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WELCOME NOTE

Welcome note
Dear Colleagues, Dear Students,
The idea of organizing the Workshop and Postgraduate Course on Electroporation Based
Technologies and Treatments at the University of Ljubljana had been developing for several years.
After preliminary discussions, the Workshop and Course was organised for the first time in 2003. It
is now for the fifth time that we meet. Again it is with great pleasure that we can say: »with
participation of many of the world leading experts in the field«. The intended audience are all those
interested in applications of electroporation in vitro, in vivo, and in clinical environment. The most
advanced among these applications are electrochemotherapy of tumors, which has already paved its
way into clinical environment, and electric field mediated drug and gene delivery, which is
becoming more and more widely used. The aim of the lectures at this Workshop and Course is to
provide the participants with sufficient theoretical background and practical knowledge to allow
them to use electroporation effectively in their working environments.
The consequences of exposing a cell to electric pulses are changes in membrane structure which
facilitate the transmembrane flow of molecules that otherwise cross the membrane only in minute
amounts, if at all. Electroporation can be used in all kinds of isolated cells as well as in tissues. The
electric field to which one exposes the target cell has to be of sufficient strength, and the exposure of
sufficient duration. The magnitude of electric field to be used depends on cell type, size, orientation
and density, pulse duration and number of pulses. The selection of pulse parameters is influenced
also by the size and type of the molecule that the operator intends to internalize. Depending on the
location and size of the targeted tissue, electric pulses will be delivered via appropriate electrodes
chosen among a number of different types. Geometry and positioning of electrodes affect electric
field distribution, which is important for effective in vivo electroporation.
This year the program of lectures also includes lectures on electroporation in bioprocessing. Recent
developments on the delivery of ultra-short, high-intensity pulsed electrical fields also constitute the
core of lectures: these pulses permeabilize the plasma membrane as well as the cell internal
membranes. They constitute a new promising tool for cell electromanipulation and may allow us to
better integrate experimental observations with molecular dynamics simulations results.
It also needs to be emphasized that all written contributions collected in this proceeding have been
peer-reviewed and then thoroughly edited by Peter Kramar. We thank all authors, reviewers and
editors. Finally, we would like to express our sincere thanks to the colleagues working in our and
collaborating laboratories, to the agencies that have been sponsoring our research work for years, and
to Slovenian Research Agency, Bioelectrochemical Society and to the Centre national de la
recherché scientifique (CNRS). We also would like to thank BIA Separations (Slovenia), Bio-Rad
Laboratories (USA), C3M (Slovenia), Igea (Italy), Iskra Medical (Slovenia), Kemomed (Slovenia),
Mediline (Slovenia) and Mikro+polo (Slovenija) whose financial support allowed us to assist many
students participating in this Workshop and Course by waiving their fee or providing them with
accommodation. The BioElectroMagnetics Society (BEMS) and the European Bioelectromagnetics
Association (EBEA) have also contributed with travel grants and with tuition fees partial coverage
for students. The course is conducted in the scope of the LEA EBAM (European Associated
Laboratory on the Pulsed Electric Fields Applications in Biology and Medicine).
Thank you for participating in our Workshop and Course. We sincerely hope that you will benefit
from being with us both socially and professionally.
Sincerely Yours,
Damijan Miklavčič and Lluis M. Mir
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ELECTRICAL PROPERTIES OF CELLS AND TISSUES IN ELECTRIC FIELD

Biological Cells in Electric Fields
Tadej Kotnik
University of Ljubljana, Faculty of Electrical Engineering, Ljubljana, Slovenia
Abstract: This introductory lecture describes the basic interactions between biological cells and
electric fields. Under physiological conditions, a resting voltage in the range of tens of millivolts is
continually present on the cell membrane. An exposure of the cell to an external electric field induces
an additional component of transmembrane voltage, proportional to the strength of the external field
and superimposing onto the resting component for the duration of the exposure. Unlike the resting
voltage, the induced voltage varies with position, and also depends on the shape of the cell and its
orientation with respect to the electric field. In cell suspensions, it also depends on the volume fraction
occupied by the cells. There is a delay between the external field and the voltage induced by it,
typically somewhat below a microsecond, but larger when cells are suspended in a low-conductivity
medium. As a consequence of this delay, for exposures to electric fields with frequencies above
1 MHz, or to electric pulses with durations below 1 µs, the amplitude of the induced voltage starts to
decrease with further increase of the field frequency or further decrease of the pulse duration. With
field frequencies approaching the gigahertz range, or with pulse durations in the nanosecond range,
this attenuation becomes so pronounced that the voltages induced on organelle membranes in the cell
interior become comparable, and can even exceed the voltage induced on the plasma membrane.

of the cell is a sphere surrounded by a spherical shell.
For augmented generality, the sphere can be replaced
by a spheroid (or an ellipsoid), but in this case, the
requirement of uniform thickness complicates the
description of the shell substantially. If its inner
surface is a spheroid or an ellipsoid, its outer surface
lacks a simple geometrical characterization, and vice
versa. 1 Fortunately, this complication does not affect
the steady-state voltage induced on the plasma
membrane of such cells, which can still be determined
analytically.
Spheres, spheroids, and ellipsoids may be
reasonable models for suspended cells, but not for
cells in tissues. No simple geometrical body can
model a typical cell in a tissue, and furthermore every
cell generally differs in its shape from the rest. With
irregular geometries and/or with cells close to each
other, the induced voltage cannot be determined
analytically, and thus cannot be formulated as an
explicit function. This deprives us of some of the
insight available from explicit expressions, but using
modern computers and numerical methods, the
voltage induced on each particular irregular cell can
still be determined quite accurately.

THE CELL AND ITS PLASMA MEMBRANE
A biological cell can be considered from various
aspects. We will skip the most usual description, that
of a biologist, and focus on two more technical ones,
electrical and geometrical.
From the electrical point of view, the cell can
roughly be described as an electrolyte (the cytoplasm)
surrounded by an electrically insulating shell (the
plasma membrane). Physiologically, the surroundings
of the cell also resemble an electrolyte. Under such
conditions, when a cell is exposed to an external
electric field, in its very vicinity the field concentrates
within the membrane. This results in an electric
potential difference across the membrane, termed the
induced transmembrane voltage, which superimposes
onto the resting voltage typically present under
physiological conditions. Transmembrane voltage can
affect the functioning of voltage-gated membrane
channels, initiate the action potentials, stimulate
cardiac cells, and when sufficiently large, it also leads
to cell membrane electroporation, with the porated
membrane regions closely correlated with the regions
of the highest induced transmembrane voltage [1].
With rapidly time-varying electric fields, such as
waves with frequencies in the megahertz range or
higher, or electric pulses with durations in the
submicrosecond range, both the membrane and its
surroundings have to be treated as materials with both
a non-zero electric conductivity and a non-zero
dielectric permittivity.
From the geometrical point of view, the cell can be
characterized as a geometric body (the cytoplasm)
surrounded by a shell of uniform thickness (the
membrane). For suspended cells, the simplest model

RESTING TRANSMEMBRANE VOLTAGE
Under physiological conditions, a voltage in the
range of –90 mV up to –40 mV is always present on
the cell membrane [2,3]. This voltage is caused by a
1

This can be visualized in two dimensions by drawing an ellipse,
and then trying to draw a closed curve everywhere equidistant to
the ellipse. This curve is not an ellipse, and if one is content with
an approximation, the task is actually easier to accomplish by
hand than with basic drawing programs on a computer.
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transmembrane voltage by adding
component to the induced one.

minute deficit of positive ions in the cytoplasm
relative to the negative ones, which is a consequence
of the transport of specific ions across the membrane.
The most important actors in this transport are: (i) the
Na-K pumps, which export Na+ ions out of the cell
and simultaneously import K+ ions into the cell; and
(ii) the K leak channels, through which K+ ions can
flow across the membrane in both directions. The
resting transmembrane voltage reflects the
electrochemical equilibrium of the action of these two
mechanisms, and perhaps the easiest way to explain
the occurrence of this voltage is to describe how the
equilibrium is reached.
The Na-K pump works in cycles. In a single cycle,
it exports three Na+ ions out of the cell and imports
two K+ ions into it. This generates a small deficit of
positive ions in the cytoplasm and a gradient of
electric potential, which draws positive ions into the
cell, and negative ions out of the cell. But at the same
time, the pump also generates concentration gradients
of Na+ and K+, which draw the Na+ ions into the cell,
and the K+ ions out of the cell. The K+ ions are the
only ones that possess a significant mechanism of
passive transport through the membrane, namely the
K leak channels, and through these the K+ ions are
driven towards the equilibration of the electrical and
the concentration gradient. When this equilibrium is
reached, the electrical gradient across the membrane
determines the resting transmembrane voltage, which
is continually present on the membrane.
The unbalanced ions responsible for the resting
transmembrane voltage represent a very small fraction
of all the ions in the cytoplasm, so that the osmotic
pressure difference generated by this imbalance is
negligible. Also, the membrane acts as a charged
capacitor, with the unbalanced ions accumulating
close to its surface, so that the cytoplasm can in
general be viewed as electrically neutral.

the

resting

Spherical cells
For an exposure to a DC homogeneous electric
field, the voltage induced on the cell membrane is
determined by solving Laplace's equation. Although
biological cells are not perfect spheres, in theoretical
treatments they are usually considered as such. For the
first approximation, the plasma membrane can also be
treated as nonconductive. Under these assumptions,
the induced transmembrane voltage ∆Φm is given by a
formula often referred to as the (steady-state)
Schwan’s equation [4],
=
∆Φ m

3
E R cos θ ,
2

(1)

where E is the electric field in the region where the
cell is situated, R is the cell radius, and θ is the angle
measured from the center of the cell with respect to
the direction of the field. voltage is proportional to the
applied electric field and to the cell radius.
Furthermore, it has extremal values at the points
where the field is perpendicular to the membrane, i.e.
at θ = 0° and θ = 180° (the “poles” of the cell), and inbetween these poles it varies proportionally to the
cosine of θ (see Fig. 1, dashed).
The value of ∆Φm given by Eq. (1) is typically
established several μs after the onset of the electric
field. With exposures to a DC field lasting hundreds
of microseconds or more, this formula can safely be
applied to yield the maximal, steady-state value of the
induced transmembrane voltage. To describe the
transient behavior during the initial microseconds, one
uses the first-order Schwan’s equation [5],
=
∆Φ m

3
E R cos θ (1 − exp(−t / τm ) ) ,
2

(2)

where τm is the time constant of membrane charging,
τm =
2d

INDUCED TRANSMEMBRANE VOLTAGE
When a biological cell is placed into an electric
field, this leads to a local distortion of the field in the
cell and its vicinity. As outlined in the introductory
section of this paper, due to the low membrane
conductivity, in the vicinity of the cell the field is
concentrated in the cell membrane, where it is several
orders of magnitude larger than in the cytoplasm and
outside the cell. This results in a so-called induced
transmembrane voltage, which superimposes to the
resting component. In the following subsections, we
describe in more detail the transmembrane voltage
induced on cells of various shapes and under various
conditions. In each considered case, the principles of
superposition allow to obtain the complete

R εm
σi σ e
+ Rσm
σi + 2σe

(3)

with σi, σm and σe the conductivities of the cytoplasm,
cell membrane, and extracellular medium, respectively, εm the dielectric permittivity of the membrane, d
the membrane thickness, and R again the cell radius.
In certain experiments in vitro, where artificial
extracellular media with conductivities substantially
lower than physiological are used, the factor 3/2 in
Eqns. (1) and (2) decreases in value, as described in
detail in [6]. But generally, Eqns. (2) and (3) are
applicable to exposures to sine (AC) electric fields with
frequencies below 1 MHz, and to rectangular electric
pulses longer than 1 µs.
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To determine the voltage induced by even higher
field frequencies or even shorter pulses, the dielectric
permittivities of the electrolytes on both sides of the
membrane also have to be accounted for. This leads to
a further generalization of Eqns. (2) and (3) to a
second-order model [7-9], and the results it yields will
be outlined in the last section of this paper.
Spheroidal and ellipsoidal cells
Another direction of generalization is to assume a
cell shape more general than that of a sphere. The
most straightforward generalization is to a spheroid (a
geometrical body obtained by rotating an ellipse
around one of its radii, so that one of its orthogonal
projections is a sphere, and the other two are the same
ellipse) and further to an ellipsoid (a geometrical body
in which each of its three orthogonal projections is a
different ellipse). To obtain the analogues of
Schwan’s equation for such cells, one solves
Laplace’s equation in spheroidal and ellipsoidal
coordinates, respectively [10-12]. Besides the fact that
this solution is by itself somewhat more intricate than
the one in spherical coordinates, the generalization of
the shape invokes two additional complications
outlined in the next two paragraphs.
A description of a cell is geometrically realistic if
the thickness of its membrane is uniform. This is the
case if the membrane represents the space between
two concentric spheres, but not with two confocal
spheroids or ellipsoids. As a result, the thickness of
the membrane modeled in spheroidal or ellipsoidal
coordinates is necessarily nonuniform. By solving
Laplace's equation in these coordinates, we thus
obtain the spatial distribution of the electric potential
in a nonrealistic setting. However, under the
assumption that the membrane conductivity is zero,
the induced transmembrane voltage obtained in this
manner is still realistic. Namely, the shielding of the
cytoplasm is then complete, and hence the electric
potential everywhere inside the cytoplasm is constant.
Therefore, the geometry of the inner surface of the
membrane does not affect the potential distribution
outside the cell, which is the same as if the cell would
be a homogeneous non-conductive body of the same
shape. 2 A more rigorous discussion of the validity of
this approach can be found in [10]. Fig. 1 compares
the transmembrane voltage induced on two spheroids
with the axis of rotational symmetry aligned with the
direction of the field, and that induced on a sphere.

Figure 1: Normalized steady-state ∆Φm as a function of the polar
angle θ for spheroidal cells with the axis of rotational symmetry
aligned with the direction of the field. Solid: a prolate spheroidal
cell with R2 = 0.2 × R1. Dashed: a spherical cell, R2 = R1 = R.
Dotted: an oblate spheroidal cell with R2 = 5 × R1.

For nonspherical cells, it is generally more
revealing to express ∆Φm as a function of the arc
length than as a function of the angle θ (for a sphere,
the two quantities are directly proportional). For
uniformity, the normalized version of the arc length is
used, denoted by p and increasing from 0 to 1
equidistantly along the arc of the membrane. This is
illustrated in Fig. 2 for the cells for which ∆Φm(θ) is
shown in Fig. 1, and all the plots of ∆Φm on
nonspherical cells will henceforth be presented in this
manner.

2

As a rough analogy, when a stone is placed into a water stream,
the streamlines outside the stone are the same regardless of the
stone’s interior composition. Due to the fact that stone is
impermeable to water, only its outer shape matters in this respect.
Similarly, when the membrane is nonconductive, or “impermeable
to electric current”, only the outer shape of the cell affects the
current density and the potential distribution outside the cell.

Figure 2: Normalized steady-state ∆Φm as a function of the normalized arc length p for spheroidal cells with the axis of rotational
symmetry aligned with the direction of the field. Solid: a prolate
spheroidal cell with R2 = 0.2 × R1. Dashed: a spherical cell,
R2 = R1 = R. Dotted: an oblate spheroidal cell with R2 = 5 × R1.
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The second complication of generalizing the cell
shape from a sphere to a spheroid or an ellipsoid is
that the induced voltage now also becomes dependent
on the orientation of the cell with respect to the
electric field. To deal with this, one decomposes the
field vector into the components parallel to the axes of
the spheroid or the ellipsoid, and writes the induced
voltage as a corresponding linear combination of the
voltages induced for each of the three coaxial
orientations [11,12]. Figs. 3 and 4 show the effect of
rotation of two different spheroids with respect to the
direction of the field.

Irregularly shaped cells
For a cell having an irregular shape, the induced
transmembrane voltage cannot be determined exactly,
as for such a geometry Laplace's equation is not
solvable analytically. Using modern computers and
finite-elements tools such as COMSOL Multiphysics,
the voltage induced on a given irregular cell can still
be determined numerically, as described in detail in
[13,14]. While the results obtained in this manner are
quite accurate, they are only applicable to the
particular cell shape for which they were computed.
Fig. 5 shows examples of two cells growing in a Petri
dish and the voltages induced on their membranes.

Figure 3: Normalized steady-state ∆Φm(p) for a prolate spheroidal
cell with R2 = 0.2 × R1. Solid: axis of rotational symmetry (ARS)
aligned with the field. Dashed: ARS at 45° with respect to the
field. Dotted: ARS perpendicular to the field.

Figure 5: Normalized steady-state ∆Φm(p) for two irregularly
shaped cells growing on the flat surface of a Petri dish.

Cells in dense suspensions
In dilute cell suspensions, the distance between the
cells is much larger than the cells themselves, and the
local field outside each cell is practically unaffected
by the presence of other cells. Thus, for cells
representing less than 1 % of the suspension volume
(for a spherical cell with a radius of 10 µm, this means
up to 2 million cells/ml), the deviation of the actual
induced transmembrane voltage from one predicted by
Schwan's equation is negligible. However, as the
volume fraction occupied by the cells gets larger, the
distortion of the local field around each cell by the
presence of other cells in the vicinity becomes more
pronounced, and the prediction yielded by Schwan's
equation less realistic (Fig. 6). For volume fractions
over ten percent, as well as for clusters and lattices of
cells, one has to use appropriate numerical or
approximate analytical solutions for a reliable analysis
of the induced transmembrane voltage [15,16].
Regardless of the volume fraction they occupy, as
long as the cells are suspended, they are floating

Figure 4: Normalized steady-state ∆Φm(p) for an oblate
spheroidal cell with R2 = 5 × R1. Solid: axis of rotational symmetry
(ARS) aligned with the field. Dashed: ARS at 45° with respect to
the field. Dotted: ARS perpendicular to the field.
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than τm, as well as for pulses shorter than τm, the
amplitude of the induced voltage starts to decrease.
To illustrate how the amplitude of the induced
transmembrane voltage gets attenuated as the
frequency of the AC field increases, we plot the
normalized amplitude of the induced voltage as a
function of the field frequency. For a spherical cell,
the plot obtained is shown in Fig. 6. The
low-frequency plateau and the downward slope that
follows are both described by the first-order Schwan's
equation, but the high-frequency plateau is only
described by the second-order model [7-9], in which
all electric conductivities and dielectric permittivities
are accounted for.
With field frequencies approaching the GHz range,
or with pulse durations in the nanosecond range, the
attenuation of the voltage induced on the cell plasma
membrane becomes so pronounced that this voltage
becomes comparable to the voltage induced on
organelle membranes in the cell interior. In certain
circumstances, particularly if the organelle interior is
electrically more conductive than the cytosol, or if the
organelle membrane has a lower dielectric
permittivity than the cell membrane, the voltage
induced on the membrane of this organelle can
temporarily even exceed the voltage induced on the
plasma membrane [17]. In principle, this could
provide a theoretical explanation for a number of
recent reports that very short and intense electric
pulses (tens of ns, millions or tens of millions of V/m)
can also induce electroporation of organelle
membranes [18-20].

freely, and their arrangement is rather uniform.
Asymptotically, this would correspond to a facecentered cubic lattice, and this lattice is also the most
appropriate for the analysis of the transmembrane
voltage induced on cells in suspension.

Figure 6: Normalized steady-state ∆Φm(θ) for spherical cells in
suspensions of various densities (intercellular distances). Solid:
The analytical result for a single cell as given by Eq. (1). Dashed:
numerical results for cells arranged in a face-centered cubic lattice
and occupying (with decreasing dash size) 10%, 30%, and 50% of
the total suspension volume.

For even larger volume fractions of the cells, the
electrical properties of the suspension start to
resemble that of a tissue, but only to a certain extent.
The arrangement of cells in tissues does not
necessarily resemble a face-centered lattice, since
cells can form specific structures (e.g. layers). In
addition, cells in tissues can be directly electrically
coupled (e.g. through gap junctions). These and other
specific features of the interactions between cells in
tissues and electric fields will be considered in more
detail in the paper that follows this one.
High field frequencies and very short pulses
The time constant of membrane charging (τm)
given by Eq. (3) implies that there is a delay between
the time courses of the external field and the voltage
induced by this field. As mentioned above, τm (and
thus the delay) is somewhat below a microsecond
under physiological conditions, but can be larger
when cells are suspended in a low-conductivity
medium. For alternating (AC) fields with the
oscillation period much longer than τm, as well as for
rectangular pulses much longer than τm, the amplitude
of the induced voltage remains unaffected. However,
for AC fields with the period comparable or shorter

Figure 7: The amplitude of normalized steady-state ∆Φm, as a
function of the frequency of the AC field. The dashed curve shows
the first-order, and the solid one the second-order Schwan's
equation. Note that both axes are logarithmic.
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Electric Properties of Tissues and their Changes During Electroporation
Damijan Miklavčič, Nataša Pavšelj
University of Ljubljana, Faculty of Electrical Engineering, Ljubljana, Slovenia
Abstract: Passive electric properties of biological tissues such as permittivity and conductivity are
important in applied problems of electroporation. The current densities and pathways resulting from
an applied electrical pulse are dictated to a large extent by the relative permittivity and conductivity of
biological tissues. We briefly present some theoretical basis for the current conduction in biologic
materials and factors affecting the measurement of tissue dielectric properties that need to be taken
into account when designing the measurement procedure. Large discrepancies between the data
reported by different researchers are found in the literature. These are due to factors such as different
measuring techniques used, the fact that macroscopic tissue properties show inhomogenity,
dispersions, anisotropy, nonlinearity, as well as temperature dependence and changes over time.
Furthermore, when biological tissue is exposed to a high enough electric field, changes in its bulk
electric properties occur.

is zero. In the case of an insulator, there are no free
charges so net migration of charge does not occur. In
polar materials, however, the positive and negative
charge centers in the molecules do not coincide. An
applied field, E0, tends to orient the dipoles and
produces a field inside the dielectric, Ep, which
opposes the applied field. This process is called
polarization [1, 4]. Most materials contain a
combination of dipoles and free charges. Thus the
electric field is reduced in any material relative to its
free-space value. The net field inside the material, E,
is then

INTRODUCTION
The electrical properties of biological tissues and
cell suspensions have been of interest for over a
century. They determine the pathways of current flow
through the body and are thus very important in the
analysis of a wide range of biomedical applications.
On a more fundamental level, knowledge of these
electrical properties can lead to the understanding of
the underlying, basic biological processes. To analyze
the response of a tissue to electric stimulus, data on
the conductivities and relative permittivities of the
tissues or organs are needed. A microscopic
description of the response is complicated by the
variety of cell shapes and their distribution inside the
tissue as well as the different properties of the
extracellular media. Therefore, a macroscopic
approach is most often used to characterize field
distributions in biological systems. Moreover, even on
a macroscopic level the electrical properties are
complicated. They can depend on the tissue
orientation relative to the applied field (directional
anisotropy), the frequency of the applied field (the
tissue is neither a perfect dielectric nor a perfect
conductor) or they can be time and space dependent
(e.g., changes in tissue conductivity during
electroporation) [1-3].

=
E E0 − Ep
The net field is lowered by a significant amount
relative to the applied field if the material is an
insulator and is essentially zero for a good conductor.
This reduction is characterized by a factor εr, which is
called the relative permittivity or dielectric constant,
according to

E=

E0
εr

In practice, most materials, including biological
tissue, actually display some characteristics of both,
insulators and conductors, because they contain
dipoles as well as charges which can move, but in a
restricted manner.
On a macroscopic level we describe the material as
having a permittivity, ε, and a conductivity, σ. The
permittivity characterizes the material’s ability to trap
or store charge or to rotate molecular dipoles whereas
the conductivity describes its ability to transport
charge. The permittivity also helps to determine the
speed of light in a material so that free space has a
permittivity ε0 =8.85 x 10-12 F/m. For other media:

BIOLOGICAL
MATERIALS
IN
THE
ELECTRIC FIELD
The electrical properties of any material, including
biological tissue can be broadly separated into two
categories: conducting and insulating. In a conductor
the electric charges move freely in response to the
application of an electric field whereas in an insulator
(dielectric) the charges are fixed and not free to move
– the current does not flow [2].
If a conductor is placed in an electric field, charges
will move within the conductor until the interior field

ε = εr ε0

The energy stored per unit volume in a material, u,
and the power dissipated per unit volume, p, are:
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εE 2
2

p=

σE 2
2

I = ( ε r − iσ
We can
permittivity:

Consider a sample of material which has a
thickness, d, and cross-sectional area, A (Figure 1).

define

ωε 0

dV
)iωε 0 A = C
d
dt

a

complex-valued,

ε* =ε r −

σ* = iωε* = iωε 0 ε r *

d

We can consider the conductivity of a material as a
measure of the ability of its charge to be transported
throughout its volume by an applied electric field.
Similarly, its permittivity is a measure of the ability of
its dipoles to rotate or its charge to be stored by an
applied external field. Note that if the permittivity and
conductivity of the material are constant, the
displacement current will increase with frequency
whereas the conduction current does not change. At
low frequencies the material will behave like a
conductor, but capacitive effects will become more
important at higher frequencies. For most materials,
however, σ* and ε* are frequency-dependent. Such a
variation is called dispersion and is due to the
dielectric relaxation – the delay in molecular
polarization following changing electric field in a
material. Biological tissues exhibit several different
dispersions over a wide range of frequencies [1, 4].
Dispersions can be understood in terms of the
orientation of the dipoles and the motion of the charge
carriers. At relatively low frequencies it is relatively
easy for the dipoles to orient in response to the change
in applied field whereas the charge carriers travel
larger distances over which there is a greater
opportunity for trapping at a defect or interface. The
permittivity is relatively high and the conductivity is
relatively low. As the frequency increases, the dipoles
are less able to follow the changes in the applied field
and the corresponding polarization disappears. In
contrast, the charge carriers sample shorter distances
during each half-cycle and are less likely to be
trapped. As frequency increases, the permittivity
decreases and, because trapping becomes less
important, the conductivity increases. In a
heterogeneous material, such as biological tissue,
several dispersions are observed as illustrated in
Figure 2. In short, alpha dispersion around the
kilohertz range is due to cell membrane effects such
as gated channells and ionic diffusion and is the first
of the dispersions to disappear with tissue death. Beta
dispersion can be observed around the megahertz
range due to the capacitive charging of cell
membranes. Above beta dispersion the impedance of

Figure 1: A considered theoretical small part of the material.

If the material is an insulator, then we treat the
sample as a capacitor with capacitance (C); if it is a
conductor, then we treat it as a conductor with
conductance (G):

G = σ⋅A

d

d

A simple model for a real material, such as tissue,
would be a parallel combination of the capacitor and
conductor. If a constant (DC) voltage V is applied
across this parallel combination, then a conduction
current IC = GV will flow and an amount of charge
Q=CV will be stored. However, if an alternating (AC)
voltage was applied to the combination:

V(t)=V0 cos(ωt)
The charge on the capacitor plates is now changing
with frequency f. We characterize this flow as a
displacement current:

Id = dQ

iσ
=ε 'r − iε ''r
ωε 0

with εr'=εr and εr''=σ/(ωε0). The complex
conductivity and complex permittivity are related by:

A

C = ε⋅A

relative

dt

= -ωCV0 sin(ωt)

The total current flowing through the material is
the sum of the conduction and displacement currents,
which are 90° apart in phase. The total current is I = Ic
+ Id, hence

I=GV+C ⋅ dV

dt

= (σ + iωε)A ⋅ V

d

The actual material, then, can be characterized as
having an admittance, Y*, given by:

Y* = G + iωC = (A d)(σ + iωε)
where * indicates a complex-valued quantity. In
terms of material properties we define a
corresponding, complex-valued conductivity

σ* = (σ + iωε)
Describing a material in terms of its admittance
emphasizes its ability to transport current.
Alternatively, we could emphasize its ability to
restrict the flow of current by considering its
impedance Z*=1/Y*, or for a pure conductance, its
resistance, R=1/G.
We can also denote total current as:
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permittivity values, one needs to include data on the
orientation of the electrodes relative to the major axis
of the tissue; e.g., longitudinal, transversal or a
combination of both. For example, muscles are
composed of fibers, very large individual cells aligned
in the direction of muscle contraction. Electrical
conduction along the length of the fiber is thus
significantly easier than conduction between the fibers
in the extracellular matrix. Therefore, muscle tissue
manifests typical anisotropic electric properties. The
longitudinal conductivity is significantly higher than
the transverse conductivity (can be up to 8 times
higher).
Moreover, tissue anisotropy is frequency
dependent. Namely, if the frequency of the current is
high enough, the anisotropic properties disappear.
Specifically for muscle tissue, that happens in the
MHz frequency range, i.e. at beta dispersion.
Physiological factors and changes of tissue
Any changes in tissue physiology should produce
changes in the tissue electrical properties. This
principle has been used to identify and/or monitor the
presence of various illnesses or conditions.
Tumors generally have higher water content than
normal cells because of cellular necrosis but also
irregular and fenestrated vascularization. Higher
conductivity of tumors in the MHz frequency range
could lead to their selective targeting by radiofrequency hyperthermia treatment. In addition, there
may be differences in the membrane structure. Also,
fat is a poorer conductor of electricity than water.
Changes in the percentage of body fat or water are
reflected in tissue impedance changes.
Further, tissue death or excision results in
significant changes in electrical properties. Tissue
metabolism decreases after the tissue has been excised
and often the temperature falls. If the tissue is
supported by temperature maintenance and perfusion
systems, the tissue may be stabilized for a limited
period of time in a living state in vitro (ex vivo). If the
tissue is not supported, however, irreversible changes
will occur, followed by cell and tissue death. For these
reasons considerable caution must be taken in the
interpretation of electrical measurements which were
performed on excised tissues.
The electrical properties of tissue also depend on
its temperature. The mobility of the ions which
transport the current increases with the temperature as
the viscosity of the extracellular fluid decreases. The
rapid increase of conductivity with temperature was
suggested to be used to monitor the progress of
hyperthermia treatment. Also, possible other changes,
such as cell swelling and edema, or blood flow
occlusion, all have an effect on tissue properties.

cell membranes drops drastically, allowing the electric
current to pass through not only extracellular, but also
intracellular space. This dispersion is particularly
interesting as it is also apparent in the conductivity of
the material. The last, gamma dispersion (above the
gigahertz range) is due to dipolar mechanisms of
water molecules in the material.

Figure 2: Typical frequency dependence of the complex
permittivity and complex conductivity of a heterogeneous material
such as biological tissue.

DIELECTRIC MEASUREMENTS OF TISSUES
There is a large discrepancy between various data
on electrical properties of biological materials found
in the literature. The measurement of tissue dielectric
properties can be complicated due to several factors,
such as tissue inhomogeneity, anisotropy, the
physiological state of the tissue, seasonal, age and
disease-linked changes and electrode polarization [1].
Inhomogeneity of tissues
Tissue is a highly inhomogeneous material. The
cell itself is comprised of an insulating membrane
enclosing a conductive cytosol. A suspension of cells
can be regarded at low frequencies simply as
insulating inclusions in a conducting fluid. The
insulation is provided by the cell membrane. At
frequencies in the MHz range capacitive coupling
across this membrane becomes more important,
allowing the electric current to pass not only around
the cell, but also through it. In tissue, the cells are
surrounded by an extracellular matrix, which can be
extensive, as in the case of bone, or minimal, as in the
case of epithelial tissue. Tissue does not contain cells
of a single size and function. The tissue is perfused
with blood and linked to the central nervous system
by neurons. It is thus difficult to extrapolate from the
dielectric properties of a cell suspension to those of an
intact tissue.
Anisotropy of tissues
Some biological materials, such as bone and
skeletal muscle, are distinctly anisotropic. Therefore,
when referring to measured conductivity and
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separation are placed in the sample between the
current electrodes. By measuring the current as the
voltage drop across a resistor in series with the sample
and the voltage drop across the inner electrodes, one
can determine the conductivity of the sample between
the inner electrodes. The advantage of this method is
that the polarization on the current electrodes has no
influence on the voltage difference between the
voltage electrodes. Polarization at the voltage
electrodes is negligible for both DC and AC due to the
high input impedance of the measurement system.

Electrode polarization
The measurement of tissue electrical properties, in
vivo, is complicated. Electrode polarization is a
manifestation of molecular charge organization which
occurs at the sample-electrode interface in the
presence of water molecules and hydrated ions. The
effect increases with increasing sample conductivity.
In a cell suspension a counterion layer can form at
each electrode. The potential drop in this layer
reduces the electric field available to drive charge
transport in the bulk suspension, resulting in
apparently lower suspension conductivity. As the
frequency increases, the counterion layer is less able
to follow the changes in the applied signal, the
potential drop at the sample-electrode interface
decreases, and the apparent conductivity of the
suspension increases.
The process is more complicated in tissue.
Insertion of electrodes can first cause the release of
electrolytes from the surrounding tissue and later the
development of a poorly-conductive wound region
may occur. This region can shield part of the electrode
from the ionic current and thus reduce the polarization
effects compared to an ionic solution equivalent in
conductivity to the intracellular fluid.
The material of the electrode plays an important
part in determining its polarization impedance, the
relative importance of which decreases with
increasing frequency. It is good practice to measure
tissue impedance in-vivo after waiting a sufficient
time for the electrode polarization processes to
stabilize. A typical time might be on the order of
thirty minutes.
Two different electrode set-ups are used to
measure the electric properties of biological materials;
the two-electrode and the four-electrode method.
Two-electrode method: Suitable for alternating
current (AC) measurements. Cannot be used as such
for direct current (DC) measurements because of the
electrode polarization, which consequently gives
incorrect results for the conductivity of the sample
between the electrodes. For AC measurements the
frequency range over which electrode polarization is
important depends to some extent on the system being
measured and the electrode material. For cell
suspensions it is important up to nearly 100 kHz
whereas for tissue measured in vivo it is significant
only up to about 1 kHz. By varying the separation of
the electrodes, the contribution of the electrode
polarization can be determined and eliminated.
Four-electrode method: Can be used for both DC
and AC measurements. Two pairs of electrodes are
used: the outer, current electrodes and the inner,
voltage electrodes. The current from the source passes
through the sample. Voltage electrodes of known

ELECTRICAL RESPONSE OF TISSUE TO
ELECTRIC FIELD
Changes in tissue conductivity have been observed
in vivo if the tissue is subjected to a high enough
electric field. Having said that, we can use the
dielectric properties of liver and try to calculate the
theoretical electrical response to a short rectangular
voltage pulse having the duration of 100 μs and the
rise time of 1 μs (typical pulse parameters used for
electrochemo-therapy). We used the parallel RC
circuit to model the electrical response of the tissue
(see Figure 3).

Figure 3: Parallel RC circuit: a theoretical representation of
tissue response to electic pulses.

The complications arise from the facts that i) the
pulse parameters (the pulse duration, the rise and the
fall time) determine the span of its frequency
spectrum and ii) the tissue conductivity and
permittivity are frequency dependent. The obtained
response for the first pulse is presented in Figure 4. At
the onset of voltage pulse, capacitive transient
displacement current is observed. As membranes
charge, voltage across them rises and the measured
current decreases. Soon steady state is reached and
current stabilizes through the conductance of
extracellular fluid. Since the model describing
dielectric dispersions is linear, change of the applied
voltage proportionally scales the amplitude of
response current.
We can compare this calculated response with the
measured response on rat liver in vivo for the same
pulse as above and different pulse amplitudes
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value tissue conductivity increases as a consequence
of plasma membrane electroporation. It has been
stipulated that this could be close to the value in beta
dispersion range.
Further, in applications where electric pulses to
skin or tissues underneath (such as subcutaneous
tumor) are applied externally, through skin, one might
expect high (too high) voltage amplitudes needed in
order to breach the highly resistive skin tissue and
permeabilize tissues underneath. Namely, tissues
between the electrodes can be seen as serially
connected resistors. Applying voltage on such a
circuit (voltage divider) causes the voltage to be
distributed between the resistors proportionally to
their resistivities [11]. Upon applying electric pulses,
almost the entire applied voltage thus rests across the
most resistive (least conductive) tissue, in our case
skin. That means a very high electric field in skin
tissue, while the electric field in other tissues stays too
low for a successful cell electropermeabilization. If
our goal is the electrochemotherapy of the underlying
tumor, one might wonder how a successful
electrochemotherapy of subcutaneous tumors is
possible when external plate electrodes are used. The
answer lies in the increase in bulk conductivities of
tissues during electroporation, a phenomenon that was
also observed in vivo. This conductivity increase leads
to a changed electric field distribution, which exposes
the tumor to an electric field high enough for a
successful cell membrane permeabilization [12]. To
support this hypothesis, we described this process
with a numerical model, taking into account the
changes of tissue bulk electrical properties during the
electropermeabilization. In Figure 6 six steps of the
electroporation process in the subcutaneous tumor
model for the voltage of 1000 V between the
electrodes are shown. The electric field distribution is
shown in V/cm. Step 0 denotes the electric field
distribution as it was just before the electroporation
process started, thus when all the tissues still had their
initial conductivities. When the voltage is applied to
the electrodes, the electric field is distributed in the
tissue according to conductivity ratios of the tissues in
the model. The field strength is the highest in the
tissues with the lowest conductivity, where the voltage
drop is the largest, and the voltage gradient the
highest. In our case, almost the entire voltage drop
occurs in the skin layer which has a conductivity of
about 10-100 times lower than the tissues lying
underneath.
If we look at the last step of the sequential
analysis, step 5, at 1000 V (Figure 6) the tumor is
entirely permeabilized, in some areas the electric field
is also above the irreversible threshold.

spanning up to electroporative field strengths (Figure
5) [5]. For the lowest applied voltage we can see a
good agreement with calculated response. As the field
intensity is increased, the electrical response of tissue
is no longer linear and increase of conductivity during
the pulse is observed. Measuring the passive electrical
properties of electroporated tissues could provide real
time feedback on the outcome of the treatment [5, 6].

Figure 4: Calculated tissue response during delivery of
rectangular voltage pulse with the duration of 100 μs having the
rise time of 1 μs and the amplitude of 120 V. Plate electrodes with
4.4 mm interelectrode distance were assumed.

Figure 5: Measured tissue response during delivery of 100 μs
rectangular pulses of different amplitudes to rat liver in vivo.
Adapted from Cukjati et al. [5]. Pulses were generated using
Jouan GHT1287B; plate electrodes with 4.4 mm interelectrode
distance were used.

The measured response is consistent with the
hypothesis that the bulk tissue conductivity should
also increase measurably since on a cellular level
electroporation causes the increase of membrane
conductance [7-10]. It is not clear, however, to which

17

EBTT WORKSHOP 2011

ELECTRICAL PROPERTIES OF CELLS AND TISSUES IN ELECTRIC FIELD

Figure 6:
Six steps of the sequential analysis of the
electroporation process in the subcutaneous tumor model at 1000
V between two plate electrodes with distance of 8 mm [12]. Time
intervals between steps are in general not uniform. Different steps
follow a chronological order but do not have an exact time value
associated with them. The electric field distribution is shown in
V/cm.

Figure 7: Schematics of a skinfold as described in a numerical
model. Only one quarter of the skinfold is presented here.

Theoretical explanation of the process of
electroporation offers useful insight into the
understanding of the underlying biological processes
and allows for predicting the outcome of the
treatment. Therefore, due effort needs to be invested
into measurements of tissue electrical properties and
their changes during electroporation.
Further, one of the concerns associated with
electroporation could be the amount of resistive
heating in the tissue. Excessive heating is unwanted
not only to avoid skin burns and assure patient safety,
but also to avoid damage to viable cells. Although
potential excess of the resistive heating during
electroporation has been demonstrated [15], thermal
aspect is mostly overlooked in treatment planning and
theoretical analysis of specific applications of
electroporation-based treatments. In order to stay
within the safety limit while achieving successful
treatment, heating needs to estimated, by means of
theoretical models, as a part of treatment planning
[16,17].

A similar situation can be encountered when
applying electric pulses on a skin fold with external
plate electrodes as a method to enhance in vivo gene
transfection in skin [13]. Skin consists of three main
layers: epidermis, dermis and subcutaneous tissue
(Figure 7). Skin epidermis is made up of different
layers, but the one that defines its electrical properties
the most is the outermost layer, the stratum corneum.
Although very thin (typically around 20 μm), it
contributes a great deal to the electrical properties of
skin. Its conductivity is three to four orders of
magnitude lower than the conductivities of deeper
skin layers. Again, when electric pulses are applied on
skin fold through external plate electrodes, almost the
entire applied voltage rests across the stratum
corneum, which causes a very high electric field in
that layer, while the electric field in deeper layers of
skin – the layers targeted for gene transfection – stays
too low. Similarly as in the case of subcutaneous
tumors, the increase in bulk conductivities of skin
layers during electroporation exposes the skin layers
below stratum corneum to an electric field high
enough for a successful permeabilization [14].

