membrane permeability

of cells following PEF treatment in meaningful ways requires the development of a robust con-

nection between experimental and computational results. The work presented in this dissertation

addresses this connection under by the hypothesis that measurements of membrane permeability
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in PEF-treated cells using fluorescence microscopy can be used to validate computational models

of electroporation-mediated mass transport. Towards this end, this dissertation describes methods

for measuring membrane permeability in vitro using propidium ions. These data are used in two

computational models of diffusive permeability in the cell membrane: to fit a dynamical system

model and to validate a finite element model using spatiotemporal membrane permeability data.

Together with experimental data, these models provide a heuristic platform to design and optimize

PEF treatment schemes for IRE, GET, and ECT applications.

In this dissertation, I present experimental and computational results to characterize the electroporation-

mediated diffusive permeability response in cells exposed to PEFs. Following a brief introduction

into the physical mechanisms belying electroporation (Chapters 2) a method to quantitatively mea-

sure membrane permeability is developed (Chapters 3-4). These data are incorporated into compu-

tational models (Chapters 5-6) to provide a mechanistic basis for studying electroporation. Finally,

a concluding chapter (Chapter 7) will summarize the results of this work and how the hypothesis

is answered. Brief descriptions of each chapter are as follows.

Chapter 2 presents a review of the current understanding of the relevant biophysics governing

single-cell electroporation that drives the success of tissue-level treatments. Electric fields are

discussed within the context of cell biology and resultant phenomena are discussed, including

electric field propagation in biological media, drift-diffusion, and pore formation.

Chapter 3 presents methods to quantitatively characterize cellular responses to electroporation, in-

cluding an analysis of molecular flow into the cell following electroporation with clinically relevant

treatment schemes. The spatial dependence of this molecular flow is shown to differ depending

on the duration of and the delay between consecutive electrical pulses. These data indicate that

cells exposed to high-frequency bipolar electrical pulses become permeabilized at a greater volt-

age threshold but do so more symmetrically between the anode-facing and cathode-facing poles of

the cell membrane, than for cells exposed to trains of longer monopolar with equivalent energized

times. Finally, a quantitative method for measuring net membrane permeability from a time series
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microscope images is presented.

Chapter 4 characterizes cellular uptake responses to pulsed electric fields using an application of

the method developed in Chapter 3. This method is extended to single-pulse treatments to examine

more fundamental biophysical behaviors obfuscated by long pulse trains. The cellular response

to electrical pulses with pulse duration of 1, 10, 100, and 1000 µs and strengths from 170 to 400

kV/m are presented. The normalized diffusive permeability is shown to reach 1.3× 10−8 m/s in

the minutes following treatment. The cellular response to these treatments varied in response time

and uptake rate on the individual cell scale. These responses were defined and demonstrate that

a subpopulation of cells exhibits a delayed permeabilization compared to the general population.

Finally, these data indicate that this delayed permeabilization occurs in a transition region near the

strength-duration threshold for electroporation, but ultimately disappears at much larger strengths

and durations.

Chapter 5 proposes a computational scheme based on ordinary differential equations to model cel-

lular electroporation. Rather than focusing on the transport across a differential portion of the cell

membrane, a stage model is developed using a dynamical system to consider molecular transport

across the cell membrane in aggregate. A stage model of this kind is much more readily validated

using experimental measurements as it more closely corresponds to data commonly obtained from

in vitro experiments. The model is shown to be asymptotically stable following the removal of the

applied electric field and indicates that buffer composition plays a critical role in electroporation-

mediated membrane porosity. It also predicts a limited impact of inter-pulse delay on membrane

permeability and that the per-pulse permeability increase is proportional to the square root of the

pulse number. These results demonstrate the model’s flexibility and its capacity to readily incor-

porate new experimental data.

Chapter 6 describes an extension of present models of electroporation that is implemented to com-

putationally study propidium uptake dynamics. This model of electroporation-mediated membrane

permeability is implemented using a DG finite element method to solve a drift-diffusion system for
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a small charged ion around an idealized cell. It is in good agreement with experimental and com-

putational data immediately following the application of an electrical pulse and is easily modified

for flexibility in future studies.

Chapter 7 concludes this work with a summary of our present conclusions and a discussion of

potential extensions of the methods and results described herein. Several key areas for technologi-

cal advancement of electroporation-mediated diffusive permeability are identified and the present

work is discussed within this context.
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Chapter 2

Theoretical Principles of In Vitro Electroporation

2.1 Introduction

Within a tissue, the local electric field strength is hypothesized to be related to the ablation field

and, if modeled appropriately, can provide invaluable information to a medical operator towards

the visualization of the expected final lesion volume. The electric fields used in electroporation

technologies permeabilize cell membranes and allow molecules to flow between the intracellu-

lar and extracellular compartments, which disrupts cellular homeostasis. In this chapter, I review

the relevant background for studying electroporation-mediated membrane permeability. I begin

with a brief discussion of the electrical waveforms and parameter space typical of electroporation

schemes and a review of the tracer molecules typically used to study electroporation in vitro. I

end with a discussion of the biophysical principles that have driven the advancement of this tech-

nique, including Maxwell’s equations, and the solutions, assumptions, and considerations critical

to computational models of single-cell electroporation.
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Figure 2.1: Anatomy of bipo-
lar and monopolar square elec-
trical pulses. Waveforms com-
monly used in IRE are shown
schematically to indicate termi-
nology. A train of n monopo-
lar pulses are shown followed
by a train of n bipolar pulses in
bursts of m pulses.

2.2 Pulse Parameter Space

The parameter defining the electrical pulses used for electroporation treatments is largely a combi-

nation of four variables: the pulse width of the applied signal, its polarity (monopolar or bipolar)

and amplitude, and the number of times a pulse or set of pulses is applied to a tissue (Fig. 2.1).

Perhaps the most obvious parameter impacting the electroporation treatment is the amplitude of

the applied pulse. Typically, this amplitude is applied as an electric potential between two or a

number of electrodes. However, it is the electric field intensity in the vicinity of the cell that acts

to raise the TMP of the cell membrane [61, 62]. Generally speaking, the required amplitude to

elicit electroporation is inversely proportional to pulse duration. Together with the pulse width

and number of pulses, the pulse amplitude plays a role in the Joule heating that occurs in during

treatment [132].

The duration of the applied electric field is correlated to the degree to which a cell becomes perme-

abilized. Typically, electrical pulses are subdivided into three lengths: millisecond, microsecond,

and nanosecond. Millisecond electrical pulses are typically utilized to not only permeabilize a cell,

but to electrophoretically drive charged molecules through the cell membrane following initial per-

meabilization. Gene electrotransfer (GET) uses pulse durations of 1 ms to enhance the efficiency

with which genetic information passes through the cell membrane [133]. Microsecond electri-

cal pulses are frequently used to permeabilize cells and rely on the simple diffusion to of drug

molecules [80, 81, 134] into the cell during electrochemotherapy (ECT) or to directly and irrecov-
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erably damage the cell in IRE procedures [16]. Microsecond pulses are conventionally delivered

as a train of 100 µs pulses applied at 1 Hz. Nanosecond pulses—also referred to as nanosecond

pulsed electric fields (nsPEFs)—have been utilized with pulse durations from 10 to 600 ns and are

hypothesized to penetrate deeper into the cell beyond what is possible with longer pulse durations.

nsPEFs have been shown to induce apoptosis-like cell death [96, 123] and result in a phenomenon

termed supraelectroporation in which the nanoscale defects form throughout the cell membrane,

rather than larger pore structures forming at at the cell poles [135, 136, 137].

The polarity of the electrical pulses applied to a cell are especially important when two pulses are

delivered in rapid succession. For example, when a pulse is delivered, the cell membrane has a

both a conductive response and a dielectric response and takes time for the TMP to reach a steady

state transmembrane potential. Similarly, after the cessation of an applied electric field, it takes

time for the the induced TMP to fall to its resting potential. However, if an opposite-polarity pulse

is delivered rather than simply removing the applied pulse, the cell membrane discharges more

rapidly [138, 139]. This assisted discharge mechanism has been hypothesized to be a contributing

mechanism underlying the experimental observation that 1 µs pulses delivered in rapid succession

have a higher electroporation threshold [94]. Similar to the assisted discharge mechanism, if the

induced TMP is not allowed to reach a steady state prior to the cessation of the applied pulse, the

TMP will not be able to reach its maximum, as it would for longer pulses, and will instead settle

to an oscillating sawtooth waveform [94]. Conventionally, these bipolar pulses would be deliv-

ered in an alternating symmetric or antisymmetric manner, though recently a technique utilizing

asymmetric bipolar pulses has also been shown to be effective for cellular ablation [139].

Viewing an aggregate of cells or a tissue in terms of a passive dielectric-conductive model involves

an ensemble of cells with thin dielectric membranes surrounding and immersed in a conductive

medium. It has been shown that high-freqency bipolar pulses are better able to generate a uniform

electric field in such a medium, resulting in a more homogenous ablation [109]. Scaling this

phenomenon to tissues, high-frequency bipolar pulses mitigate impedance differences between

adjacent conductive and dielectric mediums by applying the electric field pulses at a frequency at
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which the difference in the dielectric and conductive contributions of each medium component are

more similar [140].

The cell death that results from a particular electroporation treatment is largely correlated to two

parameters: the effective energized time and the induced electric field intensity. Rather than ap-

plying a single long pulse, breaking the total energized time into a train of smaller pulses allows

similar effects to be obtained as longer pulses, but with significantly less Joule heating and asso-

ciated thermal damage [132, 141], provided the electrical pulses are delivered in sufficiently close

succession [137, 138, 139]. The number of electrical pulses delivered during a specific electro-

poration treatment is determined by the application. For example, electrochemotherapy and gene

electrotransfer rely on molecular entry into a permeabilized cell and thus use a smaller number of

electrical pulses from 1 to 8. However, in procedures such as IRE, the goal of the treatment is to

destabilize cells for the express purpose of inducing cell death. As such hundreds to thousands of

pulses are delivered to ensure maximal cell damage within the target tissue [142].

2.3 Molecular Tracers for Membrane Permeabilization

As cells are electroporated, membrane damage and restructuring result in an increase in membrane

permeability to small molecules. In order to study the effects of varying pulse parameters on mem-

brane permeability in vitro, two major methods have been developed that utilize the fluorescence

intensity from molecular tracers a surrogate measurement for membrane permeability. In the first

method, cells are loaded with a reagent, such as FluxOR [90] or Fluo-3 [144], Fura-2/AM [145]

prior to electroporation that will bind to with a molecular tracer. When the tracer and the pre-loaded

reagent bind in the cell interior, the fluorescence intensity of the complex indicates the relative con-

centration of the tracer molecule within a cell. The second method relies on cellular structures that

natively exist within the cellular anatomy, such as nucleic acids. This method is the more popular

of the two as it eliminates the need pre-treat cells. In the more common protocols, an exclusion

dye such as propidium [77, 81, 94, 116, 146, 147] or YO-PRO-1 [90, 120, 148, 149, 150, 151]
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are introduced into the extracellular buffer prior to the application of an electric field. Due to its

simplicity and lack of requirement of pre-loading, this second method is employed in Chapters 3

and 4.

While propidium and YO-PRO-1 are the most common choices of tracer molecules to measure

membrane permeability, many of other molecules have been developed that use similar mecha-

nisms (Table 2.1). These molecules dramatically increase their fluorescence intensity upon interca-

lating DNA or binding to RNA. When a membrane is electroporated, nano-scale pores are formed

in the cell membrane and allow enable tracer molecules to enter the cell. The variation in molec-

ular radius between propidium, carbocyanines (YO-PRO-1, etc.), and dimeric cyanines (YOYO-1,

etc.) results in a variation in the sensitivity of the permeabilization measurements obtained with

each tracer based on how well they pass through an electroporated membrane [90, 151]. Due

to its smaller radius, YO-PRO-1 is generally considered more sensitive than propidium, though

even smaller tracers such as ionic calcium or ionic thallium have been shown to have even greater

sensitivity but require a pre-loaded reagent for fluorescence measurements.

Charge number (zi) is also an important consideration when selecting a tracer molecule for electro-

poration studies. When these tracers are employed as an indicator of cell death, the charge number

of a particular tracer is less significant as dead cells exhibit a dramatic loss of membrane integrity.

However, the generation of pores within the dielectric cell membrane results in an image potential

in the presence of charges that opposes their entry into the cell [152]. Many of the common ex-

clusion dyes have a relatively large charge (zi =+4; Table 2.1). Propidium (zi =+2) and 7-AAD

(zi =+0) both have smaller charge numbers than YO-PRO-1, which result in smaller image forces

opposing their entry into a permeabilized cell. Although smaller tracers such as YO-PRO-1 ap-

pear more sensitive than propidium, charge number is still a theoretical consideration common to

computational models of electroporation-mediated mass transfer [136, 144, 153].

In addition to the electrical and geometric properties of fluorescent tracer molecules, the optical

properties of tracer molecules also impact the permeability measurements obtained using them.
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A fluorophore’s quantum yield (QY) is the ratio of the photons emitted for each photon absorbed

when excited and, in addition to the microscope optics and excitation source, affects the brightness

(intensity) of the fluorescence signal. Brightness is calculated as a product of the QY of a fluo-

rescent tracer and its molar extinction coefficient (εmax) [154, 155]. Fluorophores with low QYs

generate faint signals and often require longer exposures when imaging them in order to allow

the camera to collect enough photons to resolve the image above the background. Due to these

longer exposures, low-QY fluorophores impede the rapid imaging of rapid fluorescence changes,

such as nucleic acid binding or changes in the distribution of the fluorescence signal. For example,

propidium entry into the cell occurs on the order of seconds [94] and intercalating DNA occurs in

less than 60 µs [156]. A low QY would make measurements of these phenomenon, and membrane

permeability in general, difficult using standard microscopy equipment.

The photostability of the fluorophore in the molecular tracer used to assay electroporation is also

critical to fluorescence measurements. Photostability is a measurement of the half-life of the flu-

orophore brightness and is strongly affected by environmental factors, including pH, its solvent,

and the illumination source [157]. Photobleaching occurs when the fluorophore is exposed to light

at durations and intensities that irreversibly damage it. Photostability is a crucial consideration

when selecting a molecular tracer as the enhanced membrane permeability observed following

electroporation can last longer than 30 min (Chapter 4).

In general, a tracer molecule used to assay electroporation in vitro using fluorescence microscopy

should have a small electrical charge and small molecular radius to mitigate the repulsive forces

hindering its passage through the cell membrane. It should also have a large quantum yield and

large extinction coefficient to optimize the fluorescence signal to noise ratio. Finally, the fluo-

rophore in the tracer molecule should be as photostable as possible to maximize the duration of

experimental observation. Propidium was selected the appropriate tracer molecule for the work

in this dissertation due to its small charge number, small radius, and favorable optical properties

(Table 2.2).
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2.4 Maxwell’s Equations and Current Continuity

Electroporation is a bioelectrical phenomenon and that fundamentally relies on the flow of charges,

including molecular tracers, small ions, proteins, and other molecules, within biological medium.

The flow of these charges generate electrical currents, which are given by Maxwell’s equations

[158, 159] in their differential forms as

∇ ·D = ρ, (2.1)

∇ ·B = 0, (2.2)

∇×E = −∂B
∂ t

, (2.3)

∇×H = Jc +
∂D
∂ t

, (2.4)

where D is the electrical displacement field, E is the electric field, ρ is the electrical charge den-

sity, Jc is the conduction current, H is the auxiliary magnetic field, B is the magnetic field. The

constitutive equations relating these quantities are Jc = σE (Ohm’s law), D = εE, B = µH, where

σ , ε , and µ are the electrical conductivity, electrical permittivity and magnetic permeability of a

given medium. These values are, by no means, restricted to the real domain or necessarily uni-

form. Imaginary components represent losses and off-diagonal components represent anisotropies

within a material. For an arbitrary geometric domain, exposed to electric field E, a conduction

current density Jc will develop in each direction. Jc is described as the flow of charged particles

(generally, electrons or ions) per unit volume within a given material. Rather than simply allowing

electron flow, a material may become polarized in the presence of an electric field at high frequen-

cies. This behavior is known as permittivity and is generally expressed relative to the permittivity

of free space ε0. Permittivity quantifies how much electric flux is generated when the molecular

architecture of a given material is manipulated (shifts in dipoles, etc.) to accommodate an applied

electric field. Because it takes time for molecules to rearrange when the electric field is applied and

removed, the permittivity of a material gives rise to its transient response and may be thought of
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as the ability of a material to store electrical energy. Materials with such properties are well-suited

for use in discrete electrical components such as capacitors that are designed for that purpose. The

displacement (capacitive) current Jd through a material with permittivity ε is given as

Jd =
∂D
∂ t

=
∂

∂ t

(
εE
)
. (2.5)

A material that exhibits such polarization properties is called a dielectric and its relative permit-

tivity ε may also be referred to as its dielectric constant. By taking the divergence of equation 2.4

and commuting the time and spatial derivatives, the current continuity condition is developed

0 = ∇ ·Jc +
∂

∂ t

(
∇ ·D

)
, (2.6)

as the divergence of the curl of any vector is identically zero. Further, by substitution of the

constitutive relations D = εE and Jc = σE, the continuity equation in may be rewritten in terms of

E as

∇ · (σE)+
∂

∂ t

(
∇ · (εE)

)
= 0. (2.7)

For physical systems containing free charges, the force experienced by a particle i with charge qi

is a combination of an electric and a magnetic force that together comprise the Lorenz force (Fi),

given by

Fi = qi(E+vi×B), (2.8)

where vi is the velocity of the moving particle. For a particle moving sufficiently slowly (non-

relativistic), the magnetic induction term is negligible and Coulomb’s law is recovered

Fi = qiE. (2.9)
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This comprises the quasi-electrostatic approximation. Alternatively stated, if the electric field

vector is approximately irrotational (∇×E ≈ 0), the quasi-electrostatic approximation is valid as

magnetic induction negligibly contributes to the electromagnetic force experienced by the charged

particle.

2.5 Drift-Diffusion of Dilute Charged Species

In physical systems containing free charges, several different modes of mass transport comprise

the conduction current σE, including diffusive transport along a concentration gradient, drift facil-

itated by an electric field, and transport facilitated by the movement of the fluid containing these

charges. In the case of a charged solute molecule in the absence of significant magnetic field ef-

fects, Coulomb’s law describes the electrical force applied to charged molecules. This force results

in a translational motion, which reaches a terminal drift velocity vd . The mobility of a particle µi

is defined as the ratio of the terminal drift velocity to the applied electric field (µ = vd/E0). For a

single particle in an ensemble, the Coulombic flux of molecules is

JEi =−µi∇u, (2.10)

where the electric field vector is E =−∇u, where u is the scalar electric potential. Casting this net

electrical force as a flux of an ensemble of solute molecules of concentration ci gives

JEi =−µici∇ui. (2.11)

Fick’s law is a conservation law in which a concentration of solute is subject to simple diffusion

through molecular motion. Fick’s first law states that the flux of a molecule JM is equivalent to

its spatial gradient multiplied by the rate at which diffusion is allowed to occur in each direction,

known as the diffusion coefficient. Diffusion coefficients and mobilities (drift coefficients) for

common biological molecules are given in Table 2.2. Explicitly, the molecular flux at a point in
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space with a concentration of solute c is given by Fick’s first law as

JMi =−Dzi∇c (2.12)

were D is the diffusivity. Continuity is expressed through Fick’s second law as

∂ci

∂ t
=−∇ ·JMi = ∇ · (Di∇ci). (2.13)

Alternatively stated, Fick’s second law states that the change in concentration of a solute c at a point

in space is equivalent the the sum of the fluxes through that point. The flow of a fluid containing

charged particles ci flowing with a velocity ẋ also contributes to the flux of the molecular ensemble.

The electrical flux density of ci in such a flow is given by

JFi =−ziciẋ. (2.14)

Substituting these fluxes into equation 2.6 yields

∇ ·
(

∑
i

JM,i +∑
i

JF,i +∑
i

JE,i

)
+

∂

∂ t

(
∇ · (εE)

)
= 0, (2.15)

where JM + JF + JE is the flux density of the free charges i and εE is the flux of bound charges.

Fick’s second law applied to free charged particles provides a mass balance of the free charges that

yields the canonical form of the Nernst-Planck equation that describes the transport of species i

given by

∂ci

∂ t
= − 1

zi
∇ · (JM +JF +JE),

= ∇ ·
[

Di∇ci− cẋ+
µi

zi
ci∇u

]
. (2.16)
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Substituting the ∂ci/∂ t terms for all charged species i back into equation 2.15 generates

0 =
∂

∂ t

(
∑

i
zici +∇ · (εE),

)
. (2.17)

Integration of 2.17 in time yields Gauss’ Law ρi− ε∇2u = 0 in the form of Poisson’s equation

∇
2u =

F
ε

∑
i

zici. (2.18)

where ρi = ziFci is the charge density of species i and F is Faraday’s constant. This coupling of

mobile charge concentrations of species ci to the electric potential field u results in the formulation

of a Poisson-Nernst-Planck (PNP) system under the quasi-electrostatic assumption within a given

spatial domain Ω ∈ R3


∂ci

∂ t
= ∇ ·

(
Di∇ci− ciẋ+µici∇u

)
, ∀ci ∈Ω

∇2u =
1
ε
∑

i
qici, ∀u ∈Ω

. (2.19)

Often, within a medium with a low dielectric constant, PNP systems reach equilibrium quickly

(∂ci/∂ t ≈ 0) and flow conditions are negligible (ẋ≈ 0; Fig. 2.2). Under such conditions, equation

2.16 reduces to the balance

JEi +JMi =−µici∇u−Di∇ci = 0, (2.20)

where the flux due to electrical drift and the flux due to diffusion are at equilibrium. By rearrange-

ment and the chain rule applied to equation 2.20,

∇ci =
dci

du
∇u, (2.21)
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Figure 2.2: Steady state simulations of diffusion and drift of a dilute charged solute (zi = +2)
around a circular occlusion in two dimensions. (a) In the absence of an applied electric field, the
simple diffusion of the charged solute was simulated with the top boundary set to 30 µM and the
lower boundary set to 0 µM. The application of electric fields of strengths (b) 0.1, (c) 0.2, and
(d) 0.4 µV/m generate Péclet numbers (Pe = ziF∇u/(RT )) from 0 to 3×10−5 affect the resultant
distribution of the charged solute. In all simulations, a positive voltage was applied on the right
boundary and the negative voltage placed on the left boundary.
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which yields (
µici +D

dci

du

)
∇u = 0. (2.22)

The Maxwell-Boltzmann distribution describes the expected concentration of particles ci that exists

at a given potential u as

ci = Ae−ziFu/(RT ), (2.23)

where R is the universal gas constant, and T is the temperature. dci/du from equation 2.23, sub-

stituted into equation 2.22, yields the Einstein relation

µi =
DiziF

RT
. (2.24)

Table 2.2: Bulk properties of common small molecule solutes including molecular weight (Mw)
given in g/mol, elemental charge (zi), van der Waals (Vs) in nm3, radius of spherical approximation
(rs) given in nm, electrophoretic mobility (µi) calculated using equation 2.24 and given in (×10−8)
m2/(V·s), and diffusion coefficient (Di) in m2/s. Calculations performed at T = 298 K. Values from
[101, 136]

Solute Mw zi Vs rs µi Di
ATP 507.2 -3.49 0.379 0.62 -5.57 0.41
Ca2+ 40.1 +2.00 0.034 0.2 7.63 0.98
Calcein 622.5 -3.61 0.520 0.58 -6.60 0.47
Cl− 35.5 -1.00 0.023 0.18 -4.36 1.12
FITC 389.4 -0.05 0.310 0.60 -0.10 0.49
Fluoroscein 332.3 -0.05 0.271 0.57 -0.10 0.49
Glucose 180.2 0.00 0.150 0.32 0.00 0.73
K+ 39.1 +1.00 0.087 0.28 0.00 0.70
Na+ 23.0 +1.00 0.049 0.23 3.31 0.85
Propidium 414.6 +2.00 0.404 0.69 3.35 0.43
Sucrose 342.3 0.00 0.283 0.45 0.00 0.52
YO-PRO-1 375.5 +2.00 0.353 0.53 4.12 0.53

28



Figure 2.3: Electrical drift and diffusion along concentration gradients govern the the transport of
charged solutes. (a) The transmembrane transport of a positively-charged species, such as propid-
ium (zi = +2) is governed by the local electric field at the cell membrane as well as the concen-
tration gradient across it at each pore. (b) Many pores exist in an electroporated cell membrane
resulting in many parallel ion fluxes as charged solutes flow through each pore. (c) The hindrance
factor (H) for the transport across the porous cell membrane depends on the ratio of the solute ra-
dius to the pore radius (λ = rs/rp) and expresses a porous membrane’s net resistance to molecular
transport.

2.6 Mass Transport Through a Semipermeable Membrane

Diffusive mass transport through a semipermeable membrane is described by a linearization of

Fick’s law at the membrane center. In cells, membrane permeability may be assessed using exclu-

sion dyes, such as those in Table 2.1. The permeability equation is

(Ji +Je) ·n|m =
Dm,i

h
(c0− ci). (2.25)

where c0− ci is the concentration differential across the membrane thickness, and Dm,i is the dif-

fusion coefficient of particle i through the cell membrane of thicknesss h. Considering the mass

transport through the cell membrane as a continuum of parallel ionic currents allows membrane

transport to be considered hindered diffusion with a hindrance factor H accounting for the resis-

tance the membrane provides to the mass transport across it. The membrane hindrance depends on

the ratio of the radius of the solute (rs) and the radius of the membrane pores (rp) where λM = rs/rp
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and is given by the empirical relationship [160, 161]

H =
9
8

λM log(λM)−
7

∑
k=0

akλ
k
M. (2.26)

This formula has been corrected for solutes of radii similar to the radii of the membrane pores

and where a0 = 1, a1 =−1.56034, a2 = 0.528155, a3 = 1.91521, a4 =−2.8190, a5 = 0.270788,

a6 = 1.10115, and a7 = 0.435933. The parallel ionic currents through pores with surface area πr2
p

on a membrane fraction with area A can therefore be modeled as

(Ji +Je) ·n|m =
πr2

pHNDi

h
(c0− ci), (2.27)

where N is the surface density of membrane pores. In the absence of a velocity field, the flux of

charged solutes subject to drift and diffusion across a thin membrane is given by

(Ji +Je) ·n|m =−µici
du
dx
−Di

dci

dx
, (2.28)

where Ji and Je are the internal and external molecular fluxes and du/dx and dci/dx are the fluxes

along the outward-facing normal n of the membrane. The potential gradient through an isolated

pore structure varies with position within the pore according to

u = ui +
um

log(σe/σi)
log
(

1+
x
h
(σe−σi)

)
, (2.29)

where log(·) is the natural logarithm, σe is the conductivity of the extracellular medium, σi is

the cytoplasmic (intracellular) conductivity, um = ui− ue is the transmembrane potential, ui is

the electrical potential immediately inside the cell membrane, and ue is the electrical potential

immediately outside the cell membrane [79]. Applying this result to the membrane flux balance

yields

(Ji +Je) ·n|m =
Di

h

(
(Pe− log(σe/σi)

(σe/σi)− ePe
(σe/σi−1)
log(σe/σi)

)
(ce− ciePe), (2.30)
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through simple integration with respect to the spatial coordinate x where Pe=−ziFum/(RT ) [144].

Equation 2.30 is similar to equation 2.27 except for corrections to account for the molecular drift

through the membrane. Considering both drift and hindered diffusion therefore leads to

(Ji +Je) ·n|m = P0N(ce− ciePe), (2.31)

where

P0 =

(
πr2

pHDi

h

)(
σe/σi−1
log(σe/σi)

)(
(Pe− log(σe/σi)

(σe/σi)− ePe

)
. (2.32)

Intuitively, when σe = σi in the bulk solution on either side of the membrane, P0 = 0, indicating no

charge accumulation occurs. If the membrane does not contain any pores (N = 0), then P0 = 0. The

only non-physical condition in equation 2.31 occurs when Pe = 0, which arises with the um = 0.

