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Abstract

Electroporation, the permeabilization of the cell membrane lipid bilayer due to a pulsed electric field, has important
implications in the biotechnology, medicine, and food industries. Traditional macro and micro-electroporation devices have
facing electrodes, and require significant potential differences to induce electroporation. The goal of this theoretical study is
to investigate the feasibility of singularity-induced micro-electroporation; an electroporation configuration aimed at
minimizing the potential differences required to induce electroporation by separating adjacent electrodes with a
nanometer-scale insulator. In particular, this study aims to understand the effect of (1) insulator thickness and (2) electrode
kinetics on electric field distributions in the singularity-induced micro-electroporation configuration. A non-dimensional
primary current distribution model of the micro-electroporation channel shows that while increasing insulator thickness
results in smaller electric field magnitudes, electroporation can still be performed with insulators thick enough to be made
with microfabrication techniques. Furthermore, a secondary current distribution model of the singularity-induced micro-
electroporation configuration with inert platinum electrodes and water electrolyte indicates that electrode kinetics do not
inhibit charge transfer to the extent that prohibitively large potential differences are required to perform electroporation.
These results indicate that singularity-induced micro-electroporation could be used to develop an electroporation system
that consumes minimal power, making it suitable for remote applications such as the sterilization of water and other liquids.
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Introduction

Electroporation is the permeabilization of the cell membrane
lipid bilayer due to a pulsed electric field [1]. While the physical
mechanism that causes electroporation is not fully understood, it is
believed that pulsed electric fields significantly increase the potential
difference at the cell membrane, resulting in the formation of
transient or permanent pores [2-6]. A review of the various theories
on electroporation can be found in [7], and a comprehensive review
on the thermodynamics of membrane polarization and pore
formation can be found in [8]. Recent studies using molecular
dynamics [9-11], statistical and asymptotic analysis [12], and
experimental studies [13] suggest that these pores have length scales
on the order of one nanometer, and start forming within
nanoseconds after the application of a pulsed electric field.

Electroporation experiments show that the extent of pore
formation primarily depends on the strength and duration of the
pulsed electric field, causing membrane permeabilization to be
reversible of irreversible [14]. Reversible electroporation is
commonly used to transfer macromolecules such as proteins
[15], DNA [3,16], and drugs into cells [17], while the destructive
nature of irreversible electroporation makes it suitable for
sterilization [18-23].

In a typical electroporation procedure, a suspension of cells is
placed between a pair of electrodes and a pulsed electric field is

@ PLoS ONE | www.plosone.org

applied. While this procedure is capable of treating large quantities
of cells, electroporation parameters must be determined based on
the average properties of the cell population. Therefore, the extent
of permeabilization varies throughout the treated cells [24].
Variations in permeabilization can be remedied by performing
electroporation on individual cells, termed single cell micro-
electroporation. The primary advantage of micro-electroporation
is the ability to easily handle and manipulate individual cells,
making it possible to control the extent of membrane permeabi-
lization through real-time monitoring of pore formation [25,26].
While micro-electroporation enables greater control of mem-
brane permeabilization, generating high-strength electric fields is a
challenge. Most macro and micro-electroporation devices have
facing electrodes [25]. Because of this, the electric field generated
between the electrodes is inversely proportional to their separation
distance. Although the separation distances in micro-electropora-
tion devices are significantly smaller than those in typical macro-
electroporation devices, they are limited by cell size. Since most
cells have sizes on the order of 10 microns, significant potential
differences are required to induce electroporation [25].
Previously, our group conceived a micro-electroporation
configuration that enables the generation of high-strength electric
fields with a small potential difference. The configuration, termed
singularity-induced micro-electroporation, is composed of an
electrolyte atop two adjacent electrodes separated by an
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infinitesimally small insulator. Application of a small potential
difference between the adjacent electrodes results in a radially
varying electric field emanating from the infinitesimally small
msulator (Fig. 1). Since it has been shown that applying an electric
field along small portions of the cell membrane can induce
electroporation, this radially varying electric field can be used to
electroporate cells suspended in the electrolyte [27,28].

In our previous work, we used the singularity-induced micro-
electroporation configuration to create a micro-electroporation
channel. The micro-electroporation channel is formed by
mirroring the singularity-induced micro-electroporation configu-
ration and placing it in series, generating multiple electric fields
(Fig. 2A). Flowing a cell suspension through the channel will cause
cells to experience a pulsed electric field, inducing electroporation.
A non-dimensional primary current distribution model of the
micro-electroporation channel showed that decreasing channel
height results in an exponential increase in the electric field
magnitudes, and that cells experience exponentially greater
electric field magnitudes the closer they are to the channel walls
[28].

