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WELCOME NOTE

Welcome note
Dear Colleagues, Dear Students,
V>  @ JJ > X >  YJ Z  &  [
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.
Not only it is now for the sixth time that we meet but moreover it is the first time since we decided to
J >  annually. Therefore it is again 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 and industrial
environment.
In 2003, the most advanced among the clinical applications was electrochemotherapy of tumors,
which was already paving its way into clinical environment. In 2012, 30 years after the seminal
publication by Eberhard Neumann and colleagues in the EMBO journal, where the achievement of
reversible electroporation for gene transfer was shown for the first time, electrochemotherapy (drug
electrotransfer) is routinely used in 100 cancer centers in the EU, electric field mediated gene
delivery is becoming more and more widely used, and electroporation is also used in food industry as
well as for the sterilisation of high added value products.
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 transport 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, whether animal or plant. 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
    \    \      @  ! V>
 @ @  \>\@>  >needs to be
 d! J  >    f 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.
Recent developments on the delivery of ultra-short, high-intensity pulsed electric fields also
 >  @ # >     >     ]   >  
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.
This year the program of lectures also includes lectures on electroporation in food processing and
nonthermal irreversible electroporation as tissue ablation method.
* >> ] >J> 
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
Recherche Scientifique (CNRS). We also would like to thank BIA Separations (Slovenia), Bio-Rad
Laboratories (USA), C3M (Slovenia), Igea (Italy), Iskra Medical (Slovenia), Profector (Irland),
Kemomed (Slovenia) and Mediline (Slovenia) 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). Finally it needs to
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be stressed that EBTT also became training school of the COST TD1104 action which covers part of
expenses and provides some grants for students coming from COST countries.
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,
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ELECTRICAL PROPERTIES OF CELLS AND TISSUES IN ELECTRIC FIELD

Resting and Induced Transmembrane Voltage
Tadej Kotnik
      !  
Abstract: Under physiological conditions, a resting voltage in the range of tens of millivolts is
continually present on the cell plasma 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
@`   "        ]>   ] " z >   @ >
induced voltage starts to decrease with further increase of the field frequency or further decrease of
> !X>@ @`>J>JJ>J]> 
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
     J  >  
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, a cell can roughly
be described as an electrolyte (the cytoplasm) surrounded by an electrically insulating shell (the plasma
membrane). Physiologically, the exterior of the cell
also resemble an electrolyte. If a cell is exposed to an
external electric field under such conditions, in its
very vicinity the field concentrates within the membrane. This results in an electric potential difference
across the membrane, termed the    , which superimposes onto the 
   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
]  ]> @`  > J> J 
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-    \   -
dielectric permittivity.
From the geometrical point of view, the cell can be
>   J \ => \ ?
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
minute deficit of positive ions in the cytoplasm
1

V>  ]\]J 
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.

7

EBTT WORKSHOP 2012

ELECTRICAL PROPERTIES OF CELLS AND TISSUES IN ELECTRIC FIELD

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.

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 ')m is given by a
formula often referred to as the (steady-state)
Schwan’s equation [4],
3
 " cos T ,
(1)
2
where  is the electric field in the region where the
cell is situated, " is the cell radius, and T 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.
9"9=> @> ?between these poles it varies proportionally to the
cosine of T (see Fig. 1, dashed).
The value of ')m given by Eq. (1) is typically
established several s 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],
') m

') m

3
 " cos T 1  exp( / Wm ) ,
2

(2)

where Wm is the time constant of membrane charging,
Wm

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
transmembrane voltage by adding the resting
component to the induced one.

" Hm
Vi V e
2
 "Vm
V i  2V e

(3)

with Vi, Vm and Ve the conductivities of the cytoplasm,
cell membrane, and extracellular medium, respectively, Hm the dielectric permittivity of the membrane, 
the membrane thickness, and " 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
@`  ] "  and to rectangular electric
  J>"z!
To determine the voltage induced by even higher
field frequencies or even shorter pulses, the dielectric
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permittivities of the electrolytes on both sides of the
membrane also have to be accounted for. This leads to
 @> J  @ &`! =+?  =?  
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  @ J    
cell shape more general than that of a sphere. The
J>@]J >=
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
>> >J @
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
 > >   \  
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:  ed steady-state ')m as a function of the polar
angle T for spheroidal cells with the axis of rotational symmetry
aligned with the direction of the field. Solid: a prolate spheroidal
cell with R2  9!+ × R1. Dashed: a spherical cell, R2  '1  '!
Dotted: an oblate spheroidal cell with R2  × R1.

For nonspherical cells, it is generally more
revealing to express ')m as a function of the arc
length than as a function of the angle T (for a sphere,
the two quantities are directly proportional). For
@\>  @> J>
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 ')m(T) is
shown in Fig. 1, and all the plots of ')m 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.
  \]>>  
     \ >  > @ >   @@ >
current density and the potential distribution outside the cell.

Figure 2:  ed steady-state ')m as a function of the nor  J>p for spheroidal cells with the axis of rotational
symmetry aligned with the direction of the field. Solid: a prolate
spheroidal cell with R2  9!+ × R1. Dashed: a spherical cell,
R2 '1 '!# >  ]>'2  × R1.
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V>    @ J J >  
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:  ed steady-state ')m(p) for a prolate spheroidal
cell with R2 9!+ × R1. Solid: axis of rotational symmetry (ARS)
aligned with the field. Dashed: '  < ]>   >
field. Dotted: ARS perpendicular to the field.

Figure 4:  ed steady-state ')m(p) for an oblate
spheroidal cell with R2  × R1. Solid: axis of rotational symmetry
(ARS) aligned with the field. Dashed: '<]>
the field. Dotted: ARS perpendicular to the field.

10

Figure 5:  ed steady-state ')m(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
=@>  ]>@"9z>
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

EBTT WORKSHOP 2012
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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.

than Wm, as well as for pulses shorter than Wm, 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
    @ >   J  
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.
X>@ @`>J>J
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].

Figure 6:  ed steady-state ')m(T) 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
\J=]>J>?"999 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 (Wm)
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, Wm (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 Wm, as well as for
rectangular pulses much longer than Wm, the amplitude
of the induced voltage remains unaffected. However,
for AC fields with the period comparable or shorter

Figure 7: V>   @  ed steady-state ')m, 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
    Y  
      !  
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 nonhomogeneity,
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.

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
> \J J !V \
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
>   @   > @ 
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].
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.
If a conductor is placed in an electric field, charges
will move within the conductor until the resulting

 @ !*>@ >
are no free charges so net migration of charge does
not occur. In polar materials, the positive and negative
charge centers in the molecules (e.g. water) 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
 [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 resulting internal field inside the material,
E, is then

E0  Ep

E

The resulting internal field is lowered by a
significant amount relative to the applied field if the
         \  @ 
J ! V>   > \ 
@ r, which is called the relative permittivity or
dielectric constant, according to

E

E0
Hr

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 per \     \ ! V>
 \>>  \
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
 \0 !"9-12 F/m. For other media:

H Hr H0
The energy stored per unit volume in a material, u,
and the power dissipated per unit volume, p, are:
13
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HE 2
2

p

VE 2
2

I ( H r  iV
We can
permittivity:

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

define

ZH0
a

H* H r 

V*

d
Figure 1: A considered theoretical small part of a 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 VA

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   ]  @ ]    @ >J
Z] !] @ J=C)
voltage was applied to the combination:

=?0 =Z?
The charge on the capacitor plates is now changing
]> @`\ @! X > > @ ]  
displacement current:

*d  dQ

dt

¡ZZ0 =Z?