However, this discontinuity is removable and the final value of P0 at Pe = log(σe/σi) is defined as

the piecewise function

P0 =

(
πr2

pHDi

h

)(
σe/σi−1
log(σe/σi)

)
(Pe− log(σe/σi)

(σe/σi)− ePe , Pe 6= log(σe/σi)

−σi

σe
, Pe = log(σe/σi)

, (2.33)

which includes corrections for both hindered diffusion and electrophoretic drift as a function of the

membrane pore surface density (N).

2.7 Membrane Breakdown and Pore Formation

An intact bilayer membrane will form spontaneously in an aqueous medium. Once formed, a mem-

brane is subject to thermodynamic fluctuations that govern its structural properties at the molecular

level: the distance between charged lipid head groups fluctuates while maintaining the hydropho-

bic membrane core [162]. Representing these random fluctuations as a statistical distribution, it

becomes conceivable that there is a small probability that the random motion of the lipid molecules
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in the bilayer membrane will generate a defect in the membrane structure in which an intramolec-

ular space will form that is large enough to permit a molecule to penetrate the hydrophobic core

and emerge on the opposite side [12, 73, 163, 164, 165, 166]. The cellular membrane functionally

isolates the interior of a cell from its external environment, thereby establishing chemical gradi-

ents that the cell utilizes for generating action potentials, nutrient uptake, and waste export. These

chemical gradients establish an osmotic gradient across the relatively impermeant membrane. Due

to the electrical charge distribution within many of these molecules, the chemical gradient estab-

lished across the cell membrane also establishes a large electrical gradient -65 to -70 mV [60].

When an electric field is applied across a cell, opposing charges gather at each side of the mem-

brane and generate an electrically-induced pressure across the membrane. When this pressure

surpasses a threshold, defects in the membrane form form and are expanded, allowing molecular

transport into and out of the cell.

Figure 2.4: An idealized, single-shell model of a spherical cell containing domains for the extra-
cellular buffer with conductivity σe and permittivity εe, a thin membrane with thickness h, conduc-
tivity σm and permittivity εm, and a spherical intracellular domain with radius Rc, conductivity σi
and permittivity εi.

H. P. Schwan derived an expression that now carries his name for the transmembrane potential
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induced by an external electric field applied to a spherical cell [61]. The Schwan equation is

commonly employed to provide an intuitive, analytical description of the mechanism giving rise

to the electroporation phenomenon. The formulation of the Schwan equation considers concentric

spherical regions to represent a cell. The transmembrane potential is the difference in potential in

the radial direction across the thin dielectric membrane shell separating the conductive intracellular

region from the conductive extracellular region. In such a case, the transmembrane potential (um =

ui−ue) is defined as

um(r,θ) = fsE0Rc cos(φ), (2.34)

where Rc is the radius of the cell, measured to the interior surface of the membrane, φ is the polar

angle, and |E|= E0 is the applied electric field in the radial direction in which the cell is immersed,

and

fs =
2σe

[
3hR2

cσi +(3h2Rc−h3)(σm−σi)
]

2R3
c

(
σm +2σi

)(
σm + 1

2σi

)
−2(Rc−h)3

(
σe−σm

)(
σi−σm

) .
In this case, the cell membrane has a thickness of h and the radius of the cell to the internal surface

of the membrane is Rc. The conductivity of the cytoplasm, membrane, and extracellular medium

are given as σi, σm, and σe respectively. In reality, there is a time-dependence on the induced trans-

membrane potential um. This time dependance can be approximated through further simplifications

performed under the conditions that the membrane diameter is much smaller than the radius of the

cell (h<<Rc). Through substitution of σ + jεmω for σ in order to obtain the transient components

of the transmembrane potential given by the Schwan equation, if the permittivities of the internal

and the external media are negligible (εi ≈ εe ≈ 0), and the conductivities are significantly greater

than that of the membrane (σm << σi,σe), the membrane charging time constant τ is given by

τ =
Rcεm

2h
(

σiσe

σi +2σe

)
+Rcσm

,
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Figure 2.5: With increasing transmembrane
potential, the energy of an electropore de-
creases beyond the generation of a 0.8 nm
pore, where the local energetic minimum ex-
ists. Pore formation is a process that in-
volves the expansion of a membrane defect
within an intact membrane into a hydropho-
bic pore. Hydrophobic pores quickly becomes
a hydrophilic pore as phospholipids migrate to
line the pore.

and allows the time-dependent Schwan equation to be rewritten as

um(Rc,θ , t) = fsE0Rc cos(θ)

(
1− exp

(
− t

τ

))
, (2.35)

It is important to note that the transmembrane potential expression is similar for prolate, oblate,

and spherical cells, yet the oblate geometry experiences a considerably larger surface area of the

membrane to larger transmembrane potentials than the prolate geometry [49, 167]. In practical

terms, this indicates that cells positioned with their long axes perpendicular to the electric field

(oblate) will exhibit a significantly greater average membrane permeabilization than if they are

their long axis is parallel to the electric field.

In 1979, Abidor and colleagues linked the increased molecular transport observed following elec-

troporation in bilayer membranes with the generation of membrane defects arising from the col-

loidal nature of lipid bilayers [12]. In so doing, they developed the modern biophysical explanation

underpinning modern electroporation theory in which these pores evolve along their radius spaces

along the cell membrane. Given that a generalized force F is given by F = −∇U where U is the

pore energy, the flux Sr along the radius space of a pore is given by a Smolchowski-type model

[73, 165, 168] as

Sr =
dN
dt
−Dr

(
∇N +

N
kBT

∇U
)
, (2.36)

where N is the pore density distribution, Dr is the diffusion coefficient in pore radius space, and kB

and T are Boltzmann’s constant and the temperature, respectively. The pore energy U is conven-
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tionally given as the minimum of two curves: one curve representing the energy of a hydrophobic

pore and one curve representing a hydrophilic pore. Later, Neu et al. simplified the explanation

of the second type of defects that form as hydrophilic pores by introducing a quadratic term to

represent the energy of this enlarged defect—termed a hydrophobic pore—rather than the modi-

fied Bessel functions used previously [168]. Once the radius of a defect reaches a critical value,

denoted r = r∗, the lipid head groups invert and energetically stabilize the pore, bridging the two

membrane leaflets and creating a hydrophilic pore (Fig. 2.5). This stabilization is reflected as a lo-

cal minimum in the energy function rm > r∗, and indicates that once hydrophilic pores are formed,

they tend to aggregate at r = rm before collapsing back to an intact membrane. Physically, these

dynamics are captured by modeling a hydrophobic pore using the quadratic term proposed by De-

Bruin et al. such that a global minimum energy is achieved at r = 0, where the hydrophobic pore

of radius is normalized to the radius at which the hydrophilic-hydrophobic transition occurs r∗.

The energy associated with that transition is denoted U(r∗) =U∗. The hydrophilic pore energy is

developed by considering a dielectric material separating two bulk phases of a conducting material.

The term πapr2u2
m represents the electrical energy that motivates the transition of a hydrophobic

to hydrophilic pore, similar to a discrete capacitor. The inside of a hydrophilic pore is associated

with a linear tension 2πrγ and the whole membrane experiences a surface tension πr2Γ where γ

and Γ are the line tension and surface tension of the pore, respectively. An additional term is added

here as a quartic term to represent the steric interactions of the lipid head groups in the pore with

C as the interaction constant. Together, with the introduction of an exogenous electric field added

to the energy function,

U(r) =


U∗

(
r
r∗

)2

−πapr2u2
m 0≤ r ≤ r∗

2πrγ−πr2Γ−πapr2u2
m +

(
C
r

)4

r∗ < r < h
, (2.37)

where um is the transmembrane potential and ap accounts for the difference in dielectric properties
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between an intact membrane and the surrounding aqueous environment, estimated as [12, 169]

ap =
εw− εl

2h
,

where εw and εl are the permittivities of the water in the surrounding aqueous environment and

of the constituent phospholipids, respectively. Approximate values for all constants are given in

Table 2.3. Dramatic deformation for r > r∗ occurs at potentials on the order of 200 mV, and have

been experimentally measured to be between 0.2 to 1.0 V [85].

Reduction of the Smolchowski-type PDE model to an ODE model cast the equations governing the

nucleation of a pore to be readily integrated with models of electric field distributions. Originally

presented in [168], we briefly review the methods and assumptions used to eliminate the spatial

dependence of the Smolchowski-type PDE. The source term Sr from the Smolchowski-type model

has been modeled as a two step process in which pores with energies between U and U +dU are

generated at a rate
dN
dt

= νche−U/kBT d
(

U
kBT

)
, (2.38)

where νc is the “attempt rate density”—or the frequency with which pore formation has the poten-

tial to occur [180]. It follows by substitution of the relation dU =Udr from equation 2.37 that the

formation of a pore with radius between r and r+dr is given by

|Sr|= νch
U

kBT
e−U/kBT −νdNH(r∗− r), (2.39)

with the addition of a pore destruction rate of hydrophobic pores νd to model the net rate of pore

formation. The Heaviside step function H(r∗− r) represents the fact that only hydrophobic pores

may be destroyed. In constraining the source term in this manner, it must be noted that there is an

implicit assumption that all pores are created as hydrophobic pores and all pores are destroyed but

not before passing back through a hydrophobic stage. The initial condition n(0, t) = 0 is applied,

indicating that pores of radius zero do not exist. A hydrophobic pore is created through two routes:
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either r < r∗ or r > r∗. The formation of pores r < r∗ is significantly smaller than the rate of

pore formation for r > r∗ and therefore, by extension of the absorbing boundary condition, the

approximation n(r∗, t) = 0 is justified. In so doing, the boundary value problem is effectively

reduced to
U

kBT

(
E∗r2
∗νd

Dr

)
e−UE∗/kBT =

dN
dt
−Dr

∂

∂ r

(
N +

n
kBT

U
)
. (2.40)

Through further approximation and simplification [168], it has been shown that the pore density

N(t) is well approximated as

dN
dt

= αe(um/uth)
2
(

1− N
Neq(um)

)
(2.41)

where

Neq(um) = N0eq(um/uth)
2
. (2.42)

and where N0 is the equilibrium pore number, um is the transmembrane potential, uth is the trans-

membrane potential electroporation threshold, and α and q are fitting parameters. The transforma-

tion of the Smoluchowski-type pore nucleation PDE model to the asymptotic Smoluchowski-type

ODE model (ASM) enables the formation of pores to be modeled efficiently in existing computa-

tional strategies, such as a transport lattice network [181] or a finite element [144, 153, 182], finite

volume, or finite difference framework [183, 184, 185].

2.8 Conclusion

Here, we have outlined the current state of the biophysical mechanisms underlying electroporation.

Beginning from Maxwell’s equations, we have derived the electrostatic potential field that is typi-

cally utilized in calculations related to the transmembrane potential induced by an electroporation

treatment. By further simplification, we arrived at the passive Schwan model of transmembrane po-

tential. We briefly reviewed a conventional model of pore formation based on Smoluchowski-type
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energetics and the role electrodiffusion plays in mass transport across the cell membrane following

electroporation. These fundamental relationships will herein guide the discussion of electropo-

ration and will be used extensively in the discussion of possible mechanisms that appear in our

experimental results.
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3.1 Introduction

Biological membranes are critical to maintaining cellular homeostasis by isolating a cell’s interior

from its extracellular environment. The cell utilizes its membrane as a barrier to general transport,

but allows for the controlled exchange of valuable nutrients, chemical signals, and waste products

through transmembrane structures, which shuttle molecules into and out of the cell and maintain

the precise homeostatic balance necessary for the cell’s function and survival. When biological

membranes are exposed to sufficiently intense pulsed electric fields (PEFs), their permeability

increases, enhancing the molecular exchange between the cell and its environment. This phe-

nomenon, known as electroporation or electropermabilization, enables processes like gene trans-

fection [186, 187] and chemotherapy [188, 189] to be performed much more efficiently. Molecular

dynamics simulations have suggested that the formation of pores in the lipid bilayer occurs when

water molecules align at the water-bilayer interface and are driven through the hydrophobic bi-

layer core by local electric field gradients [14, 71, 190, 191]. When water molecules cross the

membrane, the surrounding lipid head groups usually follow the penetrating water molecules into

the pore to energetically stabilize the pore structure [12, 190, 192]. This restructuring of the lipid

bilayer has been hypothesized to alleviate the electrotension caused by collection of oppositely-

charged ions on each side of the membrane [130, 131]. As long as the electric field is sustained,

the pore can further expand in size facilitating the transport of ionic/molecular species across the

pore [73, 168, 193]. Nevertheless, other mechanisms have been proposed to explain the increased

cell membrane permeability caused by electric pulses, such as lipid peroxidation and restructuring

of the membrane due to changes in membrane protein conformation [183, 194].

Electroporation has been used clinically to either directly ablate tumor tissue or transiently in-

crease membrane permeability to enhance drug delivery at the target sites inside the cell interior.

In irreversible electroporation (IRE), the cellular membrane is disrupted to generate an irrecover-

able homeostatic imbalance [16, 141, 195, 196]. In gene electrotransfer (GET) [35, 40] or elec-

trochemotherapy (ECT) [48, 197, 198], electroporation enables therapeutic molecules to be more
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efficiently delivered into cells. During an ECT procedure, a drug such as cisplatin [44, 199] or

bleomycin [45, 134, 200] is first injected into a tumor site and is shortly followed by a PEF treat-

ment, enabling the chemotherapeutic drugs to be administered with greater potency by overcoming

the cell membrane’s transport barrier. Because ECT is delivered locally to the tumor site, mini-

mal systemic side-effects present as a direct result of the treatment while retaining an equivalent

or greater clinical efficacy compared to traditional chemotherapy [37, 201, 202, 203]. GET is a

non-viral gene transfer method that depends on PEF treatment to enhance the delivery of thera-

peutic genetic material [34, 204]. By inserting DNA carrying specific genetic code into cells, GET

enables targeted introduction, replacement, or inactivation of selected genes. PEF treatment has

dramatically improved gene-transfer efficiencies in tissues such as liver, skin, and skeletal muscle

[35, 205, 206, 207].

IRE technology has been used to treat tumors in canine brain tissue [208], human and porcine

liver tissue [209, 210, 211, 212], and and human and porcine pancreatic tissue [25, 213, 214]. By

destroying malignant cells while mitigating damage to critical stromal tissue components [215,

216], it enables the treatment of tissues around critical structures that would otherwise render the

site untreatable. A notable recent improvement in IRE has been termed high-frequency IRE (HF-

IRE) and replaces the long monopolar pulsing schemes traditionally used in IRE (80× 100 µs-

long pulses delivered at 1 Hz) with bursts of short bipolar pulses [141]. These bursts of short

pulses partially mitigate intra-operative impedance changes [140] and virtually eliminate muscle

contractions [141, 217, 218, 219] during the treatment to potentially improve both current treatment

planning algorithms [141, 220] and the procedural safety for the patient due to the reduced need for

neuroparalytic drugs typically required to inhibit muscle contraction. For the same reason, bursts

of short pulses could also be advantageous in ECT and GET, which have historically utilized pulse

widths of hundreds of microseconds to milliseconds to permeabilize the cell membrane.

In the food processing industry, however, PEFs comprised of trains of pulses of 1 to 10 microsec-

onds are routinely used to kill pathogenic and spoilage microorganisms around vegetal and animal

tissue [221, 222]. Only recently has such electroporation been studied in mammalian tissue for
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medical applications that utilize controlled, square electrical pulses on the order of one microsec-

ond [195, 223]. The observations about PEFs with single-microsecond pulse widths from the

field of PEF-based food processing do not directly provide information on the efficiency of these

pulses to enhance molecular transport across mammalian cell membranes. Consequently, more de-

tailed study of the molecular transport occurring between a mammalian cell and its environment is

needed during these types of pulses. We thereby aimed in the present study to compare membrane

permeabilization obtained with 1 µs bipolar pulses and conventional 100 µs pulses, used in IRE

and ECT.

In order to characterize molecular transport induced by different pulsing protocols, we performed

real-time microscopic imaging of propidium iodide (PI) transport at the single cell level during

and after PEF treatment. The measured changes in PI fluorescence intensity due to the uptake and

subsequent binding of PI ions to intracellular nucleic acids enabled us to calculate the time course

of the effective permeability of a cell membrane. This method can be further refined and validated

against mechanistic models of the electroporation and membrane permeabilization processes to

advance electroporation-based treatments and therapies. The results presented herein demonstrate

that high-frequency bipolar electrical pulses may be designed to achieve similar degrees of elec-

troporation as current IRE, ECT and GET pulsing schemes, but induce more symmetrical trans-

membrane uptake of small molecules than conventional treatments.

3.2 Materials & Methods

3.2.1 Cell Preparation

Chinese hamster ovary (CHO-K1) cells were obtained from the European Collection of Authenti-

cated Cell Cultures and grown in HAM-F12 medium (PAA, Austria) supplemented with 10% fetal

bovine serum (Sigma-Aldrich, Steinhei, Germany), 1 mM L-glutamine (StemCell Technologies,

Vancouver, Canada), 5 mg/mL gentamicin (Sigma-Aldrich), and 0.01 µL/mL penicilin-streptomicin
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(PAA) at 37◦C under 5% CO2. Cells were allowed to become 70− 80% confluent before being

trypsinized, resuspended, and transferred into glass-bottom Lab-Tek II chambers (Nalge Nunc,

Wiesbaden, Germany) (7×104 cells in 1 mL of growth medium) to easily observe the cells during

and immediatly following treatment. Cells were then incubated at 37◦C under 5% CO2 for 2 hrs.

during which they adhered to the bottom of the chamber but retained roughly spherical shape.

After 2 hrs., the growth medium was removed and replaced with low-conductivity, isoosmotic

(292 mOsm/kg) potassium phosphate electroporation buffer (KPB: 10 mM KH2PO4/K2HPO4 in

a ratio of 40.5:9.5, 1 mM MgCl2, and 250 mM sucrose; pH = 7.2; electrical conductivity of

0.16 S/m) at 25◦C containing 0.15 mg/mL propidium iodide (PI) (Life Technologies, Carlsbad,

USA). As KPB is approximately 10-fold less conductive than the growth medium, it was used

to reduce the electrical current and minimize the effects of Joule heating on the cells during PEF

treatment.

3.2.2 Electrode Design and Numerical Modeling of Electric Field Distribu-

tion and Thermal Considerations

Two parallel Pt/Ir alloy (90:10) wire electrodes (0.8 mm diameter wires spaced 4 mm edge-to-

edge) were inserted into the Lab-Tek II chamber seeded with cells (as described) on the bottom

of the glass surface. With the goal of tightly controlling the electric field to which the cells were

exposed, the electric field distribution between the electrodes was simulated numerically in COM-

SOL Multiphysics (Version 5.1, COMSOL, Burlington, MA) using the electrostatics module. The

numerical calculations showed that the cells centered between the electrodes (which were moni-

tored in the experiments) experience practically homogeneous electric field. The electric field was

simulated using a 1 V test pulse (2.2 V/cm along the midline between the electrodes) to give the

normalized distribution of the electric field as a result of the applied potential (Fig. 3.1, center and

right panels).

The energy delivered during electroporation treatment was approximated in a manner similar to
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Figure 3.1: Cells were exposed to electric field pulse trains using a pair of electrodes to generate
a homogeneous electric field between the electrodes. From left to right: the entire electrode setup
with a vertical slice showing the electric field distribution on that plane; the vertical slice from
the left pane expanded; and the electric field distribution 5 µm above the bottom surface of the
chamber shown in the horizontal slice in the left pane. In vitro application of electric fields was
performed in glass-bottom chambers with Pt/Ir electrodes submerged in low-conductivity KPB
pulsing medium. The electric field shown was modeled at steady state and with a voltage of 1.0 V
applied to produce a relatively homogenous electric field (±3.5% variation in intensity between
the electrodes). The isopotential contours and the colormap indicates the distribution of the electric
field within the imaging chamber and the dotted line indicates the region from which images were
obtained. The gray arrows all point in the same direction to indicate the orientation each image.

[224] with several caveats. Assuming the load may be modeled as having parallel resistive and

capacitive components, R(t) and C(t), leading to resistive current IR(t) and capacitive current IC(t),

respectively. Assuming that the resistance of the medium is constant R(t) = R and ideal pulses are

delivered (i.e. each pulse starts and ends as V0 =Vf = 0), the capacitive current disappears, giving

E =
∫

τon

0
V (t)

(
IR(t)+ IC(t)

)
dt =

∫
τon

0

(
V 2(t)
R(t)

+V (t)C(t)
dV
dt

)
dt

≈
N

∑
i=1

V 2
i

R
τi =

V 2

R
τon, (3.1)

where τon = ∑τi is the total energized time of the electrodes during the treatment scheme, N is the

total number of pulses in either polarity, τi is the pulse width of each pulse, and V is the steady-

state amplitude of the pulse. Each of the treatments were designed to have equivalent τon and the
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applied potentials |Vhi| in treatments B, C, and D were equivalent (500 V). Estimating the total

energy delivered for treatments B, C, and D, V 2
hiτon is considered constant and, if the resistance

is also considered constant and estimated from V-I measurements as R ≈ 150 Ω, similar applied

energies were used for each treatments B, C, and D, with treatment A having a slightly lower

applied energy due to the lower potential. The estimated energy dosage delivered during treatment

A is estimated to be 0.12 J and 0.33 J for treatments B, C, and D. These estimates are corroborated

by the measured potentials (Fig. 3.2). To estimate the worst-case Joule heating experienced by

the cells during treatments B, C, and D, we assume that the energy delivered to the cells over the

course of the treatment was immediately and entirely converted to heat to induce an instantaneous

temperature rise as [225]

∆T =
|V |2σ

d2cpρ
τon (3.2)

where V is the amplitude of the voltage applied between the two electrodes, σ is the conductivity

of the medium d is the distance separating the two electrodes, and cp and ρ are the heat capacity

and density of the medium, respectively. Assuming the properties of the medium are approxi-

mately that of water with altered conductivity (cp = 4200 J/(kg·K); ρ = 1000 kg/m3; d = 0.004 m;

σ = 0.16 S/m; τon = 0.02 s), we calculate that the worst-case temperature increase would be

11.9◦C for treatments B, C, and D. This increase would result in an increase from 25◦C to 37◦C,

which is approximately within the normal physiological temperature range. Furthermore, when

Joule heating was considered in the finite element model of the electrodes (results not shown), the

temperature increase of the portion of the chamber in which the cells were observed was calculated

to be less than 10◦C for treatments B, C, and D and less than 4◦C for treatment A.

3.2.3 Microscopy & Fluorescent Staining

Imaging was performed using an inverted fluorescence microscope (AxioVert 200, Zeiss, Oberkochen,

Germany) with a 100x oil immersion objective (NA = 1.4). To monitor PI uptake, the cells were
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Figure 3.2: Pulsed electric fields (PEFs) were applied using several schemes. Each treatment
scheme is shown listed a single row. The left plot in each row shows both voltage Vapp trace for
the first 20 µs of the applied pulse train. The right plot shows two characteristic periods of each
pulsing scheme. Each treatment was performed as follows: A.) 200 monopolar pulses of 100 µs in
length and 300 V amplitude; B.) 200 monopolar pulses of 100 µs in length and 500 V amplitude;
C.) 200 bursts of containing 50 pulses each (10,000 total pulses) of alternating polarity at 500 V
absolute amplitude with 1 µs delay between each pulse; D.) 200 bursts containing 50 pulses each
(1×104 total pulses) of alternating polarity at 500 V absolute amplitude with 4 µs delay between
each pulse to create a continuous pulse train across the whole treatment duration. 200 periods of
length 500 µs comprised each treatment scheme to conserve equivalent total treatment time across
all treatments (100 ms).

illuminated using a monochromator set to an excitation wavelength of 490 nm (Polychrome IV,

T.I.L.L. Photonics, Munich, Germany) and the emitted PI fluorescence was detected through a

605 nm bandpass filter (605/55 nm Chroma, Rockingham, VT) and a cooled CCD camera (Visi-

Cam 1280, Visitron Systems, Puchheim, Germany) as previously described [65]. Fluorescence

images (12-bit) were captured using MetaMorph 7.7.5 software (Molecular Devices, Downing-

town, PA). Control images were obtained immediately prior to PEF treatment.

47



3.2.4 Time Series Images & Pulse Parameters

Time-series images were obtained by synchronizing a laboratory prototype H-bridge-based pulse

generator (University of Ljubljana) with the image acquisition software using a 3 ms logical trigger

pulse (5 V) from the computer controlling the image acquisition to the input trigger on the pulse

generator. The triggering delay between the rising edge of the trigger pulse and the beginning

of the pulsing protocol was 200 ns. Pulses were applied as described above and imaging was

performed at a rate of 5 Hz with the first frame being synchronized with the beginning of the

pulse treatment. Oscilloscope recordings (Wavepro 7300A, LeCroy, USA) of the applied voltage

Vapp using a high voltage probe (ADP305, LeCroy) from each treatment are shown in Fig. 3.2.

Specifically, treatment A is a train of 200 positive-polarity pulses of 300 V amplitude, each lasting

100 µs and repeated at a rate of 2 kHz (repetition period of 500 µs). Treatment B is exactly the

same as treatment A, except with a pulse amplitude of 500 V. Treatment C composed of 200×

500 µs periods containing 50 alternating positive and negative pulses of 1 µs duration and 500 V,

separated by a 1 µs delay between each pulse, and the whole burst followed by a 300 µs delay

before the beginning of the next burst (20,000 total pulses). Treatment D is a series of 20,000×

1 µs alternating bipolar pulses of 500 V with a delay of 4 µs between each pulse. Each treatment

consisted of 200 periods (N = 200) lasting 500 µs each (T = 500 µs), for a total treatment time of

exactly 100 ms for each pulsing scheme (N×T = 100 ms).

3.2.5 Determination of Cell Electroporation Threshold

Measurements were obtained from images captured three minutes post-treatment from cells treated

with PEFs composed of waveforms similar to those appearing in treatments A & B, C, and D with

varying amplitudes from 0 to 500 V, corresponding to electric field intensities of 0− 1250 V/cm

(±3.5%, depending on cells’ precise location between the two electrodes). Cells were stained with

PI in the same manner as described above. To generate the electroporation threshold curves in Fig.

3.3, the ratio of cells containing detectable levels of PI to total cells was calculated and plotted.
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Figure 3.3: Cells exposed to PEF treatments
of high-frequency bipolar pulses become sim-
ilarly electroporated to cells exposed to longer
monopolar pulses, though at higher electric
field intensities. Fluorescent images were
thresholded at 1% of the camera’s dynamic
range and overlaid on corresponding bright
field images prior to counting. If a cell con-
tained any fluorescence above the threshold
value, it was considered electroporated.

3.2.6 Image Processing

Image processing was performed using ImageJ (2.0.0) (U. S. National Institutes of Health, Bethesda,

MD) and Python 3.5.1. For the time series data, images were thresholded by intensity at 0.5% of

the total dynamic range of the 12-bit camera used. Within each image, a rectangular region of

interest was identified around the fluorescent polar regions of the cell and the arc lengths. The

corresponding arc angles within these regions were calculated using additional information from

bright field images taken prior to electroporation to estimate the radii of the spheroidal cells (Fig.

3.4). The fluorescence intensity at the anodic and cathodic poles along the cell membrane were de-

termined by averaging 10 pixels along the radial direction for each pixel around the cell membrane

to estimate the circumferential fluorescence intensity profile. The fluorescence intensity at the cell

poles is reported as the average intensity of the circumferential between ±5◦ of the pole (90◦ for

the cathode and 270◦ for the anode) normalized to the background. To quantify the anodic-cathodic

crescent asymmetry, two-sample z-tests were performed for each treatment group for the cathodic

and anodic electroporated arc lengths and average fluorescence intensities.
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Figure 3.4: Propidium fluorescence rapidly increases asymmetrically at the electropermeablized
cellular poles for long monopolar pulses and symmetrically for equivalent energy short, bipolar
pulses. Images of cells are plotted every 200 ms during and post-treatment for pulsing scheme.
The anode is located at the top of each image and the cathode at the bottom, as indicated by the
legend to the right of the images. Cell images are representative of typical observations for each
PEF treatment scheme.