Traditional macro and micro-electroporation devices require a
pulse generator and power supply. However, in the micro-
electroporation channel, the need for a pulse generator is eliminated
since it contains a series of adjacent electrodes. Furthermore, since the
micro-electroporation channel only requires a small potential
difference, electrode depletion and bubble formation, both of which
adversely affect the electroporation process, can be reduced, and a
minimal power source (such as a battery) is needed [25]. Additionally,
reducing the potential difference required to perform electroporation
enables the development of electroporation devices that utilize small
power sources (such as batteries), and could potentially facilitate the
creation of electroporation devices that do not require an external
power source (self-powered electroporation devices). This increases the
accessibility of electroporation, making its use feasible for a wide range
of non-traditional applications such as the sterilization of water
[29,30], turbid beverages [31], and drugs [32].

In order to implement the micro-electroporation channel, or
other devices utilizing singularity-induced micro-electroporation,
the practical feasibility of the configuration needs to be further
analyzed. Understanding the effect of (1) insulator thickness and (2)
electrode kinetics on electric field distributions in the singularity-
induced micro-electroporation configuration is particularly im-
portant.

anode cathode

insulator

Figure 1. Electric field streamlines in a micro-electroporation
configuration with adjacent electrodes separated by an
infinitesimally small insulator. A radially-varying electric field is
present.

doi:10.1371/journal.pone.0018523.g001
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Feasibility of Singularity-Induced Electroporation

The imsulator is the smallest feature in the singularity-induced
micro-electroporation configuration. Because of this, it is one of
the factors limiting the implementation of devices that utilize the
singularity-induced micro-electroporation configuration. In our
previous work, the insulator was assumed to be infinitesimally
small, which is not practically feasible. Therefore, the effect of
msulator thickness on electric field distribution in the singularity-
induced micro-electroporation configuration needs to be analyzed
to ensure that insulators thick enough to be created with
microfabrication techniques can generate electroporation inducing
electric field magnitudes at small potential differences.

In order to perform singularity-induced micro-electroporation
with only a minimal power source (such as a battery), a direct
current must be transferred from the electrodes to the electrolyte
via electrochemical reactions [33]. Because of this, the kinetics of
the electrochemical reactions at the electrodes can inhibit current
transfer. For singularity-induced micro-electroporation, the pri-
mary implication of inhibited current transfer is that prohibitively
large potential differences could be required to generate
electroporation inducing electric fields magnitudes. In order to
ensure that this is not the case, the effect of electrode kinetics on
electric field magnitudes in the singularity-induced micro-electro-
poration configuration need to be examined.

In this paper we present (1) a modified, non-dimensional,
primary current distribution model to analyze the effect of
insulator thickness on the micro-electroporation channel, and (2)
a secondary current distribution model of the singularity-induced
micro-electroporation configuration with platinum electrodes and
water electrolyte. The primary purpose of these models is to
further assess the feasibility of singularity-induced micro-electro-
poration. Additionally, the secondary current distribution model is
used to investigate the effect of water conductivity and applied
voltage on the electric field distribution, and power input of the
singularity-induced micro-electroporation configuration.

Methods

1 Modified, non-dimensional, primary current
distribution model for analyzing the effect of insulator
thickness on the micro-electroporation channel

Our previously developed, two-dimensional, steady-state, pri-
mary current distribution model was non-dimensionalized to
analyze the effect of insulator thickness on the electric field in the
electrolyte of the micro-electroporation channel (Fig. 2B) [28].
Since this model neglects surface and concentration losses at the
electrode surfaces, it is governed by the Laplace equation:

V=0 (1)

where ¢ is the electric potential [33]. Furthermore, electrode
surfaces are assumed to be at a constant potential, making the
boundary conditions at the adjacent electrode surfaces:

¢a = ¢dtjf (2)

¢.=0 3)

where ¢, and ¢, are the potentials at the anode and cathode,
respectively, ¢z is the potential difference between the them. The
remaining boundaries are insulation/symmetry boundaries and
are governed by:
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Figure 2. (A) Schematic of the micro-electroporation channel with model domain and radially-varying electric fields. Cells flowing through the
micro-electroporation channel will experience a pulsed electric field, inducing electroporation. (B) Detailed schematic of the model domain for the

primary, and secondary, current distribution models.
doi:10.1371/journal.pone.0018523.g002