The total current flowing through the material is
the sum of the conduction and displacement currents,
]>>Q9>!V> **c
+ Id, hence

*¢Z  dV

dt

=V  ZH?  V

d

V>     >   > 
having an admittance, Y*, given by:

Y*

G  iZC (A d)(V  iZH)

where * indicates a complex-valued quantity. In
terms of material properties we define a
corresponding, complex-valued conductivity

V*

d

C

dV
dt

complex-valued,

iV
ZH 0

relative

H 'r  iH ''r

]> r§r  r§§¥=¨0). The complex
conductivity and complex permittivity are related by:

A

C HA

)iZH 0 A

(V  iZH)

Describing a material in terms of its admittance
>   \  transport current.
   \ ]   >   \ 
restrict the flow of current by considering its
 $¤"¥¦¤  @    
'"¥!
We can also denote total current as:
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iZH*

iZH 0 H r *

We can consider the conductivity of a material as a
measure of the ability of its charge to be transported
throughout its volume in a response to the applied
electric field. Similarly, its permittivity is a measure
of the ability of its dipoles to rotate or its charge to be
stored in response to the applied 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
  >]  ¤  ¤  @`\dependent. Such a variation is called dispersion and is
due to the dielectric relaxation – the delay in
     @ ]J >JJ  
field in a material. Biological tissues exhibit several
different dispersions over a wide range of frequencies
[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
 > J   ! *
contrast, the charge carriers travel 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
%J +! * >  >   >  >
range is due to cell membrane effects such as gated
channels and ionic diffusion and is the first of the
dispersions to disappear with tissue death. Beta
      > J>
range due to the capacitive charging of cell
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membranes. Above beta dispersion the impedance of
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
JJ> J?      > @
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-  >J  [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 [5]. The
insulation is provided by the cell membrane. At
@`  >  J    J
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
@  J    @! Vhe 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,
15

when referring to measured conductivity and
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
significantly easier than conduction in the direction
perpendicular to the fibers. 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
@`\J!!!
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 [6].
Tumors generally have higher water content than
normal cells because of cellular necrosis but also
J   @  ! J>
 \ @   >  @`cy 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
\ >  \    @  
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 affect tissue properties.
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Electrode polarization
The measurement of tissue electrical properties, in
    ! &     
manifestation of molecular charge organi]>>
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
@>>> 
effects compared to an ionic solution equivalent in
conductivity to the intracellular fluid.
The material of the electrode plays an important
  J     >
relative importance of which decreases with
increasing frequency. It is good practice to measure
tissue impedance in-vivo after waiting a sufficient
 @ >      
 !  \   J>   >  @
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.
,.-  (: Suitable for alternating
current (AC) measurements. Cannot be used as such
for direct current (DC) measurements because of the
    ]>> ` \ J 
incorrect results for the conductivity of the sample
between the electrodes. For AC measurements the
@`\ J   ]>>     
important depends to some extent on the system being
measured and the electrode material. For cell
suspensions it is important u   \ "99 
whereas for tissue measured in vivo it is significant
 \" ![\ \J>@
the electrodes, the contribution of the electrode
  !
-  (: 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
16

through the sample. Voltage electrodes of known
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
> >    >    > 
influence on the voltage difference between the
 J  ! Y   >  J
electrodes is negligible for both DC and AC due to the
high input impedance of the measurement system.
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   >
rise time of 1  =typical pulse parameters used for
electrochemotherapy). 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
   >J> >  @
extracellular fluid. Since the model describing
dielectric dispersions is linear, change of the applied
voltage proportionally scales the amplitude of the
current.
We can compare this calculated response with the
measured response on rat liver in vivo for the same
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pulse as above and different pulse amplitudes
spanning up to electroporative field strengths (Figure
5) [7]. 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 [7],
[8].

Figure 4: Calculated tissue response during delivery of
rectangular voltage pulse with the duration of 100  > J >
rise time of 1 > @"+9 V. Plate electrodes with
4.4 mm interelectrode distance were assumed.

Figure 5: Measured tissue response during delivery of 100 
rectangular pulses of different amplitudes to rat liver in vivo.
Adapted from Cukjati et al. [7]. 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
17

electroporation causes the increase of membrane
conductance [9]-[13]. It is not clear, however, to
which 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 [14].
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
   >!  \ 
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 [15]. 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 electroporation. 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
   [16]. To support this
hypothesis, we described this process with a
numerical model, taking into account the changes of
tissue bulk electrical properties during the
electroporation. 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
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is also above the irreversible threshold.

Figure 7: Schematics of a skinfold as described in a numerical
model. Only one quarter of the skinfold is presented here.
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 [16]. 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.

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 [17]. 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.
 >J> \ > =\ \  +9 ? 
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 permeabil[18].
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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
[19]. 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 [20], 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
[21],[22].
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Lipid Membranes Electroporation:
Insights from Molecular Dynamics Simulations
Mounir Tarek
4&/($(,(54
 "6787!"5 5!9  5 /& ;
/'"!-' 5
Abstract: We describe here the molecular dynamics simulation methods devised to perform  
experiments of membranes subject to nanosecond, megavolt-per-meter pulsed electric fields and of
membranes subject to charge imbalance, mimicking therefore the application of low voltage – long
duration pulses. At the molecular level, the results show the two types of pulses produce similar
effects: Provided the TM voltage these pulses create are higher than a certain threshold, hydrophilic
po \> >J@]>> >
lipid core. Similarly, when the pulses are switched off, the pores collapse (close) within similar time
scales. It is shown that for similar TM voltages applied, both methods induce similar electric field
distributions within the membrane core. The cascade of events following the application of the pulses,
and taking place at the membrane, is a direct consequence of such an electric field distribution.

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–J   >
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
> @     @   
into (or out of) cells subjected to electric field pulses.
* \  @ ]# V>   @
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].
In erythrocyte membranes, large pores could be
observed using electron microscopy [12], but in
general, the direct observation of the formation of
nano-      with conventional
techniques. Furthermore, due to the complexity and
heterogeneity of cell membranes, it is difficult to
  > >   
terms of atomically resolved processes. Atomistic
simulations in general, and molecular dynamics (MD)
simulations in particular, have proven to be effective
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for providing insights into both the structure and the
dynamics of model lipid membrane systems in general
[13-25]. 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.
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
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
using equivalent network RC circuits in the 100 ns
time scale [26, 31-34]. A charging time constant in the
range of hundreds of nanoseconds was also obtained
from derivations based on the Laplace equation (see
e.g. [35] for the first-order analysis on a spherical
vesicle; [36] for the second-order analysis; and [37]
for the second-order analysis for two concentric
spherical vesicles  modeling an organelle).
If on the other hand, 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, which is the case for nanosecond
pulses, then the electric field acts directly and mainly
on the cell membrane.

ECT WORKSHOP 2012

PHYSICAL CHEMISTRY OF MEMBRANE ELECTROPORATION

Simulations allow ones to perform   
experiments under both conditions, 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, after a brief
general introduction to MD simulations of
membranes.
MD SIMULATIONS OF LIPID 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 [38, 39] When performed under conditions
corresponding to laboratory scenarios, MD
simulations can provide a detailed view of the
structure and dynamics of a macromolecular system.
V>\       @ 
e > 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,  terms by which the particles
interact, usually referred to as a force field. Those
most commonly used in chemistry and biophysics,
 GROMOS [40] CHARMM [41] and AMBER
[42], 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
bond dihedrals, and non-bonded forces associated
with van der Waals forces and electrostatic
interactions. The parameters associated with these
       
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
      ]>>  @
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
    \   @ @  [4345]   @ >    @ @  
widely used in large-scale simulations for now, the
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main reasons for that being the dramatic increase of
the computational time of simulation and additional
  ]> > ! * >
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
J @\>@
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 [46, 47].
Traditionally, phospholipids have served as models
for investigating  the structural and dynamical
properties of membranes. From both a theoretical and
an
 