REFERENCES
[1]

[2]

18

D. Miklavčič, N. Pavšelj, FX Hart. Electric Properties of
Tissues. Wiley Encyclopedia of Biomedical Engineering,
John Wiley & Sons, New York, 2006.
K.R. Foster and H.P. Schwan. Dielectric properties of
tissues and biological materials: a critical review. Critical
Reviews in Biomedical Engineering 17: 25-104, 1989.

EBTT WORKSHOP 2011

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

ELECTRICAL PROPERTIES OF CELLS AND TISSUES IN ELECTRIC FIELD

C. Gabriel, A. Peyman and E.H. Grant. Electrical
conductivity of tissue at frequencies below 1 MHz. Phys.
Med. Biol. 54(16): 4863-4878, 2009.
Applied Bioelectricity, From Electrical Stimulation to
Electropathology, J. Patrick Reilly, Springer-Verlag New
York, 1998.
D. Cukjati, D. Batiuskaite, D. Miklavčič, L.M. Mir. Real
time electroporation control for accurate and safe in vivo
nonviral gene therapy. Bioelectrochemistry 70: 501-507,
2007.
A. Ivorra and B. Rubinsky. In vivo electrical impedance
measurements during and after electroporation of rat liver.
Bioelectrochemistry 70: 287-295, 2007.
M. Pavlin, D. Miklavčič. Effective conductivity of a
suspension of permeabilized cells: A theoretical analysis.
Biophys. J. 85: 719-729, 2003.
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: 4378-4390, 2005.
A. Ivorra, B. Al-Sakere B, B. Rubinsky and L.M. Mir. In
vivo electrical conductivity measurements during and after
tumor electroporation: conductivity changes reflect the
treatment outcome. Phys. Med. Biol. 54(19):5949-5963,
2009.
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):
4927-4943, 2009.
Pavšelj N, Miklavčič D. Numerical modeling in
electroporation-based biomedical applications. Radiol.
Oncol. 42:159-168, 2008.
N. Pavšelj, Z. Bregar, D. Cukjati, D. Batiuskaite, L.M. Mir
and D. Miklavčič. The course of tissue permeabilization
studied on a mathematical model of a subcutaneous tumor in
small animals. IEEE Trans. Biomed. Eng. 52(8):1373-1381,
2005.
N. Pavšelj and V. Préat. DNA electrotransfer into the skin
using a combination of one high- and one low-voltage pulse.
Journal of Controlled Release 106:407-415, 2005.
Pavšelj N, Préat V, Miklavčič D. A numerical model of skin
electropermeabilization based on in vivo experiments.
Annals Biomed. Eng. 35:2138-2144, 2007.
Lacković I, Magjarević R, Miklavčič D. Three-dimensional
finite-element
analysis
of
joule
heating
in
electrochemotherapy and in vivo gene electrotransfer. IEEE
T. Diel. El. Insul. 15: 1338-1347, 2009
Pavšelj N, Miklavčič D. Resistive heating and
electropermeabilization of skin tissue during in vivo
electroporation: A coupled nonlinear finite element model.
Int. J. Heat Mass Transfer 54: 2294-2302, 2011
Županič A, Miklavčič D. Tissue heating during tumor
ablation with irreversible electroporation. Elektroteh. Vestn.
78: 42-47, 2011.

ACKNOWLEDGEMENT
This work was supported by the Slovenian Research Agency and
the European Commission.
Damijan Miklavčič was born in
Ljubljana, Slovenia, in 1963. He
received a Masters and a Doctorate in
Electrical Engineering from University
of Ljubljana in 1991 and 1993,
respectively. He is currently Professor
and Head of the Laboratory of
Biocybernetics, and Head of the
Department
for
Biomedical
Engineering at the Faculty of Electrical
Engineering, University of Ljubljana.
His research areas are biomedical engineering and study of the
interaction of electromagnetic fields with biological systems. In
the last years he has focused on the engineering aspects of
electroporation as the basis of drug delivery into cells in tumor
models in vitro and in vivo. His research includes biological
experimentation,
numerical
modeling
and
hardware
development for electrochemotherapy and gene electrotransfer.
Damijan Miklavčič received the MAPHRE Award at the 2nd
European Congress of Physical Medicine and Rehabilitation in
Madrid in 1989 and the National Industrial Award from Krka
Pharmaceuticals in 1993. With Lojze Vodovnik and Gregor
Serša he shared the Award of the Republic of Slovenia for
Scientific and Research Achievements in 1995. In 2003 he
received national award Ambassador in science of the Republic
of Slovenia. He was named Knight of the Order of Academic
Palms of the French Republic in 2008.
Nataša Pavšelj was born in Slovenia,
in 1974. She received her B.Sc., M.Sc.
and Ph.D. degrees from the University
of Ljubljana in 1999, 2002 and 2006,
respectively. Her main research
interests lie in the field of
electroporation,
including
finite
element numerical modeling of electric
field distribution in different biological
tissue setups (subcutaneous tumors,
skin fold) and comparison of the
theoretical
results
with
the
experimental work.

NOTES

19

EBTT WORKSHOP 2011

ELECTRICAL PROPERTIES OF CELLS AND TISSUES IN ELECTRIC FIELD

NOTES

20

ECT WORKSHOP 2011

PHYSICAL CHEMISTRY OF MEMBRANE ELECTROPORATION

Molecular Dynamics Simulations of Lipid Membranes Electroporation
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Abstract: The permeability of cell membranes can be transiently increased following the
application of external electric fields. Here we show that theoretical approaches such as molecular
modelling may provide a significant insight into the processes affecting, at the molecular level, the
integrity of lipid cell membranes when these are subject to voltage gradients under similar conditions
as those used in experiments.

Several MD simulations have recently been conducted
in order to model the effect of electric field on
membranes [26-30], providing perhaps the most
complete molecular model of the electroporation
process of lipid bilayers.
This paper reports on the progress made so far
using such simulations to model membrane -in
particular lipid bilayer- electroporation. After a brief
description of commonly used methodologies and
protocols, we present an account of results of “in
silico” electroporation experiments.

INTRODUCTION
Electroporation disturbs transiently or permanently
the integrity of cell membranes [1-3]. These
membranes consist of an assembly of lipids, proteins
and carbohydrates that self–organize into a thin
barrier that separates the interior of cell compartments
from the outside environment [4]. The main lipid
constituents of natural membranes are phospholipids
that arrange themselves into a two-layered sheet (a
bilayer). Experimental evidence suggests that the
effect of an applied external electric field to cells is to
produce aqueous pores specifically in the lipid bilayer
[5-9]. Information about the sequence of events
describing the electroporation phenomenon can
therefore be gathered from measurements of electrical
currents through planar lipid bilayers along with
characterization of molecular transport of molecules
into (or out of) cells subjected to electric field pulses.
It may be summarized as follows: The application of
electrical pulses induces rearrangements of the
membrane components (water and lipids) that
ultimately lead to the formation of aqueous
hydrophilic pores [5-10], whose presence increases
substantially the ionic and molecular transport through
the otherwise impermeable membranes [11].
The key features of electroporation are based on
theories involving stochastic pores formation [9]. In
erythrocyte membranes, large pores could be observed
using electron microscopy [12], but in general, the
direct observation of the formation of nano-sized
pores is not possible with conventional techniques.
Furthermore, due to the complexity and heterogeneity
of cell membranes, it is difficult to describe and
characterize their electroporation in terms of
atomically resolved processes. Atomistic simulations
in general, and molecular dynamics (MD) simulations
in particular, have proven to be effective for providing
insights into both the structure and the dynamics of
model lipid membrane systems in general [13-25].
Recent studies have shown that the method is suitable
for investigating the electroporation phenomena.

MD SIMULATIONS OF MEMBRANES
Molecular dynamics (MD) refers to a family of
computational methods aimed at simulating
macroscopic behaviour through the numerical
integration of the classical equations of motion of a
microscopic many-body system. Macroscopic
properties are expressed as functions of particle
coordinates and/or momenta, which are computed
along a phase space trajectory generated by classical
dynamics [31, 32] When performed under conditions
corresponding to laboratory scenarios, MD
simulations can provide a detailed view of the
structure and dynamics of a macromolecular system.
They can also be used to perform “computer
experiments” that cannot be carried out in the
laboratory, either because they do not represent a
physical behaviour, or because the necessary controls
cannot be achieved.
MD simulations require the choice of a potential
energy function, i.e. terms by which the particles
interact, usually referred to as a force field. Those
most commonly used in chemistry and biophysics,
e.g. GROMOS [33] CHARMM [34] and AMBER
[35], are based on molecular mechanics and a
classical treatment of particle-particle interactions that
precludes bond dissociation and therefore the
simulation of chemical reactions. Classical MD force
fields consist of a summation of bonded forces
associated with chemical bonds, bond angles, and
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bilayers built from PC lipids represent remarkable test
systems to probe the computation methodology and to
gain additional insight into the physical properties of
membranes [14, 17, 20, 57].
Up to recently, most of membrane models
consisted of simulating fully hydrated pure
phospholipid bilayers, without taking into account the
effect of salt concentration (see sections below). For
such systems, the average structure of the lipid water
interface at the atomic-scale may be provided by the
density distributions of different atom types along the
bilayer normal (Fig. 1), which can be measured
experimentally on multilamellar stacks by neutron and
X-ray diffraction techniques [58], as well as
calculated from MD simulations. These distributions
highlight the composition and properties of the
membrane that appears as a broad hydrophilic
interface, with only a thin slab of pure hydrocarbon
fluid in the middle (Fig. 1). They indicate clearly the
roughness of the lipid headgroup area and how water
density decays smoothly from the bulk value and
penetrates deeply into the bilayer at a region
delimiting the membrane/water interface.

bond dihedrals, and non-bonded forces associated
with van der Waals forces and electrostatic
interactions. The parameters associated with these
terms are optimized to reproduce structural and
conformational changes of macromolecular systems.
Conventional force fields only include point
charges and pair-additive Coulomb potentials, which
prevent them from describing realistic collective
electrostatic effects, such as charge transfer, electronic
excitations or electronic polarization, which is often
considered as a major limitation of the classical force
fields. Note that constant efforts are undertaken on the
development of potential functions that explicitly treat
electronic polarizability in empirical force fields [3638] but none of these “polarizable” force fields is
widely used in large-scale simulations for now, the
main reasons for that being the dramatic increase of
the computational time of simulation and additional
complications with their parameterization. In this
perspective, classical force fields provide an adequate
description of the properties of membrane systems
and allow semi-quantitative investigations of
membrane electrostatics.
MD simulations use information (positions,
velocities or momenta, and forces) at a given instant
in time, t, to predict the positions and momenta at a
later time, t + ∆t, where ∆t is the time step, of the
order of a femtosecond, taken to be constant
throughout the simulation. Numerical solutions to the
equations of motion are thus obtained by iteration of
this elementary step. Computer simulations are
usually performed on a small number of molecules
(few tens to few hundred thousand atoms), the system
size being limited of course by the speed of execution
of the programs, and the availability of computer
power. In order to eliminate edge effects and to mimic
a macroscopic system, simulations of condensed
phase systems consider a small patch of molecules
confined in a central simulation cell, and replicate the
latter using periodic boundary conditions (PBCs) in
the three directions of Cartesian space. For
membranes for instance the simulated system would
correspond to a small fragment of either a black film,
a liposome or multilamellar oriented lipid stacks
deposited on a substrate [39, 40].
Traditionally, phospholipids have served as models
for investigating in silico the structural and dynamical
properties of membranes. From both a theoretical and
an
experimental
perspective,
zwitterionic
phosphatidylcholine (PC) lipid bilayers constitute the
best characterized systems [41-44] (Fig. 1). More
recent studies have considered a variety of alternative
lipids, featuring different, possibly charged, head
groups [45-49], and more recently mixed bilayer
compositions [50-56]. Despite their simplicity,

Figure 1: Left: configuration of a Palmitoyl-Oleyl-PhosphatidylCholine (POPC) hydrated bilayer system from a well equilibrated
constant pressure MD simulation performed at 300K. Only the
molecules in the simulation cell are shown. Water molecules (O
gray; H white) and the Phosphate (blue) and Nitrogen (purple)
atoms of the lipid head groups are depicted by their van der Waals
radii, and the acyl chains (cyan) are represented as sticks. Right:
Number density profiles (arbitrary units) along the bilayer normal,
z, averaged over 2 ns of the MD trajectory. The total density,
water and hydrocarbon chain contributions are indicated, along
with those from the POPC headgroup moieties. The bilayer center
is located at z = 0.

MODELING MEMBRANE
ELECTROPORATION
The effects of an electric field on a cell may be
described considering the latter as a dielectric layer
(cell surface membrane) embedded in conductive
media (internal: cytoplasm and external: extracellular
media). When relatively low-field pulses of
microsecond or millisecond duration are applied to
this cell (by placing for instance the cell between two
electrodes and applying a constant voltage pulse) the
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the double integral of 𝜌(𝑧), the molecular charge
density distributions:
𝑧
1
Δ𝜙(𝑧) = 𝜙(𝑧) − 𝜙(0) =
∬0 𝜌�𝑧 " �𝑑𝑧 " 𝑑𝑧 ′ .
𝜖

resulting current causes accumulation of electrical
charges at both sides of the cell membrane. The time
required to charge the surface membrane is dependent
upon the electrical parameters of the medium in which
it is suspended. For a spherical cell it is estimated in
the 100ns time scale [26, 59-62]. If the pulse duration
is short enough relative to the charging time constant
of the resistive-capacitive network formed by the
conductive intracellular and extracellular fluids and
the cell membrane dielectric, then the electric field
acts directly and mainly on the cell membrane.
Simulations allow ones to perform in silico
experiments under both conditions, i.e. submitting the
system either to Nanosecond, megavolt-per-meter
pulsed electric fields or to charge imbalance,
mimicking therefore the application of low voltage –
long duration pulses. In the following we will
describe the results of such simulations.
A-

0

Figure 2: Electrostatic potential profiles 𝜙(𝑧)along the membrane
normal z of a POPC lipid bilayer (A) at rest and (B) subject to a
transverse electric field 𝐸�⃑ . z=0 represents the centre of the lipid
bilayer and the arrow the bilayer-water interfaces. Are shown the
contribution from water, lipid and the total electrostatic profile.
Note that the TM voltage ∆𝑽 (potential difference between the
upper and lower water baths) created under electric field (panel B)
is mainly due to water dipoles reorientation.

For lipid bilayers, most of which are modelled
without consideration of a salt concentration, an
applied electric field acts specifically and primarily on
the interfacial water dipoles (small polarization of
bulk water molecules). The reorientation of the lipid
head groups appears not to be affected at very short
time scales [28, 76], and not exceeding few degrees
toward the field direction at longer time scale [29].
Hence, within a very short time scale - typically few
picoseconds [28] –a transverse field 𝐸�⃑ induces an
overall TM potential ∆𝑽 (cf. Fig 2). It is very
important to note here that, because of the MD

ELECTROPORATION INDUCED BY DIRRECT
EFFECT OF AN ELECTRIC FIELD

In simulations, it is possible to apply “directly” a



constant electric field E perpendicular to the
membrane (lipid bilayers) plane. In practice, this is


done by adding a force F = qi E to all the atoms
bearing a charge qi [63-67]. MD simulations adopting
such an approach have been used to study membrane
electroporation [26-30], lipid externalization [68], to
activate voltage-gated K+ channels [69] and to
determine transport properties of ion channels [7073].
The consequence of such perturbation stems from
the properties of the membrane and from the
simulations set-up conditions: Pure lipid membranes
exhibit a heterogeneous atomic distributions across
the bilayer to which are associated charges and
molecular dipoles distributions. Phospholipid headgroups adopt in general a preferential orientation. For
hydrated PC bilayers at temperatures above the gel to
liquid crystal transition, the phosphatidyl-choline
dipoles point on average 30 degrees away from the
membrane normal [17, 74]. The organization of the
phosphate (PO4-), choline (N(CH3)3+) and the carbonyl
(C=O) groups of the lipid head group give hence rise
to a permanent dipole and the solvent (water)
molecules bound to the lipid head group moieties tend
to orient their dipoles to compensate the latter [75].
The electrostatic characteristics of the bilayer may be
gathered from estimates of the electrostatic profile
𝜙(𝑧) that stems from the distribution of all the
charges in the system. 𝜙(𝑧) is derived from MD
simulations using Poisson’s equation and expressed as



simulation setup (and the use of PBCs), E induces a
voltage difference ∆𝑽 ≈ �𝐸�⃑ �. 𝐿𝑍 over the whole
system, where Lz is the size of the simulation box in
the field direction. In the example shown in Fig 2, Lz
is ~ 10 nm. The electric field (0.1 V.nm-1) applied to
the POPC bilayer induces ∆𝑽 ~ 1V.
MD simulations of pure lipid bilayers have shown
that the application of electric fields of high enough
magnitude leads to membrane electroporation, with a
rather common poration sequence: The electric field
favours quite rapidly (within a few hunder
picoseconds) formation of water defects and water
wires deep into the hydrophobic core [27]. Ultimately
water fingers forming at both sides of the membrane
join up to form water channels (often termed prepores or hydrophobic pores) that span the membrane.
Within nanoseconds, few lipid head-groups start to
migrate from the membrane-water interface to the
interior of the bilayer, stabilizing hydrophilic pores
(~1 to 3 nm diameter) (Fig 3). All MD studies
reported pore expansion as the electric field was
maintained. In contrast, it was shown in one instance
[28] that a hydrophilic pore could reseal within few
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2.92 nm to 3.92 nm). Note that estimates of
electroporation thresholds from simulations should, in
general be considered only as indicative since it is
related to the time scale the pore formation may take.
A field strength threshold is “assumed” to be reached
when no membrane rupture is formed within the 100
ns time scale.

nanoseconds when the applied field was switched off.
Membrane complete recovery, i.e. migration of the
lipid head group forming the hydrophilic pore toward
the lipid/water interface, being a much longer process,
was not observed.
For typical MD system sizes (128 lipids; 6 nm x 6
nm membrane cross section), most of the simulations
reported a single pore formation at high field
strengths. For much larger systems, multiple pore
formation with diameters ranging from few to 10 nm
could be witnessed [27, 28]. Such pores are in
principle wide enough to transport ions and small
molecules. One attempt has so far been made to
investigate such a molecular transport under
electroporation [28]. In this simulation, partial
transport of a 12 base pairs DNA strand across the
membrane could be followed. The strand considered
diffused toward the interior of the bilayer when a pore
was created beneath it and formed a stable complex
DNA/lipid in which the lipid head groups encapsulate
the strand. The process provided support to the gene
delivery model proposed by Golzio et al. [77] in
which, an ‘‘anchoring step’’ connecting the plasmid to
permeabilized cells membranes that takes place during
DNA transfer assisted by electric pulses, and agrees
with the last findings from the same group [78].

B-

ELECTROPORATION INDUCED BY IONIC SALT
CONCENTRATION GRADIENTS

Regardless of how low intensity millisecond
electrical pulses are applied, the ultimate step is the
charging of the membrane due to ions flow. The
resulting ionic charge imbalance between both sides
of the lipid bilayer is locally the main effect that
induces the TM potential. In a classical set up of
membrane simulations, due to the use of 3d PBCs, the
TM voltage cannot be controlled by imposing a
charge imbalance 𝑄𝑠 across the bilayer, even when
ions are present in the electrolytes. Several MD
simulations protocols that can overcome this
limitation have been recently devised (Fig. 4):
The double bilayer setup : It was indeed shown that
TM potential gradients can be generated by a charge
imbalance across lipid bilayers by considering a MD
unit cell consisting of three salt-water baths separated
by two bilayers and 3d-PBCs [79] (cf. Fig. 4.A).
Setting up a net charge imbalance between the two
independent water baths at time t=0 induces a TM
voltage ∆𝑽 by explicit ion dynamics.

The single bilayer setup : Delemotte et al. [80]
introduced a variant of this method where the double
layer is not needed, avoiding therefore the over-cost
of simulating a large system. The method consists in
considering a unique bilayer surrounded by electrolyte
baths, each of them terminated by an air/water
interface [81]. The system is set-up as indicated in
Fig. 4.B. First, a hydrated bilayer is equilibrated at a
given salt concentration using 3d periodic boundary
conditions. Air water interfaces are then created on
both sides of the membrane, and further equilibration
is undertaken at constant volume, maintaining
therefore a separation between the upper and lower
electrolytes. A charge imbalance 𝑄𝑠 between the two
sides of the bilayer are generated by simply displacing
at time t=0 an adequate number of ions from one side
to the other. As far as the water slabs are thicker than
25-30 Å, the presence of air water interfaces has no
incidence on the lipid bilayer properties and the
membrane “feels” as if it is embedded in infinite baths
whose characteristics are those of the modeled finite
solutions.

Figure 3: Configuration taken from an MD simulation of a large
POPC bilayer, subject to an electric field generating a
transmembrane potential of ~1.5V, after a 2 ns run. Note the
simultaneous presence of water wires and of large water pores
stabilized by lipid head groups.

The eletroporation process takes place much more
rapidly under higher fields, without a major change in
the pore formation characteristics. The lowest
voltages reported to electroporate a PC lipid bilayer
are ~ 2 V [29, 76]. Ziegler and Vernier [30] reported
minimum poration external field strengths for 4
different PC lipids with different chain lengths and
composition (number of unsaturations). The authors
find a direct correlation between the minimum
porating fields (ranging from 0.26 V.nm-1 to 0.38
V.nm-1) and the membrane thickness (ranging from
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Figure 4: Molecular dynamics simulations set-ups of three systems using the charge imbalance method. (A) The double bilayer setup:
two lipid bilayers are separated by electrolyte baths at 1M NaCl salt concentration. Note that due to the use of PBCs (drawn box) the
upper and lower electrolytes are in contact. 𝑄𝑠 is imposed between the central water bath and the two others. (B) The single bilayer setup: here one single bilayer is surrounded by water baths (maintained at 1M NaCl). The original MD cell represented the classical set-up
and the large cell that allowing for the creation of water air interfaces. 𝑄𝑠 is imposed between the lower and upper bath. (C) The
Liposome setup: A small spherical liposome is embedded in a 1M NaCl electrolyte. 𝑄𝑠 is imposed between the inner and outer water
baths and 3d PBCs (drawn box) are used.

system equilibration between the inner and outer side
of the liposome.

Extension to Liposomes : The availability of large
computer resources has extended the realm of
simulations of membrane electroporation to study
systems large enough to allow modelling of small
liposomes. Fig. 4.C represents such a liposome
constructed from a POPC bilayer and equilibrated in a
200 mM NaCl salt solution. The system contains over
1,400 lipid molecules forming a liposome of internal
diameter of 8 nm. The system size (210 x 210 x 210
Å3) was chosen large enough to avoid interaction
between the central liposome and its replica, resulting
in an overall number of atoms ~ 890,000. In such a
set-up a charge imbalance 𝑄𝑠 was imposed after the

Fig. 5 reports the electrostatic potential profiles
along the normal to the membrane generated from
MD simulations a POPC bilayer in contact with 1M
NaCl salt water baths at various charge imbalances
𝑄𝑠 , using the single bilayer method. For all
simulations, the profiles computed at the initial stage
show plateau values in the aqueous regions and, for
increasing 𝑄𝑠 , an increasing potential difference
between the two electrolytes indicative of a TM
potential ∆𝑽.

Figure 5: Components of the electrostatic potential profiles along the lipid bilayer normal Z of a POPC membrane estimated from at the
initial stage of the MD simulations of the system at 1 M NaCl salt concentration using the single bilayer method. Z=0 represents here the
center of the lipid bilayer, the broken arrow the location of the bilayer/water interfaces, and the solid arrows the locations of the air water
interfaces. From left to right increasing amounts of net charge imbalance 𝑄𝑠 between the lower and upper electrolytes induce
transmembrane voltages (that may be estimated from the difference between the electrostatic potentials of the two water bath) of
increasing amplitudes. Are shown in the top panels the contributions from lipid, water and ions, and in the lower panels the total
electrostatic potential. Note that the most of the transmembrane voltage is due to the contribution from ions.
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Quite interestingly, the profiles show clearly that, in
contrast to the electric field case where the TM
voltage is mainly due to the water dipole reorientation
(Fig. 2), most of the voltage drop in the charge
imbalance method is due to the contribution from the
ions. Indeed the sole collapse of the electrostatic
potential due to the charge imbalance separation by
the membrane lipid core accounts for the largest part
of ∆𝑽.

For large enough induced TM voltages, the three
protocols lead to electroporation of the lipid bilayer.
As in the case of the electric field method, for ∆𝑽
above 1.5-2.5 Volts, the electroporation process starts
with the formation of water fingers that protrude
inside the hydrophobic core of the membrane. Within
nanoseconds, water wires bridging between the two
sides of the membrane under voltage stress appear. If
the simulations are further expended, lipid headgroups migrate along one wire and form a hydrophilic
connected pathway (Fig.7).

Using the charge imbalance set-up, it was possible
for the first time to directly demonstrate in silico that
the simulated lipid bilayer behaves as a capacitor[80]
(Fig 6). Simulations at various charge imbalances 𝑄𝑠
show a linear variation of ∆𝑽 from which the
capacitance can be estimated as 𝐶 = 𝑄𝑠 . ∆𝑽−1 . The
capacitance values extracted from simulations are
expected to depend on the lipid composition (charged
or not) and on the force field parameters used and as
such constitutes a supplementary way of checking the
accuracy of lipid force field parameters used in the
simulation. Here, in the case of POPC bilayers
embedded in a 1M solution of NaCl [80], the later
amounts to 0.85 µF.cm-2 which is in reasonable
agreement with the value usually assumed in the
literature e.g. 1.0 µF.cm-2 [79, 82] and with recent
measurements for planar POPC lipid bilayers in a 100
mM KCl solution (0.5 µF.cm-2).

Because salt solutions are explicitly considered in
these simulations, ion conduction through the
hydrophilic
pores
occurred
following
the
electroporation of the lipid bilayers. Details about the
ionic transport through the pores formed within the
bilayer core upon electroporation could be gathered
[83]. The MD simulations of the double bilayer
system [84, 85], and the results presented here for the
single bilayer set-up and for the liposome show that
both cations and anions exchange through the pores
between the two baths, with an overall flux of charges
directed toward a decrease of the charge imbalance.
Ions translocation through the pores from one bulk
region to the other lasts from few tens to few hundreds
picoseconds, and leads to a decrease of the charge
imbalance and hence to the collapse of ∆𝑽. Hence, for
all systems, when the charge imbalance reached a
level where the TM voltage was down to a couple of
hundred mV, the hydrophilic pores “close” in the
sense that no more ionic translocation occurs (Fig
7.F). The final topology of the pores toward the end of
the simulations remain stable for time spans
exceeding the 10 nanoseconds scale, showing as
reported in previous simulations [28] that the
complete recovery of the original bilayer structure
requires a much longer time scale.
Note that in order to maintain ∆𝑽 constant the
modeler needs to maintain the initial charge
imbalance by “injecting” charges (ions) in the
electrolytes at a paste equivalent to the rate of ions
translocation through the hydrophilic pore. This
protocol is, in particular for the single bilayer setup,
adequate for performing simulations under constant
voltage (low voltage, ms duration) or constant current
conditions, which is suitable for comparison to
experiments undertaken under similar conditions [86].

Figure 6: Left: Electrostatic potential across a POPC lipid bilayer
for different net charge imbalances Qs between the upper and
lower electrolytes from MD simulations considering the setup of
Fig. 5. φ(z), is estimated as an in-plane average of the EP
distributions (Eq. 1). As a reference it was set to zero in the lower
electrolyte. Right: TM potential ∆V as a function of the charge
imbalance Qs par unit area. The capacitance of the bilayer can be
derived from the slope of the curve.
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Figure 7: Left Sequence of events following the application of a TM voltage to a POPC lipid bilayer using the charge imbalance
method (panels A to F). Note the migration of Na+ (yellow) and Cl- (cyan) ions through the formed hydrophilic pores that are lined
with lipid phosphate (magenta) and nitrogen (blue) head group atoms. Panel F represents the state of a non conducting pore reached
when the exchange of ions between the two baths lowered 𝑸𝒔 and therefore ∆𝑽 to values ≈ 200 mV. Right Topology of the nanometer
wide hydrophilic pores formed under high transmembrane ∆𝑽 imposed by the charge imbalance method in the planar bilayer (A) and in
the liposome (B). The arrows highlight the subsequent ionic flow through the pores.

DISCUSSION
In order to determine the detailed mechanism of
the pore creation, it is helpful to probe the electric
filed distribution across the bilayer, both at rest and
under the effect of a TM voltage. Figure 8.A displays
the electrostatic potential profiles for a lipid bilayer
subject to increasing electric fields that generate TM
potentials ranging from 0 V to ~ 3V. At 0 V, the lipid
bilayer is at rest and the profiles reveal, in agreement
with experiment [87], the existence of a positive
potential difference between the membrane interior
and the adjacent aqueous phases.
At rest, the voltage change across the lipid water
interfaces gives rise locally to large electric fields (in
the present case up to 1.5 V.nm-1) oriented toward the
bulk, while at the center of the bilayer, the local
electric field is null (Fig. 8.B,C). When external
electric fields of magnitudes respectively of 0.06 and
0.30 V.nm-1 are applied, reorientation of the water
molecules gives rise to TM potentials of respectively
~ 0.75 and 3 V. Figures 8.B and C reveal the
incidence of such reorganization on the local electric
field both at the interfaciale region and within the
bilayer core. In particular one notes that the field in
the membrane core has risen to a value ~ 1 V.nm-1 for
the highest ∆𝑽 imposed.
For the charge imbalance method, the overall
picture is similar (Fig. 9.A and B), where again, the
TM voltages created give rise to large electric fields
within the membrane core, oriented perpendicular to
the bilayer.

Figure 8: (A) Electrostatic potential profiles across a lipid bilayer
subject to electric fields of 0.0 V.nm-1 (dotted line) 0.06 V.nm-1
(thin line) and 0.30 V.nm-1 (bold line). (B) Corresponding electric
field profiles. (C) 2d (out of plane) map of the electric field
distribution. The local electric field direction and strength are
displayed as white arrows. Note that the larger fields are located at
the lipid water interfaces and are oriented toward the solvent.

Qualitatively, in both methods, the cascade of events
following the application of the TM voltage, and
taking place at the membrane, is a direct consequence
of such a field distribution. Indeed, water molecules
initially restrained to the interfacial region, as they
randomly percolate down within the membrane core,
are subject to a high electric field, and are therefore

27

EBTT WORKSHOP 2011

PHISICAL CHEMISTRY OF MEMBRANE ELECTROPORATION

(hydrophobic core thickness, area per lipid, intrinsic
dipole potential, capacitance …) are in satisfactory
agreement with experiment, which indicate that the
force fields and protocols used in MD simulations of
lipid bilayers are rather well optimized. Despite their
intrinsic differences, all MD simulations of lipid
bilayers subject to high enough TM voltages,
regardless of how the latter are generated, provide
support to the stochastic pore formation theories in
which, the stress imposed on the membrane is
released thanks to formation of nanometer scale
hydrophilic pores that span the lipid core.

inclined to orient their dipole along this local field.
These molecules can easily hydrogen bond among
themselves, which results in the creation of single
water files. Such fingers protrude through the
hydrophobic core from both sides of the membrane.
Finally, these fingers meet up to form water channels
(often termed pre-pores or hydrophobic pores) that
span the membrane (Fig. 9.C). As the TM voltage is
maintained, these water wires appear to be able to
overcome the free energy barrier associated to the
formation of a single file of water molecules spanning
the bilayer (estimated to be ~ 108 kJ/mol in the
absence of external electric field[88]). As the
electrical stress is maintained, lipid head group
migrate along the stable water wires and participate in
the formation of larger “hydophilic pores”, able to
conduct ions and larger molecules as they expend.

There are several points that need further
investigation. Perhaps the most important one is the
interplay between pore densities (number of
hydrophilic pores per unit area that can form) and
transport rate that can be maintained at a given
imposed voltage or current condition. Simulations
have shown [28], as predicted [89], that upon pore
creation, the electric field induces a significant lateral
stress, of the order of 1 mN.m-1. It is unclear how the
induced lateral tension relaxes in a macroscopic
system when a voltage pulse is applied, which may
have an incidence on the density of pores that could
nucleate. Regardless of the topology of the bilayer,
i.e., in planar lipid membranes or in a liposome, one
expects a strong correlation between the size of the
defect created, the density of pores, and the
maintained electrical stress. Simulations of very large
systems or those of liposomes should in principle help
us characterize better such a correlation.
It is undeniable that much more effort is still needed
in order to investigate the cascade of events involved
in more complex events such as the transport of large
molecules across the membranes.

Figure 9: (A) Electrostatic potential profiles across a POPC lipid
membrane subject to a charge imbalance (single bilayer set-up)
before (solid line) and after (broken line) electroporation. (B)
Corresponding electric field profiles. (C) Snapshot taken from the
MD simulation of the lipid bilayer subject to a TM voltage taken
at the early stage of the pore formation showing the configuration
of water molecules represented as balls and sticks (oxygen: grey)
and (hydrogen: white) forming a continuous wire through the
hydrophobic core of the membrane.
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ELECTROPORATION IN VITRO AND IN VIVO - PROTOCOLS

In vitro Cell Electropermeabilization
Justin Teissié
IPBS UMR 5089 CNRS and Université de Toulouse, Toulouse, France
Abstract: Electropulsation is one of the most successful methods to introduce foreign molecules in
living cells in vitro. This lecture describes the factors controlling electropermeabilization to small
molecules (< 4 kDa). The description of in vitro events brings the attention of the reader on the
processes occurring before, during and after electropulsation of cells. The role of the different
electrical parameters (Field strength, pulse duration, delay between pulses) is delineated. The kinetic
of the processes affecting the cell surface is described outlining that most of the exchange across the
membrane takes place after the pulse during the so called resealing. Cell contribution to this critical
step is tentatively explained.

intensity, r the radius of the cell and f, a shape factor
(a cell being a spheroid). Therefore, ∆Ψi is not
uniform on the cell surface. It is maximum at the
positions of the cell facing the electrodes. These
physical predictions were checked experimentally by
videomicroscopy by using potential difference
sensitive fluorescent probes [4-6]. This is valid with
dilute cell suspensions. In dense systems, self
shielding in the cell population affects the local field
distribution and reduces the local (effective) field
distribution [7]. Stronger field intensities are needed
to get the same induced potential. Another factor
affecting the induced potential differences is the shape
or the cell and their relative orientation to the field
lines. When the resulting transmembrane potential
difference ∆Ψ (i.e. the sum between the resting value
of cell membrane ∆Ψo and the electroinduced value
∆Ψi) reaches locally 250 mV, that part of the
membrane becomes permeable for small charged
molecules [3, 8].

INTRODUCTION
The application of electric field pulses to cells
leads to the transient permeabilization of the plasma
membrane
(electropermeabilization).
This
phenomenon brings new properties to the cell
membrane: it becomes permeabilized, fusogenic and
exogenous membrane proteins can be inserted. It has
been used to introduce a large variety of molecules
into many different cells in vitro [1, 2].
One of the limiting problems remains that very few
is known on the physicochemical mechanisms
supporting the reorganisation of the cell membrane.
Electropermeabilization is not simply punching holes
in a one lipid bilayer. The physiology of the cell is
controlling many parameters. The associated
destabilisation of the membrane unpermeability is a
stress for the cells and may affect the cell viability.
This lecture explains the factors controlling
electropermeabilization to small molecules (< 4 kDa).
The events occurring before, during and after
electropulsation of cells are described.

A-2 Parameters affecting electropermeabilization
A-2-1 Electric field parameters
Permeabilization is controlled by the field strength.
Field intensity larger than a critical value (Ep,r) must
be applied to the cell suspension. From Eq. (1),
permeabilization is first obtained for θ close to 0 or π.
Ep,r is such that:
(2)
∆Ψ i , perm= f ⋅ g ( λ ) ⋅ r ⋅ E p ,r

A- A biophysical description and a biological
validation
A-1 The external field induces membrane potential
difference modulation
An external electric field modulates the membrane
potential difference as a cell can be considered as a
spherical capacitor [3]. The transmembrane potential
difference induced by the electric field after a
(capacitive) charging time, ∆Ψi is a complex function
g(λ) of the specific conductivities of the membrane
(λm), the pulsing buffer (λo) and the cytoplasm (λi),
the membrane thickness, the cell size (r) and packing.
Thus,

∆Ψ i= f ⋅ g ( λ ) ⋅ r ⋅ E ⋅ cos θ

Permeabilization is therefore a local process on the
cell surface. The extend of the permeabilized surface
of a spherical cell, Aperm, is given by:
 E p ,r 
1− E 


tot
2

Aperm = A

(3)

(1)
where Atot is the cell surface and E is the applied field
intensity. Increasing the field strength will increase
the part of the cell surface, which is brought to the
electropermeabilized state.

in which θ designates the angle between the direction
of the normal to the membrane at the considered point
on the cell surface and the field direction, E the field
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observed during the seconds and minutes following
the ms pulse. Most of the exchange took place after
the pulse [10, 11]. Resealing of the membrane defects
and of the induced permeabilization is a first order
multistep process, which appears to be controlled by
protein and organelles reorganisation.

These theoretical predictions are experimentally
directly supported on cell suspension by measuring
the leakage of metabolites (ATP) [9] or at the single
cell level by digitised fluorescence microscopy [10,
11]. The permeabilized part of the cell surface is a
linear function of the reciprocal of the field intensity.
Permeabilization, due to structural alterations of the
membrane, remained restricted to a cap on the cell
surface. In other words, the cell obeys the physical
predictions! The area affected by the electric field
depends also on the shape (spheroid) and on the
orientation of the cell with the electric field lines [12].
Changing the field orientation between the different
pulses increases the fraction of the cell surface which
is permeabilized.
Experimental results obtained either by monitoring
conductance changes on cell suspension [13] or by
fluorescence observation at the single cell level
microscopy [10, 11] shows that the density of the
local alterations is strongly controlled by the pulse
duration. An increase of the number of pulses first
leads to an increase of local permeabilization level.
The field strength controls the geometry of the part
of the cell which is permeabilized. This is
straightforward for spherical cells (and validitated by
fluorescence microscopy) but more complicated with
other cell shapes. Within this cap, the density of
defects is uniform and under the control of the
pulse(s) duration.

B-2 Associated transmembrane exchange
Molecular transfer of small molecules (< 4 kDa)
across the permeabilized area is mostly driven by the
concentration gradient across the membrane.
Electrophoretic forces during the pulse may contribute
[10]. Free diffusion of low weight polar molecules
after the pulse can be described by using the Fick
equation on its electropermeabilized part [9]. This
gives the following expression for a given molecule S
and a cell with a radius r:

(

φ ( S=
, t ) 2π r 2 ⋅ PS ⋅ ∆S ⋅ X ( N , T ) 1 −

E p ,r
E

) exp(−k ⋅ ( N , T ) ⋅ t ) (4)

where Φ(S, t) is the flow at time t after the N pulses of
duration T (the delay between the pulses being short
compared to t), Ps is the permeability coefficient of S
across the permeabilized membrane and ∆S is the
concentration difference of S across the membrane.
Ep depends on r (size). For a given cell, the resealing
time (reciprocal of k) is a function of the pulse
duration but not of the field intensity as checked by
digitised videomicroscopy [9]. A strong control by the
temperature is observed. The cytoskeletal integrity
should be preserved [16]. Resealing of cell
membranes is a complex process which is controlled
by the ATP level. Starved cells are fragile. An open
question is to know if it is a self resealing or other
compoments of the cell are involved. Organelle fusion
may be involved as in the case of other membrane
repair occurring with after laser induced damage.

A-2-2 Cell size
The induced potential is dependent on the size of
the
cell
(Eq
(1)).
The
percentage
of
electropermeabilized cells in a population, where size
heterogeneity is present, increases with an increase in
the field strength. The relative part of the cell surface
which is permeabilized is larger on a larger cell at a
given field strength [13]. Large cells are sensitive to
lower field strengths than small one. Plated cells are
permeabilized with Ep value lower than when in
suspension. Furthermore large cells in a population
appear to be more fragile. An irreversible
permeabilization of a subpopulation is observed when
low field pulses (but larger than Ep) are applied.
Another characteristic is that the ‘loading’ time is
under the control of the cell size [14].

