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Abstract

The present PhD dissertation is focused on the design and implementation of a
microelectrode system capable of performing electroporation and electrical impedance measurements to adherent cell monolayers cultured in standard multiwell plates. Along the document, the ability of the proposed device to provoke
cell electropermeabilization is first demonstrated. Subsequently, the system is
applied in monitoring of the electroporation process by means of fast electrical
impedance spectroscopy measurements.
The original concept of the proposed system resides on the momentary placement of the microelectrodes above the cell monolayer avoiding physical contact
with the cells by means of microseparators. A modification of the standard
printed circuit board (PCB) fabrication technology that helps to improve the
current density distribution is developed to manufacture the final microelectrode prototypes. This technology allows producing disposable devices at very
low cost.
The performance of the device is tested with different cell lines and using
different molecules such as DNA and siRNA. The results confirm its usefulness
but show considerable differences between permeabilization and transfection
results.
Subsequently, the specific characteristics of the device to perform electrical
impedance measurements with a four-electrode method during the electroporation treatment are fully exploited. In this thesis a multisine-based measuring

x
system capable of acquiring impedance spectra continuously with a time resolution of 1 spectrum/ms is used. In contrast to previous studies, the speed of the
measuring system allows to perform full impedance spectroscopy measurements
in the time gap between consecutive electroporation pulses and not only before
and after the complete electric field application.
The impedance results at low frequency show the ability of the system to
detect the fast cell membrane resealing dynamics immediately after each pulse.
These fast dynamics are related to the so called short-lived pores and follow a
double exponential behavior. Also, an accumulated slow impedance decrease
along the complete process is observed related with the long-lived pores. Complementary, the high frequency impedance response shows how the effect of the
conductivity variation caused by the diffusion of ions between the intracellular
and extracelluar media has also an impact on the impedance measurements.
Different approaches are proposed in the analysis of the measurements of four
different cell lines: the direct observation of impedance magnitude and phase,
the study of Cole model parameters and finally, the use of an equivalent electrical
circuit. The comparative analysis suggest that for the detection of fast cell
membrane dynamics, phase of impedance is preferable to its magnitude because
it is less disturbed by the collateral conductivity variations. After deep analysis
of Cole parameters, an equivalent time constant combining the information of
the Cole parameters tau and alpha is proposed as a general analysis parameter
for the fast membrane changes. Lastly, the equivalent circuit is useful in order
to give or to confirm a physical interpretation to the observed results.
Regarding the slow impedance decrease, it shows a non linear permeabilization rate with pulse number for high electric field intensities, suggesting
the existence of a limit for new pore creation with increasing pulse number.
It is also demonstrated how the total impedance variation at the end of the
treatment can be used as a reliable marker of the success of cell eletropermeabilization with some advantages with respect to traditional chemical methods.
The results shown in this thesis demonstrate how fast electrical impedance spectroscopy measurements during an electroporation procedure represent a reliable
and alternative method for online monitoring the fast changes produced in the
membranes of the sample under treatment.
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Chapter

1
Introduction

Abstract
This introductory chapter aims to give an initial overview of the topics addressed
in the present PhD dissertation. The basic problem that focus this research is stated.
Also, the specific objectives to accomplish this study are defined. Finally, the framework where this thesis was developed and the outline of the present document are
provided as a guide for the reader.

Chapter 1

2

1.1

Introduction

During years, the interaction between electromagnetic fields and cellular structures has been object of research from very different points of view. In particular, Bioelectricity has dealt with the interaction of the biological tissues
with electric fields ever since the 18th century with the experiments performed
by Luigi Galvani in 1780 [1]. The observations made during the first half of
the 20th century using electricity to characterize the cell membrane [2–4] represented the definitive step towards the understanding of the basic electrical
properties of cells.
For cells under the influence of an electric field, many phenomena can be
manifested depending on the characteristics of the field. For weak electric field
intensities that are considered to be noninvasive, cells may undergo deformation,
rotation or movement caused by electrophoretic and dielectric forces, which are
based on the interaction of the cell charges with the electric field and the dielectric polarization of the cell, respectively [5]. These effects are widely exploited
in many applications, for instance, with suspended cells, they can be used for
cell shorting or for guiding cells in microfluidic systems among others [5]. There
are many other effects such as cellular reorientation in the presence of an electric
field, tissue repair, cell differentiation, etc. [6, 7].
The interaction of low alternating current (AC) electric fields with biological
tissues has been used, not only to manipulate cells, but also as a method to
noninvasively characterize them [2]. The measurement of the electrical properties of cells, commonly known as electrical bioimpedance (EBI), represents
nowadays an alternative method to study different physiological processes in
biomedical and biotechnological applications (section 2.2).
On the opposite end, if the intensity of the electric fields is increased, the
effect on cells is completely different. These no longer can be considered noninvasive electric fields because they actually produce changes in the membrane.
The first observations of this changes revealed the irreversible damage of the cell
membrane leading to cell death [8]. However, if the amount of high intensity
energy is limited (in duration and amplitude), the cell membrane undergoes
reversible structural changes that lead to a transient permeable state of the
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membrane which are the basis for two phenomena: electroporation (see section 2.1) and electrofusion.
In the present thesis, both ends are joined together by studying electroporation and electrical bioimpedance measurements.

1.2

Problem statement

The two techniques that focus the present research have been applied during
years to a wide variety of samples ranging from entire tissues in in vivo applications up to cell preparations in vitro. In laboratory conditions, the vast
majority of eukaryotic cells need to be grown attached to a surface where cells
can express all their intrinsic properties as if they were in a tissue. They are
called anchorage-dependent cells or most commonly known as adherent cells.
Along the course of this thesis, the interest is focused on the application of the
mentioned techniques to adherent cells in vitro. As explained in detail further
in the present dissertation (refer to section 2.1.4.1), there are different reasons
that justify the interest of performing electroporation to adherent cells.
The main problem for the standard establishment of electroporation of adherent cells is the small number of devices that have been developed for that
purpose. Additionally, most of these devices are not designed for their use in
combination with standard cultureware and require custom setups, what reduces their applicability. This situation leads to increased costs and provoke a
certain degree of refusal and distrust on the final user. In this direction, the
low number of biomedical publications regarding electroporation of anchoragedependent cells in comparison to cells in suspension, supports the fact that
electroporation of adherent cells is not a fully established technique in standard
laboratory protocols. From this point of view, there is a clear need of developing
systems that allow the application of electroporation to anchorage-dependent
cells cultured in standard plates.
Additionally, none pre-existing system capable of combining electroporation
of adherent cells in standard culture plates and the use of electrical bioimpedance measurements within the same device has been found. The ultimate goal
regarding EBI measurements consists in the characterization of the changes
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produced in the cell membrane as a consequence of electroporation using this
technique. Attending to this problem, previous studies support the viability of
these measurements as a suitable method to follow membrane variations. The
previous work suggests the need of improving the speed of the measuring techniques based in impedance in order to have a fast method that can capture the
dynamical changes that occur during cell membrane electroporation (see section
2.2.5).

1.3

Objectives

Motivated by the ideas exposed in the summary above, the main purpose of
this PhD thesis is the development and test of a microelectrode system capable of performing electroporation and electrical bioimpedance measurements in
adherent cells cultured in standard multiwell culture plates.
Subsequently, once the main goal is achieved. The second main challenge
in this thesis is to develop new techniques for the electrical characterization
of biological samples during electroporation based in the application of fast
electrical impedance spectroscopy measurements.
In order to accomplish these two main objectives, different tasks are outlined:
1. Given the lack of previous experience in electroporation of any of the researchers initially involved in this study the first step consisted in becoming familiar with the technique applied to adherent cells. For that purpose
experiments were performed with cells grown on a set of commercial microelectrodes trying to reproduce experiments found in the bibliography.
These previous results are not shown in the present dissertation but were
valuable in order to accumulate experience for the development of the real
system.
2. Development and fabrication of a microelectrode assembly using a technology that allows to fulfill the indicated specifications at a low cost.
Support the design considerations and possible optimizations by means of
theoretical simulations.
3. Test and validation of the device for electroporation with different molecules,
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including active compounds such as DNA and also with different cell lines.
As a biomedical engineer development of all the biochemical experimental
skills that are necessary during the course of experiments and for their
interpretation.
4. Build a system capable of successfully implement the use of fast electrical
impedance spectroscopy in combination with electroporation.
5. Obtain electrical impedance measurements related with the permeable
state of cell membranes during electroporation. Use general or custom
models to analyze the results and give possible physiological interpretations to the observations in order to improve the understanding of the
dynamics of the phenomenon.

1.4

Thesis framework and outline

The present PhD thesis has been developed in the Electronic and Biomedical
Instrumentation group, from the Department of Electronic Engineering at the
Universitat Politècnica de Catalunya, Barcelona. This group has been working
for more than 30 years in the field of biomedical engineering with special interest
in the development of methods and instruments for biomedical applications of
electrical impedance tomography and spectroscopy.
This study was initiated in the frame of the research project : VALTEC
ACC1Ó 09-1-0061 “Desenvolupament d’un dispositiu d’electroporació per a
plaques standard multipouet” founded by CIDEM (Centro de Innovación y desarrollo Empresarial de la Generalitat de Catalunya). This project was developed in conjunction with the Cellular Engineering and Gene Therapy group led
by Anna Mª Gomez-Foix, from the Department of Biochemistry and Molecular
Biology at the Universitat de Barcelona. The goal of this project was the development of a system to perform electroporation in standard multiwell plates.
After the theoretical background both in Electroporation and Bioimpedance
expounded in Chapter 2, a summary of the main results accomplished during
the course of this research project are detailed in Chapter 3 and Chapter 4. In
Chapter 3 the development of the device, from an initial version to an im-
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proved prototype, together with some of the main results obtained are shown.
The research developed during this first stage derived in a journal paper publication (Appendix A) and a short paper in an international scientific conference
(Appendix B). Additionally, there is a PCT patent application in the European
Patent Office protecting the intellectual property of the concept.
After the confirmation of the viability of the concept, the next goal was to
make tests with different biological samples and active molecules in order to
validate the system. Additionally, our research interests made us to go beyond
this goal and introduce some improvements in the device in order to extend its
use also as a bioimpedance sensor that could be used during electroporation.
In Chapter 4 a summary of the main results obtained for this stage is shown.
The most important findings from this chapter are published in a journal paper
(Appendix C) and were also communicated in different scientific conferences.
The experiments corresponding with these two chapters (3 and 4) were all
performed in the facilities of the Department of Biochemistry and Molecular
Biology (Universitat de Barcelona) with the support and supervision of the
members of the mentioned collaborator group.
Subsequently, given the recent knowledge developed in our group regarding
fast dynamical electrical impedance spectroscopy measurements, the interest
was focused on fully exploiting the capability of the designed system to implement these techniques during electroporation. In Chapter 5 the first results
obtained from these fast measurements are shown. For conciseness, a detailed
analysis is provided only with a single cell line. The information shown in this
chapter has been submitted in December 2014 for publication in the journal
Bioelectrochemistry.
Finally, in Chapter 6, a general and comparative analysis of the impedance measurements performed in four different cell lines is provided in order
to validate our results for a more general situation. The measurements in this
chapter were performed with the same system as the one used in Chapter 5. The
manuscript including the analysis of these measurements is under preparation
for submission to a scientific journal.
In this second stage, after the implementation of the fast measuring methods and some previous tests in Barcelona, we considered very important to
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collaborate with other groups with consolidated experience in the field of electroporation. For this reason, these two last chapters are the result of a collaboration with the UMR 8203 Vectorology and Anti-cancerous Therapeutics
research unit, from the Integrated Research Cancer Institute in Villejuif, France.
All experiments where done during my stay within this group for a total of 7
weeks in October 2013 and May 2014. This work was developed thanks to the
Short-Term Scientific Missions grants in the frame of COST Action TD1104
(European network for development of electroporation-based technologies and
treatments - EP4Bio2Med).
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Chapter

2
Theoretical background

Abstract
In this chapter, the theoretical background that supports the concepts and ideas
needed for the development of this thesis is expounded. The first part of the chapter
explains the basic concepts about Electroporation, from the fundamentals to the specific application that focus this thesis. In the second part, the basic concepts about
Bioimpedance are explained. Some details about the techniques used in this research
are given. It is not the aim of this chapter to be a complete literature review about
both topics, which are extensively covered in several recent books, but a summary of
the basic knowledge necessary to follow the present PhD dissertation.
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2.1
2.1.1

Electroporation
Brief historical introduction

The effects related to the application of electric fields to cells and tissues were
object of study ever since the beginning of the modern science in the 18th century. However, the first report directly relating the application of high intensity
electric field with the breakdown of the plasma membrane was published in
1957 by Stämpfli [1]. A few years later, Sale and Hamilton published three
papers explaining the effects of high electric fields on microorganisms [2] and
in 1972 Neumann and Rosenheck demonstrated that electric pulses could cause
reversible increase in the membrane permeability, which could be used for the
uptake of membrane impermeable molecules to cells [3]. This report could be
considered as the start trigger that caused other research groups to begin studying the electropermeabilization phenomenon.
Finally, ten years later, in 1982 two important applications of the phenomenon were published. First, Zimmerman demonstrated the fusion of individual cells after the exposure to high electric field pulses [4] and second, in
one of the most classical papers nowadays referred in the literature, Neumann
et al. were the first to insert genes into cells by means of pulsed electric fields
[5]. It was in this report where the term electroporation was first proposed.
Ever since that moment, and in the last fifty years, the number of applications
and the theoretical development of the technique have increased exponentially
together with the number of groups that study the technique from diverse points
of view [6].

2.1.2

General theory

2.1.2.1

Fundamentals

Membrane of eukaryotic cells represents the interface between the cytoplasm
and its surrounding environment and is composed mostly by a double layer of
phospholipids, with proteins and other molecules embedded on the structure.
Biomembranes act as selectively permeable structures implying that exchange
of molecules from the extracellular medium to the cytoplasm and vice versa is
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controlled by molecular properties like the size or the charge among others. In
general, small hydrophobic molecules can cross phospholipid bilayers by simple diffusion. Water, although it is polar, can also cross cell membrane easily
[7]. Other molecules can move across the bilayer with a very slow movement
or they cannot cross it at all, this is the case of large uncharged molecules,
charged molecules, polar molecules and ions. In these cases it is necessary special transport mechanisms that facilitate or actively perform the transport of
these molecules into or out of the cell. For larger macromolecules, endocytosis or
exocytosis are the mechanisms used by cells to introduce or secrete substances,
respectively.
The introduction of exogenous molecules into the cells is a key tool in the
biomedical sciences to study, treat or modify cell function in very different ways.
In this direction, the development of new and more efficient delivery methods
has been object of study for many research groups over the world [8]. The vast
majority of these delivery strategies are based on the chemical modification of
the delivered molecules to improve the transport trough the lipid bilayer. In
the case of large molecules such as plasmid DNAs, more sophisticated chemical strategies have been developed using cationic liposomes (lipofection)[9],
cationic polymers [10], viruses as vectors [11], nanoparticles, etc. In addition
to chemical methods, other physical-based attempts are used. Namely, sonoporation which uses high-intensity ultrasounds to create pores in the membrane
[12], optical transfection which uses highly focused laser beams, cell squeezing
that mechanically compress cell membrane to facilitate the intracellular delivery, electroporation that uses high intensity pulsed electric fields and others [8].
Also the use of nanoparticles in combination with the target molecules are used
in the intracellular delivery by biolistic particle delivery systems, magnetofection and others [13, 14]. This thesis is focused in the study and application of
electroporation.
Electroporation, also known as electropermeabilization is a phenomenon that
occurs during the exposure of biomembranes to short and high instensity electric
field pulses. The membrane undergoes structural changes that result in a change
in permeability to molecular species [15–18]. If the parameters of the electric
field (amplitude, duration, frequency, number of pulses) are adequate, the state
of increased permeability is only temporary, meaning that the cell membrane
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recovers to the initial pre-pulse conditions (reversible electroporation). On the
contrary, if the pulse parameters exceed certain threshold the cell membrane
cannot return to the previous conditions resulting in cell death (irreversible
electroporation) [19].

2.1.2.2

Theoretical models

Currently, there is an important number of studies that have been performed
trying to give a theoretical explanation to electropermeabilization molecular
basis. Although different explanations have been proposed to model the phenomenon, none of them has been experimentally confirmed [20, 21]. The most
accepted model relates the increase in membrane permeability with the occurrence of hydrophylic pores in the membrane [17, 22–24]. Electropores model
states that under the application of an external electric field the amount of
energy necessary for the occurrence of a hydrophilic pore decreases, thus increasing the probability in the formation of these pores [22]. The commonly
given explanation includes the reorientation of lipid molecules under the presence of the intense electric field creating first hydrophobic pores that expand
and finally become hydrophilic pores that are structurally more stable (see Fig.
2.1a). After a determined time, ranging from milliseconds to minutes, pores
reseal. Model of electroporation predicts that the diameter of a hydrophilic
pore is in the order of several nm and in the moment of maximum membrane
conductance the total porated surface is only 0.1 % of the total cell [22]. This
theoretical considerations have been confirmed by molecular dynamics simulations of lipid bilayers where a relation between the transmembrane voltage and
the probability of pore formation has been demonstrated [25, 26], an example
is shown in Fig. 2.1b
Nowadays, the accumulated experimental evidence, the molecular models
and the theoretical descriptions are in agreement from a descriptive point of
view. However, from a quantitative perspective there are still some discrepancies
between models and experimental observations what implies that there are still
some mechanisms not fully understood. For this reason the deep understanding
of the basic molecular mechanisms responsible for cell electropermeabilization
is still an encouraging challenge for many research groups.
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Fig. 2.1 a)Theoretical representation of pore formation. Transition from intact bilayer followed by a hidrophobic pore and ﬁnally the creation and expansion of a hydrophilic pore
(adapted from [27]). b) Example of molecular simulation showing the formation of hydrophilic
pores (extracted from [26]).

2.1.2.3

Physical parameters that influence electroporation

The physical phenomenon in which all theoretical descriptions agree is the
mandatory increase of transmembrane voltage under certain threshold to trigger cell permeabilization. Membrane permeabilization is induced when a critical
value between 200 mV and 1V is reached [28]. In physiological conditions there
is a small voltage difference present in the membrane known as resting transmembrane voltage. It is caused by a concentration gradient of ions, mostly Na+
and K+ between intracellular and extracellular compartments and is regulated
by passive and active membrane channel proteins. When an external electric
field is applied to cells, an induced transmembrane voltage (ITV) is superimposed to the resting potential as a result of redistribution of charges inside the
electric field.
The ITV can be calculated analytically for a single cell considering a perfect
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non conducting membrane from the steady-state Schwan′ s equation [29] defined
as:

∆Ψm = fs · E · R · cos(ϑ)

(2.1)

Where R is the radius of the cell, fs is a factor related with the geometrical
properties of cells (1.5 for a perfect spherical cell), E is the electric field intensity
applied and ϑ is the angle between the cell membrane and the direction of the
electric field. Spherical shape is a reasonable approximation for certain types
of cells in particular conditions (in suspension); but many cells differ from this
spherical shape considerably. For cells with different shapes other analytical
equations have been derived for example for cylindrical, oblate spheroids, etc.
[30]. Numerical models have been developed for more complex irregular cell
shapes and conformations where it is not possible to find an analytical solution
[31–33].
For a general case, it can be derived that electric field intensity is the most
important parameter in order to exceed the ITV threshold necessary for electroporation. In other words, it can be stated that there is an electric field strength
threshold to initiate membrane permeabilization. Intensity of the electric field
controls the induction of pore creation and it also seems to be related with the
total area permeabilized [34]. Total duration of electric field exposure, determined both by the duration of each individual pulse (D) and by the number of
pulses (N), is related with the amount of molecular transport trough membrane
[35, 36], i.e. intensity of permeabilization. There is, however, an intimate relation between the electric field intensity and the time during which the electric
is applied [35, 37]. Different combinations of these two parameters are applied
to achieve different effects related with membrane poration [38](see Fig. 2.2).
If more than one pulse is applied, the repetition rate also plays a role in the
resulting electric field exposure effects. Although some controversial results,
generally, low repetition rates (frequency 6 1 Hz) have been shown to be more
efficient [39–41]. According to recent studies, this fact could be explained on
the basis of the electrosensitization concept proposed in [42]. In accordance to
[41], certain level of membrane resealing between consecutive pulses would be
beneficial for increased treatment efficacy.
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Fig. 2.2 Pulse strength-duration graph showing the regions associated to the main eﬀects
and applications due to cell electroporation (extracted from [38]).

The last characteristic of the electric field that has shown an impact on
permeabilization rates is the pulse shape. Over the years, traditional pulse
generators have used unipolar square wave pulses or exponentially decaying
signals obtaining satisfactory results. However, it has been shown that the use of
symmetrical bipolar rectangular pulses improves the efficiency of electroporation
[34] lowering by around 20 % the voltage needed to achieve the same results
that the ones obtained with an equivalent unipolar signal. Additionally, the
use of bipolar square pulses has the advantage of reducing the reactions in the
electrodes surface preventing the samples from electrolytic contamination [43].
Other pulse characteristics as the rise and fall times and different pulse shapes
(triangular, sine waves, modulated signals) have shown no other impact that
the one caused by the total amount of time that each signal stays above the
threshold of permeabilization [44].

2.1.2.4

Other parameters that influence electroporation

Parameters that define the state of cells during pulse application, their environment and some intrinsic characteristics that differ depending on cell type or
specific application have also a great impact on the success of electroporation
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If we first focus on the influence of cell characteristics, according to equation
6.8, cell size and shape are the two parameters that have an obvious relation
with the efficiency of permeabilization regulating the ITV. It is clear that large
cells are more sensitive to electric field and depending on the geometrical characteristics of the cell line (parameter fs ) the ITV will also be modified. The
selective-size effect represents an advantage for specific treatment of a sample
with different cell types such as blood samples [45]. Additionally, the ITV is also
affected by cell density and conformation in the sample [33]. Additional cellular
characteristics as the cell membrane composition [46], cytoskeleton [47, 48] or
cell cycle phase [49, 50] also influence the electroporation results.
Regarding the external conditions that affect membrane electropermeabilization results, many different studies involving factors as temperature, conductivity of external buffer, osmotic pressure or pH have been performed. In the case
of temperature, an implicit increase exits as a consequence of Joule heating due
to current flow [51, 52]. The temperature rise due to pulses in a wide range
of amplitudes and durations can be considered negligible for membrane poration efficacy and cell viability [38]. However, controlled temperature conditions
can have a positive impact in the uptake of certain molecules. Specifically,
it was demonstrated that higher post-electroporation temperatures increases
cell survival and transfection efficiency in vitro [53]. Temperature increase can
be controlled modifying the composition of the electroporation buffer used in
in vitro experiments, for example the conductivity. If the conductivity of the
buffer is decreased it is observed an increase in cell survival, remaining permeabilization rates almost unaltered [54, 55]. The more likely explanation for
this observation is the fact that the conductivity of extracellular medium also
modifies the values of ITV and resting potential of cells [55] but there are still
some mechanisms not fully understood [56].
Osmotic pressure of electroporation buffer is another factor with influence in
permeabilization results. Lowering the osmolarity of pulsing medium (hypoosmotic buffer) transfection, fusion or molecular uptake is enhanced [57–59]. It is
believed that the increase of cell size produced by cell swelling together with the
water flow to the intracellular space produced by osmotic pressure has a positive impact on the success of treatment. Finally, physiological pH value (pH=7)
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yields to optimal viability and transfection rates and significant variations out
of this value can cause undesired effects as necrotic tissue areas in vivo [60].
2.1.2.5

Dynamics of pore formation and resealing

Another key aspect that has been extensively studied in order to better understand the electroporation phenomenon is the time courses of pore formation
and disappearance. The state of the membrane has been studied in the range
from µs to hours applying different techniques to describe a process that can be
divided in five steps according to [20]:
Due to the limited time resolution of the different monitoring techniques,
there is considerably more accumulated information about the stabilization and
resealing stages. According to the literature, the recovery process involves different time constants ranging from microseconds to minutes [61–66]. Although
Step
Induction

Description
As previously explained, pore formation is initiated
immediately when the transmembrane potential sur-

Time scale
µs

passes certain critical value.

Expansion

As long as electric ﬁeld is applied, the number and
size of pores increases. During this phase the formation of hydrophilic pores takes place.

ms

Stabilization

After each pulse, only a part of pores remains
opened, conforming more stable permeable structures.

ms

Resealing

After treatment, and under reversible electropora-

s

tion conditions, membrane recovers to its previous
non-permeable state.

Memory

Some eﬀects derived from pore formation modify the
behavior of membrane even when pores have completely resealed.

Table 2.1 Electroporation steps according to [20].

h
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different studies do not agree in the values of these time constants, most of them
propose a dual recovery process with a fast stage in the range of microseconds
followed by a slower mechanisms that can last from milliseconds to minutes
[62, 66, 67]. Two populations of pores are believed to be created as a response
to pulse application [64, 66, 68, 69], the first population of pores is called shortlived pores [69] and is formed by large pores with a short lifetime, the second
population (long-lived pores) is composed by small pores that can last up to
hours after pulse application. The vast majority of short-lived structures disappear almost immediately after pulse application ( 6 1 ms ), it is believed that
some of them can shrink to become part of the long-lived pores and others reseal
completely in the order of 1 second [66]. The process of membrane resealing
is a complex mechanism that is not yet fully understood. The development of
improved methods to monitor the changes in the membrane during electroporation is still nowadays a challenge, specially for situations where it is desirable
to have real-time information about the success of treatment.

2.1.3

Methods for dynamic monitoring of electroporation

The study of kinetics of creation and evolution of pores has focused the interest of many researchers as an essential approach to understand the deep
mechanisms that govern electroporation. If the focus is put in the kinetics of
pore formation and resealing, fast dynamical methods are necessary due to the
transient behavior of some of the membrane permeable structures within the
range of milliseconds [70]. Standard methods that have been applied to study
the appearance of pores imply molecular reporters and imaging techniques to
measure the molecular transport across the membrane using fluorescent dyes
[65, 67, 71, 72]. Other common approach that has been applied to measure
the fast membrane response is the use of voltage sensitive dyes in combination
with high resolution video microscopy and other techniques [62, 73–75]. These
measurements revealed a decrease in transmembrane voltage as a result of pore
formation few microseconds after the onset of the electric field. Also electroptical relaxation studies on lipid membranes revealed fast changes in the range of
microseconds [76] while molecular transport was detected only few milliseconds
after pulsing [67].
Measurements of the electrical properties of membrane during pulse appli-
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cation have been extensively used to reveal the temporal evolution of pores.
First observations, based on the measurement of electric properties of membrane, reflected the change in membrane conductance few microseconds after
the initiation of electric field [3, 77]. Different setups have been used to measure
dynamically the electrical properties of small membrane regions by patch-clamp
techniques [75, 78, 79], of cell suspensions [80, 81] or tissues[82–84]. Electrical
measurements have been usually performed observing the changes in the applied current-voltage waveforms which mainly consist of quasi-dc conductivity
changes. Only few studies used alternating current (AC) signals to characterize
the impedance of the electroporated samples before and after electroporation
[41, 84–86].
Following in section 2.2.5, an extended summary of some previous experiences
to dynamically characterize cell membranes during electroporation based on
impedance measurements is given.