 
]
phosphatidylcholine (PC) lipid bilayers constitute the
 > \ [48-51] (Fig. 1). More
recent studies have considered a variety of alternative
lipids, featuring different, possibly charged, head
groups [52-56], and more recently mixed bilayer
compositions [57-63].
Despite their simplicity,
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, 64].
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 [65], as well as
calculated from MD simulations. These distributions
highlight the composition and properties of the
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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.

long duration pulses. In the following we will
describe the results of such simulations.
A-

ELECTROPORATION INDUCED BY DIRRECT
EFFECT OF AN ELECTRIC FIELD

*         \  \ 
&
constant electric field  perpendicular to the
membrane (lipid bilayers) plane. In practice, this is
&
&
done by adding a force  4i  to all the atoms
bearing a charge 4i [66-70]. MD simulations adopting
such an approach have been used to study membrane
electroporation [26-30]    [71], to
activate voltage-gated K+ channels [72] and to
determine transport properties of ion channels [7376].
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, 77]! V> J @ >
phosphate (PO4-), choline (N(CH3)3+) and the carbonyl
=Z?J@> >JJ >
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 [78].
The electrostatic characteristics of the bilayer may be
gathered from estimates of the electrostatic profile
() that stems from the distribution of all the
charges in the system. () is derived from MD
simulations using Poisson’s equation and expressed as
the double integral of (), the molecular charge
density distributions:

Figure 1: 0 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. "(0
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 9!

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
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, 31-34]. 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   
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 –

() = ()  (0) = 








"

"  .

Figure 2: Electrostatic potential profiles ()along the membrane
normal z of a POPC lipid bilayer (A) at rest and (B) subject to a
transverse electric field  . z9>@> 
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  (potential difference between the
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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
> @  ]   =   tion of
bulk water molecules). The reorientation of the lipid
head groups appears not to be affected at very short
time scales [28, 79], 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  induces an
overall TM potential  ( Fig 2). It is very
important to note here that, because of the MD
&
simulation setup (and the use of PBCs),  induces a
voltage difference    .  over the whole
system, where z >@> 
the field direction. In the example shown in Fig 2, z
is ~ 10 nm. The electric field (0.1 V.nm-1) applied to
the POPC bilayer induces  ~ 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
 @ >  \  J >\philic pores
(~1 to 3 nm diameter). 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 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. More recently systematic studies of
pore creation and annihilation life time as a function
of field strength have shed more light onto the
complex dynamics of pores in simple lipid bilayers
[80]. Quite interstingly, addition of salt has been
shown to modulate these characteristic time scales
[81].

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
  \    \     ! [82] in
which, an ‘‘anchoring step’’ connecting the plasmid to
  >  J
DNA transfer assisted by electric pulses, and agrees
with the last findings from the same group [83]. More
recently, it was shown that even a single 10 ns electric
pulses of high enough magnitude can enhance small
siRNA transport through lipid membranes (Fig. 3)
[84]

Figure 3. A single 10 ns high-voltage electric pulse can
     ]>  \@'>
cytoplasm. Combining experiments and molecular dynamics
simulations has allowed us to provide the detailed molecular
mechanisms of such transport and to give practical guidance for
the design of protocols aimed at using nanosecond-pulse siRNA
electro-delivery in medical and biotechnological applications

%\  \="+ ²³³
nm membrane cross section), most of the simulations
reported a single pore formation at high field
strengths. For much larger systems, multiple pore

24

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, 79]. 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
2.92 nm to 3.92 nm). Note that estimates of
electroporation thresholds from simulations should, in
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general be considered only as indicative since it is
related to the time scale the pore formation may take.
A field strength threshold is >
when no membrane rupture is formed within the 100
ns time scale. Finally.
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  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):
,(     & 0 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 [85] (cf. Fig. 4.A).
Setting up a net charge imbalance between the two
 ] >   9   V 
voltage  by explicit ion dynamics.

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 [87]. 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  between the two
sides of the bilayer are generated by simply displacing
9`@@
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
@ @embedded in infinite baths
whose characteristics are those of the modeled finite
solutions.
;  & : 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 n!V>\=+"9+"9 +"9
Å3) was chosen large enough to avoid interaction
between the central liposome and its replica, resulting

,(     & 0 Delemotte et al. [86]
introduced a variant of this method where the double

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.  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.  is imposed between the lower and upper bath. (C) The
Liposome setup: A small spherical liposome is embedded in a 1M NaCl electrolyte.  is imposed between the inner and outer water
baths and 3d PBCs (drawn box) are used.
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an increasing potential difference between the two
electrolytes indicative of a TM potential . 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
.

in an overall number of atoms ~ 890,000. In such a
set-up a charge imbalance  was imposed after the
system equilibration between the inner and outer side
of the liposome.
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  ,
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  ,

Figure 5: Components of the electrostatic potential profiles along the lipid bilayer normal Z of a POPC membrane estimated from at the
 J@>  @>\" Z  J>J  \>!$9nts 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  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.

Using the charge imbalance set-up, it was possible
for the first time to directly demonstrate  that
the simulated lipid bilayer behaves as a capacitor[86]
(Fig 6). Simulations at various charge imbalances 
show a linear variation of  from which the
capacitance can be estimated as  =  .  . 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 [86], the later
amounts to 0.85 PF.cm-2 which is in reasonable
agreement with the value usually assumed in the
literature  1.0 PF.cm-2 [85, 88] and with recent
measurements for planar POPC lipid bilayers in a 100
mM KCl solution (0.5 PF.cm-2).

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).

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 
above 1.5-2.5 Volts, the electroporation process starts

Figure 6: 0 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. I=?     -plane average of the EP
distributions (Eq. 1). As a reference it ]> lower
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electrolyte. "(0 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.

level where the TM voltage was down to a couple of
>  > >\>      >
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  constant the
modeler needs to maintain the initial charge
  \ J >J =?  >
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 [92].

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
[89]. The MD simulations of the double bilayer
system [90, 91], 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 . Hence, for
all systems, when the charge imbalance reached a

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  and therefore  to values µ+99!Right Topology of the nanometer
wide hydrophilic pores formed under high transmembrane  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.

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
 @ > J  >    

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 [93], the existence of a positive
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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  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.

field[94]). As the electrical stress is maintained, lipid
head group migrate along the stable water wires and
  > @ @ J >\> 
       J    
they expend.

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.

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.

CONCLUSION
Currently, computational approaches remain
potentially the only techniques able to follow, at the
atomic scale the local perturbation lipid membranes
undergo when they are subject to external electric
field. The results obtained so far are believed to
capture the essence of the several aspects of the
electroporation phenomena in bilayers’ membranes,
and could serve as an additional, complementary
source of information to the current arsenal of
experimental tools. At rest,  before the membrane
breakdown, many characteristics of the bilayer
(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
  \  > ]  !  >
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.

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 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
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Recently
experimental
and
theoretical
investigations of electroporation of small patches of
planar lipid bilayers have been conducted by means of
linearly rising current. The experiments were
conducted on ~120--diameter patches of planar
phospholipid bilayers. The steadily increasing voltage
across the bilayer imposed by linearly increasing
current led to electroporation of the membrane for
voltages above a few hundred millivolts. This method
shows new molecular mechanisms of electroporation.
We recorded small voltage drops preceding the
breakdown of the bilayer due to irreversible
electroporation. These voltage drops were often
followed by a voltage re-rise within a fraction of a
second. Modeling the observed phenomenon by
equivalent electric circuits showed that these events
relate to opening and closing of conducting pores
through the bilayer. Molecular dynamics simulations
performed under similar conditions indicate that each
event is likely to correspond to the opening and
closing of a single pore of about 5 nm in diameter, the
conductance of which ranges in the 100-nS scale. This
combined experimental and theoretical investigation
    `  > @ >
 @@J
lipid bilayer electroporation. Such a molecular insight
should enable better control and tuning of
electroporation parameters for a wide range of
biomedical and biotechnological applications.
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. Recent success
stories in this direction [84] show that the modellers
need to seek much more combined studies with
experimentalists in order to provide better
understanding of such processes.
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In vitro Cell Electropermeabilization
Justin Teissié
%*$! "7EF@/'"! 5, , , 
Abstract: Electropulsation is one of the most successful methods to introduce foreign molecules in
living cells in vitro! V>   > @  J      
  =¼< ?   J!V>@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.

