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ABSTRACT 
Electroporation of biological solutions is typically performed using galvanically coupled 

electrodes and the administration of high-voltage, direct current (DC) pulses. Galvanic 

(DC) coupling enables the flow of Faradaic currents, which produce effects of 

electrolytic nature. Electrolytic processes can be deleterious to electroporation by 

causing arcing with high radiative temperature and high-pressure waves, releasing 

potentially toxic compounds from the electrodes, and introducing by-products of 

electrolysis into the solution. Our research in micro-electroporation shows that the 

detrimental effects of electrolysis become more pronounced as the length-scale of the 

electroporation chamber decreases, i.e. micro-electroporation. A possible solution 

would be to eliminate galvanic coupling between the electrodes and the electroporation 

media by coating the electroporation electrodes with a thin layer of dielectric material 

and using high-frequency AC stimulation for electroporation.   In this work, we present 

a theoretical analysis of a micro-electroporation system in which capacitively coupled 

electrodes are separated from the electroporated solution by a dielectric. The purpose 

of this work is to serve as a theoretical basis for further experimental exploration, as 

well as a design tool for performance optimization. We present a mathematical model 

supported by in silico experimental results. 

   Index Terms  — Electric Fields, Biophysics, Electric Field Effects. 

 

1   INTRODUCTION 

When a biological cell is exposed to a high electric 

field, nano-scale defects termed in the literature as pores, 

occur in its membrane leading to dramatic qualitative 

changes in the cell's membrane permeability[1, 2]. This 

biophysical phenomenon has become an important tool in 

various domains of modern science, medicine and 

biotechnology  [3, 4]. Depending on the strength of the 

electric field, the cell either reseals the pores and returns to 

its normal activity, or sustains a sufficient shock that would 

lead it to death. When the effect is reversible, and the cell 

can recover from the induced “interference”, the 

electroporation is referred to as reversible [3, 5]. When the 

damage is too great and the cell is not able to return to its 

normal function, the phenomenon is naturally called 

irreversible electroporation [2, 5]. 

It is widely accepted that electroporation depends 

on several electric parameters such as electric field strength, 

polarity, and time of application. With respect to electric 

field strength, when all the other parameters are kept 

constant, electroporation is a threshold phenomenon, i.e. an 

electric field of a magnitude | ⃗ |  | ⃗  | would not cause 

electroporation, a field of a magnitude | ⃗  |   | ⃗ |  

| ⃗  |   would cause reversible electroporation, and a field of 

larger magnitude | ⃗ |  | ⃗  |, would lead the cell into 

irreversible electroporation. In life-science research, 

reversible electroporation is leveraging the increase in the 

cell membrane's permeability to introduce molecules, drugs 

and genes into biological cells[3]. The application of 

electroporation in the irreversible mode, has recently gained 

attention in medicine as a potentially useful tissue ablation 

method[5, 6]. In the food-sterilization field, electroporation 

was primarily used in the irreversible mode. Pulsed-

Electric-Fields (PEF) as the phenomenon is known in this 

domain, have been studied for several decades as a useful 

method to kill bacteria and other pathogens naturally 

proliferating in foods[7]. 

Most of the research in the field of electroporation, 

both in life-sciences and food-sterilization domains has 

been focused on DC electric fields[8]. In such a setting, a 

typical way to induce electroporation would include 

bounding the treated medium with a parallel plate 

configuration of electrodes with DC voltage pulses applied 

to them. While making the instrumentation simple, the DC-

based method of electroporation introduces various 

electrolytic processes taking place at the electrode-

electrolyte boundary[9, 10]. These electrolytic effects 

include electrochemical reaction with the electrodes and the 

formation of gases next to the surface of the electrodes. 
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When exposed to high electric fields, these gases become 

ionized, which leads to arcing, generation of high local 

temperatures, and the resulting strong pressure waves. Even 

in the absence of arcing, the electrolytic processes 

occurring at the electrolyte-electrode boundary lead to 

various phenomena, which affect the process of 

electroporation. These include release of metal ions in the 

solution and formation of various ionic chemical species 

that affect cells and electrodes.  This problem has not been 

addressed in the context of biological applications of 

electroporation, because typically, the protocol involving 

electroporation is on the order of milliseconds during which 

the pulses are administered. During this time, the 

electrolytic effects are not prominent and are normally 

ignored and not reported. However, there is no doubt that 

everyone doing experimental work on electroporation must 

have noticed at least occasional arcing.  

 

Advances in micro-electromechanical technology 

have made it possible to design a single cell micro-

electroporation chip[11]. This has paved the way to the 

flow-through, single cell, microelectroporation chip[12]. 