2.1.4

Applications

As previously explained, electroporation is considered a physical method for
molecular delivery and this is, nowadays, the most extended application of the
technique. The first experimental protocol for using electroporation described
the electro-mediated transfer of genes to mammalian cells [5]. In the recent
decades gene electrotransfer has become a standard method in the transfection
of a wide variety of eukaryotic cell lines [87] with special interest in some hard
to transfect cells lines, endothelial cells, neurons, human embryonic or mesenchymal stem cells, etc. [59, 88]. One of the most challenging goals in today’s
research is to test and study the function of genes and how to use them in
therapeutic applications. Cell-based therapies using genetically modified cells
are promising materials in the treatment of several diseases; this is the case of
cancer immunotherapy [89], stem cell therapy [90] or tissue regeneration [91].
The first step to perform these studies is to find an efficient and safe method
that allows transfer of specific genes into cells. Generally the use of viruses
as vectors to transfer genes inside cells is considered one of the most efficient
transfection methods. However, its use has been limited by several factors
such as immune and inflammatory response [11]. Other chemical transfection
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strategies such as calcium phosphate, cationic polymers or liposomes has also
limitations such as the high variability on the results and the dependence on the
cell type and gene construct. Additionally, there have been reports suggesting
that these other strategies may contribute to alterations in gene expression and
other phenotypic changes [92]. In contrast, a main distinctive property of the
electroporation technique is the fact that it is based only on physical phenomena,
thereby avoiding the use of chemical agents.
Mechanisms responsible for gene electrotransfer have been studied in depth
by many authors [35, 93, 94], suggesting that several steps are involved: 1) DNA
and cell membrane interact leading to the formation of metastable plasmidmembrane complexes, 2) DNA translocates to the cytoplasm in the sites where
membrane is permeabilized and 3) DNA travels from the cytoplasm to the
nucleus. Additionally, many studies showed that parameters such as cell type,
temperature, pulse duration, concentration of ions in the electroporative buffer,
osmolarity, etc. altogether have an impact on the efficiency of the procedure
[35, 57, 95].
Electroporation has been also used in the transfer of fragments of RNA
(siRNA, mRNA) in the study of the immune system among others [96, 97].
Additional to nucleic acids, the transfer of proteins, peptides or antibodies has
also shown promising results [98–100]. The use of electroporation in the delivery of different drugs provides an alternative for in vivo therapies[101]. Of
special interest is the delivery of citotoxic molecules to cancer cells known as
electrochemotherapy [102, 103] that has nowadays been included in some protocols of local cancer treatment [104].
In contrast to the above applications that use electroporation in the reversible
version, there have been new applications that were proposed more recently that
exploit the irreversible electroporation phenomenon. In the field of biomedical
applications, irreversible electroporation has been recently proposed and used
as a method for nonthermal tissue ablation [105, 106].
Apart from the biomedical applications summarized above, there are other
applications that use electroporation in the biotechnology field. Briefly, electroporation is used as a method for microbial deactivation that can be applied
for water sterilization as a preservation method in the food industry [107]. Also
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it is used as a method to enhance the extraction of different biomolecules from
microorganisms or plants [107].
The last important group of applications that cannot be omitted are the
ones implying cell electrofusion. Electroporation can result in the fusion of
individual cells if their membranes are get into contact [4] and can be applied
in the production of antibodies or vaccines [108].
2.1.4.1

Electroporation of adherent cells

As described above, electroporation can be applied both in vitro and in vivo
depending on the application. In this thesis the interest is focused on the use
of the technique for treatment of cells in vitro, more specifically the treatment
of adherent cells. Traditional laboratory electroporation setups consist of plastic cuvettes with two big flat electrodes in opposite sides and are suitable for
applying electroporation to cells in suspension [109]. Therefore, in the case of
anchorage-dependent cells it is necessary detaching the cells from the substrate
by enzymatic treatment. There are many applications where it is not possible
to perform cell detachment during the course of an experiment. This is the case,
for example, of polarized cells or cellular structures as epithelia, differentiated
cell conformations, induced pluripotent stem cells (IPSc), etc. [110]. Also, in
the case of cell signaling studies, or gap communication it is not possible to
apply electroporation in suspension[111].
Furthermore, detachment procedures prior to cell re-suspension in conventional electroporation cuvettes has shown effects in the normal metabolic functioning of cells and causes alterations in membrane proteins and cytoskeleton
[109, 112]. This additional stress to the cells that may affect both the electroporation efficiency and the viability of cells after treatment [113].
Additionally, other factors involved in the efficiency of electroporation, such
as surface-to-volume ratio and cytoskeleton, may differ in adherent and suspended cells. Previous studies have demonstrated the influence of cytoskeleton
on electroporation results [47, 48], and suggest that the more stable cytoskeleton
conformation of cell monolayers has an adverse effect on electroporation results.
Furthermore, the different surface area-to-volume ratio (SA:V) may also affect
results. In this case, adherent cells have a higher SA:V in comparison with
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suspended cells, which should improve electroporation efficiency. According to
section 2.1.2.3, cell shape and orientation also play a key role in the efficiency
of permeabilization [30, 114]. Cells in suspension have a spheroidal shape and
a more homogeneous size, while plated cells have irregular shapes and orientations, what determines which areas of cell membranes are permeabilized [32]. If
the aim of in vitro experimentation is to have a realistic model of cells in tissues,
these differences could play an important role to take into account when results
from in vitro experiments want to be translated into in vivo applications.
Due to all these considerations, many systems have been developed for the
application of electroporation pulses to adherent cells attached to a substrate,
this specific application is usually known as in situ electroporation. A survey
of different strategies extracted from [110] is shown in Fig. 2.3. The majority
of these different approaches are based on culturing cell monolayers on any
modified substrate either porous membranes [112, 115], conductive materials,
or arrays of coplanar electrodes [116–119] where the cells are subjected to the
electropermeabilization electric field pulses.
Few approaches have applied electroporation to adherent cells growing attached to standard culture materials. In this direction, the basic setups consist
of a pair of big electrodes placed at both sides of the cell monolayer [113, 120,
121] or the use a pipette-tip like electrodes [122, 123]. However, most of the
described systems are designed to be used within specific applications with custom setups and not in standard culture plates. Additionally, to the best of our
knowledge there are no previous setups combining the use of microelectrodes
and its application to fully standard culture plates. The main reason for using
microelectrodes instead of highly separated big electrodes is our aim for using
the same microelectrode assembly also as an electrical impedance sensor of the
cells under treatment. Also, the use of microelectrodes implies the advantage of
a decrease in the applied voltage what is translated in a reduction of the safety
requirements of the equipment.

2.1 Electroporation

23

Fig. 2.3 Survey of diﬀerent strategies for in situ electroporation extracted from [110]. A)
Cultivation of cells on porous membranes. B) and C) Cells attached to conductive substrates.
D), E) and F) Electroporation with coplanar electrodes. G) Big electrodes are applied above
cell monolayer. H) Capillary or pipette tip electrodes are used. I) Cell are grown on beads
and electroporated in suspension.
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2.2

Electrical bioimpedance measurements

Along the first part of this chapter, the effects produced to the cell membrane
as a result of the application of high intensity electric fields resulting in electroporation have been presented. Following, another application derived from
the use of electric fields applied to biological materials is explained. In this
case, biological materials are exposed to low intensity AC electric fields whose
characteristics are designed not to produce any modification on the sample under analysis but to extract their passive electrical properties. This technique is
called, in the case of biological samples, Electrical Bioimpedance Measurements
(EBI).

2.2.1

Introduction

Historically, measurements of the electrical properties of biological materials began at the end of the XIXth century with the studies developed by G. N. Stewart
[124, 125] and few years later by R. Höber in 1910 [126]. Höber measured the
electrical impedance of suspensions of erythrocytes up to frequencies of 10 MHz,
finding that their impedance decreased with increasing frequency. He concluded
that the cells were composed of a poorly conducting membrane surrounding a
cytoplasm of relatively low resistivity. Another milestone in the topic was the
study conducted in 1925 by Fricke and Morse [127] where, analyzing the dielectric properties of red blood cell suspensions, the authors provided a value for
the erythrocyte membrane capacitance as well as its thickness. These studies
were the first probes of the ability of electrical bioimpedance as a technique to
non-invasively characterize biological samples.
Of special importance is the theoretical work developed by P. Debye [128] and
years later by the biophysicist K.S Cole [129, 130] who initiated the development
of the theoretical framework and models that prevail until today. Finally, it
deserves special mention the work developed by H.P Schwan and coworkers
[29, 131–133] who established the basis to perform electrical measurements on
biological tissues. Since then, the number of studies on EBI measurements has
increased considerably together with the diversification of the applications. For
a detailed historical review on the topic and its main applications the reader is
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referred to [134–136].
Nowadays, the number of applications of EBI measurements is huge and it is
out of the bounds of this chapter to make a review of all of them. The technique
is applied both in vivo an in vitro to analyze different properties of the sample
under test. In the clinical field, the main applications are oriented to diagnosis
or patient monitoring based on volume changes (blood, air, etc.), calculation of
body composition (water, fat, etc.), tissue classification, study of tissue state
(cancerous cells, ischemia, etc.), etc. [135, 136]. EBI measurements are also
used in standard laboratory applications for cell counting [137], as a detection
method in biosensors [138], to estimate cell concentration, to characterize diverse physiological processes, etc.. In Fig. 2.4 the main applications of EBI
measurements in the field of biosensing, cell analysis and characterization are
summarized.
While all above applications are not directly related to this research, where
impedance measurements are applied to study the evolution of cell monolayers
during in vitro electroporation, there is a big amount of information regarding

Fig. 2.4 Main applications of EBI measurements in the ﬁeld of biosensing, cell analysis and
characterization extracted from [139].
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the characteristics of biological material and its expected behavior that can be
obtained from those studies.
Regarding the different approaches used in EBI measurements, the most
extended method for extracting the passive electrical properties of biological
materials is the Electrical Impedance Spectroscopy (EIS) which consists in the
measurement of the electrical impedance response of the object under study
at different frequencies [133]. This method is examined in more detail in next
sections. Nevertheless, there are other possibilities like Electrical Impedance
Tomography (EIT) [140] that is used to obtain parametric images from the
inside of 3D objects or Magnetic Induction Spectroscopy [141] which uses magnetic fields instead of electric fields to extract information from the measured
sample.

2.2.2

General theory

2.2.2.1

Duality conductor–dielectric

Attending to its electrical properties, any material can be included in two general categories: conductors and dielectrics. In a conductor charges move freely
under the influence of an electric field. On the contrary, in a dielectric material
charges are fixed and not net movement exists [132]. Thus, in the presence of
an electric field, charges in the conductor move to compensate this electric field
(conduction current), in the case of dielectrics the effect of the electric field is
to provoke a reorientation of charges (displacement current). This last effect
is known as polarization. The polarization process is not an immediate phenomenon, on the contrary, it needs a certain amount of time to occur known as
the relaxation time τ . Depending on the nature of the material the relaxation
time constant can range from pico or nanoseconds to seconds [142].
The duality conductor/dielectric present in many materials is characterized
macroscopically by two complementary parameters: conductivity and permittivity. The conductivity σ provides information about the ability of the free
charges in the material to move under the influence of an electric field. According to equation 2.2 it is the proportionality factor between the induced electric
current density and the electric field. The permittivity ǫ provides an idea of
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the ability of the material to store charges and reflects the extent to which
charge distributions can be polarized under the influence of the field. Similar
to conductivity, ǫ is the proportionality factor between the electric field and the
electric displacement vector according to equation 2.3.

~
J~ = σ E

(2.2)

~ = εE
~ = ε0 ε r E
~
D

(2.3)

The conductivity arises from the charges that move freely in biological materials, which mainly consist of hydrated ions present in the intra and extracellular
media. In the case of charges that do not move, they are mainly associated with
electrical double layers around membrane surfaces (interfacial polarization) or
solvated macromolecules, or with polar molecules which (by definition) form a
permanent dipole [143]. Specifically, the cell membrane characteristics play a
central role in interfacial polarization.
Assuming sinusoidal steady state, and considering losses, permittivity is a
complex number according to equation 2.4 whose real part can be identified
as the so-called dielectric constant and the imaginary part is known as the
dielectric loss that is related to the frequency-dependent conductivity, σ(ω).

′

′′

ε∗ (ω) = ε (ω) − jε (ω)

(2.4)

Finally, the complex permittivity and conductivity are related according to :

σ ∗ (ω) = jωε∗ ε0

2.2.2.2

(2.5)

Duality relaxation–dispersion

As previously stated, the polarization process is not instantaneous and is characterized by a time constant τ in the time domain. Dielectric dispersion is the
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corresponding dependence in the frequency domain (assuming a sinusoidal excitation). Considering a first order response, the Debye’s equation characterizing
this dependence is given by [128]:

ε∗ = ε∞ +

εs − ε ∞
1 + jωτ

(2.6)

Where ε∞ corresponds to the permittivity at sufficiently high frequency when
the polar or polarizable structures are unable to follow the electric field variation, εs is called the ’static’ permittivity and is the value at low frequencies
where the polarization is completely manifested. A similar expression can be
found for complex conductivity. A dispersion consists in the transition from
one level to another. The frequency point corresponding to the median value
between these two levels is called the characteristic frequency fc = 1/2πτ .
Dielectric properties of biological tissues have been studied over a wide frequency range identifying three major dispersions [136, 144] (see Fig. 2.5).
• α This low frequency dispersion is related to diffusion processes of ionic
species and dielectric losses of the material.
• β This dispersion occurs in the range from tens of kHz to tens of MHz
and is related to the interfacial polarization of the cell membrane. In this
frequency range the cell membrane acts as a barrier for passive transport
of ions (capacitive effect) between ionic solutions inside and outside the
cell.
• γ Lastly gamma dispersion produced in the range of GHz is due to the
polarization of water molecules.
The most important dispersion in biological tissues is the β dispersion as it
accounts for the presence of cytoplasmic membranes. This dispersion is usually described by the Maxwell-Wagner interfacial polarization effects. At low
frequency, the lipid bilayer constituting the cell membrane has a low ionic permeability and is considered a thin insulating shell surrounded by ionic solutions,
on the other hand, at high frequency, the current can flow freely through membrane. This transition from one behavior to the other explains this dispersion.
Additional effects as the presence of proteins, intracellular organelles, DNA, etc.
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Fig. 2.5 Three major dispersions that biological tissues show in the permittivity and conductivity adapted from [145].

can create small β-dispersions that have also been exploited by some authors
[146]. Additionally, in the frequency range where β dispersion is manifested,
the adverse or undesired effects of the measuring equipments due to electrode
impedance at low frequency and the limitation of the equipment bandwidth are
reduced.

2.2.3

Impedance spectroscopy

2.2.3.1

Fundamentals

As it has been exposed above, the dielectric properties of biological tissues are
highly dependent on frequency. Thus, it seems clear that for a complete characterization of any living sample, its properties should be studied over a wide
frequency range, usually covering the band around the β dispersion. Impedance spectroscopy consists on applying small AC electric field signals of known
frequencies to a system and measuring its response. The amplitude and phase
difference of the resulting electrical potential (v0 ) that develops across the sample with respect to the applied reference signal (i0 ) provides the information
necessary to obtain the impedance. According to this definition, impedance
can be expressed by a phasor or by a complex number as follows:

|Z| =

|vo |
|i0 |

and

∠Z = θ = ∠i0 − ∠v0

(2.7)
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Z = R + jX

j=

√

−1

(2.8)

According to the duality conductor–dielectric of biological materials previously explained, the impedance may be expressed in terms of conductance G in
parallel with a capacitive reactance X as follows.

Z ∗ (ω) =

1
G + jωC

(2.9)

Considering now a defined section of material with area A and thickness d,
the corresponding values relating the real and imaginary parts of the impedance
and its passive electric properties are:

G=σ

A
d

(2.10)

C=ε

A
d

(2.11)

Finally, the complex impedance can be expressed following equation 2.12

Z ∗ (ω) =

d
A



1
σ + jωε



(2.12)

From another point of view, if I[s] and V[s] are considered the Laplace transforms of the sinusoidal AC current and electrical potential respectively, the
impedance can be understood as a transfer function of the system under study
expressed as:

T F (s) ≡


V [s]
vo 
s
=
cos(θ) + sin(θ)
I[s]
i0
ω

(2.13)

If s=jω, equation 2.13 applies to the frequency domain and is equivalent to
equation 2.8.
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Measuring strategies

The traditional approach to perform EIS measurements consists in the application of a single-frequency sinusoidal electric field signal and by sequentially
sweeping the frequency, usually in linear or logarithmic steps, cover the complete band of interest [136]. This is the technique that currently use most of
commercial impedance analyzers and usually provides high signal-to-noise ratio
(SNR). However, the main drawback of this frequency-domain approach is the
long measuring time required for performing a complete spectrum [147].
Depending on the application, the measuring speed should be adapted in
order to capture the maximum information from the system under study. For
example, in the assessment of certain intrinsic tissue characteristics, the measurement signal can be considered time-invariant as these characteristics do not
vary during the measurement interval. In these applications, frequency-domain
EIS is regularly used in combination with averaging techniques in order to obtain
high quality measurements. However, if the goal is to characterize a dynamical
process in real-time this approach fails to provide complete instantaneous information [148]. In this situation, where the measuring speed should be optimal,
the other available option is to perform time-domain measurements.
Time-domain EIS measurements are performed making use of signals with
a broad spectral content [149]. In this approach, the excitation signal contains
simultaneously information at multiple frequencies what considerably reduces
the time required to obtain a complete spectrum. The broad bandwidth signals that have been usually applied comprise Dirac and step functions, square
waves, pseudo random noise, chirp, multi-sine, etc. [147, 150]. The optimization of these signals in terms of crest factor and energy confinement at certain
frequency bands represent the main challenges when using this approach [151].
The processing of the acquired information can be done directly in the timedomain using models, what is usually known as Time Domain Transmissometry
(TDT) or Time Domain Reflectrometry (TDR) [142], or can be processed, usually applying the Fourier transform, in the frequency domain. These methods
present some limitations as a consequence of the increase in measuring speed
related with the accuracy of the measurements, transients, etc. [148].
In the present research EIS measurements are applied to characterize the
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impedance variations of cultured cell monolayers during electroporation. Thus,
as explained in section 2.1.2.5, a fast method is necessary. From all the timedomain signals proposed, multi-sine excitations have been demonstrated to represent a good option and are used along this thesis as a consequence of the work
developed by our group in the last years [151, 152]. Mathematically, a multisine signal is composed by the sum of N tones with different frequencies, each
one also with its own phase. The time signal expression of a defined multi-sine
burst can be expressed as:

x(t) = w(t)

N
X

(2πfi t + θi )

(2.14)

i=1

where w(t) is a windowing function according to [153]. The optimization of
the frequency distribution together with the phases of the different tones can
improve the quality of the measurements considerably as explained in [151].
Apart from the signal approach, the EIS measuring strategy is also determined
by the equipment used for signal generation and acquisition. Also the electrode arrangement that represents the interface between the equipment and the
biological sample plays a key role in the quality of the measurements.

2.2.3.3

Equipment

Regarding the equipment used for EIS measurements in the frequency band
corresponding to the β dispersion (i.e. tens of kHz to tens of MHz). The
classical options comprise the use of lock-in amplifiers, auto-balanced bridges
or the direct measurement of V-I signals. In all cases the non-idealities produced
in the system, specially in the electrode-electrolyte interface, make necessary the
use of front-end amplifiers for increasing measurement accuracy [154].
The measurement of V-I signals is the most extended approach implemented
in specific hardware applications. It is based in the measurement of the potential
difference when a reference current is injected in the sample or vice versa. It
is also possible to measure both current and voltage in order to have a more
accurate reference signal. Considering this last option and depending on the
selected method for signal generation (voltage-source (VS) or current-source
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Fig. 2.6 The two diﬀerent options for the design of the analog front-end. a) Voltage source
and b) current source adapted from [155].

(CS) architectures, see Figs. 2.6a and b), the analog front-end is designed to
fulfill the requirements of the system.
In Figs. 2.6a and b r(t) is the reference signal that is either directly connected through a resistor R to the sample in the case of the VS front-end, or
converted to a current before connection in the case of the CS front-end. The
measured voltage v(t) is measured with a differential amplifier and the current is
obtained with a current-to voltage converter (transimpedance amplifier). These
two approaches have both advantages and drawbacks and, depending on the
application, can be more appropriate to use one or the other [155, 156].
As previously explained, the design of the different front-end architectures is
highly motivated to reduce the undesired errors that appear due to electrode
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polarization. The electrode polarization is caused by the molecular charge redistribution that occurs in the sample-electrode interface. This electrical double
layer has a frequency-dependent behavior similar to a combination of a capacitor and a resistor (for the simplest case). Specially, the capacitive effect can
disturb the measurements at low frequency if care is not taken to avoid or at
least characterize and try to correct this effect.
In the simplest impedance measurement a current is injected into the sample through two electrodes and the resulting voltage drop between these two
electrodes is measured. This is the so called two-electrode method. Using
this electrode arrangement, the measurement includes the effect of the sampleelectrode interface in the total impedance. This method can be applied when
the impedance of the sample under test is much higher than the electrodes
but is not a good option in general biological applications. This justifies the
development of the previously explained front-end electronic circuitry where
it is possible to separate the connection between the voltage and the current
electrodes.
The four-electrode method, also called tetrapolar uses a pair of electrodes
to inject the current into the sample and another independent pair of electrodes
to measure the resulting voltage [157]. Due to the high input impedance of the
voltage sensing circuit, the current that flows through this pair of electrodes
is negligible and also the influence of their impedance in the measurements.
However, this configuration is not able to completely eliminate the effect of the
voltage electrodes in the measurements specially at low frequency, where the
impedance of the electrodes can be considerably high. This can be caused by
common mode voltages that are introduced in the system and cannot be completely rejected by the differential amplifier. There are many other methods
proposed to deal with the electrode polarization that disturbs the EIS measurements, the reader is referred to [158, 159] for deeper explanation.
Lastly, in some cases, where it is not possible to use four independent electrodes, three-electrode method is used. In this configuration, one of the
voltage sensing electrodes is eliminated and one of the current electrodes is
used both for current and voltage. If the impedance of this electrode is reduced, for example by maximizing its area, the resulting measurement is nearly
free of electrode impedance [160].
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Impedance modeling

Once the multifrequency impedance data has been acquired, it is the moment
to extract the desired information from the available measurements. This is not
always an easy task because, usually, different physiological process can lead
to the same effect on the electrical impedance of the sample under study, i.e.
impedance measurements lack from specificity. In order to provide a physical interpretation to the impedance results many models have been introduced. Some
of them try to correlate each specific process with an independent parameter of
the model, others, on the contrary, try to find simplifications that match the
measured behavior.
There are two types of models that are usually applied to bioimpedance measurements. On one hand, models can be constructed on the basis of electrical
circuital equivalents with lumped components or other not ideal components.
On the other hand, mathematical equations have been proposed to mimic the
frequency behavior of biological tissues.
Regarding the electrical models, the simplest representation of a cell immersed on an ionic electrolyte contains a resistor, modeling the extracellular
medium, in parallel with a capacitor, that models the membrane, and a resistor that model the intracellular conductivity [161]. This equivalent circuit with
ideal components corresponds to a simple Debye-type circuit with a single relaxation time constant. However, the broad dispersion of biological tissues over
the frequency is not perfectly modeled using this circuit. One possibility is to
associate several circuits in cascade, the drawback of this option the increasing
complexity of the resulting systems and the lack of physical meaning of the
different circuits. The other option is to replace the membrane capacitors by
constant phase elements (CPE) which better resemble the frequency-dependent
behavior of biological tissues. This elements are introduced to model the distribution of time constants in biological samples [136]. The impedance of this
elements is given by equation 2.15 where the exponent α ranges between α=0
(perfect resistor) and α=1 (perfect capacitor). Nonetheless, the physiological
interpretation of this parameter is not clear and multiple options have been
proposed [136].

Chapter 2

36

ZCP E (ω) =

1
A(jω)α

(2.15)

The second option, instead of using electrical equivalent circuits, is the formulation of a mathematical expression that describes the observed frequency
behavior of biological tissues. The Cole model, introduced by Kenneth Cole in
1940 [129], is the most extended mathematical model to characterize biological
tissues and biochemical materials describing single dispersion phenomena compatible with Fricke’s law ([136]. Although in the literature it is usually referred
as Cole-Cole impedance model, the actual Cole-Cole model was proposed one
year later by Cole brothers [130] to describe the dielectric permittivity. Similar to the CPE element, Cole brothers introduced the concept of a distributed
time constant (represented by an exponent α) in order to model the frequency
response of biological tissues.
Along chapters 5 and 6 different models will be fully exploited and discussed
in the interpretation of the EIS measurements performed during electroporation
of adherent cell monolayers.

2.2.5

Measuring impedance during electroporation

As previously explained, the measurement of the changes resulting from membrane electropermeabilization has been object of study from many diverse approaches. In this section the focus is put in the measurement of the electrical
properties of membrane during pulse application to reveal the temporal evolution of pores. The vast majority of the studies found in the literature perform
these measurements by recording the voltage and current waveforms of the
applied electroporation pulses and studying the changes during the pulse (inpulse) which mainly consist of quasi-dc conductivity changes. In this studies,
an abrupt change in the electrical conductivity of cell membrane in response to
pulse application has been observed with different setups [76, 79, 80, 84, 162].
Other attempts have used AC signals to study the passive electrical properties
of the sample before and after electroporation at single frequencies [68, 85, 163].
Only few studies performed multifrequency measurements (EIS) on electroporated samples [41, 84, 86, 164]. The interest of obtaining information at dif-
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ferent frequencies during electroporation relies in the fact that the frequency
dependent characteristics of the system and its response would help in the understanding of the effects caused by electric field pulses and their interpretation.
For example, Ivorra et al. [84, 165] performed measurements in a tumor tissue
model using two frequencies in the interval between pulses (1 kHz and 15.5 kHz
at a rate of 500 samples per second) and multifrequency measurements (11 frequencies from 1 kHz to 400 kHz) after pulse application (at a rate of 20 scans
per second). All the mentioned approaches only performed full EIS before and
after treatment. To the best of our knowledge there are no previous experiences
acquiring full spectral impedance information during electroporation.
All the mentioned experiences used traditional EIS approaches based on frequency sweeps to monitor membrane changes. However, this technique is not
feasible to monitor the fast dynamical changes in the membrane during pulse
application due to the long measuring time needed if compared with the short
interpulse period (ususally 6 1 s). Other attempts to study the dielectric properties of cells during electroporation and the fast pore dynamics are based in
time domain methods such as time domain reflectometry [166] or time domain
dielectric spectroscopy [81, 167]. This technique uses rapid voltage pulses with
high frequency content and measure the reflected signal applying concepts of
transmission line theory [149]. The measured lower frequency bound using this
approach is determined by the duration of the voltage pulse applied and the
higher frequency is controlled by the rise time of the square pulses.
Other more sofisticated electrical measurements during treatment have also
been shown as promising tools to obtain information from biological samples
using magnetic resonance electrical impedance tomography [168] and electrical
impedance tomography [82, 169].
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Chapter

3

Design and implementation of a
microelectrode assembly for non
contact in situ electroporation of
adherent cells
Abstract
This chapter focuses on the design and implementation of the initial prototypes of
microelectrodes developed during this thesis. The objective of this work was to develop
a system capable of performing in situ electroporation on adherent cells growing in
standard multi-well plates with minimal invasiveness of the operation. The novelty
of the design resides, on one hand, in the position of the microelectrode with respect
to the cell monolayer, and on the other, in the fabrication technology used. Standard
printed circuit board (PCB) technology is used allowing interelectrode distances in the
order of tens of microns what dramatically reduces the voltages applied to the samples.
Simulations are performed to study and compare the electric field distribution in both
prototypes. Permeabilization tests assayed with a fluorescent FITC-dextran are shown
for different cell lines. The information explained along this chapter resulted in two
publications (see Appendices A and B).
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3.1

Introduction

As described in chapter 2, traditional in vitro equipment perform electroporation in cuvettes where cells are suspended in order to apply electric field pulses
[1]; however, the majority of mammalian cell lines used in biomedical research
are adherent cells. As previously explained, some grounds exist for the suitability of in situ electroporation of adherent cells. With the term in situ the reader
should understand the fact that electroporation is applied directly to adherent
cell monolayers preventing any modification of the state and conformation of
cell monolayers.
As stated in 2.1.4.1, cell detachment previous to electric pulse application
is eliminated, thus preserving the intact cellular characteristics of the sample,
reducing the cell stress and the invasiveness of the procedure. Additionally,
in situ electroporation allows treatment of differentiated cells [2], which better resemble in-vivo cell phenotype. Is precisely in-vivo tissue electroporation,
which is nowadays applied in the clinical treatment of different diseases [3–6],
the perfect example where cells are not in suspension during the application of
electric fields and supports the fact that electroporation of adherent cells describes a better model to study different aspects that could be translated in the
improvement of the response to therapeutic treatments.
Most of the previous systems that apply electroporation in situ to adherent
cell cultures consist of microfabricated electrode structures deposited into planar substrates where cell monolayers are grown [7–9], refer to section 2.1.4.1
for a summary of these and other in situ electroporation setups. One of the
main advantages of using microelectrode assemblies consists in dramatic reduction in inter-electrode distances when compared with suspension setups. This
reduction in the distance between anode and cathode means that lower voltages
are applied in order to reach the same electric field intensities, thus leading to
simpler and cheaper pulse generators as well as to a reduction in safety issues.
Moreover, the application of microelectrodes structures in the field of cellular
biology used as sensors is perfectly well known. The reduction in the dimensions
of the electrodes to values comparable to the cell size allows developing local and
more accurate and precise measurements. In this direction, the device presented
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herein is also conceived to be used as a sensor for electrical impedance recordings
of the state of cell monolayer. However this characteristic will be fully explained
and exploited in following chapters.
The drawback of the current microelectrode arrays used for in vitro electroporation, is the cost of the fabrication techniques that are used. As previously
stated, if cells are grown on top of the microelectrodes, then, thin film fabrication technologies are necessary what implies, apart from the high costs, the
impossibility to use standard culture ware. Along this chapter, a standard fabrication method which allows to dramatically reduce the device costs is used to
implement a microelectrode structure. Additionally, the device presented this
chapter has been conceived to be used in standard multi-well culture plates. To
the best of our knowledge, there are no previous devices combining the advantages of using microelectrodes structures with the possibility of application to
standard culture plates.

3.2

Rationale of the device

The conception of the device is based in the two main requirements exposed
above: the use of a microelectrodes structure applicable both for electroporation
and electrical impedance measurements of a cell monolayer and the integration
of the device to be used in standard multi-well culture plates.
As previously shown, all devices using planar microelectrodes setups require
adherent cells to be grown on the surface of them. Nevertheless, the modification
of the growing surface to include the patterned microelectrodes implies the
use of non-standard culture ware. The use of non-standard surfaces implies,
in some cases, some trust issues in the final biomedical user. Additionally,
regarding the effectiveness of the treatment, as pointed out in a previous study
[10], cell attachment to the microelectrodes during electroporation creates a
high permeability region mostly located around the area of contact between
cells and electrodes. However, some molecules cannot precipitate to the bottom
surface difficulting their pass across the membrane.
In order to fulfill these design specifications, the only alternative consisted on
a system capable of momentarily placing the microelectrodes at a short distance
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above the cell monolayer during the application of the electric field pulses and
removing them afterward. For this purpose, it was necessary the integration of
microseparators as elements, on one hand, to ensure the precise placement of the
microelectrodes completely parallel and at a fixed distance to the cell monolayer,
and on the other hand, to avoid direct contact between the cell monolayer
and the electrodes. The use of these elements minimizes the invasiveness of
the operation, being the cells treated identically as in other routine chemical
manipulations performed in a standard culture plate. In Fig. 3.1a a schematic
representation of the top positioning principle is depicted in Fig. 3.1b a detailed
view of the microseparators patterned on the microelectrodes is shown.