V$=0 @)

Substituting the non-dimensional variables:

O=F/s 5 X =Yg Y=Yy ()

into the Laplace equation in two-dimensional Cartesian coordi-
nates yields:

*d  [(L\?0*D
et (ﬁ) vz =0 )

In the above relations, L is the active electrode length and H is
half of the height of the micro-electroporation channel. Defining
the non-dimensional geometry parameter (aspect ratio):

A= (7)

=

the non-dimensional Laplace equation becomes:

>0 L ’o
0X? ' A20Y?

(8)

Substitution of the non-dimensional variables into the boundary
conditions yields:

®,=1; .=0; VO=0 (9)

Finally, the non-dimensional insulator thickness (relative insulator
thickness) is defined as:
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i
I= I (10)
where i is the insulator thickness.

1.1 Model solution. The non-dimensional primary current
distribution model is characterized by the aspect ratio (4) and
relative insulator thickness (/). A parametric study was performed
by varying I and A4 in a series of models. In each model, the non-
dimensional potential distribution was solved for using a finite
difference method implemented in MATLAB (R2007a version
7.4). A non-dimensional electric field defined as:

NDE =V® (11)

was calculated using the non-dimensional potential distribution.

2 Secondary current distribution model of singularity-
induced micro-electroporation

A two-dimensional, steady-state, secondary current distribution
model was developed to analyze the effects of electrode kinetics on
singularity-induced micro-electroporation. Like primary current
distribution models, secondary current distribution models ac-
count for electric field effects from ohmic losses in the bulk
electrolyte, and are therefore governed by the Laplace equation
(Eqn. 1) in that region. However, unlike primary current
distribution models, secondary current distribution models ac-
count for kinetic losses at the electrode surfaces [33]. Since kinetic
losses strongly depend on the potential at an electrode surface, the
boundary conditions at the adjacent electrode surfaces are:

ja = Uv¢a =f(7’s,a) (12)

jC = O-V¢c :f(ns,c) (13)

where j, and j, are the current densities at the anode and cathode,
respectively, ¢ is the conductivity of the bulk electrolyte, and 7,
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and 7, . are the surface overpotentials at the anode and cathode,
respectively. Overpotential represents a departure from the
equilibrium potential at an electrode surface, and is defined as:

n=¢—E° (14)

where E is the equilibrium potential for an electrochemical
reaction at standard state, typically 293 K at 1 atm [33].

2.1 Electrode kinetics model. Neglecting concentration
losses, the relationship between current and potential at electrode
surfaces is commonly described by a modified version of the
Butler-Volmer model [34]:

.. o F —o.F
=i exp s oy el (15)

Conceptually, the first term describes the anodic (reduction)
contribution to the net current at a given potential, while the second
term describes the cathodic (oxidation) contribution to the net current.
With that in mind, the variables in the Butler-Volmer model are:

Jo, the exchange current density. The exchange current
density is the current density where the anodic and
cathodic contributions are equal, resulting in no net
current.

o, and a,, the anodic and cathodic transfer coeflicients,
which respectively describe the energy required for each
reaction to occur.

Ny, the surface overpotential, the deviation of the
electrode potential from its equilibrium potential.

F, the Faraday constant (96500 C/mol).
R, the universal gas constant (8.314 ]J/mol-K).

T, the temperature of the electrode reaction (K).

The exchange current density, and the anodic and cathodic
transfer coefficients are determined experimentally, typically by
fitting current-potential data to the Butler-Volmer model [34].
However, in some cases, it is more convenient to fit current-
potential data to simpler forms (i.e. linear) [34].