Microelectroporation is an important component in many 

lab on a chip devices [13]. Attempts to further miniaturize 

electroporation have led to devices that electroporate only a 

part of the cell’s membrane[14], and to nano-

electroporation[15]. Literature survey indicates a growing 

interest in micro-electroporation, and a thorough review of 

flow-through micro and nano/electroporation devices can 

be found in [16]. However, as the size of the effective 

electroporation volume reduces, geometric considerations 

begin to play an important role. The effective 

electroporation volume decreases proportionally to   , 

whereas the active surface area approximately decreases 

proportionally to   ; where s,  is a typical dimension for 

electroporation. This leads to increased dominance of the 

mass transport phenomena prompted by electrolysis, since 

the relative concentrations of the reaction products are 

higher in smaller scale electroporation chambers. The 

presence of arcing and electrolytic reactions introduces 

undesirable effects, which often lead to structural damages 

of electroporation electrodes as illustrated in Figure 1. We 

have observed this damage when applying a series of 10  

100-microseconds pulses at 5000 V/cm on a sample 

containing 0.9% NaCl solution. We have used planar 

interdigital electrodes fabricated using a standard PCB 

process with 150 um spaces between the anode and the 

cathode. The applied voltage was 75V. Furthermore, while 

in micro-electroporation arcing can usually be avoided due 

to reduced voltages and flow through induced convection, 

the formation of gas bubbles can lead to interrupted flow in 

micro-channels, limiting the utility of flow-through 

electroporation devices[17].  

 

Using AC fields seems like a natural attempt to be 

taken to address the undesired effects caused by DC electric 

fields and indeed several recent works report efforts in this 

direction. In a recent work from our group, bipolar pulses 

have been used to reduce the effects of electrolysis in a 

micro-channel, in particular the formation of gas bubbles 

[17]. However in that work, the electrodes were still 

galvanically coupled to the electroporated medium, which 

introduces products of electrolytic reactions into the 

sample. Also, the authors of the study report, that in order 

to avoid the electrolytic effects, the bipolar pulse frequency 

has to be within a limited range. This can be explained by 

noting that for a slow enough frequency, the square pulses 

administered still induce short-term electrolysis, which 

might potentially lead to undesired bubble formation. 

Another work reported a design of a microfluidic based AC 

electroporation device[18] using gold-deposited electrodes, 

which, it was suggested, are less likely to suffer from 

electrolysis induced electrode erosion. The authors were 

able to reduce the required AC voltage by fabricating 

microelectrodes within close proximity to each other 

(30[um]). However, in our experiments, we find that 

galvanically coupled gold micro-electrodes are affected by 

electrolysis (Figure 1). 

 

In this study we propose to address the issue of 

electrolysis in micro and nano electroporation chips, 

through elimination of the electrolytic process by 

capacitively coupling the electroporation electrodes to the 

medium, across a dielectric layer. To the best of our 

knowledge there are only two other reported attempts to use 

capacitively coupled electroporation [19] and [20]; in a 

context completely different from ours. The approach we 

propose in this paper is based on a recent work performed 

in our group which introduced the concept of singularity 

induced electroporation (SIE)[15]. In the SIE approach, a 

specific configuration of planar electrodes eliminates the 

need in high-voltage electroporators, and can operate from 

a battery power supply. While our proposed device 

architecture requires a higher voltage level than currently 

available from a standard battery, we build upon previous 

results reported in [15, 21] as we employ a similar 

geometric configuration of electrodes, but introduce a novel 

element: a thin dielectric layer which isolates the electrodes 

from the electrolyte and capacitively couples AC produced 

electric fields across the layer. 

Figure 1 Damaged electrodes used in DC electroporation. Damage was 

caused by arcing. 
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The goal of this study is to advance the concept of 

AC-based, capacitively coupled, micro and nano-

electroporation by developing a set of analytical design 

tools. Using these tools, we propose to characterize the 

electroporation process and generate physical insight into 

the effects of the various design parameters. Our work is 

mathematical and employs numerical simulations and 

closed form analytical tools.  

In this work, we present a theoretical analysis of a 

micro-electroporation system in which capacitively coupled 

electrodes are separated from the electroporated solution by 

a dielectric. The purpose of this work is to serve as a 

theoretical basis for further experimental exploration, as 

well as a design tool for performance optimization. We 

present a mathematical model supported by in silico 

experimental results, and outline an experimental design 

which draws intuition and design guidelines from the 

findings of the in silico simulations. 

 

2  METHODS AND MATERIALS 

Our mathematical model consists of a 2D cross-
sectional geometry with two planar metal electrodes placed 
on an insulating substrate as  depicted schematically in 
Figure 2 One of the electrodes is grounded and the other 
one is connected to an AC voltage source.  