Fig. 3.1 Schematic representation of the device. (a) Principle of operation showing how
electrodes are placed parallel to the bottom surface of the multi-well plates. (b) Detailed
view of the micro-separations used to avoid contact between electrodes and cells.
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Materials and Methods

3.3.1

Electrode assembly

Regarding the specific requirements of the system we can define the following
design specifications.
• Circular geometry of the substrate in order to fit and cover to whole
surface of the multi well culture plates.
• Dimensions (width and spacing of the microelectrodes) in the order of
tens of microns in order to use low voltages for electroporation.
• Fabrication of a disposable device what involves the need of using a low
cost fabrication technology.
• Connections cannot be placed in the same plane of the substrate where
the microelectrodes are patterned due to the top positioning principle.
This restriction suggests the use of a bilayer design.
• Non cytotoxic materials should be used in order to avoid undesired effects
as cell death or other interferences during the course of an experiment.

3.3.1.1

Geometry

The electrode geometry design is based on an interdigitated structure consisting
in six independent lines forming three active arrays of electrodes on a circular
substrate. Each electrode in the array connected alternately to +V or -V terminals of the pulse generator for electroporation (see Fig. 3.2). By increasing
the spacing between electrodes, the maximum of the electric field is displaced
in the vertical direction. Nevertheless, for a constant electric field, increasing
the gap between electrodes involves also increasing the voltage applied. In the
present case, we are interested in maximizing the electric field in the region
separated from the electrode surface where cells actually grow. The choice of
the dimensions is optimized to maximize the electric field while maintaining
low voltages. According to the minimal resolution of the fabrication technology
used (50 µm), some different designs were tested using different electrode width
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(W) and spacing (S). Namely, W1 =50 µm and W2 =75 µm and three different
spacings S1 =75 µm, S2 =100 µm and 150 µm. In Fig. 3.3 a picture of the different designs is shown. Based on the quality of the final fabricated design, the
minimal width was fixed to 75 µm (lower dimensions lead to errors and short
circuits). Finally, the choice of the spacing between adjacent lines was done
based on the fact that the higher the space between lines, the more separated
the electric field lines from the electrodes surface. This was supported by some
basic electric field simulations performed (data not shown). The final spacing
used was 150 µm.
The conception of this topology, which contains six independent sets of microelectrodes, also enables to perform electrical bioimpedance measurements
in 2-wire or 4-wire configurations. This characteristic is not exploited in the
present work and will be treated in deep detail in next chapters.

3.3.1.2

Fabrication technology

A - Initital Prototype
In the present device we propose to make use of standard printed circuit
board (PCB) Class 7 bilayer technology according to high density integration
(HDI) IPC regulation to manufacture our microelectrode assembly (Lab Circuits S.A. 08460 Barcelona, Spain). In the past few years, PCB technology
has reached a resolution of tens of micrometers and some studies have been
conducted to demonstrate the biocompatibility of a wide variety of materials
used in PCB manufacturing processes in order to include this technology as a
feasible option in the construction of lab-on-a-chip devices [11]. Additionally,
this technology fulfills other specific requirements for the present case as the
significant reduction in manufacturing costs. If one of our goals is to help electroporation to be introduced as a standard laboratory technique, it is desirable
to supply low cost disposable devices. The requirement regarding the placement
of the connections is also easily overcome with the standard PCB bilayer technology that allow to place the connector in the opposite face of the structure
using metalized laser microvias to connect both sides, thus giving an easy top
connectivity to the electrode assembly.
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Fig. 3.2 Interdigitated topology of the electrode assembly.

Fig. 3.3 Picture of the diﬀerent designs fabricated varying the width and spacing between
lines and a detailed view of one of them.
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The microelectrodes where fabricated using 15 mm diameter discs made of
a FR4-135Tg substrate with 1 mm thickness and a thin copper foil (20 µm) as
the conductive layer. The chosen diameter is compatible with the dimensions
of standard 24 multiwell plates. Once the electrodes were patterned on copper
following the standard fabrication procedures, a final Nickel (Ni)/Gold (Au)
plating was deposited using Electroless Nickel Immersion Gold (ENIG) technique in order to avoid the toxicity of the copper (Cu). The final result consists
on a Cu/Ni/Au three-layered structure with thickness of 20 µm, 0.7 µm and
0.01 µm respectively.
Following the idea of in situ application to cell monolayers, small microseparations were created to avoid direct contact between the electrodes and
the monolayer what could cause mechanical stress or damages to the cells.
These separations were constructed using a final layer of photosensible epoxy
PSR-4000 GP01EU (Taiko Ink Mfg. Co.) with thickness of 10 µm. Once
the structure was covered with the epoxy resin, six circular micro-separators
were patterned on the surface of the electrodes equally distributed along the
perimeter of the discs. Thickness of cell monolayers is usually between 3 µm
and 8 µm in most of cell lines attached to a surface [12, 13] consequently 10 µm
is enough to avoid direct contact with the electrodes.
B - Improved prototype
After the first experiments and results with the prototype described above,
we encountered some deficiencies and limitations. The main observation relates with the high electric currents necessary to trigger the electroporation of
cells. We observed that the excessive increase in the applied current resulted
in the appearance of undesired electrolytic reactions and gas bubble formation
with increasing duration of electric field pulses. These effects were definitively
unacceptable for the good operation of the system.
Analyzing our system, in comparison with other microelectrode devices, we
found that due to the high thickness of the copper conductor foil (20 µm) if
compared with those of thin-film technologies, electric current density mainly
concentrates in the lateral spacing between electrodes. Furthermore if we take
into account the relative distance between cells and electrodes, electric fields
applied should be much greater than usual leading to the observed electrolytic
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reactions that would irreversibly damage cell monolayer. In order to eliminate
this effect, we decided to fill the lateral gap volume between adjacent electrodes
with a non-conductive material. With this strategy, current flow in this area
is avoided. Thus, the region where the electric field is forced to a maximum is
vertically separated away from the inter-electrode area, and it is this region to
which the cell monolayer adheres (see Fig. 3.4).

FILLING THE GAP BETWEEN ADJACENT LINES WITH A NON-CONDUCTIVE MATERIAL

Fig. 3.4 Schematic representation of the concept applied to improve the current density in
the area of interest.

The fabrication process consists on a modification of the one described previously. First, microelectrodes are patterned in copper similarly to the process
used for the first prototype; namely, photomask UV light exposure of photoresist pre-coated boards, and development of photoresist and chemical etching of
unwanted copper areas. The process is modified at this point when the structure
is covered again with a photosensible epoxy PSR-4000 GP01EU (Taiko Ink Mfg.
Co.) in order to fill the lateral gap between electrodes with a non-conductive
material. After curing, microabrasion is performed to remove the epoxy excess from the surface of microelectrodes until copper areas are exposed again.
Subsequently, the process continues as in the first prototype with ENIG coating and patterning of microseparators. Schematic explanation of the complete
fabrication process is shown in Fig. 3.5.
In addition to the previous characteristics, from an economical point of view,
the standard PCB fabrication technology used involves a drastic reduction in
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Photoresist development
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Copper chemical etching
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Ni/Au deposition
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10 µm
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Fig. 3.5 Schematic representation of the complete modiﬁed PCB fabrication process of the
microelectrode assembly.
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costs, thereby allowing the production of low-cost disposable devices. Although
the fabrication costs depend on the fabrication scale, when compared with thinfilm technologies the reduction in cost may be of the order of 10-50 times. In
addition, electrode degradation and cross contamination between experiments
are avoided by using disposable equipment. Other additional costs involving
cleaning and sterilization are also eliminated.

3.3.1.3

Simulations

In order to evaluate the distribution and uniformity of the electric field created
by the electrode assembly, finite element simulations were performed during
the development process using commercial software COMSOL Multiphysics 3.5
using the AC/DC module.
First, the electric field for the initial prototype was studied. A 2D simplification of the structure reproducing the exact dimensions of the electrodes was
simulated. The conductivity used for the different parts is σ=0,004 S/m for
the FR4 substrate, σ=5,998 107 S/m for copper electrodes and σ=0.16 S/m for
poration media. Boundary conditions in the electrodes were set to fixed current
ports or ground alternatively.
In Fig. 3.6a the current density distribution is shown. In order to have
an idea of the electric field distribution in the region, separated from the electrodes, where cells should be growing as a monolayer, cross sectional plots are
represented. Fig. 3.6b depicts the electric field values along a horizontal line
separated 15 µm from the electrodes. From this plot it can be stated that cells
under the center of the electrodes will not be electroporated because the electric field intensity in these areas will not be high enough. On the other hand,
the effect in the areas where the electric field is over the threshold will be very
uniform, only 4% of variation as indicated in the plot. In Fig. 3.6c the electric
field values along a vertical line are plotted. As shown in the figure, there is an
electric field reduction in vertical direction with a maximum decrease of 10%
between the highest and the lowest points of the line. In the light of these simulations, we concluded that the vast majority of the current applied was lost in
the lateral volume between electrodes. As already explained in section 3.3.1.2,
we determined that an improved design was necessary.
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Fig. 3.6 Electric ﬁeld simulations run on COMSOL
density in (A/cm2 ) is plotted in the 2D simpliﬁcation
the electric ﬁeld distribution along an horizontal line
electrodes (red line in A). C) Cross sectional plot of
vertical line (yellow line in A

Multiphysics 3.5. A) Total current
simulated. B) Cross sectional plot of
15 µm apart from the surface of the
the electric ﬁeld distribution along a

As a following step, we made some simulations in order to evaluate the increase in current density caused by the modification of the initial design. The
simulation parameters are similar to those used previously but including in
this case a new subdomain between electrodes representing the non-conductive
material added in this prototype. The conductivity of the region was set to
σ=0.004 S/m.
In Fig. 3.7 a comparison between the new and the previous design is depicted.
In this case the current density is represented in an arrow plot together with the
electric field. Results from the simulations demonstrate the resulting increase
in the electric field intensity in the area of interest by around twofold in the
case where the spacing is filled with a non-conductive material and when the
same electric current is injected. This results reinforce the suitability of the
modification proposed for the improved prototype.
In addition, we plotted electric field cross-section values for the simulation
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Fig. 3.7 Electric ﬁeld simulations on COMSOL Multiphysics 3.5. Comparison between the
two prototypes fabricated. Electric ﬁeld intensity is plotted in colors. Arrow plot shown the
current density.

Fig. 3.8 Electric ﬁeld line plots. Comparison between the electric ﬁeld in the surface of
electrodes and 15 µm away for the two prototypes fabricated
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in Fig. 3.7. Electric fields created along three lines are shown. One of them in
the surface of the electrodes (dotted red line) and the other two (dotted white
and green lines) 15 µm away from the surface of electrodes (see Fig. 3.8).
From these simulations it can also be concluded that the use of microseparations has the advantage of applying more uniform electric fields. These
plots help to demonstrate that considerably irregular electric fields are presented in the surface area of the electrodes what could irreversibly damage cell
membranes near these areas. As already stated by other authors, more uniform
electric fields are created short distance away from the electrodes surface [8, 14]
supporting the advantage of the device in contrast with systems were cells are
grown in the surface of the microelectrodes.

3.3.2

Additional equipment

A - Automatic positioning system
Regarding the aim of standard laboratory use, an automatic system was
designed to perform experiments in 24 multiwell plates inside of a sterile cabinet automatically. For experiments, the electrode assembly is automatically
positioned using a self-constructed positioner. This system is based on a selfconstructed x-y positioning table where the multiwell is placed and a z linear
displacement positioner where electrodes are mounted. The device makes use of
stepper motors controlled by Labview 2009 (National Instruments) software. In
addition, using this automatic system, the displacement speed of the electrode
can be controlled. An excessive speed could produce a harmful fluid pressure
to cells. For that reason, in all the experiments we used a controlled movement
to settle the electrode on the bottom of the well plates ensuring that the fluid
displacement does not harm the monolayer. Also the force applied against the
surface is always the same.
B - Electric field pulse delivery
Electric field pulse delivery was performed making use of a biphasic stimulator developed in our laboratory and first conceived for long-term contraction of
cultured muscle cells [15]. The stimulator generates bipolar pulses acting as a
fixed current source or a voltage source with intensities (A) ranging from 1 mA
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up to 800 mA or voltages from 0 to 50 Vp, minimal duration (D) of each part
of the bipolar signal is 100 µs and the minimal period (T) is 1 ms. There is an
additional parameter (Tt) that allows to set the time separation between positive and negative part of the pulse (min value 100 µs), see Fig. 3.9. The device
is fully programmable by RS-232 connection to a PC. As previously studied
by other authors, the use of bipolar pulses enhances the transfection efficiency
[16, 17] and reduces electrolytic gas bubble formation in metal electrodes [18].

Fig. 3.9 Biphasic waveform parameters

From the initial analysis we made, maybe biased by our background of electrical engineers, voltage needs to be adjusted if a fixed current is applied, and
vice-versa, because voltage is usually interpreted as the voltage measured in
the same electrodes that apply the current, which usually is the only pair of
electrodes in the system. This voltage waveform is affected by the medium impedance and, mainly, by the electrode interface impedance, which is nonlinear.
The voltage waveform in the medium, however, and given the purely resistive
behavior of saline solutions, corresponds to the product of the current waveform
by a cell constant and the medium resistivity. We have checked this in previous projects by using four electrode set-ups, that is, injecting the current by
a pair of electrodes and measuring the resulting voltage in the medium with a
different pair of electrodes connected to a high input impedance differential am-
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plifier, partially described in [19]. That way, the current through the measuring
electrodes is negligible, and the measured voltage waveform is not affected by
the electrode impedance but only by the medium resistivity and by the current waveform. Performing these measurements we are able to see the actual
voltage waveform only in the medium and not affected by electrode/electrolyte
interfacial phenomena. With this setup, in the case of applying a constant current square pulse, a constant voltage square pulse was measured. We have not
checked this again with the electrode set-up described herein due to the small
distances between adjacent current injection microelectrodes, and the impossibility of placing voltage sensing electrode between them but the electrical basis
is the same than in the previously tested set-ups.
All these reasons lead us to use the biphasic stimulator acting as a current
controlled source. Although electroporation is usually applied with fixed voltage
sources, we believe that current controlled sources ensure that cell membrane
is polarized by the same current over the complete electroporation treatment.
Other advantages over voltage controlled approaches are described in detail in
[20]. Due to the application of a defined constant current, in order to have
an estimate of the voltage to distance ratio, it was necessary to measure the
voltage drop, in this case between the same current injection microelectrodes
as described in section 3.3.4. For calculations, we considered the voltage values
measured during the first pulse applied.

3.3.3

Cells and chemicals

For the experiments described in this chapter, C2C12 mouse myogenic cell line
and HEK 293 human embryonic kidney cell line were used. Cells were cultured
as a monolayer in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum and added with penicillin, streptomycin and fungizone.
Regarding the buffer used during the application of electric field pulses we
decided to use a low conductivity electroporation buffer (LCEB). Low conductive media are regularly used in electroporation experiments. In our case we
decided to use this type of buffer in order to reduce the possible heating of
extracellular medium and also to avoid electrolytic reactions. As observed by
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[21], LCEBs do not affect significantly the permeabilization results but improve
the survival rates of cells after treatment. In our case the LCEB consisted of
10 mM Na2 HPO4 pH (7.4), 1 mM MgCl2 and 250 mM sucrose. Conductivity
of 1.6 mS/cm. Measurements were made using Conductimeter GLP32, Crison,
(Barcelona-Spain) after calibrating the equipment with two different conductivity patterns.
In order to assess the permeabilization results we decided to use a molecular
fluorescent reporter. The use of this type of markers allows visualizing the results short after the application of the electric field and give direct information
about of the extent of membrane permeabilization. The advantage of these
molecules is that results are not masked depending on secondary cellular mechanisms that are necessary in other situations. For the experiments we decided
to use fluorescein isothiocyanate-dextran (FITC-dextran). FITC-dextrans are
used as a fluorescent probe to study cell processes such as cell permeability,
phagocytosis and endocytosis and to study mechanisms of biomolecular delivery. These markers can be purchased commercially in different molecular
weights and may be used to study the size selectivity of the pores formed in the
membrane. In our case we used FD20S (Sigma-Aldrich, Madrid, Spain) average
molecular weight 20 kDa. When stated, FD20S was added to the LCEB at a
final concentration of 2.5 mg/ml.
When stated, viability was analyzed on the same treated cells 24 hours after
the electroporation procedure. Cells remaining adhered after 24 hours were
considered viable. Quick panoptic staining kit (Qumica clnica aplicada S.A.,
Amposta, Spain) was used to mark all the cells and then they were examined
under a Leica DMI 4000B inverted microscope for fluorescence. Cells were
automatically counted using free software ImageJ (MacBiophotonics).

3.3.4

Electroporation procedure

Both C2C12 and HEK293 cell lines were plated in 24-multi-well plates at a
cell concentration of 5x104 /well and 7x104 /well, respectively. The plates were
cultured at 37ºC in a humidified 5% CO2 incubator for approximately 24 h, to
reach 50-60% confluence.
Before the application of electric pulses, the electrode assembly was sterilized
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with a 70% ethanol solution and then rinsed with sterile distilled water and
finally immersed in LCEB before use.
For the first set of experiments performed with the initial prototype, cells
were rinsed with phosphate buffered saline (PBS) and then 150 µl of LCEB
were added to each well. Immediately, the multi-well plate was placed in the
automatic electroporation system and electric field pulses were applied. Eight
biphasic pulses, with duration (D) of 100 µs, time separation between positive
and negative part of the pulse (Tt) of 100 µs and frequency repetition of 1 Hz
were applied with different current intensities (A). The electric field values were
calculated as voltage to distance ratios (E=V/d) measuring the voltage drop
with an oscilloscope put in parallel with the biphasic stimulator divided by the
distance between adjacent electrodes (75 µm). These values correspond to an
approximation of the electric field on the surface of the electrodes, but it should
be taken into consideration that electric field affecting cell membranes is lowered
about 10% because the relative distance between electrodes and cells. In control
cells, no electric pulses were applied but the electrode was positioned above the
cell monolayer for an equivalent period of time. After the electroporation procedure cells were incubated for an additional 30 minute period in the incubator.
After this period, the electroporation buffer was removed and cells were rinsed
twice with PBS and replaced with fresh culture medium and left for 2 hours in
the incubator for complete resealing. Then, cells were examined under a Leica
DMI 4000B inverted microscope for fluorescence, to detect FD20S, which has
an excitation wavelength 485 nm and emission at 510 nm. Images were taken
with a digital camera Leica DFC 300x. Results for these first experiments are
shown in next section.
Following the construction of the improved prototype, we performed a new
set of experiments including some modifications in the protocol with respect
to the one described above. We increased the amount of buffer added during
the application of pulses to 250 µl per well. The electroporation conditions
were fixed to four biphasic pulses, with 100 µs separation between positive and
negative part of the pulse, frequency repetition of 1 Hz and duration of 1 ms.
We also reduced the time elapsed between the application of pulses and the
removal of electroporation buffer to 10 minutes before the 2 hours resting time
in the incubator for complete resealing. The rest of the procedure remained
unaltered.

3.4 Results and Discussion
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Results and Discussion

The objective of this study was to design, fabricate ant test the use of the proposed electrode assembly for in situ electropermeabilization of adherent cells
growing in standard multi-well plates with minimal invasiveness of the operation. The design and fabrication have been already described in the previous
section. As a result of the optimization process and supported by simulations,
a modified procedure based on standard PCB technology has been developed
where the gap between adjacent lines is filled with a non-conductive material
in order to improve electric field intensity in the area of interest. Along this
section the experiments done to assess the suitability of the presented systems
to perform electroporation to cell monolayers are shown.
For this purpose, adherent cell monolayers were subjected to electroporation
with our system and its performance was assessed by the intracellular delivery
of the fluorescent FITC-dextran FD20S, which has a molecular radius of 3.2 nm
[22]. Previous to the results shown herein, we first performed a high number of
tests, in which duration, amplitude and number of pulses were varied, to find the
optimal electric field parameters that caused effective reversible electroporation.
Once we found the suitable range of parameters for these experiments, we finally
decided to fix the duration and to apply different electric field intensities in order
to test the performance of the system. Along this chapter a summary of the
most relevant results is shown.
In this section, the results obtained with the initial prototype are described
first. These results correspond with the initial stage of development of the device
and are intended to give an idea of the viability of the concept. Subsequently,
the fabrication method was modified as previously described. The results after
this modification of the prototype are shown in second place.

B - Initial prototype
Among the conditions tested during the optimization stage for the first prototype, we determined that with the electric currents required to cause permeabilization of cells a fixed short-duration of 100 µs was optimal to avoid bubble
gas formation caused by electrolysis of water. Increasing the duration of pulses
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lead to the formation of electrolytic reactions with the current intensities required. In addition, we observed that due to the small distance between cells
and electrodes, cell monolayer detached when bubbles appeared caused by both
pH changes and mechanical stress of bubbles themselves. In consequence, in
the following experiments, we varied the amplitude of pulses at this fixed 100
µs duration.
In Fig. 3.10, we show an electric field-dependent fluorescent label of C2C12
myoblasts. Very few fluorescent cells were observed after application of electric
field of 1.2 kV/cm (Fig. 3.10a). Data also reveal that permeabilization yield
increased with increasing electric field amplitude and reached a maximum when
the electric field in the electrodes surface was 2.2 kV/cm. Fig. 3.10e shows the
quantification of the results as percentage of fluorescent cells calculated with
respect to the total number of cells 2 hours after the application of the treatment. Thus, these results indicate the uptake of FD20S into adhered C2C12
electroporated cells with up to 50% of efficiency for the best case.
In Fig. 3.11 the effect of treatment of cell line HEK 293 with four different
electric field amplitudes 1.2, 1.6, 2 and 2.2 kV/cm is shown. The micrographs
also show, as expected, an increase in the number of fluorescent cells as a function of electric field intensity. On the other hand, in electroporated HEK 293
(see Fig. 3.11c and Fig. 3.11d) we observed the presence of giant cells, what
suggests that cell fusion occurred with the highest electric fields applied.
As also known for those skilled in the field, the application of high electric
field pulses can induce fusion of a wide variety of cells under certain conditions.
One of the main conditions to achieve cell electrofusion is the establishment of
membrane-membrane contact between cells. In our case, adherence of cells to
the culture plate facilitated cell contact for fusion. Other methods classically
force cell-cell contact by dielectrophoresis, chemicals or centrifugation. The
observation of cell fusion in HEK 293 cells but not in C2C12 cells, may be due
to the fact that the extent of cell electrofusion in vitro and in vivo is cell line
dependent and involves cell type-specific membrane properties and/or secretion
of proteases [23]. In contrast, the conditions for electropermeabilization of both
adherent cell lines in our study resulted to be very similar. Likewise, relatively
little difference in electropermeabilization of plated CHO and B16F1 cells was
reported, whereas significant differences were observed between the two cell lines
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Fig. 3.10 Micrograph of C2C12 cells after electroporation. Cells were electroporated in the
presence of FD20S at diﬀerent electric ﬁeld intensities: (a)1.2 kV/cm, (b) 1.6 kV/cm, (c)2
kV/cm and (d) 2.2 kV/cm. After cell electroporation and recovery, images of cell monolayers
were taken at 10x magniﬁcation. A representative image is shown. Lower insert is the
quantitative analysis of the results calculated as the percentage of ﬂuorescent cells. Results
are expressed in means ± SD of at least ﬁve measurements.

in a suspension [24].
These first results confirmed the principle of operation of the device and
also revealed valuable knowledge subsequently applied in the optimization of
both the electrode assembly and the experimental protocols. Results after the
modification of the initial prototype are shown below only for C2C12 cell line.
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Fig. 3.11 Micrograph of HEK 293 cells after electroporation. Cells were electroporated in the
presence of FD20S at diﬀerent voltages: (a) 1.2 kV/cm, (b) 1.6 kV/cm, (c) 2 kV/cm and (d)
2.2 kV/cm. After cell electroporation and recovery, as described in Materials and Methods,
images of cell monolayers were taken at 10x magniﬁcation. A representative image is shown.

B - Improved prototype
Similar to the previous case, we first run a set of experiments for optimization.
In this case we observed that the reduction in the electric currents applied made
possible to use longer durations for the electric field pulses. For that reason, in
this set of experiments we fixed the duration to 1 ms and reduced the number of
pulses applied to four. We decided to test the system with this longer duration
due to the fact that in the next stage our objective would be to use plasmid
DNA. According to the theory exposed in chapter 2, longer durations are used
with increasing size of the molecule to be inserted by electroporation.
Fig. 3.12a shows the extent of permeabilization as a function of electric field
intensity. Percentage of fluorescent cells was calculated dividing the number
of marked cells by the total number of cells for each individual well plate.
Experiments were duplicated in two different days under the same conditions
and each condition repeated three times within each day.
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Fig. 3.12 A) Percentage of ﬂuorescent cells for diﬀerent electric ﬁelds as the number of cells
marked with FD20S with respect to the total number of cells in each individual well. B)
Viability results for the same electric ﬁelds in (A) 24 hours after application of treatment.
Percentage was calculated as the number of attached cells divided by number of cells in
control.

As expected, an increase in the electric field intensity applied led to an increase in the percentage of electroporated cells. For the best case 60% of cells
on average were permeabilized. Fig. b shows the number of viable cells after 24
hours of the electroporation procedure. The percentage of viability was calculated dividing the number of attached cells for each condition by the number of
cells in control. Also as expected, viability decreased when electric fields were
increased. For the lowest condition about 65% of cells remained viable after 24
hours.
The present results indicate effective electroporation of adhered C2C12 cell
line as stated by the uptake of FD20S into the cells cytoplasm using the im-
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proved prototype presented above. Additionally, the modification of the initial
design resulted in a considerable decrease in the electric current injected to
obtain reversible permeabilization what also resulted in the possibility of increasing the duration of pulses avoiding electrolytic reactions.
The electrode assembly was applied in the successful electroporation of adherent cell monolayers with minimal invasiveness of the device. The treatment
was applied directly to standard multiwell plates where cells had been initially
grown avoiding additional stress to the cell culture by trypsinization or other
post treatment steps. Although the reduction in manipulation of adherent cells
should be translated in an increased viability comparing with other systems, our
results still show excessive cell death. Even for the lowest electric field, viability
is poor if compared with the extent of permeabilization for that condition. On
the contrary, good results were observed in control cells where the microelectrode assembly was placed but no electric pulses were applied suggesting that
indeed no mechanical damage or cytotoxicity were caused to the cell monolayer.

3.5

Conclusions

In this study we tested a new electrode assembly design, based on the principle of in situ electroporation of adherent cell monolayers growing in standard
multi-well plates. First we demonstrated the ability of the design for performing
electroporation in cultured cell monolayers. We achieved effective electroporation using this set of microelectrodes with the advantage of making use of low
voltages due to the small distances between adjacent lines. We also validated
the concept of the use of micro-separations between the electrodes and the bottom surface of the growing plates providing a significant advantage: avoiding
contact with the cell monolayer, thus causing minimal stress to the cell culture.
Furthermore, in situ treatment of cells simplified the process and saved several
harvesting and processing steps, usually necessary in traditional systems, what
may contribute to improve the yield of the process.
First, the initial device was successful in introducing FD20S into two different cell lines. The success in the electroporation of C2C12 cell line, usually
resistant to chemical gene transfer methods suggests that it may be valuable to
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deliver other macromolecules such as drugs, DNA or antibodies. Additionally,
as collateral effect, we observed cell electrofusion in HEK 293 cell line, thus
making this device also useful to induce cell fusion.
Subsequent to some observations made in the initial design, some modifications in the fabrication process of the electrode assembly were proposed. The
aim of this new prototype was to improve the electric current distribution and
to concentrate the electric current flux in the region of interest, thus reducing
the total electric current injected by the pulse generator. A second set of experiments was performed with this improved prototype using C2C12 cell line. We
also demonstrated the successful performance of the new design and the advantages with the respect to the initial prototype in terms of current reduction and
consequently enabling the increase of pulse duration if required. All the results
shown herein are just a summary of the multiple experiments performed for the
optimization of both devices.
When compared to the available commercial electroporation equipment, this
device has the advantages of simpler cell culturing and preparation processes
mainly due to the use of standard culturing plates. Additionally, the cheap
technology used in the fabrication of the electrodes and the low voltages needed
implies a significant reduction in costs both of the electrodes and the pulse
generator. Once the initial concept has been demonstrated to be feasible, the
system should be tested for the introduction of active molecules such as DNA
plasmids, siRNAs, proteins or others, and the number of cell lines should be
extended.
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4

A new spiral microelectrode assembly
for electroporation and impedance
measurements of adherent cell
monolayers
Abstract
In this chapter, a new spiral microelectrode topology following the same concept
than in the previous chapter, is presented. The new structure is optimized for improved electric field distribution and specially conceived to perform electrical impedance spectroscopy measurements of the state of cell monolayers during electroporation.
The system is tested in four cell lines (CHO, HEK293, 3T3-L1 and FTO2B) with a
fluorescent dye (FITC 20 kDa). Subsequently gene electrotransfer is assayed with
plasmid DNA encoding GFP. Additionally, siRNA α-GFP transfection is tested only
in GFP gene-expressing CHO cells. Molecule delivery results show considerable differences between permeabilization (FITC 20 kDa) and gene transfer rates as well as
cell line dependence on gene expression. Successful siRNA electro-mediated delivery is
shown for CHO cells. Impedance measurements are shown for CHO and 3T3-L1 cells
and relate impedance and electroporation. The results shown in this chapter derived
in journal paper publication (see Appendix C).
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4.1

Introduction

As explained in detail in 2.1.4, one of the main applications of electroporation is
the introduction of genetic material into cells. Due to the previously highlighted
advantages with respect to other alternative methods, gene electrotransfer has
attracted the interest of many researchers and its use is nowadays an established
protocol in many laboratories. Nevertheless, gene electrotransfer in vitro is
usually applied to cells in suspension, however, as stated in the previous chapter,
the application of electroporation to adhered cells has significant advantages in
many studies. This is the case, for instance, of transfection of differentiated
muscle cells which are, similarly to the majority of postmitotic cells, refractory
to standard protocols for gene transfer [1]. In addition, the transfection of
stem cells during differentiation is commonly used in many studies [2] and the
possibility of enabling in situ gene transfer of these cells is also valuable.
Along this chapter, a new microelectrode topology following the same concept
of performing electropermeabilization in situ to cells growing in standard culture
plates is presented. The goal of this study is to test the suitability of the
device to be applied in the electric field-mediated gene transfer of adherent
cell monolayers in standard conditions. The presented device is tested in the
electroporation-mediated uptake of various molecules in four different cell lines
(CHO, HEK293, 3T3-L1 and FTO2B). As a initial step to test the system
for cell permeabilization, fluorescent dye (FITC 20 kDa) is used. Once the
parameters for successful electroporation are found, the system is applied in
the gene electrotransfer treatment of the four cell lines with a plasmid DNA
encoding GFP. Finally, siRNA α-GFP electrotransfection is tested only in GFP
gene-expressing CHO cells.
One important improvement of the new spiral topology, comparing to the previous design, is the more uniform electric current distribution over the treated
surface. However, the main feature of the new microelectrode design is the
optimized topology to perform electrical impedance measurements of the cell
monolayer under treatment using a four-electrode method. Similar to the assemblies presented in the previous chapter, the use of patterned microseparators
allows to perform these measurements without direct contact between the mi-
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croelectrodes and the cells. The non-contact concept together with the fact
that EIS is a label-free technique, enable to acquire information from the cell
monolayer under the electrodes prior, during or after electroporation using a
minimally invasive method. As explained in 2, measurements of the electrical properties of membrane during pulse application have been used to detect
the changes produced in the cell membrane. In this regard, electrical impedance spectroscopy (EIS) is a feasible tool for online label-free monitoring of the
electroporation process [3, 4].
Due to the expertise of the research group in the field of EIS measurements
on biological tissues, the technique is now applied to study cell electropermeabilization with the aim of contributing in the improvement of the available
methods to monitor the state of cell membranes during treatment. The starting point is that monitoring the evolution of the complete impedance spectrum
has the advantage of providing additional information about the different events
that may occur during electroporation. In this chapter, we test the suitability
of the new design to perform EIS during the interval between pulses in order
to study how parameters such as electric field amplitude or pulse number affect
the state of cell membranes.