INTRODUCTION
The application of electric field pulses to cells
  >    @ >

=  ?!
V>
phenomenon brings new properties to the cell
#     @J 
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]. Since 1972,
external electric pulses are delivered with pulse
duration between a few microseconds and several
milliseconds with a delay in a train of pulses that can
be as short as 1 ms. The rise time is less than 1
microsecond. In most recent protocols, the shape of
the pulse is called square meaning that the intensity of
the field remains constant during the pulse delivery.
This is @   J!
One of the limiting problems remains that very
little is known on the physicochemical mechanisms
supporting the reorganisation of the cell membrane.
&      \ >J > 
in a 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
electropermeabili   =¼< ?!
The events occurring before, during and after
electropulsation of cells are described.
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, '<i is a complex function
g(O) of the specific conductivities of the membrane

(Om), the pulsing buffer (Oo) and the cytoplasm (Oi),
>> > =?!V>

'< i

   O      cos T

(1)

in which T 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
intensity, r the radius of the cell and f, a shape factor
(a cell being a spheroid). Therefore, '<i 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, selfshielding 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. V>   >   >  @
in vivo procedures as a tissue is a packed assembly of
cells. When the resulting transmembrane potential
difference '< (i.e. the sum between the resting value
of cell membrane '<o and the electroinduced value
'<i) reaches locally 250 mV, that part of the
membrane becomes permeable for small charged
molecules [3, 8].
A-2 Parameters affecting electropermeabilization
A-2-1 Electric field parameters
Y  \>@ J>!
Field intensity larger than a critical value (Ep,r) must
be applied to the cell suspension. From Eq. (1),
 @@T close to 0 or S.
Ep,r is such that:
(2)
'< i , perm    O     p ,r
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Y >@  >
  @! V>  @ >   @
of a spherical cell, Aperm, is given by:

Aperm

§  p ,r ·
¨¨1  ¸¸
©
¹
tot
2

A

(3)

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
  !
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,
""½! V>    @ >   @  
linear function of the reciprocal of the field intensity.
Permeabil       @ >
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
 !
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      !
The field strength controls the geometry of the part
@ >   ]>>   ! 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. A recent simulation brings a strong
support to these conclusions [14].
A-2-2 Cell size
V>       >  @
the
cell
(Eq
(1)).
The
percentage
of
         ]> 
 >J\    ]> 
increase in the field strength. The relative part of the
  @ ]>>     J  
larger cell at a given field strength [15]. Large cells
are sensitive to lower field strengths than small one.
Y       ]> &   ]
than when in suspension. Furthermore large cells in a
population appear to be more fragile. An irreversible
 of a subpopulation is observed when
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low field pulses (but larger than Ep) are applied [16].
Another characteristic is that the ‘loading’ time is
> @> .
B- Practical aspects of electropermeabilization
B-1 Sieving of electropermeabilization
&    ]  -pulse freelike diffusion of small molecules (up to 4 kDa)
whatever their chemical nature. Polar compounds
cross easily the membrane by an electrophoretic drift
during the pulse. But the most important feature is that
this reversible membrane organisation is nevertheless
long-lived in cells. Diffusion is 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
    @   ]>>
appears to be controlled by protein and organelles
reorganisation.
B-2 Associated transmembrane exchange
Molecular transfer of small molecules (< 4 kDa)
across >  \ \>
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
equatio       ÀQ½! V>
gives the following expression for a given molecule S
and a cell with a radius r:
I ( ! ,  ) 2S  2  *!  '!  H ( ' , , ) 1 

 p ,r


exp(  ( ' , , )   ) (4)

where )(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
 >     'S is the
concentration difference of S across the membrane.
&=?!%J  > J
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 [17]. 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.
B-3 Cellular responses
Reactive oxygen species (ROS) are generated at
>  J> @ 
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parameters [18]. 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 [19].
X>         ] J
may result, due 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
[20].
There is a loss of the bilayer membrane asymmetry
of the phospholipids [21].
When cells are submitted to short lived electric
field pulses, a leakage of metabolites from the
cytoplasm is observed which may bring 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).
CONCLUSION
All
experimental
observations
on
cell
     @  ]>   
model where it is proposed to result from holes
punched in a lipid bilayer (see [22] as a recent
review). Structural changes in the membrane
J J   
 \ >! ] @ appear
provided by coarse grained computer-based
simulations even if the time scale is too short to

  
  !
Nevertheless it is possible by a careful cell dependent
choice 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 the pulse and is mostly present after the pulse
driven by diffusion for small charged molecules
(drugs) [23, 9]. SiRNA and LNA are only transferred
by the electrophoretic drag present during the pulse
[24,25]. DNA plasmids are accumulated in spots on
>   @J> 
and slowly translocated in the cytoplasm by a
metabolic process [26, 27]
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Nanoelectropulses in Theory and in Practice
P. Thomas Vernier
2(&  3!( 
 !(/ ) /)!)

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.

INTRODUCTION
V >  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  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
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NANOSECOND BIOELECTRICS
From longstanding theory that models the cell as
a dielectric shell [1–4] came the notion that
nanosecond-    \>
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 report indicated
that the electric field-driven conductive breakdown
of membranes can occur in as little as 10 ns [7], 
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],  a well
J  \]>
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
membra   > 

4E+5

0

H

Figure 2. Timeline representing the sequence of events
@ ]J      @   J  
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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discrepancy between model and observation points
also to inadequacies in the dielectric shell model
itself, at time scales below the membrane (cell)
charging time. Higher-frequency 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
  J  >  
 \  = ¥  ? > @@
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
J\J@> !
,&   & I. While remaining
PI-negative, 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].
'
&

potentials. Fluorescence imaging with a membrane
potential-sensitive dye shows that porating
transmembrane potentials are generated during
nanoelectropulse exposure [15].
' & - *! ; I.
Loss of asymmetry in membrane phospholipid
distribution resulting from phosphatidylserine (PS)
 

 \
@
nanoelectropulse exposure [16], consistent with
 J ven 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].
!    *! ; I 
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].
' & Ion. The first direct
  @    ]
obtained by monitoring influx of YO-PRO-1 (YP)
[21], a more sensitive indicator of membrane

 550 MV/m

450 MV/m

 350 MV/m

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

  >   =Y*? À++½!
Additional direct evidence comes from patch clamp
experiments, which reveal long-lasting increases in
membrane conductance following exposure to 60 ns
pulses [23–25].
'       ; 
 . Electrically excitable cells provide a highly
responsive environment for nanoelectropulse
biology. Adrenal chromaffin cells [26] and
cardiomyocytes [27] react strongly to a single 4 ns
pulse, and muscle fiber has been shown to respond
to a 1 ns stimulus [28].
' (  
 . 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.

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
?!   -induced swelling, blebbing, and
intracellular granulation and vesicle expansion, results of the
    \    @ >
cell membrane.

38

EBTT WORKSHOP 2012

PHYSICAL CHEMISTRY OF MEMBRANE ELECTROPORATION

is to achieve a quantitative congruency of the
coefficients.
NANOSECOND
EXPERIMENTS
AND
MODELS
;&   f membrane
& I Figure 4 shows a simple and
direct response of cells to nanoelectropulse
exposure
—
swelling
[25,30,31].
&   @ >   
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 phospholipids —
on a much shorter time scale (a few nanoseconds)
than usually considered by electrophysiologists and
cell biologists, provides a simple, direct, and welldefined connection between simulations and
experimental systems. By correlating observed
@ ] J]>
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.
   =D
  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
]> ]       À+½!
These molecular simulations permit us to conduct
virtual experiments across a wide parameter 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 sys J`\!