2.2 Development of the current density boundary
conditions. A voltage must be applied to the cell suspension
to generate an electric field for electroporation. Because of
potential losses due to irreversibilities (Ej,), the applied voltage
(Vappr) must be greater than the equilibrium potential (E) of the
electrochemical cell [33]:

Vappl = Eeq + Eloss ( 16)

The equilibrium potential of the electrochemical cell is the
difference between the anode and cathode reduction equilibrium
potentials at standard state (Eg and ES, respectively) [33,34]:

Ey=E—E! (1)

Irreversible losses have three classifications [33,34]:

1. Surface losses from sluggish electrode kinetics.
2. Concentration losses due to mass-transfer limitations.

3. Ohmic losses in the electrolyte.
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Since concentration losses are neglected in secondary current
distribution models, the irreversible losses can be represented as:

Eloss =MNsa—Ms,c + Aqsohm (18)

where A¢,,, is the ohmic loss in the electrolyte, and can be further
decomposed to:

A¢0hm = ¢a - ¢c ( 19)

Combining Eqns. 17, 18, and 19:

Vappl = Eeq + ’7‘?,(1 - ns,c + ¢a - ¢c (20)

provides a more detailed relation for the voltage that must be
applied to the electrochemical cell to compensate for irreversible
losses. Since kinetic models provide the net current density at an
electrode surface as a function of surface overpotential, the
equation above can be separated to obtain the surface over-
potentials at the anode and cathode:

Ns.a = Vappl _El'll - ¢a (21)

nx,c = ¢<‘ (22)

Substituting these relations into the modified version of the Butler-
Volmer equation relates the surface potentials at the anode and
cathode to their respective current densities, enabling an implicit
numerical solution.

L o aFng — ey
Ja=Joa {GXp T T ] (23)
o ta,c 1, — ek,

Je=J0,c I:exp - ;?T = —CXp ;;T Y’C] (24)

2.3 Model parameters. The parameters used in the
secondary current distribution model are outlined in Table 1.

The secondary current distribution model domain is shown in
Fig. 2B. The domain is 10 microns long, has a 100 nanometer
thick insulator, and is 20 microns high. Since previous results show
that decreasing domain height exponentially increases electric field
magnitudes, the height of the domain was made sufficiently large
to determine the minimum electric field magnitudes that can be
generated when accounting for electrode kinetics [28].

Since we would like to use the singularity-induced micro-
electroporation configuration for water sterilization, the bulk
electrolyte is water. The electrical conductivity of water typically
varies between 0.0005 and 0.05 S/m [35].

The anode and cathode are modeled as inert platinum
electrodes. In water, the electrochemical reactions that take place
at the electrode surfaces are identical to those in water electrolysis
[36]. At the anode, water is oxidized:

2H,0<=0,(gas)+4H " (aq) +4e~ (25)

Under standard conditions, this reaction has a reduction
equilibrium potential (E?) of 1.23 V and an exchange current
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density (j.0) of 107® A/m? [33]. Additionally, the transfer
coefficients (¢4, and o) were assumed to be 0.5 [34]. At the
cathode, water is reduced:

4H,0 +4e~ «2H,(gas)+40H " (aq) (26)

Under standard conditions, this reaction has a reduction potential
(E?) of —0.83 V and an exchange current density (j.o) of 10 A/m?
[33]. Similar to the water oxidation reaction at the anode, the
transfer coefficients (¢., and o..) were assumed to be 0.5 [34].
Therefore, the net reaction in the platinum-water singularity-
induced micro-electroporation system is:

2H,0<2H;(gas) + O,(gas) (27)

Under standard conditions, this reaction has an equilibrium
potential (E,,) of 2.06 V that must be exceeded to generate an
electric field distribution in the water.

It should be noted that since saline is a water based solution,
these electrochemical reactions are also applicable to a more
traditional electroporation system. Therefore, this secondary
current distribution model could easily be modified to analyze
singularity-induced micro-electroporation in a saline solution by
changing the bulk electrolyte conductivity.

2.4 Model solution. The secondary current distribution
model is affected by the conductivity of the water electrolyte (o)
and voltage applied (V) to the electrochemical cell. A
parametric study was performed by varying these parameters in
a series of models. In each model, the potential distribution was
solved for using the finite element analysis software COMSOL
Multiphysics 4.0a. The electric field defined as:

E=V¢ (28)
was calculated using the potential distribution. Furthermore, by

integrating the current density at the anode or cathode boundary,
the total current (j;,,) through the model was determined. Using
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Table 1. Secondary current distribution model parameters.