 

 

The electrodes are coated by a thin layer of 
insulating material which replaces the galvanic coupling 
with capacitive link. On top of the insulating material a 
bulk volume of solution is placed. A simulation of the 
electroporation process requires solving the field equation. 
Since our model contains both conductive (electrolyte filled 
solution) and dielectric materials (insulating coating), both 
displacement and conduction current exist. The main 
equation solved is current conservation: 

 

        (1) 

  

Where    () is the divergence operator, and     stands for 
the local current density vector. The current density has a 

conductive component and a displacement component, and 
it is given by: 

 

 ⃗  (      
 

  
)  ⃗                                                                                       (2) 

 ⃗  represents the local electric field,    is the conductivity, 

   is the vacuum permittivity and    is the relative 
permittivity of the material. The electric field is linked to 
the potential field by the relationship: 

 ⃗                    (3) 

The field equation is solved for the geometrical 
configuration of Figure 2, subject to Dirichlet boundary 
condition (sinusoidal voltage), imposed at the 
electroporation electrodes. The remainder outer surface of 
the domain was insulated.  
 

Solving the Laplace equation makes it possible to estimate 

the associated Joule heating  , which is the heat generation 

rate per unit volume, caused by the electrical field: 

 

   |  |                (4) 

This term is then added to the Heat equation to represent 
the amount of heat generated during the electroporation 
procedure: 

  (   )       

  

  
               

(5) 

In equation (5),   is the thermal conductivity of the 

solution,   is the temperature,   is the solution density and 

  is the heat capacity of the tissue. The intent of the 

thermal analysis is to estimate the temperature changes 
occurring during the electroporation. In a typical 
application, when electroporation is used for its non-
thermal effects, the protocol is often optimized to operate in 
non-thermal regime[22, 23].   

 

The geometric and electrical parameters 
characterizing such a configuration are summarized in 
Table 2. Our analysis is based on a Finite Element Model 
(FEM) implemented in Comsol Multiphysics 4.3b. Our 
solution was run on a triangular mesh with boundary layer 
mesh close to the expected high potential gradient domains. 
As a means of quality control, the mesh size was reduced to 
verify that no artifacts are introduced into the solution due 
to sampling issues. The difference between the solutions 
was within the relative tolerance specified to the numerical 
solver (1e-4). 
 

3  RESULTS AND DISCUSSION 

3.1 EXPERIMENTAL VALIDATION 

The goal of our study is to characterize the concept 

of AC capacitively coupled micro and nano-electroporation. 

Numerical simulation and closed form analytical solutions 

facilitate achieving this goal economically. However, to 

gain confidence in the mathematical analysis we will first 

verify the mathematical solution with an experiment. To 

test the experimental validity of our model, we have 

Figure 2 Modeled geometry cross section 
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developed a prototype for an insulator coated electrode 

using Pyralux AC 091200EV (DuPont, USA) flexible 

circuit material consisting of 12.5 [um ] thick Kapton sheet 

with a 9[um ] layer of electro-deposited copper on one side. 

The 12.5 [um] Kapton layer models the insulation layer we 

envision in the AC coupled device (Figure 2). The inter-

digital electrode was patterned using standard 

photolithography methods and sealed at the exposed 

(copper) side by placing an adhesive-based, 200[um] thick, 

Kapton layer on top of the electrode. The thick insulator 

layer on the top of the electrodes models the substrate 

(Figure 2) and its high impedance causes most of the 

displacement current to flow through the thinner Kapton 

layer of 12.5[um] . Although our prototypical device uses a 

larger scale geometry, our motivation behind fabricating it 

was to confirm the basic assumptions of our model and we 

demonstrate this confirmation below by comparing the 

measured impedance with the one predicted by the 

mathematical model. Figure 3a shows a schematic drawing 

of an inter-digital electrode, and figure 3b shows a top view 

of a fabricated electrode. For the experiment, we immersed 

the insulated electrode into a sodium chloride solution 

(0.08g/l), designed to have a conductivity of 0.1  
 

 
  [24]. 

 

 

 

 

We then characterized the performance of the electrode 

using impedance analyzer (Agilent 4294H) measuring the 

impedance between the two electrodes in the [40Hz-1MHz] 

frequency range. We have compared the data obtained from 

a simulated model of equations (1),(2) and (3) with the 

parameter values of Table 1. To obtain the simulated 

current through the device, we have used the Electrical 

Circuit module of Comsol, and added a small current sense 

resistor in series with the electroporation device depicted in 

Figure 2. The magnitude of the impedance was obtained 

from Ohm’s law relationship: | |  | || | . The 

simulated impedance data was compared to the 

experimentally measured impedance profile, shown in 

Figure 4. It can be seen that the experimental measurements 

compare well to the estimates provided by the mathematical 

model. 

 

3.2 NUMERICAL EXPERIMENTS 

 

Figures 5-8 were obtained from numerical 
experiments solving equations (1),(2) and (3) with 
parameter values from Table 2. The results are presented to 
provide insight on the effect of a dielectric insulation layer 
in a capacitively coupled micro-electroporation system.   