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.

' & I  
 . 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
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K pore

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

Ae   r ,3m

k $,

,

(1)

where Kpore is the pore creation rate, A is a rate
constant, =3m) is the energy of a pore with radius
r at transmembrane potential 3m, and k$, and , are
> [    >  
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,

'


§
' ·¸
,
De E '\ ¨¨1 
¸
2
m

©

' 4 ¹

(2)

where ' and '4 are pores per unit area,
instantaneous
and equilibrium values, Q and
R are empirical electroporation model parameters,
and '\m is the transmembrane potential.

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].

Figure 8. Immunocytochemical labeling of dopamine-Âhydroxylase (DÂH) using an anti-DÂH antibody coupled with
a fluorescently-tagged 2o antibody. DÂ    \
exocytotic fusion of vesicles with plasma membrane. Left
panel, control. Center panel, 2 min after treatment with the
pharmacological stimulant DMPP. Right panel, 2 min after a
single, 5 ns, 5 MV/m pulse.

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

for the formation of the pore-initiating structures
described above. 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 KrassowskaWeaver stochastic pore model in the following
expression,

Figure 7. Sodium and chloride ions migrating through a lipid
nanopore in the presence of an external electric field.
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large variable and statistical space in which
suspected biophysical effects might occur,
narrowing the range of experimental targets and
focusing on systems in which effects are most
likely and in which mechanisms will be clear.

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 8 demonstrates
functional activation of an adrenal chromaffin cell
after a single 5 ns, 5 MV/m pulse [46,47].

;&        
 The earliest identified and most direct
indicators of electric field-driven membrane
   >J    
properties, including an increase in ion conductance
[39,40]. Data from careful experimental work can
be interpreted as measured values corresponding to
the conductance of a single pore [41–44]. By
combining continuum models of electroporation
with this experimental data and with established
values for ion electrophoretic mobilities and
affinities between ions and phospholipids, we can
draw conclusions about pore geometry and areal
density. But the inaccessibility (so far) of
membrane electropores to direct observation and
manipulation of their physical structure prevents us
from definitively bridging the gap between model
and experiment.
  \    > @  J
electropores in molecular dynamics simulations of
phospholipid bilayers [45] allows extraction of ion
conductance from these model systems and thus
provides a new and independent connection
between models and experiments, in this case from
the atomically detailed models of lipid electropores
constructed with molecular dynamics. Figure 7
>]  @ >    ]>  
field-driven ions passing through it.
Although the magnitude of the conductance
measured in these simulations is highly dependent
on the accuracy of the ion and water models and
their interactions with the phospholipid bilayer
interface (and there is much room for improvement
in this area), initial results are consistent with
expectations from both continuum models and
experimental observations.
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from the University of Southern California in 2004, and
is a member of the American Chemical Society,
American Society for Microbiology, Bioelectrochemical
Society, Bioelectromagnetics Society, Biophysical
Society, and Institute of Electrical and Electronics
Engineers.
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Electropermeabilization in vivo
Lluis M. Mir
/'"! "FSET *-!%< -"3 
Abstract: Tissues are complex assemblies of various types of cells. Moreover, for the main cell type
@>>  > -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
 ] > J      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
     >! Tissues can be permeabil\ 
microseconds as well as by nanoseconds duration pulses using appropriate pulse amplitudes. Various
\ @   >       J         
which tend to adapt to the various anatomical constraints, some of which may require treatment
planning procedures to apply pulses with the adequate voltages.

INTRODUCTION
A tissue is a complex structure. It contains the cells
> > >  ]> > ]
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.
“CHEMICAL” METHODS FOR DETECTING
IN VIVO CELL ELECTROPORATION
The delivery of appropriate electric pulses alone
can be sufficient to detect irreversible cell
  . Indeed, cell death, the natural
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consequence
of
irreversible
cell
electro       
hours/days after the pulses delivery by conventional
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
>      (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
electropermeabilisation 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 lose 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).
%  , 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 ;  , 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.
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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,
>   \   @ >    \ 
(that is, if a limited number of molecules is sufficient
     @\ >     ,
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
   >       
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
>        
because it does not affect the non- 
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
       >  ]
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 electropermea ! V> `    @  \ À"½ ]
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
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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
radioactive bleomycin in tumors exposed to
 J       
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.
Z     in vivo was also
demonstrated using the huge increase in bleomycin
cytotoxicity when the electric field intensity is above
the
threshold
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),
  >          pite of
the external presence of bleomycin, while all the
  dividing cells are killed by the
   \! &    @ 
field intensities were applied to pieces of tumors
removed from mice three minutes after bleomycin
injection to the animal. Cell killing due to the
 -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.
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
  \  J      >
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)
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[8]. The quantitative 51Cr-EDTA test for the
evaluation of the in vivo electropermeabilisation level
has already allowed :
x to determine reversible and irreversible
thresholds [7,9];
x to show differences between internal and
external electrodes [10];
x to show differences between pulses of different
durations thresholds [7,9];
x to show similarities between the same tissue in
different species thresholds [7,9,10];
x 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
  À"+½!    
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.
“PHYSICAL” METHODS FOR DETECTING
IN VIVO CELL ELECTROPORATION
The changes in the electrical properties of the
tissues can also be used to detect the achievement of
changes in the cell tissue caused by the delivery of the
electric pulses. However, the interpretation of the raw
data (changes in conductivity, changes in
(bio)impedance must be very cautious, unless
previous or parallel experimental work (using the
chemical markers) allows to establish an association
between the changes in the tissue electrical properties
and the achievement of reversible or irreversible
  !
During the pulses, there are important changes in
the conductivity of the tissues exposed to
  J  ! ·J 
pulses, after an initial pic of current due to the
capacitive properties of the tissue, the current
delivered is dictated by the conductive properties of
the tissue, that will evolve as a function of the degree
@    ! *@    
achieved, the current will progressively increase. In a
multidisciplinary study in which conductivy changes
were paralleled to results of muscle and liver
47

  >  ]> > quantitative 51CrEDTA test, Cujkati et al [13] demonstrated that it was
possible to follow the achievement of tissue cells
  !V> \@>ata
allowed the elaboration of an algorithm for the control
on real time of the pulse parameters, which was able
to bring an inadequate applied voltage value to the
`    > Ã z >  @ >
voltage reached its nominal value. Such extremely fast
correction of the voltage allowed to prevent the
generation of damages in the tissue that would have
been provoked by the inadequate voltage, keeping the
electropermeabilisation reversible, and making
extremely safe the application of the electric pulses to
the tissue [13].
In the case of the nanopulses, measurements of
the changes in the impedance of the tissue after the
pulses application have allowed to retrieve
information on the influence of various electrical
parameters on the tissue c    
[14]. Great care is needed to perform these
experiments as the impedance of animal tissues
rapidly and progressively changes if the tissues are
removed from the body. The use of plant tissues (like
potatoes) is more appropriate as bioimpedance
evolution is almost null on the time scales of the
 À"<½!
ELECTROPORATION OF CELLS IN TISSUES
Y  >   
evaluated using the methods described in the first
parts of this chapter. As main trends, it is important to
highlight that:
x the range of voltages between the thresholds for the
          >
larger in vivo than for the cells exposed in vitro. For
example, in the skeletal muscle exposed to 8
   @ "99 z >   
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 ;   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 1200 V/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
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V/cm, a value higher than the one found on tissue
slices treated ;-vivo (350 or 550 V/cm) [5]. This
example shows how much the structure of the tissue
can affect the permeabilisation of the cells in that
tissue.
x >@>  J>
the duration that could be expected from experiments
in vitro on isolated cells. Indeed, in vitro, resealing
   >     Ã
cells become impermeable in less than one minute. %
vivo, muscle fibres remain at a high level of
permeabilisation for more than 5 minutes after one
J   @ "99 z À½ and between 7 and 15
@ @"99zÀÃ½!
x 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 electropermeabi  À"5],
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 [16], 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
  > > 
of the anticancer drugs by the tumor cells.
x for the skeletal muscle, the same thresholds were
found between the mouse and the rat [7, 13], showing
that differences between various tissues are larger
than the differences between the same tissue from
different species.

define electrodes geometry since it showed that in the
case of needle electrodes, the diameter of the needles
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 [17]. 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) [18,19]. 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 [20]. In the case of the skeletal
muscle, the direction of the field (determined by the
electrodes position) with respect to the direction of the
main axis of the muscle fibers must be taken into
consideration. Indeed, the threshold values are
significantly different in the two main orientations
(parallel or perpendicular) [21].The use of appropriate
conductive gels is also recommended in some
situations for the convenient treatment of surface
tissues like exophytic tumor nodules [22].