Global

Faraday constant F C mol"—1 96500
Universal gas constant R J mol"—1 K"—1 8314
Temperature T K 298
Electrochemical cell equilibrium E, \ 1.23
potential

Applied voltage Vappi Vv 1.3-2.5
Water conductivity a Smh—1 0.0005, 0.005, 0.05
Anode

Exchange current density Joa A mh—2 1078
Anodic transfer coefficient e - 0.5
Cathodic transfer coefficient O - 0.5
Cathode

Exchange current density Jo.c A mh—2 10
Anodic transfer coefficient o - 0.5
Cathodic transfer coefficient Ole.c - 0.5
doi:10.1371/journal.pone.0018523.t001

the total current through the model, the power input defined as:

P=jt0t Vappl (29)

was calculated.

Results

1 Non-dimensional primary current distribution model
for analyzing the effect of insulator thickness

The results of the non-dimensional primary current distribution
model show that decreasing the relative insulator thickness (/)
increases the magnitude of the non-dimensional electric field
(NDE) at the center of the micro-electroporation channel (Fig. 3).
More specifically, the extent of the increase in the non-
dimensional electric field magnitude due to relative insulator
thickness depends on the aspect ratio (4). At low aspect ratios,
decreasing relative insulator thickness substantially increases the
non-dimensional electric field. Decreasing the relative insulator
thickness from 0.9 to 0 (singularity) at an aspect ratio of 0.1 results
in a 413% increase in non-dimensional electric field magnitude.
Conversely, at high aspect ratios, decreasing the relative insulator
thickness negligibly increases the non-dimensional electric field. At
an aspect ratio of 2, decreasing the relative insulator thickness
from 0.9 to O results in a 115% increase in non-dimensional
electric field magnitude.

2 Secondary current distribution model of singularity-
induced micro-electroporation

2.1 Effect of water conductivity and applied voltage on
electric field distribution. The conductivity of the water (o)
and the applied voltage (V) both influence the electric field
distribution in the singularity-induced micro-electroporation
configuration. At applied voltages lower than ~3.2 V, low
conductivity water contains substantially larger electric field
magnitudes than high conductivity water (Fig. 4). For example,
at an applied voltage of 2.7 V, the electric field magnitudes at the
center of the insulator are 0.06, 0.38, and 1.64 kV/cm at water
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Figure 3. Non-dimensional electric field (NDE) magnitudes at
X=0.5, Y=1 for various relative insulator thicknesses (I) and
domain aspect ratios (A4). At low aspect ratios, decreasing the
relative insulator thickness substantially increases non-dimensional
electric field magnitude. At high aspect ratios, decreasing the relative
insulator thickness negligibly influences non-dimensional electric field
magnitude.

doi:10.1371/journal.pone.0018523.g003

conductivities of 0.05, 0.005, and 0.0005 S/m, respectively.
Furthermore, at applied voltages lower than 2.8 V, increasing
the applied voltage exponentially increases electric field
magnitudes in the water. Conversely, at applied voltages higher
than 2.8 V, the electric field distribution becomes constant and
independent of water conductivity. At an applied voltage of 3.5 V,
the electric field magnitudes at the center of the insulator are 26.4,

Feasibility of Singularity-Induced Electroporation

33.1, and 39.8 kV/cm at water conductivities of 0.05, 0.005, and
0.0005 S/m, respectively.

2.2 Effect of water conductivity and applied voltage on
power input. The power mput to the singularity-induced
micro-electroporation configuration is also dependent on the
conductivity of the water and the applied voltage (Fig. 5). At
applied voltages less than ~2.6 V, power input is independent of
water conductivity and increases exponentially with applied
voltage. For example, at an applied voltage of 2.4 V, the powers
input to the singularity-induced  micro-electroporation
configuration are 1.09, 1.05, and 0.92x10"° uW/cm?® at water
conductivities of 0.05, 0.005, and 0.0005 S/m, respectively.
Conversely, at applied voltages greater than ~2.6 V, the power
mput becomes constant and is highly dependent on the water
conductivity. A singularity-induced  micro-electroporation
configuration with low conductivity water (0.0005 S/m) requires
the least power input, 0.23 pW/cm® at an applied voltage of
3.5 V. The power input required by the singularity-induced
micro-electroporation configuration substantially increases with
water conductivity. Configurations with 0.005 and 0.05 S/m
water conductivities require 1.93 and 16.20 pW/cm?, respectively.