Chapter 4

80

4.2
4.2.1

Materials and Methods
Microelectrode assembly

In accordance with the concept of performing electroporation to adherent cell
monolayers cultured in standard multiwell plates already exposed in the previous chapter, a new topology of microelectrodes is presented. The electrode
assembly consists of six equally spaced lines coiled in parallel to form six spirals
around the center of a circular disc. The same technique described in section
3.3.1.2B (improved prototype) is used to fabricate this topology. Also the same
positioning principle above the cell monolayer is used with this new assembly
(Fig.4.1A). The actual active area of this microelectrode assembly, i.e. the area
covered by electrodes, is 70 % of the total surface of a 24 multiwell culture plate.
The six spiral lines that make up the new structure have almost equal length;
this property implies that the volume of medium between adjacent lines is also
the same. An uncoiled version of the structure corresponds to six straight
parallel lines with equal length. During application of electroporation pulses,
each of these six lines is connected alternatively to positive or negative terminals
of the pulse generator. The equivalent circuit of the new structure represented is
composed of the parallel association of five identical resistances (see Fig 4.1C).
This characteristic leads to a uniform electric current distribution along all these
lines if a fixed current (see section 3.3.2) is imposed on the terminals of the pulse
generator. This improved electric field distribution compared to the previous
setup is the first advantage of the new microelectrode assembly presented.
The other key distinctive feature of the new microelectrode structure is that it
is specially conceived to perform electrical impedance measurements on the cell
monolayer during electroporation procedure with a four-electrode configuration.
The interest of measuring the impedance variations during pulse application relays on the need of developing non-invasive, label-free techniques capable of
monitoring the pore formation and resealing during electroporation. These can
be useful for the real-time control and optimization of the experimental conditions for each specific treatment [5]. Tetrapolar measuring strategies have been
demonstrated to be more suitable for living cell measurements [6] in comparison
to classical two wire methods as explained in 2.2.3.3. In Fig. 4.1B a schematic
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representation of connections is shown both for electroporation and impedance
measurements. In this case we use a modified arrangement of a four-electrode
measuring configuration by duplicating potential measurement terminals High

Fig. 4.1 A) Photograph of the real microelectrode assembly showing the spiral geometry, details of the 10 µm microseparators and a schematic representation of the application concept.
B) Schematic representation of the spiral topology with details on the diﬀerent connection
conﬁgurations. C) Equivalent parallel association of the six lines conforming the spiral topology.

Chapter 4

82

Potential (HP) and Low Potential (LP). This modification, together with the
use of the spiral geometry, allows to perform impedance measurements over the
whole area of cells covered by the microelectrode assembly during electroporation. This characteristic supplies averaged information on the whole sample
under treatment and not only local changes.

4.2.2

Sensitivity study

Sensitivity parameter, referred to electrical impedance, provides information
about the contribution of each infinitesimal volume of the sample under test
to the total measured impedance. It is considered for simplification that the
electrical properties throughout the sample are uniform [7, 8]. Calculations of
sensitivity field distribution are very useful to characterize each specific geometry of electrodes and provide valuable information of the possible errors affecting
the measured values.
Sensitivity is usually calculated by means of finite elements simulations. In
the present case we made use of commercial software COMSOL Multiphysics
v4.2. Sensitivity parameter was evaluated following a two-steps study within
the AC/DC module as described below:
1. Step 1: Compute the current density vector J1 created when a current I
is injected between the HC and LC terminal electrodes.
2. Step 2: Compute the current density vector J2 created when a current I
is injected between the HP and LP terminal electrodes.
Once we obtained these values sensitivity was calculated as:

S

=

J1 · J2
I2

(4.1)

The vector dot product of these two variables can result in positive, negative
or null values depending on the magnitude and angle. A positive value of the
sensitivity is interpreted as a region where an increase in the conductivity is
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translated in a decrease in the impedance measured. On the opposite, negative
value regions contribute inversely, i.e. an increase in the conductivity results in
an increase in the impedance measured.
In Fig. 4.2 the simplified geometry simulated corresponding to a part of a
2D sectional cut of the spiral is depicted. In the detailed view of the simulated
structure, the materials used for simulation are indicated. On the bottom, a
zoom of the surface plot for the obtained sensitivity distribution is shown. The
numerical values of the simulation should not be taken into consideration as they
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Low conductive buffer (1.6 mS/cm)

Sensitivity Distribution (surface)

Fig. 4.2 Geometry used in the sensitivity simulations (upper insert). Zoom of the resulting
surface plot showing the sensitivity distribution (lower insert).
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are not intended to be realistic given the fact that it is a 2D simplification. The
information of the resulting distribution should be extracted from the color scale
where the reader can have an idea on how the sensitivity varies in the geometry.
In Fig. 4.3 sensitivity values are plotted along a line separated 10 µm from
the electrodes surface. From this plot it can be concluded that sensitivity is significantly higher in the areas located between voltage detection electrodes (HP
and LP). In the zoom view it can be observed that negative values are generated
between voltage and current injection electrodes although the absolute value of
these negative sensitivity areas is considerably lower than the positive values.

Sensitivity
Sensitivity

This sensitivity study supports the idea that the new microelectrode arrangement is suitable for extracting correct impedance information from the sample

0

1000

2000

3000

4000
Distance in µm

5000

6000

7000

8000

Sensitivity

0

0

6300

6400

6500

6600

6700

6800

6900

7000

7100

7200

7300

Fig. 4.3 Calculated sensitivity distribution along a line 10 µm away from the surface of the
electrodes (red line in the upper insert).
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under test with negligible errors due to negative sensitivity areas. According
to the simplification performed in the simulation, we can conclude that the
region with a high positive sensitivity, meaning the area from which the impedance variations will have a great impact in the total measured impedance,
in comparison with the total area simulated, corresponds to 33% of the total
surface.

4.2.3

Electric Field Simulations

In order to evaluate the electric field created by the electrode assembly, finite
element simulations are performed with commercial software COMSOL Multiphysics 4.2a using the AC/DC module. A geometrically exact 3D model of the
structure is simulated by setting boundary conditions alternatively as a ground
or fixed voltage terminal (30 V) for each consecutive line. Conductivity of the
simulated electroporation buffer is set to 1.6 mS/cm. In Fig. 4.4, the electric
field intensity in V/cm is plotted in a parallel plane 8 µm away from the surface
of the microelectrodes showing the overall distribution of electric field in the
structure. Due to the cylindrical symmetry of the spiral structure, the electric field created has a wide distribution of directions. This fact, together with
the distribution of shapes and orientations of a cell monolayer, can lead us to
the assumption that an averaged uniform effect is created in the electroporated
monolayer. As previously remarked, this implies an important advantage of the
new design.
In order to show the local electric field, a 2D simplification of a cross section
of the structure is also simulated similarly to the 3D case (Fig. 4.5). Also a plot
of the electric field along a line separated 8 µm of the surface of the electrodes
is shown. As observed, high electric field uniformity is achieved in the 150 µm
space between lines (5,5% of variation). In the 2D simulation we can also have
an estimate of the reduction in the electric field intensity from the surface of
electrodes to the local electric field seen by cell membranes. This reduction is
approximately 6.5% in the middle of the gap between electrodes.
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Fig. 4.4 COMSOL simulation of a 3D exact model, electric ﬁeld intensity (V/cm) is plotted
in a parallel plane 8 µm away from the surface of the electrodes. Zoom on a part of the
electrode is shown.

4.2.4

Electrical impedance spectroscopy
measurements

Given the fact that the same microelectrode structure can be used both for
electroporation and measurements, this system enables to obtain impedance
information during pulse application. Specifically, in this study it is possible to
perform EIS measurements during the interpulse interval of an electroporation
treatment. This is valuable to study the evolution of the membrane poration
pulse after pulse and not only before and after treatment.
To perform the electrical bioimpedance spectroscopy measurements we use
a (periodic) multisine excitation as the reference signal based on the recent
findings of the research group where this thesis has been developed [9]. The
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Fig. 4.5 Upper part: 2D simpliﬁcation of a cross section of the geometry showing electric
ﬁeld intensity (V/cm) in colour, electric ﬁeld contour lines. Lower part: a plot of the electric
ﬁeld values along a line separated 8 µm of the surface of the electrodes.

multisine burst includes 21 frequencies bilaterally quasi-logarithmically (BQL)
distributed from 5 kHz to 1.313 MHz. As explained in 2.2.3.2 the time-domain
signals can be optimized for a better performance of the measuring system. In
the present case, the BQL distribution is designed on the basis of three key
points: i) to concentrate a higher number of frequencies around the impedance
relaxation of the biological sample under test, ii) to minimize the intermodulation products at the selected frequencies increasing the Signal to Noise Ratio
(SNR) at those frequencies and iii) to minimize the injected energy to the system. In order to minimize the Crest Factor (CF) of the signal, the optimal phase
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angles are obtained with a genetic algorithm in Matlab. The obtained CF for
the present signal is 2,7 [10]. The total measuring time for each multisine burst
is 2 ms (generation and acquisition) and the total number of spectra acquired
immediately after each pulse is 20 for averaging.
The measurement system is built in a NI PXIe-1062Q chassis from National
Instruments. The system includes an embedded dualcore controller PXIe-8130.
The reference signal is generated with the NI PXIe-5122 arbitrary waveform generator (200 MS/s, 16-bit), voltage and current response are acquired, filtered
with anti-Alias filters (1,5 MHz) and digitized at 20MHz sample rate with a
two-channel high-speed digitizer card PXIe-5122 (100 MS/s, 14-bit). A custom
built analog front-end is used to interface the microelectrodes and the measurement hardware. Namely, the measuring reference signal is injected to the
sample through a precision resistor (1 kOhm). The voltage sensing terminals
are buffered with two high input impedance wideband operational amplifiers
(AD8066), and the difference between them is then amplified with a differential line receiver (MAX4145). Current is measured after conversion to voltage
through a transimpedance amplifier based on operational amplifier AD8066.
The front-end stage has a bandwidth greater than 20 MHz with a CMRR above
60 dB up to 10 MHz. Additionally, the NI PXI-2530 high-density multiconfiguration multiplexer/matrix is used for commutation between electroporation
and measurement connections after each pulse. Finally, the pulse generator described in section 3.3.2 is also programmed and syncronized with the measurement equipment, all together controlled by a software developed in LabView.

4.2.5

Cell culture

The FTO2B rat hepatoma and the HEK 293 human embryonic kidney cell lines
are cultured as a monolayer in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10 % fetal bovine serum (FBS) and 1 % penicillin, streptomycin and fungizone (PSF). The Chinese hamster ovary (CHO) cell line is
cultured in DMEM/Ham’s F12 with glutamine medium (PAA: The Cell Culture Company) supplemented with 10 % FBS and 1 % PSF. The Mouse 3T3-L1
pre-adipocytes are cultured in DMEM supplemented with 10 % FBS, 1 % PSF
and 25 mM Hepes.
All cell lines are plated in 24-multiwell plates at different cell concentrations.
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The CHO and FTO2B cell lines are plated at 7 x 104 cells/well, the HEK
293 cell line at 9 x 104 cells/well, and finally the 3T3-L1 cell line at 4.5 x 104
cells/well. Plates are cultured at 37 ◦ C in a humidified 5 % CO4 incubator for
approximately 24 h to reach 50–60 % confluence.

4.2.6

Chemicals, gene constructs and recombinant adenoviruses

Two different low-conductivity electroporation buffers are used in the experiments. A low-conductivity electroporation buffer I (LCEB-I) is used with CHO
and FTO2B cell lines. The LCEB-I consisted of 10 mM Na2 HPO4 (pH 7.4),
1 mM MgCl2 and 250 mM sucrose [11]. Conductivity was 1.6 mS/cm. The
second buffer is a low-conductivity electroporation buffer II (LCEB-II) and its
composition is: 300 mM sorbitol, 4.2 mM KH2PO4 , 10.8 mM K2 HPO4 , 1 mM
MgCl2 , and 2 mM HEPES, pH 7.20 [12]. The LCEB-II is used with HEK 293
and 3T3-L1 cell lines. Conductivity is 4.35 mS/cm.
The conductivity of the electroporation buffers is measured experimentally
using a conductimeter GLP32 (Crison, Barcelona-Spain) after calibration with
two different conductivity patterns following the instructions provided by the
manufacturer.
For experiments using fluorescein isothiocyanate (FITC)-dextran average
molecular weight 20000 Da (FD20S) with approximate Stokes’ radii of 33 Å,
2.5 mg/ml FD20S (Sigma-Aldrich, Madrid, Spain) is added to the LCEB-I or
LCEB-II buffers. Plasmid electrotransfection experiments are performed by
adding pEGFP-N1 [13] at 10 µg/ml to the corresponding buffer. This amount
of DNA has low toxicity in accordance with data reported by other authors
[14]. For the polycation transfection experiments, pEGFP-N1 is transfected at
a final concentration of 0.5 µg/ml using Genejuice (Merck Millipore) following the manufacturer’s guidelines. Finally, for siRNA knockdown experiments,
CHO cells are transduced, 24 h after seeding, with an adenovirus expressing
the enhanced green fluorescent protein (EGFP) under the control of the CMV
promoter at a multiplicity of infection (MOI) of 1 for 2 h. siRNA α-GFP (Ambion, Life Technologies) is added to LCEB-I at a final concentration of 2 µg/ml
30 min after transduction.
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4.2.7

Experimental Procedure

The electrode assembly is sterilized with a 70 % ethanol solution, rinsed with
sterile distilled water and finally immersed in the corresponding electroporation
buffer before use. 200 µl of LCEB-I or LCEB-II supplemented with FD20S,
pEGFP-N1 or siRNA α-GFP are added to each well 5 min before the application of electric pulses. Multiwell plates are immediately placed in the automatic
positioning system responsible for sequentially placing the electrode assembly
above the cell monolayer of each individual well. The configuration is conducted through a software interface front panel where experimental conditions
can be configured. The electric field pulse delivery is performed by a biphasic
stimulator configured as a fixed current source. Eight biphasic pulses, with a
duration of 1 ms, time separation between the positive and negative parts of
the pulse of 100 µs and frequency repetition of 1 Hz are applied with different
current intensities to generate voltage-to-distance ratios 0.8, 1, 1.2, 1.6, 1.8 and
2 kV/cm on the surface of the microelectrodes. These values are calculated as
the voltage drop measured in the first pulse applied with a digital oscilloscope
(TDS3024B; Tektronix) connected in parallel with the terminals of the biphasic stimulator divided by the distance between adjacent microelectrodes (150
µm). It is important to point out that the actual electric field intensity affecting cell membranes is lowered due to the distance between electrodes and cells
(see section 4.2.3). No electric pulses are applied in the control cells, although
the electrode is positioned above the cell monolayer for an equivalent period of
time. All experiments are performed at room temperature (20 ± 2 ◦ C).
In FD20S experiments, after the electroporation procedure, cells are incubated for a 30-min period in the incubator for cell recovery. After this period,
the electroporation buffer is removed and the cells are rinsed twice with PBS; the
cells are then incubated with a fresh culture medium for 2 h to allow complete
membrane resealing before assessing the results. The cells are then examined
under a Leica (Wetzlar, Germany) DMI 4000B inverted microscope for fluorescence to detect FD20S, which has an excitation wavelength of 485 nm and
emission at 510 nm. Images are taken with a digital camera (Leica DFC 300x,
10x magnification).
In plasmid DNA or siRNA electroporation experiments, 1 ml of corresponding fresh culture medium is added to the 200 µl of LCEB 10 min after further
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incubation of the electroporation and cells for 24 h before gene expression is
studied.
For EIS measurements, the cells are cultured as previously described. Before
pulse application, cells are incubated for 5 minutes with LCE I or II (depending
on the cell line) at room temperature for stabilization; the microelectrode assembly is also positioned above the cell monolayer for 1 minute before initiating
the measurements. Impedance spectra are measured immediately before the
first electric field pulse and also between consecutive pulses. Eight electric field
pulses are applied with 1ms duration, 1 Hz frequency repetition, and voltage to
distance ratio of 200, 600, 1000 and 1400 V/cm.

4.2.8

Cell viability assay

Independent experiments are performed to assess cell viability using the corresponding electroporation buffer without any additional molecule being added
(FDS20 or pEGFP-N). Adherent cells that remain attached after 24 hours of
electroporation treatment are considered viable. Briefly, 200 µl of LCEB I or II,
depending on the cell line, are added to each well containing the adherent cells,
and electroporation is performed in conditions equivalent to those in the corresponding plasmid transfection experiment. 200 µl/well of 4% formaldehyde
are added twenty-four hours after the electroporation treatment. Following a
10 min incubation period at room temperature, the fixative solution is removed
and the cells are rinsed twice with phosphate-buffered saline (PBS). Fixation is
performed due to spontaneous cell detachment that occurs during subsequent
cell staining and washing. Afterwards, cells are stained with Hoechst 1 µg/ml
for 10 min in agitation. The cells are then washed with PBS for 10 min in
agitation, and finally culture media are completely aspirated. Once dried, the
cells are examined under a Leica (Wetzlar, Germany) DMI 4000B inverted microscope for fluorescence.
Cell viability is determined by counting the adherent cells stained with Hoechst
that remain on the plate; and the percentage of viable cells is calculated with
respect to the cells present in controls in which no electric pulses are applied.
ImageJ automatic nucleus counter within the particle analysis plugin is used to
process the images.

Chapter 4

92

4.2.9

Flow cytometry

Flow cytometry is used to provide a rapid, sensitive and accurate assessment of
fluorescent cells, thereby obviating cell counting under a microscope. The technique has the advantage of objectively and automatically measuring fluorescent
cells, thus eliminating cell debris and aggregates from the final median values.
Cells in 24-multiwell plates are trypsinized for about 5 min. Thereafter
trypsinization is stopped with medium containing FBS. To achieve the necessary number of cells to be detected by flow cytometry, the cells present in
three wells are pooled for each condition. Cells in suspension are centrifuged at
1500 rpm for 5 min and pellets are resuspended in 0.5 ml of the corresponding
culture medium. Experiments are carried out using a Cytomics FC500 MPL
flow cytometer (Beckman Coulter, Inc, Fullerton, CA). Excitation of the sample
is performed using a 488 nm air-cooled argon-ion laser at 15 mW power. The
instrument is set up with the standard configuration: forward scatter (FS), side
scatter (SS), and green (525 nm) fluorescence for GFP. Fluorescence is collected
in logarithmic scale. Optical alignment is checked using 10 nm fluorescent beads
(Flow-Checkfluorospheres, Beckman Coulter). The cell population is selected
by gating in a FS vs. SS dot plot, excluding aggregates and cell debris. Results
are presented as % of green fluorescent cells versus the total number of cells.

4.2.10

RNA extraction, reverse transcription, and realtime PCR

In order to perform siRNA experiments, total RNA is extracted from CHO cells
cultured in 24-multiwell plates using the RNeasy minikit (Qiagen, Valencia,
CA, USA), and cell extracts are homogenized using a Polytron (Kynematica
Polytron, Westbury, NY). The cells present in four wells are pooled for each
condition. Total RNA (0.5 µg) is retro-transcribed (RT) with TaqMan reverse
transcription reagents from Applied Biosystems (Branchburg, NY, USA) using
random hexamers. Real-time PCR is performed using the ROCHE sequence detection system with the TaqMan universal PCR master mix and probes (Applied
Biosystems) for EGFP gene. The 18S rRNA gene is used as the endogenous
control to normalize the threshold cycle (CT). Fold change is estimated by the
2−∆∆CT method [15].
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Results and Discussion
Cell permeabilization

The main objective of this chapter was to present the new electrode assembly
and to test its usefulness for the electroporation-mediated introduction of different molecules to cell monolayers. Also to test the suitability for performing
EIS measurements of the cell monolayer during electroporation.
The first step is to test its performance for cell permeabilization using a fluorescent dye with a small molecular size if compared with that of a standard
plasmid DNA. Particularly, we use FITC-dextran, average molecular weight
20000 Da (FD20S). The use of this type of fluorescent probe is able to provide
direct information about the extent of membrane permeabilization, i.e. “pores”
created during electroporation, and it is useful for acquiring a preliminary idea
of the ability of cell permeabilization of the system. Active molecules such as
plasmid DNA, for example, require additional and complex cellular mechanisms
to be activated in order to assess the effectiveness of the treatment [16] and long
optimization procedures are usually needed to increase the transfection rates.
For this reason, the efficiency of permeabilization and the electrotransfection
results are not directly related, as already shown by previous authors [17]. Nevertheless, we believe that some prior information on the system performance to
be useful before testing the system on plasmid DNA electrotransfer.
Fig. 4.6 shows representative micrographs of FD20s uptake in each of the
four cell lines used in subsequent electrotransfection experiments for the best
condition. A range of different electric field intensities is tested, while the
other electric field parameters remained fixed as described in Materials and
Methods, section 4.2.7. We consider the best conditions to be the combination
of electric field parameters leading to a significant extent of permeabilization
preserving acceptable levels of cell viability. CHO cells are subjected to 1600
V/cm; HEK293 to 1600 V/cm, FTO2B to 1800 V/cm, and 3T3L1 to 1400
V/cm. The remaining constant parameters are 8 pulses, 1 ms duration and
1 Hz frequency repetition. These results confirm the suitability of the device
for performing electroporation of diverse adherent cell monolayers grown in
standard multi-well culture plates.
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Fig. 4.6 Representative micrographs for the best condition of FD20s uptake in electropermeabilized tested cell lines. CHO cells are subjected to 1600 V/cm voltage to distance ratio;
HEK293 to 1600 V/cm, FTO2B to 1800 V/cm, and 3T3L1 to 1400 V/cm. The remaining constant parameters were 8 pulses, 1 ms duration and 1 Hz frequency repetition. 10x
magniﬁcation.

4.3.2

Plasmid electrotransfer and cell viability

Experiments are next conducted using plasmid pEGFP-N1 to be transferred
by electroporation. The parameters used in these experiments are similar to
the ones chosen for permeabilization tests, none additional optimization is performed to increase transfection rates as the goal of this part of the study is
to show the ability of the system to be used in the electroporation-mediated
introduction of active molecules to cell monolayers such as plasmid DNA’s. In
order to obtain the suitable conditions for optimal transfection rates not only
pulse parameters should be optimized but also incubation times, temperature,
confluence of monolayers, concentration of plasmid, etc..
In parallel with electrotransfection experiments, viability assays reproducing
the same conditions are also performed. Additionally, as a standard method
for comparison, polycation mediated transfection is assayed in all of the four
cell lines with the same plasmid pEGFP-N1. As indicated in section 4.2.1 the
active area of electrodes is 70 % of the total growing surface in each culture
plate. For this reason, and in order to draw a realistic comparison between
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the polycation transfection method affecting 100 % of cells and electroporation,
results obtained with the chemical method are normalized by a factor of 0.7.

Fig. 4.7 Flow cytometry dot plots for an electroporated sample and a negative control. Left:
FS vs. SS plot for gating the cell population to analyze. Right: FL1 vs FL2 plot gating the
cells showing green ﬂuorescence.

Both cell transfection and viability are assessed twenty-four hours after completion of the experiments. EGFP gene expression is assessed by using flow
cytometry, while data are presented as percentages of the cells showing green
fluorescence with respect to the total cell population remaining viable after 24
h. Fig. 4.7 depicts an example of flow cytometry results analized (control VS
treated cells). The cell population is selected by gating in a FS vs. SS dot plot,
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excluding aggregates and cell debris.Subsequently, the gated population is plotted in a FL1 vs FL2 plot. FL1 corresponding with EGFP fluorescence and FL2
related with the autofluorescence of cells. % of transfection is obtained setting
a gate for this second plot. Results in Fig. 4.8 show, for each analyzed cell
line, EGFP expression levels corresponding to four different electric field intensities within the range tested, and also for polycation-based transfection. Cell
viability is assessed by analyzing the percentage of cells stained with Hoechst
for each condition against controls where no electric pulses are applied. The
corresponding viability for each electric field level is also shown in Fig. 4.8.
For the interpretation of the results, we categorize cells into two groups. The
first group is composed of CHO and HEK 293 cells that can be considered as
easy to transfect cell lines. CHO cells in suspension have been extensively used
in previous electrotransfection studies, showing consistently good results [18,
19]. Nevertheless, when electroporation is applied directly to plated CHO cells,
efficiency outputs are considerably reduced [11]. In our case, for the highest
electric field tested, up to 10 % of gene transfection efficiency in CHO cells is
observed, which is higher than that obtained with the standard polycationic
chemical method used (around 7 %). Cell viability above 50 % is preserved
even for the highest electric field tested. The HEK 293 cell line is also known
for its feasibility for DNA plasmid transfection with varied chemical agents. A
maximum of 16.5 % of plasmid transfection efficiency is obtained, concomitant
to cell viability around 80 %, when the highest electric field shown is applied.
Results with higher electric fields are not shown because cell fusion is extensively
observed in this cell line. The reason for the observed fusion lies in the fact that
in this cell line cells grow creating contacts between them even for low confluence
cell density. In HEK 293 cells, polycationic transfection shows better results
than electrotransfection, achieving up to 26 % of transfection efficiency.
In the second group, consisting of hard to transfect cell lines, we include 3T3
and FTO2B cells, both of which are usually transfected using viral vectors due
to their inability to successfully respond to other transfection methods [20, 21].
In accordance with this notion, no detectable gene expression using polycationic
transfection is achieved in either of these two cells lines. Nevertheless, positive
results are obtained with the use of elecroporation. Almost 3 % of cells express
EGFP in the 3T3-L1 cell line, while more than 6 % do so in the case of FTO2B
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Fig. 4.8 Left:Transfection eﬃciency, electroporation treatment (dark bars), polycation transfection (white bars). Rigth: Cell viability results for the same electric ﬁelds of electrotransfection experiments. Results from a minimum of 3 diﬀerent experiments are pooled together and
are presented as means ± SD. Please note that the scale in transfection results are diﬀerent for
each cell line. Signiﬁcance of diﬀerences of unpaired Student’s t test for transfection eﬃciency
of each electric ﬁeld condition versus control (no electroporation) and also for polycation
transfection versus control (no treatment): ∗p<0.001, ‡ p<0.05.
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cells. In both cases, cell viability remains above 60 % for the highest electric field
condition tested. These results indicate how in situ electroporation of adherent
cell monolayers may provide an option where other transfection methods show
only limited effectiveness.
Our overall gene expression results using electrotransfection could be considered low when compared with other electroporation strategies. First, the reader
should take into account, as previously pointed, the fact that none optimization
was performed. In this study, based on previous experiences, we fix all parameters except electric field intensity. However, it is necessary to point out that the
influence of other parameters may be decisive for improving transfection rates,
as shown recently in [22, 23].
Additionally, and specifically for the given setup, some factors should be
taken into account in order to explain these findings. The first consideration is
the state of adherence of cells at the moment of pulse application. As already
mentioned, some studies demonstrate that gene electrotransfection efficiency
is lower in plated cells when compared with cells in suspension exposed to
equivalent treatments [11]. This observation may be explained by the different
distribution in sizes and shapes of adherent cells and how it affects the induced
transmembrane voltage (ITV), while differences in the cellular cytoskeleton may
also account for reduced performance.
Given the fact that in our system, the space between the electrodes and
the cell monolayer at the moment of pulse application is very small (10 µm),
the geometry of the system may also provide some explanation. In this small
space, the volume of electroporation buffer supplemented with pEGFP-N1 is
also small, so the number of molecules of plasmid available in the vicinity of cell
membranes is relatively low. In addition, diverse studies have demonstrated
that an essential step for a successful transfection is DNA/membrane interaction during application of pulses, followed by translocation of plasmid after
the electric field ceases [16, 24]. The substantial differences observed between
FD20S experiments, where high permeabilization rates are obtained, and plasmid electrotransfection, can be partly explained by the restricted effectiveness
of these processes. Nevertheless, the electrode assembly is positioned above the
cell monolayer immediately before the application of pulses and removed immediately after. For this reason, neither the interaction of DNA molecules with
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cell membranes before pulses, which improves the efficiency of transfection [25],
nor the post pulse molecular kinetics should be highly influenced by the system.
The observations made support the fact that the main mechanism responsible
for DNA insertion during electroporation is the electrophoretic force produced
by electric field pulses [26]. According to [18] the role of electrophoretic DNA
movement is not necessarily determinant on the transfection efficiency of plated
cells if the concentration of plasmid is optimal. Although the concentration
used in the experiments described herein agrees with the optimal concentration
proposed in that paper (10 µg/ml), the reduction in volume for the present case
could imply an increase in the optimal concentration value necessary for this
geometry.