MODELS OF TISSUE
ELECTROPERMEABILISATION
     @    
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 [7] 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
 >>  >
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
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ELECTROCHEMOTHERAPY OF TUMORS

Electroporation in Electrochemotherapy of Tumors
Gregor Serša °
%1  !  
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. %  studies demonstrated a several-fold increase of their
cytotoxicity by electroporation of cells. %  , electroporation of tumors after local or systemic
administration of either of the drugs  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/or 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
     @  \  @@ 
kill the cell. The second is cisplatin, whose transport
through the cell membrane is also hampered. Early
studies suggested that cisplatin is transported through
the plasma membrane mainly by passive diffusion,
while recent studies have demonstrated that
transporters
controlling
intracellular
copper
homeostasis are significantly involved in influx (Ctr1)
and efflux (ATP7A and ATP7B) of the cisplatin [1].
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 [2-5]. This promising preclinical data
obtained in vitro on a number of different cell lines

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 is 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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has paved the way for testing these two drugs in
electrochemotherapy in vivo on different tumor
models.

follow the administration of the drug as soon as
possible (within a minute) [2-5].
 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       (
 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 [6-8].

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,
dogs, horses and rabbits. Tumors treated by
electrochemotherapy were either subcutaneous or
located in muscle, brain or liver, being sarcomas,
carcinomas, glioma or malignant melanoma [2-5].
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 "99  "    ?! V>   
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.

In these studies, different factors controlling antitumor
effectiveness were determined:
 The drugs can be given by different  
, 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
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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.

 The antitumor effectiveness depends on the
& 4 (
  &  && . 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 10001500 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
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tissue due to irreversible cell permeabilisation [7].
For other types of electrodes, the electric field
distribution and thus, also the necessary amplitude
of electric pulses, need to be determined by
numerical calculations. "& 4 
(&  @ >>\>"
  with equal effect if the concentration of
drug present in the tumor is high enough. The
minimal number of pulses used is 4; most studies
  @"99 [2,5,7,9-11].
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  & 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 [2-4].
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    
 . [12]. Restoration of the blood flow in normal
tissue is much faster than that in tumors [13]. The
vascular lock in the tumor induces & 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 cell death [14]. 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  &  [15,16]. This vascular-disrupting
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action of electrochemotherapy is important in clinical
situations where haemorrhagic tumor nodules need to
be treated [17].
A difference in the antitumor effectiveness of
electrochemotherapy
was
observed
between
immunocompetent and immunodeficient experimental
animals, indicating on involvement of the 
response in antitumor effectiveness [18]. Due to
massive tumor antigen shedding in organisms after
electrochemotherapy, systemic immunity can be
induced and also up-regulated by additional treatment
with biological response modifiers like IL-2, GM-CSF
and TNF-Ç [19-21].
To sum up, the electrochemotherapy protocol was
      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
is now in routine use in human and veterinary
oncology.
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
@@  @  >\J
drugs. These include bleomycin and cisplatin. Since
drug delivery induced by electroporation is sitespecific, it could be used for tumor-specific delivery
@
J
J!
[\
eased
J J   \     
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 [22-24]. The
J @@ @  >>\ ]>
bleomycin was also demonstrated in a fractionated
radiation regime which makes this treatment
potentially available also in the clinic [24].
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
[25]. The reduced pO2 can activate bioreductive drugs
to exhibit a cytotoxic effect on hypoxic cells [26]. In

EBTT WORKSHOP 2012

ELECTROCHEMOTHERAPY OF TUMORS

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
sensitive to heat in sub-optimal physiological
conditions [27].
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 electrotransfer of different
therapeutic genes acting either locally or sistemically,
such as p53, IL-2; GM-CSF or IL-12. The results of
the studies demonstrate positive results, further
supporting this concept [28-31].
Finally, electrochemotherapy with cisplatin or
bleomycin is 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 either of electrochemotherapy alone or in
combination with other treatment, mainly surgery [3237]. Hopefully, electrochemotherapy will be broadly
used in veterinary medicine for the treatment of
different malignancies, both in primary and metastatic
disease.
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.
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Clinical electrochemotherapy
Gregor Serša
%1  !  
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 new electrodes and new electric pulse generators,
clinical trials are on-going for treatment of liver metastases, bone metastases and soft tissue sarcomas,
as well as brain metastases, tumors in in esophagus or in rectum and brain metastases.

INTRODUCTION
E >>\   ]  
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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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
summaried as follows:
x 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).
x 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.
x 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].
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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
>    @ >  ! @ J
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

% nodules

80

73,7 %

60

40

20

11,1 %

10,5 %
4,7 %

0
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PR

NC

PD

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 @"99z@`\"
    ! V>    
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
J      >²   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
    @ >   @
this technology into broader and standard clinical
practice.

CLINICAL USE AND TREATMENT
PROCEDURES FOR
ELECTROCHEMOTHERAPY
Based on all these reports, electrochemotherapy
>  J  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
 >>\@ ]#
 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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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].

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 was launched and
started enrolling patients.
CONCLUSION

Figure 2: Electrochemotherapy of liver metastasis. Electrodes
were inserted into the tumor and around the tumor in healthy liver
tissue and connected to electric pulse generator. Electric pulses
were delivered between the pairs of electrodes according to the
treatment plan.

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 15 patients were enrolled. No immediate or late
side-effects of electrochemotherapy were observed
[65]. The delivery of electric pulses during open
J\]\>]>&Z 
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].
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
report
at
the
First
Users
meeting
of
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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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Electrofusion of cells: tools for new therapies
Justin Teissié
%*$! "7EF@/'"! 5, , 

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).
V>  > @      
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
  !
V>]J@>
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 -@
protocol (cells are first 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
 ]    \   
[18, 21]
MOLECULAR MECHANISMS
V>   @ >  -@  
that the repulsive interfacial forces between the two
@ >  >   !   
J@>@
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
 !V>]   J
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
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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]
PROTOCOLS
Electrofusion is always obtained under electric
pulsing
conditions
inducing
reversible
  . 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
  ! V> @  \ 
>@>@>!J
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 [24,25].
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 in vitro: a 30 years old story
Marie-Pierre Rols
%*( $ ! , , 
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 cultures (petri
>       >?        JJ      > 
directly under microscopes.