 

Figure 5 illustrates the phase shift between the 
stimulation voltage and the induced voltage in the 
electrolyte, caused by the dielectric nature of the insulator 
coating. The presented field magnitudes and the stimulation 
voltage were normalized for visualization purposes. The 
electric field in the insulating layer (red curve) is in phase 
with the stimulating voltage, whereas the electric field in 
the electrolyte solution (blue curve) is approximately 90 
degrees out of phase with the stimulating voltage. The exact 
phase difference depends on the conductivity on the 
solution (data not shown). 

 

Figure 5  Phase shift in the electrolyte solution 

Figure 6 Potential profile (a) Stimulation Peak (b) Stimulation Zero 

 

 

Figure 4 Experimental vs. simulated impedance magnitude data 

Figure 3 Inter-digital electrodes (a) Schematic, (b) Fabricated Electrode 
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Figure 9 Lumped Element Model 

 

A representative potential profile along a vertical 
axis (shown green in Figure 2) is presented in Figure 6. 
Figure 6a shows the potential profile when the stimulation 
voltage is at its peak: The entire voltage drops on the 
insulator, and there is no potential drop (i.e. no field) inside 
the electrolyte solution. Figure 6b shows the potential 
profile when the stimulation voltage is at its zero: at this 
point a voltage drop inside the electrolyte is induced by the 
lagging-behind displacement current. 

 

Figure 7a shows a map of the peak field magnitude 
of a representative configuration. Figure 7b shows a field 
profile taken inside the electroporated solution adjacent to 
the insulating surface. The measured slice is shown as a 

blue, horizontal arrow on Figure 2. A vertical step    equal 

to 10% of the insulator thickness    was used as the height 

above the insulating surface for measuring the profile. 

 

 

For comparison, we have simulated a configuration 
without the insulating layer.  Figure 8a shows a map of the 
peak field magnitude of a comparable configuration. Figure 
8b shows a field profile taken inside the electroporated 
solution at the same location relative to the electrodes as in 

figure 5. Figure 8 indicates that while there is little 
qualitative difference between the two configurations, the 
quantitative difference is large: the field is 2-3 orders of 
magnitude higher without the insulator. This is clearly a 
drawback of the capacitative coupling mode, as a much 
higher external voltage is required in order to provide the 
same electric field in the medium. 

 

Having said that, we present a sensitivity study in 
a later section, which provides an insight on the effect of 
different system parameters as well as concrete design 
guidelines for mitigating the effect.   
 

3.3 LUMPED-ELEMENT MODEL     

 

The design of AC capacitively coupled micro and 
nano-electroporation systems may benefit from a 
simplified, lumped-element circuit model that can be used 
to get a first order approximation of the effects of various 
electric parameters. Such a design is presented in Figure 9. 
The insulating layers were modeled as two capacitors 

  and   , while the electrolyte was modeled as a linear 

resistor          .  Parallel plate capacitor model was used 
to estimate the capacitance. Conductance was then 
estimated using the systems geometry and the electric 
properties of the materials: 

 

        
        

 
   

     

 
    

(6) 

 

 

 

 

In equation (6),   stands for capacitance,    is the 

relative permittivity of the material.    is the dielectric 

permittivity of free space,    is the plate area and   is the 

distance between the plates.   is the conductance,   

represents the material conductivity,    represents the 

cross-sectional area of the conductor and   represents the 
length of the conductor. Since the geometry of our model 
does not map directly into the formulations of equation (6), 

Figure 7 E-Field in a representative configuration (a) Field Magnitude Map  

(b) Typical Field Profile  

Figure 8 E-Field without insulating barrier. (a) Field Magnitude Map (b) 

Typical Field Profile 
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Figure 10 Relative Impedance Magnitude 

we have used these estimates:           
                 . See Table 2 for numerical 
values specification. Using the nominal configuration, the 
capacitance and the conductance are estimated and the 
current through the system is estimated using Ohm’s law, 
and taking into account the electrical impedance of the 
equivalent circuit: 

 (7) 

  

  
 

   (            )
 

 

  
   

               
  
   

       
(7) 

 

A typical approach allowing accounting for a 
complex geometry in terms of a more simplified geometry, 
uses a shape factor (SF) that correlates between the two 
configurations.  The SF is calculated from the exact 
solution, by comparing the actual current calculated in a 
certain complex geometrical configuration with calculations 
in expression 7, and evaluating the SF yielding identity of 
both sides. Because the equations are linear the SF value 
remains constant when linear scaling of dimensions are 
used and does not change much in the neighborhood of the 
estimated geometry. In our case the SF used was 193.53. 
Figure 10 shows the relative impedance of the capacitative 
layer vs. the resistive impedance of the electrolyte solution.  

