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Electroporation is the technique of applying an electric field to a cell to achieve
temporary membrane permeabilization and allow the passage of drugs, chemicals, or DNA
through the compromised cell membrane. Electroporation technology is presently an area
of research interest due to its versatility and potential benefit to various investigational
therapies including vaccines and cell and gene therapies. The transfection efficiency and
cell viability following electroporation experiments depend strongly on various parameters
such as the applied electric field, cell type used, and the contents and electrical
characteristics of the buffer solution through which a field is applied. This study aims to
demonstrate a technique by which a lower voltage can be used to electroporate cells with
the goal of increasing cell viability and permeabilization efficiency with plasmid DNA and
propidium iodide when compared to existing techniques. This is achieved utilizing 3T3
cells attached to a biocompatible, 60µm thick nanoporous alumina membrane substrate
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with 100nm pores. Computational modeling predicts that applying an electric field through
this nanoporous substrate in a conductive buffer solution results in electric field
amplification near nanopores to achieve electroporation of cells adherent to the substrate,
while maintaining a lower field strength elsewhere in the remaining area surrounding a
cell. As many existing electroporation experiments work with cell suspensions in cuvettes
to achieve electroporation, this technique presents a method to achieve electroporation of
adherent cells. Results suggest that delivery cargo of interest can be electrophoretically
driven through these nanopores and enter a cell with an electroporation pulse under select
electric field conditions. Here, a technique is described to further investigate the application
of nanoporous substrates in electroporation experiments. Furthermore, the impact of
electric field strength amplification through alumina nanopores is demonstrated by the
successful permeabilization of cell membranes with delivery markers.
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Chapter 1: Introduction

1.1 Clinical Significance of Electroporation
Electroporation is the application of an electric field to a biological cell in order to
achieve either temporary or irreversible permeabilization of the lipid cell membrane [1].
The ability to permeabilize the cell membrane in a reversible manner presents a technique
to achieve the delivery of therapeutic cargo directly to cells, such as pharmaceutical
compounds, plasmid DNA (pDNA), or other agents of interest [2]. Electroporation is
unique among intracellular delivery techniques in that it can be used to permeabilize
multiple prokaryotic and eukaryotic cell lines but is limited by numerous experimental
parameters which are specific to a unique cell type [3]. However, to date, electroporation
has been presented as a safe and highly efficient technique when utilized for these
applications in research settings [3,4,5]. As such, electroporation is a topic of current
research aiming to improve the delivery of therapeutic agents of interest to humans for the
treatment of a wide variety of diseases.
Cell and gene therapies are a rapidly growing area of therapeutic interest as
commercial therapies begin to reach the marketplace to cure or manage a wide variety of
previously untreatable or poorly managed diseases. Many cell and gene therapies target
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conditions which previously would be considered manageable chronic conditions, at best,
or have a poor patient prognosis. Examples of cell and gene therapies currently in
development include chimeric antigen receptor T-cell (CAR-T) therapies for the treatment
of solid tumor and blood cancers and therapies targeting genetic disorders, among others
[6,7]. Therapies in this realm have shown dramatic promise in their ability to successfully
treat disease.
Cell and gene therapies rely on the principle of altering cellular function through
the introduction of foreign molecules, such as DNA or RNA, intracellularly [7]. One of the
principle challenges in the development and commercialization of such therapies involves
the delivery of therapeutic agents through cellular membranes and into the cytoplasm or
inside of their cellular targets. Electroporation presents a compelling alternative to the most
commonly used delivery technique in present biomanufacturing, viral vectors, among other
currently investigated techniques. Reasons for this include an increase in the transfection
or delivery efficiency of cargo, increase in cell viability, and a reduction in the necessity
of time consuming and expensive processing steps needed to purify cell samples presently
required [8]. Additionally, the use of viral vectors in biomanufacturing is subject to
stringent safety requirements, manufacturing and supply limitations, and is very costly. [9].
Electroporation has the potential to address many of the challenges in developing relevant
therapies in either research or biomanufacturing settings by presenting a safer and more
efficient method of delivering therapeutic cargo to cells.
Presently, the first technologies utilizing electroporation for biopharmaceutical and
cell therapy applications are reaching the marketplace as clinical and commercial stage
therapies. An example of this is the CARMA™ platform, an mRNA based cell therapy
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platform which aims to target both leukemias and solid tumors utilizing CAR-T therapy
[10]. Here, the manufacturer of the platform notes the use of electroporation as a critical
component to the manufacturing of the therapy as it greatly shortens the manufacturing
time and reduces complexity when compared to existing manufacturing techniques with
viral vectors as the delivery carrier. Thus, the relevance of electroporation to the
development of new therapies represents a viable commercial advantage.
This provides one example of the potential benefits of the use of electroporation in
applications including transdermal drug delivery, vaccine delivery, and in an increasing
number of cell and gene therapies [8,10,11]. Based on the promise of electroporation in
contributing to the remarkable potential of cell and gene therapies, the continued
optimization of techniques in order to continue to improve therapeutic cargo delivery and
reducing negative effects to cells which are electroporated is an area of present study.
Consistent with this, the research presented here presents a technique to electroporate cells
with a novel technique in order to further achieve the goal of increasing transfection
efficiency of cells while maintaining high cell viability post-pulsing. There is an immediate
therapeutic need for the continuous evaluation and development of highly efficiency and
low-cost electroporation platforms to aid in the development of cell and gene therapies,
among other treatments, in the healthcare market today. The work presented hear aims to
address and improve aspects of existing electroporation techniques.
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1.2 Electroporation Overview and Pulse Conditions
Electroporation has been broadly defined as the temporary permeabilization of a
lipid cell membrane as a result of the application of an electric field to a cell [12]. The
application of an electric field to cells induces a transmembrane voltage potential across
the lipid bilayer membrane. Consequently, pore formation occurs across the cellular
membrane to permit the passage and exchange of molecules intracellularly, as is shown in
Figure 1.1. The relationship between the application of an electric field to a cell and a
change in the transmembrane potential of a cell membrane is described by a simplified
model of a spherical dielectric shell as:
U = 1.5·E·R·cos(Ɵ) [1]
Here, U represents the transmembrane voltage, R represents the radius of the cell, and Ɵ is
the angle between the direction of the electric field applied to the cell and the site on the
cell membrane where U is being measured. The constant, 1.5, leading the equation
represents the cell shape factor, which for a perfectly spherical cell is equal to 1.5. It has
been reported in successful electroporation studies that the transmembrane potential of the
lipid membrane, U, can measure from approximately 0.5 to 1.5V in mammalian cells with
pulse lengths in the microsecond to millisecond time scale [13]. Correspondingly, with
pulses on the time scale of microseconds to milliseconds, the transmembrane voltage of
1V has been achieved with pulse strengths of 2 kV/cm experimentally in various literature
[14]. This provides a general range of applied electric field strengths where reversible
electroporation is achieved in mammalian cells. As such, this range of values is used in
experimentation.
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Figure 1.1. Cellular Electroporation Overview
Here, the principle of reversible electroporation mediated cellular delivery is demonstrated.
Delivery cargo of interest, in green, is suspended adjacent to a cell in solution. When an
electric pulse is applied, cell permeabilization is achieved, permitting the passage of the
cargo through to the cell membrane. Finally, resealing of the membrane pores ensures the
cargo is retained intracellularly to achieve a therapeutic outcome once incorporated [15].

In addition to electric field strength, another major controlling component to
electroporation experiments is the duration time period that an electric field strength is
applied to a cell. Pulse duration in electroporation experiments has been studied in
literature in a wide range of varying degrees of durations. In one report, Weaver et al.
compiled a large range of electroporation studies in order to categorically summarize
different ranges of magnitude of pulse durations, shown in Figure 1.2.
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Figure 1.2. Summary of Electroporation Pulsing Parameters Identified in Literature
This graphic presents a wide range of electroporation pulse strengths and durations studied
in literature. Of interest is the range of pulse conditions where reversible electroporation is
achieved. For shorter pulse strengths under 1µs, stronger pulse strengths in excess of
10kV/cm can achieve reversible electroporation. As pulse length increases beyond 1ms,
weaker pulse strength conditions ensure cellular resealing and survival post-pulsing. This
presents a range of values for the duration of pulses required to achieve electroporation
with cell survival post-pulsing [16].

As such, experimental ranges for the time scale of an applied electric field are
typically found in and around the nanosecond to tens of millisecond range in order to
achieve reversible electroporation and subsequent cell survival [14,16]. For studies where
the delivery of therapeutic cargo is of interest, electroporation parameters are selected such
that reversible electroporation is achieved. For other studies, where cellular ablation or
targeted apoptosis is of interest, for example, irreversible electroporation is the desired
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outcome. For conventional electroporation experiments for cargo delivery such as this
study, a pulse duration in the scale of microseconds to tens of milliseconds is of interest to
achieve reversible electroporation.
In summary, electroporation experiments are most tightly controlled by the
parameters of electric field strength and pulse duration. While the transmembrane potential
of individual cell types varies, the inducible range of reversable electroporation of
mammalian cells operates within a relatively tight range of experimental conditions. While
variability is seen in the selection of pulse duration for electroporation experiments, cell
death is not attributed solely to the pulse duration parameter until pulse durations exceed
the millisecond time scale. As pulse duration increases, a converse reduction in electric
field strength is necessary to achieve an energy dissapation associated with cell survival. It
is clear from literature that electroporation parameters of electric field strength and duration
are dependent on a variety of factors and desired experimental outcomes that are
customizable to the specific study of interest.