INTRODUCTION
The use of electrotranfer to deliver a wide range
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 [6-8]. A phase I
dose escalation trial of plasmid interleukin
electroporation has been carried out in patients with
metastatic melanoma and has shown encouraging
results [9].The method has also been successfully used
for the treatment of dogs and horses [6, 10]. But the
safe and efficient use of this physical method for
clinical purposes requires the knowledge of the
mechanism underlying >   
phenomena. Despite the fact that the pioneering work
on plasmid DNA electrotransfer in cells was initiated
30 years ago [11], many of the mechanisms
underlying DNA electrotransfer remain to be
elucidated [12, 13]. 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
cells.
MECHANISMS OF ELECTROTRANSFER OF
DNA MOLECULES INTO CELLS
Single-cell microscopy and fluorescent plasmids
can be used to monitor the different steps of
electrotransfection [14, 15]. 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.
AD')X 
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
@ @ Y whose dimensions lie
] 9!"  9! z (Figure 1). 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-stepprocess: the negatively charged DNA migrates
electrophoretically towards the plasma membrane on
the cathode side where it accumulates.
PI uptake

DNA/Membrane
complexes

Figure 1: Molecule electrotransfer mechanisms. Left:
During electric pulses application: Plasma membrane is
   facing the 2 electrodes (PI uptake). DNA
aggregates are formed. This interaction takes place only on the
membrane facing the cathode. Right: About 2 h after electric
pulses application, DNA molecules are present at nucleus
level. Finally, eGFP expression is detected for hours. The
arrow indicates the direction of the electric field.
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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
[16]. When plasmid has reached the nuclei, gene
expression can take place and this can be detected up
to several days in the case of dividing cells or weeks
in some tissues such as muscles.
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
 ]J >   @ > ¥
interaction process during pulse application [17].
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 (Figure 2) [18, 19]. Actin indeed
 \s around the DNA/membrane complexes.
Z    ]> \  
showed that DNA is endocytosed with concomitant
clathrin- and caveolin/raft-mediated endocytosis.
Cholesterol is involved in the DNA translocation
through the plasma membrane [19].
2D');&
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 limiting
factors that must be taken into account [20]. 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
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Figure 2: DNA electrotransfer is a multistep process. During
application of the electric pulses, the plasma membrane is
 (step 1), the DNA, because of its negative
charge, electrophoretically migrates toward the positive
electrode (step 2). It ]>>  
membrane facing the negative electrode and forms aggregates
(step 3). The electrophoretically driven insertion (step 4) and
the translocation (step 5) of the DNA through the plasma
membrane are not yet known but two models can be proposed.
The DNA could pull the membrane during its insertion and
initiate the formation of a vesicle; we can in this case speak
about electroendocytosis (left side), or the DNA could be
inserted where an electropore is formed, pull it, and initiate the
formation of a vesicle-like structure (right side). The plasma
membrane is in interaction with the actin network thanks to
connecting proteins. The presence of vesicle or vesicle-like
structure may induce the recruitment actin associated proteins
 \]>> –DNA complex
is located (step 5 and 6). Other data indicate that DNA
migration in the cytoplasm might occur via motor proteins
interacting with the microtubule network (step 7). The DNA
could either be enclosed in the lipid vesicle or naked,
and interacting with protein(s) providing the connection
between it and the microtubule network. Subsequent steps are
the crossing of the nuclear envelope and the expression in
protein of the DNA sequence (not repre-sented in the
illustration here).
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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
!V>   \ J@ =+-10
MDa) makes it unlikely that the nuclear entry occurs
by passive diffusion.

improve the transfer of electro-induced DNA
aggregates by allowing its free and rapid entrance into
the cells [21]. These results demonstrated that in vitro
gene transfer by electrosonoporation could provide a
new potent method for gene transfer.
LIPID VESICLES AND SPHEROIDS AS
CONVENIENT APPROACHES TO STUDY
GENE ELECTROTRANSFER
New lines of research are necessary to
> >    
during electrotransfer. For that purpose, we used
giant unilamellar vesicles to study the effect of
 J   @     ane
models [25]. Experiments showed a decrease in
vesicle radius which is interpreted as being due to
  J >   
(Figure 3).

TD'.  &
As mentioned above, the dense latticework of thee
cytoskeleton impedes free diffusion of DNA in thee
intracellular medium. Electrotransferred plasmid
d
DNA, containing specific sequences could then usee
the microtubule network and its associated motorr
proteins to move through the cytoplasm to nucleuss
[22]. Another alternative concerns nanosecond pulsed
d
electric fields. Studies indicate that very short (10-300
ns) but high pulse (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 [23, 24]. 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.
Clear limits of efficient gene expression using electric
pulses are due to the passage of DNA molecules
through the plasma membrane and to the 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.
One of the possible strategies to enhance DNA uptake
into cells is to combine electroporation and
sonopation methods. Although electroporation
induced the formation of DNA aggregates into the cell
membrane, sonoporation induced its direct propulsion
into the cytoplasm. Sonoporation can therefore

Figure 33: Microscopy
Microsscopy observations
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ob ervati
obs
e tions of
of GUVs
GUV
G
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ittted
d to
to
electric pulses of increasing intensities. Left: control; Middle
and rigth: GUVs submitted to EP

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 [26]. Other recent studies performed in our
group showed evidence for a direct transfer of DNA
into the GUVs during application of the electric
pulses [27] 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 ;   model of
tumor, will be presented. Upon growth, spheroids
display a gradient of proliferating 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
\    >  @
     >  
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
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[28]. 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 [29]. 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.
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 [30].
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.
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Gene transfer in vivo
Lluis M. Mir
/'"! "FSET *-!%< -"3 
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
J  @    ]  \    ! %         
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
  @J   @>  J 
@ ] \  @ ]  J  \ J   >  s. 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.

INTRODUCTION
The development of DNA electrotransfer [1] and
its progression towards its application in the clinics
[2] is also the result of the general developments
concerning the in vivo use of electric pulses to
      @ >   \@
non permeant or low permeant cytotoxic drugs (this
combination was termed electrochemotherapy) [3,4].
It seemed thus possible to transfer plasmid DNA to
cells in vivo by appropriate electric pulses (DNA
electrotransfer).
Methods to achieve very efficient in vivo DNA
transfer have been developed in the last ten years,
particularly for gene transfer to skeletal muscle in a
number of animal species including cattle [5,6].
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 (the targeted cell electropermea   >  >  @ >
 ]   >   
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 [2,6,7].
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 [5]. The main conclusions were
that, with respect to the injection of naked DNA
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(plasmid DNA alone in saline or phosphate buffer),
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
     @`\ @ "  @ 
injection [5]. 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
[8]. Similar long pulses were described to be efficient
in other tissues (tumors, skin). These conditions are
still used nowadays, even though other pulse
conditions were also proposed [9,10]. 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
=@ > ?@ factors
allowing the regulated expression of the
> À11].
DNA ELECTROTRANSFER MECHANISMS
ANALYSED IN MUSCLE
The mechanisms of DNA electrotransfer have been
analysed in the skeletal muscle using combinations of
high voltage short dur   =² "99 z 
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) [12]. It
has been shown that, as expected, the electric pulses
 >J !V>
even with a single HV pulse, that does not result in a
very high level of muscle fiber permeabilisation [13]
as measured using the 51Cr EDTA uptake test [14].
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The electric pulses have a second role: to
electrophoretically move the DNA towards or across
>    ! Moreover,
DNA does not need to be present at the time of the
cell electropermeabilisation [13] but it is mandatory to
inject the DNA before the electrophoretic LV pulse
[5, 13]. Actually, the LV component is the real
responsible for the plasmid transfer to the muscle
fibers since it efficiently pushes 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
   (a membrane with
> ? because high levels of permeabilisation,
under the same experimental conditions, only last for
300 seconds (5 minutes) [13]. 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 [13,15,16]. Safety of the
procedure was also demonstrated as only minor
perturbations of muscle fibers physiology were
reported [17]. 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 [16].

been transferred to various types of tumors. However,
the results are much less reproducible than in the case
of plasmid DNA transfer to the skeletal muscle [21].
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) and with very different abundance of
extracellular matrix [21]. 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
due to differnecs in the extracellular matrix of the
cells). 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) [23]
or using HV and LV combinations [16].
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 [24]. 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
[25]. 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 [26].