The geometric and electrical parameters were set 
to their nominal values listed in Table 2, and only the 
insulator thickness was varied.  It can be seen from this 
figure that for the taken parametric configuration an 
insulating layer thicker than 100nm causes most of the 
voltage drop to occur across the capacitative link.  

 

 

3.4 DESIGN CONSIDERATIONS 

 

Following are studies dealing with various design 
consideration of importance in an AC capacitively coupled 
micro and nano-electroporation system. 

     

1) Dielectric breakdown considerations 

 

One of the key design constraints of the 
capacitively coupled electrodes is the dielectric breakdown 
threshold of the insulating layer. Dielectric films tend to 
exhibit greater dielectric strength than thicker samples of 
the same material. For instance, the dielectric strength of 
silicon dioxide films of a few hundred [nm] to a few [um]  

thick is approximately     
  

 
  [25]. The dielectric 

breakdown voltage determines the frequency of the 
stimulation and the range of insulator thickness values 
which can be used under idealized conditions. In reality, 
materials exhibit defects which lower their breakdown 
voltage[25], and the exact values will have to be determined 
experimentally. In this work we take the dielectric 
breakdown into consideration during the parametric 
sensitivity analysis in a later section.   

 

2) Dosage Considerations  

 
Multiple models for optimizing electroporation 

protocols were reported [22, 23, 26], but for the most part 
they deal with DC pulses and do not address AC high-
frequency stimulation. Considering electroporation as a 
threshold phenomenon, the following model could be used 
to estimate the time that the sample is exposed to the supra-
threshold e-field magnitude. In the equation outlined below 

          represents the time that the sample is exposed to 

supra-threshold e-field,   represents the stimulation 

frequency,       is the peak magnitude of the electric field 

and            is the ratio of the peak e-field magnitude that 

leads to electroporation.         stands for the number of 

stimulation cycles. The detailed derivation of equation (8) 
is presented in the appendix. 

 

           (                  )   

  
 

 
         [

 

 
       (

          
     

)

  
]. 

(8) 

 

   

Figure 11 Supra-Threshold E-Field Regions 

Page 6 of 12RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

Figure 13 Field Decay Profile. Representative conductivities 
𝑺

𝒎
   shown. 

 

 
Figure 11 shows a single period of a sinusoidal E-Field with 
supra-threshold regions marked for a threshold of 0.6. A 
typical electroporation protocol[27] uses a sequence of 10 
pulses of 100[us] with 1 second interval between adjacent 
pulses. We have used the proposed mathematical model to 
develop a comparable AC stimulation protocol. First, the 
peak e-field was estimated in the sample of interest using 
the transient solution of the field equation. Since we assume 
capacitive coupling, the peak e-field magnitude depends on 
the geometry of the problem and the frequency of 
stimulation. Once a threshold field magnitude is determined 
depending on the stimulation protocol[28], the required 
number of stimulation periods can be found.  

 

3) Thermal Analysis 

 
One of the prominent features of classical 

electroporation, and the reason for its growing popularity in 
life science research and medicine, is the relative 
insignificance of thermal effects. In a typical setting, the 
DC pulses normally used have to be short enough and far 
apart from each other to avoid causing a significant change 
in the temperature of the electroporated medium. Joule-
heating induced thermal effects in capacitively coupled 
electroporation were estimated by solving the heat equation 
in the entire domain. To reduce computational cost, the 
overall current was estimated without solving the heat 

equation and then it was prescribed as a transient boundary 
condition to a simplified problem which didn’t include the 
insulating layer. The mesh without the insulating layer was 
significantly simpler (1650 elements compared to 219508 
elements with a 250nm thick insulating layer), yet 
physically equivalent in terms of the heat generated in the 
electrolyte. Depending on the thickness of the insulator and 
the stimulation frequency, the impedance of the capacitative 
interface changes relative to the resistive electrolyte. This 
affects the relative voltage drop inside the bulk of the 
electrolyte solution, affecting the field and therefore the 
Joule heating of the solution. A conservative estimate 
(assuming all the voltage dropping inside the bulk solution) 
is presented in figure 12. Figure 12 was obtained from the 

solution of equations (1)-(5) with the nominal parameter 
values from Table 2, which simulate the Joule heating of 
the solution. Under this configuration, a rate of temperature 

raise is approximately             . This estimate of 
the thermal effect of electroporation can be incorporated 
into protocol design. 

 
4) Field Decay Profile 

 

Field penetration depth is an important design 
metric for practical applications of electroporation to bulk 
biological solutions.  Simulation results indicate that the 
field strength decays exponentially with the distance from 
surface of the dielectric coating. The main parameter 
affecting the decay rate is the solution conductivity which 
determines the current density and therefore the field in the 
solution. Figure 13 was obtained from the solution of 
equations (1)-(3) with parameter values taken from Table 2. 
Figure 13 shows characteristic decay profiles for several 

representative conductivities: 0.01[
 

 
] and 0.001[

 

 
]. The 

field strength and the distance from the reference point 
were normalized for easier visualization.  As expected, the 
more conductive is the solution, the faster is the decay of 
the e-field.   