1.3 Experimental Techniques to Achieve Electroporation of Bulk Cell Suspensions
One of the most commonly used and researched techniques for achieving
electroporation involves cells suspended in a conductive solution through which an electric
field is applied. Electroporating cells through this manner is effective as it allows for a
relatively uniform electric field to be achieved between two electrodes, making the
approach easily scalable and adaptable for a variety of experimental needs [17]. A common
technique for achieving electroporation of cells suspended in a solution is in a cuvette.
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Cuvettes allow for a defined volume of cells in solution to be positioned between two
electrodes in an enclosed manner, with a varying distance between electrodes available
from many commercial manufacturers. An image of a typical cuvette is shown in Figure
1.3.
Figure 1.3. An Electroporation Cuvette
A sample image of a cuvette featuring a gap distance
containing liquid solution. A cell sample in suspension
can be loaded between the two aluminum electrodes,
which can then be inserted into an electroporation
apparatus for electroporation pulsing when capped for
sterility outside of a biological cabinet [18].

The average electric field strength applied to cells in a cuvette can simply be described by
the equation:
E = V/d
Where E is the electric field strength, V is the voltage applied to the cuvette electrodes, and
d is the gap distance between the cuvette electrodes, which is typically on the scale of a
few millimeters. This yields an electric field strength defined by the units of voltage per
unit distance in a uniform manner across the cuvette electrode gap. From this, cuvette
electroporation offers a simple manner of experimenting with cells for electroporation with
common cell culture techniques and provides a simple metric by which the electric field
applied to cells in suspension can be altered.
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An additional benefit of cuvette experiments is that cuvettes are compatible with a
variety of commercial electroporation platforms, allowing for comparative study of
electroporation experiments and pulse conditions in published reports. Two of the most
popular cuvette-style electroporation platforms are the BTX Electroporator systems and
the Lonza amaxa Nucleofection systems. Each of these systems has their unique
advantages. The Lonza amaxa Nucleofection system allows the user to select for a
particular cell type and will then pulse a cell sample suspended in either the manufacturer’s
cell type specific kit buffer solution or in more readily available phosphate buffer solution
(PBS) [19]. This is advantageous in studies where the user is interested in optimizing cargo
delivery for a specific application but is less interested in the specific parameters used in
order to achieve electroporation, such as the strength or duration of the pulse delivered,
which is not known to the user. In contrast, electroporation pulse generators from BTX,
such as the BTX 830 Square Wave pulse generator, allow the user to customize pulse
strength, duration, the number of successive pulses or pulse train, and the time between
multiple pulses, among other parameters [20]. As such, the utility of the BTX system is
most relevant where specific parameters in order to achieve electroporation are of interest
to the user, such as the determination of optimal pulse strength and duration to achieve
electroporation or the study of different solutions or concentrations of cargo to be
delivered. The compact, benchtop, design of these systems is shown in Figure 1.4.
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Figure 1.4. Commercial Electroporation Platforms
The Lonza amaxa Nucleofection system (left) and the BTX 830 Electroporation System
(right) [21,22].

The BTX system manufacturer also provides various accessories which broaden its useful
scope to applications beyond cuvette level experiments, such as the electroporation of
tissue in vivo.
The Lonza amaxa Nucleofection system has largely been used in studies aimed at
transfecting specific cargo where a user desires to maximize transfection efficiency without
concern for the specific electrical parameters used to achieve transfection. Early studies
utilizing this technology focused on the electroporation of traditionally “hard-to-transfect”
cell lines. One example of this are porcine embryonic fibroblasts (PEF), which are cells of
interest as they are used to generate genetically modified pigs for use in research as model
organisms. A study showed that PEF cells could be successfully transfected with the
nucleofection system with nearly 80% of surviving cells expressing the transfected gene,
establishing the framework for the electroporation provided by the amaxa system to be
used in the development genetically modifying organisms [23]. In humans, another
traditionally difficult to transfect cell type are endothelial cells. Using the Nucleofection
system, high efficiency transfection of human endothelial cells was demonstrated, further

11
substantiating the utility of the system [24]. More recent studies with the nucleofection
system have focused more closely on applications in cell and gene therapies for humans.
One example of such a study involves the transfection of natural killer cells with the
nucleofection system. Natural killer (NK) cells have traditionally proven to be difficult to
transfect with viral vectors. However, NK cells are a highly desirable cell type for
transfection as they possess the ability to identify and target tumor cells as part of the innate
immune system. Researchers reported that the nucleofection system was used to
successfully transfect natural killer cells, opening an opportunity for the therapeutic
exploitation of these cells for the treatment of cancers not targeted by existing cell and gene
therapies [25]. In another recent application, the discovery and utility of the CRISPR-Cas9
gene editing complex has revolutionized the potential to edit the human genome for
therapeutic applications. Electroporation utilizing the amaxa Nucleofection system has
been used in order to deliver the CRISPR-Cas9 complex to cells for the editing of a gene
of interest [26]. From these works, it is shown that a variety of studies have been performed
using the Lonza amaxa Nucleofector systems to successfully deliver therapeutic cargo of
interest to cells in a wide range of applications. Notably, the systems have continued to
demonstrate their relevance in therapy development as specific delivery cargo of interest
continues to evolve with scientific advances.
In addition to the Lonza amaxa Nucleofector system, other studies have utilized the
BTX electroporator series of function generators to achieve electroporation. One particular
model of the BTX electroporators is the BTX 830 which offers the ability to customize
pulse strength, pulse duration, and the number of electrical pulses, among other parameters.
In contrast to the Amaxa nucleofector system, the use of the BTX device is preferential in
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studies where the exact response of cells or tissues to varying electrical pulses is desired.
One example of this comes from a study where the buffer through which electroporation
was achieved was supplemented with gold nanoparticles. The purpose of the addition of
gold nanoparticles to the buffer solution was to increase local electric field strength through
the increased conductivity of the metal, allowing for a lower voltage pulse to be applied to
a cuvette by creating local pockets of stronger electric field strengths to electroporate cells
[27]. In contrast to studies with the nucleofector system, the use of the BTX 830 square
wave pulsing system corresponds with a need to precisely control the electrical pulses
delivered in experimentation. Therefore, the use of the BTX 830 electroporator proves to
be advantageous to study the impact of the variation of specific electrical pulses on
apparatus systems.
In addition to cuvette-based experiments and platforms, other experimental
techniques exist to electroporate suspension cells in bulk for commercial manufacturing
applications. One such system involves flow electroporation on a macroscale, where cells
are pumped, in volumes of up to 50mL at a time, through a chamber through which an
electric field is applied [28].
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Figure 1.5. The MaxCyte Scalable Transfection System
An example of electroporation platform used for commercial manufacturing. Cell
suspensions of up to 50mL in volume can be pulsed in a single setting, allowing for high
throughput and reduced cost manufacturing of patient samples via electroporation [29].

As this model is able to deliver electric pulses to cell suspensions in large volumes, the
time required to manufacture cell samples of clinically relevant dosages is greatly reduced.
Critically, the pulsing chamber here is disposable, which permits the reusability of the
system and ensures compliance with GMP manufacturing guidelines of patient specific
samples. Figure 1.5 shows one such commercial manufacturing electroporation system. As
devices such as this are designed for commercial manufacturing applications, it is clear that
high throughput cell electroporation is more highly valued than more precise techniques,
motivating further study into increasing the throughput of more controlled but less efficient
electroporation techniques. That said, poor controllability in specific electroporation
parameters in bulk systems is a limitation in the efficiency of these technologies,
motivating future study into additional electroporation techniques.
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1.4 Fluidic Approaches to Electroporation
While the bulk cell suspension electroporation techniques are quite useful for
achieving the electroporation of a large number of cells in a short periods of time in a userfriendly manner, such systems do not allow for the controllability of the application of an
electric field to specific cells. Because of this, both cell viability and transfection efficiency
may suffer as a cost of convenience of bulk systems. In this space, microfluidic platforms
have shown promise for increasing electroporation precision by utilizing smaller and more
controllable scale devices than bulk electroporation. Microfluidic devices featuring
channel widths on the scale of cell diameters allow for precise control of cellular movement
and positioning within channels by taking advantage of various physical phenomena
occurring at these scales. For example, a microfluidic flow device sandwiched between
two electrodes was developed in a serpentine shape to electroporate a large volume of cells
while still minimizing the area between electrodes, permitting pulsing with lower voltages
to achieve an electroporation threshold electric field strength pulse [30]. Such a technique
is also advantageous as it helps to limit the amount of therapeutic cargo in solution with
cells which is required by limiting the amount of volume for solution which cells flow
through in a microfluidic channel.
Further studies with microfluidic devices have taken advantage of the ability to
create unique electrode patterns with photolithographic techniques. One example of this
utilizes a set of saw-shaped electrodes which are positioned adjacent to a central flow path
in a mirrored manner through which cells will pass through to be electroporated [31]. The
mirrored manner of the setup creates areas where the electrodes are significantly closer to
both each other and the cells, where the maximum electric field strength is achieved as
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predicted by computational modeling. Thus, cells are electroporated when they are forced
to flow through these areas of amplified electric field strength but are left exposed to more
hospitable field strengths elsewhere in the system. Building on these approaches, another
microfluidic device was developed to only apply an electroporation strength pulse when a
cell is passing between two parallel electrodes. This device senses a passing cell through a
microfluidic by detecting a rise in impedance when passing through a sensor, and then
delivers a permeabilizing pulse once a cell is positioned between two electrodes
downstream from the sensor with a known transit time between the sensor and the
electroporation pulse delivering electrodes [32]. This device lays the framework for the
ability to pulse single cells in a precisely controlled manner. While, microfluidic
approaches such as those mentioned allow for considerably more precision when pulsing
cells which pass through channels, when compared to large scale devices, their throughput
of cells is significantly reduced due to the small, micron-scale wide channels that cells pass
through as they are electroporated. The tradeoff between precision and cell throughput
continues to motivate further investigation into these techniques in order to resolve these
disadvantages for manufacturing applications.
A variety of techniques have been developed and optimized in order to achieve the
reversable permeabilization of cells in suspension in flow devices via electroporation. Bulk
suspension electroporation techniques such as flow-through devices or cuvette-based
devices provide easy to use solutions for achieving the electropermibilization of a large
number of cells quickly and easily. High throughput electroporation devices offer promise
in commercial manufacturing settings by allowing for the electroporation of a clinically
relevant dosage of cells in a faster manner than current commercial techniques. On the
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other hand, microfluidic and other single-cell electroporation approaches allow for
individual cells to be targeted by electric fields improving controllability and efficiency on
a single cell level at the expense of significantly reduced throughput. Given the
disadvantages to these approaches, additional electroporation techniques are being studied
as alternatives, including the electroporation of adherent cells in order to address these
shortcomings.