3.2.7 Propidium Uptake Calculation

The Nernst-Planck equation describes the conservation of mass in an electro-diffusion system, and

has historically been used to model the mass transport in electroporated cells [80, 85, 156]. In

the case of a cell in a media-filled well, the fluid is stationary |u| = 0. Additionally, over the

time-scales observed, the image exposure time was 2 times greater than the total duration of the

electrical pulses, which only took place during the first imaging frame. Therefore, the applied

electric field is not present in the subsequent frames (|E| = 0) and the potential-dependent term

disappears. These simplifications leave the purely diffusive Fick’s law J =−Dc∇c as the principle

equation governing the molecular transport during the post-pulsing imaging sequences where c and

Dc are the concentration of and diffusivity of PI, respectivtly and J is the flux vector. Assuming that

there exists an ample concentration of PI in the cell exterior such that the concentration anywhere

outside the cell along the radial direction is the same,

Jr =
V
A

∂c
∂ t

=−Dc
∂c
∂ r

(3.3)
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where A is the surface area of the cell membrane and V is the volume of the cell. The radial

derivative in Eq. 3.3 can be discretized using ∂c/∂ r ≈ (cout − c)/dm and the whole equation may

then be rewritten in terms of the net permeability Pm of the membrane along the outward radial

direction as [85]

dc
dt

= Pm(cout− c), (3.4)

Pm ≈ DcA/(V dm) (3.5)

where dm is the thickness of the cell membrane. It has been shown that there exists a linear

relationship between average fluorescence intensity I and concentration c of bound fluorescent PI at

concentrations on the order of those in the experimental setup herein [81, 146, 156]. Representing

this relationship as c = αI with proportionality constant α , and substituting this expression into

Eq. 3.4, an expression may be found that approximates the effective membrane permeability by

the equation

Pm =

(
1

αIsat−αI

)
d(αI)

dt
,

=

(
1

Isat− I

)
dI
dt

, (3.6)

where Isat is the average fluorescence intensity of the cell at saturation. Fig. 3.7 shows the intensity

of an average cell exposed to PEF treatments A, B, C, and D. In each frame (5 Hz image acqui-

sition rate), the average fluorescence intensity of the cell is shown on the left panel. The change

in intensity over time is shown in the middle panel and indicates that the fluorescence intensity

reached a maximum for cells exposed to treatment A before decaying. Using the data from treat-

ment B to determine the saturation concentration of PI (i.e. the fluorescence intensity at t = 10 s)

the permeability of the membrane may be determined for the remaining treatments: A, C, and D

(right panel of Fig. 3.7). The right panel shows the permeabilization of each cell calculated using

Eq. 3.6. The trace for treatment B introduces a singularity in the permeabilization plot because the
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denominator becomes zero when the fluorescence intensity is at a maximum. This is not the case

for treatments A, C, and D because they are less permeabilized and therefore are evaluated in this

manner.

3.3 Results

3.3.1 Short Bipolar PEFs Require Higher Amplitudes to Obtain Detectable

Cell Permeabilization Compared to Long Monopolar PEFs

In cell populations exposed to the long, monopolar pulses in PEF treatments A and B (indicated

as A & B), we detected intracellular PI at electric field intensities approximately 500 V/cm lower

than in populations exposed to the bursts and continuous applications of short, bipolar pulses in

PEF treatments C and D, respectively. For waveforms A & B, cell permeabilization is detected

above 250 V/cm, at least 20% of the cell population is repeatably permeabilized, with the fraction

of permeable cells increasing steeply until saturation at approximately 600 V/cm, where 100% of

the population of cells is permeabilized as determined by measurable concentrations of PI (Fig.

3.3). Waveforms C an D require higher amplitude electric fields to permeabilize cells, whereby

membrane permeabilization by PI can be detected above 900 to 1250 V/cm. However, little dif-

ference exists in the permeabilized population between C and D waveforms, with only marginally

lower thresholds exhibited for the bipolar bursts in waveform C. Due to the limitations of the pulse

generator, 500 V (corresponding to an electric field intensity of 1250 V/cm) was the maximum

amplitude tested experimentally, which was slightly too low to achieve complete permeabilization

in the case of treatments C and D.
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3.3.2 Bipolar Bursts of PEFs Generate Shorter, Less Permeabilized Regions

on the Cell Membrane than Monopolar PEFs

Spatially and temporally resolved PI uptake into single cells was observed in vitro and quantified

using images obtained during and immediately following PEF treatment (Fig. 3.4). The results

indicate that the electroporated region of the cell membrane allowing PI transport is smaller for

treatments C and D than for treatments A and B. These crescent-shaped regions correspond to re-

gions on the cell membrane that have exceeded the transmembrane potential threshold and become

electroporated or exhibit increased permeability. For all tested waveforms, PI uptake was detected

only across membrane regions facing the anode (positive electrode) and cathode (negative elec-

trode). As known from previous studies, the regions of the cell membrane allowing PI transport

correspond to regions of the membrane that have become destabilized and allow molecular ex-

change between the intracellular and extracellular environments. For monopolar waveforms A and

B, the arc length of the detected permeabilized membrane region was significantly (p < 0.0001)

larger on the anodic side compared to the cathodic side, with waveform B resulting in larger per-

meabilized region than treatment A (Fig. 3.5). Both observations are consistent with previous

reports [81, 168, 226]. Waveform C resulted in equal arc lengths corresponding to the permeabi-

lized membrane regions on both sides of the membrane, whereas waveform D resulted in larger

arc lengths on the anodic side, but at a lower significance level (p = 0.0454 < 0.05), with both

waveforms C and D resulting in about 50% less PI uptake at the same amplitude and treatment

time as treatments A and D (Fig. 3.5). This trend is evident in Fig. 3.5, by the significantly low-

ered cathodic electroporated regions in treatments C and D compared to those in treatment A and

B. The much greater time rate of intensity change in Fig. 3.6 also indicates less surface area of the

membrane is electroporated and within this area, the transport of PI is reduced by 50% in treat-

ment C, compared to treatments A and B. Significant changes in the cell’s spherical shape were

not apparent during the observation period with an average change in radius elicited in cells by

treatment A of −4.25±2.10% (n = 16), by treatment B of −6.84±1.91% (n = 15), by treatment
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C of 5.62±0.61% (n = 22). and by treatment D of 5.83±0.53% (n = 18). The change in radius

of the untreated cells was 2.27±0.93% (n = 7; mean ± standard error).

Figure 3.5: The spatial extent and degree of the electroporation cap are skewed in the direction of
the cathode during long monopolar pulsing whereas for short bipolar pulses show more symmetric
electroporated caps. fluorescence intensity values were quantified around the circumference of
each cell and plotted for each treatment (dotted black lines) and the average for each treatment
group (solid red line) (left panel). electroporated caps were identified as regions along the cell
membrane exhibiting fluorescence intensity more than 0.5% of the total dynamic range of the
camera with exposure of 100 ms beginning immediately following pulse treatment (middle panel).
The angle φ is the arc angle on which 2-dimensional arc length projection lies. The fluorescence
intensity average over 10◦ centered on the cathode and anode are shown (right panel). Statistics
presented are the result of a two-sample z-test performed to compare the anodic (dark gray) and
cathodic (light gray) arc lengths.

3.3.3 Membrane Resealing and Concentration Gradients Compete to Limit

PI Influx

PI flux into an electroporated cell is ultimately limited by two competing mechanisms: concentra-

tion gradients and membrane resealing (Eq. 3.4). Fig. 3.6 shows how the fluorescence intensity

time derivative along a cell’s anode-to-cathode diameter (parallel to the electric field) changes over

time, normalized to the cell radius. In order to become maximally fluorescent, PI must enter the

cell and bind to nucleic acids. It was observed that the binding process is sufficiently rapid and oc-

curs within microseconds of the PI entering the cell [156]. While small portions of the fluorescent
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Figure 3.6: Propidium flux magnitude along the normalized cellular diameter is rapid and asym-
metric for long monopolar pulses while elongated and symmetric for rapid bipolar pulsing
schemes. The relative change in propidium fluorescence with respect to time is calculated ev-
ery 200 µs and plotted along a normalized cellular diameter where 1 and -1 correspond to the
cathode-facing and anode-facing hemispheres, respectively. The time derivative is given in units
of AU/s (arbitrary units per second) and where dI/dt > 1 is the region inside the white contour
and dI/dt < 1 outside.

region in some cells reach values near the saturation intensity of the camera sensor, the whole-cell

fluorescence measurements are an average over the entire cell and plateau at a value roughly 75%

of the maximum 12-bit camera sensor value (i.e. 4095). Therefore, the average fluorescence in-

tensity changes within the cell are directly proportional to the PI that has entered the cell. Fig.

3.6 shows how the change in fluorescence intensity at the two cell poles is rapid at time t ≈ 0,

corresponding to the initial rapid entry of the PI into the cell unilaterally across all treatments.

However, differences quickly arise when the evolution of the intensity change profile is observed

between each PEF treatment. Treatments A, C, and D indicate that an initial rapid influx of PI

occurs at the cell poles followed by a long, gradual decay, though the values are always positive.

The asymmetries observed between the PI uptake at the cells’ anodic and cathodic poles in treat-

55



ment A are recapitulated in the temporal-spatial evolution profiles in Fig. 3.6. Following treatment

B, however, the change in PI intensity reaches steady state for t > 10 s, indicating that the mem-

brane permeability has saturated the nucleic acid binding sites state relatively quickly. Treatments

C and D of equivalent amplitude never reach this equilibrated state within the observation period

(30 s post-treatment). In treatment A, the membrane never reaches the same permeabilized state

as in treatment B to allow similar concentrations of intracellular PI. Because treatment B reaches

equilibrium much faster than treatments A, C, and D and in each trial, the cell was exposed to

the same concentration of extracellular PI, membrane permeability is the effect in treatments A,

C, and D that largely limits the observed PI uptake for PEF treatments prior to reaching diffusive

equilibrium.
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Figure 3.7: The permeability induced by long, monopolar PEF treatments A and B induce signifi-
cantly greater membrane permeability than short bipolar treatments C and D. The evolution of the
average fluorescence intensity of the cells over time is plotted for treatments A, B, C, and D (left).
The evolution of the change in fluorescence intensity over time is plotted for each of the treatments
(center). Knowing the evolution of fluorescence intensity and its first derivative with respect to
time enables the calculation of membrane permeability Pm using Eq. 3.4 (right). If, as in the case
of the treatment B, the propidium concentration ceases to change while Pm 6= 0, as evidenced by
the continued change in the other treatment plots in Fig. 3.6, diffusive equilibrium has been es-
tablished quickly. This enables the calculation of the maximum saturation intensity I0 used in Eq.
3.4 to calculate the permeability of the other treatments. Fluorescence intensity measurements I
are given in arbitrary units and permeability Pm is given in AU/s (arbitrary units per second). The
effective permeability generated by treatment B reaches equilibrium quickly and creates the singu-
larity in the Pm profile in the third panel, as the equilibrium fluorescent value induced by treatment
B was used in the calculation of the other profiles using Eq. 3.6.
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3.4 Discussion

3.4.1 Higher Amplitude is Required for Short Bipolar PEFs to Achieve Sim-

ilar Permeabilized Region Sizes and Degrees as Longer Monopolar

PEFs

The degree of permeabilization and surface area of the permeabilized membrane region both de-

pend on PEF parameters used. Here, we show that PEF treatments consisting of trains of bipolar

pulses on the order of 1 µs require much greater amplitudes to generate similar levels of electropo-

ration compared to those observed in longer pulse width monopolar PEFs (Fig. 3.3), for equivalent

total treatment times. As determined through PI transport, these permeabilized regions appear sim-

ilarly fluorescent to cells exposed to monopolar PEFs on the order of 100 µs (treatments A and B;

Figs. 3.5). Further, in treatments A and B, (delays of 400 µs between pulses), and treatment D (de-

lays of 4 µs between pulses), cells exhibited greater permeability on the cathode-facing cell region

than the anode-facing region (p = 0.01). The span of the permeabilized region, in addition to the

the degree of permeabilization, is varied between short bipolar pulses and longer monopolar pulses

and increases the net PI uptake observed in vitro. Treatment C, however induced similar degrees

of permeabilization within similarly-sized regions at both poles, indicating that the mechanisms

driving PI uptake occur on the time scale of ∼ 1 µs.

The decreased permeabilization observed following short bipolar PEFs, despite equivalent-amplitude

and equivalent treatment times, has been largely attributed to two biophysical mechanisms: incom-

plete charging and assisted discharge. The characteristic charging time of the cell membrane is on

the order of 1 µs [227], which is two orders of magnitude smaller than the pulse width of PEFs

typically used in ECT, GET, and traditional IRE. Low-conductivity extracellular medium used in

in vitro studies to limit heating by minimizing the current flow further lengthens the charging time

of the membrane. When the pulse width of the applied electric field approaches the charging time

of the membrane, a significantly reduced induced transmembrane potential (Fig. 3.8; calculation
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performed as in [167], using the conductivity of the low-conductivity buffer given in Section 3.2.1).

Low-conductivity extracellular medium typically used in in vitro studies to limit heating by mini-

mizing the current flow may lengthen the membrane charging time further. If the transmembrane

potential is unable to reach the same amplitude attained by short bipolar pulses as it does when

longer monopolar pulses are applied, the probability of membrane permeabilization decreases.
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for short bipolar PEFs are unable to achieve
the same amplitudes as longer monopolar
pulses in low-conductivity medium. The
calculation is based on the Laplace trans-
form to determine the transient response of a
cell in the presence of PEF treatments with
equivalent-amplitude pulsing schemes B, C,
and D with rise times of 20 ns.

For such short bipolar pulses, a pulse cancellation or healing mechanism has also been proposed

to account for decreased PI uptake for pulses of nanosecond pulse widths (nsPEFs). While not yet

rigorously explained, the second square nsPEF pulse following an initial nsPEF pulse of opposite

polarity has been observed to negate a portion of the membrane restructuring induced by the first

pulse [138, 228]. When the delay between the first and second pulse is increased, the cancella-

tion effect is mitigated, as if two pulses were delivered independently [229]. This cancellation

mechanism could explain the greater electroporation voltage threshold (Fig. 3.3) in addition to

the asymmetries between treatments A and B. (Fig. 3.5). The alternating polarity, pulse width,

and intra-pulse delay on the order of the membrane charging time could account for the symmetry

in electroporated region observed in treatment C: both sides of the membrane become similarly

permeabilized because the differences induced on any particular side by one pulse are quickly

mitigated and/or balanced by a second pulse of opposite polarity.
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3.4.2 Propidium Ions Continue to Enter the Cell Long After Completion of

PEF Treatment

The presence of fluorescence signal indicates that the cell membrane remains permeabilized long

after the conclusion of the applied electric field (Fig. 3.5). If electrophoresis is the dominant

mechanism for propidium ion influx, the electrophoretic force acting on the propidium ions is

necessarily parallel to the electric field [80, 81]. The ions would enter the cell from only one of

the poles, depending on their charge and the directionality of the electric field. In this case, it

is possible that the electrophoretically-driven propidium ion flux would force concentrations of

propidium ions into the cell membrane beyond the concentration of binding sites available. Upon

removal of the electric field, intracellular diffusion would slowly allow binding of the remaining

propidium ions until the binding sites are saturated with propidium ions throughout the cell, even if

the membrane quickly reseals [80]. The presence of fluorescence signal in both regions following

completion of monopolar PEF treatments A and B indicates that propidium ions are able to diffuse

throughout the unsaturated binding sites on the cellular interior. If the permeability of the cell

membrane is sufficiently large as to allow diffusive equilibration and subsequent binding-site satu-

ration, as in the case of cells exposed to PEF treatment B, the cell’s fluorescence intensity plateaus

quickly and it becomes difficult to visualize changes in a cell’s net permeabilization. In this case,

all of the propidium ion binding sites are occupied and the fluorescence intensity will not increase

further. Fig. 3.5 indicate that the cells exposed to treatment A (long monopolar PEFs) have a larger

membrane areas that are permeabilized to a greater degree than for treatments C and D. With 60%

lower amplitude, treatment A is able to generate a two-fold increase in effective permeability over

treatments C and D (Fig. 3.3), which generate similar permeability states (Fig. 3.5).

Spatial observations of the regions of increased permeability in vitro are also important for a com-

putational model seeking to accurately describe electroporation. The electroporated membrane

regions around a spherical cell must be finite for a molecule of a specific size. If a molecule is

typically unable to pass through the membrane, and only through portion does transport occur,

60



and in agreement with previous literature, the permeabilized region of the membrane is finite and

dependent on the pulse parameters chosen for a given PEF treatment [85]. Though treatments A

and B elicited significantly larger electroporated regions than treatments C and D (Fig. 3.5), the

fluorescent regions of the cells in Fig. 3.4 are discrete and considered the only portions of the

membrane to allow transmembrane transport of propidium ions [85]. The presence or absence of

asymmetry in electroporated arc length has been shown to depend on the waveform of the applied

electric field. For treatments comprised of long-duration monopolar pulses (100 ms), longer than

those in as treatments A and B (100 µs), asymmetrical uptake of PI has been observed [81] and

this effect has been replicated here with the intensity (Fig. 3.5) and time change of intensity on the

cathodic and anodic hemispheres of the cells observed (Fig. 3.6).

3.4.3 Objective Analysis of Different Electroporation Protocols May Be Per-

formed Using Permeability Estimates

When PI binds to nucleic acids, it undergoes a dramatic fluorescence increase, making it useful

in assays for evaluating membrane integrity, such as cell death [195] or membrane permeabiliza-

tion [81, 226], which rely on a binary result. Continuous measurements have been performed

[146] using chemical agents to calibrate fluorescence intensity measurements, though they have

not been used to study the temporal evolution of membrane permeability induced by electric fields

with pulse widths on the order of the characteristic membrane charging time. Fig. 3.6 and Fig.

3.7 show that the fluorescence change over time has ceased and the average fluorescence inten-

sity has plateaued at t ≈ 10 s, indicating that the PI binding reached a maximum. By quantifying

the cell membrane’s permeability, it may be possible to objectively evaluate treatments with radi-

cally different pulse parameters by comparing the effective permeability—and therefore potential

molecular transport—induced by different PEF treatments. Electroporation pulse parameters of

different timescales, different amplitudes, and different waveforms may be analyzed by evalu-

ating the permeabilization they induce. Indeed, two arbitrary sets of pulse parameters may be
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theoretically evaluated for clinical treatment using the membrane permeabilization as an objective

measurement for the efficacy of the treatment.

Complicated by the binding kinetics that generate the observed PI-based fluorescence, the ultimate

fluorescence value at each point depends on the concentration distribution of nucleic acids within

the cell. A valid discussion of these results is not complete without a consideration of the limits and

drawbacks of this type of analysis. First, the saturation intensity Isat may not correspond to an ab-

solute concentration, but rather serves as a point of comparison between several treatment schemes.

Assigning a value of Isat to the maximum intensity observed allows permeability measurements to

be evaluated between each treatment. Therefore, it also must be noted that the permeability mea-

sures observed are relative to a specific fluorescence value: in this case, the maximum observed

in a cell. However, referenced to that point, the relative permeability induced by several different

PEF treatment schemes may still be determined.

One particularly apparent drawback of calculating the relative membrane permeability in this man-

ner is apparent in the third panel of Fig. 3.7: the complication that photobleaching could present.

Eq. 3.4 indicates that the average intensity at every time point is subtracted from the average max-

imum intensity at saturation to resolve the calibration curve. When these measurements are close

to the maximum average fluorescent value of the saturated cell, the denominator approaches zero

(Isat− I→ 0) and the calculation no longer reflects the effective permeability of the cell membrane

near this singularity, such as for treatment B in the third panel of Fig. 3.7. In order for Eq. 3.4 to

reflect a realistic estimate of the relative permeability of one treatment with respect to a reference,

the average fluorescence intensity of the cell I must be sufficiently lower than the reference point

Isat .
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3.4.4 Clinical Implications for Bursts of Short Bipolar Microsecond Pulsing

Schemes

Recently, reports of in vivo high-frequency IRE (HF-IRE) treatments have shown that bursts pulses

of 1 µs widths and alternating polarities (bursts similar to those in treatment C), applied at a repeti-

tion frequency of 1 Hz, could be useful in the clinical setting. These HF-IRE pulses overcome the

need for pre-operative neuroparalytic treatment and intra-operative cardiac synchronization when

performing IRE treatments [141, 195, 215]. If incomplete charging is the primary mechanism driv-

ing decreased cell permeability at similar amplitudes using shorter pulse widths, the lack of muscle

contractions observed in HF-IRE could be the result of a similar mechanism. By not sufficiently

charging neurons to generate an action potential with a single pulse, then quickly discharging them

with an electrical pulse of opposite polarity to exploit an assisted discharge effect, a much greater

probability exists that neurons may never reach the necessary voltage threshold for the necessary

duration elicit an action potential [230]. Through such a mechanism, cellular electroporation (Fig.

3.4) may still occur, but without the muscle contractions induced by excited nervous tissue.

In overcoming these challenges, HF-IRE has the potential to enable electroporation-based treat-

ments with reduced pain in an out-patient clinical environment. HF-IRE, however, presents the

added challenge of rendering the cell membrane significantly less permeabilized (treatments C and

D) than the traditional longer monopolar pulses at similar pulse amplitudes and total treatment

times (treatments A and B), as observed in Fig. 3.5. It should be noted that the low-conductivity

buffer used in this study artificially increases the transmembrane potential rise time by limiting the

electrical charge allowed to build on either side of the membrane. In so doing, the system deviates

from an in vivo scenario with higher-conductivity extracellular media, but may still explain the

increased potential threshold requirement for electroporation using HF-IRE over IRE. The results

of this in vitro study do not exactly mirror an in vivo tissue, but instead serve to highlight the differ-

ences between different clinically relevant PEF treatment parameters and identify a possible mech-

anism to explain the differences observed on the cellular level when different pulse parameters are
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applied. It must be noted, however, that this study was expressly designed to study electroporation

and subsequent transport immediately post-treatment. The viability of cells will decrease follow-

ing exposure to temperatures in excess of 40◦C for extended periods of time [231], whereas the

observational period for this study was immediately prior to, during, and post-treatment for 30 s

and the temperature increase increased the temperature yet remained within a physiological range

(∆T ≈ 12◦C from 25◦C to 37◦C). Therefore long-term thermal damage (i.e. protein denaturation,

etc.) affecting cellular viability was not considered in this work.

The practical implication of using HF-IRE treatments over IRE is that greater-intensity electric

fields must be applied to offset the decreased transport while retaining the potential utility of HF-

IRE treatments. The challenges presented by HF-IRE’s shorter pulse widths may be mitigated

through using higher pulse amplitudes to maximize the total membrane permeability (Fig. 3.3),

while retaining its benefits of overcoming the need for neuroparalytics and generating more homo-

geneous lesions. The electrical stimulation threshold required to generate action potentials in neu-

rons increases with decreasing pulse widths [230], which allows the short bipolar electrical pulses

used in HF-IRE to remain below these thresholds yet sill effectively electroporate cells [141], as

demonstrated here. In silico modeling of electroporation is particularly useful and may provide a

numerical method for further optimizing pulse parameters to achieve similar effectiveness as IRE

while retaining the tangible in vivo benefits HF-IRE offers for patient care.

3.5 Conclusion

Clinical electrochemotherapy, gene electrotransfer, and irreversible electroporation treatments di-

rectly depend on cell membrane permeabilization and consequent transmembrane molecular trans-

port of small molecule drugs to perturb cellular homeostasis. Real-time imaging and subsequent

single-cell analysis were performed on cells exposed to pulsed electric fields composed of signifi-

cantly different pulse parameters and schemes. The effective cellular membrane permeability was

calculated using saturated cells to determine the maximum fluorescence intensity of PI-saturated
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nucleic acids. Fick’s law used to calculate the change in permeability over time for cells treated

with each pulsing scheme. Cells treated with short bipolar pulses delivered in bursts of rectangular

pulses on the order of 1 µs with a 1 µs inter-pulse delay produce more symmetric permeabiliza-

tion, in both size and degree, at the extreme cathodic and anodic regions along the cell membrane

while exhibiting a higher electroporation threshold. These data were observed through transport

and subsequent binding of PI across the cell membrane and suggest that efficient membrane per-

meabilization may be achieved using high-frequency bipolar bursts of electrical pulses. The per-

meabilization of cells using HF-IRE may be achieved at the cost of greater electric field amplitudes

to overcome the challenges presented by electric fields with pulse-widths on the order of the mem-

brane charging time. These results indicate that HF-IRE type electrical pulses are able to generate

similar, though more symmetrical permeabilization, which translates to more predictable cellular

response and, therefore, may ultimately result in greater clinical precision when performing IRE,

ECT, and GET procedures.
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4.1 Introduction

Pulsed electric fields (PEFs) are effective in overcoming the transport barrier of the cell mem-

brane by increasing its permeability. A specific motivation for the basic studies reported here is

irreversible electroporation, which has been developed with the purpose of directly inducing cell

death. It is a non-thermal ablation technique that destabilizes a tissue’s constituent cells [16, 59].

Although clinical electroporation treatments are highly effective, the thermal damage associated

with long trains of high-strength pulses presents an obstacle to treatment of larger tissue volumes.

Furthermore, the inability to measure the degree of cellular damage after treatment has impeded

the direct comparison of different PEF application schemes.

Following PEF application, a cell membrane can gradually reseal [87]. The greater the duration

of the permeability increase, the less viable the local cell population will become [58, 85]. This

loss of viability is attributed to the formation of pores within the cell membrane driven by large

transmembrane potentials (TMPs) [14, 67]. Pores decrease the membrane’s ability to inhibit the

flow of solutes into and out of the cell [111, 148]. The degree to which molecules flow through

a membrane following PEF application is often due to the membrane’s enhanced diffusive per-

meability. This quantity is widely used to study membrane dynamics following PEF application

[49, 90, 91, 232]. Small-molecule tracers, including propidium (Pro), have been developed to emit

a strong fluorescence signal when metabolized or bound to intracellular structures, but are blocked

by an intact membrane. Through calibration, such molecules are used to measure molecular flow

into cells following PEF application [81, 89, 146, 147]. Measuring the diffusive permeability of a

cell has also been proposed as a quantitative method of comparison between different PEF applica-

tions [94]. However, such measurements have not been reported beyond recent estimates involving

PEFs with thousands of pulses.

Here we quantify the increase in the diffusive permeability of cell membranes following single-

pulse PEF application. We show that the permeability of a cell membrane in the minutes following

the application of an electrical pulse is a good indicator of the ultimate molecular uptake and that
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the cell remains permeable to Pro ions for tens of minutes following PEF application. This is, to our

knowledge, the first report to provide a method to quantitatively measure membrane permeability

to small molecules using standardized fluorescence microscopy techniques and equipment. We

report the first of such measurements from individual cells following the application of a single

electrical pulse. We also identify a subpopulation of cells that exhibit a prolonged uptake of Pro at

lower strengths and shorter pulse durations than is generally required to elicit a larger, more rapid

uptake response. We then hypothesize that there exists a diffusive permeability threshold beyond

which the cell is irreversibly permeabilized. Our results further indicate that it may be possible to

effectively apply electroporation treatments with a single electrical pulse, resulting in less thermal

damage than would be generated by longer pulse trains.

4.2 Materials and Methods

4.2.1 Microfluidic Chamber Design

The geometry of a microfluidic chamber was designed to generate a linear electric field gradient

along the length of the chamber (Fig. 4.1a-c) by tapering the channel along its length accord-

ing to the equation y(x) = a/(x+ b) with appropriate boundary conditions (y(0) = 0.63 mm and

y(10 mm) = 0.13 mm; a = 1.6 and b = 2.5) [100]. To solve for the electric potential field within

the chamber, Poisson’s equation was formulated as a boundary value problem with homogenous

conductivity in the three-dimensional, source-free chamber interior. A first-order tetrahedral mesh

was generated using GMSH (version 2.9.3) [233] for analysis within the FEniCS finite element en-

vironment (version 2016.2.0) [234]. Dirichlet boundary conditions were prescribed for the cylin-

drical regions at either end of the chamber that represent the electrode surfaces inserted into the

channel and set to the steady state voltage obtained from the 10, 100, and 1000 µs pulses (Fig. 4.2).