 

 

 

5) Sensitivity Analysis 

 

Figure  12  Maximum Temperature 

Change 
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When studying electroporation, the electric field 
magnitude in the sample is one of the key parameters that 
characterize the nature of the effect. To test the effect of 
different electric and geometric parameters on the field 
strength, we have conducted several parametric studies. 
Figures 14a-14e present the variation in peak magnitude of 
electric field as a function of different system parameters 
swept over a typical experimental range. The nominal 
parameter values used for these simulations are summarized 
in Table 2. The equations (1)-(3) were solved while having 
all the parameters fixed at the values given by Table 2, 
besides the parameter for which the sensitivity is being 
analyzed.  

 

Figure 14a presents the sensitivity of the peak 
electric field magnitude to the thickness of the insulating 
layer. The green horizontal line indicates the breakdown 
threshold field for the insulator, taken from[25]. All the 
simulation parameters were taken from Table 2 besides the 
stimulation voltage. For this simulation, the applied voltage 

was chosen            (Amplitude) in order to 
demonstrate the effect of the breakdown voltage threshold. 
The insulator thickness varied between 250[nm] and 
50[um]. The red straight line in a log-log plot indicates 
exponential dependence of the peak electric-field 
magnitude on the thickness of the insulating layer.  The 
overlaying red lines with different markers indicate small 
sensitivity of the peak insulator e-field on the stimulation 
frequency. This can be explained by noting the phase shift 
between the e-field inside the solution and the insulator. 
When the field inside the insulator is at its peak, the voltage 
drop inside the solution is almost zero due to the lagging, 
therefore the stimulation frequency has almost no effect. 
Figure 14a shows that a prescribed stimulation voltage, 
determines a minimum thickness of the insulator. For the 
simulation parameters used, the minimal insulator thickness 
was found to be 500[nm]. 

 

The blue lines in Figure 14a show the sensitivity 
of the peak e-field inside the solution to variation in 
frequency and insulator thickness. It can be observed that 
higher frequency leads to a higher peak field in the solution 
as predicted from the simple lumped-element model.  The 

peak field values were measured at a distance of Δ  above 

the insulator:  Δ  was chosen as 10% of the insulator 

thickness   . Simulation data presented in Figure 14a 
indicates that increasing the frequency of the stimulation 
would increase the peak e-field strength in the solution. 
While our simulation accounts for the large scale physical 
phenomena occurring in the electroporation chamber, 
biological aspects related to the electrical properties of the 
cell’s membrane are not accounted for.  

 

 Figure 14b shows the dependence of peak e-field in the 
electroporated solution on the stimulation frequency. To 
generate this figure, equations (1)-(3) were solved using 
parameter values listed in Table 2, while varying the 
frequency in the 10[Hz]-10[MHz] range. A straight line in 

log-log plot indicates an exponential dependence which is 
consistent with the lumped circuit model, i.e. equation (7).   

 

While the absolute thickness of the insulator 
determines the electric field magnitude, the lateral 
dimensions such as the electrode width and the inter-
electrode gap, vary only relatively to the thickness of the 
insulator. The sensitivity of the peak e-field inside the 
electroporation medium to the ratio of inter-electrode gap 
and insulator thickness is presented in Figure 14c. To 
generate this figure, equations (1)-(3) were solved using 
parameter values listed in Table 2, while varying the ratio 
of inter-electrode gap to insulator thickness in the 1-10 
range.  The simulation data suggests that minimizing the 
gap between the electrodes would lead to increased e-field 
in the solution. This could be used as a design guideline, i.e. 
having multiple thin planar electrodes separated by a thin 
gap.  

 

Figure 14d shows the dependence of peak e-field 
in the electroporation medium on the dielectric constant of 
the insulating material. To generate this figure, equations 
(1)-(3) were solved using parameter values listed in Table 
2, while varying the dielectric constant of the insulator in 
the range 2-6. The simulation data indicates that an 
insulator with a higher dielectric constant would lead to a 
higher effective e-field. This finding is consistent with the 
lumped-element model prediction, since the dielectric 
constant of the insulator increases the capacitance, which in 
turn leads to a high voltage drop on the resistive solution. It 
also provides a guideline in the choice of insulating 

material: while we typically used      as our nominal 
insulator with a dielectric constant of 3.9, other insulating 
materials have dielectric constants 1-2 orders of magnitude 

higher, e.g.     with a constant in the range of 86-
173[29]. 