B-3 Cellular responses
Reactive oxygen species (ROS) are generated at
the permeabilized loci, depending on the electric field
parameters [17]. These ROS can affect the viability.
This is a major drawback for the transfer of sensitive
species (nucleic acids). Adding antioxydants is a safe
approach [18].
When a cell is permeabilized, an osmotic swelling
may result, leading to an entrance of water into the
cell. This increase of cell volume is under the control
of the pulse duration and of course of the osmotic
stress [19].
There is a loss of the bilayer membrane asymmetry
of the phospholipids [20].
When cells are submitted to short lived electric
field pulses, a leakage of metabolites from the

B- Practical aspects of electropermeabilization
B-1 Sieving of electropermeabilization
Electropermeabilization allows a post-pulse freelike diffusion of small molecules (up to 4 kDa)
whatever their chemical nature. Polar compounds
cross easily the membrane. But the most important
feature is that this reversible membrane organisation
is nevertheless long-lived in cells. Diffusion is

34

EBTT WORKSHOP 2011

ELECTROPORATION IN VITRO AND IN VIVO - PROTOCOLS

cytoplasm is observed which may bring a loss in
viability. This can occur just after the pulse (short
term death) or on a much longer period when cells
have resealed (long term death).
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electroporated cell analyzed by submicrosecond imaging of
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CONCLUSION
All
experimental
observations
on
cell
electropermeabilization are in conflict with a naive
model where it is proposed to result from holes
punched in a lipid bilayer (see [21] as a recent
review). Structural changes in the membrane
organization supporting permeabilization remains
poorly characterized. New informations appear
provided by coarse grained computer-based
simulations. Nevertheless it is possible by a careful
cell dependent selection of the pulsing parameteres to
introduce any kind of polar molecules in a mammalian
cell while preserving its viability. Nevertheless the
processes supporting the transfer are very different for
different molecules. Transfer is electrophoretically
mediated during th pulse and is mostly present after
the pulse driven by diffusion for small charged
molecules (drugs) [22, 9]. SiRNA are only transferred
by the electrophoretic drag present during the pulse
[23]. DNA plasmids are accumulated in spots on the
electropermeabilized cell surface during the pulse and
slowly translocated in the cytoplasm by a metabolic
process [25, 24]
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Electropermeabilization: Physics and Biology
P. Thomas Vernier; MOSIS, Information Sciences Institute, and Ming Hsieh Department of Electrical
Engineering, Viterbi School of Engineering, University of Southern California, Los Angeles, CA, USA
scale electric pulses could “bypass” the cell membrane,
depositing most of their energy inside the cell instead of
in the plasma membrane, the primary target of longer
pulses. This idea was investigated experimentally
beginning in the late 1990s [5–6]. Even though one early

INTRODUCTION
To utilize the diverse effects of electric fields on
biological systems we must understand the causes. In
particular, we want to know the details of the
interactions between electric fields and biomolecular
structures. By looking at very short time scales
(nanoseconds) and at single events (non-repetitive
stimuli), we reduce the number of larger-scale
disturbances and concentrate on reversible perturbations.
The analysis is primarily in the time domain, but pulse
spectral content may be important.
Of course, some important effects may be a
consequence of irreversible processes driven by longer
electric field exposures (microseconds, milliseconds).
Short-pulse studies can help to dissect these processes.
Although modeling is of necessity a significant
component of nanosecond bioelectrics investigations,
experimental observations are fundamental, and to
conduct experiments in nanosecond bioelectrics, one
must be able to generate and accurately monitor the
appropriate electrical stimuli, a non-trivial engineering
challenge. We will discuss cause and effect here from
both scientific and engineering perspectives, using data
from experiments and simulations. It is commonplace in
electrical engineering, and increasingly so in biology, to
attack a problem with a combination of modeling and
experimental tools. In nanosecond bioelectrics,
observations (in vitro and in vivo) give rise to models
(molecular and continuum), which drive experiments,
which adjust and calibrate the models, which feed back
again to empirical validation. This feedback loop focuses
investigations of a very large parameter space on the
critical ranges of values for the key variables.
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report indicated that the electric field-driven conductive
breakdown of membranes can occur in as little as 10 ns
[7], and a more careful theoretical analysis demonstrated
that pulses with field amplitudes greater than about 1
MV/m will produce porating transmembrane potentials
within about 2 ns [8], and a well grounded model
predicted “poration everywhere” in the nanosecond pulse
regime [9], procedures used to detect electroporation of
the plasma membrane (and the loss of membrane
integrity in general) produced negative results for pulses
with durations less than the charging time constant of a
small cell in typical media (< 50 ns).
In addition to highlighting the limitations of
traditional experimental methods for observing
membrane permeabilization, this apparent discrepancy
between model and observation points also to
inadequacies in the dielectric shell model itself, at time
scales below the membrane (cell) charging time. Higherfrequency effects associated with the dielectric properties
of high-permittivity aqueous media and low-permittivity
biological membranes [10–13] have not received much
attention until recently. For the electropermeabilizing
conditions that are most commonly studied (μs, kV/m
pulses) these effects are secondary and minor, but for
nanosecond pulses they cannot be ignored.
Several lines of experimental evidence indicate that
nanosecond electric pulses cause changes in the integrity
and organization of the cell membrane.

4E+5

20

Dielectric
Shell

Dielectric
polarization

Figure 2. Timeline representing the sequence of events
following electrical polarization of a biological tissue
or aqueous suspension of cells. The sub-nanosecond
regime can be modeled by the dielectric properties of
the system. For longer times the distribution of fields
and potentials is dominated by the migration of charged
species.
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Figure 1. Nanoelectropulsed Jurkat T lymphoblasts
recover over 2 hrs from initial Trypan blue
permeabilization after exposure to 50, 20 ns, 4 MV/m
pulses at 20 Hz.

NANOSECOND BIOELECTRICS
From longstanding theory that models the cell as a
dielectric shell [1–4] came the notion that nanosecond-
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Trypan blue permeabilization. While remaining PInegative, the cell volume of Jurkat T lymphoblasts
exposed to a series of 50, 20 ns, 4 MV/m pulses
increases, and they become visibly permeable to Trypan
blue (TB) in the microscope (Figure 1). With increasing
time after pulse exposure, these weakly TB-positive cells
become again impermeable to TB. Similar observations
have recently been reported for B16 murine melanoma
cells exposed to sub-nanosecond (800 ps) pulses at very
high fields [14].

strongly to a single 4 ns pulse, and muscle fiber has been
shown to respond to a 1 ns stimulus [28].
Nanosecond bioelectrics and the dielectric stack
model. Figure 2 depicts a time line of events in an
aqueous suspension of living cells and electrolytes
between two electrodes after an electric pulse is applied.
Water dipoles re-orient within about 8 ps The field also
alters the electro-diffusive equilibrium among charged
species and their hydrating water, with a time constant
that ranges from 0.5 to 7 ns, depending on the properties
of the media. Pulses shorter than the electrolyte
relaxation time do not generate (unless the field is very
high) enough interfacial charge to produce porating
transmembrane potentials. The dielectric shell model in
this regime can be replaced with a simpler, dielectric
stack model, in which the local electric field depends
only on the external (applied) electric field and the
dielectric permittivity of each component of the system.
Nanoelectropermeabilization and continuum models.
MD simulations at present provide the only available
molecular-scale windows on electropore formation in
lipid bilayers. Current models perform reasonably well,
but simulations of electroporation still contain many
assumptions and simplifications. To validate these
models we look for intersections between all-atom
molecular assemblies, continuum representations of cell
suspensions and tissues, and experimental observations
of cells and whole organisms. For example, a leading
continuum model assumes an exponential relation
between the transmembrane potential and several indices
of electropore formation [29]. The MD results in Figure
3, showing water intrusion into the membrane interior as
a function of applied electric field, qualitatively
demonstrate this same non-linear relation between field
and poration. The challenge is to achieve a quantitative
congruency of the coefficients.

≥ 550 MV/m

450 MV/m

≤ 350 MV/m

Figure 3. Electric field-driven intrusion of water into a
simulated lipid bilayer.

Nanosecond porating transmembrane potentials.
Fluorescence imaging with a membrane potentialsensitive dye shows that porating transmembrane
potentials are generated during nanoelectropulse
exposure [15].
Nanoelectropulse-induced PS externalization. Loss
of asymmetry in membrane phospholipid distribution
resulting from phosphatidylserine (PS) externalization
occurs immediately after nanoelectropulse exposure [16],
consistent with membrane reorganization driven directly
by nanosecond-duration electric fields and a mechanism
in which nanometer-diameter pores provide a low-energy
path for electrophoretically facilitated diffusion of PS
from the cytoplasmic leaflet of the plasma membrane to
the external face of the cell [8].
Simulations
link
PS
externalization
and
nanoporation. In molecular dynamics (MD) simulations
of electroporation, hydrophilic pores appear within a few
nanoseconds [17], and PS migrates electrophoretically
along the pore walls to the anode-facing side of the
membrane [18–19], in silico replication of experimental
observations in living cells [20].
Nanoelectropermeabilization. The first direct
evidence for nanoelectropermeabilization was obtained
by monitoring influx of YO-PRO-1 (YP) [21], a more
sensitive indicator of membrane permeabilization than
propidium iodide (PI) [22]. Additional direct evidence
comes from patch clamp experiments, which reveal longlasting increases in membrane conductance following
exposure to 60 ns pulses [23–25].
Nanosecond activation of electrically excitable cells.
Electrically excitable cells provide a highly responsive
environment for nanoelectropulse biology. Adrenal
chromaffin cells [26] and cardiomyocytes [27] react

NANOSECOND EXPERIMENTS AND MODELS

Figure 4. Differential interference contrast (DIC) images of
Jurkat T lymphoblasts before (A) and 30 s after (B) exposure
to 5 ns, 10 MV/m electric pulses (30 pulses delivered at 1
kHz). Note pulse-induced swelling, blebbing, and
intracellular granulation and vesicle expansion, results of the
osmotic imbalance caused by electropermeabilization of the
cell membrane.

Experiments and molecular models. Figure 4 shows a
simple and direct response of cells to nanoelectropulse
exposure
—
swelling
[25,30,31].
Electropermeabilization of the cell membrane results in
an osmotic imbalance that is countered by water influx
into the cell and an increase in cell volume. This
phenomenon, initiated by electrophysical interactions
with basic cell constituents — ions, water, and
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space currently inaccessible in practice to direct
observation. Although we cannot yet align the detailed
energetics and kinetics that can be extracted from MD
simulations with laboratory results, it is possible to
compare MD data with the predictions of the macroscale
models used to describe electroporation.
Figure 6 shows how pore initiation time (time between
application of porating electric field and the appearance
of a membrane-spanning water column (Fig. 5C)) varies
with the magnitude of the electric field in MD
simulations [32]. The value of the electric field in the
membrane interior, extracted from simulations by
integrating the charge density across the system, is used
as a normalizing quantity.
This membrane internal field results from the
interaction of the applied external field with the interface
water and head group dipoles, and it corresponds to the
large dipole potential found in the membrane interior
even in the absence of an applied field [33]. The
nonlinear decrease in pore initiation time with increased
electric field may be interpreted as a lowering of the
activation energy for the formation of the pore-initiating

Figure 5. Electropore creation sequence. (A) Molecular
dynamics representation of a POPC lipid bilayer system. Small
red and white spheres at the top and bottom of the panel are
water oxygen and hydrogen atoms. Gold and blue spheres are
head group phosphorus and nitrogen, respectively, and large
gray spheres are phospholipid acyl oxygens. For clarity, atoms
of the hydrocarbon chains in the interior of the bilayer are not
shown. In the presence of a porating electric field, a water
intrusion appears (B), and extends across the bilayer (C). Head
groups follow the water to form a hydrophilic pore (D). The
pore formation sequence, from the initiation of the water
bridge to the formation of the head-group-lined pore takes less
than 5 ns.

phospholipids — on a much shorter time scale (a few
nanoseconds)
than
usually
considered
by
electrophysiologists and cell biologists, provides a
simple, direct, and well-defined connection between
simulations and experimental systems. By correlating
observed kinetics of permeabilization and swelling with
rates of pore formation and ion and water transport
obtained from molecular simulations and continuum
representations, we are improving the accuracy and
applicability of the models.
Molecular dynamics and macroscale (continuum)
models. Figure 5 shows the main steps in the electric
field-driven formation of a nanopore in a typical MD
simulation of a porating phospholipid bilayer, part of a
larger scheme for the step-by-step development (and
dissolution) of the electrically conductive defects that
contribute at least in part to what we call a permeabilized
membrane [32]. These molecular simulations permit us
to conduct virtual experiments across a wide parameter

Figure 6. Electropore initiation time is a nonlinear function of
the magnitude of the porating electric field. Pore initiation
time (time required to form the water bridge shown in Fig. 1C)
is exponentially dependent on the applied electric field,
expressed here as the electric field observed in the lipid bilayer
interior in molecular dynamics simulations. Error bars are
standard error of the mean from at least three independent
simulations. Data are from Tables 4 and 5 of [32].

structures to be described below. We can use simulation
results like those in Fig. 6 to reconcile molecular
dynamics representations with continuum models, and
ultimately both of these to experiment. For example, the
relation between electric field and pore creation rate is
described in the Krassowska-Weaver stochastic pore
model in the following expression,
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NANOSECOND EXCITATION
Nanoelectrostimulation of neurosecretory and
neuromuscular cells. Applications of pulsed electric
fields in the clinic, particularly in electrochemotherapy
and electrogenetherapy, are well known and described in
detail in other parts of this course. We note here a
potential biomedical application specifically of
nanosecond electric pulses, the activation and
modulation of the activity of neurosecretory and
neuromuscular processes, an area which remains
relatively unexplored. The sensitivity of electrically
excitable cells to nanoelectropulses raises the possibility
that very low energy (nanosecond, megavolt-per-meter
pulses are high power, but low total energy because of
their brief duration) devices for cardiac regulation
(implanted pacemakers and defibrillators), remote
muscle activation (spinal nerve damage), and
neurosecretory modulation (pain management) can be
constructed with nanoelectropulse technology. Figure 7
demonstrates functional activation of an adrenal
chromaffin cell after a single 5 ns, 5 MV/m pulse
[39,40].

(1)

where Kpore is the pore creation rate, A is a rate
constant, E(r,Vm) is the energy of a pore with radius r at
transmembrane potential Vm, and kB, and T are the
Boltzmann constant and the absolute temperature
[29,34–36]. One of our objectives is to reconcile the pore
creation rate in (1) with our simulated pore initiation
times, reconciling the two models.
As the availability of computing power increases, we
also expect to validate the stochastic pore model
expression for pore density,
2 
dN
N 
,
= αe β (∆ψ m )1 −
 N 
dt
eq



(2)

where N and Neq are pores per unit area, instantaneous
and equilibrium values, α and β are empirical
electroporation model parameters, and ∆ψm is the
transmembrane potential.
Computing power is needed not only to enable
simulations of larger systems. The large variability in
pore initiation time indicated by the error bars in Fig. 6
means that independent simulations of each condition
must be repeated many times to ensure valid results. (A
surprising number of conclusions in the existing
literature have been published on the basis of single
simulations.)
Better models can contribute also to our understanding
of practical problems in bioelectrics. For example,
despite years of study, controversy remains regarding the
effects, or lack of effects, of exposures to low levels of
radio-frequency (RF) electromagnetic fields [37,38]. Part
of the reason for failure to establish certainty on this
issue arises from the difficulty of conducting
experiments with a sufficient number of variables and a
sufficient number of samples to generate reliable data
sets. With accurate simulation tools, honed by
reconciliation with experiment, we can explore the large
variable and statistical space in which suspected
biophysical effects might occur, narrowing the range of
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Electropermeabilization in vivo
Lluis M. Mir
CNRS UMR 8203, Univ. Paris-Sud, Institut Gustave-Roussy, Villejuif, France
Abstract: Tissues are complex assemblies of various types of cells. Moreover, for the main cell type
of the tissue, both cell size, cell shape and cell-cell contacts are very different from tissue to tissue.
Thus, as a function of the various tissues, there are large differences in the electrical parameters that
allow achieving cell electropermeabilization in vivo. Usual methods for detecting cell
electropermeabilisation in vivo are reported here. Finally, other important points are the electrodes
type and their positioning, which influence electric field distribution in the tissue as well as
electropermeabilization level and extent in the tissue.

histological and immunocyto-chemical microscopic
procedures.
To detect reversible cell electropermeabilisation,
whether in vitro or in vivo, it is necessary to use a non
permeant marker that will (almost) exclusively enter
the electropermeabilized cells (and thus label or
modify only these cells). If this marker molecule does
not bind to (or interact with) intracellular targets, then
it
allows
to
simultaneously
check
cell
electroper¬meabilisation
and
cell
membrane
resealing, which is the first step to maintain cell
survival. Indeed, if cells do not reseal, not only they
will die but moreover they will loose the marker
molecule, which will leak out of the cells. Then both
reversible and irreversible electropermeabilisation
thresholds can be determined, for example as a
function of the ratio of the applied voltage to
electrodes distance (in V/cm).
In vivo, there are much more constraints than in the
in vitro experiments. Indeed, as previously outlined,
tissues
are
compact
structures
and
the
permeabilisation markers, even if they have a very
low molecular weight, will not diffuse until the core
of a piece of tissue ex vivo, for example by just
placing the piece of tissue in a baker containing the
permeabilisation marker. Similarly, the marker cannot
usually be injected directly into the piece of tissue
because the distribution of the marker will be quite
inhomogeneous, forbidding quantitative and even
qualitative analysis. Moreover sometimes it is quite
hard to inject tissues because of either their fragility or
their compactness, which may be a real problem in the
case of some tumor types. Moreover, tumors are not
limited by a physiological physical barrier (like the
fascia in muscle or the capsule in liver) and leaks can
easily occur after intratumor injections.
Thus, for an efficient and as much homogeneous as
possible distribution of the marker, it is necessary to
inject it in vivo, intravenously if possible. Of course,
this is only possible if the marker is very “potent”
(that is, if a limited number of molecules is sufficient
to label or to modify the electropermeabilized cells,

INTRODUCTION
A tissue is a complex structure. It contains the cells
that characterize this tissue, with their own
physiological and geometrical properties. For
example, the fibers of the skeletal muscle are not only
very long, almost cylindrical, cells, but their diameter
is also much larger than that of all the other cells of
the organism. Besides their characteristic cells, tissues
also contain vessels (thus endothelial cells, smooth
muscle cells, blood cells …), nerves, fibroblasts …
Moreover, other tissue specific properties can also
considerably modify the behaviour of the cells in a
tissue in response to the delivery of given electric
pulses. For example, while tumor cells can often be
considered as individual cells, hepatocytes in liver are
electrically connected between them by means of the
gap junctions that allow the free flow of molecules up
to 2000 daltons between the connected cells. Thus it
was expected that large differences could be observed
between the different tissues and the present data
confirm these expectations.
While electropermeabilisation achievement in
tumors has been actually demonstrated (for example
using cytotoxic molecules as described here below),
quantitative data concerning tumor permeabilisation
are difficult to obtain, as compared to other tissues.
Indeed, tumors are very heterogeneous tissues, the
tumor cells being also very irregular, as well as the
vasculature of the tumor nodules.
In summary, analysis of tissue electropermeabilisation is much less easy than that of the cells in
culture.
METHODS FOR DETECTING IN VIVO CELL
ELECTROPORATION
The delivery of appropriate electric pulses alone
can be sufficient to detect irreversible cell
electropermea-bilization. Indeed, cell death, the
natural
consequence
of
irreversible
cell
electropermeabilization, can be detected several
hours/days after the pulses delivery by conventional
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radioactive bleomycin in tumors exposed to
permeabilizing electric pulses as compared to
unexposed tumors [5]. This factor was equivalent to
the one observed in vitro [6] using cells in suspension
exposed to external concentrations of radioactive
bleomycin similar to those measured in mice blood at
the time of the tumor exposure to the electric pulses.
Cell electropermeabilization in vivo was also
demonstrated using the huge increase in bleomycin
cytotoxicity when the electric field intensity is above
the treshold necessary to achieve cell permeabilisation
[5]. Indeed, using an appropriate drug concentration
(like the rather low therapeutic concentrations of
bleomycin used in the clinical application termed
antitumor
electrochemotherapy),
all
the
unpermeabilized cells remain alive in spite of the
external presence of bleomycin, while all the
permeabilized dividing cells are killed by the
internalized bleomycin. Electric pulses of various
field intensities were applied to pieces of tumors
removed from mice three minutes after bleomycin
injection to the animal. Cell killing due to the
permeabilization-facilitated uptake of bleomycin was
then determined. The existence of a threshold
intensity demonstrated the occurrence of cell
permeabilisation in tissues [5]. It is noteworthy that
the threshold in tumor tissue was inferior to the
threshold found with the same tumor cells in
suspension exposed to the same electric pulses under
the same electrode geometry.

like bleomycin or 51Cr-EDTA, because intravenous
injection results in a large dilution of the injected
marker). Then, after the injection, it is necessary to
wait for the redistribution of the marker from the
vascular compartment to the tissular compartment,
that is until the marker will be actually in the vicinity
of the cells of the tissue. Depending on the marker,
optimal time window for electric pulses delivery
depends on parameters such as marker size, but also
on heart beating rate. This time window of course is
comprised between the end of the marker distribution
from the blood into the tissues and the beginning of
the decrease of the tissue concentration of the marker
due to its excretion (through kidneys to the urine) or
its metabolisation.
Therefore, marker must be an injectable product
that will not be toxic for the laboratory animal, at least
in the absence of the electric pulses delivery (indeed,
as shown here below, the cytotoxic drug bleomycin
has been used as electropermeabilization marker
because it does not affect the non-permeabilized
cells). Of course, this marker molecule has to have a
property that allows to trace the molecule itself or the
consequences of its internalisation into the
electropermeabilized cells, as described here below
for each of them.
At least the following molecules have been used:
BLEOMYCIN
Bleomycin has been used to quantitatively and
qualitatively analyse in vivo cell electropermeabilization. The qualitative use of bleomycin [1] was
based on morphological changes of nucleus
appearance induced by bleomycin biological effects
on DNA (achievement of DNA double strand breaks,
[2,3]) at high bleomycin doses. The interest of the test
is that a topological information can be obtained,
indicating thus electric field distribution in the tissue
if bleomycin is homogenously distributed in the tissue
(after intravenous injection of the drug). The
quantitative use of bleomycin is based either on the
injection of radioactive bleomycin (the 57Cobaltbleomycin is a very stable complex [4] that allows to
follow bleomycin distribution in the body using e.g.
gamma cameras; 118Indium-bleomycin has also been
used, with the interest that half life of 118Indium is
short, allowing to inject higher specific activities than
with the 57Cobalt; however, the stability of the
118
Indium-bleomycin is lower than that of the
57
7Cobalt-bleomycin. In the case of the 57Cobaltbleomycin, strict experimental precautions must be
taken for animal handling because of the long half-life
of the 57Cobalt gamma emitter (270 days).
Using 57Cobalt-bleomycin, Belehradek and
colleagues showed a 4 times increased retention of

51

Cr-EDTA
51
Cr is also a gamma emitter but its half-life is very
short and the 51Cr-EDTA complex is very rapidly
secreted from the organism. It is used regularly in
clinics for scintigraphic examinations. This product is
thus easily available. Usually, electric pulses must be
delivered at a short, precise time after the intravenous
injection of the 51Cr-EDTA. One hour after the pulses
delivery, a difference in the retention of the
radioactivity between the muscle exposed to
reversibly permeabilizing electric pulses and the
contralateral non exposed muscle can already be
observed in the skeletal muscle [7]. If the mouse is
sacrificed 24 hours after the electric pulses delivery,
the control unpulsed muscles do not contain any
radioactivity and less animals can be used to have the
same number of experimental samples (exposure to
the electric pulses of the two contralateral muscles)
[8]. The quantitative 51Cr-EDTA test for the
evaluation of the in vivo electropermeabilisation level
has already allowed :
• to determine reversible and irreversible
thresholds [7,9];
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example shows how much the structure of the tissue
can affect the permeabilisation of the cells in that
tissue.
• the duration of the permeabilized state is longer that
the duration that could be expected from experiments
in vitro on isolated cells. Indeed, in vitro, resealing
time depends on the temperature and, at about 37°,
cells become impermeable in less than one minute. In
vivo, muscle fibres remain at a high level of
permeabilisation for more than 5 minutes after one
single HV of 100 µs [8] and between 7 and 15
minutes after 8 pulses of 100 µs [7].
• there is a transient vascular lock in the volume
exposed to the electric pulses. A temporary arrest of
the blood flow in the treated volume of tissue has been
described in all the electropermeabilized tissues [13],
partly due to a physiological, histamine dependent
reaction, and partly due to the permeabilisation of the
cells, including the permeabilisation of the endothelial
vascular cells. Interestingly, this vascular lock is much
more pronounced in the tumors [14], maybe due to
their irregular vasculature, where it last for hours
instead than for a few minutes. This vascular lock
prevents the washing of the drugs from the
electropermeabilized tissue and can help in the uptake
of the anticancer drugs by the tumor cells.
• for the skeletal muscle, the same thresholds were
found between the mouse and the rat [7 and D.
Cukjati et al. in preparation], showing that differences
between various tissues are larger than the differences
between the same tissue from different species.

to show differences between internal and
external electrodes [10];
to show differences between pulses of different
durations thresholds [7,9];
to show similarities between the same tissue in
different species thresholds [7,9,10];
to show differences between different tissues
[10].

PROPIDIUM IODIDE
As in vitro, Propidium Iodide has also been used to
show in vivo permeabilisation achievement, based on
the increase of fluorescence of this molecule when it
can enter the cells and bind to DNA [11]
(99m)

Tc-DTPA
Radiolabelled diethylenetriaminepentaacetic acid
(DTPA) was used to trace the distribution and
internalisation of a hydrophilic drug after in vivo
electropermeabilization [12]. Skeletal muscle tissue in
rat was treated with permeabilising electric pulses
before or after intravenous administration of (99m)TcDTPA. The drug accumulation in the treated volume
was subsequently evaluated with a scintillation
camera.
ELECTROPORATION OF CELLS IN TISSUES
Permeabilization has been demonstrated and
evaluated using the methods described in the first part
of this chapter. As main trends, it is important to
highlight that:
• the range of voltages between the thresholds for the
reversible and irreversible permeabilization are much
larger in vivo than for the cells exposed in vitro. For
example, in the skeletal muscle exposed to 8
transcutaneous pulses of 100 µs, the reversible
threshold was found at 450 V/cm, while the
irreversible one was 800 V/cm [7]. Usually, in cells in
culture, using the same type of electric pulses, the
irreversible permeabilisation threshold is always much
more smaller than a value twice of that of the
reversible threshold. In an ex vivo experiment, using
slices of tumors prepared from mice having received
an intravenous injection of bleomycin (see above),
reversible permeabilisation was achieved at voltages
as low as 350 or 550 V/cm (depending on the
individual tumors considered) while the irreversible
threshold was above 1200V/cm (determined by the
absence of cell killing by the electric pulses alone) [5].
Moreover the comparison was done with the
electropermeabilisation of the same cells in
suspension instead that in the tissue. For the cells in
suspension, the permeabilisation threshold was at 700
V/cm, a value higher than the one found on tissue
slices treated ex-vivo (350 or 550 V/cm) [5]. This

MODELS OF TISSUE
ELECTROPERMEABILISATION
Several models of tissue electropermeabilization
have been published and will not be compared in
detail here since they are basically dependent on the
electrodes geometry. Only a few general features will
be recalled.
A two-dimensional model [1] was used in 1999 to
compare two types of electrodes: plate electrodes and
rows of needle electrodes (two kind of electrodes
largely used in ulterior experiments). A good fit was
found between the percentages of tissue exposed to
fields of strength above a given value and the 51CrEDTA uptake values at different field strengths. Thus
the first precise value of the reversible
permeabilization threshold could be determined in the
skeletal muscle.
A numerical three-dimensional model was
proposed in 2000, and it was topologically validated
using the bleomycin qualitative test described here
above [1]. This model has been quite important to
define electrodes geometry since it showed that in the
case of needle electrodes, the diameter of the needles
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is of the utmost importance to have a more or less
heterogeneous distribution of the electric field
between the electrodes (and these differences could
then be experimentally demonstrated). The model has
been refined: it has been possible to made a numerical
model of the dynamics of tissue permeabilisation in
vivo [15]. Indeed, the permeabilisation of the part of
the tissue exposed to the highest electric field
strengths changes the electrical properties of this part
of the tissue, and therefore changes the electric field
distribution and thus the tissue volume that will be
actually exposed to fields above the permeabilisation
threshold. Model has also allowed giving instructions
to the physicians applying the electrochemotherapy
antitumor treatment for the correct use of the various
types of available electrodes (plate electrodes or
needle electrodes) [16,17]. Indeed the placement of
the electrodes with respect to the tissues is very
important to get a rather uniform and enough intense
local electric field in the tissue: as a general rule, the
larger the contact surface between the electrode and
the tissue, the better [18]. The use of appropriate
conductive gels is also recommended in some
situations [19].
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ELECTROCHEMOTHERAPY OF TUMORS

Electroporation in Electrochemotherapy of Tumors
Gregor Serša, Maja Čemažar

Institute of Oncology Ljubljana, Slovenia
Abstract: Electrochemotherapy consists of chemotherapy followed by local application of electric
pulses to the tumor to increase drug delivery into tumor cells in tumors. Drug uptake can be increased
by electroporation only for drugs having impeded transport through the plasma membrane. Among
many drugs which have been tested so far, only bleomycin and cisplatin have found their way from
preclinical testing to clinical trials. In vitro studies demonstrated a several-fold increase of their
cytotoxicity by electroporation of cells. In vivo, electroporation of tumors after local or systemic
administration of either of the drugs i.e. electrochemotherapy, proved to be an effective antitumor
treatment. Electrochemotherapy studies using either bleomycin or cisplatin in several tumor models
elaborated treatment parameters for effective local tumor control. In veterinary medicine,
electrochemotherapy proved to be effective in primary tumors in cats, dogs and horses. In clinical
studies, electrochemotherapy was performed on accessible tumor nodules of different malignancies in
progressive disease. All clinical studies provided evidence that electrochemotherapy is an effective
treatment for local tumor control in patients with different types of cancer. The perspectives of
electrochemotherapy are also in combination with other established treatment modalities, like
irradiation, and newcomers, like gene therapy. Since application of electric pulses to the tumors
induces transient reduction of tumor perfusion and oxygenation, it can be exploited in several other
treatment combinations such as with bioreductive drugs and hyperthermia.

plasma membrane for different biochemical and
pharmacological studies. However, when using
chemotherapeutic drugs, this facilitated transport
increases intracellular drug accumulation with the aim
to increase their cytotoxicity. Since electroporation
can facilitate drug transport through the cell
membrane only for molecules which are poorly
permeant or non-permeant, suitable candidates for
electrochemotherapy are limited to those drugs that
are hydrophilic and lack a transport system in the
membrane. Several chemotherapeutic drugs were
tested in vitro for potential application in combination
with electroporation of cells. Among the tested drugs,
only two were identified as potential candidates for
electrochemotherapy of cancer patients. The first was
bleomycin, which is hydrophilic and has very
restricted transport through the cell membrane, but its
cytotoxicity can be potentiated up to several 1000
times by electroporation of cells. A few hundred
internalized molecules of bleomycin are sufficient to
kill the cell. The second is cisplatin, whose transport
through the cell membrane is also hampered. Only
50% of cisplatin is transported through the plasma
membrane by passive diffusion, the rest is via carrier
molecules. Electroporation of the plasma membrane
enables greater flux and accumulation of the drug in
the cells, which results in an increase of cisplatin
cytotoxicity by up to 80-fold [1-4]. This promising
preclinical data obtained in vitro on a number of
different cell lines has paved the way for testing these
two drugs in electrochemotherapy in vivo on different
tumor models.

INTRODUCTION
Treatments for cancer may be divided into
different categories based on their goals and mode of
action. Very often, the different types of treatment are
used in combination, either simultaneously or
sequentially. In general, cancer treatment includes
three major treatment modalities: surgery and
radiation, which are local treatment modalities and
chemotherapy, which is a systemic treatment
modality.
Chemotherapy, a systemic treatment modality for
cancer, is effective for drugs which readily cross the
plasma membrane and are cytotoxic once they reach
their intracellular targets. However, among the
chemotherapeutic drugs which are very cytotoxic,
there are some having hampered transport through the
plasma membrane. These drugs are good candidates
for electrochemotherapy. Electrochemotherapy is a
local treatment combining chemotherapy and
application of electric pulses to the tumor. In
electrochemotherapy,
the
optimal
anti-tumor
effectiveness is achieved when electric pulses are
given at the time of the highest extracellular
concentration of the hydrophilic chemotherapeutic
drug, thereby increasing its transport through the
plasma membrane towards the intracellular targets [14].
PRECLINICAL DATA
In vitro studies
Electroporation proved to be effective in
facilitating transport of different molecules across the
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 Good antitumor effectiveness may be achieved by
good tissue electroporation. Electroporation of the
plasma membrane is obtained if the cell is
exposed to a sufficiently high electric field. This
depends on the electric field distribution in the
tissue which is controlled by the electrode
geometry and tissue. The electric field distribution
in the tissue and cell electroporation can be
improved by rotating the electric field. Surface
tumours can be effectively treated by plate
electrodes, whereas appropriate electric field
distribution in the deeper parts of the tumour is
assured by using needle electrodes [5-6].

In vivo studies
Bleomycin and cisplatin were tested in an
electrochemotherapy protocol on animal models in
vivo (Fig 1). Extensive studies on different animal
models with different tumors, either transplantable or
spontaneous, were performed. The antitumor
effectiveness
of
electrochemotherapy
was
demonstrated on tumors in mice, rats, hamsters, cats
and rabbits. Tumors treated by electrochemotherapy
were either subcutaneous or located in muscle, brain
or liver, being sarcomas, carcinomas, glioma or
malignant melanoma [1-4].
Electric pulse generator
Electric pulses: 8 x 0.1 ms; 1300 V/cm,
1 Hz
Tumor

Control

Cisplatin

Electroporation

Electrochemotherapy

Electrodes
Intravenous or
intratumoral drug injection

Figure 1: Protocol of electrochemotherapy of experimental
tumors presented schematically. The drug is injected either
intravenously or intratumorally at doses which do not usually
exert an antitumor effect. After an interval which allows sufficient
drug accumulation in the tumors, electric pulses are applied to the
tumor either by plate or needle electrodes (1080 V on electrodes,
with 8 mm distance, 100 μs, 1 Hz, 8 pulses). The electrodes are
placed in such a way that the whole tumor is encompassed
between the electrodes, providing good electric field distribution
in the tumors for optimal electroporation of cells in the tumors.

Figure 2: Example of good antitumor effectiveness on SA-1
tumors after electrochemotherapy with cisplatin. Cisplatin was
given intravenously (4 mg/kg), 3 min thereafter 8 electric pulses
were applied to the tumor with plate electrodes. Electric pulses
were applied in two directions; 4 pulses in one and the other 4 in
the perpendicular direction. Eight days after the treatment good
antitumor effectiveness of electrochemotherapy with cisplatin is
evident, compared to the single treatments with cisplatin or
electric pulses.

In these studies, different factors controlling antitumor
effectiveness were determined:

 The antitumor effectiveness depends on the
amplitude, number and duration of the electric
pulses applied. Several studies in which parallel
plate electrodes were used for surface tumors
showed that amplitude over distance ratio above
1000 V/cm is needed for tumor electroporation,
and that above 1500 V/cm, irreversible changes in
the normal tissues adjacent to the tumor occur. So,
the
window
for
effective
and
safe
electrochemotherapy is between 1000-1500 V/cm.
In most studies, the amplitude over distance ratio
of 1300 V/cm induced good antitumor
effectiveness without sub-optimal electroporation
of the tissue or damage to the tissue due to
irreversible cell permeabilisation [6]. For other
types of electrodes, the electric field distribution

 The drugs can be given by different routes of
administration, they can be injected either
intravenously or intratumorally. The prerequisite
is that, at the time of application of electric pulses
to the tumor, a sufficient amount of drug is present
in the tumor. Therefore, after intravenous drug
administration into small laboratory animals (4
mg/kg of cisplatin or 0.5 mg/kg bleomycin), only
a few minutes interval is needed to reach the
maximal drug concentration in the tumors. After
intratumoral administration, this interval is even
shorter and the application of electric pulses has to
follow the administration of the drug as soon as
possible (within a minute) [1-4].
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A difference in the antitumor effectiveness of
electrochemotherapy
was
observed
between
immunocompetent and immunodeficient experimental
animals, indicating involvement of the immune
response in antitumor effectiveness [14]. Due to
massive tumor antigen shedding in organisms after
electrochemotherapy, systemic immunity can be
induced and up-regulated by additional treatment with
biological response modifiers like IL-2, GM-CSF and
TNF-α [15-17].
To sum up, the electrochemotherapy protocol was
optimized in preclinical studies in vitro and in vivo,
and basic mechanisms were elucidated. In addition to
the electroporation of cells, tumor drug entrapment, a
vascular- disrupting effect and involvement of the
immune response were also demonstrated. Based on
all this data, electrochemotherapy with bleomycin and
cisplatin was promptly evaluated in clinical trials.

and thus, also the necessary amplitude of electric
pulses, need to be determined by numerical
calculations. Repetition frequencies of the pulses
for electrochemotherapy are either 1 Hz or 5 kHz.
The minimal number of pulses used is 4; most
studies use 8 electric pulses of 100 μs [1,4,6-8].
All the experiments conducted in vivo on animals
provided sufficient data to demonstrate that
electrochemotherapy with either bleomycin or
cisplatin is effective in the treatment of solid tumors,
using drug concentrations which have no or minimal
antitumor effect without application of electric pulses.
A single treatment by electrochemotherapy already
induces partial or complete regression of tumors,
whereas treatment with bleomycin or cisplatin alone
or application of electric pulses alone has no or
minimal antitumor effect (Figure 2).
Mechanisms of action
The principal mechanism of electrochemotherapy
is electroporation of cells in the tumors, which
increases the drug effectiveness by enabling the drug
to reach the intracellular target. This was
demonstrated in studies which measured the
intratumoral drug accumulation and the amount of
drug bound to DNA. Basically, the amounts of
bleomycin and cisplatin in the electroporated tumours
were up to 2-4 fold higher than in those without
application of electric pulses [1-3].
Besides
membrane
electroporation,
which
facilitates drug transport and its accumulation in the
cell, other mechanisms that are involved in the
antitumor effectiveness of electrochemotherapy were
described. The application of electric pulses to tissues
induces a transient, but reversible reduction of blood
flow [9]. Restoration of the blood flow in normal
tissue is much faster than that in tumors [10]. The
vascular lock in the tumor induces drug entrapment in
the tissue, providing more time for the drug to act.
The cytotoxic effect of electrochemotherapy is not
limited only to tumor cells in the tumors.
Electrochemotherapy also acts on stromal cells,
including endothelial cells in the lining of tumor blood
vessels, which undergo apoptosis [11]. Consequently,
by vascular-disrupting action of electrochemotherapy,
a cascade of tumor cell death occurs due to longlasting hypoxia in the affected vessels. This represents
yet another mechanism involved in the antitumor
effectiveness of electrochemotherapy, i.e. a vasculardisrupting effect [12,13]. This vascular-disrupting
action of electrochemotherapy is important in clinical
situations where haemorrhagic tumor nodules need to
be treated [14].