Discussion

1 Effect of insulator thickness

The results of the non-dimensional primary current distribution
model demonstrate the practical feasibility of the micro-electro-
poration channel. In our previous work, we predicted that
increasing the insulator thickness would decrease the electric field
magnitudes throughout the electrolyte of the micro-electropora-
tion channel [28]. While our results quantitatively support this
prediction, they also indicate that electroporation inducing electric
fields can be generated with insulators thick enough to be created
with microfabrication techniques. For example, applying a 0.5 V
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Figure 4. Electric field magnitudes along a centerline directly above the insulator (shown in upper-right corner) in the secondary
current distribution model. At applied voltage lower than ~3.2 V, conductivity substantially influences electric field magnitudes and increases in
applied voltage increase electric field magnitudes. At applied voltages higher than ~3.2 V, conductivity negligibly influences electric field
magnitudes and increases in applied voltage do not affect electric field magnitudes.

doi:10.1371/journal.pone.0018523.9g004
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conductivity. At low applied voltages, conductivity negligibly affects power input and increases in applied voltage exponentially increase power
input. At high applied voltages, low conductivity water requires the least power input and increases in applied voltage negligibly affect power input.

doi:10.1371/journal.pone.0018523.g005

potential difference in a micro-electroporation channel with an
active electrode length (L) of 10 um, micro-electroporation
channel height (2H) of 2 pm, and insulator thickness (i) of
100 nm (non-dimensional data for 4 =0.1, 7 =0.01), can generate
electric field magnitudes in excess of 10 kV/cm, which are
sufficient for inducing irreversible electroporation [21]. Numerous
lithographic techniques are capable of producing sub-100 nm
features, and could be used to create the insulators in a micro-
electroporation channel. Immersion lithography is a photolithog-
raphy enhancement technique that places a liquid with a refractive
index greater than one between the final lens and wafer. Current
immersion lithography tools are capable of creating feature sizes
below 45 nm [37]. Additionally, electron beam lithography, a
form of lithography that uses a traveling beam of electrons, can
create features smaller than 10 nm [38].

2 Secondary current distribution model of singularity-
induced micro-electroporation

Electrochemical reactions must transfer a direct current from
the electrodes to the electrolyte to perform singularity-induced
micro-electroporation. The kinetics of electrochemical reactions
can inhibit current transfer and potentially necessitate prohibi-
tively large potential differences to generate -electroporation-
inducing electric field magnitudes. Therefore, to adequately
analyze the feasibility of implementing a singularity-induced
micro-electroporation system, the effect of electrode kinetics on
electric field magnitudes must be understood. The secondary
current distribution model of the singularity-induced micro-
electroporation configuration with platinum electrodes and water
electrolyte accounts for electrode kinetics. The results of this
model: (1) demonstrate the practical feasibility of implementing a
singularity-induced micro-electroporation system, (2) predicts the
upper limit to the electric field magnitudes of the system, and (3)
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provides data for optimizing the power input necessary to obtain a
desired electric field distribution.

The practical feasibility of creating a singularity-induced micro-
electroporation system is demonstrated by the results of the
secondary current distribution model with platinum electrodes and
water electrolyte. The results show that electric fields in excess of
those required to induce reversible (1-3 kV/cm) and irreversible
(10 kV/cm) electroporation can be generated in water with
platinum electrodes [21]. For instance, in water with a
conductivity of 0.0005 S/m, an applied voltage as low as 2.8 V
(0.7 V larger than E,;) can generate electric fields sufficient to
induce reversible electroporation near the insulator surface.
Increasing the applied voltage by 0.1 V generates electric fields
capable of inducing irreversible electroporation near the insulator
surface, and reversible electroporation at distances up to ~0.7 um
from the insulator. Although lower electric field magnitudes are
present in higher conductivity water (0.005 or 0.05 S/m), minor
increases in applied voltage result in similar reversible and
irreversible electroporation inducing electric fields.

The trend shown in Fig. 4 indicates that there is an upper limit
to the electric field magnitudes that can be generated in the
singularity-induced micro-electroporation system. For this system,
the low exchange current density of the anode electrochemical
reaction (jo ) limits the current through the system. As a result, as
the applied voltage increases, the water conductivity has less of an
influence on the electric field distribution. Furthermore, at large
applied voltages, increasing the applied voltage negligibly changes
the electric field distribution, indicating the upper limit of the
electric field magnitudes that can be generated with this system.
Close to the insulator, the electric field magnitudes at the upper
limit are well above the magnitudes required to induce reversible
and irreversible electroporation. However, if large electric field
magnitudes are required away from the insulator, the upper limit
may become an important design consideration.
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The secondary current distribution model of singularity-induced
micro-electroporation can be used to optimize the power input to
the system. As previously noted, at large applied voltages, water
conductivity 1s negligibly influential and the electric field
distribution becomes constant with increasing applied voltage
(Fig. 4). Fig. 5 shows that while power input also becomes constant
at large applied voltages, it is substantially affected by water
conductivity. In general, low conductivity water (0.0005 S/m)
generates the largest electric field magnitudes with the least power
input, and high conductivity water (0.05 S/m) generates the
smallest electric field magnitudes with the most power input.
Therefore, decreasing the water conductivity is the most effective
method for optimizing the power input to the system.