 

Figure 14e shows the dependence of peak e-field 
in both the electroporation medium and the insulating layer 
on the conductivity of the electroporation medium. To 
generate this figure, equations (1)-(3) were solved using 
parameter values listed in Table 2, while varying the 

solution conductivity in the range of [     
 

 
   

 

 
 . The 

red line, corresponding to the peak e-field magnitude inside 
the insulator is almost flat for the entire range of 
conductivities tested. The small decline in the peak e-field 
inside the insulator corresponds to a more “even” 
distribution of the voltage drop between the chamber 
components, when the electroporated medium becomes less 
conductive, i.e. more polarizable. The straight blue line 
corresponding to the peak e-field inside the solution 
corresponds to an exponential dependence. This indicates 
that generating a high electric field inside a highly 
conductive medium is a challenge. This behavior is familiar 
to researchers experimenting with electroporation of strong 
ionic solutions, and is sometimes addressed by removing 
ionic contents from the electroporation medium for better 
results. 
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3.5 DESIGN EXAMPLES AND LIMITATIONS 

 

In this section we illustrate a typical design 

process for an AC coupled micro-electroporation system. 

Assuming that our target parameters are a threshold e-field 

of 300  
 

  
  commonly reported for reversible 

electroporation, a solution with conductivity of 0.1 [
 

 
], and 

a typical protocol of 8 pulses, each pulse lasting 100 

microseconds. Given these input parameters, and assuming 

our fabrication process uses     for coating, we can 

employ the model in order to determine the required 

insulator thickness, the stimulation frequency and 

amplitude, and the number of AC cycles. Using a frequency 

of       , we fall within the classical sub-    region 

and also reduce the need in a specialized high frequency 

power supply. Our simulation results, using equations (1)-

(3), using the design parameters in Table 2, show that using 

a 100V (peak) stimulation on an electrode separated from 

the solution by a 500[nm] layer of     , would result in a 

peak e-field magnitude of 320  
 

  
  penetrating several 

micrometers deep into the solution before dropping to sub-

threshold level. Using 0.75 as the 
          

     
 ratio, the number 

of cycles yielding a comparable AC stimulation protocol is 

22, which leads to peak increase in temperature of at most 

3.3  per single stimulation AC burst. While these 

parameters will require experimental validation and 

adjustment for unaccounted factors such as material non-

idealities, convective cooling, fabrication non-idealities, we 

see our contribution in a theoretically based analytic tools 

that can help focus and troubleshoot future experimental 

efforts.    

 

We see the main limitation of micro/nano-

electroporation in general and our work in particular in the 

relatively low ratio of active/total volume which we define 

as the fraction of the volume where super-threshold 

magnitude of electric field is achieved. The precise numeric 

value of this ratio depends on the threshold the field and the 

overall size of the device, but it is by all means much less 

than traditional electroporation devices. We humbly 

acknowledge that this work is a first of its kind and it was 

developed as a first step towards exploring electroporation 

through AC fields. We set as a goal to test the basic 

feasibility using numerical tools before additional efforts 

are allocated to experimental efforts. We envision 

ameliorating the active volume limitation by addressing the 

problem in two directions: first, the geometry of the device 

itself – by stacking a series of thin devices close to each 

other we could further increase the active volume to non-

active volume ratio in the aggregated device. An alternative 

geometry might include a flow-through architecture where 

the liquid to be sterilized is passed through a single focus 

point where electroporation occurs. While this might not 

increase the active volume, this approach would lead to a 

more reliable sterilization process – by definition all liquid 

will have to pass through the “active region”. The second 

direction to work around the limitations, would involve 

mixing: we envision a mechanical mixing system which 

circulates the liquid in the sterilization chamber which 

increases the probability that any micro-organism present in 

the solution would be sooner or later exposed to the super-

threshold electric field. The focus of this work was on the 

feasibility of generating electroporation level fields without 

galvanic coupling and no performance optimization 

Figure 14 Sensitivity analysis of peak e-field in 

solution (blue) and insulating layer (red) as a 

function of varying parameters (a) Insulator 

Thickness (b) AC Frequency (c) Inter-

electrode gap/Insulator Thickness ratio  (d) 

Dielectric Constant (e) Solution Conductivity 
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attempts were made. We intend to address design 

optimization in future work.   

 

4  CONCLUSION 

 

The goal of our study was to lay ground for 

experimental exploration of capacitively coupled AC 

electroporation. We accomplished our goal by developing a 

set of analytic and numerical tools, which provide physical 

insight about the importance of different parameters, and 

equip us with practical design guidelines. Due to the large 

parametric space available for exploration, we find 

simulation tools especially useful for focusing experimental 

efforts. 

Based on the simulation results, we have found 

that due to the dielectric nature of the insulating layer, the 

displacement current dominates, hence it is 90 degrees out-

of-phase with the stimulation voltage. In the electrolyte 

solution however, the conduction current dominates over 

the displacement current. Since it is the conduction current 

that induces the potential over the electrolyte, it should be 

expected that the voltage in the electrolyte will be out-of-

phase with the applied stimulation voltage. 