PERSPECTIVES
Knowledge about the mechanisms involved in the
antitumor effectiveness of electrochemotherapy
opened new possibilities for the application of electric
pulses or electrochemotherapy in the treatment of
cancer.
The chemotherapeutic drugs which increase
effectiveness of radiation therapy are radiosensitizing
drugs. These include bleomycin and cisplatin. Since
drug delivery induced by electroporation is sitespecific, it could be used for tumor-specific delivery
of
radiosensitizing
drugs.
By
increased
radiosensitizing drug delivery into tumors and not in
the surrounding normal tissue, the therapeutic index of
tumor irradiation is increased. In our studies, we
combined electrochemotherapy with bleomycin or
cisplatin with radiotherapy and demonstrated a good
potentiation of the tumor radiation response: 1.9-fold
for electrochemotherapy with bleomycin and 1.6- fold
for electrochemotherapy with cisplatin [18-20]. The
radiosensitizing effect of electrochemotherapy with
bleomycin was also demonstrated in a fractionated
radiation regime which makes this treatment
potentially available also in the clinic [21].
The application of electric pulses was shown to
modulate tumor blood flow. Both reduced blood flow
and lowered partial oxygen pressure (pO2) in the
tumors are consequences of the applied electric pulses
[22]. The reduced pO2 can activate bioreductive drugs
to exhibit a cytotoxic effect on hypoxic cells [23]. In
well- oxygenated cells, the drug remains inactive. On
the other hand, tumor hypoxia induced by application
of electric pulses can improve therapeutic conditions
for the use of hyperthermia since tumor cells are more
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sensitive to heat in sub-optimal physiological
conditions [23].
Electrochemotherapy with cisplatin or bleomycin
was also successfully used in veterinary medicine. It
was used to treat different tumors, such as mammary
adenocarcinoma, fibrosarcoma, cutaneous mast cell
tumor, hemangioma, hemangiosarcoma, perianal
tumors, neurofibroma and sarcoids in dogs, cats,
hamsters, rabbits and horses. Recent reports
demonstrated successful treatment of different
neoplasms in companion animals and sarcoids in
horses [24-29]. Hopefully, electrochemotherapy will
be broadly used in veterinary medicine for the
treatment of different malignancies, both in primary
and metastatic disease.
Electrochemotherapy is an effective cytoreductive
treatment; however, its curative effect depends on the
permeabilisation of possibly all cells in the tumour.
Since permeabilisation of every single cell in the
tumour is virtually impossible, electrochemotherapy
could be combined with other cytoreductive
treatments. Another approach is a combination of
electrochemotherapy with gene therapy. The first
promising reports and data are already available,
supporting the effectiveness of this concept [30-31].
In
conclusion,
electroporation
in
electrochemotherapy has already been very well
exploited; however, there are new biomedical
applications of electroporation in cancer treatment that
still need testing and development.

potential
use
in
clinical
electrochemotherapy.
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Clinical electrochemotherapy
Gregor Serša
Institute of Oncology Ljubljana, Slovenia
Abstract: Electrochemotherapy consists of administration of the chemotherapeutic drug followed by
application of electric pulses to the tumor, in order to facilitate the drug uptake into the cells. Only
two chemotherapeutics are currently used in electrochemotherapy, bleomycin and cisplatin, which
both have hampered transport through the plasma membrane without electroporation of tumors. Based
on extensive preclinical studies, elaborating on parameters for effective tumor treatment and
elucidating the mechanisms of this therapy, electrochemotherapy is now in clinical use. It is in
standard treatment of melanoma cutaneous metastases in Europe. However it is effective also for
cutaneous metastases of other tumor types. Currently the technology is being developed also for
treatment of bigger, deep seated tumors. With long needle electrodes and new electric pulse
generators, clinical trials are on-going for treatment of liver metastases, bone metastases and soft
tissue sarcomas. Endoluminal electrode for the treatment of tumors in esophagus or in rectum are
being tested as well.

consortium of four cancer centres gathered in the
ESOPE project funded under the European
Commission's 5th Framework Programme. In this
study,
the
treatment
response
after
electrochemotherapy according to tumor type, drug
used, route of administration and type of electrodes,
was tested [40]. The results of this study can be
summarized as follows:
• An objective response rate of 85% (73.7%
complete response rate) was achieved for
electrochemotherapy-treated
tumor
nodules,
regardless of tumor histology and drug or route of
administration used (Figure 1).
• At 150 days after treatment, the local tumor
control rate for electrochemotherapy was 88%
with bleomycin given intravenously, 73% with
bleomycin given intratumorally and 75% with
cisplatin given intratumorally, demonstrating that
all three approaches were equally effective in
local tumor control.
• Side effects of electrochemotherapy were minor
and tolerable (muscle contractions and pain
sensation).
In all clinical studies reported before the ESOPE
study and in the ESOPE study, 288 patients were
treated: 782 tumor nodules were treated by
electrochemotherapy with bleomycin and 398 tumor
nodules were treated by electrochemotherapy with
cisplatin. The results of the ESOPE study confirmed
previously reported results on the effectiveness of
electrochemotherapy and
Standard
Operating
Procedures (SOP) for electrochemotherapy were
prepared [41].

INTRODUCTION
Electrochemotherapy protocols were optimized in
preclinical studies in vitro and in vivo, and basic
mechanisms elucidated, such as electroporation of
cells, tumor drug entrapment, vascular-disrupting
effect and involvement of the immune response.
Based on all this data, electrochemotherapy with
bleomycin and cisplatin was promptly evaluated in
clinical trials.
CLINICAL STUDIES
The results of several clinical studies have
confirmed the preclinical data: high antitumor
effectiveness of electrochemotherapy with bleomycin
and cisplatin on cutaneous and subcutaneous tumor
nodules with different histologies was demonstrated.
The first clinical study was published in 1991 on
head and neck tumor nodules [1], which was
thereafter followed by several others [2-38]. These
clinical studies demonstrated the antitumor
effectiveness of electrochemotherapy using either
bleomycin or cisplatin, given intravenously or
intratumorally. Successful treatment of cutaneous and
subcutaneous tumor nodules by electrochemotherapy
was reported also from the Sydney Melanoma Unit as
well as several Italian cancer centers [39-62]. In
addition to single or multiple cutaneous or
subcutaneous melanoma nodules, a response was
demonstrated in breast and head and neck cancer
nodules,
as
well
as
Kaposi’s
sarcoma,
hypernephroma, chondrosarcoma and basal cell
carcinoma. However, these clinical studies were
performed with slightly variable treatment protocols,
different electrodes and different electric pulse
generators. Thus, there was a need for a prospective
multi-institutional study, which was conducted by a
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The treatment procedure is as follows: based on
SOP, tumor nodules can be treated by
electrochemotherapy with injection of bleomycin
intravenously
or
intratumorally
and
by
electrochemotherapy
with
cisplatin
given
intratumorally. The choice of the chemotherapeutic
drug in not based on tumor histology, but depends on
the number and size of the nodules. After drug
injection, the tumor nodules are exposed to electric
pulses. The interval between intravenous drug
injection and application of electric pulses is 8-28
min, and after intratumoral injection, as soon as
possible. Different sets of electrodes are available for
application; plate electrodes for smaller tumor nodules
and needle electrodes for the treatment of larger (3
cm) and thicker tumor nodules. The treatment can be
performed in a single session or can be repeated in
case of newly emerging nodules or on those nodules
which relapsed in some regions which were not
treated well in the first treatment [40,41,57,58].

100
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73,7 %

60

40

20

11,1 %
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4,7 %
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Figure 1: Treatment response of tumor nodules treated by
electrochemotherapy in the ESOPE project. CR: complete
response; PR: partial respons; NC: no change; PD: progressive
disease.

The ESOPE study set the stage for introduction of
electrochemotherapy in Europe. After the encouraging
results of the ESOPE study, several cancer centers
have started to use electrochemotherapy and reported
the results of their studies. Collectively, the results
were again similar as reported in the ESOPE study.
However some advances in the treatment were
reported. Predominantly it was reported that tumors
bigger than 3 cm in diameter can be successfully
treated by electrochemotherapy in successive
elechemotherapy sessions [57,58]. In general,
electrochemotherapy provides a benefit to patients
especially in quality of life [58], because
electrochemotherapy is nowadays used predominantly
in palliative intent [57,58].

Electrochemotherapy does not induce side effects
due to chemotherapeutic drugs since the drug dosage
is very low. However, the application of electric
pulses to the tumors induces contraction of the
underlying muscles. For electroporation, square wave
electric pulses with an amplitude over distance ratio of
1000-1300 V/cm, duration of 100 µs, frequency 1 Hz
or 5 kHz are used. These muscle contractions are
painful, but the pain dissipates immediately after
electric pulse application. Nevertheless, in SOP, the
procedures for alleviating pain by local anaesthesia or
by general anaesthesia in case of treating multiple
nodules, are also described [41].
The treatment after a single electrochemotherapy
session in most cases results in complete tumor
eradication. When necessary, treatment can be
repeated at 4-8 week intervals with equal antitumor
effectiveness. The treatment has a good cosmetic
effect without scarring of the treated tissue
In summary, electrochemotherapy has been
recognized as a valid treatment approach; over 80
cancer centers have started to use it and have reported
positive results. So far the effectiveness of the therapy
is on case based evidence and further controlled and
randomized studies are needed for the translation of
this technology into broader and standard clinical
practice.

CLINICAL USE AND TREATMENT
PROCEDURES FOR
ELECTROCHEMOTHERAPY
Based on all these reports, electrochemotherapy
has been recognized as a treatment option for
disseminated cutaneous disease in melanoma, and
accepted in many national and also international
guidelines for treatment of melanoma [63].
Treatment advantages and clinical use for
electrochemotherapy can be summarized as follows:
 Effective in treatment of tumors of different
histology in the cutaneous or subcutaneous
tissue.
 Palliative treatment with improvement of
patient’s quality of life.
 Treatment of choice for tumors refractory to
conventional treatments.
 Cytoreductive treatment before surgical
resection in an organ sparing effect.
 Treatment of bleeding metastases.

NEW CLINICAL APPLICATIONS OF
ELECTROCHEMOTHERAPY
Based
on
clinical
experience
that
electrochemotherapy can be effectively used in
treatment of cancer with different histology, when
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report
at
the
First
Users
meeting
of
Electrochemotherapy in Bologna, Italy (2010) the
technology is feasible, safe and effective.
Another approach that is in development is the use
of endoluminal electrodes for the treatment of tumors
in esophagus or in rectum. The first reports
demonstrate that the technology is available, and was
tested also in dogs. The translation of this technology
into the human clinics is underway; the clinical trial
for the treatment of unresectable colon tumors is
ongoing [67].
In several studies also breast chest wall breast
cancer recurrences were treated. A review of these
data has demonstrated that the treatment of such
metastases is equally effective as other tumors [68].
Recently also a study from Herlev Cancer Center has
demonstrated that even big chest wall breast cancer
recurrences can be treated successfully by
electrochemotherapy [69]. In relation to this in
Institute Gustave Roussy a clinical study is underway
treating primary breast cancer preoperatively.
The last but not least also electrodes for treatment
of brain tumors are developed [70,71]. They will
enable treatment of brain tumors, minimally
invasively. The clinical trial is being prepared and will
soon start enrolling patients.

appropriately executed, the treatment could be used
also for treatment of deep seated tumors. Prerequisite
for that is further development of the technology in
order to reach and effectively treat the tumors located
either in the muscle, liver, bone, esophagus, rectum,
brain or other internal organs.
The first steps in technological development have
already been made. For example, there is already the
first report in treatment of melanoma metastasis in the
muscle, 2 cm under the skin. With long needle
electrodes and new electric pulses generator
Cliniporator Vitae™ it was possible to treat this deep
seated metastasis 2 x 1.4 cm in diameter [64].
Further development of such electrodes enabled
treatment of liver metastases (Figure 2). At the
Institute of Oncology Ljubljana, Slovenia a clinical
trial was launched, where liver metastases of
colorectal tumors are treated and effectiveness
evaluated at the two stage operation (NCT01264952).
So far 10 patients were enrolled. No immediate or late
side-effects of electrochemotherapy were observed
[65]. The delivery of electric pulses during open
surgery was synchronized with ECG in order to avoid
possible arrhythmias. Specific treatment plan is
prepared for the treatment, in order to predict the
exact location of the electrodes for sufficient coverage
of the tumors with the electric field in the tumor and
in the safety margins of the tumor [66].

CONCLUSION

Electrochemotherapy is one of the biomedical
applications of electroporation. Its development has
reached clinical application and is an example of
successful translational medicine. However its
development is not finished yet; new technical
developments will certainly enable further clinical
uses and eventually clinical benefit for the patients.
Another application of electroporation is still awaiting
such translation, gene therapy based on gene
electrotransfer. In relation to this, first clinical results
are encouraging, but standard clinical use is still far
away.
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Similar technology is being used in treatment of
bone metastases or soft tissue sarcoma. The tumors
are similarly as in treatment of liver metastases
punctured by long needle electrodes, so that electrodes
are placed around and in the tumor. The clinical trials
are still ongoing but according to the preliminary
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Electrofusion of cells: tools for new therapies
Justin Teissié
IPBS UMR 5089 CNRS and Université de Toulouse, Toulouse, France

of proteases [14]. This further supported by in vivo
electrofusion [9] Hydration repulsive forces are under
the control of the osmotic forces. This affects of
course electrofusion. A higher yield is obtained under
hypoosmolar conditions [15 24]

INTRODUCTION
Cell membranes protect its cytoplasmic content
from external agents and prevent their mixing when
two cells are in close contact due to short distance
repulsive forces (electrostatic and hydration forces).
The membrane cohesion of cells can be destabilized
when short and intense electric pulses are applied to
cells. A new transient permeant state can be induced
which allows the cytoplasmic delivery of hydrophilic
compounds
(drugs,
protein,
oligonucleotides,
plasmids). Previous lectures along this workshop give
the description of the present knowledge on
electropermeabilization.
This new organization of the membrane supports a
spontaneous fusion process when two cells are in
contact [3]. This was first described in the early 80’s.
But this was obtained under the contact first protocol
(cells are previously brought in contact and then the
electric pulse train is delivered) [10, 11, 17, 21]. But
in fact the fusion is obtained even if the contact is
obtained between cells already electropermeabilized
[18, 21]

PROTOCOLS
Electrofusion is always obtained under electric
pulsing
conditions
inducing
reversible
electropermabilization. The viability is fully
preserved.
The differences between the approaches are in the
protocols used to bring the partners in contact. This
can be a natural biological contact the addition of
chemicals bringing aggregation, a biochemical
manipulation of the surfaces of the two partners (to
improve their specific recognition) [7] or physical
methods such as dielectrophoresis [18], sucking on
filters [12], attachement on dishes [24] or mild
centrifugation [21] Pulse first fusion can only proceed
by dielectrophoresis or centrifugation
Pulsing
parameters
are
those
inducing
electropermeabilization. The field intensity is
therefore dependent on the size of the partners. A big
advantage is associated with the pulse first approach,
where the two partners are pulsed separately under
their own specific conditions [16]. Pulse duration is
always short (0.1 ms) and the number of pulses and
the delay between them are classically 8 and 1 s.
Buffers should be chosen of a low conductance (to
limit the Joule heating and improve the electrostatic
interactions) and slightly hypoosmotic [24].

MOLECULAR MECHANISMS
The conclusion of the “pulse first” procedure is
that the repulsive interfacial forces between the two
surfaces vanished in the permeabilized state. A clear
cut reorganization of the membrane surface is present
affecting the water associated forces (so called
repulsive hydration forces).
Electrofusion was proposed to be the results of
coaxial pore coalescence [1, 19]. This was supported
by the putative theory of toroidal pores supporting
permeabilization. The concept was valid as long as it
was postulated that pores were created just in face of
each other on the two partner cells. But the toroidal
pores are short lived and are not present under the
pulse first approach. It was therefore proposed that the
fusogenic state was linked to a more global alteration
of the interfacial region a collective effect as shown
by the P31 NMR studies [8]. It can be predicted that
the alteration of the lipid domains on the cell surface
is one of the main driving forces in electrically
mediated membrane coalescence. It was reported that
pure lipid vesicles can be electrofused [5, 13].
A modulation of the yield in electrofusion is
brought by interfacial proteins as shown by the effect

APPLICATIONS AND DEVELOPMENTS
Hybrid cells are formed which allow a content mixing
between the two partners and a sharing of the
membrane surface [3]. The technology is rather
straightforward [2]: Electropulse the cells under
controlled conditions, bring them in a «soft» contact,
let them do the membrane coalescence. Recent
experiments showed that this was possible ex vivo as
well as in vivo [4].
The lecture will describe the state of the art on the
present knowledge on the process affecting the
membrane.
A survey of the present clinical
applications will be given [22]. Besides the hybridome
formation, its use for cancer immunotherapy is under
development by back injection to the patient of the
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product of electrofusing its own dentritic and tumor
cells (6).
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Gene electrotransfer: what do we (still not) know?
Marie-Pierre Rols
Institut de Pharmacologie et de Biologie Structurale, Toulouse, France
Abstract: DNA electrotransfer into cells is much more complex than the electrotransfer of small
hydrophilic molecules. Small molecules can freely cross the permeabilised membrane which remains
permeable for a significant time after the electric field was applied. However DNA transfer requires
that the DNA is present during the application of the electric field pulses and involves complex steps,
occurring over relatively large time scales. As will be described in the lecture, these steps include the
initial interaction with the electropermeabilised membrane, the crossing of the membrane, and
transport within the cell and finally gene expression. Our strategy to study such phenomena consists
on using models with increasing complexities: simple lipid vesicles, cells in 2 or 3-D culture (petri
dish or multi cellular spheroids), small animal and to visualize the processes directly under
microscopes.

INTRODUCTION
The use of electrotranfer to deliver a wide range
potentially therapeutic agents including drugs,
proteins and nucleic acids in a wide range cells and
tissues has been rapidly developed over the last
decade (1-4). This strategy is promising for the
systemic secretion of therapeutic proteins.
Vaccination and oncology gene therapy are also
major fields of application of electrotransfer (5).
Translation of preclinical studies into clinical trials
in human and veterinary oncology has started with
encouraging result (6, 7). A phase I dose escalation
trial of plasmid interleukin electroporation has been
carried out in patients with metastatic melanoma
and has shown encouraging results (8).The method
has also been successfully used for the treatment of
dogs and horses (6). But the safe and efficient use
of this physical method for clinical purposes
requires the knowledge of the mechanism
underlying the electropermeabilization phenomena.
Despite the fact that the pioneering work on
plasmid DNA electrotransfer in cells was initiated
25 years ago (9), many of the mechanisms
underlying DNA electrotransfer remain to be
elucidated (10, 11). One has to notice that even if in
vitro electrotransfer is usually efficient in almost all
cell lines, in vivo gene delivery and expression
faces some problems. For instance in tumors,
efficiency remains low with only a few percent of
transfected cell.
MECHANISMS OF ELECTROTRANSFER OF
DNA MOLECULES INTO CELLS
Single-cell microscopy and fluorescent plasmids
can be used to monitor the different steps of
electrotransfection (12). DNA molecules, which are
negatively charged, migrate electrophoretically
when submitted to the electric field. Under electric
fields which are too small to permeabilise the

membrane, the DNA simply flows around the
membrane in the direction of the anode. However,
beyond a critical field value, above which cell
permeabilisation occurs, the DNA interacts with the
plasma membrane.
1) DNA/Membrane interaction
This interaction only occurs at the pole of the cell
opposite the cathode and this demonstrates the
importance of electrophoretic forces in the initial
phase of the DNA/membrane interaction. When the
DNA-membrane interaction occurs, one observes the
formation of “microdomains” whose dimensions lie
between 0.1 and 0.5 µm. Also seen are clusters or
aggregates of DNA which grow during the application
of the field. However once the field is cut the growth
of these clusters stops. DNA electrotransfer can be
described as a multi-step-process: the negatively
charged DNA migrates electrophoretically towards
the plasma membrane on the cathode side where it
accumulates. For electric field values above a
threshold, the plasma membrane is permeabilised
allowing the accumulated plasmid DNA to be inserted
into it. This interaction, which is observed for several
minutes, lasts much longer than the duration of the
electric field pulse. Translocation of the plasmid from
the plasma membrane to the cytoplasm and its
subsequent passage towards the nuclear envelope take
place with a kinetics ranging from minutes to hours
(13). When plasmid has reached the nuclei, gene
expression can take place and this can be detected up
to several weeks later (Figure 1).
Until now, the dynamics of this process has been
poorly understood because direct observations have
been limited to time scales that exceed several
seconds. We studied experimentally the transport of
two types of molecules into cells (plasmid DNA and
propidium iodide) which are relevant for gene therapy
and chemotherapy with a temporal resolution of 2 ms
allowing the visualization of the DNA/membrane
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interaction process during pulse application (14).
DNA molecules interact with the membrane during
the application of the pulse. At the beginning of the
pulse application plasmid complexes or aggregates
appear at sites on the cell membrane. The formation
of plasmid complexes at fixed sites suggests that
membrane domains may be responsible for DNA
uptake and their lack of mobility could be due to
their interaction with the actin cytoskeleton. Recent
data in our group reported evidences for the
involvement of cytoskeleton (15, 16). Actin indeed
polymerizes
around
the
DNA/membrane
complexes. Colocalization studies with endocytotic
markers showed that DNA is endocytosed with
concomitant clathrin- and caveolin/raft-mediated
endocytosis. Cholesterol is involved in the DNA
translocation through the plasma membrane (16).
2) DNA expression.
Even
if
the
first
stage
of
gene
electrotransfection, i.e. migration of the plasmid
DNA towards the electropermeabilised plasma
membrane and its interaction with it, becomes well
understood we are not totally able to give
guidelines to improve gene electrotransfer
protocols. Successful expression of the plasmid
depends on its subsequent migration into the cell.
Therefore, the intracellular diffusional properties of
plasmid DNA, as well as its metabolic instability
and nuclear translocation, represent other cell
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limiting factors that must be taken into account (17).
The cytoplasm is composed of a network of
microfilament and microtubule systems, along with a
variety of subcellular organelles present in the cytosol.
The mesh-like structure of the cytoskeleton, the
presence of organelles and the high protein
concentration means that there is substantial
molecular crowding in the cytoplasm which hinders
the diffusion of plasmid DNA. These apparently
contradictory results might be reconciled by the
possibility of a disassembly of the cytoskeleton
network
that
may
occur
during
electropermeabilisation, and is compatible with the
idea that the cytoplasm constitutes an important
diffusional barrier to gene transfer. In the conditions
induced during electropermeabilisation, the time a
plasmid DNA takes to reach the nuclei is significantly
longer than the time needed for a small molecule.
Therefore, plasmid DNA present in the cytosol after
being electrotransferred can be lost before reaching
the nucleus, for example because of cell division.
Finally, after the cytoskeleton, the nuclear envelope
represents the last, but by no means the least
important, obstacle for the expression of the plasmid
DNA. The relatively large size of plasmid DNA (2-10
MDa) makes it unlikely that the nuclear entry occurs
by passive diffusion.

Figure 1: Electrotransfection mechanism as a multistep process (from (10)). DNA electrotransfection:
Electrotransfection mechanism is a multistep process. a Before electric pulses application: DNA molecules are labelled
with fluorescent marker, rhodamine. DNA molecules are incubated with CHO cells. No natural adsorption of DNA
molecules on plasma membrane is observed. b During electric pulses application: Plasma membrane is
electropermeabilized (step 1; in green). DNA molecules undergo the electrophoretic migration (step 2) and interact with
permeabilized membrane. DNA aggregates are formed (step 3). This interaction takes place only on the membrane
facing the cathode. c After electric pulses application: DNA translocation into the cytoplasm occurs 30 min after
application of electric pulses (step 4). Then, DNA molecules migrate into the cytoplasm (step 5). About 2 h after
electric pulses application, DNA molecules are present at nucleus level (step 6). Finally, 24 h after electrotransfection,
eGFP expression is detected under fluorescence microscopy (step 7).

3) New developments.
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cells. These proliferating cells are located in the outer
cell-layers and the quiescent cells are located more
centrally. This cell heterogeneity is similar to that
found in avascular microregions of tumors. We used
confocal microscopy to visualize the repartition of
permeabilized cells in spheroids submitted to electric
pulses. Our results reveal that if small molecules can
be efficiently transferred into cells, including the ones
present inside the spheroids, gene expression is
limited to the external layers of cells (23). Taken
together, these results, in agreement with the ones
obtained in tumors, indicate that the spheroid model is
more relevant to an in vivo situation than cells
cultured as monolayers (24). The problem of the
access of DNA to the internal layers of cells still
remains. A possible solution, that still has to be
validated, is the application of very low intensity but
long pulses to electrophoretically push the DNA
towards the center of the tumors, before applying
standard electric pulses.

Clear limits of efficient gene expression using
electric pulses are due to cytoplasmic crowding and
transfer through the nuclear envelope. A key
challenge for electro-mediated gene therapy is to
pinpoint the rate limiting steps in this complex process
and to find strategies to overcome these obstacles. As
mentioned above, the dense latticework of the
cytoskeleton impedes free diffusion of DNA in the
intracellular medium. Electrotransferred plasmid
DNA, containing specific sequences could then use
the microtubule network and its associated motor
proteins to move through the cytoplasm to nucleus
(18).
Another alternative concerns nanosecond pulsed
electric fields. Studies indicate that very short (10-300
ns) but high pulses (up to 300 kV/cm) induce effects
that primarily affect intracellular structures and
functions. As the pulse duration is decreased, below
the plasma membrane charging time constant, plasma
membrane effects decrease and intracellular effects
predominate (19, 20). A possible idea, to improve
transfection success, is thus to perform classical
membrane permeabilisation allowing plasmid DNA
electrotransfer to the cell cytoplasm, and then after,
when DNA has reached the nuclear envelope, to
specifically permeabilise the nuclei using these short
strong nanopulses. Thus, when used in conjunction
with classical electropermeabilisation, nanopulses
could be used to increase gene expression.

CONCLUSIONS
Classical theories of electropermeabilisation
present some limits to give a full description of the
transport of molecules through membranes. Certain
effects of the electric field parameters on membrane
permeabilisation, and the associated transport of
molecules, are well established but a great deal of
what happens at the molecular level remains
speculative. Molecular dynamics simulations are now
giving interesting new insight into the process (25).
However, a cell membrane is highly complex and
cannot be considered as the simple assembly of one or
two classes of lipids.
Electroinduced destabilisation of the membrane
includes both lateral and transverse redistribution of
lipids and proteins, leading to mechanical and
electrical modifications which are not yet fully
understood. One may suggest that such modifications
can be involved in the subsequent transport of
molecules interacting with them such as the DNA
molecules. Experimental verification of the basic
mechanisms leading to the electropermeabilisation
and other changes in the membrane remain a priority
given the importance of these phenomena for
processes in cell biology and in medical applications.

LIPID VESICLES AND MULTI CELLULAR
SPHEROIDS AS CONVENIENT APPROACHES
TO STUDY GENE ELECTROTRANSFER
New lines of research are necessary to characterize
the
membranes
domains
observed
during
electrotransfer. For that purpose, we used giant
unilamellar vesicles to study the effect of
permeabilizing electric fields in simple membrane
models. Experiments showed a decrease in vesicle
radius which is interpreted as being due to lipid loss
during the permeabilization process. Three possible
mechanisms responsible for lipid loss were directly
observed and will be presented: pore formation,
vesicle formation and tubule formation, which may be
involved in molecules uptake (21). Other recent
studies performed in our group showed evidence for a
direct transfer of DNA into the GUVs during
application of the electric pulses (22)
However, a lipid bubble is not a cell and a tissue is
not a simple assembly of single cells. Therefore, in the
last part of the lecture, our new data for the
understanding of the DNA electrotransfer process in
tissues, obtained on multicellular tumor spheroids as
an ex vivo model of tumor, will be presented. Upon
growth, spheroids display a gradient of proliferating
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Gene transfer in vivo
Lluis M. Mir
CNRS UMR 8203, Univ. Paris-Sud, Institut Gustave-Roussy, Villejuif, France
Abstract: At the end of the 90’s, several publications from various laboratories reported efficient in
vivo electrotransfer of plasmids coding for several reporter genes. Trains of identical pulses of a long
duration (between 5 and 50 ms) were found the most efficient for gene electrotransfer. Mechanisms of
gene electrotransfer in vivo were analyzed in detail later. For example, in skeletal muscle,
electropermeabilisation of the muscle fibers is mandatory, but efficacy is determined by an
electrophoretic effect of the electric pulses on the DNA injected in the muscle. This resulted in the
development of a generator able to deliver trains of short and intense “electropermeabilizing” pulses
followed by trains odf low voltage and very long duration “electrophoretic” pulses. Optimal electric
parameters differ from tissue to tissue, mainly imposed by the tissue characteristics. Nowadays
clinical trials of this non-viral gene therapy method are in progress with different purposes, including
cancer treatment and vaccination.

DNA electrotransfer allowed to achieve a 200 times
increase in gene expression and a large reduction in
the variability of gene expression when 8 consecutive
pulses of 200 V/cm and 20 ms were delivered to the
muscle at a repetition frequency of 1 Hz after DNA
injection [4]. The same group showed that, using these
conditions, expression of a reporter gene (in this
particular work, coding for the firefly luciferase) is
maintained for at least 9 months in the skeletal muscle
[7]. Similar long pulses were desribed to be efficient
in other tissues (tumors, skin). These conditions are
still used nowadays, even though other pulse
conditions were also proposed [8,9]. In particular the
conditions proposed for the skeletal muscle are
interesting since they allow the co-transfer of several
plasmids coding separately for a protein of interest
(for example a “therapeutical” protein) and for factors
allowing the regulated expression of the
“therapeutical” protein [10].

INTRODUCTION
The development of DNA electrotransfer and its
progression towards its application in the clinics is
also the result of the general developments concerning
the in vivo use of electric pulses to
electropermeabilize solid tumors after the delivery of
non permeant or low permeant cytotoxic drugs (this
combination was termed electrochemotherapy) [2,3].
It seemed thus possible to transfer plasmid DNA to
cells in vivo by appropriate electric pulses (DNA
electrotransfer).
Very efficient DNA transfer has been shown in the
last ten years, particularly to skeletal muscle in a
number of animal species including cattle [4,5].
Efficiency can approach that of the viral methods.
However biological safety is much higher because
there is no virus manipulation at all. The easiness and
security of DNA preparation is also an important issue
that pleads in favor of the electrogenetherapy. As
discussed below, efficacy is proven in several tissues,
particularly in the skeletal muscle. Finally, appropriate
equipment is available that is based on the two distinct
roles of the electric pulses in DNA electrotransfer,
that is the targeted cell electropermeabilization and
the electrophoretic transport of the DNA towards or
across the electropermeabilized membranes. Thus
DNA electrotransfer actually appears to be an
appealing non viral approach for gene therapy and the
most efficient and safer of the non viral physical
methods of gene transfer [6].

DNA ELECTROTRANSFER MECHANISMS
ANALYSED IN MUSCLE
The mechanisms of DNA electrotransfer have been
analysed in the skeletal muscle using combinations of
high voltage short duration pulses (HV; 100 µs and
voltage such as the ratio of applied voltage to
electrodes distance is comprised between 400 and
1400 V/cm, as a function of the tissue treated and of
the electrodes used) and of low voltage long duration
pulses (LV; 50 to 400 ms and several tens of V/cm,
which means that their field amplitude is below the
electropermeabilisation threshold of the tissue) [11]. It
has been shown that, as expected, the electric pulses
“permeabilize” the targeted cells. This can be obtained
even with a single HV pulse, that does not result in a
very high level of muscle fiber permeabilisation [12]
as measured using the 51Cr EDTA uptake test [13].
The electric pulses have a second role: to

DNA ELECTROTRANSFER IN SKELETAL
MUSCLE
A search for optimised conditions using trains of
similar square wave pulses was performed by Mir and
colleagues in 1999 [4]. The main conclusions were
that, with respect to the injection of naked DNA
(plasmid DNA alone in saline or phosphate buffer),
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the results are much less reproducible than in the case
of plasmid DNA transfer to the skeletal muscle. The
main reason for such variability lies on the structure
of the tumors themselves: tumors are heterogeneous
tissues, not limited by a physiological physical barrier
(like the fascia in muscle or the capsule in liver).
Injection is more or less easy, reproducible and
complete, depending on the consistence of the tumor
(for example, experimental melanomas like the B16
melanoma are soft, inflatable tissues while
fibrosarcomas are hard and breakable). Injection often
results in a very heterogeneous distribution of the
fluid and thus of the DNA. Nevertheless DNA transfer
has been achieved both using trains of similar 20 ms
squave wave pulses (but the voltage was adapted to
obtain a ratio of the voltage applied to the electrodes
distance of 600 V/cm) [21] or using HV and LV
combinations [15].

electrophoretically move the DNA towards or across
the “electropermeabilized” membrane. Moreover,
DNA does not need to be present at the time of the
cell electropermeabilisation [11] but it is mandatory to
inject the DNA before the electrophoretic LV pulse
[4, 11]. Actually, the LV component is the real
responsible for plasmid transfer to muscle fibers since
it efficiently pulls the DNA towards the membrane,
which remains still “altered” for a long period of time
(up to 50 minutes after the delivery of the
electroporating pulse, since LVs of a total duration of
400 ms remain efficient for all this long period of
time). It is not possible to say towards the
“electroporated” membrane (a membrane with
“holes”) because high levels of permeabilisation,
under the same experimental conditions, only last for
300 seconds (5 minutes)[11]. The precise structure of
the membrane during this period of time (between 5
and 50 minutes after the delivery of the HV) is not
known but this kind of observations might argue in
favor of the electropermeabilisation theory.
Nevertheless, it is possible to conclude that target cell
electropermeabilisation is mandatory, but that
electrotransfer efficacy is determined by the EP
electrophoretic component [11, 14, 15]. Safety of the
procedure was also demonstrated as only minor
perturbations of muscle fibers physiology were
reported [16]. For rat and mouse muscles, 1 HV of
700 V/cm followed 1 second later by 1 pulse of 80 or
100 V/cm and a duration of 400 ms (or alternatively 8
pulses of 50 ms) are recommended [14].

PERSPECTIVES
DNA electrotransfer to non accessible targets
In preclinical studies most of the experiments dealt
with the electrotransfer of DNA to the skeletal
muscle, using external non invasive electrodes.
However other tissues like liver have been exposed to
the electric pulses after open surgery of the laboratory
animals. In larger animals, as well as in clinical trials,
it is possible to foresee the use of electrodes for
minimally invasive electrochemotherapy, such as the
treatment of organs reachable through endoscopes.
This kind of electrodes is under development.
Similarly, electrodes on balloon catheters were tested
in animals for DNA electrotransfer in situ to the wall
of vascular trunks, in order to establish the feasibility
of a new treatment of the restenosis. More recently,
specific electrodes have been designed to treat brain
tumors [22].

DNA ELECTROTRANSFER IN LIVER
DNA transfer in liver, using short pulses, was
described in 1996 [17] (this was the second paper
relating DNA electrotransfer in vivo, after the article
by Titomirov et al in 1991 [18], in which exogenous
myc and ras genes were expressed in a few of the skin
cells exposed in vivo to the DNA and the electric
pulses). However much care is necessary in
experiments dealing with gene transfer in liver.
Indeed, hepatocytes in vivo are easily transfected by
simple hydrostatic pressure [19]. Recent data indicates
that using long LVs (for example 4 LV of 100 ms) at
field strengths even rather low (for example as low as
20 V/cm), there is no need for an HV. The exact
reasons for such behaviour are not yet understood
[15].

DNA electrotransfer combined to ECT
DNA electrotransfer uses electric pulses, like the
electrochemotherapy. Some attempts have been
performed to deliver genes and drugs either
simultaneously or successively. For this combination
of gene electrotransfer and electrochemotherapy, most
of the published work has been performed using DNA
coding for either the IL-2, the GM-CSF or the IL-12.
To obtain an increase of the ECT efficacy due to an
appropriate stimulation of the immune system, GMCSF gene must be transferred to the tumor cells the
day before the ECT, while IL-2 gene must be
transferred to the dying tumor cells (and most
probably to the stromal and surrounding normal cells)
the day after the ECT [23]. No beneficial effect of the

DNA ELECTROTRANSFER IN TUMORS
The first tissue to which DNA was transferred by
means of long electric pulses were tumors
transplanted in the flank of mice [20]. A clear increase
in the efficacy of DNA transfer was shown. DNA has
been transferred to various types of tumors. However,
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combination was found if bleomycin and these genes
were transferred simultaneously.
Interesting studies have been performed on horses
affected by sarcoids, a skin tumor. ECT using
cisplatin has been combined with the electrotransfert
of IL-12 genes to the tissues around the treated
tumors. Because of the immune response mediated by
the IL-12, the authors of this study have termed this
approach electro-chemo-immuno-gene-therapy [24].

REFERENCES
[1] E. Neumann, M. Schaefer-Ridder, Y. Wang and P. H.
Hofschneider, Gene transfer into mouse lyoma cells by
electroporation in high electric fields. EMBO J., vol. 1, pp.
841-845, 1982.
[2] L.M. Mir, S. Orlowski, J. Belehradek Jr and C. Paoletti,
Electrochemotherapy : Potentiation of antitumor effect of
bleomycin by local electric pulses. European Journal of
Cancer, vol. 27, pp. 68-72, 1991.
[3] L.M. Mir, F.L. Glass, G.Šersa, J.Teissié, C.Domenge, D.
Miklavcic, M.J. Jaroszeski, S. Orlowski, D.S. Reintgen, Z.
Rudolf, M. Belehradek, R. Gilbert, M.P. Rols, J. Belehradek
Jr, J.M. Bachaud, R. DeConti, B. Stabuc, P. Coninx, M.
Cemazar and R.Heller, Effective treatment of cutaneous and
subcutaneous malignant tumors by electrochemotherapy.
British Journal of Cancer, vol. 77, pp. 2336-2342, 1998.
[4] L.M. Mir, M.F. Bureau, J. Gehl, R. Rangara, D. Rouy, J.M.
Caillaud, P. Delaere, D. Branellec, B. Schwartz and D.
Scherman, High-efficiency gene transfer into skeletal muscle
mediated by electric pulses. Proc. Natl. Acad. Sci. U.S.A., vol.
96, pp. 4262-4267, 1999.
[5] J. Villemejane and L.M Mir. Physical methods of nucleic
acids transfer – General concepts and applications. Br. J. of
Pharmacol. Vol 157, pp. 207-219, 2009.
[6] L. Grossin, C. Cournil-Henrionnet, L.M. Mir, B. Liagre, D.
Dumas, S. Etienne, C. Guingamp, P. Netter and P. Gillet.
Direct gene transfer into rat patellar chondrocytes by in vivo
electroporation. FASEB J, vol. 17, pp. 829-35, 2003.
[7] L.M. Mir, M.F. Bureau, R. Rangara, B. Schwartz and D.
Scherman, Long-term, high level in vivo gene expression after
electric pulses-mediated gene transfer into skeletal muscle.
Compte rendus de l'Académie des Sciences, sér III, vol. 321,
pp. 893-899, 1998.
[8] Mathiesen, Electropermeabilization of skeletal muscle
enhances gene transfer in vivo. Gene Ther. vol. 6, pp. 508514, 1999.
[9] H. Aihara and J. Miyazaki, Gene transfer into muscle by
electroporation in vivo. Nat. Biotechnol. vol. 16, pp. 867-870,
1998.
[10] D. Martel-Renoir, V. Trochon-Joseph, A. Galaup, C.
Bouquet, F. Griscelli, P. Opolon, D. Opolon, E. Connault, L.
M. Mir and M. Perricaudet, Coelectrotransfer to skeletal
muscle of three plasmids coding for antiangiogenic factors and
regulatory factors of the tetracycline-inducible system: tightly
regulated expression, inhibition of transplanted tumor growth,
and antimetastatic effect. Molecular Therapy, vol. 8, pp. 425433, 2003.S. Šatkauskas, M. F. Bureau, M. Puc, A. Mahfoudi,
D. Scherman, D. Miklavcic and L. M. Mir, Mechanisms of in
vivo DNA electrotransfer : respective contributions of cell
electropermeabilization and DNA electrophoresis. Molecular
Therapy, vol. 5, pp. 133-140, 2002.
[12] M. F. Bureau, J. Gehl, V. Deleuze, L. M. Mir and D.
Scherman.
Importance
of
association
between
permeabilization and electrophoretic forces for DNA
electrotransfer. Biochim Biophys Acta, vol. 1474, pp. 353-359,
2000.
[13] J. Gehl and L.M. Mir, Determination of optimal parameters
for in vivo gene transfer by electroporation, using a rapid in
vivo test for cell electropermeabilization. Biochem. Biophys.
Res. Comm., vol. 261, pp. 377-380, 1999.
[14] S. Šatkauskas, F. André, M. F. Bureau, D. Scherman, D.
Miklavčič and L. M. Mir. The electrophoretic component of

Painless approaches or methods to control the
sensations
Animals are treated after the induction of general
anaesthesia using standard laboratory protocols.
However, the translation of DNA electrotransfer to
humans requires an extensive analysis of the analgesia
or sedation needs. Indeed, it is convenient to avoid, as
much as possible, unnecessary patient’s anaesthesia.
The sensations caused by HV pulses alone are well
known since short (10 µs) pulses are used to treat
solid tumors in patients by electrochemotherapy. It
has been reported that electrochemotherapy provokes
disagreeable sensations linked to the passage of the
electrical current and there is indeed an “immediate”
pain if these sensations are too intense. However there
is no long term pain since sensations stop immediately
when current passage ceases (except in cases where
bleomycin dosage was too high).
The Standard Operating Procedures for the
Electrochemotherapy of cutaneous and subcutaneous
tumor nodules provide the physicians with the rules to
avoid pain during ECT application [24]. The same
procedures have been applied before delivering genes
in humans using HV + LV combinations. Pain was
prevented, which means that the same procedures
should be valid for Electrogenetherapy.
Clinical perspectives
Currently clinical trials are ongoing, with different
genes, using trains of identical long pulses in muscles,
or trains of identical short pulses or HV+LV
combinations in melanoma [26]. One of the trials is
already closed. It reported good antitumor effects
[27]. Other clinical trials involve DNA vaccination
using plasmid DNA injection and electric pulses
delivery.
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Drug and gene delivery in the skin by electroporation
Véronique Préat
Université catholique de Louvain, Bruxelles, Belgium

STRUCTURE OF THE SKIN
Skin is composed of three primary layers: the
epidermis, which provides waterproofing and serves
as a barrier to infection; the dermis, which serves as a
location for the appendages of skin; and the
hypodermis (subcutaneous adipose layer).
The epidermis consists of stratified squamous
epithelium. The epidermis contains no blood vessels,
and cells in the deepest layers are nourished by
diffusion from blood capillaries extending to the
upper layers of the dermis. The main type of cells
which make up the epidermis are keratinocytes, with
melanocytes and Langerhans cells also present. The
main barrier to drug permeation is the stratum
corneum, the outermost layer of the skin made of
corneocytes embedded in a multiple lipid bilayers.
The dermis is the layer of skin beneath the epidermis
that consists of connective tissue and cushions the
body from stress and strain. The dermis is tightly
connected to the epidermis by a basement membrane.
It also contains many nerve endings that provide the
sense of touch and heat. It contains the hair follicles,
sweat glands, sebaceous glands, apocrine glands,
lymphatic vessels and blood vessels. The blood
vessels in the dermis provide nourishment and waste
removal to its own cells as well as the Stratum basale
of the epidermis. The dermis is structurally divided
into two areas: a superficial area adjacent to the
epidermis, called the papillary region, and a deep
thicker area known as the reticular region.