1.5 Experimental Techniques to Achieve Electroporation of Adherent Cells
Experiments involving the electroporation of cells adherent to culture plates and
substrates have presented a compelling case to address some of the common disadvantages
associated with electroporating cells in cuvette level experiments or in large and
microfluidic scale flow through devices. In many cases, cells have been cultured
immediately adjacent to electrodes or even on top of biocompatible electrode substrates as
a technique for reducing the gap between electrodes and thus the voltage strength of the
pulse applied in order to reach a permeabilizing threshold electric field strength.
Electroporating adherent cells has some key advantages when compared to cell
suspensions, and these include the limiting of applied voltages by bringing cells closer to
electrodes while maintaining the same electric field strength, the ability to more precisely
target cells with the delivery cargo of interest, and the proposal that an increase in cell
viability is likely as cells which are adherent in culture are in their natural adherent state as
opposed to being pulsed in suspension. Various studies utilizing adherent cells with
electroporation have demonstrated similar or better outcomes when compared to the
electroporation of cells in suspension.
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One example of an experimental apparatus deigned to achieve electroporation of
adherent cells utilizes a nanostraw design. Here, cells are cultured on hollow aluminaetched nanostraws which lay above and connect to a reservoir of a delivery molecule, either
propidium iodide (PI) or green flourescent protein (GFP) expressing DNA plasmid
(pDNA). These nanostraws protrude into the adherent cells as they are raised upward from
the horizontal membrane surface but do not puncture the cells. The reservoir of delivery
molecules lies above a conductive indium tin oxide electrode, which is used to deliver
pulses to the system. A second electrode is located adjacent to the cells cultured in a buffer
solution in order to complete the circuit. When electrical pulses are applied to the system,
delivery cargo enters the cells through the nanostraws which are also used to amplify local
electric field strength. Electrical pulses were applied to this system as a series of pulse
trains with a length of 200µs spaced at that same distances apart. The total number of pulses
applied to the system numbered up to 5000, but peak permeabilization efficiencies are seen
at 200 sequential pulses and viability declines significantly as pulses are increased beyond
this number of pulses. Peak permeabilization efficiencies are noted at above 70% at this
optimum pulse train series length, but decline sharply as the number of pulses is increased
or decreased [33]. These results suggest that there is a peak pulse duration and strength to
achieve electroporation before cell viability begins to be compromised as strength and
duration increase in electroporation experiments.
A contrast to the above study utilizing porous nanostraw protrusions to “penetrate”
into cells, other studies have relied on substrates containing pores within themselves as cell
culture substrates for the electroporation of adherent cells. In a similar manner to the above
study, a cell substrate containing nanopores is used to form a barrier between cells and the

18
delivery cargo of interest, propidium iodide and GFP expressing plasmid DNA in this case.
Cells are cultured on a polycarbonate substrate containing micron sized hollow pores and
pulse trains of unspecified electric field strength are applied to the system [34]. Here, it is
reported that cells are successfully permeabilized with their respective delivery cargo with
efficiencies exceeding 90% and viabilities in excess of 90%. Despite these promising
results, the article offers a broad range of pulse conditions and strengths as well as cell
types used in experimentation, limiting the ability to draw conclusions with respect to the
optimal pulse conditions necessary to achieve electroporation. Thus, it is desirable to
determine the precise pulse conditions for a specific adherent cell electroporation platform.
Overall, a reoccurring feature among the aforementioned adherent cell
electroporation techniques is the desire to limit the spacing between two electrodes and the
cell culture substrate to which cells are adherent. In suspension level electroporation studies
using cuvettes, this is accomplished by minimizing the gap junction between cuvette
electrodes which a cell suspension is placed between. Here, the practice is similar, or even
consists of culturing cells on the conductive surface of the system itself. These studies
demonstrate that the electroporation of adherent cells represents a viable alternative to the
electroporation of cell suspensions with comparable efficiencies.

1.6 Targeted Delivery to Cells in Electroporation
One focus of investigations into the electroporation of adherent cells involves the
targeted delivery of cargo directly to a cell, thus decreasing the waste of delivery material
seen in many experiments, while also more tightly controlling the electroporation process,
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cell resealing, and molecular uptake. In addition to increasing cost efficiency by
minimizing the waste of often costly delivery cargo, the ability to more tightly control
electroporation through targeted delivery can lead to an increase in cell viability and
transfection or permeabilization efficiency. As such, various strategies have been used in
order to achieve the targeted delivery of cargo to cells via electroporation.
A common characteristic of these targeted delivery systems is the use of
nanochannel structures as delivery vehicles in a similar manner to many adherent cell
electroporation studies. One study has used photolithographic techniques to create
nanochannels in which cells can be loaded for electroporation. This specific experiment
features two independent channels, one where a single cell is placed and another where the
cell permeabilization marker can be placed. These two channels are connected together by
a single nanochannel, large enough to allow for the passage of the delivery marker but not
for the cell itself to move. In this setup, a cell is placed directly adjacent to the nanochannel
using optical tweezers to keep it in place. From here, an electric pulse is applied, achieving
simultaneous charged molecular delivery across the nanochannel while permeabilizing the
cell membrane to permit molecular entry into the cell. Experimental trials with this setup
using plasmid DNA show that it is effective at transfecting cells by achieving targeted
molecular delivery through a cell membrane. However, the described experimental setup
is limited by the number of cells which can be electroporated at a single time, as each cell
which is to be electroporated requires its own channel with opposing channel containing
the molecule to be delivered to the cell [35].
In order to enhance throughput of a system to achieve a larger number of
electroporated cells, other studies have explored targeted cellular delivery via
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electroporation on a larger scale. One strategy, utilizing cuvette-level techniques, employs
a dual pulsing strategy to optimize the delivery of cargo to cells. The idea behind this study
is to first permeabilize the cell membrane with an electroporation strength pulse and then
use weaker pulses to electrophoretically drive polar molecules into the cell before cell
membrane resealing occurs. It is hypothesized that a second, electrophoretic driving pulse
either serves to deliver molecules more effectively into a cell or holds existing pores open
while the molecule of interest is electrophoretically driven into a cell, taking advantage of
the molecule’s polarity to achieve transport [36]. Given these results, it can be
advantageous to incorporate this dual pulse mechanism into a new platform to maximize
efficiency while maintaining high cell viability.
Another approach for achieving targeted delivery of molecules of interest to cells
via electroporation utilizes nanoporous alumina as a culture substrate for adherent cells
[37]. Here, cells cultured on nanoporous alumina are bound to polydimethylsiloxane
(PDMS) polymer substrates with a millimeter scale size hole cut into them. The presence
of these holes seeks to focus the electric field of the system, thus amplifying the electric
field strength through these holes and allowing for electroporation to be achieved with
lower applied voltages to the system. This work utilizes computational modeling to show
the electric field amplification effects that the PDMS holes create, which is especially
apparent at the edges of the hole cut out. Importantly, in the electric field modeling
performed, only the field amplification effects of the holes in the PDMS that the alumina
was placed on is acknowledged, neglecting the potential effects of the alumina membrane
at amplifying the electric field when a voltage is applied to the system. This leaves a
potential to explore the field contributing effects of the alumina nanopores alone. For
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experimentation, the alumina-PDMS substrate is submerged in a buffer solution loaded
with the delivery molecule of interest. The results of this study show that due to the field
amplifying effects of the PDMS holes and the close proximity of electrodes, successful
electroporation and transfection with pDNA is achieved with voltages under 20V. As such,
it is desirable to further explore this strategy to gain a set of experimental parameters build
on this work.
Given the potential shown in the various experimental approaches described, there
is a potential utility for a system which is able to intracellularly deliver electroporation
cargo while taking advantage of the electric field amplifying characteristics of nanoporous
structures to achieve electroporation strength electric fields with lower applied voltages.
Additionally, this system could work to deliver molecular cargo to a cell via electroporation
in a targeted manner on a scale larger than a single cell utilizing a porous substrate as
opposed to a single cell trapping mechanism. Finally, pulse conditions can be explored and
optimized as part of a two-pulse approach as is with the aforementioned technique, or as
part of a pulse train similar to other successful adherent cell electroporation studies. As
such, the technique presented here aims to optimize the delivery of cargo of interest via
electroporation of adherent cells on a larger scale than single cell electroporation while
incorporating the electric field amplifying effects of nanopores, taking advantage of
targeted delivery. The goal is to combines these aspects into a single experimental
technique to maximize delivery efficiency and cell viability during electroporation.
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1.7 Summary
A literature review of current electroporation technologies has shown that there are
unique advantages to a large number of electroporation devices, systems, and strategies.
Overall, it can be summarized that electroporation devices and techniques designed to
achieve permeabilization of a large number of cells tend to rely on suspension culture
devices. This has the advantage of achieving high throughput and high efficiency
transfection of cells when specialized for a specific cell type. Disadvantages of this
technique include the poor ability to control cell-level dynamics, imprecise control of
electric field strength across large electrode gaps, and waste of delivery cargo placed in
suspension with cells. On the other hand, adherent cell electroporation systems have the
ability to precisely deliver cargo to cells and allow for improved control of electric pulse
strength. Through this analysis of current experimental techniques, it is clear that further
research is required to unify the compromises made between various experimental
techniques and prior work.
Given a comparison of existing electroporation technologies, the work presented in
this study proposes a new technique to address some of the disadvantages of existing
electroporation systems while combining aspects of research already proposed. The work
presented here proposes a technique in order to achieve the electroporation of cells which
are adherent to a nanoporous substrate. The electric field amplifying effects of this
substrate are taken in account in a computational model aimed at determining a range of
voltages which can be successfully used to electroporate adherent cells. Finally, pulse train
and electrophoretic molecular driving pulse strategies are studied in order to maximize cell
permeabilization efficiency and viability post-pulsing.
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Chapter 2: Materials and Methods