No-flux Neumann boundary conditions were prescribed to the exterior boundary of the chamber.

The numerical error was calculated under the L2 norm and the mesh of the chamber iteratively re-

68



Figure 4.1: Microfluidic chamber for exposing cells to electric fields, E. (a) The electric field
strength increases linearly along the axial direction (x-axis) of the tapered microfluidic chamber.
Stainless steel electrodes are present at either end of the chamber to generate E during voltage
application. (b) E is presented as a function of distance along the vertical axis of the chamber y at
2, 4, 6, and 8 mm along the x-axis. The dotted gray lines indicate the chamber boundaries. (c) E is
also presented as a function of the distance along the horizontal axis of the chamber x. The dotted
gray lines indicate the positions within the chamber at which the cells were observed.

fined until the relative error between two consecutive solutions was < 5%. The electric field values

reported are calculated from the voltage measured at the electrode after the ringing on the rising

edge has stabilized (i.e. 170, 250, 320, and 400 kV/m; Fig. 4.5). The same naming convention

was followed for the 1 µs pulse for consistency, recognizing that ringing dominates its waveform

and is not accurately described by a single value.
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Figure 4.2: An electric potential was applied across the microfluidic chamber through the elec-
trodes at either end at a set potential of 3 kV. The microfluidic chamber contained PBS during these
measurements. Ringing on the solid-state half-bridges in the pulse generator generated peaks in the
voltage trace lasting between 100-200 ns at peak potentials of approximately 6 kV for each pulse
waveform. Though this ringing could induce electroporative effects, these were not considered in
the analysis presented here. Accordingly, the pulse widths are referred to as 1 µs (a), 10 µs (b),
100 µs (c), and 1000 µs (d) in the present text.

4.2.2 Microfluidic Chamber Fabrication

The physical chamber design was patterned on a silicon wafer using deep reactive ion etching

[235], then placed under a vacuum for one hour. Polydimethylsiloxane (PDMS; Sylgard 184, Dow

Corning, Midland, MI, USA) was mixed in a ratio of 10:1 monomer to cross-linker, degassed

under a vacuum, poured over the silanized negative master mold, and heated at 65◦C. After 15

min, the temperature was increased to 100◦C for at least an hour before the mold was allowed to

cool to room temperature. Once cool, the cured PDMS was removed from the mold and holes

were punched in either end of the chamber (Fig. 4.1a) using a 24 AWG biopsy punch (Integra

LifeSciences, Plainsboro, NJ, USA) to allow access to the chip interior once assembled. The cured

PDMS was then plasma-bonded to a 1 mm thick glass slide that served as the base of the chamber

to complete the fabrication process. For confocal imaging, a 0.1 mm thick glass slide was used.
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Figure 4.3: The radial distribution of CHO-K1
cells in suspension prior to introduction into
the microfluidic chamber. The average radius
of CHO-K1 cells suspended in complete F12-
K growth medium was 7.0± 0.5 µm (dotted
line) immediately prior to introduction int the
microfluidic chamber (n = 1000 cells). Data
was obtained using images recorded by a Vi-
Cell system, with each image containing an
average of 13±6.4 cells. Reported values are
given as mean± std.

4.2.3 Cell Culture and Microfluidic Chamber Seeding

CHO-K1 cells (ATCC, Manassas, VA, USA) were cultured in Ham’s F12-K medium (Gibco,

Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals,

Flowery Branch, GA, USA) and 1% penicillin/streptomycin (penn/strep; Life Technologies, Ther-

moFisher Scientific, Waltham, MA, USA). At 70-90% confluence, the cells were trypsinized,

counted using a ViCell cell counter (Beckman-Coulter, Indianapolis, IN, USA), resuspended in

fresh medium containing 2 drops/ml of NucBlue (Life Technologies), 10% FBS, and 1% peni-

cillin/streptomycin with a concentration of cells 1×106 cells/ml, and injected into the microfluidic

chamber using 24 AWG PTFE tubing (Cole-Parmer, Vernon Hills, IL, USA). At the time of in-

jection, the suspended cells had an average radius of 7.0± 0.5 µm (Fig. 4.3). The chamber was

incubated overnight (12-16 hrs) at 37◦C and 5% CO2 in a humidified environment to allow the

cells to become adherent to the base of the chamber.
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4.2.4 Fluorescence Time-lapse Imaging

Widefield fluorescence imaging was performed on a DMI6000B (Leica Microsystems, Bannock-

burn, IL, USA) equipped with a 63x/0.7 HC PL Fluotar L objective and a 20x/0.4 HCX PL FLU-

OTAR objective, L5 (Ex. 480/40; Em. 527/30) and Y3 (Ex. 545/25; Em. 605/70) filter cubes

(all from Leica Microsystems), and a CM-9100-02 EMCCD camera (Hamamatsu Photonics, K.K.

Shizuoka Pref., Japan). Confocal fluorescence imaging was performed on a LSM 800 (Carl Zeiss

Microscopy, LLC, Thornwood, NY, USA) using a 63x/1.4 Plan Apochromat M27 oil immersion

objective using 353 nm and 488 nm lasers for excitation and detection wavelength bands 400-490

nm and 490-617 nm for the NucBlue and CellTracker channels, respectively.

4.2.5 Cell Area and Volume Reconstruction

A z-stack of confocal images of cells adherent to the base of the chamber were obtained at a z-

resolution of 0.37 µm, with each image measuring 100 µm×100 µm (1000×1000 pixels). Image

stacks were reconstructed in 3D Slicer (4.6.2) [236], imported into Mesh Lab (v2016.12) [237],

and cleaned to remove isolated edges and vertices and close holes to make the mesh watertight.

The surface area and volume of each cell were then calculated from these reconstructions. The

mean and standard deviations of the cell surface area and volume (n = 56 cells) were plotted

as histograms and against each other (Fig. 4.4a-b). The Pearson’s r for the best fit regression

line was r = 0.71, corresponding to a p-value of p = 0.049, indicating a good linear fit by the

line A = k0V + k1, where A and V are the cellular surface area and volume, in µm2 and µm3

respectively, and k0 = 1.2 µm−1 and k1 =−390 µm2 are the constants that describe the statistical

best fit line (Fig. 4.4c).
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Figure 4.4: Calculating the average surface area and volume of a typical CHO-K1 cell in the
microfluidic chamber enables the surface area to volume ratio to be calculated. The cells in the mi-
crofluidic chamber had a sphericity of 0.5± .18 with an average surface area of 1700±1100 µm2

(a) and average volume of 1800±570 µm3 (b). (c) The surface area and volume are correlated with
a Pearson’s r of r = 0.71 (p < 0.05) to the linear regression A = 1.2V −390, where A and V are the
cellular surface area and volume. (d) Chemical permeabilization was performed using 0.2% triton
in PBS with varying concentrations of Pro and the slope of the concentration to fluorescence inten-
sity standard curve was be calculated. The best fit line for the fluorescence intensity-concentration
curve is 700 a.u./µM and passes through the origin.

4.2.6 Chemical Permeabilization and Fluorescence Calibration

Chemical permeabilization was performed in the microfluidic chamber using a solution of 0.1%

Triton-X100 (Sigma, St. Louis, MO, USA) with propidium (0, 1.5, 3, 7.5, 15, 30, 75, 150 µM;

ThermoFisher Scientific, Waltham, MA, USA) in PBS introduced into the chamber using a 1 ml

syringe and 24 AWG PTFE tubing. Images were obtained five minutes following permeabilization
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using a 20× objective with exposures of 20 ms, once the fluorescence intensity in the channel

had stabilized (data not shown). Five images were obtained at each Pro concentration and each

exposure using a 2×2 binning scheme. Chemical permeabilization treatments were performed in

triplicate and it was determined that an extracellular Pro concentration of 30 µM at an exposure

of 20 ms would allow free Pro ions to enter the cell, bind to double stranded nucleic acids, and

remain below the saturation limit of the imaging system (Fig. 4.4d). The fluorescence intensity-

concentration calibration relationship was determined to be I = 700[Pro], where I is the fluores-

cence intensity and [Pro] is given in µM, with a Pearson’s r value of r = 0.63 and corresponding

p-values of p = 2.0×10−7. This calibration provides a correlation between the bound intracellular

concentration of Pro and the free intracellular concentration of Pro at equilibrium.

Figure 4.5: The strength of electric field E at each point in the channel is estimated using voltage
measurements at the two electrodes and the chamber geometry. Pulse durations include waveforms
of 1 µs (a), 10 µs (b), 100 µs (c), and 1000 µs (d). In each figure, E is presented as a function of
time t. Significant ringing exists on the rising and falling edges of each pulse, and is consistently
present between each pulse waveform. E is estimated using voltage traces (Fig. 4.2) as the Dirich-
let boundary conditions on the electrode surfaces and solving for the static field inside the chamber.
In these calculations, it is assumed that the medium in the chamber is purely ohmic. The labels
170, 250, 320, and 400 kV/m are derived from the E values at positions 2, 4, 6, and 8 mm along
the long axis of the microfluidic chamber (Fig. 4.1), simulated using a idealized square pulse in an
ohmic environment. These values are indicated by the steady-state portions of the square wave in
this representation. For simplicity, each value of E is referenced using these labels.
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4.2.7 Electric Field Applications

Electric field pulses were applied to the cells in the microfluidic chamber through stainless steel

electrodes (0.18 mm diameter) inserted into the tubing at the inlet and outlet of the chamber. During

PEF application, cells were immersed in one of three buffer solutions: phosphate buffered saline

(PBS) containing 30 µM propidium (ThermoFisher) with no calcium and no magnesium, phenol–

free serum-free culture medium (SFDF) 1:1 DMEM/F-12 (Gibco) containing 1% penn/strep and 30

µM propidium, or a low-conductivity, calcium-free medium containing 10 mM HEPES (Sigma, St.

Louis, MO, USA), 250 mM sucrose (Fisher Scientific, Pittsburgh, PA, USA), 7.5 mM NaCl (Fisher

Scientific) and 30 µM propidium. The pH of each buffer was adjusted to 7.2 using HCl and NaOH.

The electrical conductivity of the buffers were 1.01, 0.93 and 0.08 S/m for the PBS, SFDF, and

HEPES, respectively, while their respective osmolarities were 278, 306, and 310 mOsmol/l. An

electrical amplifier based on an H-bridge topology was used to deliver 3 kV electrical pulses across

the length of the chamber. A function generator (SDG 5082, Siglent, Solon, OH, USA) was used to

trigger the amplifier and the output voltage was monitored using a high-voltage probe (BTX High-

Voltage Probe, Harvard Apparatus, Hollistion, MA, USA) connected to an oscilloscope (DS1104,

RIGOL Technologies Inc, Beaverton, OR, USA). The anode of the amplifier output was always

positioned at the wide inlet of the chamber. PEFs were applied using a single pulse with four

durations. Electrical pulses were always applied as a single 1, 10, 100, or 1000 µs pulse (Fig. 4.2),

as measured from the initialization of the rising edge of the pulse, to the initialization of the ringing

on the falling edge of the pulse. Images following the pulse application were obtained within 15

s of completion of the application and once every minute for the following 30 min. The electric

field strengths at each position in the chamber are 170, 250, 320, and 400 kV/m, as estimated

from the channel position (Fig. 4.1). Each electric field strength and pulse duration was tested on

subpopulations of cells (n = 27 to 114 cells) in triplicate. Worst-case analysis of the Joule heating

concomitant with pulse applications indicates that the Joule heating at the 250, 320, and 400 kV/m

positions in the microfluidic chamber during a 1000 µs pulse in the most conductive buffers (PBS

and SFDF) induced a > 19◦C temperature increase above room temperature (22◦C), neglecting
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any thermal loses. The resultant temperature increase would therefore remain below 37◦C and

well below the threshold for thermal damage for all other conditions, including the applications

with the low-conductivity HEPES buffer under the same PEF conditions (Fig. 4.6).

Figure 4.6: Numerical simulation of the Joule heating occurring during the microfluidic chamber
during the course of treatment for a single pulse 1, 10, 100, and 1000 µs in width indicates that
thermal damage is not a significant factor except for the cells in PBS (a) and SFDF (b) buffers
treated with a 1000 µs pulse, and not at all for the cells in the HEPES buffer (c). Simulations were
solved for the electrostatic case using −∇ · (σ∇U) = 0 where U is the electric potential within the
channel and applying 3 kV along the electrode surface on the wide end of the chamber. The electric
field intensity distribution was used as the source term in the heat equation ∂tT −α∇2T = σ |E|2
where |E| = |−∇U |, T is the temperature in the channel, the thermal diffusivity α = 0.14 m2/s,
and σ is the electrical conductivity for PBS (1.1 S/m), SFDF (0.98 S/m), and HEPES (0.08 S/m).
Thermal analysis was performed by neglecting the ringing in the applied voltage waveforms and
instead using the steady-state set voltage (3 kV) from the longer pulses. The ambient temperature
was 22◦C during all treatments.

4.2.8 Image Processing

Image files were parsed using FIJI (version 2.0.0-rc-43/1.51d) [238]. Batch image processing was

performed on each stack of images at each time point and each position with the chamber using

CellProfiler (v2.2.0) [239]. First, edge detection was performed on the blue channel (NucBlue-

stained cells) of each image set using a Sobel filter and the nuclei in the resulting images were
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identified. The nuclei in the blue channel were mapped to the red channel (Pro-stained cells) and

the mean intensity, circularity, and area of the nuclei were measured and recorded at each point in

time for each experimental condition.

4.3 Results

4.3.1 Quantitative Calculation of Pro Uptake

Previously, the diffusive permeability of the cell (herein referred to as permeability) has been

shown to depend on the duration and degree of permeabilization of the membrane [58, 227, 232].

To measure permeability, time-lapse microscopy was used to observe the fluorescence intensity of

the nuclei of CHO-K1 cells in a microfluidic chamber (Fig. 4.1). To ensure camera settings did

not interfere with these correlations, calibrations were performed under imaging conditions under

which fluorescence intensity of fluorescence signals did not saturate the camera sensor anywhere

in the image. The nucleus was selected for observation because it exhibits a significantly greater

fluorescence intensity than the other cellular components. In order to make our results quantita-

tive, the average cell volume and surface area were determined. We experimentally established

the relationship between the fluorescence of bound Pro within a cell’s nucleus and the free Pro

inside the cell ([Pro] f ree) by developing standard curves. To obtain these curves, we chemically

permeabilized cells in the presence of increasing fixed extracellular concentrations of Pro. Once

the extracellular free Pro equilibrated with the intracellular free Pro and the intracellular bound

Pro, the fluorescence intensity of the intracellular bound Pro became proportional to concentration

of intracellular free Pro. Extracellular Pro concentrations were selected to be well below those de-

termined to saturate the binding sites in the nucleus (Fig. 4.4d) once diffusive equilibrium between

the intracellular free Pro and extracellular free Pro equilibrium and the binding equilibrium be-

tween the intracellular bound Pro and free Pro had been obtained. Therefore, at equilibrium inside

the cell, our calibration provided an estimate the intracellular free Pro as a function of the fluores-
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cence intensity of the bound Pro in the nuclei of permeabilized cells, based on the expectation that

their interiors are well-mixed [240] and close to equilibrium [241].

This assumption of diffusive equilibrium is supported by many previous reports where the fluores-

cence of Pro and similar molecules are used as surrogates to assess the diffusive transport into cells.

It has been shown that Pro-mediated intracellular fluorescence is able to reach it’s peak intensity

approximately 2 s following the delivery of an electrical pulse 100-fold longer than the maximum

used in the present work [81]. Furthermore, it was noted that Pro is able to enter the cell, bind to

nucleic acids in the cytosol, and become fluorescent in 60 µs, indicating that the binding process

alone requires < 60 µs to occur [156]. Similarly-sized molecules have also been shown to readily

and rapidly diffuse throughout the cell and cross the nuclear membrane after being microinjected

into the cytoplasm [101, 242]. These measurements indicate that Pro is able to enter the cell, bind

to nucleic acids, and become fluorescent within a time period tens to thousands of time smaller

than the time scale of the 60 s interval between consecutive images we employ here. Furthermore,

the fluorescence intensity of the Pro-bound nucleic acids outside the nucleus contribute a negli-

gible integrated fluorescence intensity compared to those within due to the larger concentration

of double-stranded nucleic acids it contains [94, 243]. We assume that the cell interior is well

mixed and the bound Pro is close to equilibrium with free Pro in the cell interior and we therefore

approximate the fluorescence intensity of the nucleus as reflective of the free Pro within the cell.

For the present study, a negligible pressure gradient existed across the cells in the microfluidic

chamber [91, 146, 147]. Electrophoretic forces were neglected and the total flux of free Pro was

considered purely diffusive JPro(t) ≈ ∆(V [Pro](t))/A∆t [94, 156, 244], where [Pro] refers to the

concentration of intracellular free Pro. By determining the intracellular change in free Pro concen-

tration over time (∆[Pro]/∆t) and treating the cell area and volume as constants, the permeability

of the cell membrane Pm,Pro(t) may be estimated as

Pm,Pro(t)≈
1

[Pro]ext− [Pro](t)

(
V
A

)(
∆[Pro](t)

∆t

)
, (4.1)
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where Pm,Pro(t) is the membrane permeability, V and A are the volume and surface area of an

average cell respectively, and [Pro]ext = 30 µM is the external concentration of Pro. ∆[Pro](t) and

∆t are the change in Pro concentration and time, respectively, between two consecutive images in

a time series. The slope ∆[Pro]/∆t was calculated numerically using a forward finite difference

scheme between an image and the one immediately after it. The fluorescence intensity of the nuclei

in each image were averaged and Pm,Pro(t) was calculated using the image and the subsequent

image in the series. A linear fit was performed for the first three minutes of each [Pro](t) curve and

the slope of this line was used to approximate its initial slope ∆[Pro]/∆t. Then, the permeability

of the cell membrane to Pro was calculated using equation 5.3. During the first three minutes of

observation, [Pro]ext << [Pro](0 < t < 3) and therefore [Pro]ext − [Pro](0 < t < 3)≈ [Pro]ext was

assumed in these calculations (Tables 4.1, 4.2, 4.3).

Table 4.1: Average diffusive permeabilities of CHO-K1 cells immersed in PBS immediately fol-
lowing (Pm,Pro(t ∼ 0)) and the final concentration of intracellular Pro 30 min after PEF application
([Pro] f ). Reported values are given as mean± std.

Pulse Width (µs) E (kV/m) [Pro] f (µM) Pm,Pro(t ∼ 0) (pm/s)
n/a n/a 0.34±0.34 60±22
n/a n/a 0.049±0.041 47±32
n/a n/a 0.053±0.051 42±33
n/a n/a 0.035±0.11 21±25
1 170 0.96±1.1 62±39
1 250 0.21±0.37 62±52
1 320 0.12±0.14 31±25
1 400 0.070±0.10 34±24
10 170 0.48±0.39 68±50
10 250 0.38±0.80 110±85
10 320 0.31±0.31 130±110
10 400 0.64±0.67 290±180
100 170 0.29±0.39 140±890
100 250 1.1±3.6 290±900
100 320 1.2±1.4 460±300
100 400 2.0±2.5 640±560
1000 170 3.0±4.4 1700±2400
1000 250 9.3±6.1 4800±4600
1000 320 14±6.5 7200±4600
1000 400 15±6.9 12000±5900

To ensure that our calculations are consistent with these assumptions, the mass transfer Biot num-
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Table 4.2: Average diffusive permeabilities of CHO-K1 cells immersed in SFDF immediately fol-
lowing (Pm,Pro(t ∼ 0)) and the final concentration of intracellular Pro 30 min after PEF application
([Pro] f ). Reported values are given as mean± std.

Pulse Width (µs) E (kV/m) [Pro] f (µM) Pm,Pro(t ∼ 0) (pm/s)
n/a n/a 0.054±0.055 21±12
n/a n/a 0.16±0.84 62±430
n/a n/a 0.0050±0.013 1.0±8.7
n/a n/a 0.28±1.8 7.1±13
1 170 0.045±0.043 20±26
1 250 0.045±0.022 19±20
1 320 0.042±0.027 18±15
1 400 0.059±0.028 30±18
10 170 0.095±0.20 59±36
10 250 0.28±0.85 59±51
10 320 0.24±0.58 66±37
10 400 0.45±1.1 79±37
100 170 0.43±0.95 100±44
100 250 0.69±1.5 110±56
100 320 1.1±2.5 230±280
100 400 4.6±4.9 390±340
1000 170 1.7±2.3 440±170
1000 250 8.6±4.9 1400±870
1000 320 13±8.0 6000±6200
1000 400 16±4.5 13000±4400

ber Bim was used to characterize the ratio of fluidic resistance to the flow of Pro across the cell

membrane compared to the resistance to relatively free diffusion of Pro in the aqueous intracel-

lular and extracellular environments. Bim = LPm,Pro/DPro, where L = V/A ≈ 1 µm is the char-

acteristic length of the cell expressed as the ratio of the volume of a cell V to its surface area A,

DPro ≈ 5.3× 10−13 m2/s is the diffusion coefficient of Pro and similarly-sized solutes inside the

cell [146, 240, 242, 245, 246, 247]. Imposing Bim ≤ 1 indicates that the transport across the cellu-

lar membrane is slow compared to the diffusion on its interior and exterior. From this calculation,

Pm,Pro << 5.3× 10−7 m/s in order to make the well-mixed approximation. The maximum val-

ues we estimate for Pm,Pro are as high as 1.3± 0.4× 10−8 m/s (Tables 1-3), which indicates that

this assumption is valid and we consider the intracellular space well-mixed and close to diffusive

equilibrium.

While we have presented quantitative estimates of the cell membrane’s diffusive permeability to
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Table 4.3: Average diffusive permeabilities of CHO-K1 cells immersed in HEPES immediately
following (Pm,Pro(t ∼ 0)) and the final concentration of intracellular Pro 30 min after PEF applica-
tion ([Pro] f ). Reported values are given as mean± std.

Pulse Width (µs) E (kV/m) [Pro] f (µM) Pm,Pro(t ∼ 0) (pm/s)
n/a n/a 0.039±0.018 16±27
n/a n/a 0.015±0.036 24±24
n/a n/a 0.022±0.014 25±10
n/a n/a 0.024±0.021 21±12
1 170 0.20±0.16 110±97
1 250 0.032±0.029 21±25
1 320 0.078±0.073 55±45
1 400 0.19±0.084 110±34
10 170 0.28±0.094 210±77
10 250 0.58±0.28 430±230
10 320 0.96±0.45 600±320
10 400 1.3±0.49 780±310
100 170 1.4±0.97 880±640
100 250 2.9±1.4 1700±960
100 320 5.7±3.7 2900±1980
100 400 8.3±4.4 4300±3100
1000 170 10±3.6 6200±3400
1000 250 10±4.2 6700±3400
1000 320 11±2.3 7800±2800
1000 400 12±3.0 9500±2700

Pro (Pm,Pro), we must specify the appropriate context and scope of our analysis. The resolution

limit of the 14-bit camera is approximately 30 µM/214 bit depth ≈ 0.001 µM under these con-

ditions. To quantify the reliable resolution for our measurements using equation 5.3, we set the

smallest possible value between two consecutive time point measurements and selected the concen-

tration [Pro](t ∼ 0) = 0 to give the worst-case resolution of our diffusive permeability calculation

as approximately Pm,Pro ≈ 1× 10−12 m/s during the first few seconds to minutes following PEF

application and ∼ 2× 10−8 m/s after 30 min. We note that the low resolution of our determina-

tion at later time points made it difficult to quantify the membrane permeability at these times.

Below these limits, it is possible that a membrane had become permeable, but to a degree less

than the resolution of our analysis would allow (i.e. Pm,Pro < 1× 10−12 m/s) and would be con-

sidered impermeable. Further, the untreated controls are all at or below the resolution threshold

in all measurements, indicating that they are below the threshold for reliable quantification of Pro
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uptake.

4.3.2 Total Pro Uptake Increases with Increasing Post-Pulse Uptake Rate

To efficiently measure the membrane permeability, our microfluidic chamber was designed to en-

able simultaneous measurements of four electric field strengths. By acquiring images at 2, 4,

6, and 8 mm along the long axis of the chamber (Fig. 4.1), cells exposed to four electric field

strengths could be monitored in a single experiment. We emphasize that the electric field strengths

presented are approximate representations of the applied electric field, obtained under electro-

static assumptions and modeled using an idealized square waveform. In order to ensure that

our observations were robust to variability in medium composition, we performed experiments

in phosphate-buffered saline (PBS), phenol-free serum-free DMEM/F12 medium (SFDF), and a

low-conductivity HEPES buffer containing sucrose to balance its osmolarity to a physiological

range (approximately 300 mOsm). The intracellular-extracellular concentration gradient of Pro

persists beyond 30 min following application for all experimental conditions. In Fig. 4.7, it is clear

that the 100 µs and 1000 µs pulses greatly increased the permeability for cells in each application

buffer. Additionally, the molecular uptake of Pro 30 min after application was greatly enhanced

over the controls (Fig. 4.7d-f). The initial permeabilities showed little difference between PBS and

SFDF (Fig. 4.7a-b). However, cells in HEPES became permeabilized at lower strength-duration

thresholds (Fig. 4.7c). These cells appeared to become permeabilized in a manner less dependent

on the pulse duration than PBS and SFDF, but with a similar dependence on local electric field

strength. The population response of cells treated in the low-conductivity HEPES buffer was more

uniform at each electric field strength and across pulse durations (Fig. 4.7). We conclude that

membrane resealing governs the decrease in molecular uptake over the minutes following PEF ap-

plication before diffusive equilibrium is established (Fig. 4.7). Our data suggests that one of the

strongest predictors of the ultimate Pro uptake is the permeability in the minutes following PEF

application. There is a strong correlation between the initial Pro uptake rate and the final concen-
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Figure 4.7: The cell membrane permeability to Pro, Pm,Pro (log-scale), and the final Pro con-
centration 30 min following pulse application [Pro] f (linear-scale) increase with increasing pulse
duration and electric field strength in each buffer. The permeability immediately following PEF
application is calculated according to equation 5.3 for three different medium compositions: (a)
PBS, (b) SFDF, and (c) HEPES. The average diffusive permeability of the cell membrane Pm,Pro is
averaged over the first three minutes of observation and presented as a function of pulse duration
tp and amplitude. Error bars are shown in only the positive direction due to the logarithmic scale
on the vertical axis and represent the standard deviation. The total uptake of Pro 30 min follow-
ing PEF application increases dramatically between pulse durations of 100-1000 µs and E ≥ 320
kV/m for cells immersed in (d) PBS, (e) SFDF, and (f ) HEPES. The final concentration of intra-
cellular Pro [Pro] f measured 30 min following PEF applications is presented as a function of pulse
duration tp and amplitude. Error bars represent standard deviation. Numerical values are given in
Supplementary Tables 1-3.

tration of Pro for cells in PBS, SFDF, and HEPES buffers, respectively (Fig. 4.8). Additionally,

the pulse duration tp and product of the pulse duration and local electric field strength tpE are also

strongly correlated to the concentration of Pro inside the cell after pulse application for cells in

PBS, SFDF, and HEPES buffers, respectively. These observations are in good agreement with the

current literature [224, 248, 249].

83



Figure 4.8: The final concentration of Pro inside a cell 30 min after application of a single electrical
pulse is strongly correlated on (a) a log-log plot of [Pro] f (in µM; free concentration) vs. the pulse
duration tp (p < 0.001), (b) a log-log plot of [Pro] f vs. the strength-duration product Etp (p <
0.001), (c) a log-log plot of [Pro] f the initial time rate of change of the intracellular concentration
of Pro ∂t [Pro]i (p < 0.001), and (d) a log-log plot of [Pro] f vs. the initial diffusive permeability
of the cell membrane to Pro Pm,Pro (p < 0.001). Pearson’s r was determined for each correlation
(data represented as log-log) and the p-values reported apply to each of the traces individually.