TRANSDERMAL DRUG DELIVERY BY
ELECTROPORATION
It has been demonstrated that application of high
voltage pulses permeabilizes the stratum corneum and
enhance drug transport. Electroporation of skin was
shown to enhance and expedite transport across and/or
into skin for many different compounds. Within a few
minutes of high-voltage pulsing, molecular transport
across skin increased by several orders of magnitude.
In vitro, the transport of several conventional drugs
(e.g., fentanyl, β blockers, peptides (e.g., LHRH or
calcitonine) was shown to be enhanced. Few in vivo
studies confirm the increased transport and rapid onset
of action.
The parameters affecting the efficacy of transport
have been extensively studied.
The electrical
parameters (voltage, number and duration of the
pulses), the formulation parameters (ionic strength…)
allow the control of drug delivery.
The mechanism of drug transport is mainly
electrophoretic movement and diffusion through
newly created aqueous pathways in the stratum
corneum created by the “electroporation” of the lipid
bilayers.
The alterations in skin induced by high-voltage
pulsing are relatively minor (decrease in skin
resistance, hydration, lipid organisation) and
reversible. However, light sensation and muscle
contraction that can be reduced by developing better
electrode design, have been observed.

TRANSDERMAL AND TOPICAL DRUG
DELIVERY
The easy accessibility and the large area of the skin
make it a potential route of administration. Despite
these potential advantages for the delivery of drugs
across or into the skin, a significant physical barrier
impedes the transfer of large molecules. First,
transdermal transport of molecules is limited by the
low permeability of the stratum corneum, the
outermost layer of the skin. Only potent lipophilic low
molecular weight (<500) drugs can be delivered by
passive diffusion at therapeutic rates. Hence, the
transdermal penetration of hydrophilic and/or high
molecular-weight molecules, including DNA, requires
the use of methods to enhance skin permeability
and/or to provide a driving force acting on the
permeant. Both chemical (e.g. penetration enhancer)
and physical (e.g. iontophoresis, electroporation, or
sonophoresis) methods have been used.

TOPICAL DRUG DELIVERY BY
ELECTROPORATION
Besides the permeabilization of the stratum corneum
and the subsequent corneum and the subsequent
increased skin permeability, electroporation also
enhances the permeability of the viable cells of the
skin and the subcutaneous tissue. Hence, it is an
efficient method to deliver molecules into the skin
when these molecules are applied topically or more
efficiently for macromolecules including DNA when
they are injected intradermally.
As the skin is an immunocompetent organ, DNA
delivery in the skin by electroporation seems
particularly attractive for DNA vaccination.
SKIN GENE DELIVERY
The skin represents an attractive site for the delivery
of nucleic acids-based drugs for the treatment of
topical or systemic diseases and immunisation. It is
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Gene expression after topical delivery of an aqueous
solution of DNA on intact skin has been reported to
induce gene expression but the expression is very low.
Hence, topical DNA delivery into the skin can only be
achieved if the barrier function of the stratum
corneum is altered. The selection of appropriate vector
or method to promote the penetration of DNA through
and/or into the skin has been shown to be paramount.
One of the simplest ways of gene delivery is injecting
naked DNA encoding the therapeutic protein. In 1990,
Wolff et al. observed an expression during several
months after injection of naked DNA into the muscle.
Expression following the direct injection of naked
plasmid DNA has been then established for skin. The
epidermis and the dermis can take up and transiently
express plasmid DNA following direct injection into
animal skin. However, the expression remains low
and physical and/or mechanical methods have been
developed to enhance gene expression.

the most accessible organ and can easily be monitored
and removed if problems occur. It is the largest organ
of the body (15% of total adult body weight) and
delivery to large target area could be feasible.
However attempts at therapeutic cutaneous gene
delivery have been hindered by several factors.
Usually, except for viral vectors, gene expression is
transient and typically disappears with 1 to 2 weeks
due to the continuous renewal of the epidermis.
Moreover, DNA penetration is limited by the barrier
properties of the skin, rendering topical application
rather inefficient.
The potential use of DNA-based drugs to the skin
could be: (i) gene replacement by introducing a
defective or missing gene, for the treatment of
genodermatosis (ii) gene therapeutic by delivering a
gene
expressing
protein
with
a
specific
pharmacological effect, or suicidal gene, (iii) wound
healing, (iv) immunotherapy with DNA encoding
cytokines and (v) DNA vaccine. The gene encoding
the protein of interest can be inserted in a plasmid that
carries this gene under the control of an appropriate
eukaryotic promoter (e.g., the CMV promoter in most
cases). Alternatively, it can be inserted in viral
vectors.
Effective gene therapy requires that a gene encoding a
therapeutic protein must be administered and
delivered to target cells, migrate to the cell nucleus
and be expressed to a gene product. DNA delivery is
limited by: (i) DNA degradation by tissues or blood
nucleases, (ii) low diffusion at the site of
administration, (iii) poor targeting to cells, (iv)
inability to cross membrane, (v) low cellular uptake
and (vi) intracellular trafficking to the nucleus.
Epidermal gene transfer has been achieved with ex
vivo approaches. Genes of interest have been
introduced, mainly with viral vectors, in keratinocytes
or fibroblasts and then grafted on nude mice or
patients. Permanent expression can be achieved. In
vivo approaches, which are more patient-friendly, less
invasive, less time consuming and less expensive, are
more attractive and will gradually replace the ex vivo
gene transfer protocols.
The methods developed for gene transfer into the skin
are based on the methods developed for gene
transfection in vitro and in other tissues in vivo as
well as methods developed to enhance transdermal
drug delivery. They include (i) topical delivery, (ii)
intradermal injection, (iii) mechanical methods, (iv)
physical methods and (v) biological methods.
Topical application of naked plasmid DNA to the skin
is particularly attractive to provide a simple approach
to deliver genes to large areas of skin. However, the
low permeability of the skin to high molecular weight
hydrophilic molecules limits the use of this approach.

ELECTROPORATION IN SKIN GENE
DELIVERY
Electrotransfer has been widely used to introduce
DNA into various types of cells in vitro and is one of
the most efficient non-viral methods to enhance gene
transfer in various tissues in vivo. Electrotransfer
involves plasmid injection in the target tissue and
application of short high voltage electric pulses by
electrodes. The intensity and the duration of pulses
and the more appropriate type of electrodes must be
evaluated for each tissue. It is generally accepted that
the electric field plays a double role in DNA
transfection: it transiently disturbs membranes and
increases
cells
permeability
and
promotes
electrophoresis of negatively charged DNA.
Electrotransfer may be used to increase transgene
expression 10 to 1000-fold more than the injection of
naked DNA into the skin. Local delivery combined
with electrotransfer could resulted in significant
increase of serum concentrations of a specific protein.
Neither long-term inflammation nor necroses are
generally observed.
After direct intradermal injection of plasmid, the
transfected cells are typically restricted to the
epidermis and dermis. However, when high voltage
pulse are applied after this intradermal injection, other
cells, including adipocytes, fibroblasts and numerous
dendritic-like cells within the dermis and subdermal
layers were transfected. After topical application of
plasmid on tape stripped rat skin followed by
electrotransfer, GFP expression was also reported but
was very low and restricted to the epidermis.
Duration of expression after electrotransfer depends
on the targeted tissue. In contrast to the skeletal
muscle where expression lasts for several months,
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reviews, 35, 1999, 61-76
[11] Vanbever R. and Préat V., In vivo efficacy and safety of skin
electroporation, Advanced drug delivery reviews, 35, 1999,
77-88

gene expression is limited to only of few weeks into
the skin. For example, after intradermal electrotransfer
of plasmid coding erythropoietin, the expression
persisted for 7 weeks at the DNA injection site, and
hematocrit levels were increased for 11 weeks. With
reporter gene, shorter expressions were reported,
probably due to an immune response.
Several authors tried to increase the effectiveness of
the electrotransfer into the skin. By co-injecting a
nuclease inhibitor with DNA, transfection expression
was significantly increased. The use of a particulate
adjuvant (gold particles) enhanced the effectiveness of
DNA vaccination by electrotransfer. For the skin,
combination of one high-voltage pulse and one lowvoltage pulse delivered by plate electrodes has been
proven to be efficient and well tolerated. The design
of electrodes and injection method can also be
optimised.
Electrotransfer has no detrimental effect on wound
healing. A single injection of a plasmid coding
keratinocyte
growth
factor
coupled
with
electrotransfer improved and accelerated wound
closure in a wound-healing diabetic mouse model.
Vaccination is another interesting application of
electrotransfer
into
the
skin.
Intradermal
electrotransfer enhanced DNA vaccine delivery to
skin and both humoral and cellular immune responses
have been induced. Hence, it could be developed as a
potential alternative for DNA vaccine delivery
without inducing any irreversible change.
Electrotransfer of DNA in melanoma is currently
tested in clinical trials.
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Development of devices and electrodes
Damijan Miklavčič and Matej Reberšek
University of Ljubljana, Faculty of Electrical Engineering, Ljubljana, Slovenia
Abstract: Since first reports on electroporation, a number of electroporation based biotechnological
and biomedical applications has been developed. The necessary pulse generators are characterized by
the shape of the pulses and their characteristics: pulse amplitude and duration. In addition, the
electrodes are the important “connection” between the cells/tissue and pulse generator. The geometry
of the electrodes together with the cell/tissue sample properties determine the necessary output power
and energy that the electroporators need to provide. The choice of electroporator – the pulse generator
depends on biotechnological and biomedical application but has to be linked also to the electrode
choice.

penetration/immersion into the sample. Tissue/cell
suspension electrical conductivity depends on tissue
type or cell sample properties and can be considerably
increased while tissue/cells are being exposed to
electrical pulses of sufficient amplitude.
Based on the above considerations not a single
pulse generator will fit all applications and all needs
of a researcher [5]. One can either seek for a
specialized pulse generator which will only provide
the pulses for this specific biotechnological or
biomedical application, or for a general purpose pulse
generator which will allow to generate “almost” all
what researcher may find necessary in his/her
research. Irrespective of the choice, it has to be linked
also to the electrodes choice [6,7,8].

INTRODUCTION
Since first reports on electroporation (both
irreversible and reversible), a number of applications
has been developed and list of applications which are
based on electroporation is still increasing. First pulse
generators have been simple in construction and have
provided an exponentially decaying pulse of up to
several thousands of volts. Also the electrodes were
very simple in their design – usually parallel plate
electrodes with couple of millimeters distance was
used, and cells in suspension were placed in-between.
Later, new pulse generators were developed which
were/are able to provide almost every shape of pulse,
and also electrodes which can be bought are extremely
diverse [1,2,3,4]. It is important to note that most
often nowadays devices that generate rectangular
pulses are being used.
The amplitude of pulses and their duration depend
strongly on biotechnological/biomedical application.
For electrochemotherapy most often a number of 1000
V pulses of 100 μs duration are needed. For effective
gene transfection longer pulses 5-20 ms pulses but of
lower amplitude (e.g. 200 V), or a combination of
short high- and longer low-voltage pulses are used.
For other applications like tissue ablation by means of
irreversible electroporation, or liquid-food or water
sterilization, thousand of volts and longer ms pulses
are needed. In addition to the pulse amplitude and
duration, an important parameter to be taken into
account is also the power and energy that need to be
provided by the generator.
The energy that needs to be provided is governed
by the voltage, current and pulse duration and/or
number of pulses. The current if the voltage is set is
governed by the load, and this is determined by the
geometry of the load, and the load is determined by
geometry of the tissue/cell sample and its electrical
conductivity. The geometry of the tissue to be
exposed to electric pulses are predominantly
determined by the shape of the electrodes, the distance
between
them,
depth
of
electrode

THERAPEUTIC
AND
TECHNOLOGICAL
APPLICATIONS OF ELECTROPORATION:
Nowadays electroporation is widely used in
various biological, medical, and biotechnological
applications. Tissue ablation relying on irreversible
electroporation is less than a decade old, but its
efficacy is promising especially in treating nonmalignant tissue, in the field of water treatment where
efficacy of chemical treatment is enhanced with
electropermeabilization, in food preservation where
electropermeabilization has proven, in some cases, to
be as effective as pasteurization [9]. In contrast,
applications based on reversible electroporation are
currently more widespread and established in different
experimental and/or practical protocols. Probably the
most important of them is the introduction of definite
amount of small or large molecules to cytoplasm
through the plasma membrane. Furthermore, slight
variation of electric field parameters results in an
application where molecules can be directly inserted
into the plasma membrane or cells can be effectively
fused.
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ELECTROINSERTION
To achieve uptake of ions or molecules through
cell plasma membrane to the cytosol with
electroporation electric field intensity must exceed
“critical” value. If the field intensity is just below this
value it is possible to insert proteins directly into the
cell plasma membrane. Further studies have shown
that electric field intensity plays crucial role in process
of membrane protein insertion. Electric field intensity
should be just below the critical value of
permeabilization if insertion is done on the red blood
cells, i.e. non-nucleated cells, but in a case of
nucleated cells the field intensity must trigger
membrane permeabilization in order to achieve
effective insertion.

Figure 1: Exposure of a cell to an electric field may result either
in permeabilization of cell membrane or its destruction. In this
process the electric field parameters play a major role. If these
parameters are within certain range, the permeabilization is
reversible; therefore it can be used in applications such as
introduction of small or large molecules into the cytoplasm,
insertion of proteins into cell membrane or cell fusion. Originally
published in Wiley Encyclopedia of Biomedical Engineering:
Electroporation by Miklavčič and Puc 2006 [10].

ELECTROFUSION
So far we have presented applications of
electroporation that are used to introduce different
molecules either to the cytosol or to the cell plasma
membrane. But electroporation of cell plasma
membrane can also result in fusion of cells. This
process has been termed electrofusion. First reports of
in vitro electrofusion of cells date back into 1980s. In
the reports it has been shown that fusion between two
cells can proceed only if the cells are in contact prior
or immediately after electroporation. The contact
between the cells can be achieved either by
dielectrophoretic connection of neighboring cells,
which is followed by electroporation or by
centrifugation of cell suspension after exposure to
electric field. In both cases cells must be reversibly
permeabilized, otherwise they lose viability and there
is no electrofusion. Electrofusion in in vitro
environment is possible due to high possibility of cell
movement while cells in tissues are more or less fixed,
nevertheless in vivo electrofusion has been observed
in B16 melanoma tumors as well as cells to tissue
fusion.

ELECTROCHEMOTHERAPY
The most representative application of delivery of
small molecules through electroporated membrane is
electrochemotherapy. It was demonstrated in several
preclinical and clinical studies, both on humans and
animals, that electrochemotherapy can be used as
treatment of choice in local cancer treatment. Most
often a number of short rectangular 100 μs long pulses
with amplitudes up to 1000 V, are applied. New
technological developments are sought for in treating
deep seated tumours, where 3000 V, 50 A and 100 μs
pulses are being delivered [11].
GENE ELECTROTRANSFECTION
Exogenous genetic material can be delivered to
cells by using non-viral methods such as
electropermeabilization. Electrotransfection can be
achieved using: exponentially decaying pulses; square
wave pulses with superimposed RF signals; or only
long square wave pulses up 20 ms and with
amplitudes ranging from 200 to 400 V. In general, it
can be stated that longer pulses are used in gene
transfection
than
in
electrochemotherapy.
Furthermore, two distinct roles of electric pulses were
described. In experiments where several short high
voltage pulses (e.g. 8 × 100
μs of 1000 V) were
followed by long low voltage pulses (e.g. 1 × 100 ms
of 80 V) [12]. It was demonstrated that short high
voltage pulses are permeabilizing the membrane while
the longer lower voltage pulses have an
electrophoretic effect on DNA itself facilitating
interaction of plasmid with the membrane.

ELECTROEXTRACTION
Electroporation can be used to extract substances
(e.g. juice, sugar, pigments and proteins) from
biological tissue or cells (e.g. fruits, sugar beets, wine
and yeast). Electroextraction can be more energy and
extraction efficient, and faster than classical extraction
methods (pressure, thermal denaturation and
fermentation) [13,14,15].
ELECTROSTERILIZATION
Irreversible electroporation can be used in
applications where permanent destruction of
microorganisms is required, i.e. food preservation and
water treatment [16]. Still, using irreversible
electropermeabilization in these applications means
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permeabilization is local electric field. To achieve this
we have to use an appropriate set of electrodes and an
electroporation device – electroporator that generates
required voltage or current signals. Although both
parts of the mentioned equipment are important and
necessary for effective electroporation, electroporator
has a substantially more important role since it has to
be able to deliver the required signal to its output
loaded by impedance of the sample between
electrodes.
Nowadays there are numerous types of electrodes
that can be used for electroporation in any of the
existing applications [25,26,27,28]. According to the
geometry, electrodes can be classified into several
groups, i.e. parallel plate electrodes, needle arrays,
wire electrodes, tweezers electrodes, coaxial
electrodes, etc (Fig. 2). Each group comprises several
types of electrodes that can be further divided
according to the applications, dimensions, electrode
material etc. In any case selection of electrode type
plays an important role in characterization of the load
that is connected to the output of the electroporator.
During the design of the electroporator load
characterization represents the greatest engineering
problem, because electrical characteristics of
substance between electrodes (e.g. cell suspension,
tissue, etc.) vary from experiment to experiment and
even during the course of experiment. In general the
load between electrodes has both a resistive and a
capacitive component. The value of each component
is defined by geometry and material of electrodes and
by electrical and chemical properties of the treated
sample. In in vitro conditions these parameters that
influence the impedance of the load can be well
controlled since size and geometry of sample are
known especially if cuvettes are used. Furthermore,
by using specially prepared cell media, electrical and
chemical properties are defined or can be measured.
On the other hand, in in vivo conditions, size and
geometry can still be controlled to a certain extent but
electrical and chemical properties can only be
estimated, especially if needle electrodes are used that
penetrate different tissues. However, even if we
manage to reliably define these properties during the
development of the device, it is practically impossible
to predict changes in the electrical and chemical
properties of the sample due to exposure to highvoltage
electric
pulses
[29].
Besides
electropermeabilization of cell membranes which
increases electrical conductivity of the sample,
electric pulses also cause side effects like Joule
heating and electrolytic contamination of the sample,
which further leads to increased sample conductivity.

that substance under treatment is exposed to a limited
electric field since it is desirable that changes in
treated substance do not occur (e.g. change of food
flavor) and that no by-products emerge due to electric
field exposure (e.g. by-products caused by
electrolysis). Especially industrial scale batch or
flowthrough exposure systems may require huge
power generators.
TISSUE ABLATION
The ablation of undesirable tissue through the use
of irreversible electroporation has recently been
suggested as a minimally invasive method for tumor
removale but could also be used in cardiac tissue
ablation instead of RF heating tissue ablation or other
tissue ablation techniques [17].
ELECTRIC FIELD DISTRIBUTION IN VIVO
In most applications of tissue permeabilization it is
required to expose the volume of tissue to E
intensities between the two “thresholds” i.e. to choose
in advance a suitable electrode configuration and
pulse parameters for the effective tissue
permeabilization [18]. Therefore electric field
distribution in tissue has to be estimated before the
treatment, which can be achieved by combining
results of rapid tests with models of electric field
distribution [19,20,21,22,23]. However, modeling of
electric field distribution in tissue is demanding due to
heterogeneous tissue properties and usually complex
geometry. Analytical models can be employed only
for simple geometries. Usually they are developed for
2D problems and tissue with homogenous electrical
properties. Therefore in most cases numerical
modeling techniques are still more acceptable as they
can be used for modeling 3D geometries and complex
tissue properties. For that purpose mostly finite
element method and finite difference method are
applied. Both numerical methods have been
successfully applied and validated by comparison of
computed and measured electric field distribution.
Furthermore, advanced numerical models were build,
which take into consideration also tissue conductivity
increase due to tissue or cell electroporation. These
advanced models describe E distribution as a function
of conductivity σ(E). In this way models represent
electroporation tissue conductivity changes according
to distribution of electric field intensities [24].
ELECTRODES FOR IN VITRO AND IN VIVO
APPLICATIONS
Effectiveness of electroporation in in vitro, in vivo
or clinical environment depends on the distribution of
electric field inside the treated sample. Namely, the
most important parameter governing cell membrane
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Figure 2: Examples of commercially available electrode for electropermeabilization. Electrodes belong to the following group: A1 and
A2 – to parallel plate electrodes, B – needle arrays, C – wire electrodes, D – tweezers electrodes and E – coaxial electrodes. Electrodes A1
and B are produced by IGEA, Italy and are used for clinical applications of electrochemotherapy and electrotransfection. Electrodes A2,
C and E are used for different in vitro applications and are produced by: E – Cyto Pulse Sciences, U.S.A.; A2, C and also D that are used
for in vivo applications, are produced by BTX Hardware division, U.S.A.

distance between them, the electric field strength E
that is applied to the sample can be approximated by
the voltage-to-distance ratio U/d, where d is the
electrode distance and U the amplitude of applied
signal obtained from an electroporator with voltage
output. On the other hand, if an electroporator with
current output is used, the same approximation could
be used only if additional measurement of voltage
difference between electrodes is performed or if the
impedance Z of the sample is known, measured or
approximated and voltage difference between
electrodes is estimated using Ohm’s law U=IZ.
Nevertheless, there are several commercially available
electroporator that fulfill different ranges of
parameters and can be used in different applications.
A list of commercially available electrodes and
electroporators has been presented in 2004 by Puc and
colleagues [31] and updated in 2010 [2] in a
manuscripts that describe techniques of signal
generation
required
for
cell/tissue
electropermeabilization.
Based on the studies reported in the literature it is
very difficult to extract a general advice how to design
experiments or treatments with electroporation. In
principle we can say that pulse amplitude (voltage-todistance ratio) should typically be in the range from
200 V/cm up to 2000 V/cm. Pulse durations should be
in the range of hundreds of microseconds for smaller

ELECTROPORATORS – THE NECESSARY
PULSE GENERATORS
Electroporator is an electronic device that
generates signals, usually square wave or
exponentially decaying pulses, required for
electroporation [30]. Parameters of the signal
delivered to electrodes with the treated sample vary
from application to application. Therefore, it is very
important that electroporator is able to deliver signals
with the widest possible range of electrical parameters
if used in research. If however used for a specific
application only, e.g. clinical treatment such as
electrochemotherapy, pulse generator has to provide
exactly the required pulse parameters. Moreover,
electroporator must be safe and easy to operate and
should offer some possibilities of functional
improvements. In principle, electroporators can be
divided in several groups depending on biological
applications, but from the electrical point of view only
two types of electroporators exist: devices with
voltage output (output is voltage signal U(t)) and
devices with current output (output is current signal
I(t)). Both types of devices have their advantages and
disadvantages, but one point definitely speaks in favor
of devices with voltage output. For example, if we
perform in vitro experiments with parallel plate
electrodes with plate sides substantially larger than the
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molecules and from several milliseconds up to several
tens of milliseconds for macromolecules such as
plasmid DNA (in the latter case, due to the very long
pulse duration, optimal pulse amplitude can even be
lower than 100 V/cm). If there is any possibility to
obtain the equipment that generates bipolar pulses or
have a possibility to change electric field orientation
in the sample, these types of pulses/electroporators
should be used because bipolar pulses yield a lower
poration threshold, higher uptake, and an unaffected
viability compared to unipolar pulses of the same
amplitude and duration. Better permeabilisation or
gene transfection efficiency and survival can also be
obtained by changing field orientation in the sample
using special commutation circuits that commute
electroporation pulses between the electrodes
[25,27,32].

CONCLUSIONS
Electroporation has been studied extensively until
now, and a number of applications has been
suggested.
Electrochemotherapy
has
been
demonstrated as an effective local treatment of solid
tumors and is the most mature therapeutic application
right now. Electroporation for gene transfection
however has been long used in in vitro situation. With
a hold on viral vectors electroporation represents a
viable non viral alternative also for in vivo gene
transfection. Clinical applications and expansion of
electrochemotherapy and tissue ablation have been
hindered by the lack of adequate electroporators and
their certification in Europe (CE Medical Device) and
limited approval by FDA in USA. Cliniporator
(IGEA, s.r.l. Carpi, Italy) was certified in EU (CE
mark) as a medical device and is offered on the
market along with standard operating procedures for
electrochemotherapy of cutaneous and subcutaneous
tumors. NanoKnife (AngioDynamics, Queensbury,
USA) was certified in EU and approved by the FDA
for surgical ablation of soft tissue, including cardiac
and smooth muscle. Some electroporators are now
available under the license for clinical evaluation
purpuses: Cellectra, Elgen, Medpulser, Cliniporator
VITAE, DermaVax, EasyVax, Ellisphere, TriGrid [3].
Development of new applications warrants further
development of pulse generators and electrodes.
Based on the above considerations however, a single
pulse generator will not fit all applications and all
needs of researchers. One can either seek for a
specialized pulse generator which will only provide
the pulses for this specific biotechnological or
biomedical application, or for a general purpose pulse
generator which will allow to generate “almost” all
what researcher may find necessary in his/her
research. Irrespective of the choice, this choice has to
be linked also to the electrodes choice.

Figure 3: Areas of amplitude and duration of electrical pulses
which are used in the research of electroporation and related
effects (a). Five different areas of electroporation pulse generation
(b). To amplify or to generate very-high-voltage electroporation
pulses (over a few kV) spark gaps and similar elements are used,
for high-voltage (a few V to a few kV) transistors and for lowvoltage operational amplifiers are used. Nanosecond (short) pulses
are generated with different techniques than pulses longer than 1
μs. Originally published in Advanced electroporation techniques
in biology and medicine by Reberšek and Miklavčič 2010 [2].
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Electrotransfer of DNA vaccine
Véronique Préat, Gaëlle Vandermeulen
Université catholique de Louvain, Bruxelles, Belgium

antigens to elicit immune response. DNA vaccines
induce a predominantly Th1 response, CTL response
and antibodies but both the delivery route and the
administration method have been shown to influence
the type and the magnitude of the immune response.
To elicit CTL responses, the antigen needs to be
present in the cytoplasm of antigen presenting cells
(APC). The protein is either directly produced by
transfected APC or via cross priming through
endocytosis by APC of the protein produced by other
transfected cells. Peptides derived from the protein
degradation bind to the major histocompatibility
complex (MHC) class I or class II.
Peptide
association to MHC class I stimulates CTL while
binding to MHC class II stimulate Th cells. Although
DNA vaccines were initially developed to introduce
antigen to MHC class-I processing pathway to induce
CTL, they were also shown to generate protective
antibody responses: a transmembrane or secreted
protein can activate B cells for antibody production..

DNA VACCINES
DNA vaccines are bacterial plasmids constructed
to express in vivo a protein that will induce an
immune response. Preclinical studies have shown that
plasmid DNA encoding antigens provide protection in
small animals and to a lesser extend in large animals
for a wide range of diseases e.g. prophylactic viral and
bacterial infections as well as therapeutic cancer
vaccines. Several DNA vaccines have been licensed
for veterinary use or are under clinical trials for
human use.
DNA vaccine comprises of a bacterial plasmid
which utilizes a promoter able to function in
mammalian cells and a gene encoding the antigen of
interest. The production of plasmid DNA requires
specific markers able to select plasmid-containing
strain after bacterial transformation and during the
amplification process. The use of antibiotic resistance
genes as selection markers for plasmid production
raises safety concerns which are often pointed out by
the regulatory authorities and a new generation of
plasmid backbones devoid of antibiotic resistance
marker has emerged.
The use of DNA vaccines offers several
advantages over conventional vaccines with
attenuated strains, subunits or recombinant protein
vaccines: (i) generation of all three arms of adaptive
immunity: antibodies, helper T cells (Th) and
cytotoxic T lymphocytes (CTL); (ii) stimulation of
innate immunity; (iii) avoidance of the use of virulent
pathogens or pathogen proteins; (iv) no safety issues
which are associated with the use of viral vectors or
attenuated strains; (v) rapid construction of the
plasmid including the gene sequence and
immunostimulant sequences if required; (vi) generic
manufacturing
with
simpler
GMP
(Good
Manufacturing Practice) production; (vii) stability at
room temperature and; (viii) antigen expression with
the
mammalian
glycosylation
and
other
posttranslational modifications, ensuring a closer
resemblance to the antigen than recombinant proteins.
Safety concerns associated with the use of modified
genetic materials, the risk of gene insertion and
oncogenesis limit the potential use of DNA vaccines
to life-threatening human diseases. However, neither
observable integration of the DNA in the host genome
nor autoimmunity has been reported in human clinical
trials for non viral DNA vaccines.
A number of studies demonstrated the robustness
of DNA plasmid encoding pathogen and tumor

ELECTROPORATION-MEDIATED DELIVERY
OF DNA VACCINES
Even if naked plasmid DNA vaccines injected in
muscle can induce an immune response, a relatively
low magnitude of response is usually induced in large
target species. Hence, methods to enhance their
immunogenicity have been developed. Among them,
electroporation seems particularly attractive to induce
balanced and long-lived immune responses.
Electroporation addresses two limitations of the
poor immunogenicity of DNA vaccines. (i) By
inducing a transient membrane permeabilisation and
by promoting electrophoresis of the negatively
charged DNA, it facilitates DNA uptake in the host
cells. Thereby the antigenic protein expression is
strongly enhanced, usually by two orders of
magnitude, in the muscle or the skin. (ii) By creating
a low level of inflammation at the site of
injection/electroporation, it enhances the recruitment
of APC to the injection site.
Consequently, electroporation-mediated delivery
of DNA vaccines enhances up to100-fold the immune
responses elicited compared to simple injection. It is a
useful strategy to increase both humoral and cellular
responses in small and large animals including
primates. A survey of the preclinical studies indicates
that electroporation-mediated DNA vaccination
induces long-lasting and robust cellular responses
characterised by the induction of interferon γ and
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interleukin-2 by CD4+ and CD8+ T cells. Antibodies
are usually detected. Combination with adjuvant (e.g.
TLR-9 stimulation by CpG or interleukin-12)
enhances the potency of DNA vaccination.
Two major organs have been investigated for DNA
immunisation by electroporation. The skin is an
immunocompetent organ with many resident APC e.g.
Langerhans cells cover approximately 20% of the skin
surface. It is easily accessible. Protein expression is
limited to a few weeks. In contrast, the muscle
induces a long term and stronger expression of the
protein but contains few APC. Most of the preclinical
studies indicate that a stronger response is observed
after intramuscular electrotransfer of the DNA than
after intradermal electrotransfer.
Several
electroporation-mediated
DNA
vaccinations are currently under clinical trials as
therapeutic vaccines against cancers (e.g. melanomas
or prostate cancer) and chronic infectious diseases
(e.g. HIV, HCV). The uncompleted data suggest that
electroporation-mediated vaccination is well tolerated
and improves DNA vaccine potency.
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Pulsed Electric Field (PEF) Treatment in Bio-Processing –
From Basic Research to Applications
Wolfgang Frey
Karlsruhe Institute of Technology, Institute for Pulsed Power and Microwave Technology, Karlsruhe, Germany
Abstract: Bio-processing by pulsed electric field (PEF) treatment of various biological cells and
tissue, predominantly plant material, is one of the main fields of activity of the Bioelectrics group at
IHM/KIT. This lecture focuses on the industrial applications which are realized at IHM during the
past decade. Application-oriented work is accompanied by basic research on membrane charging,
which is considered to be the essential condition for electropermeabilization. Due to its high temporal
resolution of 5 ns, pulsed laser fluorescence microscopy (PLFM) allows to monitor membrane
charging within the crucial first hundreds of nanoseconds after the release of the electric pulse. PLFM
illustrates the required external electric field strength Eext, which has to be applied for efficient wholecell-surface electroporation. Basic parameter studies on bacteria reveal, that inactivation efficiency
predominantly scales with the energy exposed to the cell suspension. Pulse shape, pulse duration and
pulse amplitude are of secondary importance, in case that the threshold values for whole-cell-surface
electroporation and for membrane charging are exceeded. From the energetic point of view, at a given
conductivity of the extracellular medium, PEF-processing of large cells, e.g. plant cells, is
economically advantageous. A treatment of sugar beets for sugar extraction or the dehydration of
green biomass require pulse amplitudes below 10 kV/cm, resulting in a low energy consumption of
less than 10 kJ per kg of raw material. But even for small plant cells like microalgae, PEF-treatment
promises improvements in downstream-processing, i.e. for the extraction lipids and other high-value
products.

The stationary value of the transmembrane voltage VM
scales with the externally applied electric field Eext
and the cell radius a. VM is maximal at the cell poles.

PLASMA MEMBRANE CHARGING

The charging of the plasma membrane of a
biological cell is a necessary condition for the
formation of aqueous pores [1]. Due to the
transmembrane field EMext, induced by an external
electric field Eext, the phospholipid (PL) molecules in
the PL-bilayer rearrange into an energetically more
favourable structure [2], i.e. hydrophilic pores.
The basic properties of membrane charging of a
single spherical cell exposed to a step-like rising
external electric field Eext have been shown by Pauly
and Schwan [3].
VM =

3
E ext a sin α [1 − exp(− t / τ M )]
2

Figure 2: Fundamental waveform of the transmembrane voltage.
Elektropermeabilization starts at the cell poles. The higher the
externally applied field, the larger is the angular range of
membrane
permeabilization,
a.
Without
membrane
permeabilization, the time response of the transmembrane voltage
shows an exponential waveform, b, solid line. In both cases, the
influence of resting potential is neglected.

(1)

For any azimuth angle α, this stationary value is
attained exponentially. The associated time constant
τM,
τM = a CM (
Figure 1: Spherical cell exposed to an external electric field, a,
and stationary value of the transmembrane voltage depending on
the azimuth angle α and the amplitude of the applied electric field
Eext. Pore formation is neglected.

1
1
),
+
κ C 2κ M

(2)

depends on the conductivity of the cell´s cytoplasm
κC, the conductivity of the surrounding medium κM
and the cell radius a. CM denotes the membrane
capacity per area. For a spherical cell in physiologic
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buffer, κM = 1.6 S/m, with a diameter of 2a = 40 µm
this time constant is about τM = 200 ns. At low values
of the transmembrane voltage, where pore formation
can be neglected, the stationary value is achieved
earliest at t = 500 ns, Fig. 2b, solid line.
At higher values of the external field, pore
formation feeds back on the transmembrane voltage.
A current flow across the membrane prevents further
charging of permeabilized membrane areas and limits
the transmembrane voltage. This saturation of the
transmembrane voltage first occurs at the cell poles,
Fig. 2a. The higher the external electric field, the
earlier membrane permeabilization feeds back to
membrane voltage. At high external field values,
permeabilization can occur at times, considerably
shorter than the charging time constant τM, Fig. 2b,
broken lines.

Figure 3 shows typical images of stained tobacco
protoplasts (cell-line: BY-2) immediately before field
pulse release, Fig. 3a, and t = 500 ns after the onset of
the field pulse, Fig. 3b. The fluorescence intensity F at
the hyperpolarized cell hemisphere increases, whereas
the intensity at the opposite cell hemisphere decreases,
indicating membrane depolarization, cf. Fig. 1a. In
good approximation, the membrane voltage change
∆VM due to the externally applied electric field Eext is
inversely proportional to the normalized fluorescence
intensity change 1-F/F0 (for more details please see
[5, 6]).
For electric field amplitude of 0.2 kV/cm, the
azimuthal transmembrane voltage distribution shows
the sinusoidal waveform, Fig. 4a, as theoretically
expected from Eq. (1). At 0.4 kV/cm the
transmembrane voltage change ∆VM starts to saturate
at the hyperpolarized cell pole, indicating the onset of
membrane permeabilization. At the depolarized cell
hemisphere, ∆VM is still of sinusoidal shape which
suggests an intact membrane, Fig. 4b. When
increasing the field strength to Eext = 1.3 kV/cm,
Fig. 4c, transmembrane voltage saturation also
becomes visible at the depolarized cell pole.

Figure 3: Schematic of the set-up for fast membrane voltage
measurement by pulsed laser fluorescence microscopy, 3c. The
image acquired 1 sec before field pulse release shows a uniform
intensity distribution F0 along the membrane, 3a. At t = 500 ns
after pulse release, the intensity F at the anodic cell hemisphere
increases, hyperpolarization, whereas the intensity at the cathodic
hemisphere decreases, indicating depolarization, 3b.

In the sub-microsecond time domain membrane
charging can be measured by pulsed laser
fluorescence
microscopy
(PLFM)
[4].
For
measurement, the membrane of the cell sample under
investigation is stained by a fast voltage sensitive dye,
ANNINE-6 [5], filled into a micro-gap, located at the
microscope stage of a fluorescence microscope,
Fig. 3c. A MOSFET-switched Blumlein generator
provides a fast rising voltage pulse to the micro gap.
At a certain time t after the onset of the voltage pulse,
the stained cell sample between the electrodes of the
micro-gap is illuminated by a 5 ns long dye-laser
output pulse.

Figure 4: Azimuthal membrane voltage distribution t = 500 ns
after pulse rise at different values of the external electric field
strength Eext.

The reason for this asymmetric behaviour is the
cell´s natural or resting potential, which is on the
order of VR = -150 mV for plant cells. PLFM provides
transmembrane voltage values relative to the resting
potential value. The absolute value of transmembrane
voltage denoted to VM = VR + ∆VM. Provided that the
absolute value of transmembrane voltage, necessary
for membrane permeabilization does not depend on α,
at the hyperpolarized cell pole the field component
from the external field EMext, Fig. 1a, adds on the field
component of the resting potential ER. Contrary, at the
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depolarized cell side, the membrane first has to be
discharged and subsequently recharged to opposite
polarity.
A further increase of the field amplitude to
3.4 kV/cm and 16 kV/cm marginally widens the
angular range of membrane permeabilization at the
depolarized cell hemisphere, Fig. 4d. At these field
amplitudes, the hyperpolarized hemisphere of a plant
cell
is
already
completely
permeabilized.
Consequently, for the determination of the required
field strength Eext for an effective permeabilization of
the entire membrane, the transmembrane voltage
distribution along the depolarized cell hemisphere has
to be considered. For a cell with a diameter of
2a = 40 µm the external field amplitude should range
between 3.4 kV/cm and 16 kV/cm for an optimum
electroporation performance.

Figure 5: Inactivation efficiency as a function of the applied
treatment energy W, a. For a constant treatment energy value of
W = 120 J/ml and an external field of Eext = 40 kV/cm inactivation
efficiency decreases, when applying pulses shorter than 600 ns, b.