2.1 Franz Cell Device with Electrode Setup
The Franz Cell Diffusion Chamber device is used as the experimental housing
apparatus in this study. Cells for experimentation are placed in a jacketed Franz Cell
Diffusion Chamber with a 9mm gap (PermeGear, Hellertown, PA). The Franz Cell
Diffusion Chamber device consists of two chambers, a donor and receiving chamber, and
a clamp allowing for a substrate to be placed between the chambers to form a tight seal
while separating the solutions in each chamber on either side of the substrate. Liquid
solution of interest can be loaded into the bottom chamber through the port opening at the
top of the chamber. From here, volume adjustment and bubble removal can be performed
once a substrate is loaded into the device through the sampling port column when the
device is held at an angle. This allows for an air-free seal to be formed between the substrate
placed between the chambers and the liquid loaded into the Franz Cell chamber. Once these
components are in place, the “donor” reagent of interest can be introduced into the donor
chamber of the Franz Cell. Figure 2.1 shows an overview of the Franz Cell Diffusion
Chamber.
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Figure 2.1. The Franz Cell Device
The Franz Cell Device used in experimentation with each component of the Franz Cell is
present. Of interest are the donor and receiving chambers, showing where solutions of
interest can be loaded into the system. The position of a membrane or substrate between
the two chambers shows how a sealed system is formed when a clamp is applied at this
junction [38].

Additional components of the Franz Cell device include the chamber jacket and stirbar.
The jacket of the Franz Cell allows for temperature controlled liquid circulation devices to
connect to the Franz Cell in order to control for chamber temperature and the stir bar allows
for agitation to occur for experimentation with diffusion studies, though these features of
the Franz Cell are not used for experimentation here as pulsing is performed over a matter
of a few minutes before cells are returned to temperature and gas controlled incubation.
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While Franz Cell devices are typically used in diffusion studies, here its function is
utilized in a modified manner to achieve electroporation. In this case, a nanoporous alumina
membrane is placed between the donor and receiving in the location of the “membrane” in
Figure 2.1. The use of the Franz Cell in this manner permits an easy way to insert and
remove the alumina membrane with attached adherent cells from a culture environment for
use in the experimental setup, limiting the amount of time cells spend outside of a culture
environment.
The alumina membrane sandwiched between the two chambers is insulated from
mechanical force utilizing two PDMS rings cut such that the inner diameter hole is the
9mm width of the Franz Cell chamber. This step is necessary as the alumina will crack if
placed in the Franz Cell without insulation from mechanical force when the clamp is
applied to form a tight seal. Two electrodes are positioned in contact with the buffer
solution above and below the alumina membrane. The electrode placed in the “donor”
chamber is a platinum wire electrode (BASi, West Lafayette, IN). The electrode located at
the top of the “receiving” chamber is a platinum coated wire mesh electrode connected to
a wire using conductive epoxy (Chemtronics, Kennesaw, GA). The modified Franz Cell
setup is illustrated in Figure 2.2.
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Figure 2.2. Franz Cell with Electroporation Electrode Experimental Setup
This figure shows the setup of the Franz Cell device as used for experimentation in this
study. Two electrodes, a wire electrode and a mesh electrode are positioned into the donor
and receiving chambers, respectively. The alumina membrane with cells grown onto it is
sandwiched between these two chambers, and the delivery cargo to cells is seeded
suspended in buffer solution in the donor chamber of the device. The designation of which
electrode serves as the positive and negative electrode is modified to provide the desired
electrophoretic driving characteristics based on cellular orientation and the charge of the
delivery molecule used.

Specific cell culture techniques with the alumina membranes are discussed in the cell
culture technique section. From here, electrical pulses can be delivered to the system
through a conductive buffer solution according to the desired pulse conditions.
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2.2 Computational Modeling
The electric field strength applied to a cell membrane is the most critical controllable
variable for determining the extent to which a cell is permeabilized and whether reversable
electropermibilization is achieved. As such, it is critical to accurately determine the electric
field characteristics of the experimental setup aiming to locally enhance electric field
strength. In order to achieve this, COMSOL Multiphysics Version 3.4 (COMSOL,
Stockholm, Sweden) is used to model the expected electric field at the alumina nanopores
with cells adherent to the nanopore. For this model, the alumina membrane is assumed to
be a pure insulator. Individual cell bodies are incorporated into the model and are
represented as impermeable to the electric field applied. Cells bodies are placed on top,
adherent to the alumina membrane geometry at a 70% confluency to reflect their
confluency at experimentation, and the simulations are run with varying applied voltages
in order to determine a computational estimation the local electric field strength at the
interface between the cells and the alumina membrane and a range of voltages at which an
electroporation strength electric fields are achieved. Placement of the electrodes in the
model geometry is designed to be analogous to reflect the real setup of the device. The
setup of the COMSOL model geometry is shown in Figures 2.3 and 2.4.
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Figure 2.3. Overview of COMSOL Model Geometry
This figure shows the overall geometry of the COMSOL model used to generate data for
the estimation of the electric field strength of the Franz Cell system. Here, a single wire
electrode used for pulsing is highlighted in blue. This is the wire electrode used in the
experimental setup of the system. The small, black shaded section towards the center of
the geometry represents the 100nm nanopores which are not individually visible on the
scale of the system presented. Finally, the small blue shaded section at the top of the model
represents the position of the wire mesh electrode. The grey area adjacent to the electrodes
on either side of the membrane pores represents the buffer solution.
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Figure 2.4. Close-Up View of Cells Adherent to Nanoporous Substrate in COMSOL
Model
Here, a closeup view of cell bodies adherent to the alumina membrane with nanopores is
shown. The specific modeled geometry of the cell body is also shown, made to mimic the
real-world geometry of the 3T3 cell as adherent to the alumina membrane. The cell bodies
are placed immediately adjacent to the alumina nanopores in this model.

Using the geometry defined above, simulations are run using the electrostatics
module in the COMSOL program. In the electrostatics module, one of the electrodes is
used as the voltage source and the other as a ground. The specific electrode used as the
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voltage source varies as needed in the specific experiment as determined by the polarity of
the permeabilization marker of interest, and this is easily specified within the COMSOL
software. For the buffer solution, a custom material is defined with the conductivity of the
buffer used in this study, 500 µS/cm. This buffer material definition applies to the regions
surrounding the electrodes as well as within the nanopores in the model. The geometry is
defined to a limited region of the membrane due to limitations in computing power and for
ease of modifying the model. It is shown that this is sufficient to obtain information about
the electrical characteristics of the nanopores while leaving enough space to make the
impact of the edge effects of the system to be negligible.