4.3.3 Slow Uptake Rates Correlate with Smaller Pulse Strengths

Following PEF application, we observed a subpopulation of cells exhibiting a prolonged uptake

of Pro sufficient to achieve an intracellular concentration of 25% of the external Pro concentration

after 30 min (Fig. 4.9a). This is an important basic finding. To identify this subpopulation, we

calculated the final concentration of Pro inside the cell after 30 min ([Pro] f ) and the time at which

the intracellular concentration reached half this value (t1/2) (Fig. 4.9). For each cell (t1/2, [Pro] f )

was determined and plotted for each pulse duration and electric field strength combination (Fig.

4.9). Previous reports indicate that a delay of approximately 300 s may exist between the time

of PEF application and significant permeabilization [93, 146, 147]. Therefore the cutoff of 5 min

was used to discriminate between cells with overall slow rates of Pro uptake and those with more

rapid uptake rates. Upon inspection, a threshold of 25% of the extracellular Pro concentration

([Pro]ext/4= 7.5 µM) was selected to discriminate between cells allowing large or small quantities

of Pro through the membrane.

This analytical scheme created four quadrants in the (t1/2, [Pro] f ) space (Fig. 4.10). The lower left

quadrant is labeled Q1 and corresponds to subpopulation of cells that reach their [Pro] f quickly,
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but ultimately have [Pro] f < [Pro]ext/4. The lower right quadrant is labeled Q2 and corresponds to

the subpopulation of cells for which [Pro] f < [Pro]ext/4 and t1/2 ≥ 5 min. The upper right quad-

rant is labeled Q3 and corresponds to the subpopulation of cells for which [Pro] f ≥ [Pro]ext/4 and

t1/2 ≥ 5 min. The upper left quadrant is labeled Q4 and corresponds to the subpopulation of cells

for which [Pro] f ≥ 7.5 µM and reached t1/2 < 5 min. At high electric field strengths and long

Figure 4.9: The intracellular concentration of Pro [Pro] is presented as a function of time t for
each image during the imaging period (30 min). (a) Time series images show uptake responses
of single cells to a single electrical pulse as Pro enters cells at different rates. Nuclei are shown
stained with NucBlue (Nuc; 10 µm scale bar) and Pro in the pre-treatment images and Pro alone in
the remainder of the images. Control images are indicated by Ctrl.. (b) A cell’s behavior is shown
as one of four responses based on the time when the Pro fluorescence in the nucleus reached it’s
half-maximal concentration and the final concentration of intracellular Pro. A cell was classified
as Q1 if t1/2 < 5 min and [Pro] f < 7.5 µM. The Q2 subpopulation is based on t1/2 ≥ 5 min. Q3 is
based on [Pro] f ≥ 7.5 µM and t1/2 ≥ 5 min. Q4 corresponds to [Pro] f ≥ 7.5 µM and t1/2 < 5 min.
Uptake profiles are derived from the individual cells in (a) and show their individual Pro uptake
responses over time. Untreated control data is indicated by Ctrl..

pulse durations, cellular behavior is relatively homogeneous, with Pro rapidly entering nearly all

cells rapidly after PEF application. Q1 and Q2 describe the behavior of cells exhibiting minimal

Pro uptake regardless of whether the response is rapid (Q1) or prolonged (Q2). Cells in the Q3

subpopulation, t1/2 ≥ 5 min but eventually reach relatively large intracellular Pro concentrations

compared to Q1 and Q2 cells ([Pro] f ≥ [Pro]ext/4). Q3 cells exhibit a large transient Pro uptake

or experience a delay before becoming significantly permeabilized. The Q4 subpopulation experi-

ences a large, rapid influx of Pro. Across PEF application parameters and buffers, the Q2 and Q3

subpopulations appear to be intermediate responses between no electroporation and electropora-
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tion (Fig. 4.11). Many of the cells exhibiting a prolonged Pro uptake (Q3) have a similar [Pro] f

compared with the subpopulation in Q4, but with slower uptake rates and occur at lower strength-

duration PEF thresholds. At the largest electric field strengths and longest pulse durations, the Q3

subpopulation decreases and cells become more concentrated in the Q4 subpopulation (Fig. 4.10).

4.4 Discussion

4.4.1 Large Membrane Permeabilities Induced by Single Pulses

We present estimates of the cell membrane permeability to Pro using measurements of the uptake

rate into the cell. We show that a single 1000 µs electrical pulse at 400 kV/m can induce perme-

abilities of 1.3±0.4×10−8 m/s to Pro, which is similar in size than ATP, but has a larger charge

magnitude. Comparable permeabilities (∼ 6×10−9 m/s assuming a similar V/A ratio) have been

induced for ATP by ten 100 µs or ten 1000 µs pulses in the same cell line and result in an ATP

loss of 0.050 to 0.80 nmol/min with 120-400 nmol total ATP leakage [85]. Eight-pulse PEFs with

amplitudes 80 to 120 kV/m have been shown to deplete cells of 50 to 95 % of their intracellular

ATP [30, 31, 32, 250] and lead to a 25 to 50% decrease in cell viability in the presence 1 to 3 mM

extracellular calcium.

At least two mechanisms could drive this loss of cell viability: ATP leakage and ATP depletion,

though other physical and biochemical mechanisms could very well be implicated [117, 122].

Towards the former, approximately 5 nmol ATP is present within 106 typical mammalian cell

[251, 252, 253]. With similar permeabilities of the cell membrane to ATP as those observed here

for Pro, it may be possible to deplete cells within a given treatment volume of more than 25% of

their intracellular ATP using a single electrical pulse.

With regard to the ATP depletion, it has been hypothesized that the entry of exogenous calcium re-
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Figure 4.10: As the electric field strength increases, the fraction of cells in the Q1 and Q2 sub-
populations decrease. Subsequently, a subpopulation with slow but more Pro uptake emerges (Q3;
upper right quadrant). At even larger E, most cells are part of the subpopulation exhibiting rapid
Pro uptake (Q4; upper left quadrant). Cellular response was quantified based on the final concen-
tration of Pro 30 min post-application ([Pro] f := [Pro](t = 30 min)) and the time at which each
cell reached its half-final concentration ([Pro](t1/2) := [Pro] f /2) (a). Criteria for each quadrant are
based on whether the Pro uptake of a cell 30 min following PEF treatment is [Pro] f ≥ [Pro]ext/4
(horizontal lines) and whether the cell achieved [Pro] f /2 within 5 min of PEF treatment (t1/2 < 5
min) (b). The data shown are for a single 1000 µs pulse at 170 (c), 250 (d), 320 (e), and 400 kV/m
(f ).
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Figure 4.11: At electric field strengths and durations below the threshold for rapid Pro uptake, cells
exhibit a prolonged uptake response that renders them sufficiently permeable to allow significant
molecular transport. Data are shown for cells immersed each experimental buffer: PBS (a), SFDF
(b), and HEPES (c). Each of the cell populations treated at a given pulse duration are split into
four classifications Q1, Q2, Q3, and Q4. At shorter pulse durations (1-100 µs), the majority of cells
contain relatively little Pro (Q1 and Q2 subpopulations). Larger Q3 subpopulations are generated
at intermediate pulse durations and strengths (320-400 kV/m with a 100 µs pulse; 170-400 kV/m
with a 1000 µs pulse) and begin to become detectably permeabilized with [Pro] ≥ [Pro]ext/4 30
min after PEF application, but with a slower, more gradual uptake rate (t1/2 ≥ 5 min). Finally,
at the longest pulse durations and largest electric field strengths, the Q4 subpopulation contains
the majority of the cells that facilitate fast rates of significant Pro uptake ([Pro] f ≥ [Pro]ext/4;
t1/2 ≤ 5 min) through large cell membrane permeabilities up to 1.3± 0.4× 10−8 m/s. The total
cell population is presented as a sum of the fractional contributions from the Q1, Q2, Q3, and Q4
subpopulations. Error bars represent standard error and each column represents between 27-114
cells (62 average).

quires a cell to expend more ATP on calcium pumps to reestablish cellular homeostasis, potentially

leading to its demise [30, 31, 32, 250]. We hypothesize that the estimates of Pm,Pro(t) here pro-
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vide a lower bound for quantitative estimates of calcium permeability, which has a similar charge

and a diffusion coefficient approximately 2.5 times greater than that of Pro in water [136]. These

estimates provide a heuristic context for the present work and indicate that it may be possible to

take advantage of both of these mechanisms using single-pulse PEF application with a calcium

adjuvant in order to decrease intracellular ATP and inhibit cellular recovery.

Other potential mechanisms of cellular damage have been reported including lipid peroxidation,

the formation of reactive oxygen species (ROS), and metabolic thermal damage [254]. We note

that bleb formation and biphasic increases in Pro (as in [93, 146, 147]) were observed (data not

shown) and, with the prolonged Pro uptake of the subpopulation of cells in Q3, could implicate the

presence of ROS in the mechanism driving membrane injury [255]. Permeabilization is no doubt

impacted by the temperature increase of greater than 19◦C of the solution within the chambers

containing PBS and SFDF for the 1000 µs pulse case (Fig. 4.6). However, these temperatures

must be sustained for minutes for observable damage to occur [254], indicating that it is likely our

observations still hold in the presence of such effects.

4.4.2 Prolonged Uptake at Intermediate Strength-Duration Thresholds

Our data shows a subpopulation of cells that experiences significant Pro uptake at lower electric

field strength-duration thresholds than the general population (Q3, Fig. 4.11). Due to the relatively

long delay (3-10 min) between PEF application and the increase in Pro uptake, this phenomenon

may be a biological or biochemical response. The Q3 subpopulation appeared at strength-duration

thresholds lower than required to produce large Q4 subpopulations (Fig. 4.10). At larger electric

field strengths and durations, this Q3 subpopulation ultimately disappears as Pro enters the cells

more rapidly (Q4 subpopulation) [146, 147].

For PEF applications with pulse durations of nanoseconds to tens of microseconds, it has been

shown that cells exhibit increasing delays of ≥ 5 min between application and a rapid influx of

Pro [93, 146, 243]. In the present case this transition would fall into the Q3 subpopulation, which
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was observed to increase in cells exposed to applications of 100 to 1000 µs at 170 to 400 kV/m

(Fig. 4.11). However, this lower strength-duration threshold still allows for the uptake of 25% of

the external concentration of Pro (Fig. 4.8). While our data indicates that as many as 40% of a

population of cells exposed to a single pulse are in the Q3 subpopulation, others have suggested

that this fraction could be as high as 83% for nanosecond pulses delivered in rapid succession [93].

These schemes induce delays on the order of 1000 s prior to appreciable membrane permeabiliza-

tion. It was also observed that the fraction of cells in this state decreased when the time period over

which the application was delivered increased [93]. These data are consistent with our results and

implicate a transitional region in the electric field strength-pulse duration space (Q3) that emerges

for parameters that are insufficient to outright cause immediate permeabilization.

4.4.3 Impact of PEF Parameters on Cell Behavior

During our study, PBS, SFDF, and HEPES buffers were used to provide a more thorough investi-

gation into post-PEF cell behaviors. Interestingly, cells immersed in the HEPES buffer appear to

exhibit a homogenous response, compared to cells treated in PBS or SFDF. While similar trends

exist in the appearance and disappearance of the Q3 subpopulation with increasing PEF strengths

and durations for each medium, the Q4 subpopulation begins to contain the majority cells at lower

strengths and durations for the cells treated in the HEPES buffer (Fig. 4.11). One explanation

could be that the increased permittivity due to zwitterions [256, 257] and the decreased conduc-

tivity due to the sucrose [249, 258] in the HEPES buffer increases the electrical relaxation time

of the membrane. In this way, effects of small variations in the capacitance of individual cell

membranes could be reduced and therefore effectively reduce the variation in cellular response to

PEFs. The increased permittivity of the HEPES buffer could also enhance the electrical force on

the cell membrane and lower the strength-duration threshold at which appreciable electroporation

is observed [256, 257]. This delay is present in cells treated in each buffer and may therefore

be the result of an osmotic pressure difference. Cells that experience a prolonged permeabiliza-
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tion may be more efficiently killed by an increased osmotic pressure difference change post-pulse,

thereby minimizing thermal damage and improving tumor ablation protocols [259]. Regardless

of the mechanism, cells belonging to the Q3 subpopulation exhibit a prolonged Pro uptake and

ultimately yield significant intracellular Pro concentrations ([Pro] f ≥ [Pro]ext/4; Fig. 4.10). If

such a mechanism could be exploited to affect cells in vivo, electroporation-based applications and

therapies involve lower electric field strengths, resulting in significantly less thermal damage than

present application paradigms.

One limitation of the present study is the significant ringing that complicates the rising and falling

edges of the pulses (Fig. 4.5) with amplitudes approximately ±3 kV beyond the 3 kV set voltage

(Fig. 4.2). However, it was shown that the time spent above the strength-duration electroporation

threshold that matters, with a 10% sinusoidal modulation of the pulse amplitude having little im-

pact on the electric field strength and pulse duration at which cells become permeabilized [227].

It was determined the time spent above the critical electric field strength is the most significant

parameter governing electroporation [232]. The ringing present on the rising and falling edges of

each pulse was present for≤50% of the total pulse duration for all but the 1 µs pulse, and therefore

we anticipate that this ringing will not dramatically impact these results.

Such a waveform could be functionally similar to a high amplitude pulse followed by a longer low-

amplitude pulse, which has been shown to enhance molecular delivery by first permeabilizing the

membrane then electrophoretically driving the charged molecules into its interior [260]. Our data

for 1 µs pulse applications differs little from the untreated controls and thus indicating a minimal

permeabilization of the cell membrane (Fig. 4.8). We consider further analysis of this waveform’s

effects to be outside the scope of the present study.
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4.5 Conclusion

We report a research method for quantitatively determining a membrane’s diffusive permeability

to Pro using fluorescence microscopy. We determine the diffusive permeability to propidium (Pro)

for pulse durations of 1-1000 µs and electric field strengths of 170-400 kV/m in three buffers, and

find that the cell membrane permeability to propidium ions can reach 1.3± 0.4× 10−8 m/s. We

also show that the increased permeability persists for at least 30 minutes. Further, for Pro the initial

influx rate is a strong predictor of a cell’s final intracellular Pro concentration. Finally, we identify

a subpopulation of cells that have larger concentrations of Pro after a prolonged uptake (100 s) than

cells exposed to smaller fields. Our results both technically enable and experimentally provide a

basis for future quantitative investigations that: (1) determine lethal permeabilities, (2) examine

transitions in Pro uptake kinetics, and (3) provide experimental uptake rates for comparison with

predictions of cell-level computational models.
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4.6 Appendix A: Electrostatics Simulation Code

The following code simulates the potential field within the microdevice developed in in this chapter

for single-cell electroporation experiments. The geometry of the CAD drawing was created using a

a separate script using polynomial splines to interpolate the boundary of the geometry, based on the

CAD file. These splines were sampled and used to generate a GMSH geometry file (.geo), which

included surface labels for the electrodes and a volume label for the 3D chamber geometry. GMSH

was used to convert the file into a mesh (.msh), which was then converted into three XML files

(chamber.xml, chamber facet region.xml, chamber physical region.xml) us-

ing dolfin-convert from the FEniCS project. The following code using linear (p = 1) La-

grange shape functions and strong-form boundary conditions to solve for the electrostatic potential

field within the microdevice chamber. The code outputs a file readable in ParaView (chamber.pvd).

1 from fenics import *
2

3 ## Import Mesh
4 ofilename = ’chamber.xml’
5 mesh = Mesh(ofilename)
6 subdomains = MeshFunction("size_t", mesh,
7 "%s_physical_region.xml"%ofilename.split(’.’)[0])
8 boundaries = MeshFunction("size_t", mesh,
9 "%s_facet_region.xml"%ofilename.split(’.’)[0])

10

11 ## Assign boundary conditions
12 V = FunctionSpace(mesh, ’CG’, 1)
13

14 ## Define boundary conditions
15 boundary_conditions = {1: {’Neumann’: 0},
16 12: {’Dirichlet’: 1},
17 13: {’Dirichlet’: 0}}
18

19 ## Apply boundary conditions
20 bcs = []
21 integrals_N = []
22 integrals_R_a = []
23 integrals_R_L = []
24 for i in boundary_conditions:
25 if ’Dirichlet’ in boundary_conditions[i]:
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26 bc = DirichletBC(V, boundary_conditions[i][’Dirichlet’],
27 boundaries, i)
28 bcs.append(bc)
29

30 if ’Neumann’ in boundary_conditions[i]:
31 if boundary_conditions[i][’Neumann’] != 0:
32 g = boundary_conditions[i][’Neumann’]
33 integrals_N.append(g*v*ds(i))
34

35 if ’Robin’ in boundary_conditions[i]:
36 r, s = boundary_conditions[i][’Robin’]
37 integrals_R_a.append(r*u*v*ds(i))
38 integrals_R_L.append(r*s*v*ds(i))
39

40 ## Define functions
41 u = TrialFunction(V)
42 v = TestFunction(V)
43 f = Constant(0)
44 g = Constant(0)
45 a = dot(grad(u), grad(v))*dx + sum(integrals_R_a)
46 L = f*v*dx - sum(integrals_N) + sum(integrals_R_L)
47

48 ## Solve system
49 u = Function(V)
50 solve(a==L, u, bcs)
51

52 ## Save solution to file (VTK format)
53 vtkfile = File(’channel.pvd’)
54 vtkfile << u
55 plot(u)
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5.1 Introduction

An intact cell membrane normally provides a barrier to most molecular transport into and out of a cell.

Electroporation (EP) is a biophysical process in which brief, yet intense, electrical pulses disrupt bilayer

membranes to enhance the flow of molecules. The electrically-motivated build-up of charged molecules

at the water-lipid interface raises the transmembrane potential (TMP) [68, 71, 109, 190]. When the TMP

reaches threshold values of 0.2-1.0 V, EP spontaneously occurs as polar molecules are inserted through the

membrane [14]. Simulations of molecular systems including phospholipids, water, and other small molecule

solutes have shown that nano-scale pore formation occurs on the order of picoseconds to nanoseconds [67,

70].

When applied to cell membranes, EP-mediated generation of pores enables solutes to better flow into and out

of the cell. In the seconds to hours following EP, these pores can reseal to again inhibit molecular transport

[89, 261]. The formation of pores is typically modeled using the asymptotic Smoluchowski model (ASM),

which enables the calculation of the dynamic pore density on a membrane [168]. This model considers the

surface tension, pore tension, electrical energy, and steric hindrance of the membrane as lipid molecules

reorganize into pores approximately 0.8 nm in radius [72]. The ASM agrees with experimental results [102]

and has been widely implemented in EP models [79, 80, 111, 182, 184]. However, the ASM relies on the

exponential of the squared TMP and therefore requires small time steps to numerically resolve. Further-

more, application of the TMP over a simulated cell with sufficient resolution to capture the spatiotemporal

dynamics of EP is computationally intensive and functionally inhibits calibration with experimental data.

The translation of the ASM to an effective permeability has been used to couple the generation of membrane

pores with the electric flux continuity [144] and drift-diffusion equations [262]. Measurements of the electric

current through the cell membrane decreases from 30-260 to 0 pA over 10-500 ms following in vitro EP

treatment [103]. Experimental data have also shown the rate at which exclusion dyes enter a cell after EP

decreases over 190-289 s following [85] from initial permeabilities from 8.57×10−12 m/s for a 20 µs pulse

at 300 kV/m [89] asl well as from 1.3× 10−8 m/s for a 1 ms pulse at 400 kV/m (in the accompanying

paper). These permeability measurements are more readily compared to computational models through the

abstraction of aggregate membrane pores to a net membrane porosity [152, 161, 241, 263].
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Due to the large discrepancy in time scales between electric current and molecular uptake measurements,

models of membrane porosity often include three to four stages in which an electroporated membrane can

exist [12, 85, 153]. In these schemes, an intact membrane is modeled as having a minimal permeability.

When the TMP reaches the EP threshold, the membrane becomes sufficiently permeable to conduct small

ionic currents. At this stage, the membrane still inhibits the transport of larger molecules, such as exclusion

dyes. As its porosity increases, especially during EP schemes comprised of longer pulses (0.1-1.0 ms),

larger polyions and other small molecule solutes are able the cross the cell membrane [85, 89]. The net

porosity of the cell membrane is modeled as a linear combination of these porosity stages weighted by the

fraction of the membrane in each stage, with a dynamical system representing the flow of the membrane

through each available stage.

Once porous, membranes shunt ionic currents along the charge gradient, decreasing the TMP [72, 111]. This

charging to the EP threshold, followed by the rapid formation of membrane pores, results in a characteristic

sharp peak in the evolution of the TMP over time [103]. Lumped parameter resistive-capacitive circuit

models have been used to model the ionic currents through each pore stage [72, 140, 264, 265]. The parallel

flow of ionic currents through the fraction of the membrane in each porosity stage is driven by an applied

electric field, modeled as a source voltage in series with a Thevenin equivalent resistance that models the

resistance of the buffer surrounding the cell.

In order to investigate EP-facilitated membrane permeability within a theoretical framework, we developed

a cell membrane circuit model coupled with a dual-porosity model and simple diffusion. We calibrated

our model using experimental data reported in the accompanying paper (Chapter 4), including pulse du-

rations of 1-1000 µs, electric field strengths of 170-400 kV/m, and three buffer compositions: phosphate

buffered saline (PBS), serum-free DMEM/F-12 cell culture medium (SFDF), and a low-conductivity 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES). Analysis of this model indicates that it is

asymptotically stable following the removal of the applied electric field (i.e. during pore resealing). Model

parameters and variables were normalized, which reduced the parameter space to six parameters. Five of

these parameters were fixed based on existing literature and the sixth, the forward transition rate between

the low-porosity stage and the high-porosity stage, was fit to quantitative experimental data (Chapter 4). Our

results indicate that buffer composition plays a critical role in EP-mediated membrane porosity.
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We extend our model to examine its implications for multi-pulse EP schemes. These results indicate that the

relaxation of the high- to low-porosity stage is slow and results in a relatively long-lived membrane fraction

in the high-porosity stage, compared to the fraction in the low-porosity stage. We show that the difference

in relaxation time scales gives rise to a membrane permeability increase proportional to the square root of

the pulse number. Finally, we demonstrate that the difference in relaxation times between the high- and low-

conductivity stages which explains the negligible impact of delays of less than 100 ms between consecutive

pulses. The small parameter space and conclusions of our model are consistent with existing literature

and serve as a robust link between experimental observations and theoretical models. While the scope of

the present work focuses on the biophysical mechanisms governing EP, we acknowledge that it has direct

applications to optimizing clinical techniques using EP processes, including electrochemotherapy. Robust

linkages between theoretical and experimental results are critical to improving clinical EP technology. Our

model provides a simple, concise methodology exploring these connections in greater depth.

5.2 Materials and Methods

We develop the following system of equations to describe EP and subsequent molecular transport into a

single idealized, spherical cell immersed in an aqueous buffer

dN
dτ

= αU2−δU2N−βN +ηM, (5.1)

dM
dτ

= δU2N−ηM, (5.2)

dX
dτ

= ξ M(1−X), (5.3)

dU
dτ

= Us−U
(
1+ γ(N +M)

)
, (5.4)

where N ∈ [0,1], M ∈ [0,1], X ∈ [0,1] and U and time τ are the result of normalization according to

N :=
Nm

N0
, M :=

Mm

M0
, U :=

Um

U0
, X :=

Xm

X0
, τ :=

t
τRC

. (5.5)

N is fraction of the membrane area and N0 the maximum area of the cell membrane that is conductive of

small ions yet restricts the entry of larger molecules. M is the fraction of the membrane area and M0 is
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Figure 5.1: EP Model diagram. (a) Electrical schematic representation of the cell membrane
charging including the extracellular conductivity σext to model the electric current incident to the
cell membrane. The conductivity of the cell membrane is given by the parallel conductivities of
the naive membrane and porous membrane weighted by the membrane fraction in each stage. (b)
The naive membrane contributes a conductivity and permittivity to the electrical model. (c) The N
membrane fraction contributes to the permeabilized conductivity of ionic currents σp but does not
permit the transport of larger solutes. (d) The M membrane fraction contributes to σp and permits
diffusive transport of solute X . Note that the membrane dielectric constant was considered constant
across each membrane fraction and in time.

the maximum area of the cell membrane that permits the entry of larger solutes, such as propidium. X is

the intracellular concentration of a solute, such as propidium, and X0 is its extracellular concentration. U

is the TMP, U0 is the electroporation threshold voltage, τRC = εm/σm is the RC time constant of the cell

membrane, and σm and εm are the conductivity and permittivity of a naive cell membrane, respectively.

Equation 5.1 describes the fractional poration of the cell membrane generated by transmembrane potential

U . α is the rate at which N is generated. The second term describes the transition from the N porosity stage

to the M porosity stage that occurs at rate δ and is motivated by the presence the transmembrane potential U .

The third term in equation 5.1 describes the transition from the N stage back to a naive membrane stage with

rate constant β . The fourth term describes the M to N transition that occurs at rate η . Within this scheme,

the membrane fraction in the M stage cannot exist without passing through the N stage during generation

and relaxation.
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With the duration of the applied electric field thousands-fold shorter than the interval between the control

measurement and the first post-treatment measurement in the experimental data (Chapter 4), we assume that

the molecular flux into the cell interior is purely diffusive. A Hagen-Poiseuille model of mass transport

through a porous membrane was used to develop equation 5.3, where ξ is the normalized permeability

coefficient of the M porosity stage. Flow through a porous membrane is given according to equation 5.3 with

the permeability coefficient is given by ξ = 3H(λM)D∞τRC/(rh) [161, 266], where D∞ is the free diffusion

coefficient of solute X in an aqueous environment, h is the membrane thickness, r is the cell radius, and

H(λM) is the hindrance factor. This approximation assumes that H(λ0)<< H(λM) and H(λN)<< H(λM)

where λ is the ratio of the solute radius to the pore radius. This formulation also assumes that the porosity

of the cell membrane is uniformly distributed across the cell membrane and that flow into the cell occurs in

the radial direction only. Modeling pores as cylinders, the hindrance factor H(λ ) ∈ [0,1] is evaluated using

a formula corrected for small porosities [160, 161, 267]. Assuming λM ≈ 0.62 and H(λM) = 1.3×10−2, ξ

is defined as ξ = 3H(λM)D∞τRC/rh = 5×10−4. With a priori knowledge of the molecular radius of solute

X , ξ can be estimated from these calculations as well as from experimental measurements [85, 89].

Equation 5.4 is derived from a circuit model of an electroporated cell membrane [265] (Appendix A). The

value of time constant τRC is both well-known for single cells (τRC = 1×10−6 s). γ is also well-defined, as

both the conductivity of a naive membrane σm and the conductivity of a completely porous membrane σp

have been experimentally measured [103] and estimated to be γ = 1×106.

5.3 Results

5.3.1 Parameter Fitting

Equations 5.1 - 5.4 were implemented in Python 3.6 using the LSODA algorithm [268] with the odeint()

function in the Scipy (0.18.1) module [269]. The solver was initialized with the initial conditions N(0) = 0,

M(0) = 0, X(0) = 0, and U(0) = 0. A stability analysis revealed that the model is asymptotically stable

following the removal of the applied electric field (Appendix B). Experimental time-series data from single

cell experiments were used to calibrate the model (Chapter 4). Within this dataset, the observed average
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molecular uptake was calculated from experimental data prior to electric field exposure and each minute for

30 min following treatment to obtain 31 total observations for each electric field strength and pulse duration

combination. The mean and variance were calculated for each measurement. In order to estimate δ for all

treatments for each buffer composition, the Nelder-Mead method was implemented using the minimize()

function in the LmFit (0.9.7) module to minimize the sum of square residuals given by

SSR =
1
T

T

∑
i

(
Xmodel(ti)−Xdata(ti)

Xdata(ti)

)2

, (5.6)

where Xmodel(ti) and Xdata(ti) are the model and data points for X , respectively, at time ti (T = 31). Sim-

ulations were plotted over the experimental data and show good agreement visually, with the maximum

max(SSRPBS) = 0.025, max(SSRSFDF) = 0.0070, and max(SSRHEPES) = 0.0066 (Fig. 5.2). Notably, the N

to M generation rates δ were similar for cells immersed in PBS and SFDF, but were consistently three- to

five-fold larger for cells immersed in HEPES buffer.