It should be noted that the methodology used for developing the
secondary current distribution model of singularity-induced micro-
electroporation could be used to model a variety of electroporation
devices. With appropriate electrode kinetics parameters, numerous
electrode materials and electroporation configurations could be
examined. These models would aid in experimental studies by
providing electric field distributions throughout the electrolyte.
Additionally, they would facilitate the optimal design of electro-
poration systems for a variety of applications.

The singularity-induced micro-electroporation configuration
offers numerous advantages over traditional macro and micro-
electroporation devices. In electroporation devices with facing
electrodes, a cell’s proximity has no bearing on the electric field
magnitude it will experience. Conversely, in a singularity-induced
micro-electroporation configuration, the electric field magnitude
experienced by a cell is dictated by the gap between the cell and
the surface of the configuration. Because of this, cell size does not
affect the potential difference required to achieve a desired electric
field.

Another advantage of the singularity-induced micro-electropo-
ration configuration over traditional macro and micro-electropo-
ration devices 1s that less electrical equipment is required.
Traditional macro and micro-electroporation devices require a
pulse generator and power supply. However, by placing
singularity-induced micro-electroporation configurations in series,
as is done in the micro-electroporation channel, the need for a
pulse generator is eliminated. Furthermore, as validated by the
secondary current distribution model, only a small potential
difference is required. Because of this, only a minimal power
source (such as a battery) is needed.

3 Conclusions

The practical feasibility of singularity-induced micro-electropo-
ration systems were assessed by examining the effect of insulator
thickness and electrode kinetics on generated electric field
distributions. Two models were developed to understand these
effects: (1) a modified, non-dimensional, primary current distribu-
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tion model of a micro-electroporation channel, and (2) a secondary
current distribution model of the singularity-induced micro-
electroporation configuration with platinum electrodes and water
electrolyte.

A previously developed, non-dimensional, primary current
distribution model was modified to analyze the effect of insulator
thickness on the electric field distribution of a micro-electropora-
tion channel. Increasing the insulator thickness exponentially
reduces the electric field magnitude directly above the center of
the insulator and inhibits the permeation of high-strength electric
fields in the electrolyte. However, high-strength electric fields can
still be generated with insulators thick enough to be created with
MEMS manufacturing techniques [37,38]. Therefore, insulator
thickness does not inhibit the practical feasibility of creating
singularity-induced micro-electroporation systems.

A secondary current distribution model of the singularity-
induced micro-electroporation configuration with platinum elec-
trodes and water electrolyte was developed to examine the effect of
electrode kinetics on the electric field distribution in the water.
The results of this model show that electric field magnitudes in
excess of those required to induce reversible (1-3 kV/cm) and
irreversible (10 kV/cm) electroporation can be generated in water
with platinum electrodes [21]. This further substantiates the
practical feasibility of implementing a singularity-induced micro-
electroporation device. Additionally, the secondary current
distribution model shows that at low applied voltages, significantly
larger electric field magnitudes are present in lower conductivity
water. Initially, as the applied voltage increases there is an
exponential increase in electric field magnitudes in the water.
However, at large applied voltages, increasing the applied voltage
negligibly changes the electric field magnitudes, regardless of water
conductivity. Furthermore, at large applied voltages, the required
power input 1s highly dependent on the conductivity of the water.
Therefore, it can be concluded that low conductivity water
generates the largest electric field magnitudes with the least power
input, and high conductivity water generates the smallest electric
field magnitudes with the most power input.

Although a great deal of work needs to be done to bring
singularity-induced micro-electroporation to fruition, this theoret-
ical study indicates that pursing that work is worthwhile. The
simplicity of electroporation makes it a powerful technology.
Devices implementing the singularity-induced micro-electropora-
tion configuration increase the accessibility of electroporation,
making its use feasible for a wide range of non-traditional
applications.
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