When treating bacteria suspensions with 600 ns
long square pulses of Eext = 100 kV/cm, a non-linear
relation between inactivation rate and number of
pulses, i.e. treatment energy, can be observed, Fig. 5.
Survivability within a bacterial collective is not
constant. Moreover, it follows a frequency distribution
with a non-negligible amount of bacteria which are
robust against pulsed electric field treatment. This
might be due to cell cycle position or current activity
of cellular repair mechanisms. Accordingly, the
inactivation rate saturates toward high treatment
energies. A complete removal of the bacteria from
suspensions by PEF-treatment is not possible at
treatment energy values below the energy needed for
boiling water. A satisfactory disinfection efficiency of
4 log was found for a treatment energy of
W = 120 J/ml.

Based on Eq. (1) and on the PLFM-measurements
on BY-2 protoplasts a field-diameter-constant k,
k = Eext2a = 3.440...1640 kVµm/cm, (2)
can be derived. Supposed that the membrane is
charged to its stationary value, this constant delivers
an application-relevant indication for the required
external electric field for effective electroporation at a
given diameter of the targeted cells.
Table 1: Estimation of the required field strength for entire
membrane surface permeabilization, supposed that the membrane
charging process is finished and the membrane voltage reached its
stationary value.

2a [µm]

Eext [kV/cm]

3

45...200

8

17...80

40

3.4...16

100

1.4...6.4

Figure 6: Inactivation of P. putida by pulsed electric field
treatment under constant treatment energy conditions, a. The
corresponding pulse amplitudes are adjusted close below the selfbreakdown voltage of the bacteria suspension, b.

The influence of membrane charging becomes
obvious, when the treatment field strength is fixed to
Eext = 40 kV/cm. According to Table 1 this is the
lower value for complete membrane surface
permeabilization. For a pulse duration shorter than
600 ns the inactivation efficiency considerably
decreases,
indicating
incomplete
membrane
permeabilization.

BASIC EXPERIMENTS ON BACTERIA
As the size of bacteria is small (2µm < 2a < 4µm)
the required electric field strength Eext for
accomplishing entire membrane permeabilization is
high. Moreover, a successive number of pulses in the
µs-range are necessary for efficient bacterial
inactivation. The following basic parameter studies
are carried out on Pseudomonas putida, which is a
gram-negative, elliptically shaped bacterium. The
conductivity of the extracellular medium in all cases
was κM = 2 mS/cm. Inactivation was detected by
counting of colony-forming unit (cfu).

If the pulse amplitude is adjusted to about 80% of
the self-breakdown voltage of the bacteria suspension,
the treatment field strength Eext for pulse durations
shorter than 2 µs substantially can exceed 40 kV/cm,
Fig. 6b, without causing electrical breakdown in the
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medium. The corresponding inactivation rates do not
depend on the pulse duration, Fig. 6a, when the
treatment energy was kept at a constant value of
W = 120 J/ml by an appropriate choice of the number
of pulses. This illustrates, that an high external field
amplitude accelerates membrane charging to the
point, where membrane permeabilization can start
considerably earlier, than it would start at a lower
external field amplitude, cf. Fig. 2b.

For this reason inactivation efficiency applying
exponential pulses of 160 kV/cm, exponential pulses
of 80 kV/cm and square pulses of 80 kV/cm was
compared, Fig. 8. The energy content of the different
pulses was chosen to be the same value. Treatment
energy, i.e. number of pulses, was kept constant at
W = 80 J/ml.
Inactivation efficiency within the chosen field
strength range higher then 80 kV/cm exhibits only a
weak dependence on the pulse shape. Within a sample
size of more than 300 experiments, best inactivation
efficiency could be achieved with square pulses. In
that case, the average inactivation was 3.4 log. Only
slightly lower are the average values for an
application of exponential pulses, 3.25 log for the
160 kV and 2.9 log for the 80 kV pulse, respectively.
For best inactivation performance it is advisable to
apply square pulses. Due to economic reasons, for
large mass-flow industrial application, demanding for
high pulse energies, Marx generator concepts for
pulse forming might be more advantageous.

A further reduction of the pulse duration to values
shorter than 100 ns again results in a reduced
inactivation efficiency, even if the applied field is
Eext = 200 kV/cm, Fig. 7. At this point, either the
membrane voltage for whole-cell-surface electropermeabilization could not be achieved or, more
probable, the time needed for membrane permeabilization is longer.

DISINFECTION OF HOSPITAL WASTEWATER

Disinfection of water by pulsed electric field
treatment is economic, if the specific advantages of
this pure physical treatment method are required. In
case of hospital wastewater chlorination or ozonation
can cause toxic by-products, when the wastewater
contains organic substances. UV-disinfection exhibits
poor inactivation efficiency in cloudy water.

Figure 7: Bacterial inactivation with short field pulses at a
constant treatment energy of W = 120 J/ml.

Up to here, all experiments were made with square
pulses. For technical implementation, the influence of
the pulse shape on inactivation performance is
important. Marx-generators, providing an exponential
decaying output pulse, are easier to realize for pulse
energies in the kJ-range than pulse-forming networks
or transmission-line-based generator concepts, like
used for the above described laboratory experiments.

Figure 9: Inactivation rate of samples of P. putida after
consecutive PEF-treatment. For each treatment cycle, surviving
bacteria from the previous treatment were cultivated in grow
medium for 3 days and treated again by pulsed electric fields.

Before applying PEF treatment for wastewater
disinfection, the sustainability of this method has to be
demonstrated. A consecutive treatment of already
treated bacteria samples (P. putida) for 30 cycles
reveals, that bacteria do not develop a resistance
against PEF-treatment. Due to temperature variations
in the lab during the experiment the inactivation rate
first slightly declined and then again recovered to the
end of the experiment, Fig. 9, exhibiting an average
inactivation of 3.6 log for a specific treatment energy
of W = 120 J/ml, as already obtained from other
experiments, Fig. 6a. Furthermore, PCR analysis of

Figure 8: Inactivation efficiency as a function of pulse shape.
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significantly improves inactivation performance. At
an initial temperature of T = 60°C, a complete
inactivation of the bacteria could be achieve for a
PEF-treatment energy of W = 40 J/ml. In this case, the
inactivation efficiency of the combined thermal and
electric treatment is higher than the sum of a separate
thermal or PEF-treatment. The effectiveness of the
combined thermal and electric wastewater treatment
was demonstrated on the prototype plant. Using heat
exchangers for pre-heating and heat recovery, Fig. 11,
a disinfection of 4-5 log could be achieved with a
PEF-treatment energy of W = 40 J/ml.

the intergenic spacer region of the bacterial ribosome,
which is a section on the DNA, exhibiting a high
sensitivity to environmental changes in general, did
not show any changes in band patterns after 30
treatment cycles [7]. Also genotoxicity tests (umotest) indicated that PEF-treatment does not cause
genotoxicity [7].
Contrary to thermal disinfection or sterilization,
PEF-treatment reveals the important feature, that the
activity of nucleases is not affected by pulsed electric
fields. Nucleases naturally digest free DNA fragments
in water systems, thus preventing a spread of possibly
antibiotic-resistant plasmids and transposons by
reuptake into other bacteria. It could be demonstrated
that nuclease activity is not affected by PEF treatment
[8], whereas a thermal treatment to 72°C already
reduced DNA degradation by nucleases significantly.
However, degradation temperature of plasmids and
DNA-fragments is considerably higher (T > 100°C).

Outlet

Heat exchanger
for heat recovery
Heat recovery
40 kJ/kg

In

Heat exchanger
for pre-heating

PEF treatment
device

Figure 11: Improvement of the inactivation efficiency by preheating of the wastewater. Inactivation of Enterococcus faecium
for different medium temperatures, left, and processing scheme
for pre-heating of wastewater prior to PEF-treatment, right.

PEF-ASSISTED BIOMASS TREATMENT
Extraction of sugar from sugar beets
Contrary to bacteria, plant cells are large. The
diameter of a cell from a sugar beet is up to
2a = 100 µm, requiring for a treatment field strength
of only Eext = 5kV/cm.

Figure 10: Prototype plant for wastewater disinfection, left: a: 2stage pulse-forming-network generator, b: power supply, c:
switching gas conditioning unit. The right diagram shows the
variation of the inactivation efficiency of PEF-treatment of
wastewater from different sources. The most robust bacteria
species dominates the achievable inactivation rate.

The applicability of PEF-treatment for wastewater
disinfection was tested with a pilot plant consisting of
a 65 kV, 1 kJ, 10 Hz, 2-stage pulse generator, Fig. 10.
The pulse forming network of the generator delivers a
1.2 µs long square-type output pulse. Inactivation
experiments on wastewater from different sources
showed strongly varying inactivation efficiencies.
This is due to a varying robustness of different species
against PEF-treatment. Within a mixed population the
most robust bacteria strain dominates the resulting
inactivation rate of the sample. At standard treatment
conditions, W = 120 J/ml, the inactivation rate varied
between 1.5 and 3.4 log, ‘Fig. 10b.
Pre-heating of the wastewater considerably can
improve inactivation efficiency. Figure 11 shows that
the inactivation rate of Enterococcus faecium, a hard
to inactivate gram-positive bacterial strain, at
T = 25°C saturates at 2 log and 120 J/ml, respectively.
A further increase of PEF-treatment energy does not
improve inactivation rate, Fig. 11, closed circles. Preheating of the wastewater to T = 50°C already

Figure 12: Pulsed electric field treatment of sugar beets. The
untreated sugar beet is shown on the image to the right. The
diagram shows the required treatment energy at a field strength of
Eext = 5 kV/cm.

The required treatment energy for a juice yield,
comparable to thermal treatment at T = 72°C is only
W = 2 kJ/kg. Starting from T = 30°C, the energy
consumption
for
thermal
disintegration
is
considerably higher, Fig. 12. Even when applying
high efficiency (97%) heat exchangers for heat
recovery the thermal energy losses are higher than
5 kJ/kggw. Despite energy savings, PEF-treatment of
sugar beets improves sugar juice purity and important
processing parameters like cutting blade wear
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resistance, alkaline extraction performance
processing water demand [13, 14].

to be processed [16]. Related to dry mass, a treatment
energy of W = 100 kJ/kg is necessary to reduce the
thermal drying energy to more than 50%. Figure 15
shows the energy savings as a function of the applied
number of pulses and treatment energy, respectively.

and

Figure 13: Temperature dependence of the yield of sugar juice at
different treatment field strength.

As already observed for bacterial inactivation the
extraction efficiency after PEF-treatment depends on
the initial temperature of the sugar beets during
processing. At a temperature lower than T < 7°C, the
juice yield decreases for an external field strength of
Eext = 6 kV/cm. For lower electric field strengths the
juice yield already starts to decrease at higher
temperatures, Fig. 13. Since sugar beet temperature
can fall below 5°C during regular processing periods
in November, the beets are sliced before PEFtreatment. This accelerates the warm-up of the raw
material to be treated.

Figure 15: Energy expenditure and savings of PEF-assisted
drying of young corn plants, left. The applied field strength was
7 kV/cm. The corresponding drying curves are shown on the right.

Another important feature of PEF-assisted drying is
the reduction of the drying time. In case of drying to a
residual water content of 20 %, the required time after
pulsed electric field treatment with 80 pulses and
150 kJ/kg, respectively, is only 30% of the time
required for drying of an untreated sample. This can
be explained by an improved water diffusion across
the electroporated biomass sample. To the current
state, this process is demonstrated up to a biomass
flow of 50 kg/hdw.

Dehydration of green biomass
Nowadays, the production of synthetic fuels from
biomass is the only alternative to the use of fossil
carbon resources. Feasible conversions processes, like
the Bioliq process need dry input material, containing
less than 20% of water [15]. Due to the limited
availability of dry biomass, like straw and residual
wood, and for storage purposes, green biomass has to
be dehydrated. For PEF-assisted drying the green
biomass is filled into a treatment chamber, which
allows pre-pressing of the material until intracellular
liquid fills gaseous intermediate spaces in the
treatment volume, Fig. 14. After pre-pressing, the
PEF-treatment is started. This procedure prevents
discharge initiation, possibly starting from air
inclusions.

Wine mash treatment
For the production of wine, the extraction of
flavouring substances and pigments from grape mash
are of primary importance. In conventional processing
extraction is accomplished by mash heating up to
80°C (thermovinification), by the addition of enzymes
or by mash fermentation, which requires a processing
time of more than 2 weeks. PEF-treatment
considerably can accelerate this process. Figure 16
impressively demonstrates the release of the red
pigment in grape skin cells by PEF-treatment.
Initially, the red pigment is encapsulated in vacuoles.
After pulse treatment, the pigment spreads into the
tissue.

Eext

5 µm

Figure 16: Bright field images of red grape skin before and after
electroporation.

Figure 14: Principle of electroporation-assisted drying of green
biomass. Prior to PEF-treatment, the biomass sample is preconcentrated by mechanical pressing until intracellular water
displaces gas inclusions.

Since the release of cell ingredients after
electroporation is a diffusion-dominated process, a
dwelling time of 2 hours is necessary to achieve
optimum results. After that time the color intensity

The required treatment field strength is in the range of
3.5 kV/cm < Eext < 7 kV/cm depending on the material
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and the tannin content of the PEF-treated sample are
slightly higher compared to mash heating, Fig. 17.
The results were obtained after a treatment by the
KEA-Wein device which is designed for a throughput
of 500-1000 kg/h [17].

Figure 18: Fluorescence and bright-field image, left, of the
microalgae Auxenochlorella protothecoides. The lipid droplets are
visualized by Nile-Red staining.

Lipids are stored in intracellular droplets, having a
diameter of 0.5 – 1.0 µm, Fig. 18, in exceptional cases
up to 5 µm. These droplets remain intracellular after
PEF-treatment, whereas water-soluble substances,
containing high-value products can be separated by
electroporation. The concentration of carbohydrates,
TOC and dry mass in the supernatant can be increased
by a factor of 4. The required treatment energy is
200 kJ/kg in maximum, Fig. 19a. As already observed
for bacterial inactivation, cell content extraction from
microalgae also only weakly depends on treatment
field strength Eext. TOC or carbohydrate yield is
almost constant within a field strength range of
20 kV/cm < Eext < 40 kV/cm. Due to the size of the
microalgae of 2a = 8 µm in average, the minimum
treatment field strength should not deceed 20 kV/cm,
cf. Table 1.

Figure 17: Extraction of tannins and red pigment from Pinot noir
mash after electroporation (EP) and after mash heating (MH).

The primary advantage of PEF-assisted red wine
production is a fast liberation of the red pigment from
the grape skin, which saves time and processing
energy. Comparative sensory tests of PEF-assisted
and conventional produced wine revealed no quality
differences for red wine, whereas the white wine
produced subsequent to PEF-treatment was evaluated
to be of higher quality [12].
From the scientific point of view, it can be
ascertained, that the wine produced from PEF-treated
mash definitely tastes different. If better or not, is a
question of personal preferences.
Conditioning of microalgae biomass
The advantages of microalgae as an alternative
biomass feedstock are manifold. The areal yields are 2
to 5 times higher compared to terrestrial crops. When
using closed photo-bioreactor (PBR) systems for
cultivation, a low amount of fresh water is required,
which allows microalgae cultivation in arid regions,
where agricultural food production is not possible.
Due to the high lipid content of 20-40% of dry matter,
microalgae are a promising renewable and sustainable
hydrocarbon source for energetic use, e.g. for future
synthetic fuel production [9]. Nowadays most of the
algal biomass produced worldwide is used for the
production of high value compounds for food,
cosmetics and pharmaceutical products [10]. Due to
still high investment costs for PBR-systems [11], for
economic reasons a medium-term energetic use of
microalgae must be coupled to a merchandising of
high-value products. That demands for appropriate
microalgae conditioning processes.

Figure 19: Release of water-soluble cell components to the extracellular medium by PEF-treatment. Before treatment the
microalgae suspension was pre-concentrated to 100 gdw/l. The
energy demand for cell component extraction from microalgae is
comparable to bacterial inactivation. For constant treatment
energy conditions, pulse amplitude value only marginally
influences the extraction performance in case the treatment field
strength is higher than 20 kV/cm.

After extraction of water-soluble constituents, lipids
can be removed from the residual biomass by solvent
extraction. For conventional lipid extraction a mixture
of methanol and chloroform is used. After
electroporation the accessibility of the solvent to the
cell interior is improved allowing the application of
more environmental-friendly solvents like ethanol.
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Figure 20: Efficiency of ethanol extraction of lipids from
Auxenochlorella
protothecoides
for
different
solvent
concentrations. Lipid yield could be increased by a factor of 9 for
a concentration of 70% ethanol in water.

During lab-scale experiments, the highest increase
in lipid yield was achieved by a concentration of 70%
ethanol in water, applied to electroporated and
subsequently freeze-dried microalgae. First extraction
experiments on wet microalgae pellets indicate, that
ethanol extraction also is improved by a factor of
more than five by a precedent pulsed electric field
treatment. Further work will focus on PEF-assisted
wet extraction of lipids from residual microalgae
biomass.
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Vesicles in electric fields: electro-deformation, -poration and –fusion
Rumiana Dimova
Max Planck Institute of Colloids and Interfaces, Science Park Golm, 14424 Potsdam, Germany
Abstract: This lecture is dedicated to effects of electric fields on giant unilamellar vesicles, a model
membrane system of cell-size scale. We summarize various types of behavior observed when vesicles
are exposed either to weak AC fields at various frequency, or to strong DC pulses with duration
around 100 microseconds. Different processes such as electro-deformation, -poration and -fusion of
giant vesicles are considered. Some recent developments are introduced, which allowed us to detect
the dynamics of the vesicle response with a resolution below milliseconds for all of these processes.
The dynamics of deformation is discussed in view of the material properties of the lipid membranes.

where Cm is the membrane capacitance, of the order of
1 µF/cm2 for fluid lipid membranes [9], and λin and
λex are the conductivities of the internal and external
vesicle solutions, respectively. Above some
electroporation threshold, the transmembrane
potential ∆Ψm cannot be further increased, the
membrane porates, thus becoming conductive and
permeable.
The electroporation phenomenon can also be
understood in terms of a stress in the bilayer created
by the electric field. The transmembrane potential,
∆Ψm, induces an effective electrical tension σel, as
defined by the Maxwell stress tensor [4, 9, 10]. This
tension is given by
σel = εε0[h/(2he2)] ∆Ψm2
(3)
where ε is the dielectric constant of the aqueous
solution, ε0 the vacuum permittivity, h is the total
bilayer thickness, (~ 4 nm), and he the dielectric
thickness (~ 2.8 nm for lecithin bilayers [11]). For
vesicles with some initial tension σ0, the total tension
reached during the pulse is
σ = σ0 + σel
(4)
The total membrane tension cannot exceed the
tension of rupture. For lipid membranes, the tension of
rupture is in the range 5 – 10 mN/m also known as
lysis tension, σlys; see e.g. references [9, 12, 13]. The
lysis tension can be reached either by applying an
overall mechanical tension to the vesicle, for example
using micropipettes or osmotic pressure, and/or by
locally building up an electric tension. Thus,
electroporation occurs when the membrane tension
reaches the lysis tension. This corresponds to building
up a certain critical transmembrane potential, ∆Ψm =
∆Ψc, which for cell membranes is ∆Ψc ≈ 1 V.
Similarly, for tension-free vesicles, the critical
potential ∆Ψc ≈ 1 V [13]. The value of the critical
poration potential decreases when the initial
membrane tension increases. It also depends strongly
on the membrane composition [13].

INTRODUCTION
Giant lipid vesicles [1] provide biomembrane
models suitable for systematic studies on the behavior
of lipid bilayers exposed to external factors. The
membrane response to AC fields or DC pulses can be
directly visualized under the microscope [2, 3]. AC
fields induce stationary deformation of the vesicles,
while the response to short DC pulses is very dynamic
and difficult to resolve with standard video recording.
Recently, using a fast imaging digital camera, we
were able to capture the immediate response of giant
lipid vesicles to electric fields [3-7]. The vesicle
response and relaxation dynamics was recorded with a
high temporal resolution using phase contrast
microscopy.
This report summarizes our observations on
electro-deformation, -poration and -fusion of giant
vesicles. We first introduce some basic relations
describing the interaction between electric fields and
membranes. Then, we consider the shape transitions
observed when vesicles are subjected to AC fields
with
different
frequencies
and/or
media
conductivities. The response of vesicles to DC pulses
is considered in terms of vesicle deformation and
poration.
SOME EQUATIONS
Lipid membranes are essentially impermeable to
ions. Thus, in the presence of an electric field, charges
accumulate on both sides of the bilayer. For a
spherical vesicle of radius R and tilt angle θ between
the electric field and the surface normal, the charge
accumulation gives rise to the transmembrane
potential [8]
∆Ψm = 1.5R |cos θ| E [1 – exp(-t/τcharg )]
(1)
as a function of time t. Here E is the amplitude of the
applied electric field and τcharg is the membrane
charging time given by [8]:
τcharg = R Cm [1/λin + 1/(2λex)]
(2)
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when the field is inhomogeneous. Such surface lipid
flows have been observed on multicomponent giant
vesicles with domains when exposed to asymmetric
AC field [25].

In the next sections we first consider the response
of the vesicle membrane when subjected to “mild” AC
fields before considering the cases of membrane
deformation and poration induced by DC pulses.
VESICLE DEFORMATION IN AC FIELDS

VESICLE RESPONSE TO DC PULSES

The shape deformation of vesicles in AC fields has
been previously studied, but the dependence of the
vesicle morphology on both field frequency and
media conductivity has been fully characterized only
recently [3, 14]. At low field frequencies (few kHz),
vesicles in water deform into prolates with the longer
axis oriented along the field direction [15]. At
intermediate frequencies (several kHz), again for
vesicles in water medium, prolate-oblate transitions
were observed [3, 14, 16, 17] as theoretically
predicted [18-21]. This behavior was observed also
when the conductivity of the external vesicle solution,
λex was higher than the internal conductivity λin.
Interestingly, when the conductivity of the internal
solution is raised so that it exceeds the external
conductivity, i.e. at λin > λex, the prolate-oblate
transition is suppressed. With increasing field
frequency, the vesicles undergo only the prolate-tosphere transition. Two examples for the shape
evolution of vesicles at different conductivity
conditions are provided in Fig. 1.

While the discussion on vesicles exposed to AC
fields was limited to stationary shapes, DC pulses
induce short-lived shape deformations. Because the
application of both AC fields and DC pulses creates a
transmembrane potential, vesicle deformations of
similar nature are to be expected in both cases.
In the following subsections, we will consider the
response of vesicles whose membrane is in the fluid
state. The mechanical and rheological properties of
membranes in the gel phase differ significantly from
those of fluid membranes. These differences introduce
new features in the response of gel-phase membranes
to electric fields, for example, the vesicle surface may
wrinkle. We refer the reader to reference [26], where
the deformation and poration of giant vesicles has
been discussed. We have also studied the behaviour of
charged membranes and their instability in electric
fields; for details see reference [27].
Electrodeformation of vesicles in water
In the absence of salt, spherical vesicles subjected
to electric pulses adopt ellipsoidal shapes, which relax
back to the initial vesicle shapes after the end of the
pulse. The degree of deformation of an ellipsoidal
vesicle can be characterized by the aspect ratio of the
two principal radii, a and b. For a/b = 1, the vesicle is
a sphere, for a/b > 1 the vesicle is a prolate (like in
Fig. 1a) with the long axis a oriented in the direction
of the field. The relaxation dynamics of this aspect
ratio depends on whether the vesicle has been porated
or not.
The typical decay time for the relaxation of nonporated vesicles, τ1, is on the order of 100 µs [4]. It is
defined by the relaxation of the total membrane
tension attained at the end of the pulse, which is the
sum of the electrotension σel and the initial tension σ0;
see Eq. 4. Thus, τ1 relates mainly to the relaxation of
membrane stretching: τ1 ~ ηm/σ, where ηm is the
surface
viscosity
of
the
membrane,
ηm ≈ 3.5×10-7 N.s/m (the surface viscosity of a
membrane has units [bulk viscosity]×[bilayer
thickness]). For membrane tensions of the order of
5 mN/m (which should be around the maximum
tension before the membrane ruptures) one obtains
τ1 ~ 100 µs corresponding well to experimentally
measured values [4].
The relaxation dynamics of porated vesicles is
significantly different from the one of non-porated
vesicles [4]. Indeed, two different types of dynamics

Figure 1: Two giant vesicles (phase contrast microscopy) in
different conductivity conditions subjected to AC field of 20 kV/m
and various field frequencies as indicated above the images. The
field direction is indicated with an arrow in (a, d). The
conductivity conditions are λin > λex for (a-c) where only prolateto-sphere transformation is observed, and λin < λex for (d-f) where
prolate-to-oblate and oblate-to-sphere transitions are detected.
Reproduced from [2].

It is worth mentioning that non-spherical cells have
been observed to orient parallel or perpendicular to
the field [22], whereas, in a shape-analogous way,
vesicles in aqueous solutions deform with their long
axis also being parallel or perpendicular to the field
direction. The cell behavior was also found to depend
on the medium conductivity conditions and field
frequency [23, 24].
AC electric fields induce lateral forces at the
vesicle interface, which may even lead to fluid flows
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can be distinguished for porated vesicles. The
relaxation of vesicles with no excess area is described
by a single exponential decay, while vesicles with
excess area exhibit two characteristic decay times.
These two cases for vesicles above the poration limit
are illustrated in Fig. 2. Naturally, vesicles with
excess area deform much more than those without
(compare the two curves in Fig. 2). The relaxation of
porated vesicles completes over a much longer time
than that of nonporated ones. For vesicles with no
excess area, the relaxation time is τ2 ≅ 7 ± 3 ms. When
the vesicles have some excess area, the relaxation
proceeds in two steps, fast relaxation characterized by
τ2, and a second, longer, relaxation with decay time,
τ3: 0.5 s < τ3 < 3 s.
The relaxation time τ3 is related to the presence of
some excess area available for shape changes; for
more details see Ref. [4]. The relaxation process
associated with τ2, takes place during the time interval
when pores are present (see shaded region in Fig. 2).
Thus, τ2 is determined by the closing of the pores:
τ2 ~ ηdrpore/(2γ). Here rpore is the pore radius and γ is
the line energy per unit length, γ ≅ 10-6 mN/m [13].
For a typical pore radius of 1 µm one obtains
τ2 ~ 10 ms.

fields. However, in the presence of salt in the vesicle
exterior (e.g. NaCl solution with concentration above
0.1 mM), unusual shape changes were observed [5].
The vesicles adopt spherocylindrical shapes (cylinders
with spherical caps) during the pulse; see Fig. 3.
These deformations are short-lived (their lifetime is
about 1 ms) and occur only in the presence of salt
outside the vesicles, irrespective of their inner content.
The formation of these shapes is not well understood.
One possible hypothesis is related to electrophoretic
forces exerted by the ions in the external solution; for
details see reference [5]. Another interpretation might
be associated with an electrohydrodynamic instability
caused by electric fields interacting with flat
membranes, which was predicted to increase the
membrane roughness [28]. Yet another possibility is
related to an induced change in the membrane
spontaneous curvature. During the pulse, local and
transient accumulation of ions in the membrane
vicinity can occur influencing the headgroup
hydration asymmetrically across the bilayer.

Figure 3: DC-pulse induced deformation of vesicles containing
salt in the vesicle exterior at different conductivity conditions.
Schematic illustrations of the cross sections of the vesicles are
given above every snapshot. The field direction is indicated with
an arrow on the left. The presence of salt in the vesicle exterior
causes flattening of the vesicle membrane into disc-like, “square”like, and tube-like shapes, whereby the overall vesicle
morphology depends on the conductivity ratio. The scale bars
correspond to 15 µm. Reproduced from [2].

ELECTROFUSION
Figure 2: Data from the response and relaxation of two vesicles,
in which macropores were observed. One of the vesicles (crosses)
did not have excess area and the relaxation is described by a single
exponential fit (solid curve) with a decay time τ2. The other
vesicle (open circles) had excess area and its relaxation is
described by a double exponential fit (solid curve) with decay
times τ2 and τ3 as described in the text and in Ref. [4]. In both
cases, the pulse strength was E = 200 kV/m and the pulse duration
was tp = 200 µs (the end of the pulse is indicated with a vertical
dashed line). The time t = 0 was set as the beginning of the pulse.
The shaded area indicates the time interval when macropores were
optically detected. The radii of the vesicles were around 10 µm.
Reproduced from [2].

When a DC pulse is applied to a couple of fluidphase vesicles, which are in contact and oriented in
the direction of the field, electrofusion can be
observed. The necessary condition is that membrane
poration is induced in the contact area between the
two vesicles. Membrane fusion is fast. The time
needed for the formation of a fusion neck can be
rather short as demonstrated by electrophysiological
methods applied to the fusion of small vesicles with
cell membranes [29-32]. The time evolution of the
observed membrane capacitance indicates that the
formation of the fusion neck is presumably faster than
100 µs. Direct observation of the fusion of giant
vesicles confirm this finding suggesting that this time
is even shorter [6, 7]. From optical microscopy

Electrodeformation of vesicles in salt solutions
As discussed above, vesicles in aqueous solutions
adopt ellipsoidal shapes when exposed to electric
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be interesting to explore the influence of solution
conductivity and field frequency on the cell shape.
Until recently, the temporal limit of optical
microscopy observations with analogue video
technology was in the range of milliseconds. Using
fast digital imaging revealed the dynamics of
electrodeformation and electroporation of vesicles
subjected to DC pulses, as well as electrofusion events
with microsecond resolution [1-7, 13]. Due to this
high temporal resolution, new shape deformations,
such as cylindrical ones with square cross section
have been detected [3, 5]. In addition, the dynamics of
vesicle fusion became accessible. The expansion of
the fusion neck is extremely fast in the beginning and
is characterized by rates on the order of a couple of
cm/s. For membranes whose thickness is only several
nanometers, such a velocity is tremendous.
Electrofusion of vesicles with different bilayer
composition has been demonstrated to be a feasible
method for creating multidomain vesicles and
provides new opportunities for studying the dynamics
of domain formation and stability [2, 3, 7]. Fusing
vesicles loaded with different internal solutions has
also provided us with an approach for synthesis of
nanoparticles in microreactors represented by giant
vesicles [33].

micrographs, one can measure the fusion neck
diameter and follow the dynamics of its expansion as
shown in Fig. 4.

Figure 4: Time evolution of the fusion neck diameter formed
between two vesicles with radii of about 15 µm. The solid curve is
a guide to the eye. The vertical dashed line indicates the border
between the two stages in the fusion dynamics. Reproduced from
[2].

From the data, two stages of the fusion process can
be distinguished (note that the data are displayed in a
semi logarithmic plot): an early one, which is very fast
and with average expansion velocity of about
2 × 104 µm/s, followed by a later slower one with an
expansion rate, which is orders or magnitude smaller
(~ 2 µm/s). The early stage is governed by fast
relaxation of the membrane tension built during the
pulse, whereby the dissipation occurs in the bilayer.
Essentially, the driving forces here are the same as
those responsible for the relaxation dynamics of
nonporated vesicles (as characterized by τ1 in the
previous section). In the later stage of fusion, the
dynamics is mainly governed by the displacement of
the volume of fluid around the fusion neck between
the fused vesicles. The restoring force is related to the
bending elasticity of the lipid bilayer [6, 7].

REFERENCES
[1] R. Dimova, S. Aranda, N. Bezlyepkina, V. Nikolov, K.A.
Riske, R. Lipowsky. A practical guide to giant vesicles.
Probing the membrane nanoregime via optical microscopy. J.
Phys.: Condens. Matter 18: S1151-S1176, 2006.
[2] R. Dimova, K.A. Riske, S. Aranda, N. Bezlyepkina, R.L.
Knorr, R. Lipowsky. Giant vesicles in electric fields. Soft
Matter 3: 817-827, 2007.
[3] R. Dimova, N. Bezlyepkina, M.D. Jordo, R.L. Knorr, K.A.
Riske, M. Staykova, P.M. Vlahovska, T. Yamamoto, P. Yang,
R. Lipowsky. Vesicles in electric fields: Some novel aspects
of membrane behavior. Soft Matter 5: 3201-3212, 2009.
[4] K.A. Riske, R. Dimova. Electro-deformation and poration of
giant vesicles viewed with high temporal resolution. Biophys.
J. 88: 1143-1155, 2005.
[5] K.A. Riske, R. Dimova. Electric pulses induce cylindrical
deformations on giant vesicles in salt solutions. Biophys. J. 91:
1778-1786, 2006.
[6] C.K. Haluska, K.A. Riske, V. Marchi-Artzner, J.M. Lehn, R.
Lipowsky, R. Dimova. Time scales of membrane fusion
revealed by direct imaging of vesicle fusion with high
temporal resolution. Proc. Natl. Acad. Sci. U. S. A. 103:
15841-15846, 2006.
[7] K.A. Riske, N. Bezlyepkina, R. Lipowsky, R. Dimova.
Electrofusion of model lipid membranes viewed with high
temporal resolution. Biophys. Rev. Lett. 1: 387-400, 2006.
[8] K. Kinosita, I. Ashikawa, N. Saita, H. Yoshimura, H. Itoh, K.
Nagayama, A. Ikegami. Electroporation of cell-membrane
visualized under a pulsed-laser fluorescence microscope.
Biophys. J. 53: 1015-1019, 1988.

CONCLUDING REMARKS
Giant vesicles as cell-size systems provide a very
useful model for resolving the effect of electric fields
on lipid membranes. They allow for direct optical
microscopy observation of membrane deformations in
the micrometer range. We examined the behavior of
giant vesicles exposed to AC fields of various
frequencies. The solution conductivity appeared to be
a major factor determining the overall deformation of
the vesicles. It remains to be seen whether similar
behavior is found for cells. In many cases, the cell
deformation will be mainly determined by the
cytoskeleton flexibility rather than the membrane
stiffness. However, for cells like leukocytes, it would

98

EBTT WORKSHOP 2011

INVITED LECTURERS

[9] D. Needham, R.M. Hochmuth. Electro-Mechanical
Permeabilization of Lipid Vesicles - Role of Membrane
Tension and Compressibility. Biophys. J. 55: 1001-1009,
1989.
[10] I.G. Abidor, V.B. Arakelyan, L.V. Chernomordik, Y.A.
Chizmadzhev, V.F. Pastushenko, M.R. Tarasevich. Electrical
breakdown of bilayer lipid-membranes. 1. Main experimental
facts and their qualitative discussion. Bioelectrochem.
Bioenerg. 6: 37-52, 1979.
[11] S.A. Simon, T.J. McIntosh. Depth of water penetration into
lipid bilayers. Methods Enzymol. 127: 511-521, 1986.
[12] K. Olbrich, W. Rawicz, D. Needham, E. Evans. Water
permeability and mechanical strength of polyunsaturated lipid
bilayers. Biophys. J. 79: 321-327, 2000.
[13] T. Portet, R. Dimova. A New Method for Measuring Edge
Tensions and Stability of Lipid Bilayers: Effect of Membrane
Composition. Biophys. J. 99: 3264-3273, 2010.
[14] S. Aranda, K.A. Riske, R. Lipowsky, R. Dimova.
Morphological transitions of vesicles induced by alternating
electric fields. Biophys. J. 95: L19-L21, 2008.
[15] G. Niggemann, M. Kummrow, W. Helfrich. The Bending
Rigidity of Phosphatidylcholine Bilayers - Dependences on
Experimental-Method, Sample Cell Sealing and Temperature.
J. Phys. II 5: 413-425, 1995.
[16] M.D. Mitov, P. Meleard, M. Winterhalter, M.I. Angelova, P.
Bothorel. Electric-field-dependent thermal fluctuations of
giant vesicles. Phys. Rev. E 48: 628-631, 1993.
[17] P. Peterlin, S. Svetina, B. Zeks. The frequency dependence of
phospholipid vesicle shapes in an external electric field.
Pfluegers Arch./Eur. J. Physiol.: R139-R140, 2000.
[18] H. Hyuga, K. Kinosita, N. Wakabayashi. Transient and
steady-state deformations of a vesicle with an insulating
membrane in response to step-function or alternating electricfields. Jpn. J. Appl. Phys., Part 1 30: 2649-2656, 1991.
[19] H. Hyuga, K. Kinosita, N. Wakabayashi. Steady-state
deformation of a vesicle in alternating electric-fields.
Bioelectrochem. Bioenerg. 32: 15-25, 1993.
[20] P.M. Vlahovska, R.S. Gracia, S. Aranda-Espinoza, R.
Dimova. Electrohydrodynamic Model of Vesicle Deformation
in Alternating Electric Fields. Biophys. J. 96: 4789-4803,
2009.
[21] T. Yamamoto, S. Aranda-Espinoza, R. Dimova, R.
Lipowsky. Stability of Spherical Vesicles in Electric Fields.
Langmuir 26: 12390-12407, 2010.
[22] U. Zimmermann. Electric field-mediated fusion and related
electrical phenomena. Biochim. Biophys. Acta 694: 227-277,
1982.
[23] J.L. Griffin. Orientation of human and avian erythrocytes in
radio-frequency fields. Exp. Cell Res. 61: 113-120, 1970.
[24] F.J. Iglesias, M.C. Lopez, C. Santamaria, A. Dominguez.
Orientation of schizosaccharomyces-pombe nonliving cells
under alternating uniform and nonuniform electric-fields.
Biophys. J. 48: 721-726, 1985.
[25] M. Staykova, R. Lipowsky, R. Dimova. Membrane flow
patterns in multicomponent giant vesicles induced by
alternating electric fields. Soft Matter 4: 2168-2171, 2008.

[26] R.L. Knorr, M. Staykova, R.S. Gracia, R. Dimova. Wrinkling
and electroporation of giant vesicles in the gel phase. Soft
Matter 6: 1990-1996, 2010.
[27] K.A. Riske, R.L. Knorr, R. Dimova. Bursting of charged
multicomponent vesicles subjected to electric pulses. Soft
Matter 5: 1983-1986, 2009.
[28] P. Sens, H. Isambert. Undulation instability of lipid
membranes under an electric field. Phys. Rev. Lett. 88:
128102, 2002.
[29] R. Llinas, I.Z. Steinberg, K. Walton. Relationship between
presynaptic calcium current and postsynaptic potential in
squid giant synapse. Biophys. J. 33: 323-351, 1981.
[30] M. Lindau, G.A. de Toledo. The fusion pore. Biochim.
Biophys. Acta 1641: 167-173, 2003.
[31] I. Hafez, K. Kisler, K. Berberian, G. Dernick, V. Valero,
M.G. Yong, H.G. Craighead, M. Lindau. Electrochemical
imaging of fusion pore openings by electrochemical detector
arrays. Proc. Natl. Acad. Sci. U. S. A. 102: 13879-13884,
2005.
[32] J.C. Shillcock, R. Lipowsky. Tension-induced fusion of
bilayer membranes and vesicles. Nat. Mater. 4: 225-228,
2005.
[33] P. Yang, R. Lipowsky, R. Dimova. Nanoparticle Formation
in Giant Vesicles: Synthesis in Biomimetic Compartments.
Small 5: 2033-2037, 2009.

ACKNOWLEDGEMENTS
The experimental work on vesicles in electric fields was initiated
together with Karin A. Riske. I would also like to thank Roland L.
Knorr, Natalya Bezlyepkina, Thomas Portet, Margarita Staykova,
Peng Yang, Said Aranda, Marie Domange Jordö, Benjamin
Klasczyk, and D. Duda. I also wish to acknowledge the valuable
insight I got from the enlightening discussions with theoreticians
such as Reinhard Lipowsky, Petia M. Vlahovska, Tetsuya
Yamamoto, and Rubèn S. Gracià.

Rumiana Dimova was born in Dobrich,
Bulgaria, in 1971. She studied chemical
physics and theoretical chemistry at
Sofia University. In 1999, she obtained
her PhD degree at Bordeaux University,
France. Since 2000, she is a group
leader at the Max Planck Institute of
Colloids and Interfaces in Potsdam,
Germany. Her research interests are in
the field of biophysics of model membranes, their interactions
with various molecules, and response to external fields.
Rumiana Dimova is the author of 63 articles in SCI-ranked
journals that have been cited over 840 times to date (excluding
self-citations).