4.3.3

siRNA electrotransfer

siRNA has become an important technology for manipulating cellular phenotypes, understanding gene functions and discovering novel therapeutic targets
[27, 28]. However, owing to their size and high negative charge, siRNA cell
delivery remains problematic [29].
In the light of these delivery problems, we decided to test the utility of
the device in the transfection of EGFP-targeting siRNA. Prior to the siRNA
experiments, a dose-response test with an adenovirus vector expressing EGFP
was performed at different MOI (0.25, 0.5, 1, 2.5, 5) in CHO cells. Using flow
cytometry, we found that the MOI of 1 was the best transduction condition, in
which 39.9 % of CHO cells were positively fluorescent with respect to the total
viable cells as assessed by scatter-gated fluorescence analysis. MOIs higher than
2.5 led to a saturation of the transduction effect with values ranging from 74 % to
87 %. siRNA experiments were then performed in previously transduced CHO
cells using an adenovirus vector expressing EGFP. Shortly after transduction,
cells were incubated with siRNA α-GFP and electroporated according to the
same protocol used in the previous experiments of plasmid DNA transfection.
RNA extraction and quantitative gene expression analyses using real-time PCR
were performed twenty-four hours after treatment. Fig. 4.9 shows relative
EGFP gene expression for two different electric field conditions against a control
where no electric field was applied but siRNA was added. A group of control
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Fig. 4.9 EGFP mRNA levels after siRNA electrotransfection in CHO cells. Cells transduced
with an adenovirus expressing EGFP are electroporated with two diﬀerent electric ﬁeld intensities in the presence of EGFP-targeted siRNAs; no electric ﬁeld is applied to control cells.
Data are the means ± SD of at least four diﬀerent samples. Signiﬁcance of diﬀerences in cells
treated with 1200 V/cm versus control: ∗p < 0.05.

cells in which electric field was applied but siRNA was not added, was also
assayed. No differences were observed between either type of control (data not
shown). After transfection with EGFP-targeted siRNA, EGFP mRNA levels
were reduced by 1.8-fold for 1000 V/cm electric field intensity and 2.7-fold for
1200 V/cm when compared to control cells. The present data are therefore
consistent with the idea that electrotransfection can be a useful siRNA delivery
system.

4.3.4

Electroporation Impedance monitoring

The results of electrical impedance spectroscopy measurements during the electroporation procedure are shown in Fig. 4.10 for CHO cells and Fig. 4.11 for the
3T3-L1 cell line, respectively. For the different electric field intensities tested,
the normalized impedance module spectra evolution can be observed in the upper part of both figures. Normalization is performed in terms of initial measurements corresponding to the pre-pulse state of cell monolayers. Arrow lines show
the direction of the temporal evolution from initial state (pre-electroporation
state), and subsequently pulse after pulse until the final state (8 pulses applied).
Before experiments with cell monolayers, the system was tested with an elec-

4.3 Results and Discussion

101

Fig. 4.10 Impedance spectroscopy measurements in the CHO cell line. Top: Normalized
impedance module spectra evolution during electroporation for diﬀerent voltage to distance
ratios. Arrow lines show the direction of the temporal evolution from the initial state until
the ﬁnal state. Bottom: Percentage of impedance module change for a frequency fk = 5 kHz
after each pulse with respect to the pre-electroporation values.

troporation buffer only, with the purpose of ensuring that results obtained were
a direct reflection of the cellular response. The maximum impedance change
for these measurements in the absence of cells, including that for the highest
electric field tested, was below 2 % (data not shown).
A dose-response relationship between the electric field intensity applied and
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Fig. 4.11 Impedance spectroscopy measurements in the 3T3-L1 cell line. Top: Normalized
impedance module spectra evolution during electroporation for diﬀerent voltage to distance
ratios. Arrow lines show the direction of the temporal evolution from the initial state until
the ﬁnal state. Bottom: Percentage of impedance module change for a frequency fk = 5 kHz
after each pulse with respect to the pre-electroporation values.

the relative impedance change measured can be clearly observed. This is in
accordance with the fact that a higher permeabilized area of cell membrane is
achieved with higher electric fields. One may also observe that impedance module change is significantly higher at low frequencies, as was expected according
to bioimpedance basic theory [30] and also in agreement with predictions made
by theoretical models [31]. As explained in 2.2 low frequency impedance of
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living structures is increased by the presence of cell membranes behaving as
insulators, as frequency increases, impedance decreases describing a dispersion
[32]. When these membranes are permeabilized, low frequency signals are able
to find new current paths, thus decreasing impedance in the range of low frequencies. This was also predicted by theoretical models. At high frequency,
current flows freely across the membranes and no significant change due to electroporation should be observed. This observations will be discussed in detail in
next chapters.
Although impedance change is higher at low frequencies, our explanation
for the observed decrease in impedance at high frequency is that two basic
events affecting the impedance recordings are occurring at the same time; first,
membrane poration, and second, a change in conductivity of the extracellular
medium caused by ion exchange. In the present setup, where the conductivity
of the extracellular buffer is several times lower than the intracellular medium,
the unbalanced concentration of ions may lead to leakage of these ions across
the pores by passive diffusion (Pavlin and Miklavcic, 2008). This may account
for the different magnitude of the relative change observed at low and high frequency, and supports the idea that with the acquisition of complete impedance
spectra, different effects can be separated.
The lower part of Figs. 4.10 and 4.11 shows the percentage of variation of
normalized impedance module with respect to the initial state for the lowest
frequency of 5 kHz after the application of each biphasic pulse. The impedance
variation increases with the increase in electric field intensity in both cell lines.
For the lowest electric field condition, one may observe that a voltage to distance
ratio of 200 V/cm is clearly under the electroporation threshold for CHO cells,
and no significant impedance changes are observed even with pulse repetition.
For the 3T3-L1 cells, the change in the lowest condition is also very small. In
regard to the remaining conditions, the increase in pulse number is also reflected
in an increase of the impedance variation. Nevertheless, the rate of change is
not linear with pulse number. A stabilization in the impedance variation may
be observed, indicative of an asymptotic behavior and revealing the fact that a
saturation effect is produced. In the case of CHO cells, this non-linear evolution
is clearly shown for 1000 and 1400 V/cm, while in the case of 3T3-L1 cells it
is observed in all conditions unless the lowest intensity. In addition, in CHO
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cells, the % of impedance variation clearly differs between the four electric
field intensities along the complete procedure. On the contrary, for 3T3-L1
the differences between the three highest conditions decrease pulse after pulse
until there are not significant at the end of the procedure. This can be explained
because membrane poration saturates before the end of the procedure in 3T3-L1
cell line in accordance with the asymptotic behavior previously described.
These changes may be related with the accumulative creation of stable pores
in the cell membrane that are not able to reseal in the interval between pulses,
which according to (Pavlin and Miklavcic, 2008) are known as long-lived pores.
When the membrane reaches a level of poration, the induction of a transmembrane voltage over the threshold becomes more difficult, which may account for
the saturation effect observed.
The measurements shown in this section correspond to our first study of the
feasibility of the new electrode assembly to monitor impedance changes during
electroporation with the same set of microelectrodes used to apply electric field
pulses, with the particularity that these measurements are performed in situ and
with no contact with cells. From the results shown above, it is demonstrated
that this system is suitable both for performing electroporation and monitoring
the electroporation process. Next chapters will be focused in the detailed study
of the impedance variations of various cell lines during electroporation. In order
to extract information about the dynamics of pore formation, a reduction in
the measuring time of each spectrum will allow us to significantly increase the
number of spectra acquired between pulses .

4.4

Conclusions

Our aim with this study was to continue the development of a system capable of performing electroporation in situ of adherent cells growing in standard
multi-well tissue culture plates with the added value of enabling bioimpedance
measurements during the procedure. A new electrode assembly based on spiral
geometry has been tested in four different adherent cell lines. Permeabilization
experiments using a fluorescent dye were performed as an initial step. Secondly,
plasmid electrotransfer was assayed, and finally siRNA delivery was tested in
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one of the cell lines. Additionally, EIS measurements in two cell lines have been
shown.
Our results indicate the high effectiveness of the system in membrane permeabilization of each of the cell lines tested using FD20S, while low-yielding
but still successful results are obtained when plasmid encoding EGFP is used.
In addition, we found cell line dependence on gene electrotransfection rates.
We also show a reduction of EGFP gene expression after electrotransfection of
siRNA α-GFP into CHO cells. We reveal the advantages of this new spiral electrode design for improving the uniformity of the electroporation treatment, and
also for conducting four electrode electrical impedance measurements during
membrane poration with the same set of microelectrodes. This is demonstrated
by the observed decrease in the impedance module as a response to the electric
field application, suggesting the creation of new paths for electric current in the
cell membranes.
As revealed in some other studies, transfection yields obtained in adherent
cells are lower than those in suspended cells. Nevertheless, in many cases it is
still desirable to perform electroporation to plated cells, because it is mandatory
to preserve other cellular properties typical of cell monolayers. Further effort
should be focused on addressing the key differences leading to different transfection rates and on finding a compromise between electroporation in suspension
or in plated cells. In order to increase the transfection rates obtained further
optimization should include not only working within a range of different electric
field intensities, but also testing other electric field parameters (pulse duration,
frequency, number of pulses, polarity, etc.), different buffer compositions, cell
densities and so on. Nonetheless, this work demonstrates the applicability of
our system in a standard laboratory scenario as a new approach of applying
electroporation using a low cost disposable device.
Regarding the monitoring of the electroporation process by means of EIS
measurements, in the present chapter only a brief viability study has been conducted. Once the concept has been validated, the goal is the optimization of the
measuring system to increase the time resolution in order to acquire information about the dynamical phenomena that occur in the cell membranes during
electroporation. This will be shown in the following part of this thesis.
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5

Interpulse multifrequency electrical
impedance measurements during
electroporation of adherent
differentiated myotubes
Abstract
In this chapter the advantages of the microelectrodes presented in Chapter 4 to perform EIS measurements on adherent cells during electroporation are fully exploited.
The time resolution of the proposed measuring system (1 spectrum/ms) enables to
acquire 860 spectra during the window between pulses of a classical electroporation
treatment (8 pulses, 100 µs, 1 Hz). The experiments are performed in monolayers
of differentiated myotubes. The information acquired, analyzed with the Cole model,
reveals two different membrane dynamics in agreement with the existence of two populations of pores. The time constants of the short-lived pores dynamics show differences
depending on the electric field intensity. Thanks to the EIS information, the system
is able to also measure the collateral conductivity variations due to ion diffusion during electroporation. Finally, in order to reinforce the physical interpretation of the
results, an electrical equivalent model is proposed. These results have been submitted
in December 2014 for publication to the journal Biolelectrochemistry.
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5.1

Introduction

The accumulated experimental evidence about electroporation have lead to the
deep understanding of the effects of different parameters on the efficacy of the
treatments. However, as previously explained, from a molecular point of view,
there is no a definitive explanation of the underlying mechanisms that govern
the structural changes in the membrane during electroporation (refer to 2.1.2.2).
Also, has previously pointed out in section 2.1.3, different approaches have
been proposed to study the fast dynamical behavior of cell membranes during
electroporation. Some of changes occur within the range of milliseconds [1],
consequently a measuring system with at least a time resolution in the order of
milliseconds is necessary.
In the present study, a multisine-based approach is used to measure the
membrane changes due to cell electropermeabilization. As a consequence of the
work recently developed in the group in the direction of dynamic impedance
monitoring [2], this measuring approach is able to perform complete impedance
spectra within 1 millisecond. After the integration of this method with the
system described in chapter 4, the setup presented along this chapter is able
to follow impedance spectra of cells in the interval of time between consecutive
pulses with a resolution of 1 spectrum/1 ms. For the best of our knowledge,
this is the first time that EIS is performed with such a fast method during cell
electroporation.
Other attempts to study the fast pore dynamics based in other time domain
methods such as time domain reflectometry [3] or time domain dielectric spectroscopy [4, 5] have been previously shown. However, these techniques use rapid
voltage pulses with high frequency content and measure the reflected signal applying concepts of transmission line theory [6].
In the present study, measurements are performed in monolayers of differentiated myotubes. As explained before, the microelectrode assembly used is
specifically conceived to apply electroporation to adherent cells in situ and to
perform EIS measurements on the whole area covered by cells with a modified
4-electrode arrangement. The interest of using differentiated cells in vitro is
based on the fact that they describe more realistic models to study different
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aspects that could be translated into the clinical applications. For example,
in the case of muscle tissue it has been shown the potential interest of using
electroporation as a tool for electrogenetherapy in vivo [7] and how a real time
control system would be desirable for safe and efficient gene transfer [8].
Measurements are adjusted to Cole impedance model and the time constants
for pore resealing are extracted and analyzed. The different effects observed in
the impedance variation during pulse application are discussed and an additional
circuital model is used in order to give a complete data analysis. The goal of
this study is to test the proposed microelectrode assembly in conjunction with
the multisine-based approach to characterize the fast changes produced in the
cell membrane during pulse application with a high time resolution.

Chapter 5

112

5.2

Materials and Methods

5.2.1

Measurement setup

5.2.1.1

Reference signal

The multisine excitation used in this work has the same characteristics than the
one previously described in chapter 4. Summarizing, the multisine burst consists
of 21 frequencies following a Bilateral Quasi-Logarithmic (BQL) distribution
from 5 kHz to 1,313 MHz. The duration of each multisine burst is 1 ms.

5.2.1.2

Hardware

The same hardware architecture than the one described in previous chapter is
used for these experiments (refer to section 4.2.4 for detailed information). However, in the previous chapter the system was not able to continuously acquire
impedance information during the interval between consecutive pulses. Consequently, the previous system was not suitable to follow in real-time the fast
dynamical impedance variations pulse after pulse. To overcome this limitations,
a new controlling LabView-based software was developed. In the new version,
data streaming is performed to avoid memory overflow on the on board acquisition card due to the big amount of data generated, this row data is saved in
binary format for subsequent post-processing in Matlab. This way the number
of measurements between consecutive pulses could be considerably increased.
Additionally, in order to start the measurements with the minimum delay after
each pulse as possible and always at the same instant of time, sincronization
was necessary. In the new system commutation between electroporation or measurement connections is synchronously performed thanks to a hardware-based
trigger signal generated by the pulse generator at the beginning of each pulse.
All these improvements make that during a typical electroporation treatment
consisting of 8 - 100 µs pulses with a repetition rate of 1 Hz (interpulse period 1 s), the optimized system is able to continuously acquire 860 spectra (860
ms) between consecutive pulses. In Fig. 5.1a a block diagram of the complete
system is depicted.
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Fig. 5.1 Schematic representation of the measurement setup. a) Measurement system block
diagram. b) Electroporation and measurement signal sequence.

The sequence of electroporation/measurements begins with 100 continuous
initial pre-electroporation measurements (100 ms). Subsequently the microelectrodes are automatically connected to the pulse delivery equipment and the
pulse generation is initiated. When the trigger signal from the pulse generator
is detected by the PXI-2530 system, the connections are switched to the measuring system after a fixed delay of 15 ms. Subsequently, 860 multisine bursts
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are continuously generated and acquired. Immediately, connections are again
switched to the pulse generator and the system waits for the next pulse (125
ms). The sequence is repeated until completing the 8 pulses of the electroporation treatment. In Fig. 5.1b the sequence of electroporation and measurement
signals is detailed.

5.2.1.3

Data pre-processing

The bioimpedance is estimated by measuring and processing an integer number
of periods of the sample current and voltage response. The impedance calculation is based on the division of the output-input Fast Fourier Transform (FFT)
coefficients at the excited frequencies [9]. The FFT is calculated for a temporal
window corresponding to the duration of each multisine burst (1 ms). Once the
impedance is calculated, noise reduction is performed with a moving average
filter (length n=10) independently for each 860 ms continuous measurement
segment.
The effects of the system frequency response produced by the microelectrodes, cables, amplifiers, etc., are compensated using a three-reference calibration method [10]. The references are obtained measuring saline solutions with
different conductivities using the same setup.

5.2.2

Microelectrodes

The microelectrodes used in this study correspond with the spiral assembly
presented in the previous chapter. The microelectrode is positioned momentarily above the cell monolayer during electroporation/measurements procedure
avoiding direct contact with cells thanks to the microseparators as previously
described. The special four-electrode measurement arrangement consisting of
duplicating the potential measurement terminals allows to use the whole area
covered by the microelectrodes as the measuring area. As explained, the interest
of using a four-electrode configuration is to reduce the effects of the electrode
polarization caused by the electrode-electrolyte interface [11] and improve the
ability of the system to detect changes related to the cells [12, 13].
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Cells and chemicals

C2C12 myoblasts are seeded into 24 muti-well plates at a initial density of
15×103 cells/well with 1 ml of growth medium comprising Dulbecco’s Modified Eagle’s Medium (DMEM; High Glucose, GlutaMAX Supplement, pyruvate. Life technologies, Saint Aubin, France) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin. Cells are kept in an incubator at 37◦ under a 5% CO2 atmosphere for 36-48 h until the confluence
is about 80-90%. Subsequently cells are rinsed once with PBS and once with
DMEM and medium is switched to 500 µl of differentiation medium consisting
of DMEM supplemented with 2% FBS (Gibco, Carlsbad, CA, USA). After 5
days of differentiation, cells are used for experiments.
A low-conductivity electroporation (LCE) buffer consisting of 250 mM sucrose, 10 mM Tris and 1 mM MgCl2 (pH 7, osmolarity 287 mmol/kg, conductivity 0,1 S/m) is used during the electroporation pulse delivery and impedance
measurements.
Finally, as a permeabilization reporter, fluorescent nucleic acids stain Yo-Pro1 Iodide (λex =491 nm, λem =509 nm, Life technologies, Saint Aubin, France)
was added to the permeabilization buffer at a final concentration of 1 µM.

5.2.4

Experimental procedure

For experiments, cells are removed from incubator and washed once with LCE
buffer. Subsequently, 200 µl LCE + Yo-Pro (1 µM) are added. From here, the
complete experiment is performed in a controlled temperature chamber at 37◦ .
Cells are left during 10 min for stabilization. After this period, the microelectrode assembly is positioned manually above the cell monolayer by means of a
custom built applicator. Immediately after that, the LabView software which
controls the whole system initiates the electroporation-measurements sequence
described above. Once the sequence is finished, the microelectrodes are carefully
removed and cells are left during 15 additional minutes for resealing. Afterward,
cells are washed twice with PBS and replaced with fresh culture medium before
inspection under inverted microscope Zeiss Axio Observer Z1 (Carl Zeiss, Jena,
Germany) to detect Yo-Pro fluorescence.
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5.3

Results and Discussion

In this section the most relevant findings resulting from the measurements are
showed and discussed. First, an illustrative example of measurements performed
in a cell monolayer and in a cell free culture plate are compared in order to study
the ability of the system to detect changes in the cells as a result of electropermeabilization. Once assessed, a mathematical compensation is proposed to
reduce the effects of the system on the measurements. Subsequently data modeling is used to extract complete information from the measurements. First,
the Cole model is used and a deep analysis on some of its parameters is presented for different electric field conditions. Finally, an equivalent electrical
circuit is used to improve the understanding of the different effects observed
in the measurements and confirm some previous assumptions done during the
analysis.

5.3.1

Cell monolayer vs. cell free measurements: illustrative example

5.3.1.1

Comparison

During the course of experiments, negative controls were performed in the absence of cells reproducing the same conditions as in the case of measurements
with cells. These tests were performed in order to study the impact on the measurements of undesired effects, mainly electrode polarization impedance (EPI)
changes, temperature variations, etc.. In Fig. 5.2 the evolution of the real and
imaginary part during the course of a single experiment is depicted for the same
electric field (1200 V/cm, E=V/d with V=18 V and d=150 µm) applied to a
cell monolayer and to a cell free culture plate, both containing the same lowconductive buffer. Five different frequencies corresponding to the lower band of
the total of 21 frequencies of each spectrum acquired are shown. The reason to
make the comparison at low frequency is because the impact of both cell membrane permeabilization and electrode polarization impedance (EPI) changes is
maximum at this frequency band [14, 15].
The different behavior in both cases is clearly noticeable from the observation
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Fig. 5.2 Comparison of interpulse impedance evolution (a) real and b) imaginary part) for
an electric ﬁeld of 1200 V/cm (E=V/d, with V=18 V and d=150 µm) applied to a myotubes
monolayer (cells) and to a cell free culture plate (No cells) with the same extracellular buﬀer.
The evolution at frequencies of 5, 7, 21, 24 and 44 kHz is presented normalized with respect
to the impedance measured at f= 5 kHz for time t=0 (Z0 ). The reader should be aware that
although measurements pulse after pulse are plotted continuously there is a delay between
the end of an interpulse measurement and the beginning of the next one (see section 5.2).

of the variations in the real and imaginary part as showed in the figure. This
demonstrates that the measuring setup is sensitive to detect the impedance
changes produced in the cells during electroporation and that these predominate
over other effects in the measurements. Following, a detailed explanation for
the impedance change observed in the measurements without cells is given.
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From all possible undesired effects affecting our system that can justify the
small changes observed in the absence of cells, EPI transient variations in response to the application of high electric field pulses, are the most likely explanation. Given that the same microelectrodes are shared both for applying
the electroporation pulses and for recording impedance, the exponential transient behavior observed in the absence of cells, can correspond to the temporal
disruption of the electrode-electrolyte interface double layer in response to a
high current density passing through the electrodes as observed by previous
studies [15–17]. When certain voltage is applied to the interface between metal
electrodes and electrolytic buffer, the system is displaced from its equilibrium.
Immediately after the voltage/current step, the charges redistribute in order
to reach equilibrium again. An exponential behavior can be observed as the
consequence of double layer capacitance discharge [18].
The perturbation of this effect on the measurements is minimized by introducing the two different strategies previously described in section 5.2; i) the
application of bipolar EP pulses should minimize the reactions occurring in the
electrode-electrolyte interface as a consequence of reducing the net charge transfer during pulse application [19]. However for the pulse durations used herein
this cannot completely eliminate them; ii) four-electrode measuring strategies
reduce the effect of electrode polarization by minimizing the current driven
by the voltage sensing electrodes [11]. However, this technique can fail to completely eliminate the effect of the EPI due to the electrode impedance mismatch
[20] among others.

5.3.1.2

Compensation

Although as explained above the effect of the pulses in the measurements is very
small in comparison to the changes detected in the presence of cells, it is still
desirable to perform some kind of compensation in order to have more accurate
information of the impedance evolution during cell membrane electroporation.
First, we can make the assumption that the EPI behaves identically in response to the application of pulses of a fixed electric field intensity either in the
absence or presence of cells. This is true while there is no direct contact between
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cells and electrodes that could modify the current density through electrodes
and thus the behavior of the EPI. Second, according to the basic equivalent
circuits used to model the electrode-electrolyte interface, the EPI is represented
in series with the sample under test [15, 21, 22], thus we can consider the EPI
variation as an additive effect in the total impedance (see Fig. 5.3). Based
on these assumptions, we can state that the temporal evolution of measured
impedance in the presence of cells is the sum of two terms: a small contribution of the EPI, and the predominant change caused by the cells themselves.
Thus, although the effect of EPI is very small in comparison to the response
obtained with cells, it is possible to subtract the normalized temporal evolution
of the measurements without cells to have a better measure of the behavior of
the cells alone. As the response of the EPI is frequency dependent, the temporal evolution of impedance data for each individual frequency is corrected with
the corresponding temporal evolution of cell free measurements. All following
measurements shown in this work are compensated for this effect.
The above explanation deals with the compensation of a temporal effect in
the impedance evolution. The reader should not confuse this compensation
with the regular techniques applied to correct the contribution of electrode
polarization in the impedance spectrum. Usually these techniques are applied
in non-dynamic measurements of biological tissues such as methods based on
algorithms (single exponent method, impedance fitting, etc.) or hardware-based
methods (electrode distance variation, substitution, frequency variation, four
electrode technique, etc.) [15, 23].

5.3.2

Data modeling

One of the main advantages of acquiring complete spectral information instead
of single frequency measurements from the system under study is the possibility
of using models to better understand and predict the behavior of these systems.
This represents one of the main reasons that motivates the use of EIS measurements to characterize electroporation in this thesis. In the present work we
use two models to study the evolution of impedance during electroporation of
a cell monolayer. First we use the widely known Cole model for its simplicity,
subsequently we introduce a more complex equivalent circuit (see Fig. 5.3).
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Fig. 5.3 Schematic representation of the cell-electrode system. a) Schematic view of the
geometry is presented, notice that the Electrode Polarization Impedance (EPI) is represented
in series with the cell model (refer to section 5.3.1.2). b) and c) Cole model and the equivalent
circuit proposed are summarized.

The Cole model, is the most extended model to characterize biological tissues and biochemical materials describing single dispersion phenomena. This
mathematical model is fully described by four parameters: R0 represents the
resistances at very low frequency, R∞ accounts for the resistance at very high
frequency, α is the exponent in the model (that can be interpreted as a measure of the deviation from an ideal resistor (α=0) or capacitor (α=1) in the
equivalent circuit) and τ c is the characteristic relaxation time constant of the
circuit.
The electrical model proposed in this study is shown in Fig. 5.3c. It corresponds to the simple version of a 2R-1C circuit augmented by a resistor in
parallel with the membrane capacitance proposed by Fricke and Morse [24] to
simulate the conducting state of the membrane. The only difference is that
in the presented circuit, the capacitance is replaced by a CPE (CPEm ) which
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better resembles the frequency-dependent behavior of the membrane capacitor. Similar models have been used by previous authors to study the electrical
properties of cells during electroporation [25–29].

5.3.3

The Cole model

In an unaltered cell monolayer, current at very low frequencies is blocked by the
presence of cell membranes, implying that R0 corresponds mostly to the extracellular resistance. At high frequency, current flows freely across the membrane
what involves that R∞ accounts for the parallel association of both intracellular
and extracellular resistances. When the cell membrane is permeabilized as a
consequence of electroporation, the previous situation is no longer valid. In an
electroporated sample, current at low frequencies can find new paths through
membrane. In this conditions, R0 should be significantly modified by the dynamics of pore formation while R∞ should not be so sensitive to the creation of
pores in the membrane. Indirectly, the conductivity changes in the extracellular
and intracellular resistances derived from ion leakage through membrane pores
should affect the values of both R0 and R∞ .
After data calibration as described in section 5.2.1.3 measurements were plotted in a Wessel diagram to confirm that they describe a single dispersion arc
compatible with Cole model as observed in Fig. 5.4a (dots). After confirmation, all data sets (100 + 8x860) were adjusted to the model with a MATLAB
routine. In Fig. 5.4a the data corresponding to the initial (pre-electroporation)
state of a single experiment and the adjusted model are shown. Fig. 5.4b shows
the evolution of the Cole arcs during complete electroporation treatment of the
same sample (E=1200 V/cm,8 pulses, 1 Hz). The temporal evolution of Cole
model parameters R0 and R∞ during pulse application for the same data is
shown in Fig. 5.4c and d.
The observation of R0 evolution reveals two different dynamic processes.
First, a fast recovery of the impedance values immediately after pulse application is noticed (short-term evolution). Secondly, an accumulated impedance
decay throughout time with slower behavior is superimposed (long-term evolution). This two different processes are in accordance to the existence of two
type of permeable structures with different dynamics (short-lived and long-lived
pores). On the contrary, the evolution of R∞ only reveals one maintained de-
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Fig. 5.4 Example of adjusted calibrated data to the Cole model; a) Initial pre-electroporation
state, dots represent the real data while the line corresponds to the adjusted model; b) plot
of the temporal evolution of the adjusted Cole arcs for a single experiment applying E=1200
V/cm,8 pulses, 1 Hz. Evolution of parameters R0 and R∞ for the same example are shown
in c) and d)

cay in the impedance similar to the long-term evolution of R0 . Given that the
appearance of pores in the membrane involves a great variation of the resistive
current paths through membrane, represented mainly by R0 and R∞ , for conciseness, only the detailed analysis for R0 and R∞ is given below. The extended
analysis of the other two Cole parameters α and τ c is omitted in this study and
will be shown in next chapter.
5.3.3.1

Short-term analysis

First, we focus on the transient impedance recovery observed in R0 and termed
as short-term evolution. In order to make an independent analysis of this process, it is necessary to separate it from the long-term decay superimposed in
the behavior of R0 . Fig. 5.5a shows an illustrative example of the obtained
long-term evolution (dashed lines) for each electric field condition. The resulting long term component is then subtracted from the original data to obtain
the corrected short-term information. In Fig. 5.5b the corrected mean value
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Fig. 5.5 Analysis of parameter R0 . a) An illustrative example of the ﬁtted long-term impedance decay for each electric ﬁeld condition is shown. b) The corrected short-term dynamics
after subtracting the long-term decay is shown, mean values (± SD) are extracted from at
least three repetitions for each electric ﬁeld pooled together.