2.3 Cell Culture Techniques
NIH 3T3 mouse fibroblasts are grown in tissue culture media consisting of 88%
Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum, 1% Lglutamine, and 1% penicillin-streptomycin antibiotic. Cells are incubated in a humidified
environment at 37°C in 5% CO2. Cell cultures are passaged or harvested for
experimentation utilizing trypsin-EDTA solution when confluency of 70% has been
reached in a tissue culture flask. All cell culture materials are sourced from Sigma-Aldrich,
St. Louis, MO.
After experimentation, cells are cultured in phenol red free Dulbecco’s Modified Eagle
Medium supplemented with 10% fetal bovine serum and 1% L-glutamine. Antibiotics are
omitted from the recovery medium, and the use of phenol red free media allows for
obstruction free bright field imaging of cells adherent to the alumina membrane.
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2.4 Nanoporous Alumina Membranes
Nanoporous aluminum oxide (alumina) membranes are obtained from Sterlitech
Corporation, Kent, WA. Membranes utilized for experimentation have 100nm wide pores
at 45% porosity. The manufacturer reports that membranes feature pores of 100nm on one
face, and that the opposite face of the membrane consists of pores which can be up to 20%
larger varying by batch.
Each alumina membrane is soaked in 50ug/mL of fibronectin in PBS (SigmaAldrich, St. Louis, MO) prior to cell seeding on the membrane to promote cellular adhesion
and growth to the alumina surface, and this solution is allowed to dry. Supernatant liquid,
when present, is aspirated to allow the membrane to appropriately dry. Once dry,
membranes are immersed in cell culture media in individual cell culture plate wells. 3T3
cells are harvested from culture, seeded onto the membrane and are allowed to grow to
form a confluent monolayer for 20 to 30 hours following seeding. Cells attached to the
membrane are harvested for experimentation once a confluency between 70% to 80% has
been reached, typically 24 hours after cells have been seeded onto the membranes. From
here, membranes are removed from their cell culture well plates for experimentation with
tweezers and are loaded into the Franz Cell.
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2.5 Scanning Electron Microscopy Imaging
Scanning Electron Microscopy (SEM) imaging is utilized in this study to verify the
manufacturer’s porosity specifications as well as to gauge cell adhesion to the alumina
membranes in order to understand surface coverage of cells adherent to the alumina
membrane. Results of SEM imaging help to validate computational modeling assumptions
and provide insight into cell adhesion relative to alumina membrane pores.
For imaging of cells adherent to the alumina membrane, a protocol is followed in
order to properly fix the cells to the alumina while retaining their geometric structure. Cells
are fixed to the alumina membrane with 5% polyformaldehyde-water solution and then
dehydrated in ethanol-water solution. The ethanol-water solution of 50% v/v is aspirated
after 10 minutes and replaced with ethanol-water solution of gradually increasing
concentration of ethanol to dehydrate the cells. Once a 100% ethanol bath is achieved,
membranes are allowed to air dry and are then ready for SEM imaging.
Alumina membranes, both with and without cells, are sputtered with 5nm of gold
coating to improve image quality and contrast prior to being placed in the SEM instrument
vacuum chamber. SEM imaging is performed with a Zeiss Sigma model SEM microscope
(Zeiss, Oberkochen, Germany).

2.6 Function Generators and Pulse Conditions
Experiments are performed as part of two groups, the first where an electroporation
permeabilization pulse is applied and then the delivery cargo, plasmid DNA, is
electrophoretically driven into the alumina nanopores with a lower voltage pulse estimated
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to be under the electroporation threshold with computational modelling. Here, the goal is
to permeabilize the cell and then drive the DNA into the cell using a low voltage, low
electric field strength pulse while the membrane is still permeabilized before resealing.
This is achieved by delivering an electroporation pulse of 2kV/cm, estimated from
computational modelling, for 500µs, followed by a driving pulse of 0.5kV/cm for varying
lengths of time with a 500µs gap between the two pulse types. The pulse strength and
duration was determined to be a successful condition for achieving high efficiency cell
transfection in cuvette level experiments in prior work. Given the electrophoretic mobility
of DNA and the conductivity of the buffer solution, as well as the 60µm thick alumina
membrane, successful transport of the pDNA through the alumina membrane is estimated
mathematically to occur in the time scale of tens of milliseconds, allowing for slight
variability between experiments due to external factors. As such, experimental conditions
were selected in and around this range. In summary, an electroporation pulse is delivered
at a strength of 2kV/cm for 500µs followed by a driving pulse at a field strength of 0.5
kV/cm for 500µs, 1ms, 5ms, 10ms, 15ms, 20ms, and 50ms. The plasmid DNA is placed in
the chamber opposing the cells. As pDNA is negatively charged, the positive electrode is
then selected to be the electrode on the side of the membrane containing the cells, thus
causing electrophoretic movement of the negatively charged pDNA molecules through the
alumina membrane towards the cells located in the same chamber as the positive electrode.
This electrode-molecule orientation is illustrated in Figure 2.5. Pulses for this condition are
delivered using a Siglent Waveform Generator (Siglent, Solon, Ohio) and the custom
waveforms containing both the electroporation pulse and driving pulse are created using
the manufacturer’s software. Experimental controls are incorporated as a no pulse
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condition, and an electroporation only pulse condition with no electrophoretic driving
pulse.
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Figure 2.5. The Plasmid DNA Delivery Experimental Setup
This image provides a representation of the position of cells relative to the electrodes and
the delivery vector, plasmid DNA, in this version of the experimental setup. Here, the green
dots indicate the negatively charged pDNA, the blue represents the buffer solution, the
orange ovals represent cells adherent to the grey alumina membrane. Finally, the positive
and negative symbols at the top and bottom of the image represent the positive and negative
electrodes of the voltage delivery system. The pDNA is positioned in a chamber of the
Franz Cell opposing the placement of the adherent cells. The positive electrode is placed
in the chamber of the Franz Cell adjacent to the cells, which will draw the pDNA through
the alumina nanopores towards the cells when a pulse is applied.
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The second group of experiments is performed where the electroporation pulse is
applied as a pulse train with equal strength, equally spaced pulses, creating a stronger
electric field when compared to the pDNA experiments. Here, the ability of the pulses to
electrophoretically drive the positively charged and flourescent propidium iodide (SigmaAldrich, St, Louis, MO) molecules through the alumina membrane is examined in
comparison to experiments where the propidium iodide (PI) is in suspension in the same
chamber of the Franz Cell as the 3T3 cells. Two different orientations of electrode and
permeabilization marker, propidium iodide (PI), are used to achieve this. For the first
“suspension” case, the PI is kept in the same chamber as the Franz Cell as the 3T3 cells.
The negative electrode is placed into this chamber such that the positively charged PI
remains in this chamber with the cells. This setup tests the ability of the Franz Cell device
to achieve electroporation irrespective of the electrophoretic driving component of the
experiment. Figure 2.6 illustrates this PI-electrode orientation. Here, the impact of the
electric field amplifying effects of the alumina membrane is emphasized.
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Figure 2.6. Propidium Iodide Suspension Delivery Experimental Setup
This figure demonstrates the experimental setup of the “suspension” propidium iodide
experiments. Here, the PI is placed in the same chamber of the Franz Cell as the cells
adherent to the alumina membrane. The negative electrode is placed into this chamber for
pulsing, which is designed to keep the PI isolated in this chamber when a pulse is applied.

The ability to drive PI through the nanoporous alumina membrane is also studied.
To achieve this, the orientation of the electrodes is reversed, and the cells adherent to the
alumina membrane are placed in the opposing chamber of the Franz Cell as the PI. This set
of experiments is referred to the propidium iodide “driving” set of experiments, and
features the electrode-molecule orientation illustrated in Figure 2.7.
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Figure 2.7. Propidium Iodide Electrophoretic Driving Delivery Experimental Setup
Here, the setup of the electrodes, PI, and cells are shown in the experiment where PI is to
be driven through the nanoporous alumina membrane. The PI is placed on the opposing
side of the alumina to the cells, and a negative electrode is used to electrophoretically draw
the positively charged PI through the alumina to the adherent cells.

The same set of pulse conditions is chosen for both of these electrode orientations, cell
position, and PI location experiments. The pulses selected for electroporation here are more
aggressive, aiming to achieve more efficient electroporation, and are selected to be stronger
than the voltages predicted to be necessary from the COMSOL model to achieve
electroporation. This allows for the COMSOL model to be validated and allows insight
into the electrical characteristics of the system. The pulse trains selected consist of 20
pulses spaced 100ms apart with 500µs duration. Fixed voltages applied to the system range
from 400V to 900V spaced 100V apart for these pulse train and duration conditions. Pulses
for these pulse train experiments are generated utilizing the BTX 830 Square Wave
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Electroporator system (Harvard Biosciences, Holliston, MA). Beyond 700V, pulse
durations are shortened slightly to 450µs, 425µs, and 400µs for the 700V, 800V, and 900V
conditions, respectively, due to the limitations of the BTX system. A no pulse condition is
also performed as a control. All pulse conditions studied in this series of experiments are
outlined in Figure 2.8. Pulses for each condition are repeated three times.
For both pDNA, cells are incubated for 24 hours in phenol red and antibiotic free
media following the application of an electroporation pulse. At 24 hours, cells are imaged
using a microscopy and staining technique described in further detail in the respective
methods section. For PI experiments, imaging is performed shortly after experimentation
per the microscopy and imaging method.
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Experimental Set 1: Deliver Electroporation Pulse Followed by Electrophoretic
Driving Molecular Delivery Pulse, GFP pDNA
Electroporation Pulse: 2000 kV/cm for 500µs duration
Driving Pulse Durations (in addition to no pulse and electroporation pulse
control):
500µs
1ms
5ms
10ms
15ms
20ms
50ms

Experimental Set 2: Electroporation Pulse Train Combined Electrophoretic
Driving and Permeabilization Pulse, Propidium Iodide in Suspension with Cells,
“Suspension” Case, Propidium Iodide
Applied Pulse Strength:
400V
500V
600V
700V
800V
900V
No Pulse

Experimental Set 3: Electroporation Pulse Train Combined Electrophoretic
Driving and Permeabilization Pulse, Propidium Iodide on Opposing Side of
Alumina Membrane Relative to Cell Position, “Driving” Case, Propidium Iodide
Applied Pulse Strength:
400V
500V
600V
700V
800V
900V
No Pulse

Figure 2.8. Summary of Pulse Conditions
This figure summarizes the pulse conditions mentioned in the text for each of the three
experimental conditions detailed. The pDNA experimental plan is presented as the duration
of the electrophoretic driving pulse used and the PI experiments describe the strength of
the pulse used relative to the fixed duration and number of pulses of the pulse train.
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2.7. Buffer Solution
Previous study has determined that a HEPES based buffer with sucrose as an
osmotic balancing agent with Magnesium and Potassium ions contributes to an increase in
cell viability and transfection efficiency when compared to existing experimental buffers
[39]. Therefore, this buffer recipe was selected as the buffer to use for experiments
performed in this study. The buffer is balanced to a conductivity of 500µS/cm.
GFP expressing plasmid DNA is suspended in the buffer solution at a concentration
of 50µg/mL for relevant electroporation experiments. PI is suspended in the buffer solution
at a concentration of 10µM for the relevant electroporation experiments.