99

EBTT WORKSHOP 2011

INVITED LECTURERS

NOTES

100

EBTT WORKSHOP 2011

INVITED LECTURERS
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Abstract: Gene medicine has held great promise for effective treatment or prevention of a variety of diseases. One of the
critical aspects of gene transfer is effective delivery to the appropriate target. Both biological (viral) and non-viral
approaches have been evaluated. There are positive and negative attributes to both approaches. A major drawback of nonviral is inefficient expression of the transferred gene. This is typically related to the inability of the plasmid DNA to enter
the cellular target. Electroporation delivery of plasmid DNA is quickly being accepted as a viable approach to achieve
effective delivery and has been tested in a variety of tissues. Sets of electroporation parameters, which include electric
field strength, pulse duration, number of pulses, electrode geometry and configuration as well as the tissue target, can be
chosen to deliver plasmid DNA in such a way as to manipulate the onset, level, and duration of protein expression. Cancer
was the target disease for the first clinical studies utilizing electroporation for DNA delivery. There have been an
increasing number of clinical trials using electroporation to deliver plasmid DNA mainly in the area of cancer therapy and
vaccines for infectious diseases. This trend should continue with more protocols being developed to target delivery to
muscle, skin, tumor and other tissues for cancer, infectious diseases, ischemia, wound healing and other diseases.

INTRODUCTION
Gene medicine has held great promise for effective
treatment of a variety of disorders including cancer,
metabolic disorders, cardiovascular diseases and
genetic disorders as well as a prophylactic approach
for infectious diseases and cancer [1-2]. The vast
majority of gene therapy clinical trials are Phase I
safety and tolerability studies. Many trials are not
successful in Phase I due to either adverse reactions or
low efficacy. About one third of these studies advance
to Phase II studies and even fewer to Phase III. One
critical aspect in these studies is efficient delivery of
the DNA encoding the therapeutic gene or cDNA [12].
Successful gene therapy is dependent on effective
delivery of the desired gene to the appropriate target
and achieving the appropriate expression for the
desired clinical response. To achieve success it is
important to take into account the advantages and
disadvantages of the specific gene transfer technique
being used. Different techniques may be optimal in
different therapeutic situations.
TABLE 1. IMPORTANT ATTRIBUTES
ENHANCED GENE DELIVERY
Reproducible
Delivery to non-dividing cells
Ability to perform repeat applications
Non immunogenic
Specific expression levels
Specific targeting
Minimal adverse effects (safe)
Ease of manufacture

FOR

In vivo gene delivery methods can be broadly divided
into two categories. Biological delivery depends on
the ability of a genetically engineered virus to deliver
the desired gene to the tissue of interest for
expression. In non-viral gene therapy, the gene is
delivered in a plasmid to specific tissues by simple
injection or with chemical or physical assistance. The
selection of the appropriate delivery vehicle depends
on the therapeutic application. Several factors should
be considered including efficiency and potential
adverse effects (Table 1).

PROTOCOL DEVELOPMENT
A number of criteria should be evaluated when
developing a therapeutic application. Initially, the
objectives of the application and the transgene
expression profile required to fulfill those objectives
should be considered. This includes the levels,
duration, and location of transgene expression.
Based on these criteria, an appropriate target tissue
must be selected for delivery. Subsequently, the
appropriate delivery approach, considering safety as
well as efficacy, should be chosen.
The majority of gene therapy clinical trials utilize
viral vectors for delivery. Viral delivery is highly
efficient and appropriate in a range of situations and
is the chief delivery method for long-term gene
expression such as in gene replacement. However,
there are several indications where short-term
expression may be optimal, such as when delivering
potentially toxic proteins such as cytokines. While
both viral and non-viral delivery methods have uses
in gene therapy, plasmid DNA based gene transfer is
an attractive approach because it removes the need
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for a biological vector. This has inherent advantages
such as improved safety, reduced immunogenicity,
reduced potential for integration into the genome,
and reduced potential for environmental spread.
However, plasmid DNA-based gene delivery is
handicapped by the lack of efficient delivery across
cell membranes and low levels of expression in many
tissues [1-3].
Both chemical and physical techniques have been
tested to increase the efficiency of DNA uptake.
While calcium phosphate precipitation has been used
for in vitro DNA transfer [3], cationic liposomes are
more effective at in vivo gene delivery as well as in
vitro delivery [4-6]. In particle bombardment or
“gene gun” transfer, the target tissue is bombarded
with DNA coated gold particles, which penetrate the
cells [7-8]. Hydrodynamic delivery or hydroporation
has been shown to enhance in vivo delivery and
expression [9-11].
One physical method that has emerged as a means to
effectively facilitate delivery of plasmid DNA is in
vivo electroporation [12]. The demonstration that in
vivo electroporation could be used effectively to
deliver chemotherapeutics together with the
knowledge that electroporation could deliver plasmid
DNA to cells in vitro [13] provided the basis for
utilizing electroporation to deliver plasmid DNA in
vivo. The first observations of this concept were in
skin, liver, muscle, and orthotopic brain tumors [1417]. Since then, this approach has been effectively
used in many tissue types and animal species and
with a diversity of plasmids [12, 18, 19]. The first
completed electrogenetherapy Phase I clinical trial
applied microsecond length electrical pulses to
successfully treat metastatic melanoma using genebased immunotherapy [20]. Clinical trials utilizing
electroporation to deliver plasmid DNA has been
increasing. Currently, there are 23 trials that utilize
this approach (clinicaltrials.gov). Of these studies,
there are 11 studies evaluating cancer therapies, 10
studies evaluating vaccines for infectious agents and
2 that were evaluating safety of the electroporation
approach. Electroporation of plasmid DNA
(electrogenetransfer) is quickly being accepted as a
viable approach to achieve effective delivery.
The biotechnological advances in the application of
electric fields suggest that it is possible to control the
delivery of plasmid DNA to impart a desired
expression pattern. Most accessible tissues may be
targeted for electrically mediated delivery. Selection
of the delivery site and the electrical parameters allow
control over the level and duration of expression of
the transgene.

PRECLINICAL STUDIES FOR TRANSLATION
OF ELECTRICALLY MEDIATED GENE
DELIVERY
Once the transgene and the delivery parameters have
been selected including the target tissue, the efficacy
and safety of delivery in an appropriate animal model
should be evaluated. This assessment should be
performed utilizing the same protocol, transgene
(animal counterpart), delivery vehicle and
instrumentation that would be used in the clinic. The
study should be conducted on both male and female
animals and contain sufficient numbers to obtain
statistically significant results.
Prior to initiating the efficacy studies, it is important
to determine a minimum level of response. For
example, if the study is for an anti-tumor therapy the
acceptable level may be >50% response rate. This
would be broken down further based on acceptable
complete or partial response rates. These numbers
would be based on the currently used standard of care
for a particular form of cancer and what has
previously been accomplished in preclinical and
clinical studies.
With respect to assessment of safety, multiple time
points should be evaluated after delivery of relevant
doses or treatments. Evaluation should include
hematological and histological data [21]. In addition,
it is important to determine the distribution and
persistence of the plasmid within the animal
following therapy.
If the preclinical studies
demonstrate effectiveness and safety, the protocol can
be submitted to the appropriate regulatory agencies
for approval to initiate the clinical trial.
SUMMARY
The use of electric fields to deliver plasmid DNA has
seen tremendous growth over the past decade. It is
quickly being recognized as an important tool for
performing effective gene transfer studies. The
versatility inherent in this delivery system is an
important reason for this growth. The key to
successfully translating electroporation protocols into
the clinic is understanding the type of expression that
is needed for the specific therapeutic application
being investigated. Careful selection of tissue target
and delivery parameters including electrical
conditions allows an investigator to obtain the type of
transgene expression necessary for a particular
therapeutic application. The true evaluation of this
delivery approach as a means for moving from gene
transfer to gene therapy will be based on the results
from clinical studies. During the past few years
several clinical trials utilizing electroporation to
deliver plasmid DNA have been initiated. Once
results from these studies are released electrically
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mediated plasmid delivery will either expand with
additional trials or it will regress to use as a
preclinical or laboratory tool to evaluate potential
targets.
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Development and uses of a microfluidic chamber to apply microsecond or
nanosecond electric pulses and to visualize biological effects induced.
Marie-Amélie de Ménorval1, Franck André1, Aude Silve1, Claire Dalmay2, Olivier Français2, Bruno Le
Pioufle2, Thomas Schmid3, Nelly Dorval3, Brigitte Attal-Tretout3, Philippe Leveque4 , Lluis M. Mir1;
1
CNRS UMR 8203, Institut Gustave-Roussy, 114, Rue Edouard Vaillant, 94805 Villejuif Cédex,
FRANCE, 2CNRS UMR8029, ENS Cachan, 61, avenue du président Wilson, 94235 Cachan, FRANCE,
3
ONERA, BP 80100, 91123 Palaiseau Cedex, FRANCE, 4UMR 6172 XLIM, 87280 Limoges, FRANCE.
INTRODUCTION
We are interested in the biological effects of
microsecond and nanosecond electric pulses on cells. The
microsecond electric pulses are known to induce plasma
membrane permeabilization. It is used to facilitate drugs
(e.g. electrochemotherapy) or nucleic acids uptake whereas
nanosecond electric pulses can cause intracellular effects
like intracellular calcium peaks [1] or apoptotic effects like
externalisation of phosphatidyl-serine [2].
In this context we developed a microfluidic device to
apply these electric pulses and to visualize the effects they
have on cells under microscopy.
CONFIGURATION OF THE DEVICE.
The microfluidic device contains a biochip presenting
two parallel channels with gold electrodes to minimize
electrochemical reactions. We have different biochip
designs (e.g. different channel widths, presence or not of
SU8, a polymer used in coatings for microfluidic devices,
on the chip walls on top of the electrodes to increase
channel height). Figure 1 shows one of the designs.

A

B

Figure 2: “classical” exposure device for microsecond
pulses under microscopy
DC-3F cells (a Chinese hamster lung fibroblast cell line)
were loaded with a fluorescent calcium marker (Fluo-4
AM) to determine their permeabilization threshold through
the visualization of calcium uptake as a consequence of the
application of a single pulse (100µs) in both devices. There
is no electric field loss in the microsystem with biochips
without SU8 but there is a 20% loss with SU8 due to the
modification of the electric field distribution in the
microchannel caused by the SU8 wall presence.
NANOSECOND EXPOSURE
An FID nanopulser delivering 10ns pulses, 3-10kV has
been used. The small interelectrode distance allows
generation of high electric fields (up to 150 kV/cm). To
apply higher field isolation of the support is needed to
avoid sparks generation. We have started to analyse effects
of the nanosecond pulses on attached cells. We observed
calcium bursts with 80 kV/cm pulses in a medium
containing calcium. We still have to try this in a calcium
free medium.
PERSPECTIVES
We will continue exploring effects of short pulses on
attached cells and cells in suspension motion-controlled by
a microfluidic pump in light and fluorescent microscopy.
Furthermore this device is compatible with CARS
microscopy.

C
Figure 1: One of the device designs. A. The biochip in the
microscope support. B. Top view of the biochip. C. Scheme
of a cross section of the biochip.
The biochip is designed to be placed in a modified
microscope support with home-elaborated solutions for the
electrical connections and the fluidic connectors (Figure
1A). Capillaries can be connected to the channels. The flow
is controlled by a microfluidic pump. It is possible to use
the device with cells in suspension or with cells attached on
coverslides.
CONTROL OF THE ELECTRIC FIELD DELIVERED
A comparison between a “classical” device with two
platinum wires and the microsystem has been done to
experimentally verify the real electric field inside the
microchannels.

REFERENCES
[1] P.T. Vernier,Y. Sun, M.T. Chen, M.A. Gundersen, G.L.
Craviso. “Nanosecond electric pulse-induced calcium entry
into chromaffin cells.” Bioelectrochemistry. Vol. 73. pp. 14, 2008.
[2] P.T. Vernier,Y. Sun, L. Marcu, M.T. Craft, M.A.
Gundersen, G.L. “Nanoelectropulse-induced
phosphatidylserine translocation.” Biophysical Journal. Vol
86. pp 4040-8, 2004.
ACKNOWLEDGMENTS
Research conducted in the scope of the EBAM
European Associated Laboratory (LEA).

107

EBTT WORKSHOP 2011

STUDENTS’ ABSTRACTS

Numerical determination of upper and lower bounds of the transmembrane
potential with complementarity
Ruben Specogna; Dipartimento di Ingegneria Elettrica Gestionale e Meccanica, University of Udine,
via delle scienze 208, I-33100 Udine, ITALY
INTRODUCTION
The aim of this paper is to use a pair of threedimensional complementary geometric formulations for
steady-state current conduction to determine upper and
lower bounds of the induced transmembrane potential (ITP)
[1] in irregularly shaped cells.
Complementarity consists in solving a boundary value
problem by using two different formulations which provide
provable upper and lower bounds for the quantities of
interest. The standard Finite Element formulation based on
the electric scalar potential V provides the lower bound for
the ITP, whereas the original one based on an electric
vector potential T gives the upper bound. Besides the
bounds, it turns out that the ITP obtained as the mean of the
results provided by the two formulation is very close to the
exact value even when employing very coarse meshes.
Even though the idea of complementarity dates back to
more than fifty years ago [2], currently it is not exploited in
any commercial solver due to difficulties in the potential
design for the vector potential formulation. These
difficulties have been recently solved rigorously by
employing a branch of mathematics known as algebraic
topology [3]. Moreover, efficient algorithms able to design
the potentials in negligible time have been devised [4].
METHODS
Both complementary formulations have been
implemented in research software CDICE (Complementarity and duality in computational science and engineering,
http://www.cdice.org). The software has been written in
Fortran 90 and compiled using the Intel Visual Fortran
compiler.
The thin layer representing the cell membrane is
modelled in both formulations as a surface. This technique
solves various problems arising when trying to explicitly
meshing thin layers [1]. The membrane model is based on a
geometric approach which is different, also for the
formulation based on the scalar potential, from the classical
one employed in the Finite Elements. Moreover, the
membrane model is extended also to the complementary
formulation based on the vector potential.
RESULTS
The preliminary results consider a simple benchmark
problem for the ITP determination admitting an analytic
solution to be able to accurately evaluate the error. The
chosen problem is a spherical cell in a uniform electric field
[1].

Figure 1: ITP error with mesh refinement.
To demonstrate the potential advantages of
complementarity, Fig. 1 shows the convergence with
respect to mesh refinement of the ITP error evaluated in the
top point of the sphere, where the ITP is maximum. The
three lines represented in Fig. 1 show the ITP obtained by
the two complementary formulation (V and T) and the
mean value.
CONCLUSIONS
Complementarity allows to save some of the
computational time required to evaluate the ITP and it
provides a rigorous estimate on the resulting numerical
errors in terms of upper and lower bounds for the ITP.
This approach may be easily extended for the transient
simulation of electroporation [5], where the conductivity of
the membrane should be considered as a nonlinear function
of the ITP.
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[4] R.
Specogna,
“Capacitance
Extraction
by
Complementary Geometric Formulations,” IEEE Trans.
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Trans. Biomed. Eng., vol. 56, pp. 1491-1501, 2009.

108

EBTT WORKSHOP 2011

STUDENTS’ ABSTRACTS

Sensitivity of Dielectric Spectroscopy in Cell Suspensions
Christian Beyer and Jürg Fröhlich, Laboratory for Electromagnetic Fields and Microwave, ETH
Zürich, SWITZERLAND
INTRODUCTION
Dielectric spectroscopy offers the potential of noninvasive detection of changes in cell size and shape or the
monitoring of physiological processes in cell suspensions.
On a larger scale it is applied to transcutaneous monitoring
of physiological changes for medical diagnosis [1]. In both
cases, the dielectric properties of a highly non-homogeneous medium are measured by specific sensor geometries
averaging over a specific volume. Knowing the sensor geometries and the dielectric properties of the target medium,
the shapes of cells can be determined. In this study the
correlation and sensitivity to specific changes in microscopic features and the resulting changes in the measured
spectrum will be assessed in order to achieve uniqueness.

the membrane or dependencies on the applied electric field,
which can significantly alter the measurement signals.
RESULTS

Fig 3: Relative changes in conductive current are depicted
for different cell features as compared to a standard model.

Fig. 1: Schematic sketch & picture of measurement setup.
MATERIALS & METHODS
The measurement system features cells embedded in an
agarose 3D scaffold above 10 planar interdigitated microelectrodes [2]. Microchannels maintain a controlled
environment resembling the in-vivo situation (Fig. 1). The
measurements are conducted by an impedance analyser in
the frequency range from 0.01 - 100 MHz in discrete steps.

Fig. 2: Simulation results of different setup (size / position
of 13 erythrocytes) with the same volume fraction (40 %).
For the numerical simulations the commercial platform
COMSOL Multiphysics 4.2 is used. Different configurations of 13 erythrocytes above two 10x13 µm2 electrodes
(20 µm gap) are computed using linear 3D quasi
electrostatic finite element models. Keeping the volume
fraction constant at 40% the sensitivity to variations in cell
size & shape are assessed and compared to changes in cell
membrane thickness. In addition, the potential for detecting
intra-cellular features, such as potential inclusion or
vesicles is determined. The complex and dispersive
dielectric material properties of the cell constitutes are
summarised in [3]. The considered simplified model does
not account for nonlinear effects, like chemical processes in

The results show that the variance in shape and
distribution of 13 cells at constant volume fraction mask
potential changes of cell membrane capacities. Individual
variations in cell features like membrane thickness, volume,
and nucleus size relate mostly to a change of the betadispersion in the measurement signal, i.e. in the lower MHz
range. A separation of different cell feature alterations by
applying characteristic frequencies may be challenging and
should be combined with other methods.
CONCLUSION
The numerical analysis of individual cell parameter
variations indicates a non-unique relation between different
cell features and the measured signal. Consequently,
changes in specific cell features like membrane thickness or
vesicle size have to be correlated to changes in measurement signals, which also include variations in cell position
and shape. In order to differentiate individual features
auxiliary constrains have to be extensively examined.
REFERENCES
[1] Zakharov et al, A wearable diffuse reflectance sensor for cont.
monitor-ring of cut. blood content, Physics in Med. & Biol. 54
5301, 2009
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The Bioelectromagnetics Society 33rd Meeting Halifax, 2011.
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dispersive red blood cell, Ph. in Med. & Biol. 52 6831–6847, 2007

109

EBTT WORKSHOP 2011

STUDENTS’ ABSTRACTS

Dielectrophoresis as a tool for manipulation and characterization of electroporated
cells
Liviu Dimitriu1, Alexandru Carap1, Tudor Savopol1, Mihai Radu1, 2, Mihaela-Georgeta Moisescu1;
1
Biophysics and Cell Biotechnology Dept., Carol Davila Medical University, 8, Eroilor Sanitari Blv.,
sector 5, P.O. Box 35-43, Bucharest, ROMANIA, 2 Horia Hulubei National Institute for Physics and
Nuclear Engineering, Life and Environmental Physics Dept., 30, Reactorului St., P.O. Box MG-6
Magurele, ROMANIA.
INTRODUCTION
Based on the interfacial polarization induced by
periodic electric fields, dielectrophoresis (DEP) is among
the most useful methods of electromanipulation of
biological cells [1]. Many medical and biotechnological
applications for DEP are described in the field of: cell
therapeutics, drug discovery, biosensors, medical
diagnostic, nanoassembly, particle separation, etc. [2]. DEP
ability to differentiate the cells with different electric
characteristics was largely exploited in the recent years by
integrating DEP capabilities into microfluidic lab-on-a-chip
devices [2].
Presently, there are very few reports on applying DEP
for either separation of electroporated cells from
nonporated ones [3] or study of electroporation-induced
changes of various electric properties of the cells [4, 5].
THEORETICAL ASPECTS
When a dielectric particle (i.e., cell), experiences an
electric field gradient, dipoles are induced on its surface
allowing oriented motions of that particle by a force:

𝐹𝐷𝐸𝑃 = 2𝜋𝑟 3 𝜀𝑒 𝑅𝑒(𝐶𝑀)∇𝐸 2
where 𝑟 is the cell radius, 𝜀𝑒 is the external medium
absolute permittivity, 𝐸 is the electric field intensity, and
𝑅𝑒(𝐶𝑀) is the real part of the Clausius Mossotti factor
which counts for the field frequency dependence of 𝐹𝐷𝐸𝑃

and, also, for its dependence on the geometrical and electric
parameters of the cell [4].
Positive dielectrophoresis (pos-DEP) and negative
dielectrophoresis (neg-DEP) movements are described in
which the cell moves toward and away from the region of
higher electric field strength, respectively. The shift
between pos-DEP and neg-DEP occurs at a specific AC
field frequency named crossover frequency (𝑓𝐶𝑂 ). In a
mixture of cells having different 𝑓𝐶𝑂 , the separation of cell
categories becomes possible by a proper selection of the
field frequency. This procedure was already proved
efficient in separating human lymphocyte fractions [6],
mammalian cells based on their cell-cycle phase [7], and
stem cells from their differentiated progeny [8], etc.
In suspensions, electroporated cells may be separated
quite efficiently from nonporated ones by performing
electroporation in presence of a fluorescent dye (propidium
iodide, lucifer yellow, YoPro…), and then passing the
suspension through a FACS. But fluorescent dyes are in a
certain respect invasive, and cells may not be subsequently
used. DEP represents a potentially more convenient method
for separation of electroporated cells from nonporated ones,
and moreover, it can be a real-time efficient method.

PROJECT OBJECTIVES
o to use DEP as a tool for identifying changes in
electrical properties of electroporated cells (as they are
reflected by the shift of 𝑓𝐶𝑂 as a function of various
external medium conductivities);
o to develop and test
prototype equipment
(microchambers, electrode arrays ...) and procedures
for DEP manipulation and separation of various groups
of cells exposed to electroporating electric pulses
(porated from nonporated, reversibly from irreversibly
porated cells ...)
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Different sensitivity on electrochemotherapy of doxorubicin sensitive and resistant
human adenocarcinoma cell lines
Nina Skolucka1, Jolanta Saczko1, Julita Kulbacka1, Anna Choromanska1, Agnieszka Chwilkowska1,
Iwona Kaminska2, Malgorzata Kotulska3; 1 Department of Medical Biochemistry, Medical University,
Chalubinskiego 10 St., 50-368 Wroclaw, Poland; 2 Department of Pathomorphology and Clinical
Cytology, Medical University, Borowska 213 St., 50-556 Wroclaw, Poland; 3 Institute of Biomedical
Engineering and Instrumentation, Wroclaw University of Technology, pl. Grunwaldzki 13, 50-370
Wroclaw, Poland
INTRODUCTION
The application of the cell membrane electroporation
in combination with cytotoxic drugs could increase their
transport into cells. The combination of electroporation and
application of drugs with inhibited transport is known
as electrochemotherapy (ECT). ECT is low-invasive and
targeted methods. Proper therapy conditions could limit
necessity of surgical interventions, as well as give the better
prognoses in treatment of tumors.
Current study we examined an effect of electroporation and
electrochemotherapy with doxorubicin on human
doxorubicin sensitive and resistant breast adenocarcinoma
cell line (MCF-7/WT and MCF-7/DOX). We investigated
the effect of electroporation and ECT on cells viability
and oxidative stress markers.

Protein damage. Oxidative stress induces a decrease of the
level of free -SH groups in cellular proteins. Accordingly,
the protein damage was estimated by the modified Ellman’s
method in which DTNB acid reacted with thiol groups (SH) of proteins. The level of -SH groups was measured
spectrophotometrically on the basis of the absorbance at the
wavelength of 412 nm [3].
Expression of HSP-27. The cells were plated into eight-dip
glass (Nunc). For immunocytochemical detection of HSP27 were used polyclonal antibodies (1:100, Santa Cruz,
USA). Formalin-fixed cells were immunostained by DAKO
LSAB 2. Stained cells were determined by counting 100
cells in three randomly selected fields. Cells were judged as
positive if stained reaction was observed in more than 5%
of cells.

MATERIALS AND METHODS
Cell culture. Human breast adenocarcinoma cell line
sensitive and resistant (MCF-7/WT and MCF-7/DOX) were
grown in Dulbecco medium (Sigma) with 10% of FBS and
addition of antibiotics.
Doxorubicine treatment (DX). Cells were incubated with
doxorubicine 5 minutes before electropermeabilization. The
doxorubicin concentration was 10 µg/ml.
Electroporation (EP). The electroporation was carried out
by use of ECM 830 (BTX) square-wave electroporator. The
electroporation parameters were: (100, 500, 1000, 1500)
V/cm, 50 µs by 5 impulses for every cases on two thin
stainless-steel parallel plates with a 4 mm gap (Cuvettes
Plus 640, 800 μl). Cells in suspension were centrifuged for
5 min at 1000 rpm (STM medium: 250 mM sucrose,10 mM
Tris Hcl pH 7.4, 1 mM MgCl2,).
MTT assay. The MTT assay (Sigma) was used to test the
mitochondrial metabolic function [1].
Cloning efficacy test. After EP or ECT cells were seeded
onto culture dishes (250 cells per dish, 60 mm in diameter)
for 11 days to obtain macroscopically visible colonies.
After 11 days maintained in a humidified atmosphere
at 37°C, colonies were fixed with 5% formaldehyde,
stained with 1% crystal violet and counted.
Lipid peroxidation. The final product of cellular fatty-acid
peroxidation, malondialdehyde (MDA), was determined
according to earlier studies [2]. The MDA reacts with
thiobarbituric acid (TBA) to form a colored complex,
TBARS, whose level was measured by the absorbance
at a wavelength of 535 nm. The concentration of MDA was
quantified spectrophotometrically based on a set of MDA
standards of known concentration.

RESULTS
In MTT and cloning efficacy test we obtained similar
results. As was observed electroporation did not
significantly
reduce
cells
viability.
However
EP in combination with DX efficiently decreased cells
proliferation simultaneously with increasing voltage.
We obtained similar results as Cemazar and colleagues.
Resistant
cells
were
equally
sensitive
to
electrochemotherapy with drugs as their sensitive
counterparts. ECT induced increased lipid peroxidation
only in MCF-7/DOX cell line. No significant changes were
observed in protein damage; only in MCF-7/DOX cells
after 100 and 1500 V/cm some decrease was induced.
Experiments showed that ECT stimulates of expression
of heat shock protein HSP27. It can influence on high
survival of cells during therapy, probably this protein helps
cells survive.
REFERENCES
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Characterization of planar lipid bilayer measuring chambers
Andraz Polak, Peter Kramar, Damijan Miklavcic, Faculty of Electrical Engineering, University of
Ljubljana, Trzaska 25, SI-1000 Ljubljana, SLOVENIA
INTRODUCTION
We are interested in study of cell membrane exposed to
electric field. The simplest model of biological cell is a
planar lipid bilayer. It presents a fragment of cell
membrane. Planar lipid bilayer can be formed between
several media, but we want to study planar lipid membrane
between liquid solutions, because conditions represent a
cell membrane. Two methods of planar lipid bilayer
formation between liquid solutions are in common use. One
method is called painting method [1] and the other method
is folding method [2]. Both methods need special chambers
for planar lipid bilayer formation. The chambers are
similar; the major difference is in the size of the aperture
which connects two liquid containing reservoirs.
To measure planar lipid bilayer properties, we also need
to precisely determine electrical properties of chamber.
METHODS
We constructed two chambers for measuring planar lipid
bilayers from Teflon, because it is hydrophobic material
and it helps at forming a planar lipid bilayer [2].
The chamber for painting method has the aperture of
diameter 1 mm. The chamber for folding method has the
diameter of aperture from 20 µm to 200 µm and its
construction is similar to chamber for painting method.
Both chambers are shown in Figure 1.

a)

b)

Figure 1: Measurement chambers. a) The painting method
chamber and b) the folding method chamber.
Both reservoirs of chambers were filled with salt solution
(0.1 M KCl and 0.01 M Hepes). On aperture we added
lecithin lipid solution to prevent forming of air vesicles.
The salt solution in reservoirs was raised to different levels.
The chamber capacitance and resistance were measured
using two Ag-AgCl electrodes. The electrodes were located
5 mm apart from the aperture. The measured chamber was
inserted into metal cage to reduce interferences from the
surroundings.
Capacitance and resistance were determined at
frequencies from 20 Hz to 10 kHz. Presented results were
obtained at frequency 100 Hz, due to small interference and
the parasite capacitances. The 100 MHz measurement was
also used, because the planar lipid bilayer capacitance is
usually observed at low frequencies.

RESULTS
We measured chambers capacitance and resistance at salt
solution levels below and above the aperture. The
capacitance of chamber for painting and folding method
was 8.23 pF and 9.22 pF, respectively, at salt solution level
below aperture. The resistance of both chambers was higher
than 100 MΩ.
The capacitance and resistance of chambers at salt
solution above the aperture are shown in Table 1. The
chamber for painting method has the aperture diameter of
1 mm. The measurements at chamber for folding method
were performed without aperture and using apertures of
54.5 µm and 197.4 µm in diameter.
Table 1: Capacitance and resistance of chambers for
painting and folding method at 100 Hz frequency and at salt
solution level above aperture.
Chamber
Painting method
Folding method

Aperture
diameter
1.0 mm
/
54.5 µm
197.4 µm

Capacitance

Resistance

17.5 nF
63.5 pF
183 pF
2.63 nF

1.57 kΩ
>100 MΩ
19.67 kΩ
4.36 kΩ

CONCLUSIONS
Neither chamber has leakage between reservoirs. The
capacitance of chamber for painting and folding method are
around 10 nF and 60 pF, respectively. The resistance of
chamber depends on the aperture size. The specific
capacitance of planar lipid bilayer is from 0.5 µF/cm2 to
1 µF/cm2. In our case the planar lipid bilayer formed by
painting method has capacitance of few µF. The planar
lipid bilayer formed by folding method has capacitance in
the range of tens pF. We can form planar lipid bilayer and
measure capacitance very precisely at both chambers. At
planar lipid bilayer formed by folding method we can
observe faster events in membrane, because the capacitance
of planar lipid bilayer and chamber is much smaller than at
planar lipid bilayer formed by painting method and
corresponding chamber.
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Electroextraction of pilot scale volumes of yeasts
Mathilde Coustets, Justin Teissié, Institut de Pharmacologie et de Biologie Structurale, Centre
National de la Recherche Scientifique, UMR 5089 and Université Paul Sabatier, 205 Route de
Narbonne, 31077 Toulouse BP 64182, France
INTRODUCTION
Cytoplasmic proteins can be extracted form yeasts by
electropulsation (pulsed electric field PEF technology).
Flow process treatment of yeast (Saccharomyces
Cerevisiae), with high intensity electric field pulses, bring
the release of the intracellular protein content on large
culture volumes. Classics methods, such as mechanical
disintegration and chemical extraction, classically used for
large scale treatment affect protein stability. This is due to
the disintegration of vacuoles, which is not present with
PEF. The proof of concept of the flow process protocol was
previously validated [1]. In the present study it was
developed on a pre-industrial scale pilot system
MATERIALS AND METHODS
100 mL of yeast suspension (Saccharomyces Cerevisiae)
in water (late log phase, 15.108 cells/mL) were pulsed at a
high flow rate (flow rate ~ 1.1mL/s). Pulse generators
(Betatech, France) and flow through applicators were
designed to apply trains of pulses on the flow. The electric
system was made of two GHT generators each able to
deliver up to 2 kV under 6A, with adjustable pulse duration
of a few milliseconds. Delays between pulses were down to
30ms. An analog switch is used between the two generators
and the pulsing chamber. The chamber itself is built of
several parts, the most important was the discharge
chamber. The distance between electrodes is 6 mm, the
width is 6 mm, and the length is longer than 1cm. Several
of these discharge chambers were used to obtain longer
discharge chambers or successive separated units.

RESULTS
By delivering to each cell, using the flow pulsation pilot,
30 unipolar pulses of 2ms duration at a delay of 36ms under
a field strength of 3kV/cm, brought a recovery of total
protein (calculated with Bradford assay), which represents
94.2% of the total amount (obtained from mechanical lysis
in a parallel experiment). A bipolar pulsation flow method
was assayed. This prevented the generation of
electrochemical species by the electrodes (hydrogen gas!)
and increased the safety of the pilot. By delivering to each
cell 15 bipolar pulses (30 pulses delivered on average per
cell during their residency in the pulsing chamber) of 2ms
duration at a period of 65ms (field strength of 3kV/cm),
98% of the total amount of cytoplasmic proteins was
recovered. PAGE analysis of the extract showed that
proteins with MW up to 200 kD were released. Positive
results were also obtained on Pichia Pastoris.
The set up was validated as a pre-industrial pilot. Flow
rates as large as 4l/h were giving positive extraction. The
load (W/V) of the yeast suspension could be as large as
25%. The pulse generators were kept on duty overnight
when needed.
PERSPECTIVES
Eventually, this extraction method, using electropulsation
(PEF), could be used in large scale industry in order to
produce quickly and efficiently stable recombinant protein
from yeast which could be used in therapy.
REFERENCES
[1] Ganeva et al. Analytical Biochemistry 315 (2003) 77-84
Projects were supported by ANR Debaciem and FP7
Electroextraction.
Research conducted in the scope of the EBAM European
Associated Laboratory (LEA).

Figure 1: Electroextraction system
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Atomic Force Microscopy as a new tool to understand electroporation membrane
effects
L.Chopinet1,2, M-P Rols1, E.Dague2; 1 IPBS - UMR5089 Université P. Sabatier/CNRS, 205 route de
Narbonne, 31077 Toulouse cedex4 2 LAAS-CNRS, 7 avenue du Colonel Roche 31077 Toulouse Cedex
INTRODUCTION
Little is known about the mechanisms involved in
membrane
destabilization
process
during
electropermeabilization. Mathematical models tend to
prove that there is pore creation, but electropore have never
been observed. However, lipid disorganization is
happening, as shown by the formation of tubules and
vesicles on Giant Unilamellar Vesicles [1], and flip flop is
occurring on cells. In order to go further we exploit Atomic
Force Microscopy (AFM) abilities [2] to access electric
field effect on plasma membrane.
METHOD
Chinese Hamster Ovary Cells were cultured in WillCodish® Glass Bottom Dishes with complemented medium
(MEM 0111, Eurobio, France). Force spectroscopy
measurement were carried out using Catalyst Bruker
coupled to a fluorescence microscope (Nikon), and the
perfusing cell system (Bruker) keeping cells in their growth
medium, at 37°C, under 5% CO2 during all the experiment.
Si3N4 AFM probes (MLCT model manufactured by Bruker
Instruments) presenting a pyramidal tip with an opening
angle of 35° were used for all the experiments. Spring
constants were systematically measured using the thermal
tune method prior to each experiment (around 0.01 N/m).
Classical gene transfer parameters are used (400 V/cm, 8
pulses of 5 ms) and force volume measurements (a matrix
of 32x32 force curves) are done 15 minutes after
electroporation. Force curve analysis consists in fitting the
indentation curves with the Hertz model and to extract the
Young modulus (Fig. 1).
RESULTS
AFM allows us to measure mechanical and physical
properties of living cell membrane.
Cantilever
Deflection (nm)

Glass slide

We apply constant force on cell with the AFM tip and
register the cantilever deflection, leading to force curve.
Cantilever deflection measured on cell is compared to its
own deflection measured on glass (Fig 1). This indentation
(δ) allows extracting only the deflection caused by cell.
Sample elasticity (E, Young modulus) are obtained when
fitting the force distance curve with Hertz model
(F=0,596.E.δ²) and Hook model (F=δ.Kc + a) (Fig 2). For
one region of interest (500 x 500 nm²) 1024 force curves
are registered to produce a “force volume”.

Young modulus
(E)

Figure 2: Force Curve analysis. Cell imaging and region of
interest (ROI) where force curves are made.
Here are presented our preliminary results for global
cell elasticity (tab.1).
Table 1: Preliminary results for Young modulus
Before pulses
Young modulus (Pa) 1257 +/- 472

15 min after pulses
1546 +/- 846

CONCLUSION
Our preliminary results show no difference in plasma
membrane elasticity. This suggests that, as membrane
recovers its integrity, cell elasticity does not change.
However, structural changes appear in cell shape.
Consequently, measurements at different time after pulses
and different area have to be done.
Furthermore, analysis of the force curves on the first
nanometers of indentation will gives only information about
the membrane deformation with Young Modulus value.
Acknowledgements: EBAM European Associated
Laboratory (LEA), Direction Générale de l’Armement.
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during the shrinkage of giant vesicles under
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Adhesion signals of phospholipid vesicles at the electrified interface
Nadica Ivošević DeNardis1, Vera Žutić1, Vesna Svetličić1, Ruža Frkanec2, 1Ruđer Bošković Institute,
POB 180, 10000 Zagreb, CROATIA, 2Institute of Immunology, Inc., POB 266, 10000 Zagreb,
CROATIA
INTRODUCTION
Adhesion signals of individual phospholipid vesicles
appear due to the double-layer charge displacement tracing
vesicle transformation to a film of a finite surface area [13]. The key ingredient in amperometric measurement is the
versatile potentiostatic control of adhesion forces by
changing the surface charge and tension at the
electrode/aqueous electrolyte interface. The adhesion force
can be fine-tuned to study the interplay of complex
processes involved in a deformable particle-electrode
double-layer interactions. Our aim is to demonstrate that
adhesion based detection is sensitive to polar head groups
in phospholipid vesicles formed from phosphatidylcholine
(PC) and phosphatidylserine (PS) lipid.
MATERIALS AND METHODS
Multilamellar
DOPC
(1,2-dioleoyl-sn-glycero-3phosphocholine) and PS (1,2-diacyl-sn-glycero-3-phosphoL-serine) vesicles were prepared by dissolving 10 mg of
lipid in 2 mL of chloroform. After rotary evaporation of the
solvent, the remaining lipid film was dried in vacuum for an
hour and then dispersed by gentle hand shaking in 1 ml of
phosphate-buffered saline (PBS), 0.15 M, pH 7.47. Aliquot
of suspension was added in deareated PBS in
electrochemical vessel containing three electrode system.
Electrochemical measurements were performed using a
PAR 174A Polarographic Analyzer interfaced to a PC.
Analog signals data acquisition was performed with DAQ
card-AI-16-XE-50 (National Instruments) input device and
the data were analyzed using the application developed in
LabView 6.1 software.
RESULTS AND CONCLUSIONS
General adhesion behavior of multilamellar PC vesicles
was examined in the wide potential range at mercury
electrode (Figures 1 and 2). Presence of electrostatic
interaction was identified based on: (i) signal frequency at
the potential of zero charge (Epzc), (ii) signal direction at
the Epzc, (iii) shifts of minimum signal frequency from the
Epzc, (iv) critical interfacial tensions of adhesion and (v)
appearance of bidirectional signals. The most interesting
are bidirectional signals detected at the narrow potential
range, close to Epzc (Figure 2B). Such signal is composed
of: the negative portion due to vesicle spreading and the
positive portion due to a specific interaction between the
most exposed positively charged choline group of
phospholipid polar head and the negatively charged
electrode. Attenuation of the positive signal portion with
increasing negative potential is due to the charge flow
associated with vesicle spreading that dominates the charge
flow associated to specific interaction of choline group. In
contrast, adhesion signals of negatively charged PS vesicles
are unidirectional.

Figure 1: Potential dependence of signal frequency for
multilamellar PC vesicles in PBS.

Figure 2: Adhesion signals of DOPC vesicles in PBS: (A)
unidirectional and (B) bidirectional.
In conclusion, we were able to extract and differentiate
electrostatic interaction of the polar head groups for
zwitterionic PC and negatively charged PS vesicles.
REFERENCES
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between
dispersed
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microdroplets and a charged conductive interface, J.
Electroanal. Chem. vol. 349, pp. 173-186, 1993.
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Adsorption of DOPC onto Hg from the GS interface
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2007.

115

EBTT WORKSHOP 2011

STUDENTS’ ABSTRACTS

An electro-optic probe for the simultaneous measurement of temperature and
high-voltage pulsed electric fields
Sophie Kohler1, Nicolas Ticaud1, Pierre Jarrige2, Lionel Duvillaret2, Delia Arnaud-Cormos1 and
Philippe Leveque1; 1 CNRS UMR 6172, XLIM Research Institute, University of Limoges, F-87060
Limoges Cedex, FRANCE 2 Kapteos SAS, rue Lac de la Thuile, F-73376 Le Bourget du Lac Cedex,
FRANCE
INTRODUCTION
Experimental setups have been reported to expose
biological samples to nanosecond electrical pulses on the
order of tens to hundreds of kilovolts per centimeter [1].
The knowledge of the electric field strength and the
temperature rise induced inside the biological system
during the exposure is of great importance, e.g. for
validation of the setup or to ensure that the observed effects
are nonthermal. However little work has been done so far
on sensors capable of in situ measurements of high-voltage
(HV) pulses and temperature. As the experiments are
typically carried out in small volumes (a few mL or less),
miniaturized and nonmetallic probes are required. In this
paper we present the results of the simultaneous
temperature and pulsed electric field measurements that we
obtained in an electroporation cuvette using the prototype
of a new millimeter-sized electro-optic (EO) probe.