(± SD) of the short-term dynamics for at least three repetitions of each electric
field is shown. The analysis of the fast impedance recovery after each pulse can
now be studied independently.
The short-term evolution observed in R0 is in accordance with the resealing
of the short-lived pores that are formed in the plasma membrane immediately
after the initiation of the electric field and start to reseal immediately after
the electric field ceases. In accordance to 2.1.2.5, two populations of pores
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are believed to be created as a response to pulse application [30–33], the first
population (short-lived pores) is formed by large pores with a short lifetime,
the second population (long-lived pores) is composed by small pores that can
last up to hours after pulse application. Most of short-lived pores disappear
with life times 6 1 ms, however some of them can become part of the long-lived
pores and others completely disappear in around 1 second [32]. Additionally,
according to a model proposed in [34], this short-term variation would be related
to the conducting state of the membrane while the long-term evolution that is
analyzed in next section would be due to the state of permeability maintained
in the membrane on a bigger time scale. The present short-term analysis is
focused on the changes produced in the membrane up to one second after pulse
and provide information about the dynamics of the first population of pores
described above.
In order to have a quantitative measure of the time constants for this dynamic
evolution, the 8 fragments of measurements corresponding to each inter-pulse
window are individually studied. The corrected short-term information reveals
a double exponential behavior according to equation 6.8. Fig. 5.6 illustrates
an example of the fitted double exponentials for the different electric field intensities. The term fast (τ1 ) is used to describe the first part of the function,
where there is a rapid variation of the function. The second part shows a more
gradual increase referred as slow (τ2 ). The individual data sets are processed
in MATLAB to obtain the values of the time constants τ1 and τ2 .

f (t) = Ae−t/τ1 (F ast) + Be−t/τ2 (Slow)

(5.1)

Subsequently, the evolution over the process of the obtained time constants
pulse after pulse is studied. The results for both τ1 and τ2 are shown in Fig.
5.7a and b.
According to these results, the transient changes in the low frequency impedance parameter R0 show that the resealing of short-lived pores is governed
by a two-stage process. First, a fast recovery step where a big amount of pores
disappear within the range of some hundreds of milliseconds. The time constant
(τ1 ) for this stage shows no evolution during the course of the 8 electroporation pulses. This indicates that the first resealing mechanism responsible for
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Fig. 5.6 Double exponential short-term analysis. Example of the calculated double exponentials for the three diﬀerent electric ﬁelds indicating the fast and slow terms of the function.

Fig. 5.7 a) Evolution with pulse number of the mean time constant τ1 for each electric ﬁeld,
error bars correspond to ± sd. b) Evolution with pulse number of the mean time constant τ2
for each electric ﬁeld, error bars correspond to ± SD
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the closing of these pores is stable over time. This fact allows to calculate the
mean value of τ1 as the average of the values obtained for the 8 inter-pulse
fragments of each experiment (Fig. 5.8). The mean calculated time constants
differ considerably between the lowest electric field (400 V/cm) where the value
is around twofold bigger than the values obtained for the other two electric field
intensities. As confirmed by fluorescent dye uptake, the case of 400 V/cm corresponds to the lower bound of permeabilization while in the case of 800 V/cm
and 1200 V/cm cells are extensively permeabilized. In Fig. 5.9 a representative
micrograph for each electric field condition is shown. This could explain the
differences observed. Electric fields near to the threshold of permeabilization
could not be enough to trigger the creation of large short-lived pores and only
few small pores with slower behavior appear and fully reseal. Furthermore,
the incomplete closure of short-lived pores as a result of a certain level of irreversibility in the case of 800 V/cm and 1200 V/cm, can also be a faster process
than the complete membrane repair produced with 400 V/cm.

Fig. 5.8 Mean values (± SD) of the time constants for the double exponential functions
corresponding to the short-term analysis of parameter R0 . The term fast describes the initial
rapid variation of the function and slow relates to the following gradual increase. Values from
at least three repetitions are pooled together. Signiﬁcance of diﬀerences of unpaired Student’s
t-test, p values are indicated in the ﬁgure footnotes.

In the second stage pores close gradually with a slower time constant (τ2 ).
Again there is a significant difference between the behavior of the lowest electric
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Fig. 5.9 Representative micrographs (phase contrast and ﬂuorescent images) for each electric
ﬁeld condition. Results show permeabilization dependence with ﬁeld intensity.

field and the other two. An increase in the value of τ2 over time is observed
for 800 and 1200 V/cm while 400 V/cm shows no evolution. The time constant
increases from around 1 s at the beginning of the treatment to more than 1.5 s at
the end. The extension in the duration of this stabilization stage with increasing
pulse number can be the consequence of a gradual loss in the resealing ability of
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cell membranes due to the accumulated effect of the pulse repetition. This can
be explained on the basis that for 800 V/cm 1200 V/cm irreversible damage
is produced in the cell membrane as previously stated. If the mean values
of τ2 are calculated similar to τ1 the results again differ significantly between
400 V/cm and the other two conditions (Fig. 5.8). The calculated values are
in accordance with observations made previously by other authors that also
measured durations of around one second for the total lifetime of these pores
[32, 35–38]. According to these measurements, in a traditional electroporation
protocol, where the delay between pulses is usually one second, the majority
of short-lived pores reseal before the next pulse is applied, but when potential
irreversible membrane defects are produced, the stabilization of membrane needs
longer durations.
Fig. 5.10 depicts the evolution of the impedance drop immediately after the
pulse calculated as the difference between the value at the end of one inter-pulse
measurement and the value at the beginning of the next one (see 5.5b, lower
insert). It clearly shows electric field dependence increasing the impedance drop
with higher electric fields. This supports the fact that the number (or the size)
of short-lived pores increases with field magnitude. Additionally, the decreasing
value over time for 800 and 1200 V/cm can be explained by the reduction in
the number of new pores created. This can be attributed to the fact that
once the membrane is permeabilized, it is more difficult to reach again the
transmembrane voltage threshold for electroporation, thus reducing the ability
of pore formation pulse after pulse. In the case of 800 V/cm and 1200 V/cm
this is caused by the fact that the membrane do not recover completely before
a new pulse is applied what can be the consequence of irreversible membrane
destabilization.

5.3.3.2

Long-term analysis

The accumulated impedance decay corresponding to the long-term evolution
observed in R0 and R∞ is analyzed next. Fig. 5.11 shows the percentage of
variation with respect to the initial pre-electroporation state of cell monolayers
during the complete 8 pulses electroporation treatment. The data is obtained
from fitting parameters R0 and R∞ to double exponential functions (refer to
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Fig. 5.10 Evolution of the impedance drop immediately after each pulse for the diﬀerent
electric ﬁelds. Mean ± SD of at least three repetitions.

Fig. 5.5a dashed lines for an example of the results obtained with R0 , a similar
procedure is applied to R∞ ).
Comparing the evolution of both parameters, it is noticeable that the relative
% variation clearly differs between the low and high frequency resistances. In the
case of the highest electric field (1200 V/cm), for example, parameter R0 reduces
to ≈70% while R∞ decreases to ≈93%. Furthermore, electric field dependence
is also clearly observed in both parameters being the relative change bigger with
increasing electric fields.
The differences in the relative % of variation observed between R0 and R∞
are explained on the basis that two events affecting the impedance recordings
are occurring at the same time; first, the creation of pores in the membrane
and second, the change in conductivity of the extracellular and intracellular
media caused by ion diffusion. As explained before, in an electroporated cell,
R0 is sensitive to the changes produced in the membrane because a fraction of
the low frequency measuring signals can now flow through it. On the contrary,
at high frequency, membrane does not act as a barrier for current flow either
before or after electroporation, thus R∞ should remain constant. Nevertheless,
a change of the intracellular and/or extracellular conductivities should influence
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Fig. 5.11 Adjusted exponential for the long term decay of parameters R0 (a) and R∞ (b)
represented as the % variation from initial pre-electroporation state. Shadow area corresponds
to the standard deviation from at least three repetitions.

both parameters.
As demonstrated by previous authors, a conductivity increase in the extracellular media with kinetics in the range of several seconds is detected above the
threshold of electroporation [39]. This conductivity variation is explained by the
leakage of ions across the disturbed membrane by passive diffusion. Regarding
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the behavior of R∞ and considering that it is determined by the parallel association of the intracellular and extracellular resistances, it is necessary, in order
to explain the total decay observed, to make the assumption that the changes
in the extracellular conductivity have a bigger impact on the registered impedance. If both the increase in the extracellular conductivity and the decrease of
the intracellular conductivity would have the same effect, there should be no
significant variation in R∞ . This assumption can be considered true as long
as measurements are performed in a low-conductive buffer with conductivity
several times lower than the intracellular space. Additionally, it is reasonable
to infer that the changes in the volume corresponding to the extracellular space
have a higher impact on the measured impedance due to spatial distribution of
the components in the system. There is a layer of extracellular medium between
the electrodes and the cells (see Fig. 5.3). Therefore, the variation of R∞ is
then explained by the release of ions from the cell to the extracellular medium
attending to a diffusion mechanism in the range of several seconds.
In the case of R0 , apart from the change in conductivity explained above, the
long-term impedance decay accumulated is the result of the creation of more
stable pores in the membrane that do not reseal in the time scale considered.
These pores are described usually as long-lived pores and are believed to be
the ultimate responsible for the success, in terms of macromolecules uptake, of
any electroporation treatment. From Fig. 5.11a it can be observed that R0
follows an asymptotic behavior suggesting that the number of stable pores does
not linearly increase with pulse number and there maybe a limit for new pores
formation. This is in accordance to the fact that from a certain level, increasing
the number of pulses does not improve the effectiveness of the electroporation
treatment [40, 41].
The Cole model has been used in the analysis because it is a standard,
widespread and simple method and it has been shown how the information
contained in R0 can be used for analyzing membrane variations in response to
pulse application. However, the drawback of such a simple mathematical model
is the fact that it does not include a specific parameter that accounts for membrane poration uniquely. As discussed above, the parameters R0 and R∞ are
contributed by the intracellular and extracellular conductivity variations and
also by the membrane resistance changes. For this reason, it is not possible to
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fully analyze those effects independently and some assumptions have been done
in the analysis of Cole parameters. In the following section, a more complex
equivalent circuit is proposed and used in order to demonstrate that some of
the previous assumptions are correct.

5.3.4

Augmented electrical equivalent circuit

The proposed electrical equivalent circuit used in this section consists of a simple approximation of a single 2R-1C dispersion modified by the presence of an
additional parallel resistance and the replacement of the capacitance by a CPE.
The parameters Rext and Rint correspond to the extracellular and intracellular resistances respectively and the additional resistance Rpores simulates the
opening and closing of membrane pores (see Fig. 5.3c). The goal of using an
equivalent electrical model is to be able to observe the behavior of the different
parts of the system separately and based on their physical meaning, to have a
correct interpretation of the measurements. This information is then used to
confirm if the previous assumptions made with Cole parameters are correct.
The analysis of the electrical equivalent is only shown for an illustrative example, valid to demonstrate the adequacy of the model and its interpretation.
Data corresponds to a single experiment applying 1200 V/cm, the same analysis was made for the rest of conditions showing a similar behavior. First, the
values for the initial pre-electroporation state are found manually to set the
initial conditions to the fitting algorithm. Subsequently, circuit parameters are
obtained automatically for each spectrum. The algorithm is based on the solution of a least squares minimization problem using a method that allow to set
bounds to the variables inspired in the Zfit algorithm in Matlab [42]. During
the course of the fitting procedure, it was noticed that there was more than one
possible set of parameters solving the system. For this reason some restrictions
are imposed to the algorithm in accordance to the expected evolution of the
parameters. Namely, it is imposed a lower bound for Rint corresponding to
its initial pre-electroporation value. Considering the release of ions from the
cytoplasm, it is unlikely the decrease of Rint during the experiment. Additionally, the α exponent is also forced not to increase, this condition is imposed by
interpreting that lower values of α mean that the CPE tends to the behavior of
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an ideal resistor what seems reasonable after membrane poration.
In order to confirm that both models are compatible, the equivalent R0 and
R∞ for the proposed circuit are calculated following the equations:

R0 = Rext //(Rint + Rpores )

(5.2)

R∞ = Rext //Rint

(5.3)

Fig. 5.12a shows the initial fitted model and the corresponding measured
data. In Figs. 5.12b and c parameters R0 and R∞ from the two models are
plotted together for the same set of measurements. It is clearly noticeable that
the calculated parameters from the equivalent circuit lead to similar behavior
than those from Cole model confirming the equivalence of both models.
Fig. 5.12d, e and f show the evolution of parameters Rpores , Rext and Rint
respectively. The evolution of Rpores is in agreement with the proposed dual
dynamic process which occurs in the membrane during the course of pulse application as discussed in previous section. This confirms that the variations
observed in the parameter R0 of the Cole model are mainly modulated by the
changes due to membrane poration and validate the analysis made in the previous section. In the case of Rext (Fig. 5.12d), the extracted parameter shows a
maintained slow decrease over time, while Rint shows a negligible increase and
can be considered constant. This is in agreement with the assumption that R∞
from the Cole model is mainly influenced by the increase on the conductivity of
the extracellular medium produced by the diffusion of ions and that the effect
of Rint is negligible in the present setup. This is because the extracellular conductivity is several-fold lower than the intracellular conductivity, thus the ion
leakage has a higher impact on Rext . The previous observations validate the
assumptions made during the analysis of the Cole model parameters where R0
reflects the membrane changes and Rinf ty the variation in the composition of
the extracellular medium.
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Fig. 5.12 Adjusted equivalent circuit. a) Data and ﬁtted arc for the initial pre-electroporation
state of a single experiment applying 1200 V/cm. b) and c) Comparison of the calculated
R0 and R∞ for the equivalent circuit and the obtained for the Cole model. d), e) and f)
Evolution of parameters Rpores , Rext and Rint of the equivalent circuit, respectively.
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Conclusions

In this study a fast EIS technique based on multisine excitation is used to measure impedance variations of differentiated myotubes monolayers during electroporation. The system enables, for the first time, to perform continuous
multifrequency measurements with a time resolution of 1 spectrum/ms during
the interpulse time window between consecutive pulses of a regular electroporation treatment (8 pulses, 100 µs, 1 Hz). Additionally, the characteristics of
the microelectrode assembly used allows performing the experiments directly in
situ with cells cultured in standard 24 multi-well plates.
In order to get the most from the multifrequency information obtained, data
sets are adjusted to Cole impedance model. The analysis of parameter R0 shows
two different dynamics. One corresponding to the kinetics of short-lived pores
that start to reseal immediately after pulse application. This fast resealing process agrees with a double exponential function with two time constants. A fast
time constant in the order of hundreds of milliseconds and a slow time constant
in the order of 1 second. The observed behavior differs between the lowest electric field tested, which corresponds with the threshold for permeabilization, and
the other two conditions, where cells are extensively permeabilized. This supports the idea that near to the threshold of permeabilization some mechanisms
responsible for structural changes in the membrane during electroporation either are not triggered, or are fully reversible, or can be considered negligible.
The second slow variation observed in R0 is attributed to the accumulation of
more stable pores in the membrane pulse after pulse. The increase in membrane
permeability due to these pores is not linear with pulse number and shows an
asymptotic behavior suggesting a limit for permeabilization with pulse number.
The analysis of R∞ shows a slow decrease reflecting changes in the system
that cannot be only a direct reflect of the changes in the cell membrane because
at high frequency the measuring signals are much less affected by the presence
of membranes. These collateral effects are caused by the increase in the conductivity of the extracellular space produced by the diffusion of ions through
membrane pores.
In order to confirm the analysis made using Cole model parameters and given
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that some effects could be simultaneously influencing these parameters, measurements are subsequently adjusted to an electrical equivalent circuit. The
independent observation of the circuit elements and its direct physical interpretation is useful to confirm the assumptions made with Cole model parameters.
The results support that the double dynamics observed in R0 are compatible
with the changes produced in the membrane due to the formation of pores. Furthermore, the constant behavior obtained in Rint demonstrates that the results
are compatible with the hypothesis that the intracellular conductivity, which
theoretically should increase during the process, has a negligible impact on the
obtained results in comparison with the changes produced in the extracellular
composition.
The information obtained from the present multifrequency measurements
supports the fact that when acquiring complete spectra instead of single frequency measurements, more information about the system can be extracted.
The present results demonstrate how fast EIS measurements during an electroporation procedure represent a reliable and alternative method for online
monitoring the changes produced in the sample under treatment. This conclusion also has a great interest in in vivo applications where the control of the
tissue permeabilization during pulse delivery is critical to achieve the desired
effect [8, 43, 44].

References

137

References
[1] Ralf W. Glaser, Sergei L. Leikin, Leonid V. Chernomordik, Vasili F. Pastushenko, and
Artjom I. Sokirko. Reversible electrical breakdown of lipid bilayers: formation and evolution of pores. Biochimica et Biophysica Acta (BBA) - Biomembranes, 940(2):275–287,
1988.
[2] B. Sanchez, E. Louarroudi, E. Jorge, J. Cinca, R. Bragos, and R. Pintelon. A new
measuring and identiﬁcation approach for time-varying bioimpedance using multisine
electrical impedance spectroscopy. Physiological Measurement, 34(3):339, 2013.
[3] U. F. Pliquett and K. H. Schoenbach. Changes in electrical impedance of biological
matter due to the application of ultrashort high voltage pulses. Dielectrics and Electrical
Insulation, IEEE Transactions on, 16(5):1273–1279, 2009.
[4] A. L. Garner, Chen Nianyong, Yang Jing, J. Kolb, R. J. Swanson, K. C. Loftin, S. J.
Beebe, R. P. Joshi, and K. H. Schoenbach. Time domain dielectric spectroscopy measurements of hl-60 cell suspensions after microsecond and nanosecond electrical pulses.
Plasma Science, IEEE Transactions on, 32(5):2073–2084, 2004.
[5] J. Zhuang and J. F. Kolb. Time domain dielectric spectroscopy of nanosecond pulsed
electric ﬁeld induced changes in dielectric properties of pig whole blood. Bioelectrochemistry, 2014.
[6] Y. Feldman, Irina Ermolina, and Y. Hayashi. Time domain dielectric spectroscopy study
of biological systems. Dielectrics and Electrical Insulation, IEEE Transactions on, 10
(5):728–753, 2003.
[7] E. Fattori, N. La Monica, G. Ciliberto, and C. Toniatti. Electro-gene-transfer: a new
approach for muscle gene delivery. Somat Cell Mol Genet, 27(1-6):75–83, 2002.
[8] D. Cukjati, D. Batiuskaite, F. Andre, D. Miklavcic, and L. M. Mir. Real time electroporation control for accurate and safe in vivo non-viral gene therapy. Bioelectrochemistry,
70(2):501–7, 2007.
[9] B. Sanchez, E. Louarroudi, R. Bragos, and R. Pintelon. Harmonic impedance spectra identiﬁcation from time-varying bioimpedance: theory and validation. Physiological
Measurement, 34(10):1217, 2013.
[10] J. Z. Bao, C. C. Davis, and Robert E. Schmukler. Impedance spectroscopy of human erythrocytes: system calibration, and nonlinear modeling. Biomedical Engineering, IEEE
Transactions on, 40(4):364–378, 1993.
[11] Herman P. Schwan and Cliﬀord D. Ferris. Four-electrode null techniques for impedance
measurement with high resolution. Review of Scientific Instruments, 39(4):481–485,
1968.
[12] Chang Zu-yao, G. A. M. Pop, and G. C. M. Meijer. A comparison of two- and fourelectrode techniques to characterize blood impedance for the frequency range of 100 hz
to 100 mhz. Biomedical Engineering, IEEE Transactions on, 55(3):1247–1249, 2008.
[13] E. Sarró, M. Lecina, A. Fontova, C. Solà, F. Gòdia, J. J. Cairó, and R. Bragós. Electrical
impedance spectroscopy measurements using a four-electrode conﬁguration improve online monitoring of cell concentration in adherent animal cell cultures. Biosensors and
Bioelectronics, 31(1):257–263, 2012.
[14] H. P. Schwan. Electrode polarization impedance adn measurements in biological materials. Annals of the New York Academy of Sciences, 148(1):191–209, 1968.
[15] Ishai Paul Ben, S. Talary Mark, Caduﬀ Andreas, Levy Evgeniya, and Feldman Yuri.
Electrode polarization in dielectric measurements: a review. Measurement Science and
Technology, 24(10):102001, 2013.

138

References

[16] E. T. McAdams and J. Jossinet. Nonlinear transient response of electrode—electrolyte
interfaces. Medical and Biological Engineering and Computing, 38(4):427–432, 2000.
[17] E. A. Brown, J. D. Ross, R. A. Blum, Nam Yoonkey, B. C. Wheeler, and S. P. DeWeerth. Stimulus-artifact elimination in a multi-electrode system. Biomedical Circuits
and Systems, IEEE Transactions on, 2(1):10–21, 2008.
[18] Byoung-Yong Chang and Su-Moon Park. Integrated description of electrode/electrolyte
interfaces based on equivalent circuits and its veriﬁcation using impedance measurements.
Analytical Chemistry, 78(4):1052–1060, 2005.
[19] Daniel R. Merrill, Marom Bikson, and John G. R. Jeﬀerys. Electrical stimulation of excitable tissue: design of eﬃcacious and safe protocols. Journal of Neuroscience Methods,
141(2):171–198, 2005.
[20] I. Petrova Galidia. Inﬂuence of electrode impedance changes on the common-mode rejection ratio in bioimpedance measurements. Physiological Measurement, 20(4):N11, 1999.
[21] L. A. Geddes. Historical evolution of circuit models for the electrode-electrolyte interface.
Annals of Biomedical Engineering, 25(1):1–14, 1997.
[22] H. Kalvoy, G. K. Johnsen, O. G. Martinsen, and S. Grimnes. New method for separation
of electrode polarization impedance from measured tissue impedance. Open Biomed Eng
J, 5:8–13, 2011.
[23] F. Bordi, C. Cametti, and T. Gili. Reduction of the contribution of electrode polarization eﬀects in the radiowave dielectric measurements of highly conductive biological cell
suspensions. Bioelectrochemistry, 54(1):53–61, 2001.
[24] H. Fricke and S. Morse. The electric resistance and capacity of blood for frequencies
between 800 and 4(1/2) million cycles. J Gen Physiol, 9(2):153–67, 1925.
[25] Antoni Ivorra. Tissue Electroporation as a Bioelectric Phenomenon: Basic Concepts,
chapter 2, pages 23–61. Series in Biomedical Engineering. Springer Berlin Heidelberg,
2010.
[26] A. Silve, A. Guimera Brunet, B. Al-Sakere, A. Ivorra, and L. M. Mir. Comparison of the eﬀects of the repetition rate between microsecond and nanosecond pulses:
Electropermeabilization-induced electro-desensitization? Biochimica et Biophysica Acta
(BBA) - General Subjects, 1840(7):2139–2151, 2014.
[27] H. Shagoshtasbi and Lee Yi-Kuen. A new equivalent circuit model for micro electroporation systems. In Nano/Micro Engineered and Molecular Systems (NEMS), 2011 IEEE
International Conference on, pages 662–665, 2011.
[28] Yong Huang and Boris Rubinsky. Micro-electroporation: Improving the eﬃciency and
understanding of electrical permeabilization of cells. Biomedical Microdevices, 2(2):145–
150, 1999.
[29] L. F. Cima and L. M. Mir. Macroscopic characterization of cell electroporation in biological tissue based on electrical measurements. Applied Physics Letters, 85(19):4520–4522,
2004.
[30] G. Saulis. Kinetics of pore disappearance in a cell after electroporation. Biomed Sci
Instrum, 35:409–14, 1999.
[31] P. M. Ghosh, C. R. Keese, and I. Giaever. Monitoring electropermeabilization in the
plasma membrane of adherent mammalian cells. Biophysical Journal, 64(5):1602–1609,
1993.
[32] D. A. Zaharoﬀ, J. W. Henshaw, B. Mossop, and F. Yuan. Mechanistic analysis of
electroporation-induced cellular uptake of macromolecules. Exp Biol Med (Maywood),
233(1):94–105, 2008.

References

139

[33] Mojca Pavlin and Damijan Miklavcic. Theoretical and experimental analysis of conductivity, ion diﬀusion and molecular transport during cell electroporation - relation between
short-lived and long-lived pores. Bioelectrochemistry, 74(1):38–46, 2008.
[34] M. Leguèbe, A. Silve, L. M. Mir, and C. Poignard. Conducting and permeable states
of cell membrane submitted to high voltage pulses: Mathematical and numerical studies
validated by the experiments. Journal of Theoretical Biology, 360(0):83–94, 2014.
[35] Judith A. Stolwijk, Christoph Hartmann, Poonam Balani, Silke Albermann, Charles R.
Keese, Ivar Giaever, and Joachim Wegener. Impedance analysis of adherent cells after in situ electroporation: Non-invasive monitoring during intracellular manipulations.
Biosensors and Bioelectronics, In Press, Corrected Proof, 2011.
[36] M. Pavlin, M. Kanduser, M. Rebersek, G. Pucihar, F. X. Hart, R. Magjarevic, and
D. Miklavcic. Eﬀect of cell electroporation on the conductivity of a cell suspension.
Biophys J, 88(6):4378–90, 2005.
[37] Huiqi He, Donald C. Chang, and Yi-Kuen Lee. Nonlinear current response of micro
electroporation and resealing dynamics for human cancer cells. Bioelectrochemistry, 72
(2):161–168, 2008.
[38] Michelle Khine, Cristian Ionescu-Zanetti, Andrew Blatz, Lee-Ping Wang, and Luke P.
Lee. Single-cell electroporation arrays with real-time monitoring and feedback control.
Lab on a Chip, 7(4):457–462, 2007.
[39] Mojca Pavlin, Vilko Leben, and Damijan Miklavčič. Electroporation in dense cell suspension—theoretical and experimental analysis of ion diﬀusion and cell permeabilization.
Biochimica et Biophysica Acta (BBA) - General Subjects, 1770(1):12–23, 2007.
[40] H. Wolf, M. P. Rols, E. Boldt, E. Neumann, and J. Teissie. Control by pulse parameters
of electric ﬁeld-mediated gene transfer in mammalian cells. Biophysical Journal, 66(2,
Part 1):524–531, 1994.
[41] J. Teissie, M. Golzio, and M. P. Rols. Mechanisms of cell membrane electropermeabilization: A minireview of our present (lack of ?) knowledge. Biochimica et Biophysica
Acta (BBA) - General Subjects, 1724(3):270–280, 2005.
[42] Jean-Luc Dellis. Zﬁt : http://www.mathworks.com/matlabcentral/ﬁleexchange/19460zﬁt, 2010.
[43] Julie Gehl Mir and Lluis M. Determination of optimal parameters for in vivo gene transfer
by electroporation, using a rapid in vivo test for cell permeabilization. Biochemical and
Biophysical Research Communications, 261:377–380, 1999.
[44] Y. Granot, A. Ivorra, E. Maor, and B. Rubinsky. In vivo imaging of irreversible electroporation by means of electrical impedance tomography. Phys Med Biol, 54(16):4927–43,
2009.

Chapter

6

Electrical bioimpedance spectroscopy
study of various cell lines during in
vitro electroporation: comparative
analysis
Abstract
In this chapter the electrical impedance response of four different cell lines during
electroporation is analyzed and compared using the same experimental setup that the
one presented in the previous chapter. The aim of this study is to test the suitability
of the system when applied in a more general situation. First, it is shown how the
system is useful for characterizing the cell monolayers before electroporation. Along
the analysis, different methods are proposed to study the impedance evolution of the
different cell lines during electroporation. It is shown that, in all cases, the system is
able to detect impedance changes related to pore dynamics and that some parameters
are more suitable to be used in the analysis of a general situation. Additionally,
the information of the accumulated impedance change at the end of the treatment is
compared to the permeabilization rates obtained with a chemical method. The results
confirm how impedance measurements are a suitable method in order to monitor
electropermeabilization in real-time.
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6.1

Introduction

The development of reliable techniques for monitoring the course of electroporation has been object of study during years. Along the course of this thesis,
the aim is to contribute in the improvement of the electrical methods for this
purpose. The increasing use of electroporation for treating localized tumors
in cancer patients [1] motivates the development of reliable tools to control in
real-time the procedure. Nevertheless, electroporation is currently performed
without a real-time control regarding the extent and degree of permeabilization and usually some tests are performed prior to treatment as proposed in [2].
As shown, the measurement of electric properties of the sample under treatment during electroporation represents an optimal option given the possibility
of acquiring immediate information from the system. One of the first studies to use a real-time control applied to non-viral gene therapy used the pulse
current to voltage ratio has a predictor of the extent of permeabilization and
used this information to adjust the electric field applied [3]. By the same time,
other authors also applied a feedback control system to deliver the appropriate
electric field to single cells [4]. Other electrical measurements during treatment
have also been shown as promising tools to obtain information from biological samples using magnetic resonance electrical impedance tomography [5] and
electrical impedance tomography [6, 7].
In the present study, electrical impedance spectroscopy measurements of four
different cell lines (C2C12 myoblasts, C2C12 differentiated mytoubes, DC3F
and HeLa cells) cultured as monolayers in standard multi-well plates are analyzed during electroporation. The same experimental setup presented in the
previous chapter, which is able to perform electroporation and impedance spectroscopy measurements in the interval between consecutive pulses with a high
temporal resolution, is used. The measuring system enables to obtain information about the kinetics of pore formation and resealing both in the short
and long term. The comparison of the impedance response of the different cell
lines can bring important information about the general performance of the
system and is useful in order to confirm its ability to measure the effects of
electroporation in various situations.
In order to analyze the full spectral impedance information acquired, differ-
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ent methods are proposed. This comparative analysis is performed with the aim
of discerning which parameters can provide better information in a general situation. First, the magnitude and phase angle of impedance are shown at different
individual frequencies. Subsequently, in order to take advantage of the complete
spectral information, data modeling is applied to measurements. The parameters of the widely known Cole model are deeply analyzed and discussed. Additionally, an alternative modification of Cole model is also discussed. Finally,
measurements are adjusted to a complete circuital model whose components are
correlated with different processes occurred during electroporation. The goal
of this study is also to give some insights in the possibilities that full spectral
information can have in comparison with single frequency measurements. However, the vast amount of information generated during the experiments is still
under study and it would be unrealistic trying to give a complete and definitive
analysis.
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6.2

Materials and Methods

The materials and methods used for this study correspond exactly to the ones
presented in the previous chapter, refer to section 5.2 for a full detailed description. Only the information related to the cell culture procedure used for the
new cell lines included in this study is detailed below.
Additionally, it should be pointed out in this section that the same compensation procedure explained in 5.3.1.2, which is used to reduce the effects appeared
in the electrodes by subtracting frequency by frequency the small variations
recorded in the absence of cells for each electric field, is also applied to the
present measurements.