Table 5.1: Model parameters

Parameter Value Description Reference
α 2.0×10−6 N formation rate [82]
β 4.0×10−8 N relaxation rate [103, 168, 261, 270]
γ 1.0×106 relative naive membrane resistance [103, 265, 270, 271]
η 4.0×10−9 M relaxation rate [85, 89]
ξ 5.0×10−4 permeability coefficient [85, 89, 161]

λM 0.63 solute radius / pore radius [161]
τRC 1.0 RC time constant (µs) [103, 226, 272, 273]
D∞ 0.5×10−9 Solute diffusivity X (m2/s) [136]
h 5.0 membrane thickness (nm) [274, 275]
r 7.5 cell radius (µm) Chapter 4

σPBS 1.01 PBS conductivity (S/m) Chapter 4
σSFDF 0.93 SFDF conductivity (S/m) Chapter 4
σHEPES 0.08 HEPES conductivity (S/m) Chapter 4

5.3.2 HEPES Buffer Increases Membrane Permeability

Experimental data from three different buffer compositions indicate that cells immersed in the HEPES buffer

during EP experienced a larger molecular uptake following the application of the 100 µs pulse than the cells

immersed in PBS or SFDF. With a 1000 µs pulse, the ultimate molecular uptake was similar for each of the
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Figure 5.2: The two-stage model recapitulates experimental averages of molecular uptake. Rep-
resentative parameter fits are shown for X for cells exposed to a 100 µs pulse in (a) PBS, (b)
SFDF, and (c) HEPES. Equations 5.1 - 5.4 were fit to time series datasets from cells in three buffer
compositions (PBS, SFDF, and HEPES), four pulse durations (1, 10, 100, and 1000 µs), and four
electric field strengths: 170 (blue), 250 (green), 320 (magenta), and 400 kV/m (orange). Fitting
was performed using the Nelder-Mead method to minimize equation 5.6 by varying δ . (d) The best
fit δ is shown as a product of electric field strength E0 and normalized pulse duration τ = σmt/εm
for all 48 treatment combinations.

electric field strengths experimentally examined, but the time-to-saturation decreased with increasing field

strength (Chapter 4). Even though the HEPES buffer has a lower conductivity than the PBS or SFDF by an

order of magnitude, δ for the cells in the HEPES buffer is two orders of magnitude larger than for the cells

in PBS and SFDF buffers, which are themselves similar (Table 5.1). This more rapid transition rate from the

N membrane stage to the M membrane stage results in a larger accumulation M that contributes to a rapid

increase in X over the responses evoked by the other buffers (Fig. 5.2). Generally, in each of the primary

variables (N, M, X , and U), several characteristic features emerge. For N, the rising edge of the waveform
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Figure 5.3: Evolution of membrane porosities N and M and the resultant molecular uptake X
following an increase in the transmembrane potential U . In each plot, solid lines indicate an
applied electric field tp = 10 µs and dashed lines indicate tp = 1 µs. Blue lines indicate a PBS
buffer solution and green lines indicate a HEPES buffer. (a) An intact membrane enters a stage
conductive of small ions N over time driven by a transmembrane potential U > 1. (b) M develops
from N, dependent on U , and allows larger molecules to pass through the cell membrane. (c) The
intracellular concentration of solute X increases as it enters the cell through the membrane porosity
stage M. (d) The transmembrane potential U , driven by a large external electric field, reaches an
initial maximum until the membrane begins to shunt ionic currents as N and M increase.

appears biphasic: an initial rapid increase is followed by a more gradual increase until a plateau is reached

(Fig. 5.3a). The first phase is where U is the largest. The second phase occurs when the membrane begins

to shunt small ionic currents that rapidly decrease U , and slows the increase in N. This progression occurs

for cells in each buffer examined in this study, but the cells in HEPES experience a larger N for both the 1

and 10 µs pulses than the cells in PBS experienced at 10 µs.

For M (Fig. 5.3a), a similar biphasic response exists but is more stratified between the 1 and 10 µs pulse
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durations for the cells in the HEPES buffer. Interestingly, the 1 µs pulse generated an M for cells in the

HEPES buffer similar to that generated by the 10 µs pulse for the cells in PBS. The result of this stratification

is apparent in X (Fig. 5.3c). The membrane permeability (Pm = ξ Mh) is directly impacted by the M

membrane stage and consequently, X depends on both the extracellular-intracellular concentration gradient

(1−X) and M. However, while the concentration gradient could limit the molecular uptake as it decreases,

(1−X) > 0.30 for even the largest pulse strengths and durations examined here. Therefore it is assumed

that the changes in M are largely responsible for the molecular uptake observed.

Finally, U experiences a large characteristic increase within 0.5τ to 2τ that is followed by a sharp decline

as N and M increase and begin conducting significant ionic currents. For the cells in the HEPES buffer, U

achieves a larger magnitude (three- to five-fold) faster than the cells in PBS or SFDF (Fig. 5.3d). This is a

surprising result as SFDF and PBS are higher-conductivity buffers than HEPES, and would be expected to

conduct more current and allow the cell membrane to charge more rapidly.

Figure 5.4: The membrane fraction in the M stage persists for longer than the N stage and U .
Pulses with durations of 10 (green) and 100 µs (blue) were simulated using δ = 1× 10−3. (a)
A lag exists between when the N stage (solid lines) is fully relaxed to 0 and while the M stage
(dashed lines) persists. (b) The transmembrane potential U (solid lines) drives the generation of
the M stage (dashed lines). M plateaus as U goes to 0 upon removal of Us.
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5.3.3 The High-Conductivity Membrane Fraction is Slow to Relax

Prior experimental data have shown that U is highly dynamic during the application of an electric field, but

quickly returns to its ground state following the removal of Us (Fig. 5.3d). However, it is clear that molecular

transport across the membrane continues for minutes to hours afterward (Fig. 5.2a-c). This discrepancy

between the electrical and transport time scales is motivation to explore the mechanism producing a long-

lived M stage membrane fraction. As a large U generates an initial increase in N, a small M begins to

develop (Fig. 5.4a). M increases until the removal of Us, at which point the plateau of M coincides with

the return of U to its ground state (Fig. 5.4b). Both M and N persist near their plateau for approximately

106τ , at which point N begins to relax to the ground state it reaches at 108τ . However, while N relaxes, M

persists until 109τ . Because the membrane fraction in the M stage is approximately two orders of magnitude

smaller than in the N stage, the relaxation of M to N results in a large decrease in the low-conductivity, yet

larger, portion of the membrane while the membrane overall continues to be permeable to solutes. This

slow relaxation of the M stage is responsible for the difference in time scales between the rapid electrical

charging and the relatively slow uptake of solutes in the minutes following EP.

5.3.4 Consecutive Pulses Diminish Permeabilization Efficiency

While multi-pulse experiments can confound observations of membrane dynamics due to the complex cel-

lular response, EP schemes often rely on a series of pulses, rather than a single continuous pulse, to limit

Joule heating [16, 276]. δ = 1.0×10−3 was fixed within the range for the PBS buffer, which is commonly

used experimentally. Alternating polarity pulses were simulated as ideal square waveforms from 1 to 1000

µs (Fig. 5.5). The inter-pulse delay td between the start of the falling edge of one pulse and the start of the

rising edge of the following pulse has been implicated in governing cell permeability and death induced by

electroporation protocols [217, 219, 277, 278]. In order determine the role of td in the induced permeability

Pm, simulations were performed using two consecutive pulses at 400 kV/m and varying the delay between

the two phases, shown by example for 10 µs pulses (Fig. 5.5a). The induced permeability was evaluated at

the beginning of the falling edge of the second pulse for td ∈ [10−6,10−1] and it was found that td within this

range does not appreciably affect membrane permeability for 1, 10, 100, and 1000 µs pulses (Fig. 5.5b).
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Figure 5.5: Inter-pulse delays of less than 1 ms negligibly impact membrane permeability, while
increasing pulse number n and duration tp increases membrane permeability. (a) The transmem-
brane potential U response to consecutive, a delay td of 1, 100, and 500 µs pulses between opposite
polarity pulses 10 µs are shown as solid magenta, green, and blue lines, respectively. The mem-
brane permeability Pm given in m/s is shown as a dotted line corresponding to each waveform. In
each case, the membrane permeability increases to approximately the same value at 1 ms follow-
ing the rising edge of the first pulse in the applied electric field. Pulses are shown with an external
electric field of E0 = 400 kV/m. (b) Two consecutive, opposite polarity pulses inter pulse delays of
1-105 µs to for pulses with durations tp of 1, 10, 100, and 1000 µs retain a constant permeability
at 1 ms following application of the stimulating electric field. δ = 1.0× 10−3 was fixed for both
figures.

The impact of the number of consecutive pulses n has been reported as an important factor in membrane

conductance changes resulting from electroporation [94, 109, 140]. We refer to the measurement of the

effect of the number of pulses on the cell’s permeability as the permeabilization efficiency ∆Pm(ni) defined

as

∆Pm(ni) =
Pm(ti)−Pm((ni−1)td +nitp)

Pm(ti)
, (5.7)

where ti is the time at the start of the ithpulse in a series containing n pulses of duration tp. Simulations were

performed using pulses generated by an external electric field with an amplitude of 400 kV/m and varying

the pulse number from 1 to 1000 pulses with durations of 1 to 100 µs. Pm was found to increase proportional

to
√

n for each consecutive pulse delivered (Fig. 5.6a). The central implication of this relationship is that

knowing the permeability Pa induced by a single electrical pulse na = 1 for one PEF waveform a, the number

of pulses required to generate and equivalent permeability induced by a second treatment, treatment b, may
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Figure 5.6: Permeabilization efficiency decreases for each consecutive pulse delivered in a given
series. (a) Alternating polarity pulses increase the transmembrane potential U and generate in-
creasing membrane permeabilities Pm. U is driven by an electric field of E0 = 400 kV/m com-
prising one, two, or three pulses, shown in magenta, green, and blue, respectively. Pm increases
with each consecutive pulse, denoted by the magenta, green, and blue dotted lines identifying the
corresponding transmembrane potential. (b) The increase in Pm upon removal of the last pulse in a
train of n alternating-polarity pulses is shown as green dotted lines for 1, 10, and 100 µs long pulse
durations tp with a 1 µs delay td between consecutive pulses. The fractional increase in membrane
permeability ∆Pm between the falling edge of two such pulses decreases linearly with

√
n, shown

as a blue solid line. δ = 1.0×10−3 was fixed for both figures.

be calculated by

log
(

nb

na

)
=

Pa−Pb

2
, (5.8)

where na and nb are the numbers of alternating polarity pulses in treatment a and b, respectively, and Pa and

Pb are the permeabilities after the first pulse of each treatment using constant duration pulses (Fig. 5.6b).

5.4 Discussion

In the proposed model, normalization of the governing equations contains only six parameters: {α,β ,δ ,η ,γ,ξ}

(Table 5.1). γ , ξ , and η are the most readily measurable parameters and have been well-characterized

and estimated in previous literature [89, 94, 103], while α and β were fixed based on previous estimates

[89, 91, 98, 261]. Therefore, we varied δ to calibrate our model to the experimental dataset. Fitting our
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model in this way indicated a three- to five-fold difference in the δ for cells treated in the HEPES buffer,

over the cells treated in SFDF or PBS (Fig. 5.2). These data indicate that the composition of the HEPES

buffer impacts the rate at which M is generated following EP, which is counterintuitive when considering

the model in terms of circuit theory. The HEPES buffer has an electrical conductivity 10-fold lower than

PBS and SFDF, and should result in a smaller Us, using a circuit theory approximation. Biochemically, there

are two components in the HEPES buffer—HEPES (10 mM) and sucrose (250 mM)—that differentiate this

buffer from PBS and SFDF (Chapter 4). HEPES buffers are commonly used for in vitro EP studies as they

maintain cellular viability without the presence of calcium [30, 279, 280], and the common use of HEPES

buffers may suggest that this buffer does not affect cellular EP. Additionally, cells immersed in iso-osmotic

sucrose-containing buffers of similar osmolarity, even in the absence of HEPES, have been shown to uptake

more propidium than cells in buffers without sucrose [149].

While the impact of HEPES buffers on EP appears to be negligible, there is evidence that the inclusion of

sucrose affects cells as they are permeabilized. Sucrose is excluded from electroporated membranes [91] and

has been shown to result in the formation of blebs due to the influx of extracellular water through membrane

pores [119]. Within the context of these results, the large δ our model predicts for the sucrose-containing

HEPES buffer and the influx of water may assist in the widening of membrane pores. The membrane fraction

in the low-conductivity N stage could widen into the M stage to more rapidly shunt the flow of water along

the osmotic pressure gradient and into the cell. In addition to the widening of pores, the osmotic pressure

gradient could also deliver solutes, such as propidium, into the cell more rapidly. Both of these effects may

explain the increased δ for cells in HEPES, but more investigation is required to further characterize this

mechanism.

The flow of propidium and other solvents into the cell through the cell membrane following EP is the result

of both electrophoretic drift and diffusion along concentration gradients. However, the flow of propidium

into an electroporated cell following the removal of the applied electric field is largely due to diffusion across

pores in the cell membrane [281, 282]. Here, the pore population is divided into two subpopulations, N and

M, which are treated in aggregate based upon whether the pores permit propidium transport. Previous re-

ports have suggested subdividing the induced membrane porosity into diffusive and electrically conductive

portions [129, 153, 241, 283], but these models have typically relied on the incorporation of interface condi-
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tions in continuum models. In our model, the dimensionality of the problem is collapsed through symmetry

to yield average porosities for the whole membrane, rather than addressing the generation, relaxation, and

interconversion of individual pores (Fig. 5.1). Furthermore, removing this spatial dependance allows our

model to be solved using standard ODE solvers, enabling the simplified spatial system to be readily incorpo-

rated as a material property into larger systems [284]. In the present model, this reduced dimensionality was

achieved through the use of dynamic porosities N and M [106, 153, 241, 285] rather than more conventional

pore numbers [13, 286, 287, 288]. The transport through the M stage then facilitates hindered diffusion of

propidium into the cell and is represented as an average over the whole cell, rather than at each individual

pore, giving rise to a dual-porosity model of the cell membrane [161].

While our two-stage model is calibrated with single-pulse propidium uptake data, further datasets should be

considered in future work. However, it can be examined for qualitative consistency with previous reports.

The two-stage model can also be easily extended from a single pulse to a series of alternating polarity (Fig.

5.6). Due to the slow relaxation rate (η) of the M stage (Fig. 5.4), two consecutive pulses separated by

≤100 ms allow a negligible M to N relaxation prior to the start of a second pulse. The membrane conduc-

tance, which most significantly depends on N, is highly dynamic compared to the membrane permeability

to solutes, which depends on M (Fig. 5.6a). This is consistent with the relatively rapid recovery of the

naive membrane conductance observed in patch-clamp experiments [103]. However, the long-lived M stage

results in a Pm that is relatively independent of td (Fig. 5.6b). Furthermore Pm, at the removal of each

consecutive pulse, increases with
√

n for up to one thousand 1-10 µs pulses, regardless of the pulse dura-

tion (tp). Our model suggests that two disparate series with different pulse durations and inter-pulse delays

generate equivalent permeabilities if the number of pulses in each series satisfies equation 5.8, suggesting

a dose-dependent response [289]. Together, these observations are consistent with previous experimental

reports using series of long pulses of alternating polarity pulses [94].

The repetition rate (i.e. 1/(tp + td)) has been observed to impact the uptake of propidium. Repetition rates

of 1-10 Hz induce greater permeabilization than pulses delivered more rapidly [277]. Delays of 1 and 4

µs have also been shown to produce relatively similar permeabilities, with longer pulses of equivalent total

duration producing even larger permeabilities [94]. In our model, the permeability is dependent only on the

membrane fraction in the M stage, which is a small fraction of the total porous area (M+N). The preceding
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N stage is formed more quickly and relaxes more rapidly than the M stage, which damps the effects of rapid

changes in U on M. This damping effect becomes evident when the inter-pulse delay is sufficiently small to

allow partial or complete relaxation of the N stage prior to the initiation of the subsequent pulse. Only when

a longer pulse is applied can N transition to M and substantially contribute to the membrane’s permeability.

Furthermore, at longer pulse durations (on the order of several seconds) the membrane fraction in the M

stage begins to relax. If the cell membrane in the M stage is allowed to partially relax between pulses, a

lower average permeability is obtained over the course of the EP treatment. To design optimal EP protocols,

pulse durations must be long enough to induce the largest membrane fraction in the M stage while preventing

its relaxation.

5.5 Conclusion

Here, we develop and calibrate a computational model of small molecule transport into cells using only

six parameters. We calibrate our model using experimental data of propidium uptake following EP. When

extended to multiple bipolar pulses, our model corroborates previous experimental reports and suggests a

relationship that defines the pulse number required to obtain equivalent molecular uptake between disparate

EP schemes. This model is useful for designing novel pulse schemes and connecting cell-level processes to

tissue-level processes with a similar mechanism of action.

5.6 Appendix A: Derivation of Circuit Model

Enforcing current continuity across the membrane gives

(σmemE) ·n
∣∣
Γ
− εm

∂E
∂ t

= 0, (5.9)

where E is the electric field in the source-free membrane interior, εm is the permittivity of the cell membrane

Γ. The radial component of the electric field has the form Er = E0[(A+Br−3)cosφ ] [65]. Let σmem be the

membrane conductivity, σint be the conductivity of the cell interior, and σext be the extracellular conductivity.

110



The electric current I through the membrane surface of a spherical cell with outer radius r, membrane

thickness h, and permittivity εm is given by

I =−π2r2(6r−1)
2h

[
σmemE0− εm

∂E0

∂ t

]
, (5.10)

where A =−1/(2h), and B = 3r4/h for h << r, σmem << σint , and σmem << σext . By definition, the radially

defined electric field is E0 =−du/dr. This allows the electric current between the inside of the cell and the

outside of the cell to be integrated to yield

εm
∂Um

∂ t
= σexthE0−σmemUm, (5.11)

where Um = uint −uext , and for a spherical conductor, I = 4πr(r−h)σextE0 where r >> h. Two paths were

considered for the transmembrane conduction current: through the naive membrane fraction 1−M−N and

through porous fraction M+N such that σmem = σm(1−M−N)+σp(M+N), where σmem is the effective

ionic conductance of the cell membrane, σm is the conductance of the naive membrane fraction, and σp is

the conductance of the porous fraction. Splitting the conductance in this manner yields,

∂Um

∂τ
=Us−U

(
1+ γ(M+N)

)
, (5.12)

where Um is the unnormalized TMP, τRC = ε/σm, U =Um/U0, Us = τRCσexthE0/(U0ε), γ = (σp−σm)/σm,

and σext is the conductivity of the external buffer.

5.7 Appendix B: Steady State Analysis

In order to determine the model’s steady states, the time derivatives in equations 5.1 - 5.4 were set to zero.

Furthermore, because Us is delivered as a pulse, conditions at the time after its removal are considered as
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the initial conditions for a source-free system. This yields the linear system

0 = αU2−δU2N−βN +ηM, (5.13)

0 = δU2N−ηM, (5.14)

0 = ξ M(1−X), (5.15)

0 = −U
(
1+ γ(N +M)

)
. (5.16)

Six possible steady states arise from this system, but the domain constraints M ≥ 0 and N ≥ 0 only permit

two steady states that reflect the reality

(N1,M1,X1,U1) = (0,0,0,0), (5.17)

(N2,M2,X2,U2) = (0,0,1,0). (5.18)

To determine the stability of these steady states, all the eigenvalues of the Jacobian must have negative real

parts. The Jacobian of equations 5.1 - 5.4 with Us = 0 is

J =



−δU2−β η 0 2U(α−δN)

δU2 −η 0 2δUN

0 ξ (1−X) −ξ M 0

−γU −γU 0 −γ(N +M)−1


. (5.19)

The eigenvalues are given at steady state s by det(J|s− λ̂ I) = 0 where λ̂ are the eigenvalues and I is the

identity matrix. This yields the same characteristic equations for both steady states with eigenvalues of

λ̂ ∈ {−1,0,−β ,−η}. λ̂ = 0 arises from equation 5.15, which contains the only appearance of X and its

first derivative and has no bearing on any of the other equations in the model. Because this coupling of

M to X is unidirectional, equation 5.15 and derivatives with respect to X were removed from J. λ̂ was

recalculated and yielded λ̂ ∈ {−1,−β ,−η}. Because all of the real parts of the eigenvalues are negative,

the system coupling N, M, and U is asymptotically stable.

112



5.8 Appendix C: ODE Simulation Code

The following code fits the dynamical system model of single-cell electroporation in the preceding chap-

ter to experimental data generated in Chapter 4. For each medium (PBS, SFDF, and HEPES), for each

position within the chamber corresponding to a different electric field strength (1:170 kV/m, 2:250 kV/m;

3:320 kV/m, 4:400 kV/m) and each pulse duration (1, 10, 100, and 1000 µs), a data file containing mean

fluorescence intensity values listed at each time point for each cell is read into the script and converted to a

concentration using the proportionality constant (CON). The applied electric field is converted into a source

transmembrane potential and each parameter in the model is defined. The model is fit to the experimental

data using a Nelder-Mead method implemented in the minimize function. The fit parameters stored after

each iteration are then saved as a CSV file (paramterFits.csv).

1 import pickle, os, time, datetime, lmfit
2 import numpy as np
3 from lmfit import Parameters, minimize
4 from scipy.integrate import odeint
5

6 ## Constant relating pixel value to concentration
7 CON = (2**16-1)/695.37*(1/668.3964*1e3*1e-6)
8

9 ## Open data file
10 def openFile(dirname, pos, pulse, params, CONSTANT=CON,
11 extension=’.csv’, return_raw=False, medium=’PBS’,

X0=30e-6):↪→

12 t = []
13 C = []
14 # start_time = time.time()
15 for i in os.listdir(dirname):
16 test1 = extension in i and ’pos%s_’%pos in i
17 test2 = ’pulse%s.’%pulse in i and medium in i
18 if test1 and test2:
19 with open(dirname + ’/’ + i) as fline:
20 for line in fline:
21 if line[0] != ’c’:
22 xd = [CONSTANT*np.float(i) for i in

line.split(’,’)[1:-1]]↪→

23 C.append(xd)
24 Cm = np.median(C, axis=0)
25 Cm = np.subtract(Cm, Cm[0])
26 Cm = np.divide(Cm, X0)
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27

28 Cs = np.std(C, axis=0)/np.sqrt(len(C))
29 Cs = np.divide(Cs, X0)
30 t = np.linspace(0, 60*len(Cm), len(Cm)) #time in microseconds
31 if return_raw:
32 return [t, Cm, Cs]
33 else:
34 return[t, Cm, Cs]
35

36 ## ODE model
37 def odeModel(state, t, params, waveform=None):
38 N = state[0]
39 M = state[1]
40 U = state[2]
41 X = state[3]
42 alpha = params[’alpha’].value
43 beta = params[’beta’].value
44 delta = params[’delta’].value
45 eta = params[’eta’].value
46 gamma = params[’gamma’].value
47 xi = params[’xi’].value
48 tau = params[’tau’].value
49 if waveform == None:
50 tp = params[’tp’].value
51 if t < tp:
52 U0 = params[’U0’].value
53 else:
54 U0 = 0
55 elif waveform == ’bipolar’:
56 tp = params[’tp’].value
57 delay = params[’delay’].value
58 time_resid = np.mod(t, tp+delay)
59 total_num = params[’pulse_no’].value
60 num = int(t/(tp+delay))
61 if is_odd(num) and num < total_num:
62 if time_resid < tp:
63 U0 = -1*params[’U0’].value
64 else:
65 U0 = 0
66 elif not is_odd(num) and num < total_num:
67 if time_resid < tp:
68 U0 = params[’U0’].value
69 else:
70 U0 = 0
71 else:
72 U0 = 0
73 eq1 = alpha*(1-N-M)*(U**2) - beta*N - delta*N*U**2 + eta*M
74 eq2 = delta*N*U**2 - eta*M
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75 eq3 = U0 - (gamma*(N+M) + 1)*U/tau
76 eq4 = xi*M*(1-X)
77 return [eq1, eq2, eq3, eq4]
78

79 ## ODE solver
80 def solveODE(time, params, state0, waveform=None):
81 params[’tp’].value = params[’tp’].value
82 t = time
83 sol = odeint(odeModel, state0, t, args=(params, waveform),
84 mxstep=int(1e6), h0=1e-9, atol=1e-9, rtol=1e-9)
85 return sol
86

87 ## Calculate residual
88 def residual(params, state0, pulse, pos, obs_data, V0):
89 resid = []
90 s = []
91 data = obs_data
92 params[’tp’].value = pulse*1e-6
93 params[’U0’].value = V0[pos-1]
94 t = data[0]
95 sol = odeint(odeModel, state0, t, args=(params,), mxstep=int(1e6),
96 h0=1e-12,
97 atol=1e-9, rtol=1e-9)
98 resid = abs(sol[:,-1]-data[1])
99 s = data[-1]

100 params[’SSR’].value = np.sum(np.multiply(resid,
101 resid))/sum(np.multiply(data[1],

data[1]))/len(data[1])↪→

102 return resid, s
103

104 ## Dump parameter fits to output file
105 def prettyDump(paramsets, filename):
106 f = open(filename, ’w’)
107 f.write(’,’.join([i for i in paramsets[0].keys()])+’\n’)
108 for j in paramsets:
109 f.write(’,’.join([str(j[i].value) for i in j.keys()])+’\n’)
110 f.close()
111 return False
112

113 ## Simulation constants
114 R = 7.5e-6
115 eps0 = 8.85e-12
116 eps = 12*eps0
117 Uep = 0.258
118 h = 5e-9
119 sigma_e = 1;
120 E0 = [170e3, 250e3, 320e3, 400e3]
121
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122 ## Initial Condition
123 state0 = [0, 0, 0, 0]
124 filename = os.curdir + ’/dataFit’
125

126 ## Buffer types
127 MED = [’PBS’, ’SFDF’, ’HEPES’]
128 conductivities = {’PBS’:1.01,
129 ’SFDF’:0.93,
130 ’HEPES’:0.08}
131

132 ## Loop over buffer types
133 for medium in MED:
134 V0 = np.multiply(E0, conductivities[medium]*h/(eps*Uep))
135 pulse = [1, 10, 100, 1000]
136 pos = [1, 2, 3, 4]
137 start_time = time.time()
138 params0 = Parameters()
139

140 ## Define parameter space for simulation
141 params0.add(’alpha’, value=1, vary=False)
142 params0.add(’beta’, value=4e-2, vary=False)
143 params0.add(’delta’, value=5e1, min=5e-1, max=5e2) #adjust height
144 params0.add(’eta’, value=4e-3, min=1e-4, max=1e-1) #adjust height
145 params0.add(’gamma’, value=1e5, vary=False)
146 params0.add(’xi’, value=5e2, vary=False)
147 params0.add(’tau’, value=1e-6, vary=False)
148 params0.add(’tp’, value=pulse[-1], vary=False) # solve in

microseconds↪→

149 params0.add(’U0’, value=V0[-1], vary=False)#
150 params0.add(’SSR’, value=0)
151 params0.add(’conductivity’, value=conductivities[medium],

vary=False)↪→

152 paramsets = []
153

154 ## Loop over pulse durations
155 for i in pulse:
156

157 ## Loop over pulse strengths
158 for j in pos:
159 print("\n[+] Optimizing initial

parameters...(Nelder-Mead)")↪→

160 params = params0
161 params[’U0’].value = V0[j-1]
162 params[’tp’].value = i
163 data = openFile(filename, j, i, params, medium=medium)
164 mi = minimize(residual, params,
165 args=(state0, i, j, data, V0), method=’nelder’)
166 paramsets.append(mi.params)
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167

168 ## Store output file with parameter fits
169 prettyDump(paramsets, ’parameterFits.csv’%medium)
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6.1 Introduction

Electroporation is a biophysical process in which an applied electric field motivates the rearrangement of

the constituent phospholipids of a bilayer membrane to form metastable pore-like structures [12, 102, 107].