Sensitivity analysis reveals that the key parameters 

affecting the peak magnitude of the e-field include the 

thickness of the insulating dielectric coating the electrodes, 

and the frequency of the administered AC stimulation. This 

result confirms the intuition provided by the crude, lumped-

circuit model, where a thinner dielectric corresponds to a 

larger capacitance. Larger capacitance, coupled with higher 

stimulation frequency, leads to increased voltage drop on 

the electrolyte solution, yielding higher e-field. Similar 

argument can explain the increase in peak electric field as 

the dielectric constant of the insulator increases. While 

increasing the stimulation frequency increases the e-field in 

the electroporation sample, when going beyond the 1MHz 

range, one might need to consider cell membrane effects. 

For a typical cell, the specific membrane capacitance is 

such that starting at 1MHz, the membrane increasingly 

behaves as a short-circuiting element. This affects the way 

that the voltage is distributed on the different components 

of a single cell. This combination of constraints, guides us 

to focus the experimental range of frequencies for 

exploration in the hundreds of kHz range.  

In addition to revealing key parameters, the results 

of our numerical experiments indicate that the peak values 

of the electric field occur next to the edges of the 

electrodes. This suggests that having multiple, laterally 

narrow electrodes might be preferable in terms of 

optimizing the supra-threshold region.    

A thermal analysis taking into account the Joule 

effects produced by the electric field indicates that the 

temperature changes in the case of capacitive coupling are 

relatively low for a typical configuration. For other 

geometries and/or electric parameters, the thermal analysis 

provides a modeling tool, which can be used to design and 

optimize electroporation protocols.   

 In summary, our in silico simulations suggest that 

capacitively coupled electrodes might be a feasible 

approach for in vitro electroporation of biological solutions. 

AC insulated electroporation might eliminate the effects of 

electrolysis, which reduce experimental efficiency and 

impede technological advances. In our future work we 

intend to expand the experimental effort and perform 

electroporation experiments using AC coupled electrodes.   

 

 

APPENDIX 
Table 1 Model electric parameters used for experimental validation 

   Electrode Thickness 9[um] 

   Electrode Width 1000[um] 

   Insulator Coating Thickness 12.5[um] 

   Inter-electrode Gap Distance 1000[um] 

   Insulator Dielectric Constant 3.9, Kapton from [30] 

   Solution Dielectric Constant 79.5 from [31] 

   Insulator Conductivity 0.5e-14 from [30] 

   Solution Conductivity 0.1[S/m] 

      Stimulation Voltage 100[V] 

   Substrate Thickness 200[um] 

     Solution Height 2000[um] 

 

 

Table 2 Model electric and thermal parameters used for numerical  

experiments 

   Electrode Thickness 50[um] 

   Electrode Width 500[um] 

   Insulator Coating Thickness 250[nm] 

   Inter-electrode Gap 

Distance 500[um] 

   
Insulator Dielectric 

Constant 3.9,      from [32] 

   Solution Dielectric Constant 79.5 from [31] 

   Insulator Conductivity 1e-14 from  [32] 

   Solution Conductivity 0.1[S/m] 

      Stimulation Voltage 100[V] 

      Stimulation Frequency     [Hz] 

   Specific Heat Capacity 4.186 [       ] from[33] 

  Thermal Conductivity 
0.58 [         ] 

from[34] 

    Breakdown Voltage 
5[MV/cm] from[25] 
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   Substrate Thickness 
500[um] 

     
Solution Height 

1000[um] 

 

 

 

 

 

SUPRA-THRESHOLD E-FIELD REGION 

A possible model for estimating the time that the 
sample is exposed to the supra-threshold e-field magnitude 
is presented below. 

If we define           represents the time that the 

sample is exposed to supra-threshold e-field,   represents 

the AC stimulation frequency,       is the peak magnitude 

of the electric field and            is the ratio of the peak e-
field magnitude that leads to electroporation. To clarify, if 

      is 300V/cm and we assume that electroporation 

occurs at 240V/cm, then            would be chosen as 

240/300 = 0.8.         stands for the number of stimulation 

cycles. 

 

Focusing on a single quarter of a cycle of the AC sinusoid, 

      (
          

     
) gives us the angle in radians which 

corresponds to a sub-threshold field. By subtracting this 

angle from 
 

 
, we get the complimentary angle, 

corresponding to supra-threshold field. Dividing by the 
length of the cycle in radians and multiplying by 4 (to 
compensate for initially taking only a quarter) we get the 
relative proportion of the cycle in which the field is above 
the specified threshold. By factoring in the period given by 

        
 

 
  and scaling by the number of cycles, we get the 

total time that the sample has been exposed to a supra-
threshold electric field. To summarize:  

 

           (                  )   

  
 

 
         [

 

 
       (

          
     

)

  
]. 
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