6.2.1

Cell culture

C2C12 mouse myoblasts and HeLa human cervix carcinoma cells are seeded into
24 muti-well plates at a initial density of 40×103 cells/well and 50×103 respectively, with 1 ml of growth medium comprising Dulbecco’s Modified Eagle’s
Medium (DMEM; High Glucose, GlutaMAX Supplement, pyruvate. Gibco,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin.
In the case of DC3F chinese hamster fibroblasts, cells are seeded at a initial
density of 350×103 cells/well with 1 ml of growth medium (in this case Minimal Esential Medium (MEM; GlutaMAX. Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. All
cells are kept in an incubator at 37◦ under a 5% CO2 atmosphere for 24 h until
full confluence.
Finally, C2C12 differentiated myotubes are obtained following the procedure
explained in the previous chapter.

6.3 Results and Discussion
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Results and Discussion

In this section the main findings extracted from the electrical impedance spectroscopy measurements performed during the electroporation treatment of the
four cell lines used (C2C12 myotubes, DC3F, C2C12 myoblasts and HeLa) are
shown. First, the measurements corresponding to the initial pre-eletroporation
state of monolayers are shown and discussed. Subsequently, the measurements
performed in the interpulse interval between consecutive pulses are shown for an
illustrative example corresponding to the highest electric field assayed in each
cell line. These illustrative examples are discussed from three different perspectives:i) first, the magnitude and phase angle impedance response is shown, ii)
second, the Cole model parameters extracted from the same set of measurements are discussed, iii) and finally, an electrical equivalent circuit is used to
model the measurements.
Further in this section, the analysis is divided in two parts in order to study:
in a first part the fast impedance variations detected short after pulse application, and then, the long-term accumulated impedance decrease is analyzed.

6.3.1

Pre-electroporation impedance measurements

The present results show the measurements performed in each cell line prior
to electroporation pulse application. As explained before, electrical impedance
spectroscopy measurements can be used to detect differences between different
samples both in vitro and in vivo, or between healthy and abnormal states of
the same sample, also it can give an estimator about cell concentration, etc.
In this section, the goal is to test the ability of the system to extract characteristics of the cell lines under study. Information about the cell monolayers
before electroporation is useful to assess the conditions of the sample under
treatment. Additionally, the information extracted from these measurements
could be useful for the subsequent analysis during electroporation.
In Fig. 6.1 a representative micrograph of each cell line is shown. It can
be observed at a glance that there exist significant differences in dimensions
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Fig. 6.1 Representative phase contrast micrographs of the cell lines included in the study.
10x magniﬁcation.

and organization between them. While myotubes show considerable elongated
shapes with marked differences between their long and short axis and a very inhomogeneous conformation, DC3F cells are on the contrary very homogeneous.
C2C12 and HeLa cells are in the intermediate situation between the other two.
First, the initial measurements are fitted to the Cole model. In the frequency
band ranging from some kHz to some MHz corresponding to the β dispersion,
biological tissues usually show one single relaxation phenomenon following Cole
equation 6.1. However, in some cases the structural inhomogeneity of tissues,
secondary cellular processes such as cell to cell gap junctions or intracellular
organelles, among others, result in a the appearance of a second sub-relaxation.
In these cases it is usual to adjust the impedance data to an association of two
or more Cole arcs functions. In the case of a series association of two elements
the impedance follows equation 6.2.
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Zsingle = R∞ +

Zdouble = R∞1 + R∞2 +

R0 − R∞
1 + (jω ffc )α

(6.1)

R02 − R∞2
R01 − R∞1
+
f α1
1 + (jω fc )
1 + (jω ffc )α2
1

(6.2)

2

From the parameters of this mathematical model (R0 , R∞ , α and fc ), it has
been shown that α and the characteristic frequency (fc ) are directly related with
the intrinsic properties of the biological sample under study [8–11]. Specifically,
it has been suggested that the characteristic frequency is intimately related to
cell size and shape [10]. In order to make a comparison between the different cell
lines, the dimensions of cells (major (D1) and minor (D2) axes of cells) are first
obtained manually using the image processing software ImageJ (MacBiophotonics). From this two dimensions, the average cell size, defined as the mean value
of the major axis and the minor axis, is calculated. Subsequently, impedance
for each cell line is fitted to a single Cole arc. In Fig. 6.2 the central relaxation
frequency (fc ) is plotted against cell size. As expected [12], it can be observed a
good correlation between the cell size and the characteristic frequency showing
an inversely proportional relation.
The detailed observation of the data from the cell lines with non homogeneous
sizes (Myotubes, C2C12 and HeLa), reveals that the measurements could be
fitted to a double arc instead of a single arc system. The differences between long
and short axis of these cell lines can explian the appearance of two relaxations,
each corresponding to one predominant dimension of the cell monolayer.
In Fig. 6.3 each dimension (D1 and D2) is plotted against the corresponding
characteristic frequency (fc1 and fc2 ) of a double Cole arc. The results show
again an inverse relation between cell size and characteristic frequency. In the
case of myotubes it would be reasonable to think that the cell size measurements
maybe inaccurate due to the big differences between individual cells. This can
explain the relatively high fc in the case of myotubes if compared to the other cell
lines and suggest that the results shown here represent just an approximation.
According to these measurements, the present setup is able to detect dif-
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Fig. 6.2 Characteristic relaxation frequency fc , obtained from ﬁtting the pre-electroporation
measurements to a single arc Cole model, plotted against the average cell size, calculated as
the mean of the major (D1) and minor (D2) axes of cells.Results from at least three repetitions
pooled together are shown.

ferences between cell lines. In the proposed analysis, these differences are attributed to the cell size and organization of the cell monolayer. For this reason
the system is not able to show any differences in the impedance spectrum of
C2C12 and HeLa cells that are really similar in sizes and cell monolayer organization. Clear differences are shown between C2C12 myoblasts and myotubes
what demonstrates that the system is able to detect differentiation. The suitability of the present system as a tool for continuously monitoring the differentiation process with a minimally invasive system should be studied in depth
but lies beyond the scope this thesis.
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Fig. 6.3 Characteristic relaxation frequencies fc1 and fc2 , obtained from ﬁtting the preelectroporation measurements to a double arc Cole model, plotted against the cell size axis
D1 and D2 respectively. Results from at least three repetitions pooled together are shown.

It has been shown how the measurements can be fitted to a single Cole arc,
however when the cell monolayer shows a certain degree of inhomogeneity it is
possible to use a double arc function. In both cases, the characteristic frequency
of the Cole model, which corresponds to the maximum of the imaginary part can
be used as a comparative parameter. In addition, these initial measurements
have shown that it is possible to have information of the pre-electroporation
state of the cell monolayer under treatment in a non-invasive way, what could
be interesting in subsequent steps of the experimental procedure.
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6.3.2

Measurements during electroporation treatment: illustrative examples

Along the first part of this section it is intended to show an illustrative example
of the results obtained from the measurements performed during electroporation. The measurements correspond to the electric field condition when the
maximum permeabilization was observed for each cell line without noticeable
massive cell death. This field intensities were chosen performing previous permeabilization tests applying a range of different intensities. Specifically, these
intensities (calculated as E=V/d) are 1200 V/cm for Myotubes and 1400 V/cm
for the rest of cell lines. As previously detailed in 5.2, 850 spectra are recorded
in each time lapse between consecutive pulses. The aim of this section is to
study if the detailed observation and comparison of the impedance response of
different cell lines can bring additional information and is useful to validate the
system as well as to select which parameters of the analysis can provide more
and better information.

6.3.2.1

Magnitude and phase

As a first step to better understand the present results it is helpful to observe the
individual magnitude and phase response of the different cell lines. In Figs 6.4
and 6.5 the impedance response over the complete electroporation procedure is
shown. The creation and disappearance of pores in the membrane should have
a higher impact in the response at low frequencies. In this frequency band, the
porated membrane no longer behaves as an insulator because the membrane
is partially shunted by a trans-membrane resistor. At higher frequencies the
impact becomes less and less pronounced. In an ideal situation, with no other
colateral effects apart from membrane permeabilization, the impedance at high
enough frequencies should not be affected by membrane poration. For this
reason, from the 21 measured frequencies within each multisine burst, only the
first six corresponding to 5, 7, 21, 24, 44 and 75 kHz are plotted for conciseness.
The magnitude response is first discussed. Following a similar analysis than
that of the previous chapter, two different dynamics are expected. First, a
fast recovery of impedance immediately after pulse application corresponding to
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Fig. 6.4 Bode plot of the initial pre-electroporation state of myotubes and DC3F cells (upper
inserts). Evolution of the impedance magnitude and phase angle during the application of 8
electroporation pulses. Illustrative examples for myotubes (E=1200 V/cm, left) and DC3F
cells (E=1400 V/cm, right). Only data corresponding to 5, 7, 21, 24, 44 and 75 kHz are
shown. The arrows in the ﬁgures indicate increasing frequency. The reader should be aware
that although measurements pulse after pulse are plotted continuously there is a delay between
the end of an interpulse measurement and the beginning of the next one (see section 5.2).
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Fig. 6.5 Bode plot of the initial pre-electroporation state of C2C12 and HeLa cells (upper
inserts). Evolution of the impedance magnitude and phase angle during the application of 8
electroporation pulses. Illustrative examples for C2C12 (E=1400 V/cm, left) and HeLa cells
(E=1400 V/cm, right). Only data corresponding to 5, 7, 21, 24, 44 and 75 kHz are shown.
The arrows in the ﬁgures indicate increasing frequency. The reader should be aware that
although measurements pulse after pulse are plotted continuously there is a delay between
the end of an interpulse measurement and the beginning of the next one (see section 5.2).
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short-term membrane resealing. Secondly, an accumulated impedance reduction
with slower dynamical behavior.
Focusing first on the magnitude decrease that is accumulated pulse after pulse
along the complete treatment, it can be observed that the behavior is similar
for all cases. Magnitude follows an exponential decrease implying that with
increasing pulse number the reduction in magnitude is successively smaller. As
previously discussed, this observation is compatible with two different processes
superimposed: the creation of more stable pores that do not reseal during pulse
application and the increase of conductivity due to leakage of ions, mostly K+ ,
from the cell cytoplasm into the extracellular volume.
Focusing next on the fast recovery process, it can be observed from Fig.
6.4 that the behavior differs depending on the cell line analyzed. In the case
of myotubes, a fast recovery of the magnitude immediately after each pulse
is clearly noticeable at the lowest frequencies. However, in the case of DC3F
cells this recovering process is not evident and seems to be masked by a slow
impedance decay accumulated along the complete measuring time. Only at the
end of the procedure, after pulses number 7 and 8, a slight recovery can be
observed in the magnitude of DC3F. The situation in Fig. 6.5 is intermediate,
it is still possible to observe a recovery of impedance magnitude after each pulse
but it is small comparing to the recovery observed in myotubes.
The observations made in the different cell lines suggest that depending on
the analyzed case, the fast magnitude recovery resulting from short-term membrane resealing could be mixed with a second process consisting in a monotonous
decrease of the impedance magnitude what makes impossible to differentiate
them. This process agrees with the diffusion of ions through membrane pores
and explains why the recovery of impedance magnitude is better detected at
the end of the treatment. When the amount of ions that leak decreases due to
the reduction in concentration gradients, the effect of the conductivity change
is smaller and does not mask the membrane resealing.
The reason to explain the differences observed between cell lines could relay
on the different dimensions of cells. The thickness of monolayers varies depending on cell line and thus the geometrical characteristics of the measurement
setup (cell constant). In Fig. 6.6 a brief explanation of this concept is depicted.
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The distance L1, between mytoubes and measurement microelectrodes is considerable shorter than the distance L2 for the case of DC3F cells. Considering
that for a fixed electrode arrangement, the impedance sensitivity parameter
depends on the distance from the electrodes [13–15] being higher for proximal
layers to the microelectrodes than for deeper layers, this could explained the
differences observed. From another point of view, the % of the total volume
under the microelectrodes that is occupied by cells and extracellular medium is
considerably different in both cases what could also influence the results. An
electrode set-up with shorter separators or other strategies such as growing cells
on a thin film matrix could be implemented to reduce this effect.

Fig. 6.6 Schematic representation (not to scale) depicting the possible impact of the cell
line thickness on the measurements. The distances (L1 and L2) between microelectrodes and
the sample under test diﬀers depending on the cell line. Also, the measured percentage of
extracellular volume changes between cell lines.

If the phase angle evolution is now studied, it can be observed that measurements show a fast dynamic change pulse after pulse for all cases. This
observation suggests that the effect of conductivity change in the extracellular
bulk electrolyte has considerably less impact in the phase angle of impedance
than in its magnitude. This can be partially explained attending to the calculation of the phase angle of the impedance according to equation 6.3. This
equation implies a quotient between imaginary and real parts of the system. On
one hand, the imaginary part should be less sensitive to a conductivity change
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but still not completely immune. This way, if both quantities are divided, the
common contribution of the conductivity variation should be considerably reduced in the final result.

θ(Z) = arctan

Im(Z)
Re(Z)

(6.3)

The only difference that can be noticed between cell lines is the frequency
that exhibits the maximum variation. This is clearly shown in Fig. 6.4 where
in the case of myotubes the maximum change occurs at the lowest frequency
and in the case of DC3F cells the point of maximum variation is displaced to
higher frequencies. For C2C12 and HeLa cells the maximum variation is placed
in between the previous ones. This is related to the results previously discussed
in Fig. 6.2. The phase variation is higher in frequencies around the maximum
of the imaginary part (fc ).
Phase angle measurements are generally suitable in those applications where
the geometry of the system is not constant because they are less susceptible
to variations in the cell constant of the system. Phase measurements have
been used by many authors as a marker to estimate different parameters in
clinical applications [16–19]. In the present setup the distance between cells
and microelectrodes varies with cell line, what is translated in a change in the
cell constant as previously stated. The similarities observed in the behavior
of phase angle for the different cell lines reinforces the fact that phase is more
immune to geometry variations and represents a more appropriate parameter
for comparison.

6.3.2.2

Cole model parameters

Complete information about the measured system can be studied in a simple
way by adjusting impedance data to a model. As previously explained, data
modeling is an advantageous method to use full spectral information in a single analysis. In the present section, the impedance response shown above for
each cell line is fitted to the widely known Cole model. As exposed in previous
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chapters, this mathematical description of impedance is characterized for its
simplicity and has been extensively applied in the field of bioimpedance measurements. However, physical interpretation of model parameters is far from
being completely understood what represents a limitation in many cases.
In the present study the aim of using Cole equation, and subsequently analyzing the evolution of its parameters, is to find out which provides better
information to characterize each of the different processes taking place during
the electroporation phenomenon. In Figs. 6.7 to 6.10 the evolution of the fitted
Cole arcs and their corresponding parameters is shown for each cell line.
According to the analysis made in the previous chapter, R0 should be significantly modified by the dynamics of pore formation in response to the creation
of new current paths at low frequency. Additionally, a change in conductivity
should also have an impact in R0 . On the contrary, R∞ should not vary due to
membrane poration but should be modified also by changes in the conductivity
of the extracellular buffer.
Comparing the behavior of parameter R0 with the low frequency magnitude
response shown in the previous section, it can be noticed, as expected, that they
perfectly match. This implies, as discussed in the case of impedance magnitude,
that the fast dynamics of short-term pore resealing that should be observed in R0
can be masked and not be distinguishable depending on cell line. For instance,
in the same manner that fast resealing is observable in the magnitude response
of myotubes, so it also appears in parameter R0 of Fig. 6.7. However, in the
case of DC3F cells it is not possible to distinguish the fast dynamic recovery
from the superimposed slow decay similarly to the observations made in its
magnitude response.
In the same way, R∞ follows the same behavior observed in the magnitude response at the highest measurement frequencies (data not shown). As previously
stated, the modification of this parameter is directly related to conductivity variations mostly in the extracellular volume. The comparison of the different cell
lines shows that this parameter behaves very similar in all cases what makes
sense with the fact that at high frequency cell membrane is “transparent” to the
measuring signals. This way, the modification in the distance between cells and
microelectrodes, that is believed to be responsible for the differences observed
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Fig. 6.7 Evolution of the ﬁtted Cole arcs pulse after pulse during a complete electroporation
treatment (upper insert). The red arrows show the tendency pulse after pulse, the green
arrows indicate the direction of the arcs immediately after each pulse. The evolution of R0 ,
R∞ , α and τc (1/fc ) is shown for monolayer of myotubes treated with 1200 V/cm.
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Fig. 6.8 Evolution of the ﬁtted Cole arcs pulse after pulse during a complete electroporation
treatment (upper insert). The red arrows show the tendency pulse after pulse, the green
arrows indicate the direction of the arcs immediately after each pulse. The evolution of R0 ,
R∞ , α and τc (1/fc ) is shown for monolayer of DC3F cells treated with 1400 V/cm.
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Fig. 6.9 Evolution of the ﬁtted Cole arcs pulse after pulse during a complete electroporation
treatment (upper insert). The red arrows show the tendency pulse after pulse, the green
arrows indicate the direction of the arcs immediately after each pulse. The evolution of R0 ,
R∞ , α and τc (1/fc ) is shown for monolayer of C2C12 cells treated with 1400 V/cm.
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Fig. 6.10 Evolution of the ﬁtted Cole arcs pulse after pulse during a complete electroporation
treatment (upper insert). The red arrows show the tendency pulse after pulse, the green arrows
indicate the direction of the arcs immediately after each pulse. The evolution of R0 , R∞ , α
and τc (1/fc ) is shown for monolayer of HeLa cells treated with 1400 V/cm.
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in the magnitude response for the different cell lines at low frequencies, is not
important for the measured impedance at high frequency.
Theoretically, the Cole model can be represented with an equivalent circuit
with three hypothetical elements: R∞ , ∆R (=R0 -R∞ ) and a constant phase
element (CPE) (see Fig. 6.12). Biological materials rarely show a single time
constant Debye response (τ =RC) [15] thus the CPE following equation 6.4, is
introduced in the Cole equation to model a certain distribution of time constants
whose broadness is controlled by the parameter α. Lower α indicates a broader
distribution of time constants.

ZCP E =

1
(Kjωτ )α

(6.4)

The comparison of the evolution of the time constant (τc ) and the exponent
α for the different cell lines reveals some differences. In the case of myotubes
and DC3F cells, the time constant shows a very similar behavior with a fast
dynamic change combined with a slow accumulated decay. In the case of C2C12
and HeLa cells, the behavior of τc shows only a fast recovery after each pulse with
negligible accumulated evolution. In all cases it is clear that the time constant
decreases immediately after each pulse and it has a fast recovery shortly after
the pulse. The main difference observed between cell lines is the long-term
evolution of the parameter.
The evolution of α for the first two cell lines shows negligible rapid variation
and the accumulated slow decay is very small. Exponent α for the other two
cell lines shows a well defined fast variation after each pulse together with an
increasing tendency over time.
The previous observations suggest that the information contained in τc and
α is complementary depending on the cell line. One possibility to explain this
is because maybe the fitting algorithm to Cole equation could have multiple
solutions and does not uniquely assign a change in the impedance to a defined
parameter. Attending to equation 6.5 it appears reasonable to think that these
two parameters cannot be analyzed independently as they both influence the
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time constant in the equivalent pseudo RC association of the Cole model.

1

τcCole = [(R0 − R∞ )K] α

(6.5)

In Fig. 6.11 the term (τc )α is calculated and depicted for each cell line. It
can be observed that the combination of both parameters results in a similar
behavior for all cell lines. Only in the case of DC3F cells, the fast recovery
appears to be somehow masked by the exponent α, if it is compared with the
evolution of the corresponding τc alone shown in Fig. 6.8.
According to these results the equivalent time constant (τc )α represents a
suitable parameter to study the short-term recovering of cell membrane associated with the closing of the short-lived pores immediately after each electroporation pulse. τcα has the advantage of providing information about the relation
between the equivalent resistance/capacitance network of the cell membrane at
the same time.
For the interpretation of the combined information contained in (τc )α , it
maybe useful to attend to the interpretation of each parameter separately. On
the one hand, the relaxation frequency alone (fc ) has been previously used as

Fig. 6.11 Evolution of the association of Cole parameters τcα for the same data shown in
Figs. 6.7 to 6.10.
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an indicator to differentiate between normal and cancerous tissue [11]. The
given explanation in this study dealt with the differences in polarizability of
healthy and abnormal cells. In the case of electroporation, this interpretation
is perfectly compatible. It is reasonable to think that the creation of pores
changes the ability to store charges in the cell membrane and thus its ability
to be polarized. On the other hand, the interpretation of α is more complex,
it has been suggested that it is related with the heterogeneity of the sample
under study, due to unbalances in the intra/extracellular volumes, different
shapes and sizes, presence of organelles, structural alterations, etc. [9, 15]. All
interpretations agree that it is a measure of the dispersion of time constants.
In the present case it can be seen as a complementary parameter of the mean
time constant values of τc .
Lastly, the observed variation in the time constant τc deserves an additional
explanation. During the search for a plausible reason for the changes detected in
this parameter, it was found a paper that deserves special comments. The article
written by Sverre Grimnes and Orjan G. Martinsen [20] proposes an alternative
model to Cole equation for cases when it is observed a variation of the equivalent
time constant. The proposed model, depicted in Fig. 6.12, adds an independent
conductance Gvar in parallel with the CPE. In opposition, the Cole model
implies that the conductance in parallel with the CPE is not an independent
parameter but a part of the Cole dispersion mechanism. Further theoretical
explanation about this can be found in [15]. According to the authors, this
modified model implies that the variations in the time constant (τzm ) can be
the consequence of changes in the parallel independent conductance Gvar . In
the Cole model it is shown that variations in the time constant cannot be due to
variations in the parallel conductance ∆G. In the same study they demonstrate
the suitability of the new model in the example of skin, where the sweat ducts
are modeled as the parallel independent conductance.
In the present case, according to the physical mechanism of electroporation,
the creation of membrane pores can be understood as the appearance of a
shunting conductance in parallel to the membrane. The uncertainty in this
situation is if it can be considered as an independent mechanism with no effects
on the CPE as it is proposed in the modified model. In order to study the
suitability of this model to the present measurements, the new model is applied
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Fig. 6.12 Equivalent circuits corresponding to the Cole model and to the alternative model
proposed in [20].

as an example in the case of myotubes and DC3F cells. The conductance G1
is obtained following the inverse analysis proposed in the cited paper according
to equation 6.6 with a nominal time constant τZ of 1 second. Gvar is obtained
from the forward analysis according to equation 6.7.

G1 = Gvar

Gvar =

1
(τz ωzm )α

1
R0 − R∞

(6.6)

(6.7)

In Fig. 6.13 the calculated parameters G1 and Gvar are plotted. According
to these results, it is difficult to observe a clearly differentiated behavior between
both of them. This means that the changes produced on the measured sample
are influencing both the CPE and the parallel conductance what brings to the
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conclusion that they do not respond to independent processes. This implies
that the modified model does not represent any improvement with respect to
the classical Cole model for the present case. However, the idea of modeling
pore creation with an additional resistance in parallel to the membrane CPE is
applied in next section using a complete equivalent electrical model.

Fig. 6.13 Analysis of the parameters G1 and Gvar for the model proposed in [20] for the
measurement examples of myotubes and DC3F cells.

6.3.2.3

Equivalent electrical circuit

The last modeling alternative used in the analysis of the present measurements
is based on an electrical circuit model. The proposed electrical equivalent shown
in Fig. 6.14 corresponds to the one previously used in chapter 5 section 5.3.4.
Briefly, the parameters Rext and Rint correspond to the extracellular and intracellular resistances respectively. The cell membrane is modeled as a CPE
in parallel to an additional resistance Rpores that simulates the opening and
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Fig. 6.14 Electrical equivalent circuit used to model the measurements. Rext and Rint
correspond to the extracellular and intracellular resistances respectively. The cell membrane
is modeled as a CPE in parallel to an additional resistance Rpores .

closing of membrane pores.
The measurements for each cell line are fitted to the model with a Matlab
routine. First, the values for the initial pre-electroporation state are found
manually to set the initial conditions to the fitting algorithm. As there is more
than one possible set of parameters solving the system, some restrictions are
imposed. In the present analysis it is imposed that Rint cannot decrease during
the course of electroporation what would be in opposition to the expected release
of ions from the cytoplasm. After several tests it is observed the need for an
additional restriction in Rext . The expected variation of this parameter is a
slow continuous process due to diffusion of ions. To model the evolution of this
parameter, the long-term behavior observed in R0 from the Cole is used. The
decaying trend in R0 is extracted, normalized and applied to Rext .
In Fig. 6.15 the evolution the resulting fitted parameter Rpores is plotted for
each cell line. It can be noticed the similarity in the behavior of this parallel
resistance in all cases. According to the previous discussion in the sections
above, the evolution of Rpores agrees with the expected dual dynamic process
(short-term + long-term).
These results demonstrate how attributing to Rext a variation in accordance
to a conductivity change in the extracellular buffer, and restricting the behavior
of Rint to be incremental, it is possible to observe the evolution of membrane
pores not mixed with any other collateral effect. These observations support all
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Fig. 6.15 Evolution of equivalent circuit parameter Rpores for the four cell lines analyzed.
Data corresponding to the same example shown in the previous sections.

the previous discussion about the masking effect of a conductivity variation in
the measured membrane events.
The advantage of this equivalent circuit is the possibility of associating a
physical meaning to each parameter and separately studying the effect of each
one of them. Comparing the different cell lines, the agreement in the observed
behavior suggests that this model can be a suitable option for modeling the
electroporation phenomenon independently of the cell line analyzed. Unfortunately, the fitting algorithms in this case are considerably more time consuming
that the strategies used in Cole parameter extraction what leads to be not a
good choice for real-time scenarios. Additionally, there is a need of imposing
conditions to the fitting algorithm what is not necessary in the Cole model.
Following, a comparative study of the different discussed parameters is performed with the aim of extracting which is the most adequate for the study of
the fast membrane dynamics.
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6.3.3

Fast membrane variations: comparative analysis and
parameter selection

To this point, the different approaches for the analysis of the impedance measurements during electroporation have been presented. It has been shown that
the information of membrane dynamics can be contained in different parameters
depending on the approach. Summarizing:

Magnitude and phase
According to section 6.3.2.1 it has been shown that the information about
the fast resealing process pulse after pulse can be detected in the phase
angle at low frequency for all cell lines. On the contrary, depending on
the cell line, this information is masked in the magnitude response by an
accumulated impedance decrease related with the exchange of ions. It
is demonstrated that the conductivity changes in the extracellular bulk
electrolyte has considerably less impact in the phase angle that in the
magnitude response, what makes it suitable for studying fast membrane
resealing. The only difference observed between cell lines is the frequency
where the phase variations are maximum. This implies that, for each cell
line, the frequency should be chosen previous to the analysis.
Cole model
The classical impedance model applied to the present measurements show
considerable variability in the behavior of parameters depending on cell
line. R0 and R∞ show similar behavior than that of low and high frequency magnitude response respectively. This makes R0 not immune
to conductivity variations and thus not suitable for short-term dynamics study. The analysis of the other two Cole parameters τc and α reveals
fast dynamic variations in both of them. However the information is expressed in different manner depending on the cell line. The association
of these two parameters as an equivalent time constant τcα shows similar
behavior in all cases and seems to be the best and more uniform parameter to study fast resealing of cell membrane during pulses independently
of cell line.
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Equivalent circuit
Lastly, an electrical circuit is used to model the different contributions to
the system. This model allows to independently analyze and simulate the
behavior of different components. The preconditioning for parameter Rext
is obtained from the slow trend observed in Cole parameter R0 . With the
restrictions explained above, the resistance Rpores follows a double kinetic
evolution in accordance with the creation of two types of pores (short-lived
and long-lived pores). This model is useful to confirm the assumptions
made in the previous analysis and to find a physical interpretation for
the different phenomena observed. However, it does not represent a good
option for extracting immediate information about the course of the electroporation procedure because it needs some previous restrictions and the
fitting algorithms are not optimal in terms of computational costs.
In accordance to the previous chapter, the transient changes corresponding to
the resealing of short-lived pores are governed by a two-stage process modeled
by a double exponential function. A first step where massive pores closing
occurs within the range of some hundreds of milliseconds, and a second step
with a slower resealing rate in the order of one second. In order to compare the
different approaches, the dynamic behavior of the different parameters is fitted
to double exponential functions (equation 6.8). First, the long term tendency
is subtracted from the complete data sets to obtain the corrected short-term
information that is subsequently fitted in Matlab.

f (t) = Ae−t/τ1 + Be−t/τ2

(6.8)

In Fig. 6.16 the mean values of the time constant τ1 extracted for each
parameter are shown for each cell line. The values correspond to the measurements of at least three repetitions for the highest electric field assayed (1200
V/cm in the case of myotubes, 1400 V/cm in the rest). The time constant (τ1 )
shows no evolution during the course of the 8 electroporation pulses for any of
the analyzed parameters (data not shown) what enables to extract the mean
value of a complete treatment.
Analyzing the results obtained for the fast time constant τ1 , it can be noticed
the high similarity in the values obtained with the different methods. In the
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Fig. 6.16 Values obtained for the fast time constant τ1 after ﬁtting the corrected information
in each parameter to a double exponential function. Mean values ± SD are calculated from
at least three repetitions for the highest electric ﬁeld assayed (1200 V/cm in the case of
myotubes, 1400 V/cm in the rest). In the case of phase angle the particular frequency chosen
for the analysis is 5 kHz for myotubes, 21 kHz for c2c12 and Hela and 24 kHz for DC3F cells.

case of the parameter Rpores it can be observed that values are slightly smaller
but still in the same order of magnitude. Interpreting the dynamics of the fast
time constant with the resealing of the first population of short-lived pores as
discussed in previous chapter, it can be concluded from the observed results
that the mechanisms for this stage of membrane resealing are similar in all the
cell lines analyzed. As previously stated, τ1 shows no evolution pulse after pulse
what means that the mechanisms responsible for this fast membrane repair are
not affected over time.
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In the case of τ2 an increasing evolution is observed for the values extracted
from the analysis made with the phase angle and with the parameter Rpores , on
the contrary τcα shows no marked evolution. For this reason the mean values
cannot be calculated as in the case of τ1 . As an example, the evolution of τ2 for
the circuital parameter Rpores is shown in Fig. 6.17. The increase of τ2 with
increasing pulse number can the interpreted as a gradual loss in the resealing
ability of cell membranes due to the accumulated effect of pulse repetition. This
makes the information contained in this parameter of special interest to detect
the level when cells begin to be unable to reseal and thus useful to differentiate
between reversible or irreversible electroporation. This observation would need
deeper study in the future but could represent an irreversibility marker for real
time monitoring of tissues during in vivo irreversible electroporation ablation.