MATERIAL AND METHODS
The wideband EO probe was designed for the
simultaneous measurement of temperature variations and
one component of the electric field vector either in the
frequency or in the time domain. The sensitive part of EO
probe is a 7.1-mm long and 1.8-mm diameter EO crystal of
Lithium Tantalate [2].
The measurements are conducted in an electroporation
cuvette with a gap size of 4 mm and filled with a salt water
solution whose electrical conductivity is 0.3 S/m at
200 MHz. The EO probe is vertically inserted into the
cuvette and positioned so as to measure the component of
the electric field vector that is perpendicular to the
electrodes. A 50 Ω HV pulse generator (HORUS Laser,
France) is used to deliver 2.1-ns pulses of 1.7 kV with 800ps rise and fall times. The pulse applied to the cuvette is
measured by inserting a three-port tap-off between the
generator and the cuvette. Both the applied pulse and the
pulse measured by the EO probe are displayed on a fast
oscilloscope (TDS 6124C, Tektronix) while the measured
temperature variations are displayed in real time on a PC.
The sample is exposed to 80000 pulses delivered at a
repetition rate of 1 kHz. The electrical waveform acquired
from the oscilloscope is the averaged result of the first 100
pulses. The temperature measurement uncertainty of the
probe is calculated with a confidence interval of 95% by
fitting the temperature increase with a sum of two
exponentials.

Figure 1: Effective input pulse to the cuvette (solid line)
and pulse measured by the EO probe (dashed line).
RESULTS
The shape of the applied pulses shows that part of the
incident energy is reflected back by the cuvette (data not
shown). When superimposing the effective input pulse to
the cuvette (i.e. the sum of the incident and reflected
pulses) onto the pulse measured by the EO probe inside the
cuvette, we find a good level of consistency as shown in
Fig.1.
The results of the temperature measurement show that
little heat is generated. Indeed the maximum temperature
rise is less than 0.3 K. The expanded temperature
measurement uncertainty is found to be as low as 20 mK
(data not shown).
CONCLUSION
We have shown that the EO probe is suited for
measuring nanosecond HV pulsed electric fields and the
induced temperature variations in a 4-mm electroporation
cuvette. As further miniaturization of the probe is possible,
we have here a promising tool for the monitoring of
bioexperiments.
REFERENCES
[1] S. Yinghua et al., "Electrode microchamber for
noninvasive perturbation of mammalian cells with
nanosecond pulsed electric fields", IEEE Trans.
Nanobiosci., vol. 4, pp. 277-283, 2005.
[2] M. Bernier et al., "Electric field and temperature
measurement using ultra wide bandwidth pigtailed
electro-optic probes", Applied Optics, vol. 47, pp. 24702476, 2008.
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Blebbing mechanisms in U937 cells exposed to high-rate nanosecond
electric pulses (nsEP)
Mikhail Rassokhin1 and Andrei Pakhomov1; 1 Frank Reidy Research Center for Bioelectrics, Old
Dominion University, 4211 Monarch Way Suite 300, Norfolk, Virginia, USA 23508
INTRODUCTION
Electropermeabilization of cells is accompanied by
volume increase via colloid-osmotic mechanism. Such
increase is manifested through cell swelling and/or
blebbing. While mechanism of cell swelling is reasonably
well understood, the mechanisms and implications of
blebbing remain to be explained. Presumably formation of
blebs induced by electroporation is initiated due to
dissociation of cell membrane from the underlying
cytoskeleton. Such blebs form randomly and appear as
spherical membrane-bound protrusions on a cell surface.
Meanwhile, blebs initiated by high-rate nsEP exposure may
form through a yet uncharacterized mechanism.

2.5

Normalized blebbing (blebs/cell)

n=88

RESULTS
We established a distinct pattern of blebbing in U937
cells exposed to continual high-rate nsEP (e.g., 60-ns pulses
at 6.3 kV/cm, 20Hz). This pattern is characterized by strong
preference for bleb formation on anodic pole (over 60% of
blebs). Moreover, exposure to high frequencies (10 and 20
Hz) and E-field (e.g. 6.3 and 8 kV/cm) initiates formation
of giant anodotropic blebs (GABs). GABs extend towards
anode during and shortly after the exposure and may reach
several multiples of cell diameter (Figure 1).
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Figure 2: Bleb formation in buffers with partial substitution
of NaCl for equiosmolar amount of sucrose.
Another GAB formation mechanism that is currently
being investigated points towards the role of actin
polymerization. Microfilament toxin cytochalasin D
strongly inhibits development of GABs leading to
formation of rounded rather than elongated blebs. Such
blebs form on a cell surface in apparently random fashion.

Figure 1: Formation of anodotropic bleb during continual
exposure to high-rate nsEP.
Development of GABs requires absence of extracellular
calcium and strongly relies on colloid-osmotic mechanism.
Replacement of extracellular NaCl (90 mOsm/kg) for
equiosmolar amount of sucrose inhibits formation of GABs
and other blebs. Meanwhile, replacement of 180 mOsm/kg
of NaCl for sucrose completely inhibits bleb formation
(Figure 2). Interestingly, the preference to form on anodic
pole is hardly affected by such replacement.

CONCLUSIONS
At present, giant anodotropic blebs (GABs) were
observed in U937 cells but not in other cell lines (CHO,
Jurkat or GH3). This difference may point towards
distinctive role of cytoskeleton in maintaining membrane
integrity in this cell line. Despite swelling and bleb
formation, exposure of U937 to high-rate nsEP was
accompanied by just minor propidium uptake. Ongoing
experiments using fluorescent lipid markers and livestaining of actin are intended to investigate the cytoskeleton
rearrangements required for GAB formation and growth as
well as GAB composition.
The work was supported by R01CA125482 from the
National Cancer Institute and R01GM088303 from the
National Institute of General Medical Science.
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Permeabilisation with one single 10 nanosecond pulse assessed by uptake of
bleomycin at low external concentration
Isabelle Leray, Aude Silve, Lluis M. Mir, CNRS UMR 8203, Institut Gustave-Roussy, Villejuif
FRANCE
INTRODUCTION
Permeabilisation by nanosecond duration electric pulses
(nanopulse) has been assessed by many different techniques
[1], [2]. Most experiments indicate that only small
molecules can cross the plasma membrane after it has been
permeabilised by nanopulse. We have recently shown that
the damages induced in the membrane by 10 ns pulses at
40 kV/cm enabled larger molecules like bleomycin (1500
Da) to penetrate inside the cell. Since the uptake of
500 molecules of bleomycin induces mitotic cell death, the
penetration of the drug can be easily accessed by testing
long-term viability using cloning efficiency tests [3]. If the
external concentration of bleomycin is large enough
(3 µM), we have shown that one single 10 ns pulse was
enough to allow the uptake of at least 500 molecules of
bleomycin in 20 % of cells.
A new generator has recently been tested in the lab. It
allows to apply much larger electric field. The very high
intensity that are reached, induce drastic effects on cells. In
particular, we show here that one single 10 ns pulse of
18 kV/mm is sufficient to induce a high level of
permeabilisation to bleomycin.
MATERIAL AND METHOD
The generator was designed by Europulse (Cressensac,
FRANCE). It can generate pulses of different length from
10 ns to 100 ns. The output voltage on an adapted load
(50 Ω) ranges from 10 kV to 20 kV). A D-dot sensor is
mounted in the ground electrode in order to monitor the
applied pulses.
Permeabilisation tests are performed on chinese hamster
lung cell line - DC-3F.
Viability is assessed by cloning efficiency test. After
trypsinization of exponentially growing cells and
inactivation of trypsin by complete medium, cells are
centrifuged and resuspended at 5 x 106 cells/mL in sucrose
based medium (STM, conductivity σ=0.1 S/m) eventually
with a concentration of 30 nM bleomycin. Cells are
immediately deposited between the two electrodes (1 mm
apart) of an electroporation cuvette (STD, Dutcher) and
subjected to the electric treatment. After delivery of the
electric pulses, cells are kept for 10 min at room
temperature and then diluted in complete medium and
seeded in triplicate in complete culture medium (300
cells/cell culture dish, 60 mm in diameter) for the cloning
efficacy test. After 5 days maintained in a humidified
atmosphere, colonies were fixed with 5% formaldehyde,
stained with crystal violet and counted.
RESULTS
Figure 1 presents the pulse applied on the
electroporation cuvette and the resulting cell survival
without bleomycin and with a 30 nM concentration in the
external medium after exposure to one single pulse. One
single pulse of 10 ns and 18 kV/mm does not induce direct

killing but viability drops to approximately 30 % in the
presence of 30 nM bleomycin.

Figure 1: A- Pulse applied on the cuvette. B- Viability after
exposure to one single pulse in STM eventually with a
30 nM bleomycin concentration.
CONCLUSIONS
These experiments confirm that 10 ns pulses
permeabilise cells to bleomycin. If the pulse magnitude is
sufficiently high, the penetration of lethal quantity of
bleomycin (500 molecules) is achieved even with low
external concentration. Influence of the pulse parameters on
permeabilisation are presently being investigated.
ACKNOWLEDGMENTS
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Microscopic optimization of pulsed electric field parameters for the reversible
permeabilization of rucola leaves
Katarzyna Dymek, Petr Dejmek, Federico Gómez Galindo; Department of Food Technology,
Engineering and Nutrition, Lund University, P.O. Box 124, SE-221 00 Lund, SWEDEN
INTRODUCTION
Reversible electropermeabilization of plant tissues
with heterogeneous structure represents a technological
challenge as the response of the different structures within
the same specimen to the application of electric fields may
differ due to different cell sizes, extracellular space
configurations and electrical properties. Such an example is
leaf tissue, which is characterized by a multilayered and
heterogeneous structure with cells of different sizes and
shapes. We here aim at optimizing pulsed electric field
(PEF) parameters for achieving uniform, reversible
permeabilization of rucola leaves. A microscopic method
using fluorescent markers is used to study electroporation at
different tissue levels.
The achievement of reversible and uniform
electroporation of leaves opens interesting possibilities for
future applications such as efficient introduction of
cryoprotectants or other molecules into the cell interior
without affecting its viability.
MATERIALS AND METHODS
Raw material. Rucola (Eruca sativa) baby leaves
were purchased in the local market (southern Sweden) and
stored at 4oC.
Optimization of PEF parameters for reversible
electroporation. Experiments were performed in a
treatment chamber made of ITO (indium tin oxide) coated
glass electrodes. Samples of rucola leaves were placed
between the electrodes. A solution of 250 µM propidium
iodine (PI) or 1 µM Yo-Pro-1 was used as a conductive
medium. Conductivity was adjusted with NaCl to obtain
130 µS/cm. The chamber was connected to the millisecond,
monopolar electric pulses generator (max. voltage 600 V).
Samples were observed under an inverted microscope under
fluorescent light.
The leaves turgidity was investigated with wilting test [1]
after overnight incubation of the leaves in water at 4oC.
Cells viability was determined with fluorescein diacetate
(FDA).
RESULTS AND DISCUSSION
Treatment parameters for uniform, reversible
electropermeabilization of rucola leaves were preestablished with PI (Figure 1) and are presented in Table 1.
The survival rate for these conditions was 90-100%. The
permeabilization takes place at one side of the leave and
depends on the orientation of electric field. In order to
obtain electropermeabilization at the reported conditions,
the electric field has to be perpendicular to the surface of
the leaf.

A

B

C

Figure 1. Microscopic pictures of rucola leaves with PI as a
fluorescent marker for electropermeabilization (A. control,
B. partial permeabilization, C. uniform permeabilization)
Table 1: Sets of parameters
electroporation of rucola leaves.
Electric field(V/cm)
No. of pulses
No. of trains
Pulse duration (µs)
Pulse intervals (µs)

I
600
50
1
250
1000

II
200
50
10
1000
1000

used
III
200
10
25
500
1000

for
IV
400
10
60
100
1000

reversible
V
100
40
40
1000
1000

PI is a membrane impermeable molecule, when it
enters the cells it binds to nucleic acid and becomes highly
fluorescent. The appearance of the first fluorescent nucleus
is observed approximately 5 sec after the pulses are applied,
what may indicate the diffusion time needed for the PI to
reach the nucleus. During the next 30-40 sec after the
pulses are applied more nuclei become fluorescent,
showing that not all of the cells in the same tissue are
permeabilized at the same time.
With PI is possible to observe only the surface of the
leaf (epidermal cells), while with Yo-Pro-1, which is
excited at different wavelength than PI, mesophyll cells can
also be visualized (Figure 2). Electroporation of rucola
leaves in the presence of Yo-Pro-1 is not observed at the
same electrical parameters as with PI, suggesting that
different cells types are permeabilized under different PEF
conditions.

Figure 2. Epidermal cells stained with PI (left), mesophyll
cells stained with Yo-Pro-1 (right)
REFERENCES
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Transient vascular permeability increase induced by Electropermeabilization
Sandrine Pelofy1,2, François Le Guerroué1,2, Elisabeth Bellard1,2, Marie-Pierre Rols1,2, JustinTeissie1,2
et Muriel Golzio1,2 ; 1IPBS-CNRS, UMR 5089, 205 route de Narbonne, 31077 Toulouse Cedex,
FRANCE 2 Université Toulouse III Paul Sabatier, Toulouse 31400, FRANCE
INTRODUCTION
Electroporation or electropermeabilization (EP) is a wellstudied technique that is already proposed as an alternative
in cancer therapy, with the transfer of chemotherapeutic
agents (Electrochemotherapy) or transfer of nucleic acid
(Electrogenotherapy) such as DNA or RNA[1]. In therapies
based on RNA interference (RNAi)-mediated gene
silencing, EP of the tumor, combined with injection of
RNAi permits an enhancement of the local delivery of the
molecule[2]. Furthermore, during EP treatment, it has been
demonstrated a direct effect on the vascularization and a
transient diminution of the blood flow by laser Doppler
(vascular lock) as a result of shrinkage of the blood
vessels[3]. In the environment affected by the electric
pulse, normal and tumoral blood vessels are present.
Therefore there is a need to estimate the effect of electric
pulses on normal blood vessels. However, no in vivo direct
monitoring of events has been described yet.
METHODS
In order to characterize the siRNA behavior into blood
vessels submitted to EP, a similar weight (20kDa)
fluorescent dextran has been used to study the permeability
of the blood vessels induced by EP and then, to determine
the kinetic of the resealing of the vessels to the
impermeable state[4]. For this work, we used intravital
microscopy with the implantation of a dorsal skin fold
chamber on mice placed under a macroscope (Leica) that
allows the study of the effect of EP in normal blood vessels
in real time. First, to characterize the permeability of
vessels, we measured the leakage of a 20kDa molecule
directly after applying electric pulses. These pulses were
applied when the totality of the blood vessels were filled by
dextran. Time lapse acquisition was operated during and
after the EP treatment to follow the leakage out of the
vessels. Then, to evaluate the kinetic of the resealing,
injection of dextran in the blood vessels was done 0.50, 1,
5, 10, 20 and 30 minutes after EP. The images were
analyzed with the ImageJ software, enabling us to
quantitatively estimate the leakage of the dextran from the
blood vessels.

CONCLUSION
The increase in normal blood vessels permeability
observed by direct in vivo monitoring of the vascular effect
of electric pulses explains the improved delivery of
molecules into tissues induced by this method after
systemic delivery. For tumoral vessels, m-cherry labeled
B16 cells will be implanted in the chamber, allowing us to
visualize it under a biphoton microscope, and to visualize
the filling up and the leakage of these tumoral vessels with
an FITC-labeled dextran. This characterization of siRNA
behavior in blood vessels with EP confirms the efficacy of
this technique for molecules transfer.
REFERENCES
[1] Daud, A.I., et al., Phase I trial of interleukin-12 plasmid
electroporation in patients with metastatic melanoma. J
Clin Oncol, 2008. 26(36): p. 5896-903.
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[3] Sersa, G., et al., Vascular disrupting action of
electroporation
and
electrochemotherapy
with
bleomycin in murine sarcoma. Br J Cancer, 2008. 98(2):
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RESULTS
An immediate leakage was seen after the pulses. At 30
minutes, a leakage close to un-pulsed blood vessels was
seen, indicating a resealing time of about 30min on normal
blood vessels. 5 minutes after the pulse, the leakage is
enhanced by 200% compared to un-pulsed blood vessels.
For 0.50 and 1 minute, a very slow filling up of the vessels
is seen, indicating a high vascular lock effect up to 1 minute
after the pulse. Indeed, the filling time is two times longer
in the pulsed blood vessels than un-pulsed blood vessels.

120

EBTT WORKSHOP 2011

STUDENTS’ ABSTRACTS

Numerical models for the evaluation of the impedance at electroporation
electrodes extremities
F. Dughiero1, F. Longhin1, E. Sieni1, L. G. Campana2, C. R. Rossi2; 1Department of Electrical
Engineering, University of Padova, via Gradenigo, 6/A, 35131 Padova, ITALY, 2Melanoma and
Sarcoma Unit, Istituto Oncologico Veneto (IOV), via Gattamelata, 64, 35128 Padova, ITALY
INTRODUCTION
In an electroporation treatment the effective current that
flows through the treated tissue due to the application of a
voltage difference depends on the local electrical
characteristics of tissues. A Finite Element Analysis of the
effect of different arrangements of tissue characteristics is
presented. A 3D model of a two electrodes configuration is
used for electro-conductive and electro-static simulations in
order to evaluate the electric load at the electrodes
extremities in terms of resistive and capacitive elements.
THE MODEL
In Figure 1 the model used in this evaluation is
sketched: a conductive region, ΩC, with biological tissues
electric properties represents the area where electroporative
pulses are applied by means of two electrodes represented
by means of the ΩE1 and ΩE2 regions. The conductive
volume is divided into four parallel layers, the corneum,
derma, hypodermic and muscle regions represented with
their electric conductivity and dielectric permittivity. The
two electrodes are represented as a conductive material
with an imposed voltage, V1 and V2, as boundary
conditions.
V1
A
B

V2

ΩE1

V1

ΩE2
A1
B1
C1

C

ΩE1

V1

V2

C

C1

C

C

T

ΩC
D1

D
Case 1-2

C [nF]
R [Ω]
I [A]

Table 1: Electric properties of tissues used on the models.
Hypodermic
C
0,05
0,2
92

C

V2

ΩC
D

D
Case 3

Case 4

Table 2: Evaluated resistivity and capacity.

The electromagnetic problem is solved in terms of
electric field, E [1]: both electro-conductive and electrostatic problems are solved [2] and the resistance and
capacitance at the electrodes extremities are evaluated.
Derma
B
0,2
0,8
15350

A
B

In simulations a voltage difference, V2-V1, of 1000 Vrms
is applied at electrodes extremities. In Table 2 the evaluated
resistivity and capacity at the electrodes extremities are
reported as well as the flowed electric current.

ΩE2

A
B

(a)
(b)
Figure 1: Simulated model (a) regions, (b) 3D geometry.
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0,5
1120
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D

ΩC

V2
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B

Figure 2: Configuration of tissue layers for simulations.

ΩC

σ0[Sm-1]
σ1[Sm-1]
εr

RESULTS
In Figure 2 different geometrical configurations of
healthy and tumor tissues with different electrodes positions
analyzed are reported. The capital letters indicate the tissue
type as reported in Table 1. In the first case the tissue
conductivity is homogenous for each of the four layers
whereas in the second case the properties of A1-D1 regions
are set to tumor conductivity (T in Table1). In the Case 3
and 4 a tumor region is interposed in the volume between
the electrodes. In the former the electrodes are in healthy
tissue, whereas in the last in tumor one. The effect of a
discontinuity on tissues is evaluated in terms of resistance
and capacity at electrodes extremities and current intensity.

Muscle
D
0,7
2,9
8090

Tumor
T
0,3
0,8
1600

In Table 1 the electric properties of tissues used in
simulations are reported. The electric conductivity before,
σ0, and after, σ1, an electroporation event is known for some
tissues [3], [4], whereas the relative dielectric permittivity,
εr, is derived from [5].

case 1
0,25
311
3,04

case 2
0,13
220
4,44

case 3
0,24
293
3,42

case 4
0,126
153
6,6

It is to be noted that differences on electric current are
found in the different analysed cases dependent on the
relative position of the electrodes on the healthy and tumor
tissues.
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Application for Calculating and Visualizing Local Electric Field in Multiple
Electrode Electroporation
Samo Mahnič, Tadej Kotnik; Faculty of Electrical Engineering, University of Ljubljana, Trzaska 25,
SI-1000 Ljubljana, SLOVENIA
INTRODUCTION
In the case of clinical use of electroporation as part of
malignant tumour treatment – i.e. electrochemotherapy – an
adequate intensity of the local electric field is required
throughout the tumour area. The importance is in achieving
reversible electroporation, thus enabling successful drug
delivery. In the use of electroporation as a method of tissue
ablation however, target tissue must be exposed to field
strengths of higher intensity, resulting in non-thermal
irreversible electroporation. On the other hand, it is also
important not to permanently damage healthy tissue cells if
possible, i.e. minimize collateral damage. The main
objective of this work was to develop an application
capable of quickly and efficiently calculating (through the
use of a simplified analytical model) as well as visualizing
local electric field strength induced by groups of long, thin,
parallel electrodes inserted into tumour and surrounding
tissue.

distribute them into one or more groups (up to six). Groups
can be assigned distinct voltages in the range from 10 mV
to 10 kV, and each individual electrode may be positioned
at will to any of the 160,000 points (400x400 points or
pixels per image). The ability to adjust electrode diameter
from 0.1 to 2 mm and tissue area from 1.61 to 16129.00
mm2 (i.e. 0.25 to 25 in2) has recently been enabled in the
application. The interface is user friendly and enables easy
repositioning of electrodes in Cartesian or polar coordinates
systems by means of direct mouse interaction or a variableincrement control interface. Dimensions can be displayed in
four different units: pixels, mm, cm or inches.

METHODS
A simplified analytical model of an electric field
generated by two very long thin needle electrodes can be
derived from results of Corovic et al. [1] by neglecting
higher-order terms and retaining only the zero-order
approximation given by the following equation for electric
field strength E as a function of local coordinate in vector
notation

𝐸(𝑟⃑) =

𝑉0

𝑑
log� �
𝑎

1

1

�|𝑟⃑− 𝑟⃑ | + |𝑟⃑− 𝑟⃑ |�
1

2

(1)

where d is the distance between two electrodes, a is the
electrode radius and V0 equals half the electrode voltage
difference. Eq. 1 may be used with relatively high
confidence if the following assumptions on material
properties and spatial relations are made. First and
foremost, the model does not account for heterogeneity in
conductivity of tumour and healthy surrounding tissue, i.e.
the circle outlining tumour tissue (see Fig. 1) is merely
orientational.
Second, the zero-order approximation yields acceptable
results only for electrode distances considerably larger than
electrode diameter. Resulting electric field (E) for multiple
groups of electrodes (voltage may vary from group to
group) is not calculated using superposition. Instead, we
search for maximum of E for each point, since only one
anode/cathode pair within a group is assumed to be active
at any given moment.
RESULTS AND FIGURES
The Application for Visualization of Tumour Tissue in
Electroporation (ApiVizTEP) has been developed on
Microsoft .NET4 platform and written in C# language. It
allows users to configure from 2 to 12 electrodes and

Figure 1: ApiVizTEP-generated image of tumour and
surrounding tissue with 4 needle electrode groups (pairs).
Grey-black shading represents areas with E above
irreversible threshold while grey-white shading denotes
values of E between reversible and irreversible threshold.
CONCLUSION
The next step in the development of the application will
be to evaluate errors resulting from use of an oversimplified
(zero-order) model for close electrode proximity situations,
e.g. by use of numerical modelling. We would also like to
point out possible improvements to both the mathematical
model and application itself that are and will be a subject of
further research. The challenge is to derive an analytical
model for local electric field strength if tissue conductivity
heterogeneity is taken into account.
REFERENCES
[1] S. Corovic, et al., "Analytical and numerical
quantification and comparison of the local electric field
in the tissue for different electrode configurations",
Biomed Eng Online, 6:37, 2007.
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3D Object Reconstruction as a part of Electrochemotherapy of Deep-seated Solid
Tumors Treatment Planning
Marija Marcan1, Denis Pavliha1, Damijan Miklavcic1; 1 Faculty of Electrical Engineering, University
of Ljubljana, Trzaska 25, SI-1000 Ljubljana, SLOVENIA
INTRODUCTION
Electrochemotherapy treatment of deep-seated solid
tumors is a challenging task, mostly because of the varying
tumor size and shape, tumor position and reduced visibility
prior to treatment. Additional constraint is imposed in the
form of the vessel system which has its own influence on
the electric field. Also, it is necessary to be careful when
inserting electrodes so no major vessels are damaged.
Achieving maximum response in electrochemotherapy
treatment of deep-seated solid tumors thus requires
generation of a treatment plan which would define the exact
position of electrodes and other parameters of
electrochemotherapy treatment. [1]
The process of treatment planning includes generation
of a 3D (three-dimensional) model from medical images
(CT or MRI). The course of model reconstruction thus
transforms geometry data from two dimensions to three
dimensions. Due to complexity of the task it is necessary to
assess the accuracy of the reconstructed model, along with
determining the source and nature of errors brought by
implemented methods. The data gained through accuracy
assessment is furthermore useful in determining the impact
of errors on electrochemotherapy treatment and
development of improvements.
METHODS
The model reconstruction method consists of two main
modules. The role of the first module is image
segmentation and edge detection. The second module
transforms the 2D data obtained from the first module and
creates a list of facets (polygons) which define an object in
3D space.
In order to create the second module two algorithms
were implemented. First algorithm was based on triangle
stripes and the second algorithm was based on marching
cubes. [2] Along with image segmentation module both
algorithms were tested on examples of colorectal liver
metastases and bone metastases. [3] Algorithm based on
marching cubes was additionally tested on custom built
simple liver phantom in order to assess the impact and error
in vessel reconstruction.
RESULTS
Algorithm assessment on real examples of metastases
provided a rough, qualitative insight into reconstruction
algorithms. Triangle stripes algorithm provides smoother
models and is also more accurate than marching cubes since
triangle stripes do not use interpolation. The downside of
the algorithm is its absolute incapability to reconstruct
complex models with concave forms and large spaces
between neighboring slices. Marching cubes algorithm was

able to reconstruct all test cases but its downside is usage of
interpolation, which changes the original data. Also, the
resulting 3D model was rougher in appearance than the one
obtained by triangle stripes. Results of both algorithms are
shown in Figure 1. Figure 1A shows the result of triangle
stripes while Figure 1B shows the result of marching cubes.
Quantitative analysis performed on phantoms enabled
better insight into error nature. While marching cubes
algorithm introduced an error due to interpolation, that error
always had the same value and could never be higher than
the smallest unit of measure in image processing, a pixel.
The error of implemented image segmentation
algorithm was in form of an additional pixel around the
actual edge of the object.

Figure 1: 3D reconstruction of liver with tumor obtained
by triangle stripes (A) and marching cubes algorithm (B)
CONCLUSIONS
Regardless of the choice of 3D reconstruction method
from 2D data set, the final error always includes an error
introduced by image segmentation. Image segmentation on
the other hand depends on the quality and resolution of
medical image. It is thus necessary to optimize all three
components of model generation, depending on the
purpose. If the medical image resolution is optimized with
respect to the computational time limit of image
segmentation algorithm, final image segmentation error will
be lower. Also, an important factor in this optimization
would be the tolerable level of error with respect to the
required precision that would still allow effective
electrochemotherapy.
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Effect of siRNA molecules targeting endoglin on tube formation of human
endothelial cells HMEC-1 in vitro
Tanja Dolinsek1, Bostjan Markelc1, Simona Kranjc1, Gregor Sersa1, Maja Cemazar1, 2 ; 1Department of
Experimental Oncology, Institute of Oncology Ljubljana, Zaloska 2, SI-1000 Ljubljana, SLOVENIA,
2
College of Health Care Izola, University of Primorska, Polje 42, SI-6310 Izola, SLOVENIA
INTRODUCTION
Endothelial cells in angiogenic tumor vasculature
proliferate much faster than in normal vasculature, also due
to certain endothelial cell markers. One of these markers is
endoglin (CD105), which is a transforming growth factor-β
(TGF-β) co-receptor that participates in the activation of a
complex signaling pathway that mediates cell proliferation
and migration. The expression of endoglin is highly
elevated in proliferating vascular endothelial cells within
and in the surrounding of the tumors [1]. The aim of our
study was to evaluate the antiangiogenic potential of three
different siRNA molecules targeting endoglin in vitro by
endothelial cell tube formation assay.
METHODS
The tube formation assays were performed 1, 2 and 3
days after transfection of HMEC-1 cells with 3 different
siRNA molecules targeting endoglin. Cells were plated in
96-well plates covered with BD Matrigel Basement
Membrane Matrix, representing extracellular matrix
proteins, and incubated for 6h till the formation of tubular
complexes. The tubular complexes were fixed and stained
with crystal violet dye and images were captured and
analysed. First, binary masks of images were created with
an 8 step image processing algorithm. Secondly, binary
images were quantified with AngioQuant image analysis
program determining total length of tubule complexes, total
size of tubule complexes and total number of junctions [2].
RESULTS AND FIGURES
Two and three days after transfection, one of the siRNA
molecules (siRNA 529) statistically significantly decreased
total length of tubule complexes for approximately 30%,
total size of tubule complexes for about 30% and number of
junctions for nearly 35% compared to the same tube
properties in cell treated with lipofectamine only (Figure 1).
The other 2 siRNA molecules had less pronounced effect
on tube formation of HMEC-1 cells.

Figure 1: Tube formation assay after endoglin silencing in
endothelial cells HMEC-1. (a) Tubular complexes stained
with crystal violet in group transfected with lipofectamine
only, (b) binary image of tubular complexes from image a,
(c) tubular complexes stained with crystal violet in group
transfected with siRNA 529, (d) binary image of tubule
complexes from image c.
CONCLUSIONS
The results obtained demonstrate that we efficiently
reduced endothelial tube formation in vitro after endoglin
silencing in HMEC-1 cells. In addition, we demonstrate
that tube formation assay is a good experimental model for
assessing antiangiogenic potential of therapy.
REFERENCES
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Imaging, vol. 24(4), pp. 549-553, 2005.

124

EBTT WORKSHOP 2011

STUDENTS’ ABSTRACTS

Enhanced healing of ischemic skin flaps in rats by plasmid encoding VEGF165
mediated by electroporation
Gaurav Basu, Harre Downey, Siqi Guo, Richard Heller, Center for Bioelectrics, Old Dominion
University, Norfolk, Virginia, U.S.A.
INTRODUCTION
Several studies have shown that the local delivery of
vascular endothelial growth factor (VEGF) successfully
increases angiogenesis, collateral vessel formation and
blood flow in animal models of ischemia. Our method
utilizes electoporation (EP) which is a direct physical nonviral delivery approach. Our group has demonstrated
efficient delivery of VEGF165 to skin flaps utilizing a four
plate electrode (4PE) which significantly accelerated
healing and flap survival [1]. However, the use of plate
electrodes has limitations with regard to the area of
treatment, high muscle twitching and discomfort. Recently
our group developed a contact non-penetrating multielectrode array (MEA) comprising of 16 electrodes which
has shown to efficiently deliver a reporter gene in vivo with
significant reduction in muscle twitching compared to 4PE
[2]. In this study we evaluated the efficiency of MEA in the
delivery of angiogenic growth factor VEGF165 to
accelerate the healing and survival of ischemic skin flaps in
rats by determining the most efficient treatment sites and
evaluating the optimal plasmid concentration required.
METHODS
A random skin flap (RSF) model in Sprague Dawley
rats was used. A full thickness dorsal skin flap of 8 cm X 3
cm was surgically created. Two days post operatively the
skin flap was treated with a plasmid encoding human
VEGF165 isoform (pVEGF165). For each treatment site 50
µl of pVEGF165 was injected intradermally to the skin flap
following which electroporation was administered using a
multi electrode array (MEA) electrode with a configuration
of 4×4 with 2 mm distance between the pins. The MEA was
programmed to deliver 250 V/cm with a pulse duration of
150 ms and a 150 ms delay between pulses based on
previously published parameters [2] (a total 72 pulses for
each electroporation treatment were delivered). We looked
at four different treatment sites: four longitudinal Sites
(4L); two longitudinal sites at the distal end (2L); four sites
at the distal end (4D); two longitudinal sites spaced further
apart compared to 2L group (2SL) and control (No
treatment group). Groups 1, 2, 3 and 4 were sub-divided
into two groups. One group received injection only (IO)
and the other group received injection and electroporation
(EP). Skin flap survival was measured at day 2, day 10 and
day 14 post surgery. We further evaluated dose response by
evaluating pVEGF165 at 2 mg/ml, 1mg/ml and 0.5 mg/ml
concentrations using the optimal treatment conditions.

RESULTS
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Figure 1. Percentage flap survival observed in different
treatment conditions of MEA mediated pVEGF165
delivery.
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Figure 2. Percentage flap survival observed as a dose
response study to determine optimal plasmid concentration
required for electropration mediated healing.
CONCLUSIONS
Our results demonstrated that treatment with pVEGF165
and electroporation with the MEA significantly improved
healing and prevented flap necrosis compared to the
injection only and no treatment groups. We observed that
two treatment sites were sufficient to obtain the optimal
results. Due to high variability in the 1 mg/ml group it was
concluded that the 2 mg/ml dose is the desired treatment
plasmid concentration.
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LNA-antagomiR delivery by Electropermeabilization
Orio J. 1,2, Chabot S.1,2, Castanier R. 1,2, Blache MC. 1,2, Nielsen S.3, Golzio M.1,2 Teissié J.1,2
1
CNRS,IPBS (Institut de Pharmacologie et de Biologie Structurale), Toulouse, FRANCE ; 2Université
de Toulouse, UPS, IPBS, Toulouse, France ; 3Exiqon A/S, Bygstubben 16, Vedbaek, 2950, DENMARK
INTRODUCTION
MicroRNA (miR)-based oligos represent a novel strategy
to silence cancer-causing genes. MiR-based molecules are
known to enter the RNAi pathway and yield an effective
silencing with reduced toxicity and off-target effects. To
improve silencing, a new generation of chemically
modified LNA-based oligos has been developed. LNA
(Locked Nucleic Acid) contain a methylene bridge that
connects the 2’-oxygen with the 4’-carbon of the ribose.
LNA-based molecules are both able to mimic or inhibit
miRNA. LNA oligonucleotides are highly resistant to
nuclease degradation and they form a stable complex when
combined with miRNA. They also display low toxicity on
biological systems, so they appear to be promising
therapeutic tools. However, their delivery remains the
limiting step in their use in therapy.
We propose to achieve miR inhibitors (LNA-antagomiR)
delivery by using a physical method (electropulsation).
Electropulsation (called pulsed electric fields, PEF,
elsewhere) is the direct application of electric pulses on
cells or tissues to obtain membrane permeabilization. This
is now routinely used in clinics by direct pulse delivery on
the skin of the patient following injection of drugs IT or
IV(electrochemotherapy).
Nevertheless, LNA-based oligos delivery has never been
validated for electropulsation. Biophysical approaches have
shown that electrotransfer efficiency depends not only on
the type of the cell/tissue but also on the physicochemical
properties of the transferred molecules [1,2,3]. Thus, the
aim of this study is to optimize and assay LNA
electrodelivery in vitro.
RESULTS
A LNA/DNA oligomer antagomiR-34a conjugated with
the Cy5 fluorochrome has been synthesized allowing us to
analyze delivery efficiency by flow cytometry (BD
Facscan). Square waved electric pulses were delivered on
the mixture between cells (HCT 116) and oligonucleotides
by a Betatech S20 and plate electrodes (IGEA). Our results
demonstrate that LNA can be efficiently electrotransferred
into cells. We determined the optimal electrical parameters
for LNA delivery while preserving high cell viability.
When the apoptotic signaling pathway (p53) is
activated, the expression of miR-34a is induced as a proapoptotic effect [4]. The inhibition of this miR-34a is a
good tool to evaluate the physiological effect of the LNA
antagomir34a associated to it electrotransfer. Apoptosis was
triggered by Adriamycin. Electrotransfer of LNA
antagomiR-34a brought a lower apoptosis as expected from
the associated inhibition of the miR-34a target This is the

direct evidence of the delivery in the cytoplasm and not by
an endocytic pathway. Electropulsation is an efficient
approach for the delivery of LNA-antagomiR under an
active form. This is suitable for clinical investigations
following
the
procedure
developed
for
Electrochemotherapy.
PERSPECTIVES
Electropulsation is a promising biophysical method
supporting efficient LNAs delivery for the development of
novel therapeutic approaches targeting disease-associated
miRs.
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Magnetofection of Reporter Gene in B16F1 Cells;
Comparison with Other Non-Viral Gene Delivery Methods
Lara Prosen1, Sara Prijic1, Andrej Znidarsic1, Maja Cemazar2, Gregor Sersa2; 1Kolektor Group,
Nanotesla Institute Ljubljana, Stegne 29, SI-1521 Ljubljana, SLOVENIA, 2Institute of Oncology
Ljubljana, Department of Experimental Oncology, Zaloska 2, SI-1000 Ljubljana, SLOVENIA
of GFP at the level of fluorescence intensity by
magnetofection than by lipofection (approx. 8300 a.u. vs.
approx. 5400 a.u.).
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RESULTS
The percentages of fluorescent cells and fluorescent
intensities detected by flow cytometer are shown in Figure
1. B16F1 cells were successfully transfected with reporter
gene coding for GFP by magnetofection or nanofection.
The expression of GFP was statistically significantly
increased after magnetofection (approx. 39% of fluorescent
cells and 8300 a.u. of fluorescence intensity) in comparison
to transfection with PEI-DNA complexes (approx. 29% of
fluorescent cells and approx. 2600 a.u. of fluorescence
intensity). According to the percentage of fluorescent cells,
magnetofection, electroporation and lipofection appear to
be comparable transfection methods. Although lipofection
has achieved high percentage of fluorescent cells (approx.
52%), there is a statistically significantly higher expression
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METHODS
SPIONs were synthesized via co-precipitation of ferric
and ferrous sulphates from aqueous solution in alkaline
medium, coated with anionic polyelectrolyte poly(acrylic)
acid (PAA) and functionalized with branched cationic
polymer polyethylenimine (PEI). Plasmid DNA encoding
green fluorescent protein (GFP) was bound to SPIONsPAA-PEI complexes. SPIONs-PAA-PEI-DNA complexes
were added to B16F1 cells alone (nanofection) or thereafter
exposed to neodymium-iron-boron (Nd-Fe-B) magnets for
15 minutes (magnetofection). Expression of GFP indicating
transfection efficacy was visualized by fluorescence
microscopy and quantified by flow cytometry.
Transfection efficacy of magnetofection was compared
to the other optimized non-viral gene delivery methods:
electroporation and lipofection.
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INTRODUCTION
Targeted gene delivery into the cell and its nucleus
remains a challenge that needs to be resolved before the
method can become widely used. Currently new effective
non-viral gene delivery systems are being developed in
order to solve the safety concerns of the viral-based
systems. It was demonstrated that magnetofection; i.e. the
utilization of magnetic nanoparticles coupled with nucleic
acids with a subsequent exposure of the treated cells to an
external magnetic field, is an effective approach of targeted
gene delivery to cells [1,2].
The aim of our study was to synthesize unique
superparamagnetic iron oxide nanoparticles (SPIONs) for
magnetofection of plasmid DNA encoding reporter gene in
B16F1 melanoma cells and compare its transfection
efficacy to other optimized non-viral gene delivery
methods.
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Figure 1: The expression of GFP in B16F1 cells obtained
after transfection with PEI-plasmid DNA complexes (PEIDNA), nanofection (NF), magnetofection (MF),
electroporation (EP) and lipofection (LF). Bars and squares
represent means with standard errors of the percentage of
fluorescent cells and fluorescence intensity, respectively.
Symbols (circle indicate the percentage of fluorescent cells
whereas asterisk denote fluorescence intensity) indicate
statistically significant differences between magnetofection
and the group compared (°p<0.001, *p<0.05).

CONCLUSIONS
The results demonstrate that magnetofection with coated
and functionalized SPIONs coupled with plasmid DNA can
be a promising new non-viral method for in vitro gene
delivery and is comparable to other established and
effective non-viral gene delivery methods, i.e.
electroporation and lipofection.
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