2.8 Cell Staining and Fluorescence Microscopy
For the experiments with GFP pDNA, propidium iodide is used as a dead cell
marker as it will readily stain cells with compromised membranes, which is used to indicate
cell death. Live cells are counted as the number of cells adherent to the alumina membrane
as counted with bright field microscopy. Percent cells transfected are counted as the
number of GFP expressing cells relative to the number of live cells, and dead cells are
counted as the number of PI stained cells relative to the count of all cells. Imaging is
performed 24 hours post pulsing to allow for expression of the pDNA to occur before
imaging. Cells are stained with 10µM of PI in PBS and incubated for 30 minutes for dead
cell staining 24 hours post-pulsing. For this experimental set, ImageJ software (NIH,
Bethesda, MD) is utilized to perform cell counts manually.
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For experiments where PI is used as the permeabilization marker, Calcein AM Blue
(Sigma-Aldrich, St. Louis, MO) stain is used in order to count all live cells, as it will
exclusively stain live cells. Cells which are co-stained with PI and Calcein AM Blue are
considered live and permeabilized by the electroporation pulse. Cells which are stained
with PI but not Calcein AM Blue are considered dead, and cells which are exclusively
stained with Calcein AM Blue are considered live but not permeabilized via
electroporation. Cells are stained with 10µM Calcein AM Blue in PBS after resting in
antibiotic free complete culture media for 30 minutes, for 30 minutes after pulsing.
Fluorescence microscopy is performed utilizing an Olympus IX81 Inverted
Epiflourescent Microscope (Olympus, Waltham, MA) with a Hamamatsu ORCA digital
camera (Hamamatsu Photonics, Bridgewater, NJ).

2.9 Piranha Etch
Between experiments, the nanoporous alumina membranes are cleaned utilizing a
piranha etch bath in order to remove all organic debris and permit the reuse of the
membranes. This bath consists of a 3:1 bath of concentrated 98% sulfuric acid to
concentrated 30% hydrogen peroxide, respectively. The bath is performed in a fume hood
in double containment, where the hydrogen peroxide is added to the sulfuric acid in Pyrex
glassware and allowed to cool for at least two hours prior to the removal of the alumina
membranes. The successful removal of debris from alumina membranes for reuse is
verified using SEM imaging comparing a clean, unused alumina membrane to that of an
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uncleaned alumina membrane, as well as an alumina membrane placed into the piranha
etch bath. Materials for the piranha bath are sourced from Sigma-Aldrich, St. Louis, MO.

2.10 Automatic Image Processing
Automatic cell counting is employed to ensure consistency between experiments
and to expedite the analysis and gathering of data from images in experiments where
propidium iodide is used as a permeabilization marker. For this, a custom code is developed
in MATLAB (Mathworks, Cambridge, MA). The active features of this image processing
code include noise removal and filtering of the image, the use of structuring elements and
background subtraction, image binarization, and the detection and counting of cell objects.
The order of process of the image counting program is summarized in the figure below.
This processing program is designed to work across all fluorescence and bright field images
used for analysis in this study input as black and white image .tiff files. For counts where
the co-staining of cells is of interest, images are overlaid at the binarization step to
determine locations where multiple stains are present and counting is performed where
image overlays are detected. Figure 2.9 shows the workflow steps of the image processing
program.
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Figure 2.9. Workflow of Custom MATLAB Image Processing and Cell Counting
Code
Here, the specific workflow of the MATLAB code is outlined in a chronological chart by
step. Each step represents processing of the image in order to achieve image quality suitable
for auto cell counting to occur.

2.11 Statistical Analysis
Statistical analysis is performed using Prism Version 8.0 software (GraphPad, San
Diego, CA). A One Way ANNOVA is performed as the statistical analysis test in this study
in order to compare the means of the experimental groups. Multiple comparisons posttesting is performed to compare each condition against all others as well as against the
control condition. An alpha value of 0.5 is selected for significance.
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Chapter 3: Results and Discussion

As a whole, the results of these experiments demonstrate that the amplification of
local electric field strength is possible in order to achieve the electroporation of cells
adherent to a nanoporous alumina membrane. Results of the described experiments show
that specific strategies and experimental conditions for the given modified Franz Cell have
achieved successful electroporation in this setup when the experimental conditions are
modified from the initial approach of experimentation. The determination of the successful
achievement of electroporation of cells is based on an agreement between computational
modeling and the experimental results which is achieved through various modifications to
the experimental setup, computational modeling, and pulsing strategy. Below, the results
of each experimental section are discussed in detail. Of particular note is the increase in
experimental success once propidium iodide is used in conjunction with a pulse train when
compared to the original experimental plan.

3.1 Computational Simulation for Pulse Condition Determination
The results of COMSOL computational modeling validate the experimental
hypothesis that alumina nanopores, partially obstructed by cells, will cause an electric field
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amplification. Originally, the model was run assuming a spheroid cell shape, as shown
below in Figure 3.1.

Figure 3.1. First Generation Geometry Modeling Electric Field Prediction
This figure shows the result of a first generation COMSOL model involving a cell shaped
body adjacent to nanopores with a 50V applied voltage. Assuming this cellular geometry,
an electroporation threshold electric field strength of 2 kV/cm is reached adjacent to the
alumina nanopores and cell body.
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However, after SEM imaging was performed, it was clear that cells are tightly
adherent to the alumina membrane surface and also cover a greater surface area than
originally predicted by the model geometry. Thus, the model of cell geometry was changed
to better reflect realistic adherent cell shape shown in an updated geometry COMSOL
model. Figures 3.2, 3.3, and 3.4 show the electric field strength model results with various
applied voltages to the system.

Figure 3.2. COMSOL Model with Improved Cell Shape, 50V Applied Pulse to Model
In this figure, the edge of a cell is pictured adjacent to the alumina nanopores. The blank,
white spaces represent the alumina material in this case, and the colored portion of the
nanopores represents where a particular field strength is present. Here, with a 50V applied
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pulse, a relatively uniform field strength is observed in the 500 V/cm range throughout the
model.

Figure 3.3. COMSOL Model with Improved Cell Shape, 250V Applied Pulse to
Model
With the same geometry view as the 50V case, when 250V is applied to the model, field
amplification effects of the nanopores become significantly more apparent. Here, the
electric field strength in the nanopores adjacent to the cells is shown to be in excess of 1.5
kV/cm, thought to be above the threshold necessary to achieve electroporation of 3T3 cells.
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Figure 3.4. COMSOL Model with Improved Cell Shape, 500V Applied Pulse to
Model
The same geometry view as the last figures is shown here but with a 500V applied pulse to
the system. Here, voltages within the nanopores exceed the electroporation threshold for
3T3 cells and electric field strengths beyond the nanopores also being to reach thresholds
necessary to achieve electroporation of this cell type.

As shown in the plots from the graphs of the COMSOL geometry, ranges of electric
field strengths at the pore-cell interface begin to reach cell permeabilization thresholds in
the range beyond 250V applied voltage. As 500V is reached, the model predicts a 3kV/cm
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range of electric field strength in the nanopores and a 2kV/cm range of electric field
strengths at the cell membrane adjacent to the nanopore. These results are used to plan
applied voltage pulse conditions for the electroporation experiments in this study.
It has been shown that COMSOL modeling predicts that an electric field strength
amplification will occur at and near the alumina nanopores where they meet the adherent
cell bodies. From data shown in the sample results, as well as data encompassing a wider
range of applied voltages to the system, it is shown that the COMSOL model predicts
electroporation-level electric field strengths achieved in the Franz Cell system once applied
voltages reach the scale of hundreds of volts. It is important to note that the electroporation
field strength amplification does not necessarily encompass the entire cell body, especially
at lower voltage ranges below 250V as shown in Figure 3.2. The heatmap diagrams of the
electric field strength instead show that the most profound field amplification effects occur
at the cell-nanopore boundary. This presents a challenge to achieving successful
electroporation as only a portion of the cellular membrane may be receiving an
electroporation strength level pulse at a given time. On the other hand, this feature of the
system may aid in cellular recovery from an electroporation pulse as membrane integrity
is maintained in a greater area of the cellular membrane. When the electric field strength
in the COMSOL model is increased, the effects of the field strength amplification begin to
encompass the entire cell body as well as the remainder of the buffer in the Franz Cell as
is seen in the 250V case. This characteristic of the system reveals that significant,
electroporation electric field strength delivery pulses begin to be achieved beyond the 250V
in the computational model.
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3.2 Alumina Membrane SEM Imaging
The results of the SEM imaging component of the study validate various
experimental assumptions and aspects of this experimental setup. First and foremost, it was
necessary to obtain images of the alumina membrane to validate the expected pore
characteristics in order to successfully model the pore characteristics computationally and
mathematically. The results of the SEM measurements show that the manufacturers
specifications are accurate and can be used in modeling of the alumina membrane pores,
as shown in Figures 3.5 and 3.6.