The formation of these electropores results in a large increase membrane permeability to plasmids and small

molecules, such as drugs and fluorescent tracers [14, 146, 204]. Chemotherapeutics in particular are able to

more readily pass through the membranes of electroporated cells, increasing their efficacy when delivered

alongside electroporation treatments [35]. These electrochemotherapies have combined electroporation with

bleomycin [200], cisplatin [290, 291], and most recently calcium [32] to successfully treat tumors. If the

applied electric field is sufficiently strong and applied over enough time, electroporation may also be used

directly as an effective tumor ablation modality [16]. These irreversible electroporation treatments have

been successfully used to locally treat tumors in the liver [292], prostate [293], and brain [17].

Mechanistically, electroporation relies on the generation of nano-scale pores that permit the flow of solute

molecules between the aqueous interior and exterior of a cell. Pore formation has been modeled using

the asymptotic Smoluchowski model (ASM), which considers the process similar to a nucleation event

[75, 168]. Pores are assumed to appear with an initial sub-nanometer radius and then expand based on steric

hindrance, electrical energy, surface tension of the membrane, and the line tension of the pore itself [13].

Computational studies of the evolution of pores radii identify at least two populations of pores generated by

electroporation [110, 111, 161], with some models considering three of four [283]. The first subpopulation

is characterized by a 0.8 nm radius. The second subpopulation has a characteristic radius of 10 to 30 nm

and are fewer in number than the first [102, 111]. Dynamical system models of pore formation have been

implemented on the cell membrane to reconcile these observations and mitigate computational complexity

[153, 183] (Chapter 5). In these models, the transitions from naive membrane to small pore and from small

pore to large pore are characterized in aggregate by forward and reverse rate constants which significantly

decreases the computational cost over tracking each pore individually.

Pores are generated simultaneously with electrodiffusive processes that vary the local ion concentrations

around the cell. The electrical conductivities of the intracellular and extracellular spaces are much greater

than their permittivities to the degree that these domains are often considered ohmic [82, 144]. Electrical flux

continuity couples the intracellular and extracellular potential and concentration fields across the thin, semi-
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permeable, dielectric membrane. As pores are formed, they shunt ionic currents through the membrane,

which decreases the transmembrane potential (TMP) [263, 294]. These ionic fluxes are also subject to both

electrical drift and diffusion [262, 295].

Finite element and finite volume methods have been implemented to spatially discretize the solution domain

in drift-diffusion problems involving charged particles in and around a cell during electroporation [144, 262].

In such schemes, two major domains are considered: the intracellular space and the extracellular space. Fi-

nite element methods rely on a mesh which subdivides the whole domain into an ensemble of coupled

smaller domains over which the governing equations are applied. The membrane interface between these

two domains is considered negligibly thin and couples these two domains using Robin boundary conditions

[82, 296]. One particular class of finite element methods, called discontinuous Galerkin finite element meth-

ods, is particularly useful for handling flux jumps across thin interfaces. These methods introduce additional

degrees of freedom to penalize differences between the solution values on element facets that that share an

interface [297, 298]. In the symmetric interior penalty discontinuous Galerkin (SIPDG) formulation, penalty

terms and terms to make the assembled system symmetric are added [299]. At the expense of additional

degrees of freedom, these methods directly account for flux jumps between interfacial elements within the

formulation itself. In addition, discontinuous Galerkin finite element methods methods are able to be im-

plemented using parallel solvers, enabling them to be readily integrated into high performance computing

schemes.

Here, we report the development of a two-dimensional axisymmetric model of electroporation on a single

fitted mesh using the SIPDG method. To our knowledge, this is the first model to integrate ASM-based pore

formation with a two-stage permeability scheme and the drift-diffusion of charged solutes using a SIPDG

finite element method. The results of our model are in strong agreement with previous modeling efforts

and experimental reports. Our SIPDG model of the biophysical mechanisms motivating electroporation will

enable future computational investigations.
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Figure 6.1: A cell was modeled as a 2D ax-
isymmetric sphere. (a) Diagram of the model
geometry where the left side of the geometry
is collinear with the axis of symmetry. (b)
The 75 µm × 37.5 µm triangular mesh in-
cluded 1612 elements that range in diameter
from 5.0×10−6 µm to 6.7×10−7 µm.

6.2 Methods

6.2.1 Drift-Diffusion Model

Computational models of electroporation often consider an idealized spherical cell modeled as a thin di-

electric boundary Γ separating an external conductive domain (Ω1) from an internal conductive domain

(Ω2) such that Ω1 ∪Ω2 = Ω (Fig. 6.1a). The boundaries of the global domain ∂Ω are either Neumann

non-conducting boundaries or Dirichlet boundaries to which electric potentials or solute concentrations are

assigned. The drift-diffusion component of a boundary value problem modeling single-cell electroporation

involves the solution of the transient Nernst-Planck equation

∂ci

∂ t
−∇ ·J = 0, (6.1)

on Ω where J = Di∇ci + µici∇u, Di is the diffusion coefficient of solute i with charge number zi at con-

centration ci, and u is the electric potential field. µi is the electrical mobility of solute i and is given by the

Einstein relation µi = DiFzi/(RT ) where F is Faraday’s constant, R is the universal gas constant, and T is

the ambient temperature. A Dirichlet boundary condition is imposed on ∂Ω2 by ci|∂Ω2 = cD. On ∂Ω1 and

∂Ω3, no-flux Neumann boundary conditions were imposed (J ·n|∂Ω1 = J ·n|∂Ω1 = 0). The initial condition

was set to ci|Ω1 = cD and ci|Ω2 = 0.0.

The mass transport flux jump interfacial condition on Γ is described by a membrane permeability to solute i
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(Pi)

{J}
∣∣
Γ
= Pi[[ci]], (6.2)

where the [[·]] and {·} are operators defined on the facets of elements for an arbitrary function ϕ

[[ϕ]] := ϕ
+n++ϕ

−n−, (6.3)

{ϕ} :=
1
2
(ϕ++ϕ

−). (6.4)

Membrane permeability to solute i (Pi) was modeled under the assumptions of electrodiffusive transport

Pi =
Di

h

(
Pe

ePe−1

)
(πr2

0HN +χMM) (6.5)

where H is the hindrance factor [161], χM is the effective relative permeability of the M-stage membrane,

and N is the surface pore density of pores.

The discontinuous Galerkin formulation is developed by allowing the mass flux to be discontinuous between

adjacent elements on their shared interface. We build on the work of [298, 299, 300] and apply the SIPDG

method on each element k ∈ T where T is a subdivision of Ω of k elements, which yields

∑
k∈T

∫
T

v
(

∂ci

∂ t

)
dx+ ∑

k∈T

∫
Tk

∇v ·J dx

−∑
k∈T

∫
∂Tk\Γ
{J} · [[v]] ds−∑

k∈T

∫
∂Tk\Γk

{∇v} · [[ci]] ds

+ ∑
k∈T

∫
∂Tk\Γk

α

hk
[[ci]] · [[v]] ds− ∑

k∈∂ΩD

∫
∂Ωk

J · vn ds

+ ∑
k∈∂ΩD

∫
∂Ωk

α

hk
v(ci− cD) ds− ∑

k∈∂ΩD

∫
∂Ωk

v(ci− cD) ds

+ ∑
k∈Γ

∫
Γk

Pi[[ci]] · [[v]] ds = 0, (6.6)

where v is a test function, hk is the circumradius of element k and α is any sufficiently large positive function.
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The propagation of an applied electric field is given by the Poisson equation

−∇ · (σ∇u) = 0, (6.7)

where σ is the conductivity. However, as the extracellular (Ω1) and intracellular (Ω2) domains are consid-

ered purely ohmic, the source term is only considered on the membrane facets (Γ). The Dirichlet boundary

conditions generate the applied electric field and are imposed on ∂Ω1 and ∂Ω3 by u|∂Ω1 =−u|∂Ω3 = E0l0/2

where l0 is the vertical length of the axisymmetric computational domain (l0 = 75 µm). On ∂Ω2, a no-

flux boundary was imposed (−σ∇u ·n|∂Ω2 = 0). The initial condition was set to u = 0.0. The interfacial

electrical flux condition on Γ describes displacement and ionic conduction currents through the dielectric

membrane

{σi∇ui}
∣∣
Γ
=

(
εm

h

)(
∂ [[u]]

∂ t

)
+

σm

h
([[u]]+urest)+Gi[[u]], (6.8)

where εm is the permittivity of the cell membrane, h is the membrane thickness u0 is the resting membrane

potential, σm is the naive membrane conductivity, and Gi is the ionic conduction current through electro-

pores. The formulation of Gi is similar to Pi

Gi =
2πr2

0σe f f N
πr0 +2h

(6.9)

where σe f f = (σext − σint)/ log(σext/σint), log(·) is the natural logarithm, σext is the conductivity of the

extracellular space (Ω1), and σint is the conductivity of the intracellular space (Ω2).
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The SIPDG formulation for u is similar to the mass transport formulation and is given by

∑
k∈T

∫
Tk

∇w ·σ∇u dx−∑
k∈T

∫
∂Tk\Γ
{σ∇u} · [[w]] ds−∑

k∈T

∫
∂Tk\Γk

{∇w} ·σ [[u]] ds

+ ∑
k∈T

∫
∂Tk\Γk

α

hk
[[u]] · [[w]] ds− ∑

k∈∂ΩD

∫
∂Ωk

σ∇u ·wn ds

+ ∑
k∈∂ΩD

∫
∂Ωk

α

hk
w(u−u0) ds− ∑

k∈∂ΩD

∫
∂Ωk

w(u−u0) ds

+ ∑
k∈Γ

∫
Γk

εm

h
[[w]] ·

(
∂ [[u]]

∂ t

)
ds+ ∑

k∈Γ

∫
Γk

σm

h
[[w]] · ([[u]]+urest) ds

+ ∑
k∈Γ

∫
Γk

Gi[[w]] · [[u]] ds,= 0. (6.10)

where w is a test function. Further details are given in Appendix A.

Parameter Value Units Description Reference
α 10 Stabilization parameter
ε0 8.9×10−12 F/m Vacuum permittivity
F 9.6×104 C/mol Faraday constant
R 8.3 J/mol·K Universal gas constant
T 300 K Ambient temperature
E0 1.0 MV/m Applied electric field strength
zi +2 Propidium charge number [136]
Di 0.5×10−9 m2/s Propidium diffusion coefficient [136]

σext 1.0 S/m Extracellular conductivity Chapter 4
εm 8.0ε0 Membrane permittivity [301, 302]
σm 1.0×10−8 S/m Naive membrane conductance [82, 302]
σint 0.3 S/m Intracellular conductivity [303]
ρ 10 µm Cell radius [81, 304]
h 5.0 nm Membrane thickness [82, 305]
r0 0.8 nm N-stage pore radius [102, 111]
rL 10 nm M-stage pore radius [111]
a 1.0×109 m−2/s Pore creation rate [82]

Neq 1.5×109 m−2 Equilibrium pore density [82]
k0 1.0×108 1/s M formation rate [103]
km 4.0×10−3 1/s M recovery rate [85, 103]
uth 260 mV Electroporation threshold voltage [82, 103]

urest 70 mV Electroporation threshold voltage [60, 306]
λM 0.63 Solute radius / pore radius [161]
kn 1.0×105 M Michaelis constant
χM 1.0×104 M fraction area

Table 6.1: Parameters for discontinuous Galerkin finite element model of electroporation
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6.2.2 Pore Generation and Secondary Membrane Permeability

The generation of electropores is modeled using the ASM

∂N
∂ t

= ae([[u]]/uth)
2
(

1− N
Neqe−q([[u]]/uth)2

)
, (6.11)

where a is the pore formation rate, uth is the electroporation threshold, Neq is the equilibrium pore density,

and q is a fitting constant. Radical oxygen species are generated during electroporation and have been shown

to damage the cell membrane [307, 308], suggesting the existence of a secondary transport mechanism.

Hence, a sensitized membrane fraction (M) was introduced into the model. M formation occurs with a

maximum rate k0 and has a dependence on the pore population density. The growing surface concentrations

pores increasingly contributes to the disruption of the naive membrane, modeled as

∂M
∂ t

=
k0N(1−M)

kn +N
− kmM (6.12)

where kn corresponds to the N at which the half-maximum M formation rate is achieved and km is the

recovery rate of the sensitized membrane fraction.

6.2.3 Implementation

Computations were performed using the FEniCS (v2017.2) FE framework [309] in Python (v3.6.3). The 2D

axisymmetric geometry was generated in GMSH (v3.0.1) and included the element with the smallest ratio

of major to minor circumradius of 0.66 and the element with the largest ratio of 1.0 (Fig. 6.1). An implicit

backward Euler scheme was used to solve equation 6.6 for ci and equation 6.10 for u. The computational

electroporation model proceeded using an implicit time stepping scheme for temporal discretization and

a SIPDG method for spatial discretization. Solution of equations 6.6 and 6.10 was performed using the

potential field (u), pore (N) and solute distributions (ci) from the previous time step. The pore surface

density following this update was calculated on Γ using an implicit midpoint scheme. Masking the facets on

Γ was necessary to the computational scheme because of the interface and Dirichlet boundary conditions are

enforced as interior penalties on the boundary facets (∂Ω) as described (Appendix A). This was done prior
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Figure 6.2: The transmembrane potential
([[u]]|Γ) drives the formation of pores and sen-
sitized membrane. (a) The transmembrane po-
tential is shown following a single 1 µs pulse.
(b) The surface pore density N and sensitized
membrane fraction M are shown as functions
of the polar angle θ along the cell membrane
Γ.

to the N update by multiplying [[u]] by a 0-order piecewise constant masking function defined as unity on

the elements bordering Γ and 0 everywhere else. These updated values were then used to repeat the process

for the next time step. Simulations were performed both on a MacBook Pro (Mid 2012) with a 2.5 GHz Intel

i5 processor and 16 GB of RAM. Data visualization and post-processing were performed in both Matplotlib

(v2.2.1) and ParaView (5.4.0).

6.3 Results

An electric field around the model cell was applied at t = 0. The cell locally distorts the electric field as

it develops due to its low conductivity membrane (Fig. 6.2). As the TMP (|[[u]]|Γ) increases, pores are

generated along the cell membrane where [[u]]|Γ > uth. This variation in conductance results in a deviation

of the model from the Schwan model [310] (Fig. 6.3).

Once formed, these pores disrupt the membrane leading to secondary membrane permeabilization (M),

which allows tracer molecules, such as propidium, to enter the cell. Once pore formation occurs, TMP

sigmoid flattens at the extreme anodic and cathodic poles (Fig. 6.3). This nonlinearity is caused by ionic

currents through pores shunting larger currents to inhibit TMP increases. Our model predicts that for a

1.0 MV/m electric field, the TMP will reach a maximum much larger than the electroporation threshold
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Figure 6.3: The transmembrane poten-
tial (TMP) deviates from the ideal, non-
electroporated behavior due to membrane
permeabilization. (a) The absolute value of
the TMP (|[[u]]|) by seven-fold at the cell
poles from the idealized behavior predicted
by the Schwan equation. (b) TMP deviates as
the membrane permeability increases during
PEF application. The permeability reaches
a relatively constant plateau for a long pulse
and 0.1 µs monopolar pulses, but varies
considerably with bipolar pulses.

(uth) after 1 µs (Fig. 6.3a). Further, our model shows that a monopolar pulse train can induce an average

permeability for the whole membrane similar to that generated by a contiguous pulse (Fig. 6.3b). In order

to investigate the effects of periodic pulsed electric fields, multiple idealized square pulses were simulated

through varying the Dirichlet boundary conditions for u on ∂Ω1 and ∂Ω3. Monopolar and bipolar pulses

with 0.1 µs durations were applied with 0.1 µs delays between consecutive pulses of opposite polarities in

addition to a 1 µs pulse. Each treatment had an equivalent energized time. The solute flux across the cell

membrane was observed to be asymmetric for the single 1 µs pulse and the ten 0.1 µs monopolar pulse

treatments (Fig. 6.4a). However, by alternating the polarity of the 0.1 µs pulses (bipolar), this asymmetry

was greatly diminished at the cost of an overall decrease in ci uptake. The 1 µs contiguous pulse produced

the largest increase in intracellular ci, followed by the monopolar, then bipolar pulses (Fig. 6.4b). This

enhancement becomes increasingly evident as additional pulses are delivered. However, as the reversal of

the boundary conditions discharges the TMP in a bipolar pulse train, the average membrane permeability

oscillates around a significantly lower value, and the advantage of dispersing the pulses in the treatment train

is lost.
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Figure 6.4: Long pulses and monopolar trains
of pulses induce greater molecular uptake than
bipolar pulses. (a) A train of ten 0.1 µs bipo-
lar electrical pulses (0.1 µs inter-pulse de-
lay) induces a more symmetric solute uptake
than (b) a train of ten 0.1 µs bipolar electrical
pulses or (c) a single continuous 1 µs pulse.
(d) The average intracellular solute concentra-
tion ci is approximately eight-fold greater for
the monopolar pulse train and the long single
pulse than the bipolar pulse train.

6.4 Discussion

The computational results presented here are in good agreement with previous experimental and computa-

tional efforts. For example, the membrane permeabilities predicted by our SIPDG model are consistent with

previous observations, 6.7×10−9 to 1.3×10−8 m/s for electric field strengths of 200 to 400 kV/m and pulse

durations of 20 to 1000 µs [89] (Chapter 5). Our model predicts an average permeability of 4.5×10−7 m/s

is produced by a 1 µs pulse at 1.0 MV/m, which is larger than what has been experimentally observed, but

of a similar order of magnitude. However, it is noted that these data are observed in the minutes following

application of the electrical pulse and the initial large permeability will most likely decrease prior to the time

of the first experimental observations (Chapter 5).

While the average permeability plausibly reflects experimental measurements, the resealing rate of the mem-

brane observed experimentally is not at present faithfully recapitulated by the SIPDG model using the ASM

to model pore formation. Experimental reports of pore resealing rates on the order of several hundred sec-

onds [85, 89, 102, 103, 118] while the ASM predicts that pores relax on the order of tens to hundreds of

nanoseconds [13]. Several hypotheses have been proposed to explain this discrepancy including long-lived

pores and membrane oxidation. According to the long-lived pore hypothesis, a small fraction of the total
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pore population is maintained in the membrane following removal of the applied electric field [110]. This

subpopulation enables the membrane to remain largely permeable in the minutes to hours following electro-

poration [85, 89, 94, 146, 147, 294] (Chapter 5). Alternatively, the membrane oxidation hypothesis posits

that while electropores may form, they rapidly reseal and a secondary oxidation mechanism is responsible

for the sustained permeability following electroporation. Lipid oxidation has been experimentally shown

to affect membrane permeability [307, 311, 312, 313], though the mechanisms themselves are still opaque.

The reaction scheme we implement for pore expansion is general at present and more data will be needed to

characterize prolonged cellular permeability following electroporation.

Multi-pulse PEF schemes are typically implemented in order to perform electroporation while mitigating

thermal damage [132, 314]. However, the impact of consecutive pulses and the delays between them con-

founds direct experimental observation. Computational models, such as our SIPDG model, are particularly

well-suited to examine membrane electrodynamics at these time scales. Our simulations indicate that there

exists a large difference in the membrane permeability induced by trains of monopolar pulse and trains of

bipolar pulses with equivalent energized times. Monopolar pulses polarize the membrane in the same ori-

entation with each consecutive pulse. When the TMP is not allowed sufficient time to discharge completely

between two consecutive pulses, the electropores from the previous pulse provide a larger baseline for the

generation and expansion of new pores, rather than starting from a naive or oppositely-polarized membrane

state. Because bipolar electroporation schemes must discharge the membrane before repolarizing it in the

opposite direction, monopolar pulses elicit a much larger permeability (Fig. 6.4).

The present SIPDG model provides an elegant method for handling the flux jumps arising from the cell

membrane during electroporation while maintaining consistency with previous computational efforts and

experimental reports. Discontinuous Galerkin finite element models of membrane charging by an external

electric field [298] and of mass transport through semipermeable membranes [299] have also been imple-

mented. A variety of methods have also been used to model cellular electroporation. A finite volume method

has been implemented to solve a model of charged particle drift-diffusion during electroporation [144]. A

transport lattice model involving discrete electrical components has been implemented to model membrane

charging and pore formation [296]. Similar work using enriched finite difference schemes have been imple-

mented using heuristic two-state pore formation models, though not considering biophysical mechanisms
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[184]. The membrane interface has been enriched with flux discontinuities to explicitly enforce membrane

charging, pore formation, and charged particle drift-diffusion. These methods consider the intracellular

and extracellular domains continuous [183]. However, finite element methods comprise the most widely

implemented frameworks for electroporation model development [153, 182, 262].

Computationally, the present model builds on these efforts to implement a SIPDG model of electroporation

that includes the nonlinear ASM to account for pore formation. Finite element methods are especially suited

for handling complex geometries and boundary conditions in multiple dimensions [50, 109]. In addition to

mesh refinement, higher-order shape functions may be used to refine a solution. Computational domains are

also readily extended from one to two to three dimensions with few changes required by solver algorithms,

allowing for the development of robust application code. One particular benefit to using discontinuous

Galerkin finite element methods is their potential to be solved in parallel on high performance computing

clusters [309]. By only requiring local support for each element, the assembly and the solution of the

system may be distributed over many computational nodes rather than formulated as a serial process [298].

The flexibility of the SIPDG method enables biophysical processes such as membrane pore formation and

radial pore expansion to be easily manipulated through the addition or deletion of integrals in the finite

element formulation. Here, we have designed our SIPDG model to be readily extended to such schemes in

future models, though the implementation itself is outside the scope of the present work.

6.5 Conclusion

Here, we report the development of a model of electroporation based on the symmetric interior penalty

discontinuous Galerkin finite element method. We demonstrate that our model predicts membrane perme-

abilities consistent with previous computational models and experimental data. Our model predicts that

an assisted discharge mechanism is responsible for the difference in monopolar and bipolar PEF schemes

with equivalent energized times. The SIPDG model we develop will be critical to future computational

investigations into long-lived membrane permeability and is readily extensible for use on high performance

computing clusters.
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Appendix A: Derivation of SIPDG Model Formulation

Finite element schemes utilize the weak form of a boundary value problem to express the true solution as a

linear combination of basis vectors over the solution domain. Here, this philosophy remains unchanged. We

multiply equation 6.1 by a test function v and integrate over the domain Ω

∫
Ω

v
(

∂ci

∂ t

)
dx−

∫
Ω

v(∇ ·J) dx = 0. (6.13)

By the product rule and divergence theorem, the continuous Galerkin (CG) formulation is obtained

∫
Ω

v
(

∂ci

∂ t

)
dx+

∫
Ω

∇v ·J dx−
∫

∂Ω

J · vn ds = 0, (6.14)

provided the flux and potential continuity on shared element facets is strongly enforced. Allowing the

molecular flux to be discontinuous between adjacent elements, the discontinuous Galerkin (DG) formulation

is developed. We split the integrals from the CG formulation then evaluate them on each element k∈ T where

T is a subdivision of Ω of k elements such that

∑
k∈T

∫
T

v
(

∂ci

∂ t

)
dx+ ∑

k∈T

∫
Tk

∇v ·J dx−∑
k∈T

∫
∂Tk

J · vn ds = 0. (6.15)

On the edge of each element in a DG formulation, two separate integrals are be evaluated, namely

∫
∂Tk

(J+) · v+n+ ds+
∫

∂Tk

(J−) · v−n− ds =
∫

∂Tk

{J} · [[v]] ds, (6.16)

where + and − are indicators of the direction of approach to the colocated facets of adjacent elements.

These integrals are rewritten using the discontinuous operators defined previously (equations 6.3 and 6.4).

The mass transport flux jump condition is enforced over Γk ∈ ∂Tk by substitution

−
∫

Γk

{J} · [[v]] ds =
∫

Γk

Pi[[ci]] · [[v]] ds. (6.17)
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In order to make the DG formulation positive definite we introduce terms on the remaining interior facets to

penalize flux jumps

∑
k∈T

∫
∂Tk\Γk

α

hk
[[ci]] · [[v]]ds = 0, (6.18)

where hk is the circumradius of element k and holds for any real positive function α . We introduce a second

term to make the formulation symmetric

−∑
k∈T

∫
∂Tk\Γk

{∇v} · [[ci]]ds = 0, (6.19)

under the assumption of a sufficiently smooth v. The penalty and the symmetry terms enable the global

Dirichlet boundary conditions to be enforced through the addition of penalty integrals on ∂ΩD

∑
k∈∂ΩD

∫
∂Ωk

α

hk
v(ci− cD) ds− ∑

k∈∂ΩD

∫
∂Ωk

v(ci− cD) ds. (6.20)

Neumann boundary conditions are applied through the addition of the standard term

− ∑
k∈∂ΩN

∫
∂Ωk

J · vn ds, (6.21)

though this term is ultimately zero in the present formulation. Therefore, the SIPDG method [315] formu-

lation for the electrodiffusion of charged molecules is given by

∑
k∈T

∫
T

v
(

∂ci

∂ t

)
dx+ ∑

k∈T

∫
Tk

∇v ·J dx

−∑
k∈T

∫
∂Tk\Γ
{J} · [[v]] ds−∑

k∈T

∫
∂Tk\Γk

{∇v} · [[ci]] ds

+ ∑
k∈T

∫
∂Tk\Γk

α

hk
[[ci]] · [[v]] ds− ∑

k∈∂ΩD

∫
∂Ωk

J · vn ds

+ ∑
k∈∂ΩD

∫
∂Ωk

α

hk
v(ci− cD) ds− ∑

k∈∂ΩD

∫
∂Ωk

v(ci− cD) ds

+ ∑
k∈Γ

∫
Γk

Pi[[ci]] · [[v]] ds = 0. (6.22)

We proceed in a similar manner for the development of the Poisson equation. Multiplying by the test
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function w and integrating over Ω yields

−
∫

Ω

w∇ · (σ∇u) dx = 0. (6.23)

Applying the product rule followed by the divergence theorem yields

−
∫

Ω

(∇w ·σ∇u)dx+
∫

∂Ω

(wσ∇u ·n)ds = 0. (6.24)

We generate the DG formulation similar to before, including the additions of the symmetry, penalty, and

boundary terms,

∑
k∈T

∫
Tk

∇w ·σ∇u dx−∑
k∈T

∫
∂Tk\Γ
{σ∇u} · [[w]] ds−∑

k∈T

∫
∂Tk\Γk

{∇w} ·σ [[u]] ds

+ ∑
k∈T

∫
∂Tk\Γk

α

hk
[[u]] · [[w]] ds− ∑

k∈∂ΩD

∫
∂Ωk

σ∇u ·wn ds

+ ∑
k∈∂ΩD

∫
∂Ωk

α

hk
w(u−u0) ds− ∑

k∈∂ΩD

∫
∂Ωk

w(u−u0) ds

+ ∑
k∈Γ

∫
Γk

εm

h
[[w]] ·

(
∂ [[u]]

∂ t

)
ds+ ∑

k∈Γ

∫
Γk

σm

h
[[w]] · ([[u]]+urest) ds

+ ∑
k∈Γ

∫
Γk

Gi[[w]] · [[u]] ds,= 0. (6.25)

Appendix B: Derivation of Permeability Interface Condition

Using the quasi-static assumption for a dilute solute and assuming a homogenous electric field across the

cell membrane

c
Pei

h
+J ·n = Di

∂c
∂ r

(6.26)

where the Peclét number is defined as Pei = ziF [[u]]/(RT ). Integrating by separation of variables yields

J ·n =

(
PeiDi[[ci]]

h(1− e−Pei)

)
(6.27)
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where {J ·n} is the approximates the flux between two elements in the DG formulation by the average normal

flux along the collinear facets on Γ. This flux only occurs through the pores (N) and the sensitized membrane

(M) and is considered through the a factor representing the membrane area susceptible to molecular flux

J ·n =

(
PeiDi[[ci]]

h(1− e−Pei)

)(
πr2

0HNiN +χMM
)
, (6.28)

where χM is the relative permeability increase for the sensitized membrane fraction M.