Fig. 6.17 Evolution of time constant τ2 pulse after pulse calculated for parameter Rpores .
Mean values ± SD are calculated from at least three repetitions for the highest electric ﬁeld
assayed (1200 V/cm in the case of myotubes, 1400 V/cm in the rest).
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Summarizing, the comparative analysis of τ1 and τ2 for the three methods
proposed has been shown. First, the observation of the mean values of τ1
(between 125-200 ms) obtained from the different methods brings very similar
results what implies that nothing can be said to decide which method represents
a better option. Additionally, for the tested experimental conditions, τ1 shows
no significant changes over time what makes it useless to extract information
about the evolution of the treatment. However, taking into account the results
from the previous chapter, where the values of this time constant differed with
the electric field intensity, it could be interesting to use this information in order
to adjust the intensity of the applied pulses.
Following, the analysis of the slow time constant (τ2 ) brings different results
depending on the method. It shows an increasing variation pulse after pulse
for the values obtained both from the analysis of the phase angle and from
the equivalent circuit parameter Rpores . However, the combined information
of (τc )α from the Cole model remains stable over time. Although this was not
demonstrated in the present study, the observed increasing values of τ2 could be
related with the gradual loss of the resealing ability of membrane and thus could
provide useful information to detect the initiation of irreversible electroporation.
Comparing the different methods applied to the analysis of the fast membrane
dynamics, phase angle behaves very similarly in all cell lines what represents an
advantage if the aim is to extract a global parameter suitable for any treated
sample. However, the analysis of phase angle needs a previous decision on
which frequency is analyzed because depending on the cell line the maximum
changes are shifted to a different frequency. The decision of the chosen frequency
could be extracted from the information of the pre-electroporation impedance
measurements (section 6.3.1). In the case of Cole parameter extraction no
previous information is needed at all but it is difficult to correctly interpret
the results. Finally, the equivalent circuit needs some assumptions that are
extracted from the later analysis of measurements after treatment and thus is
not a suitable method to apply on line during treatment but a good method to
confirm the results obtained with the other methods.
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Long-term membrane variations

6.3.4.1

Complete evolution
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In this section, the accumulated impedance decay observed is analyzed during
the application of the complete electroporation treatment. This accumulated
decrease over time is explained by two different processes affecting impedance
simultaneously: first the progressive increase in membrane permeability as a
consequence of the accumulation of long-lived pores that do not close during
electroporation treatment and second, a change in conductivity due to diffusion
of ions. As explained before, impedance at low frequency can be affected by
the two processes while at high frequency, conductivity variations should be the
main responsible for the variations observed. If the aim is to extract information
about the extent of membrane permeabilization by means of electrical impedance, it can be useful to combine the information of low and high frequency
in order to partly compensate the variations that are not due to membrane
poration.
The long-term impedance decrease is observed both in magnitude and phase
angle of impedance for all cell lines (see Figs. 6.4 and 6.5). As expected,
the amplitude of this variation depends on the frequency analyzed; for lower
frequencies the change detected is bigger than for higher frequencies. In Fig.
6.18 an example of this dependency is shown for the magnitude of C2C12 cells.
As expected, this effect is also perfectly reflected in parameters R0 and R∞
(refer to Figs. 6.7 to 6.10) being the amplitude of variation of R0 (low frequency)
much higher than the change in R∞ (high frequency).
In order to have an estimate of the total impedance change during the complete process, the long-term trend is extracted from the low and high frequency
magnitude responses for at least three repetitions of each electric field intensity
assayed in all cell lines. An example in the case of c2c12 cells (1400 V/cm) is
shown in Fig. 6.18 (blue and red lines correspond to low and high frequency
respectively). Subsequently, the quotient between these two quantities is normalized to show data in percentage of total change with respect to the initial
pre-electroporation state. The same equivalent analysis could be performed
using R0 and R∞ (data not shown).
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Fig. 6.18 Long-term impedance magnitude variation for the lowest frequency (5 kHz, blue)
and for the highest frequency (1.31 MHz, red).Example for and electric ﬁeld of 1400 V/cm
applied to C2C12 myoblasts.

In Figs. 6.19 and 6.20 the resulting mean long-term variation is shown for
all cell lines and electric field intensities tested. In all cases, it can be clearly
noticed an electric field dependence increasing the % of variation with increasing
electric field intensity. Additionally, it is noticed that the behavior over time is
different for the highest electric conditions. It is observed that instead of a linear
decrease of impedance with pulse number, there is an asymptotic evolution,
meaning that the rate of decrease is reduced pulse after pulse. As previously
discussed, this observation can be the consequence that when a certain level of
permeabilization is reached the effectiveness of pulse application decreases.
As recently proposed in [21], the reduction in the rate of stable pore formation may be a consequence of cell electro-desensitization. This concept can be
applied in the present situation because it suggests that the application of an
electric field has less effect when the cell membrane is highly perturbed that
when the membrane is more organized. In the mentioned paper, the authors
relate this observation with the time that membrane has to reseal between consecutive pulses but can also be explained on the basis of the number pulses
applied because it also modifies the state of accumulated membrane perturbation.
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Fig. 6.19 Long-term impedance variation calculated from the quotient between low and
high frequency impedance magnitude. Data is shown as the percentage of total change with
respect to the initial pre-electroporation state. Data shown for at least three repetitions
pooled together for each electric ﬁeld intensity assayed in the case of myotubes and DC3F
cells.

6.3.4.2

Long-term evolution & Permeabilization rates

In section 6.3.3 it was shown how the observation of the slow time constant
τ2 could be used as a marker to detect the loose of resealing ability of cells
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Fig. 6.20 Long-term impedance variation calculated from the quotient between low and
high frequency impedance magnitude. Data is shown as the percentage of total change with
respect to the initial pre-electroporation state. Data shown for at least three repetitions
pooled together for each electric ﬁeld intensity assayed in the case of c2c12 myoblasts and
HeLa cells.

what could be used to detect the threshold of irreversible electroporation. The
detection of this limit in real time would be useful to find the optimal conditions
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either for reversible or irreversible treatments. In this part, the aim is to study
if the information extracted from the long-term impedance variation could be
useful as an indicator of the success of the treatment. As demonstrated in
previous studies, the vast majority of molecular transport (cell uptake) occurs
through the long-lasting membrane structures (long-lived pores) [22–24]. For
this reason, the measure of the variation in the long-term impedance, which
provides information about the creation of these pores, should be correlated
with the amount of molecular species that reach cell cytoplasm.
As described in 5.2, the success of cell permeabilization was measured using
the fluorescent reporter Yo-Pro-1 Iodide. Fig. 6.21 shows, as an example, a
micrograph of each cell line after treatment. It is noticeable that in the case
of DC3F cells, due to the small size of this cell line and maybe also due to the
absence of intercelular communication, it is possible to observe black areas (non
permeabilized) corresponding to the region under the microelectrodes where the
electric field is near to zero. In order to quantify the extent of permeabilization,
at least three different fields of each sample were registered under fluorescent
microscope and subsequently analyzed with the free image processing software
ImageJ (MacBiophotonics)[25]. This analysis was not performed in myotubes
due to the complexity of the monolayer (multinucleated cells) and the inability of
identifying single cells automatically. In Fig. 6.22 the quantification procedure
using the automatic cell nucleus counting plug-in is shown for an example of
DC3F cells treated with 1400 V/cm.
Following, the total % of impedance variation extracted from the value at
the end of the treatment (t=8 s) in Figs. 6.19 and 6.20 is compared with the
obtained permeabilization rates. In Fig. 6.23 both values are plotted together
(permeabilization rates are normalized in order to show both quantities on a
similar scale).
The results in Fig. 6.23 show a clear correlation between impedance and permeabilization rates for the three cell lines analyzed. For the lowest electric field
condition the results clearly differ from the other two both for permeabilization
rates and impedance variation. However, in the case of the two highest electric
fields the differences between them are not obvious. In order to have a measure of the significance of differences, an unpaired Student’s t-test (significance
level 5 %) is performed between impedance variation for 1000 V/cm and 1400
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Fig. 6.21 Example of micrographs (phase contrast and ﬂuorescent images) for each cell
line. The successful permeabilization assessed by Yo-Pro uptake is shown for an example
corresponding to the highest electric ﬁeld applied in each case.
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Fig. 6.22 Schematic representation of the image processing procedure performed to quantify
the permeabilization rates with ImageJ (MacBiophotonics) software. Example for DC3F cells.

V/cm and also between permeabilization rates for the same field intensities.
According to the data shown in Fig. 6.23, in the case of C2C12 and HeLa cells
the differences in the permeabilization rates obtained for 1000 V/cm and 1400
V/cm are not significant while, for the same conditions, the average impedance
variation differ significantly. This can be explained because the quantification
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Fig. 6.23 Comparison between the total % of impedance variation extracted from the value
at the end of the treatment (t=8 s) with respect to the quantiﬁed permeabilization rates.
Impedance data correspond to at least three repetition pooled together. In the case of permeabilization rates, three diﬀerent ﬁelds for each repetition were registered and mean values
are calculated from at least three repetitions pooled together.
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of Yo-Pro uptake is not performed immediately after pulse application. On the
contrary, cells are left for 15 min before washing and fluorescence inspection (see
section 5.2.4). However, in the case of impedance measurements the information is recorded during pulse application. The application of 1000 V/cm or 1400
V/cm could have permeabilized a similar number and, although the number or
size of pores in both cases is not the same, after 15 min the uptake detected
could be similar. This observation demonstrates how electrical impedance can
quantitatively measure the effects produced in the cell membrane for different
electric fields better than traditional permeabilization tests due to the possibility
of recording in real time. The information from electrical impedance acquired
with the proposed setup can be used to obtain useful information, from the
cell monolayer under treatment in this case, by means of a label-free real time
method. The technique appears a promising tool that could be used for in vivo
treatments as a real time method to assess the success tissue electroporation.
The present results show a correlation between permeabilization and impedance variation, however, in the case of macromolecules such as DNA there is
no a direct relation between permeabilization and the successful transfer of the
macromolecules to the cell cytoplasm. In the future different molecules should
be tested in order to study the ability of impedance measurements to detect the
success of the treatment in these cases.

6.4

Conclusions

In this study the evolution of the electrical impedance during electroporation of
four cell lines is analyzed and compared. First, the impedance of the different
cell lines prior to electroporation is analyzed using the Cole model. The results
show how the system is able to detect differences between cell lines based on
the study of the characteristic frequency parameter fc . In the present case, the
differences observed in this parameter are related to the different sizes of the
cells under study. For this reason, C2C12 myoblasts and HeLa cells that show
really similar sizes also result in similar values of fc . Additionally, depending on
the organization of the cell monolayer, the impedance spectra can be adjusted
to a double arc Cole model reflecting the dispersion in sizes between the long
and short axis of cells. In the case of C2C12 cells, it can be clearly observed
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the differences detected between the same cells before and after differentiation.
Subsequently, the impedance response during electroporation is analyzed for
an illustrative example of each cell line following three different approaches. The
first one, based on the analysis of the magnitude and phase angle of impedance,
reveals how the magnitude is more affected by the conductivity changes, which
occur during electroporation due to ion diffusion, than the phase angle. For
this reason, in the case of the phase angle it is possible to observe the fast
impedance recovery immediately after pulsing for all cell lines while in the case
of the magnitude response, in some cases, the conductivity change masks it.
This leads to conclude that the phase angle is more suitable for the observation
of the fast impedance variations pulse after pulse.
The second approach to analyze the measurements makes use of the Cole
model. The evolution of parameter R0 agrees with the observed behavior in
the magnitude what makes this parameter not suitable for the analysis in all
cases. In the present study, it is proposed to combine the information contained
in τc and α as an equivalent time constant (τc )α what behaves similar in all
cases. As a consequence of the possible inability of the fitting algorithm to
assign impedance variations uniquely to one of these two parameters, it is seems
more appropriate to use the combined information of both. Additionally, the
variations in the τc of Cole model suggest the possibility of using an alternative
model but once tested, it is shown how this model does not provide better
results.
Finally, an electrical equivalent circuit is used. This model represents a good
option in order to theoretically study the contribution of the different effects to
the system but the need of some a-priori information for the fitting algorithm
makes it not suitable as a method to perform a first analysis of the measurements
but to confirm some previous results.
The comparative analysis of the time constants τ1 and τ2 for the short-term
impedance variations for the three proposed methods together with the previous
observations help to conclude that phase angle is apparently the most suitable
parameter to extract short-term information from the system independently on
the cell line analyzed. The only drawback is the need of choosing the frequency
where that phase exhibits maximum variations depending on cell line. It is
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proposed that the information contained in τ2 could be and indicator of the
long-term resealing ability of cells. Although not demonstrated in the present
thesis, it could be used as a marker pf irreversible electroporation.
Lastly, the analysis of the long-term impedance decay observed during the
complete treatment is performed studying the evolution of the quotient between
low and high frequency impedance magnitude. A similar analysis could be done
with the phase or with the Cole model parameters R0 and Rinf ty . The use of the
high frequency information to compensate the collateral effects produced during electroporation represents an advantage in front of using single frequency
measurements. Additionally, the impedance change at the end of the treatment
is compared to the permeabilization rates quantified with a chemical method.
It is demonstrated the good correlation between impedance variation and permeabilization rates what supports the idea that the information extracted from
the long-term impedance variation could be useful as an indicator of the success of the treatment. In the analysis it is shown how the measure of electrical
impedance in real time is more sensitive to differentiate the effect produced by
different electric field intensities than traditional permeabilization tests.
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Abstract
In this final chapter the most important findings and contributions of the present
PhD dissertation are summarized, from the concept of the devices used in this research
to the application and possible uses of the fast impedance measurements performed.
In addition, several guidelines for further work in the topic are proposed.
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7.1

Conclusions

Concept
Regarding the first objective of this work, which consisted in the development
of a microelectrode system capable of performing electroporation to adherent
cells in standard multiwell plates, it has been shown along this thesis the suitability of the proposed system to accomplish this goal. The microelectrode
assemblies and their application concept represent a novel method to use microelectrodes structures with adherent cells. The main novelty of these devices
resides in the position of the microelectrodes with respect to the cell monolayer.
The design principle consisting in the momentary placement of the microelectrodes above the cell monolayer avoiding physical contact with the cells by
means of microseparators has been demonstrated.
The studied system allows the use of microelectrodes in standard multiwell
plates what implies a significant advantage with respect to previous systems
where cells are grown on the surface of microelectrodes. First, the final user
can use this device in the same conditions as the standard chemical methods are
applied; there is no need for additional procedures different than those employed
in regular protocols what is translated in reducing cell stress. Additionally, the
use of standard surfaces to grow cells improves the user’s trust and significantly
reduces the costs of the electroporation treatment. These advantages are added
to the fact that performing in situ electroporation to adherent cells is desirable
or even necessary in many cases and that few commercial systems are designed
to this application.

Microelectrodes
Attending to the technology used in the fabrication of the microelectrodes,
standard printed circuit board (PCB) techniques have been applied to produce
the prototypes. PCB enables to easily construct bi-layer designs, what was
mandatory given the characteristics of the top-positioning concept. One side
for the microelectrode structure and microseparators and the opposite side for
the connectors. It allows fabricating microelectrode assemblies with dimensions
in the order of tens of microns and non-cytotoxic materials can be used as
coating. Additionally, the fabrication costs of this technology enable to produce
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disposable devices at very low price.
During the course of the study and supported by theoretical electric field
simulations, different improvements have been performed to obtain better results. Thanks to the simulations, it was observed that as a consequence of the
high thickness of the metal substrate where the electrodes are patterned in PCB
technology, if compared to thin film technologies, most of current flow occurred
in the lateral space between microelectrodes. For this reason, the first improvement, and the one implying the biggest novelty, consisted in the modification of
the fabrication procedure with the aim of forcing the current density to concentrate in the region occupied by the cells and not in the volume space between
adjacent lines.
The mentioned improvement consisted in filling the gap between adjacent
microelectrodes with a non-conductive material, in the present case, an epoxy
resin was used. Once accomplished, this modification led to a reduction in the
total electric current necessary to produce cell electropermeabilization, what
avoided the apparition of undesired electrolytic reactions, specially when long
pulses (1ms) were applied. In order to implement this concept, the basic standard fabrication steps were maintained what allowed keeping the low costs of
this fabrication process.
The next modification that was performed with respect the initial prototype
relates to the geometry of the microelectrodes. The new spiral topology allows
improving the electric field uniformity in the cell monolayer and, more important, using the same microelectrode assembly as an electrical bioimpedance
sensor during electroporation. The spiral arrangement is specially conceived to
perform measurements with a four-electrode method what is more suitable to
avoid the effect of the electrode-electrolyte interface and thus having a more
realistic impedance recording.

Electroporation Results
Regarding the experimental results performed to study the ability of the prototypes to produce cell permeabilization, different tests were done. In chapter
3 the concept of the system is validated with two cell lines and a small labeled
FITC-dextran molecule. The results confirm the effectiveness of the system
in cell electropermeabilization and report permeabilization rates comparable to
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other systems. Additionally, it is also observed that the device could be used in
cell electrofusion in confluent cell monolayers. This second characteristic is not
investigated in detail in the present work.
In chapter 4 the tests are extended to a higher number of cell lines and
active molecules. The results indicate that despite the good permeabilization
rates assessed with a small molecule, the plasmid transfection results show low
expression rates. This supports the concept that first, permeabilization is necessary but not sufficient to obtain transfection and second, the results obtained
in adherent cells are lower than those obtained in suspended cells for the same
conditions. It is important to state that the goal in this part of the thesis was
to demonstrate the suitability of the system to insert different active molecules
by electroporation but not to find the optimal conditions that maximize these
results. Further effort should be put to improve the low transfection rates obtained.

Impedance measurements
Subsequently, the second part of this dissertation is focused in the application of the presented system in the electrical characterization of cell monolayers
during electroporation by means of fast electrical impedance spectroscopy measurements. First, the suitability of the system to detect impedance changes
during electroporation is confirmed in chapter 4 with a basic measuring setup.
These first results indicate a relation between electric field intensity and impedance decrease. It is shown that the evolution of impedance is not linear with
pulse number, suggesting that the level of cell permeabilization saturates with
increasing pulse number. The different behavior at different measuring frequencies reinforces the advantage of using impedance spectroscopy to obtain more
complete information from the measured system.
Next, a system capable of continuously acquiring impedance spectra at a
time resolution of 1 spectrum/ms was developed in order to study the fast
changes produced in the cell membrane immediately after each pulse (interpulse measurements). The system is based on a fast EIS measuring technique
using multisine excitations. For the first time, with the present setup it is
possible to perform continuous multifrequency measurements with such a high
time resolution during an electroporation treatment.
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In chapter 5 the measurements are shown for differentiated myotubes. This
is a clear example where it is necessary a system applicable to adherent cells.
In chapter 6 the measurements are extended to other three additional cell lines.
The initial observation of the impedance measurements during electroporation (magnitude and phase) reveals the existence of two different dynamics at
low frequency. First, a fast impedance recovery immediately after each pulse,
called short-term evolution. This process agrees with the kinetics of short-lived
pores that start to reseal immediately after pulse application. This fast resealing
process follows a double exponential function with two time constants: a fast
time constant in the order of hundreds of milliseconds and a slow time constant
in the order of seconds. A second impedance decrease maintained during the
complete treatment is also observed (long-term evolution).
At high frequency, where the impedance should not be directly affected by
membrane changes, only a slow impedance decrease is observed. This change
is attributed to conductivity variation that occurs during electroporation due
to ions diffusion from the more conductive cell cytoplasm to the low conductive
extracellular buffer.
Fast impedance variations (Short-term)
The comparison of the magnitude and phase angle response obtained from all
cell lines reveals that phase angle is more suitable for the detection of the fast
impedance variations pulse after pulse. This is explained because, depending
on the cell line, the mentioned medium conductivity change affect more to the
impedance magnitude than to its phase, thus hiding the fast membrane recovery.
The drawback of the direct observation of phase is that only the information
at one single frequency can be analyzed at the same time. Additionally the
frequency showing the higher phase variations at low frequency differs from one
cell line to the other what implies that for the study of the fast membrane
changes this frequency needs to be manually selected for each cell line.
Following, in order to extract the most from the multifrequency measurements, we used impedance models to analyze the complete spectral information. First, the widely known Cole model is applied. The detailed analysis
and comparison of its parameters reveals that depending on the cell line the
fast membrane variations (short-term evolution) could not always be assigned
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to the same parameter. From our initial analysis, these should be shown in the
parameter R0 that represents the changes at low frequency. However, depending on the cell line, this parameter does not behave according to the already
describe dual dynamics. Similar to the impedance magnitude, R0 seems to be
affected by a second process that hides the fast membrane changes immediately
after each pulse.
In this study it is proposed to combine the information contained in τc and
α as an equivalent time constant (τc )α that behaves similarly in all cases. The
cell membrane represents a pseudo RC network whose time constant variations
can provide useful information about membrane permeabilization dynamics.
Finally, R∞ from the Cole model is useful to obtain information about the
collateral variation in the extracellular conductivity.
The advantage of using Cole model is the simplicity of its formulation (only
with four parameters) and the cost efficient algorithms that can be used to fit
the measurements on real-time. However, the drawback of this model is the lack
of a unique physical interpretation of its parameters. Also, during the fitting
procedure, an impedance variation can be reflected in different ways in Cole
model parameters what makes difficult to provide a general description for the
interpretation of this model.
Finally, an alternative electrical equivalent circuit was used in the analysis.
The advantage of this type of models is that they enable to identify each process
with a different circuit element facilitating the correct interpretation of the
results. However, in the present case, different solutions existed for the same set
of parameters what implied the need for previous information from the system.
For this reason, some restrictions were imposed to the fitting algorithm following
the expected behavior of the circuit parameters. In the present case these
predictions were extracted from the observed behavior in the Cole model. Using
this equivalent circuit, fast membrane dynamics were modeled as an additional
parallel resistor in the membrane. With the imposed restrictions, the results
were satisfactory and considerably uniform for all cell lines.
Summarizing, this study reveals that more than one method should be used
to confirm the analysis of impedance measurements when the goal is the confirmation of a given theoretical explanation, each one having its advantages
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and drawbacks. If the goal is, on the contrary, to give a simple description of
the dynamical impedance changes in an hypothetical control system any of the
present methods would be enough. For the application of this kind of measurements to real-time systems, it is desirable a fast method without the need of
previous information. This makes Cole model the best candidate. Direct phase
measurements could also be used by taking advantage from the information contained in the pre-electroporation measurements of the sample to decide which
frequency should be analyzed. The equivalent circuit is not suitable for realtime measurements but should be used complementary to confirm the results
off line.
The possible uses of the values of the time constants from the fast membrane dynamics generated from the impedance spectroscopy measurements are
explained next. The fast time constant (referred as τ1 in the text) describes
the first and fastest part of the resealing process. The similarity of the values
obtained suggests that this mechanism is similar for all cell lines. However,
as shown in chapter 5, the τ1 values differ between low electric field intensities,
near the electroporation threshold, and higher intensities, where clear permeabilization occurs. This suggests that different mechanisms could be activated for
the cell membrane recovery when the membrane is massively permeabilizated.
The values of τ1 could be used for the detection of the effective permeabilization threshold in the initial permeabilization tests of a particular cell line. Also
this information is interesting to improve the basic knowledge of the membrane
resealing mechanisms.
The second time constant τ2 provides information about the slower resealing
process that follows the fast part described above. The values of this time
constant are around one second what agrees with observations made in previous
studies. However, it has been observed that for high electric field intensities the
values increase with increasing pulse number. This could be related with the
loose of resealing ability of the cell membrane in these cases. This explanation
suggests that the value of τ2 could be used to detect the initiation of irreversible
electroporation. Nonetheless, further studies should be done in the future to
demonstrate this fact.
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Slow impedance variations (Long-term)
Regarding the slow impedance decrease observed during the complete electroporation treatment, it is related with the creation of long-lasting permeable
structures (long-lived pores). Also, the change in conductivity produced by
leakage of ions contributes to this decrease. The advantage of performing multifrequency measurements is the ability to compensate the effect of the conductivity variation using the high frequency impedance information. The resulting
increase in membrane permeability due to long-lived pores is not linear with
pulse number and shows an asymptotic behavior suggesting a limit for permeabilization with pulse number.
The comparison of the impedance change at the end of the treatment with
respect to the permeabilization rates quantified with a chemical method demonstrates that the information extracted from the long-term impedance variation
could be useful as an indicator of the success of the treatment. Additionally, it
has been shown how the impedance measurements are more sensitive in order
to differentiate the effect produced by different electric field intensities than
traditional permeabilization tests.
The information obtained from the present multifrequency measurements
supports the fact that when acquiring complete spectra instead of single frequency measurements, more information about the system can be extracted.
The present results demonstrate how fast EIS measurements during an electroporation procedure represent a reliable and alternative method for online
monitoring the changes produced in the sample under treatment.

7.2 Future work
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Future work

Research is a continuous process where improving is always a must. In the
present case further effort should be focused on different aspects. First, increasing the DNA transfection rates to obtain results comparable to other systems
and extending the experiments to more cell lines and molecules should be addressed. Due to our lack of previous experience, once familiarized with the
electroporation technique, the optimal conditions for each experiment should
be found by playing with many different variables such as electric field parameters (pulse duration, frequency, number of pulses, polarity, etc.), different buffer
compositions, cell density and so on.
Regarding the application of impedance measurements, many questions should
also be addressed in the future. First, further work could be oriented in exploiting the advantages of the microelectrode assembly to characterize non-invasively
cell monolayers. The system could be used to monitor cell differentiation, cell
reprogramming in induced pluripotent stem cells (IPSc), etc.
Attending to measurements during electroporation, the impedance analysis
presented in this thesis has been performed in the time lapse between consecutive pulses to reveal fast membrane dynamics. Obviously, the same system could be used to follow the impedance of cell monolayers in a longer time
scale to monitor the complete membrane resealing process after electroporation.
Also, in-pulse measurements could be performed with the present setup; either
measuring current and voltage signals of the applied pulses; or superposing a
multifrequency signal such a multisine to the square electroporation pulses and
subsequently analyzing the spectral response.
The improvement in the complete understanding of the impedance results
obtained should be continued proposing new models that could be applied for a
general case. The aim of this models would be enabling the complete separation
of the crossed effects in the different parameters even being capable of introducing the electrodes effects. Also varying experimental conditions such as buffer
conductivity, time between pulses, pulse duration, etc. could help in the deep
understanding of the contribution of different phenomena to the measurements.
Additionally, finding a clear relation between the obtained time constants and
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the physiological mechanisms of cell resealing should also be studied in depth.
Finally, the extension of the in vitro results to measurements in living tissues
should be performed in the future. The final goal would imply demonstrating
the ability of the fast electrical impedance measurements as an optimal method
for online monitoring tissue electroporation either in electrochemotherapy, gene
electrotransfer or tissue ablation treatments. The combined use of this measurements with efficient feedback control strategies would enable to develop tools
for an optimal and safe electric field treatment dosage.
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