51

Figure 3.5. Top-Down SEM Image of Nanoporous Alumina Membrane
This top-down view of nanoporous alumina membrane with 100nm pore gaps. This image
validates the manufacturer’s specifications of porosity and shows a uniform distribution of
pores across the membrane surface. Furthermore, it is shown that the pore structure
distribution across the membrane is fairly uniform and contains a continuous honeycomb
shape.

Additionally, it is desirable to validate the pore characteristics through the depth of the
membrane. By product specifications, the alumina pores are described to be continuous
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through the depth of the membrane with a maximum difference in pore size between
opposing sides of the membrane of 20%.

Figure 3.6. Cross Sectional View of Alumina Membrane Nanopores
Image showing the cross section of the alumina membrane nanopores. Here, a nanoporous
alumina membrane was sacrificially sliced with a blade and the straw shape of individual
nanopores is shown here. Approximate uniform width is shown throughout the length of
individual nanopore straws.
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Finally, it is desirable to examine cell adhesion characteristics to the nanoporous
alumina membrane. The figures below show images of fixed, adherent cells. Figure 3.7
confirms the COMSOL model assumptions with respect to cell adherence to the alumina,
showing cells tightly adherent to the alumina membrane. Figure 3.8 shows a close-up view
of the edge of an adherent cell relative to the membrane pores. This shows the scale of the
number of pores relative to the size of the cell, aiding in a visual picture of the size of model
objects.
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Figure 3.7. SEM of 3T3 Cells Adherent to the Alumina Membrane Surface
Sample SEM image showing 3T3 fibroblasts adherent to a cell membrane. Here, the cells
are shown as tightly adherent to the alumina membrane forming the basis for the
computational modeling of the cells in this way. Furthermore, this reveals that cells make
contact with nanopores as they are entirely adherent to the membrane surface.
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Figure 3.8. SEM of Adherent Cell Edge Relative to Alumina Membrane Pores
Image showing the edge of a cell membrane boundary in relation to the alumina membrane
pores. Alumina membrane pores are present alongside the edge of the cell membrane.
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3.3 Image Processing and Statistical Analysis
To demonstrate the results of the automated MATLAB image processing and cell
counting program, a sample image processing procedure is demonstrated below. This
sample image was selected to highlight the individual processing steps of the program, and
it is of note that most images of adherent cells in this study featured greater cell confluence.
The described workflow progresses downward chronologically in Figure 3.9.

Image

Processing Step
Input Image
The original image input into the image
processing program. Here, a Calcein AM
Blue stain is shown. Note the small
stained object in the upper-center portion
of the image and the cells located at the
border of the image. These objects will
be of interest to the image processing
program for counting.
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Adaptive Noise Removal Filtering
At this step, noise removal and filtering
are performed. Visually, this is shown by
a reduction of white noise pixel objects
in the image. General image features
appeared to be slightly blurred, but there
is an overall reduction in bright, non-cell
signal pixels.

Application of Structuring Element
At this step, a structuring element is used
to generate a blurred background image
of the image plane. Though this does
take into account some cell brightness,
this step allows for background or
inconsistent illumination of the image
field plane to be accounted for in
processing.

Background Subtraction
Here, the background signal from the
previous step is subtracted from the
image. The result is a consistent and
normalized brightness across the image,
fully accounting for local illumination
differences in the image plane.
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Image Binarization
Next, the image is binarized for edge
detection to occur. Aided by the
background subtraction step, the
program thresholds this based on pixel
intensity.

Edge Clearing
In order to achieve consistent counts
between data sets, features which touch
the boarders of the image are removed.
This serves to remove additional noise
from the image present around the image
edges present after blurring in some
image sets. This also provides exclusion
consistency across image types or stains.

Removal of Small Pixel Objects
Next, small pixel objects are removed
from the image. This accounts for the
removal of poorly flourescent cells or
other
small,
non-cell
sized
autoflourescent objects, preventing
erroneous inclusion of these non-cell
objects in cell counts.

59
Result Output
Finally, the resultant image is produced.
Resultant cell objects are outlined
(shown in green, here), and fully outlined
objects are included in the count. The
total cell count is displayed in the upper
left hand corner of the output image for
ease of use in compounding data for
analysis

Figure 3.9. Sample Result of Automatic Image Processing and Cell Counting
Program
This chart shows the sample result of a full run-through of the image processing program
and explains associated steps of the program. The specific steps leading to image
binarization are shown, the exclusion criteria for cells is explained, and the final cell count
image output is demonstrated.

3.4 Quantified Cell Counts and Experimental Data
Here, the results of three experimental data sets are presented as measures of cell
viability vs. pulse condition and transfection or permeabilization efficiency vs. pulse
condition, as applicable. Results from each experiment are grouped in individual sections
and are summarized and analyzed in the discussion. The sections are presented as: (1) The
results of the electroporation pulse and low voltage electrophoretic driving pulse, GFP
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electroporation marker experiments; (2) The “suspension” pulse train propidium iodide
electroporation marker experiments, where propidium iodide is located in the same
chamber of the Franz Cell as the cells to be electroporated; and (3) The “driving” pulse
train propidium iodide electroporation marker experiments, where PI is to be driven
through the alumina nanopores.

3.4.1 Low Voltage Electrophoretic Driving Pulse with Electroporation Condition,
GFP Vector
Figures 3.10 and 3.11 show the cell viability and transfection efficiency,
respectively, of the low voltage electrophoretic driving pulse with electroporation pulse
when GFP is used as the electroporation marker.
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Figure 3.10. Cell Viability in the Low Voltage Electrophoretic Driving Pulse with
Electroporation Pulse Condition
This plot shows the viability of cells post-pulsing vs. the length of the driving pulse
duration. Each condition was first pulsed with the same electroporation pulse of 2kV/cm
for 500µs, followed by the indicated pulse duration at a strength of 0.5kV/cm, except the
no pulse control condition, receiving no pulse, as described in the methods section. “*”
indicates significance with p < 0.05. “**” indicates significance with p < 0.01. Cell viability
remains high across all conditions with a statistically significant decline at the 50ms driving
pulse length.
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Figure 3.11. Transfection Efficiency in the Low Voltage Electrophoretic Driving
Pulse with Electroporation Pulse Condition
This graph shows the percent of cells expressing GFP when imaged with fluorescence
microscopy at 24 hours post pulsing vs. the length of the DNA electrophoretic driving
pulse. The two controls, no pulse and electroporation only pulse are shown compared to
each of the driving pulse durations. “*” indicates significance with p < 0.05. “**” indicates
significance with p < 0.01. Transfection efficiencies are overall poor, even in statistically
significant conditions.