6.6 SIPDG Simulation Code

The following code is a two-dimensional axisymmetric simulation of a single, idealized cell undergoing

electroporation and is implemented using a symmetric interior penalty discontinuous Galerkin finite element

method. The solution is performed directly on a mesh generated in GMSH (modelCell axisymm2D.xml)

using discontinuous quadratic (p = 2) Lagrange shape functions on triangular elements. Each component

of the model is implemented as a function defined at the beginning of the script using the FEniCS finite

element framework. The spatial results are saved to HDF5 (.h5) file format and the list of solution times is

pickled for easy post processing.

1 from fenics import *
2 import numpy as np
3 import pickle
4

5 class InitialConditions(Expression):
6 def __init__(self, subdomains, c_in, c_out, **kwargs):
7 self.subdomains = subdomains
8 self.c_in = c_in
9 self.c_out = c_out

10

11 def eval_cell(self, values, x, cell):
12 if self.subdomains[cell.index] == 7: # inside circle
13 values[0] = self.c_in
14 elif self.subdomains[cell.index] == 8: # outside circle
15 values[0] = self.c_out
16

17 class Conductivity(Expression):
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18 def __init__(self, subdomains, sigma_in, sigma_out, **kwargs):
19 self.subdomains = subdomains
20 self.sigma_in = sigma_in
21 self.sigma_out = sigma_out
22

23 def eval_cell(self, values, x, cell):
24 if self.subdomains[cell.index] == 7: # inside circle
25 values[0] = self.sigma_in
26 elif self.subdomains[cell.index] == 8: # outside circle
27 values[0] = self.sigma_out
28

29 def hindrance(i):
30 kappa = 1
31 kappa += 9./8.*i*np.log(i)
32 kappa += -1.56034*i
33 kappa += 0.528155*i**2
34 kappa += 1.91521*i**3
35 kappa += -2.81903*i**4
36 kappa += 0.2707884*i**5
37 kappa += 1.10115*i**6
38 kappa += -0.435933*i**7
39 return kappa
40

41 def pores_midpoint(N, u, dt,
42 a=1.0e9, q=2.46, Neq=1.5e9, uth=0.258):
43 Na = avg(N)
44 U = abs(jump(u)/uth)
45 ap = a*exp(U*U)
46 b = Neq*exp(q*U*U)
47 return (2*ap*b*dt + 2*b*Na - ap*dt*Na)/(2*b + ap*dt)
48

49 def memory_implicit(u, N, M, dt,
50 kn=1.0e5, km=4.0e-3, vmax=1.0e8):
51 Ma = avg(M)
52 Na = avg(N)
53 U = abs(jump(u))
54 Mnew = dt*(vmax*Na/(kn+Na)*(1-Ma) - km*Ma) + Ma
55 return Mnew
56

57 def permeability(N, u, M,
58 hm=5e-9, rp1=0.8e-9, rp2=15.0e-9,
59 Di=0.5e-9, R=8.314, T=298.0, F=9.6e4, zp=2.0,

pm=1.0e4):↪→

60 # hindrance for rs/rp = 0.6
61 Ma = avg(M)
62 Na = avg(N)
63 p1 = Constant(hindrance(0.52e-9/rp1)*np.pi*rp1**2)
64 return Constant(Di/hm)*(p1*avg(N) + pm*avg(M))
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65

66 def conduction(N, hm=5e-9, sigma_out=1.0, sigma_in=0.3, rp1=0.8e-9):
67 sigma_eff = (sigma_out - sigma_in)/np.log(sigma_out/sigma_in)
68 jp1 = 2*np.pi*rp1**2*sigma_eff/(np.pi*rp1+2*hm)
69 return jp1*avg(N)
70

71 def TMP(u, u0, Gi, dt, hm=5e-9, g0=2e-8,
72 eps0=8.85e-12, eps_r=8.0, urest=-0.07):
73 Jmem = eps_r*eps0/hm*(jump(u,n) - jump(u0,n))/dt # Displacement

current↪→

74 Jmem += g0/hm*(jump(u,n)+Constant(urest)*n(’+’)) # Naive
conduction current↪→

75 Jmem += Gi*jump(u,n) # Pore conduction current
76 return Jmem
77

78 def relError(c1, c2):
79 M = assemble((c1 - c2)**2*r*dx(degree=10))
80 M0 = assemble(c2**2*r*dx(degree=10))
81 if M0 == 0:
82 return 0.0
83 else:
84 return sqrt(M / M0)
85

86 if __name__ == ’__main__’:
87 ofilename = ’modelCell_axisymm2D.xml’
88 mesh = Mesh(ofilename)
89 subdomains = MeshFunction("size_t", mesh,
90 "%s_physical_region.xml"%ofilename.split(’.’)[0])
91 boundaries = MeshFunction("size_t", mesh,
92 "%s_facet_region.xml"%ofilename.split(’.’)[0])
93

94 ofile_cp = ’Simulation Results/axisymCell_%s_t.h5’%’cp’
95 ofile_u = ’Simulation Results/axisymCell_%s_t.h5’%’u’
96 ofile_N = ’Simulation Results/axisymCell_%s_t.h5’%’N’
97 ofile_M = ’Simulation Results/axisymCell_%s_t.h5’%’M’
98 hfile_cp = HDF5File(mesh.mpi_comm(), ofile_cp, "w")
99 hfile_u = HDF5File(mesh.mpi_comm(), ofile_u, "w")

100 hfile_N = HDF5File(mesh.mpi_comm(), ofile_N, "w")
101 hfile_M = HDF5File(mesh.mpi_comm(), ofile_M, "w")
102

103 alpha = 10.0
104 gamma = alpha
105 f = Constant(0.0)
106

107 cD = 30e-6
108 Di = 0.5e-9
109 zp = 2.0
110 R = 8.314
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111 F = 9.6e4
112 T = 298.0
113 Pe = F*zp/(R*T)
114

115 A1 = Constant(Di)
116 A2 = Constant(Di*F*zp/(R*T))
117

118 tend = 1.0e-6
119 t = 0.0
120 times = []
121

122 DG2_elem = FiniteElement(’DG’, mesh.ufl_cell(), 2)
123

124 # Function space for concentration
125 V_c = FunctionSpace(mesh, DG2_elem)
126

127 #Function space for potential
128 V_phi = FunctionSpace(mesh, DG2_elem)
129

130 #Define mixed function space
131 W_elem = MixedElement([DG2_elem, DG2_elem])
132 W = FunctionSpace(mesh, W_elem)
133

134 #Define trial functions
135 u = Function(W)
136 c, phi = split(u)
137

138 #Defining test functions
139 (v_c, v_phi) = TestFunctions(W)
140

141 # Previous solution
142 ## Note: in a 7.5 um radius cell, 9.4e-13 M is 1 molecule/cell
143 phi0 = interpolate(Constant(0.0), V_phi)
144 sigma = interpolate(Conductivity(subdomains,
145 0.3, 1.0, degree=0), V_phi)
146 c0 = interpolate(InitialConditions(subdomains,
147 1.0e-13, cD, degree=0), V_c)
148

149 Vs = FunctionSpace(mesh, ’DG’, 0)
150 v0 = TestFunction(Vs)
151 mask_fxn = project(Constant(1.0), Vs)
152 membrane_mask = Function(Vs,
153 assemble(mask_fxn(’-’)*avg(v0)*dS(1)))
154

155 ds = Measure(’ds’, subdomain_data=boundaries)
156 dS = Measure(’dS’, subdomain_data=boundaries)
157 dx = Measure(’dx’, subdomain_data=subdomains)
158 r = Expression(’x[0]’, degree=1) # axisymmetric integration
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159 n = FacetNormal(mesh)
160 h = CellDiameter(mesh)
161 h_avg = (h(’+’) + h(’-’))/2
162

163 N0 = Function(Vs)
164 M0 = Function(Vs)
165

166 N = Function(Vs)
167 M = Function(Vs)
168

169 times.append(t)
170 hfile_u.write(phi0, ’/initial’)
171 hfile_cp.write(c0, ’/initial’)
172 hfile_N.write(N0, ’/initial’)
173 hfile_M.write(M0, ’/initial’)
174

175 counter = 0
176 scheme = [1.0, 0.0, -1.0, 0.0]
177 interval = 1.0e-6
178 voltage = 40.0
179 VOLT = Constant(0.0)
180 err = 0.0
181 Utol = 1.0e-9
182

183 for ind, polarity in enumerate(scheme):
184 VOLT.assign(polarity*voltage)
185 tend = interval*(ind+1)
186 dt = Constant(1.0e-9)
187 gauss = lambda w_, u_, TMP_: \
188 dot(grad(w_), sigma*grad(u_))*r*dx \
189 - dot(jump(w_,n), avg(sigma*grad(u_)))*r*dS(0) \
190 - dot(avg(sigma*grad(w_)), jump(u_,n))*r*dS(0) \
191 + alpha/h_avg*dot(jump(u_,n), jump(w_,n))*r*dS(0) \
192 + dot(jump(w_,n), TMP_)*r*dS(1) \
193 - dot(sigma*grad(w_), (u_ - VOLT)*n)*r*ds(4) \
194 - dot(w_*n, sigma*grad(u_))*r*ds(4) \
195 + (gamma/h)*w_*(u_ - VOLT)*r*ds(4) \
196 - dot(sigma*grad(w_), (u_ + VOLT)*n)*r*ds(6) \
197 - dot(w_*n, sigma*grad(u_))*r*ds(6) \
198 + (gamma/h)*w_*(u_ + VOLT)*r*ds(6)
199

200 nernst = lambda vv_, ci_, ci0_, uu_, Pi_, dt_: \
201 (1/dt_)*(ci_-ci0_)*vv_*r*dx \
202 + dot(grad(vv_), A1*grad(ci_)+A2*ci_*grad(uu_))*r*dx \
203 - dot(jump(vv_,n),
204 avg(A1*grad(ci_)+A2*ci_*grad(uu_)))*r*dS(0) \
205 - dot(avg(A1*grad(vv_)), jump(ci_,n))*r*dS(0) \
206 + alpha/h_avg*dot(jump(vv_,n), jump(ci_,n))*r*dS(0) \
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207 + Pi_*dot(jump(ci_,n), jump(vv_,n))*r*dS(1) \
208 - dot(A1*grad(vv_), (ci_ - cD)*n)*r*ds(5) \
209 - dot(vv_*n, A1*grad(ci_))*r*ds(5) \
210 + (gamma/h)*vv_*(ci_ - cD)*r*ds(5) \
211 - dot(vv_*n, A1*grad(ci_)+A2*ci_*grad(uu_))*r*ds(4) \
212 - dot(vv_*n, A1*grad(ci_)+A2*ci_*grad(uu_))*r*ds(6)
213

214 while (t<tend):
215

216 F = nernst(v_c, c, c0, phi, permeability(N0,
217 phi, M0, zp=zp), dt) \
218 + gauss(v_phi, phi, TMP(phi, phi0,
219 conduction(N0), dt))
220

221 # Solve using default parameters
222 solve(F == 0, u, [])
223

224 # Store solutions at current timestep
225 times.append(t)
226

227 # Update function values
228 (cs, phis) = u.split(True)
229 err = relError(c0, cs)
230

231 # Implicit pore step
232 N.assign(Function(Vs,
233 assemble(pores_midpoint(N0,
234 phis, dt)*avg(v0)*r*dS(1))))
235

236 M.assign(Function(Vs,
237 assemble(memory_implicit(phis,
238 N0, M0, dt)*avg(v0)*r*dS(1))))
239

240 phi0.assign(phis)
241 c0.assign(cs)
242 N0.assign(N)
243 M0.assign(M)
244

245 hfile_u.write(phi0.vector(),
246 "/values_{}".format(len(times)-1))
247 hfile_cp.write(c0.vector(),
248 "/values_{}".format(len(times)-1))
249 hfile_N.write(N.vector(),
250 "/values_{}".format(len(times)-1))
251 hfile_M.write(M.vector(),
252 "/values_{}".format(len(times)-1))
253

254 # Time stepping
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255 CFL = 1.0e-4
256 U = abs(phi0(0, 7.5e-6 + Utol)-phi0(0, 7.5e-6 - Utol))
257 dx2 = mesh.hmin()**2
258 dt.assign(CFL*dx2/(2*Di*np.max([1.0,abs(Pe)*U])))
259 t += dt.values()[0] # increment time step
260

261 # Store times
262 pickle.dump(times, open(’Simulation Results/times.pickle’, ’wb’))
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Chapter 7

Conclusion

7.1 Introduction

Electroporation is a complex phenomenon that has shown great promise both as a tumor ablation modality

and as a adjuvant therapy. Fundamentally, the mechanisms belying electroporation rely on the permeabiliza-

tion of cell membranes through the restructuring of the phospholipid bilayer. This restructuring results in an

enhanced permeability to small molecules, including chemotherapy drugs and tracer molecules that are un-

able to cross an intact cell membrane. Quantitative measurements of fluorescent tracers, such as propidium

ions, as they enter the cell provide a real-time method of directly evaluating membrane permeability.

The goal of this dissertation was to characterize the permeability of mammalian cells following electro-

poration in vitro. Experimental measurements of membrane permeability were taken using quantitive flu-

orescence microscopy and enabled the effects of vastly different electroporation schemes to be directly

compared. This method is general and applicable to any treatment condition that manipulates the cell mem-

brane. Experimental data from these studies were used to calibrate models of electroporation-mediated

mass transport. These models enable the direct comparison between measurable experimental data and the

computational models for both validation and calibration. The framework I have developed for investigat-

ing membrane permeability serves as a platform for future work bridging the gap between experimental

results and computational models. The work presented here is critical to more thoroughly understanding the
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biophysical processes involved in cellular electroporation.

7.2 Summary of Results

In Chapter 3, propidium ions were used to characterize the spatiotemporal evolution of membrane per-

meability following the application of clinically relevant electrical waveforms. Data were gathered from

micrographs of cells immersed in a low-conductivity buffer containing propidium. Trains of monopolar

electrical pulses, similar to those used for irreversible electroporation applications, were shown to induce

a significantly larger membrane permeability than high-frequency bipolar pulses. However high-frequency

bipolar electric fields generated more symmetric uptake profiles between the anodic and cathodic membrane

poles. A method for calculating the net membrane permeability was also demonstrated using time series

micrographs. It was shown that the membrane permeability exhibits a sharp decrease in the seconds fol-

lowing the removal of the appleid electric field, but plateaus at a non-zero value in the minutes immediately

following treatment.

The methodologies refined in Chapter 4, build upon those developed in Chapter 3. Propidium ions were

observed entering into cells to calculate the net permeability for the whole cell. The fluorescence intensity

of nucleic acid-bound propidium was calibrated in order to determine the intracellular concentration of

bound propidium. Molecular uptake was evaluated in the minutes following electroporation with single-

pulse electric fields with durations of 1, 10, 100, and 1000 µs and strengths of 170 to 400 kV/m with the

maximum net diffusive permeability across all treatments reaching 1.3×10−8 m/s. It was demonstrated that

a population of cells is heterogenous in its electroporation-mediated uptake response, especially near the

strength-duration threshold for electroporation.

Together, these results comprise the development of a method of measuring membrane permeability to

fluorescent tracer molecules following electroporation based on time series fluorescence micrographs. This

technique is a fundamental improvement over relative intensity measurements as it provides quantitative

data critical to calibrating computational models of cellular electroporation. Furthermore, such data can be

used to compare dramatically different electroporation schemes with unequal applied energies, such as the

difference apparent in clinical irreversible electroporation and high-frequency irreversible electroporation
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therapies.

In Chapter 5, the quantitative measurements of membrane permeability from Chapter 4 are used to calibrate a

dynamical system model of molecular uptake following electroporation. This model comprises two porosity

stages that modulate the membrane permeability to small molecules. The model itself focuses on the cell as

a unit entity and therefore serves as a bridge between the quantitative single-cell measurements in Chapter 4

and the evaluation of other computational models, including the spatiotemporal model developed in Chapter

6. Calibration with the experimental data indicates that buffer composition is an important parameter in

electroporation-induced membrane permeability. The model considers pore formation on the cell membrane,

the evolution of the electric field within the vicinity of the cell, and the flux of charged particles during and

following electroporation. This scheme is able to directly account for the flux jump across a thin structure,

such as the cell membrane, across which a discontinuous flux exists. This model is able to account for the

asymmetric molecular uptake patterns observed in Chapter 3 and shows that ionic fluxes through membrane

pores inhibit the growth of the transmembrane potential beyond 2- to 5-fold larger than the electroporation

threshold.

Extending the model to multi-pulse electroporation schemes reveals that the per-pulse permeability increase

occurs proportional to the square root of the pulse number for sufficiently short pulse durations and inter-

pulse delays. Additionally, the model predicts that while the inter-pulse delay impacts membrane con-

ductance, it has very little impact on membrane permeability for inter-pulse delays shorter than 0.1 s. This

model is readily calibrated with single-cell experimental observations and sufficiently flexible for refinement

as new data becomes available.

From a computational perspective, the dynamical system model of electroporation sacrifices spatial reso-

lution for the ability to be easily calibrated using experimental data. This model serves as an intermediate

between complex three-dimensional models of cellular electroporation, such as the DG model in Chapter 6,

and experimental uptake data, such as in Chapters 3 and 4. The DG model is developed for future imple-

mentation on a high-performance computing cluster, which could make comparison with experimental data

more feasible using parallel solvers than with more conventional serial solution strategies.
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7.3 Future Work

The work presented in this dissertation is focused on the relationship between experimental and computa-

tional data and bridging the communication gap between the two approaches. The analytical tools I have

developed enable the investigation of several research questions that were previously difficult to address.

In particular, pore formation, relaxation, and expansion are all process that have not been directly observed

experimentally but are the basis of many current computational paradigms. Pore relaxation occurs rapidly

within the model in Chapter 6 and results in rapidly-decreasing membrane permeability following removal

of the applied electric field. However, experimental evidence in Chapters 3 and 4 demonstrates that the

membrane remains permeable for minutes to hours following electroporation. These results suggest that

secondary mechanisms influence post-PEF membrane permeability and must therefore be experimentally

investigated to produce a more complete understanding of the electroporation process.

The quantitative fluorescence microscopy techniques used in Chapters 3 and 4 will be critical to the inves-

tigation of the role of other membrane permeabilization methodologies, such as mechanical deformation or

oxidation, in electroporation-based technologies and therapies. The dynamical system model in Chapter 5

provides a framework to evaluated the complex interactions between pore-forming mechanisms and these

secondary mechanisms. The model in Chapter 6 is able to provide a method to identify potential mech-

anisms and inform the experimental investigations and is directly comparable with the dynamical system

model. This synergistic feedback between computational and experimental investigations is important to

optimizing electroporation technology for future applications.

One of the critical technologies that enables experimental studies of electroporation is the high-voltage

pulsed power instrumentation required to form the requisite PEFs. This equipment is often expensive and

limited in its design to a specific waveform parameter space, including limitations in polarity, power, and

bandwidth. Especially down to pulse durations of 1 µs or less, the instrumentation required for experimen-

tal investigations is often custom designed and built at a non-trivial expense. The design and manufacture

of a custom-built solid-state Marx topology pulse generator has been an ongoing progress over the past

several years in collaboration with Suyashree Bhonsle, Natalie White, and Yajun Zhao. The present pro-

totype design is built from commercial, off-the-shelf parts and includes a laptop-based user interface with

a control system that allows for greater flexibility than commercial pulse generators. This generator will
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enable greater flexibility in the electric field waveforms used during in vitro electroporation experiments

as well enable synchronization with microscopy systems that was not otherwise possible with the available

equipment.

7.4 Conclusion

In this dissertation, I have described a fundamental experimental research method for calculating the net cell

membrane permeability using calibrated time series fluorescence micrographs. These data have enabled the

quantitative characterization of cell membrane permeability using equipment ubiquitous in microbiology

laboratories. This technique has enabled the development and calibration of theoretical models that inform

experimental design and technological development. The methodologies and results discussed provide a

framework for improving the relationship between computational and experimental results in the field of

electroporation, and more broadly, membrane permeability.

7.5 Additional Peer-Reviewed Work

This dissertation references other peer-reviewed material that has been published by the author:

• DC Sweeney, RE Neal III, RV Davalos. Multi-scale biophysical principles in clinical irreversible

electroporation. Irreversible Electroporation in Clinical Practice. Ed. R Meijerink, HJ Scheffer, G

Narayanan. Springer International Publishing. 2018.

• TA Douglas, J Cemazar, N Balani, DC Sweeney, EM Schmelz, RV Davalos. A feasibility study for

enrichment of highly-aggressive cancer subpopulations by their biophysical properties via dielec-

trophoresis enhanced with synergistic fluid flow. Electrophoresis. (27 Mar 2017).

• T Murovec, DC Sweeney, E Latouche, RV Davalos, C Brosseau. Modeling of Transmembrane Po-

tential in Realistic Multicellular Structures before Electroporation. Biophysical Journal. 111(10),

pp.2286-2295, (2016).
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• SP Bhonsle, CB Arena, DC Sweeney, RV Davalos. Mitigation of impedance changes due to electro-

poration therapy using bursts of high-frequency bipolar pulses. Biomed. Eng. Online 14(3). (2015).
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[11] J Plášek, A Vojtı́šková, and J Houštěk. Flow-cytometric monitoring of mitochondrial depolarisation:
from fluorescence intensities to millivolts. Journal of Photochemistry and Photobiology B: Biology,
78(2):99–108, 2005.

[12] I.G. Abidor, V.B. Arakelyan, L.V. Chernomordik, Yu.A. Chizmadzhev, V.F. Pastushenko, and M.R.
Tarasevich. 246 - Electric breakdown of bilayer lipid membranes I. The main experimental facts and
their qualitative discussion. Bioelectrochemistry and Bioenergetics, 6(1):37–52, 1979.

[13] John C. Neu, Kyle C. Smith, and Wanda Krassowska. Electrical energy required to form large con-
ducting pores. Bioelectrochemistry, 60(1-2):107–114, 2003.

[14] M. Tarek. Membrane electroporation: a molecular dynamics simulation. Biophysical Journal,

147



88(6):4045–53, Jun 2005.
[15] Christelle Rosazza, Sasa Haberl Meglic, Andreas Zumbusch, Marie-Pierre Rols, and Damijan

Miklavcic. Gene Electrotransfer: A Mechanistic Perspective. Current gene therapy, 16(2):98–129,
2016.

[16] R. V. Davalos, L. M. Mir, and B. Rubinsky. Tissue ablation with irreversible electroporation. Annals
of Biomedical Engineering, 33(2):223–231, Feb 2005.

[17] Paulo A Garcia, John H Rossmeisl, John Robertson, Thomas L Ellis, and Rafael V Davalos. Pi-
lot study of irreversible electroporation for intracranial surgery. Conference proceedings : ...
Annual International Conference of the IEEE Engineering in Medicine and Biology Society. IEEE
Engineering in Medicine and Biology Society. Annual Conference, 2009:6513–6, jan 2009.

[18] Paulo A Garcia, John H Rossmeisl, Robert E Neal, Thomas L Ellis, John D Olson, Natalia Henao-
Guerrero, John Robertson, and Rafael V Davalos. Intracranial nonthermal irreversible electropora-
tion: in vivo analysis. The Journal of membrane biology, 236(1):127–36, jul 2010.

[19] John H Jr Rossmeisl, Paulo A Garcia, John L Roberston, Thomas L Ellis, and Rafael V Davalos.
Science Pathology of non-thermal irreversible electroporation ( N-TIRE ) -induced ablation of the
canine brain. Journal of Veterinary Science, 14(May 2012):433–440, 2013.

[20] R. E. Neal, J. H. Rossmeisl, V. D’Alfonso, J. L. Robertson, P. a. Garcia, S. Elankumaran, and
R. V. Davalos. In vitro and numerical support for combinatorial irreversible electroporation and
electrochemotherapy glioma treatment. Annals of Biomedical Engineering, 42(3):475–487, 2014.

[21] Hanne Falk, Susanne Lambaa, Helle Hjorth Johannesen, Gitte Wooler, Alessandro Venzo, and Julie
Gehl. Electrochemotherapy and calcium electroporation inducing a systemic immune response with
local and distant remission of tumors in a patient with malignant melanoma a case report. Acta
Oncologica, 0(0):1–6, 2017.

[22] Suyashree Bhonsle, Mohammad Bonakdar, Robert E. Neal, Charles Aardema, John L. Robertson,
Jonathon Howarth, Helen Kavnoudias, Kenneth R. Thomson, S. Nahum Goldberg, and Rafael V.
Davalos. Characterization of Irreversible Electroporation Ablation with a Validated Perfused Organ
Model. Journal of Vascular and Interventional Radiology, pages 1–12, 2016.

[23] Marleen C A M Melenhorst, Hester J. Scheffer, Laurien G P H Vroomen, Geert Kazemier,
M. Petrousjka van den Tol, and Martijn R. Meijerink. Percutaneous Irreversible Electroporation
of Unresectable Hilar Cholangiocarcinoma (Klatskin Tumor): A Case Report. CardioVascular and
Interventional Radiology, 39(1):117–121, 2016.

[24] Maciej Pech, Andreas Janitzky, Johann Jacob Wendler, Christof Strang, Simon Blaschke, Oliver
Dudeck, Jens Ricke, and Uwe-Bernd Liehr. Irreversible electroporation of renal cell carcinoma: a
first-in-man phase I clinical study. Cardiovascular and interventional radiology, 34(1):132–8, feb
2011.
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[27] Anabel José, Luciano Sobrevals, Antoni Ivorra, and Cristina Fillat. Irreversible electroporation shows
efficacy against pancreatic carcinoma without systemic toxicity in mouse models. Cancer letters,
317(1):16–23, apr 2012.

[28] Mary Phillips, Hanush Krishnan, Narayan Raju, and Boris Rubinsky. Tissue ablation by a synergistic
combination of electroporation and electrolysis delivered by a single pulse. Annals of biomedical
engineering, 2016, 2016.

[29] P. Marsanic, A. Mellano, A. Sottile, and M. De Simone. Irreversible electroporation as treatment

148



of locally advanced and as margin accentuation in borderline resectable pancreatic adenocarcinoma.
Medical & Biological Engineering & Computing, 2017.

[30] S. K. Frandsen, H. Gissel, P. Hojman, J. Eriksen, and J. Gehl. Calcium electroporation in three
cell lines: a comparison of bleomycin and calcium, calcium compounds, and pulsing conditions.
Biochimica et Biophysica Acta - General Subjects, 1840(3):1204–1208, 2014.

[31] E. L. Hansen, E. B. Sozer, S. Romeo, S. K. Frandsen, P. T. Vernier, and J. Gehl. Dose-dependent
ATP depletion and cancer cell death following calcium electroporation, relative effect of calcium
concentration and electric field strength. PLoS ONE, 10(4):1–12, 2015.

[32] S. K. Frandsen, H. Gissel, P. Hojman, T. Tramm, J. Eriksen, and J. Gehl. Direct therapeutic applica-
tions of calcium electroporation to effectively induce tumor necrosis. Cancer Research, 72(6):1336–
1341, 2012.

[33] Yoshihide Tsujimoto. Apoptosis and necrosis: intracellular ATP level as a determinant for cell death
modes. Cell death and differentiation, 4(6):429–434, 1997.

[34] E Neumann, M Schaefer-Ridder, Y Wang, and P H Hofschneider. Gene transfer into mouse lyoma
cells by electroporation in high electric fields. The EMBO journal, 1(7):841–845, 1982.

[35] R. Heller, M. Jaroszeski, A. Atkin, D. Moradpour, R. Gilbert, J. Wands, and C. Nicolau. In vivo gene
electroinjection and expression in rat liver. FEBS letters, 389(3):225–228, 1996.

[36] Takeshi Suzuki, Bo-Chul Shin, Keiko Fujikura, Toshiyuki Matsuzaki, and Kuniaki Takata. Direct
gene transfer into rat liver cells by in vivo electroporation. FEBS Letters, 425(3):436–440, 1998.
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