It is noted that the weakest experimental results are seen in the trial where GFP
expressing plasmid DNA is to be delivered to adherent cells. While statistically significant
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results are not seen beyond the 5ms and 50ms driving pulse length condition when
compared to the no pulse control, there is a general upward trend in the results as the
electrophoretic driving pulse length is increased. That said, the results represent poor
outcomes of cellular electroporation overall as peak results occur in the transfection
efficiency range of 20%.
Given that these pulse conditions were selected using results from an earlier
iteration COMSOL model geometry, it is likely that the voltages used in this scenario are
under the threshold for achieving widespread electroporation across all cells adherent to
the alumina membrane. Additionally, the calculation for the electrophoretic movement of
the plasmid DNA assumed a greater electric field strength present based on an earlier
iteration COMSOL model. Finally, due to the relatively large size of the DNA molecules
in use, it is possible that nanopores become clogged during experimentation or are
otherwise too small to permit effective electrophoretic transport through the nanoporous
alumina membrane at the lower voltage pulse conditions used here.
Another challenge of working with pDNA as a delivery marker is that nuclear
uptake and expression is required for the delivery marker to be observed and quantified
using imaging, instead of only being transported across the cell membrane as is the case
with propidium iodide. This could require a stronger electric field strength or longer
duration pulse to be more effectively driven into the cell nucleus. Ultimately, it is likely
that the poor efficiency seen in this portion of the study is caused by the overestimation of
the electric field strength at the membrane-cell surface in addition to the added complexity
of working with pDNA as a permeabilization marker. In summary, overall poor
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transfection efficiencies are observed in experiments with cells when pDNA is used as the
marker of both cell permeabilization and transfection efficiency.
Results from this series of experiments were evaluated and motivated a switch of
focus in experimentation from pDNA as a permeabilization marker alongside low voltage
electrophoretic driving pulses to stronger pulse train experiments utilizing propidium
iodide as the permeabilization marker. This was determined using the information
generated from the updated COMSOL model predicting stronger pulses necessary to
achieve electroporation as well as the relative ease in marking cells with PI during
electroporation when compared to using pDNA as a marker. As such, experimentation
proceeded utilizing propidium iodide as a delivery marker alongside stronger pulses and a
modification of the COMSOL model to better represent the Franz Cell system.
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3.4.2 Pulse Train Experiments, Propidium Iodide In-Suspension with Cells
Figures 3.12 and 3.13 show the cell viability and transfection efficiency, respectively, of
the pulse train, propidium iodide in suspension with cells experiment.
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Figure 3.12. High Voltage Pulse Train, Propidium Iodide In-Suspension Viability
This plot shows the viability of cells post-pulsing vs. the voltage strength of the
electroporation and driving pulse train for cells in the “suspension” trial. “*” indicates
significance with p < 0.05. “**” indicates significance with p < 0.01. While cell viability
remains relatively high across all conditions, a drop is seen after the 700V conditions,
though not statistically significant.
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Figure 3.13. High Voltage Pulse Train, Propidium Iodide In-Suspension
Permeabilization Efficiency
This plot shows the permeabilization efficiency percent of cells post-pulsing vs. the voltage
strength of the electroporation and driving pulse train for cells in the “suspension” trial.
“*” indicates significance with p < 0.05. “**” indicates significance with p < 0.01.
Statistically significant permeabilization efficiencies are seen at the 600V, 700V, and 800V
conditions with peak efficiency at the 700V condition. At 700V, permeabilization with cell
survival occurs in approximately 70% of cells. These results contrast greatly with the GFP
low voltage driving pulse experiments, achieving significantly higher efficiencies.
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3.4.3 Pulse Train Experiments, Propidium Iodide Driven Through Alumina
Membrane Electrophoretically
Figures 3.14 and 3.15 show the cell viability and transfection efficiency, respectively, of
the pulse train, propidium iodide driven through alumina membrane experiment.
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Figure 3.14. High Voltage Pulse Train, Propidium Iodide Driving Viability
This plot shows the viability percent of cells post-pulsing vs. the voltage strength of the
electroporation and driving pulse train for cells in the “driving pulse” trial. “*” indicates
significance with p < 0.05. “**” indicates significance with p < 0.01. Statistically
significant viability drop is seen in the 900V pulse condition.
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Figure 3.15. High Voltage Pulse Train, Propidium Iodide Driving Permeabilization
Efficiency
This plot shows the permeabilization efficiency percent of cells post-pulsing vs. the voltage
strength of the electroporation and driving pulse train for cells in the “driving pulse” trial.
“*” indicates significance with p < 0.05. “**” indicates significance with p < 0.01. While
statistical significance is not achieved, an increase in permeabilization efficiency is seen at
the 600V and 800V conditions relative to other conditions.
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3.4.4 Discussion of Experiments with Propidium Iodide
Moving onward from the experimental trials with plasmid DNA, experiments using
propidium iodide benefit from the use of voltage parameters determined from a modified
COMSOL model whose geometry more closely resembles that of the cell structure
adherent to the nanoporous alumina membrane. The results of the propidium iodide
experiments show that the most significant propidium iodide delivery occurs in the
experimental trial where propidium iodide is kept in suspension with cells. Here, in
suspension refers to the colocation of the propidium iodide in suspension in buffer and the
cells adherent to the alumina membrane in the same chamber of the Franz Cell. Though
this is where results were most significant, and the results from the alumina membrane
driving pulse experiments reflect a correlation between the datasets.
The results from the in-suspension, propidium iodide represent the strongest
evidence in favor of electroporation being successfully achieved using this experimental
setup. As discussed in the computational modeling section, the strongest cell
permeabilization, as determined by live, calcein stained cells which are also contained with
propidium iodide, is seen at the 700V pulse condition, with permeabilization efficiencies
in the range of 70%. Beyond this, the number of cells marked with PI is similar to that at
the range of 700V, but a decline in the number of cells which uptake calcein is seen at these
conditions. This means that while cells are permeabilized beyond this 700V pulse
condition, they are not able to survive the strength of the pulse such that reversable
electroporation is achieved. This is consistent with prior experiments involving pulse
trains, where a peak efficiency-viability pulse strength is achieved before a decline in
viability is observed. As pulse strength is weakened, a decline in permeabilization
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efficiency is observed. Given this data, it is reasonable to state that peak electroporationviability efficiency is seen at approximately 700V, while successful permeabilization on a
widespread scale is seen beginning at 400V applied voltages for both PI experimental
setups.
It is notable that the driving pulse train PI experiments also result in lower
permeabilization efficiencies than the in-suspension trials, while the viability plots share
similar characteristics. This indicates that the alumina membrane presents an obstruction
to the successful marking of cells with PI, and this likely stems from the difficulty in
transporting the delivery molecule of interest across the membrane. It is likely, based on
the results from the in-suspension trial, that successful permeabilization of cells is
occurring in the electrophoretic driving of propidium iodide case but that these cells are
not being marked with PI due to the membrane restriction. That said, the propidium iodide
electrophoretic driving experiments do present better results than the similar experiments
with GFP, indicating that the change in delivery molecule and increase in pulse strength
has an effect on permeabilization efficiencies of cells. The similarities between the viability
plots of both the PI in suspension and driving pulse experiments indicate that the electric
field at the membrane-pore interfaces remains similar between the two experiments. This
is clear as, for both cases, there is a distinct drop-off in cell viability beyond the 700V
condition.
Given the results from the driving pulse with propidium iodide experiments, it is
clear that driving pulse experiments do not deliver as significant molecular delivery to cells
when compared to in suspension experiments. The in-suspension experiments present
strong data indicating that successful electroporation with propidium iodide occurs with
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permeabilization efficiencies of cells exceeding 70% for certain trials. Furthermore, results
indicate that a peak efficiency is reached in the Franz Cell system at an applied voltage of
700V, after which a drop off in cell viability is observed.
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Chapter 4: Conclusions

To conclude, it is shown that 3T3 fibroblast cells are able to be reversibly
permeabilized with an electroporation pulse in the described Franz Cell experimental setup.
A geometrically accurate computational model representative of the Franz Cell
experimental setup accompanying calculations helps to predict a range of applied voltages
to the system. The given datasets reveal that cell permeabilization is possible with the
electroporation technique as described with varying degrees of success depending on
specific experimental conditions. While results of experiments when plasmid DNA is
electrophoretically driven into cells following an electroporation pulse are weaker than the
pulse train experiments, this is consistent with what is reported in literature where adherent
cell electroporation studies report high efficiencies when pulse trains are used to achieve
electroporation. The strongest results occur in the case where propidium iodide is to be
delivered to cells when the molecules and cells are collocated in the same chamber of the
Franz Cell. Degrees of cell permeabilization are seen at applied voltages as low as 400V,
representing successful electroporation of adherent cells using this system, while peak
efficiencies are present at the 700V range. This corresponds to electric field strengths in
the range of 2kV/cm encompassing the majority of the cellular membrane as predicted by
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the COMSOL model of the system, which is within the typical range of electroporation
electric field strength required for reversable permeabilization of mammalian cells.
Given that peak propidium iodide delivery is seen at the 700V applied pulse
condition, it is interesting to note that the COMSOL model predicts an electric field
strength at the cell-pore interface in excess of a typical electroporation threshold
requirement in the range of 2-3kV with an applied voltage of 500V. While cell
permeabilization is seen at the 500V pulse condition, it is expected, based on comparisons
with cell suspension cuvette level experiments, that a decline is cell viability would
coincide with electric fields of this predicted strength. However, this decline in cell
viability is not seen to a significant degree until the 700V condition. Given that the peak
permeabilization efficiency is also seen at the 700V condition, it is shown that this is the
ideal optimized condition for achieving electroporation in this Franz Cell setup. Thus, it
can be concluded that the modified COMSOL model with adherent cell geometry
reasonably predicts the electric field strength required for electroporation once the specific
geometric features of the adherent cell geometry are accounted for.
While challenges exist in adapting this model for the delivery of electroporation
delivery cargo through the alumina membranes, this system represents a successful
apparatus to achieve the electroporation of adherent cells. The success of electroporation
and molecular delivery in the in-suspension trials indicates that electroporation may be
achieved in the electrophoretic driving PI trial, but that the delivery of PI through the
alumina membrane is not occurring in order to mark these cells as permeabilized. The
COMSOL model of the system is validated by the experimental results of the in-suspension
propidium iodide experiment, as well. Successful electroporation of adherent cells to the
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alumina membrane is achieved with PI and pGFP, and the most efficient results are seen
in the in-suspension PI experimental trial.
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Chapter 5: Recommendations for Further Study

Given the results of this study, the most immediate future work using this system
would be to better characterize the transport the electrophoretic transport of electroporation
delivery cargo through the alumina membrane to better achieve the targeted delivery of
molecules to cells. The studied pulse conditions utilizing this setup provide an optimized
set of electroporation achieving parameters which can be used to compliment an optimized
set of electrophoretic delivery parameters.
As predicted by the computational modeling here, the level of cell confluency has
a direct impact on the strength of the electric field near pores, as the electric field strength
will presumably increase as more pores are blocked by adherent cells. Because of this, one
metric of interest for future study is the control of cell confluency. Here, membranes were
used in experiments once each approximately cell confluence within a range of 70% is
achieved. It would be expected that lower confluences would yield lower transfection
efficiencies as less pores are blocked by cells, reducing the resistive effect of the
membrane. Thus, an interesting set of experiments could correlate cell confluency with
transfection efficiency, holding a pulse condition constant.
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More broadly, a central challenge to the commercial and clinical application and
implementation of electroporation technologies for small molecule, mRNA, and DNA
delivery is the inherent variability in specific cell responses to electroporation pulses and
the sensitivity of the parameters involved in successfully electropermeabilizing cells. For
instance, the experimental setup presented in this study is dependent on the short distance
between electrodes in order to limit the voltage strength applied to the system while
maximizing the electric field strength applied to individual cells. This presents an inherent
difficulty in the throughput scalability of this system to achieve clinically relevant doses of
desired therapeutic cargo despite the advantages of the delivery of this cargo in controlled
amounts to adherent cells. As such, further investigation is needed to determine the efficacy
of adherent cell electroporation systems in delivering clinically relevant dosages. This said,
as all cell and gene therapies available to patients today are manufactured on a patientspecific basis, scalability of the technology beyond a dosage relevant to a single patient is
not necessary and presents a less challenging adaptation. As such, a manner at which the
output of this system is increased or scaled could be of interest in a commercial device.
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