DNA ELECTROTRANSFER IN LIVER
DNA transfer in liver, using short pulses, was
described in 1996 [18] (this was the second paper
relating DNA electrotransfer in vivo, after the article
by Titomirov et al in 1991 [19], 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 [20]. 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
[16].

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)

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 [21]. A clear increase
in the efficacy of DNA transfer was shown. DNA has
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the day after the ECT [27]. No beneficial effect of the
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 [28].
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 > ="99 z?   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 curre  >    
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 [29]. 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 [30]. One of the trials is
already closed. It reported good antitumor effects
[31]. 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
 5( 4 $; $ 

permeant. Both chemical (e.g. penetration enhancer)
and physical (e.g. iontophoresis, electroporation, or
sonophoresis) methods have been used.

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
 J  >
enhances 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
=!J! @\  Â     =!J! ' 
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
  \ >   @ > 
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

TOPICAL DRUG DELIVERY BY
ELECTROPORATION
[ >   @ > m
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.
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As the skin is an immunocompetent organ, DNA
delivery in the skin by electroporation seems
particularly attractive for DNA vaccination.

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. 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.

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
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

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 result in a 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
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[6] Y ' J '! V  J   \! Nat
Biotechnol. 2008 Nov;26(11):1261-8. Review.

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, 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 encoding either IL-2, IL12 or an antiangiogenic compound for the treatment of
melanoma is currently tested in clinical trials.
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Development of devices and electrodes
    , Matej Reberšek
      !  
Abstract: Since first reports on electroporation, numerous of electroporation based biotechnological
and biomedical applications have    ! V> \   J  >
by the shape of the pulses and their characteristics: pulse amplitude and duration. In addition, the
 >]> ¥ J!V>J\
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
    J ]>> ]   \  
the pulses for this specific biotechnological or
biomedical application, or for a general purpose pulse
J ]>> ]   ]  J    
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
 @"99s duration are needed. For effective
gene transfer 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
 >s 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
electroporation, in food preservation where
electroporation has proven, in some cases, to be as
ef@    [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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repetition frequency needs   ] "  <  
order to avoid excessive heating [11].

Figure 1: Exposure of a cell to an electric field may result either
   @      ! * >
process the electric field parameters play a major role. If these
parameters are within certain range, the p  
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.

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
@@>J "99 J 
with amplitudes up to 1000 V, are applied. Number of
pulses that are usualy delivered is 8. These can be
       @`\ @ "   
! ] > J     ] 
available for in treating deep seated tumours, where
3000 V, 50 A and 100  pulses are being delivered
[10]. Recent advances in treating liver metastasis,
bone metastasis and soft tissue sarcoma have been
reported.
TISSUE ABLATION BY NON-THERMAL
IREVERSIBLE ELECTROPORATION
The ablation of undesirable tissue through the use
of irreversible electroporation has recently been
suggested as a minimally invasive method for tumor
removal but could also be used in cardiac tissue
ablation instead of RF heating tissue ablation or other
tissue ablation techniques [17]. Smilarly as in
electrochemotherapy pulses of 50 or 100  with
amplitudes up to 3000 V are used. The number of
pulses delivered to the target tissue is however
considerably higher. If in electrochemotherapy 8
pulses are delivered, here 96 pulses are used. Pulse

GENE ELECTROTRANSFER
Exogenous genetic material can be delivered to
cells by using non-viral methods such as
  ! & @  
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
 @ "999 ? ]
followed by long low voltage pulses (e.g. 1 × 100 ms
of 80 V) [12]. It was demonstrated that short high
 J  J>]> 
the longer lower voltage pulses have an
electrophoretic effect on DNA itself facilitating
interaction of plasmid with the membrane.
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
 >]>\   \>
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.
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, 15,33].
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electroporation tissue conductivity changes according
to distribution of electric field intensities [24].

ELECTRO- PASTEURIZATION AND
STERILIZATION
Irreversible electroporation can be used in
applications where permanent destruction of
microorganisms is required, i.e. food processing and
water treatment [16]. Still, using irreversible
electroporation in these applications means 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). This is one of the reasons why short (in
comparison to medical applications) in the range of 13   ! Especially industrial scale batch or
flowthrough exposure systems may require huge
power generators with amplitudes up to 40 kV and
peak currents up to 500 A. Although batch and flowthrough processes are both found on industrial scale,
flow-through is preferred. Such mode of operation
requires constant operation requiring higher output
power of pulse generators.

ELECTRIC FIELD DISTRIBUTION IN VIVO
* @ 
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
electroporation [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 co \ =&?. In this way models represent
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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
    @ . 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,
]   ]    
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
 \ >@> 
that is connected to the output of the electroporator.
During the design of the electroporator load
>  > J JJ
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
     J\ @   
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   
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
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properties of the sample due to exposure to highvoltage
electric
pulses
[29].
Besides
   @    ]>>
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.

Figure 2: & @ \    @  !&  J>@ ]JJ#1 and
A2 –parallel plate electrodes, B – needle arrays, C – wire electrodes, D – ] &– 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.

ELECTRIC PULSES
For better understanding and critical reading
of various reports on electroporation phenomenon and
electroporation
based
applications,
complete
disclosure of pulse parameters needs to be given.
Electric      `  J 
 >\  > \ >  
duration/width, fall time, pulse repetition frequency.
Rise time and fall time are determined as time needed
to rise from 10% to 90% of the amplitude, drop from
90% to 10% odf amplitude, respectively. Pulse width
is most often defined as time between 50% amplitude
on the rise and 50% amplitude on the fall. Pulse
repetition frequency is the inverse of the sum of pulse
width and pause between two consecutive pulses.
These may seem trivial when discussing pulses of 1
ms, but become an issue when discussing ns or even
  ! > > > J  >  
investigated with respect to electroporation efficiency
[34]. It was suggested exposure of cells to pulse
amplitudes above given critical amplitude and
duration of exposure to this above critical value seem
to be determining level of membrane electroporation
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irrespective of pulse shape. Exponentially decaying
pulses which were predominantly used in 80s for gene
electrotransfer were convenient in shape as the first
 @> > J
and the tail of the pulse acts as electrophoretic part
pushing DNA as towards and potentially through the
cell membrane [12].
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, in
investigating of electroporation phenomenon and
development of electroporation based technologies
and tretaments it is 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 required pulse
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parameters
in
reliable
manner.
Moreover,
electroporator must be safe and easy to operate and
should offer some possibilities of functional
improvements. Clinical electroporators used in
electrochemotherapy of deep-seated tumors or in nonthermal tissue ablation are also equipped with ECG
\>  J> ]>> 
possible influence of electric pulse delivery on heart
function.
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
distance between them, the electric field strength E
that is applied to the sample can be approximated by
the voltage-to-distance ratio U/, where  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%+.
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
  !
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
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
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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
[25,27,32,34].

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
! Originally published in Advanced electroporation techniques
in biology and medicine \'     +9"9À+½!

This general overview of electrical parameters
should however only be considered as a starting point
for a design of experiments or treatments. Optimal
values of parameters namely also strongly depend on
the cell type used, on the molecule to be introduced,
and on specific experimental conditions. The pulse
characteristics determined as optimal or at least
efficient and the tissue/sample will than determine the
architecture of the pulse generator, whether it will be a
Marx generator, Blumlein, or... [5].
CONCLUSIONS
Electroporation has been studied extensively until
now, and a number of applications has been
suggested.
Electrochemotherapy
has
been
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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
    Jtor which will only provide
the pulses for this specific biotechnological or
biomedical application, or for a general purpose pulse
J ]>> ]   ]  J    
what researcher may find necessary in his/her
research. Irrespective of the choice, this has to be
linked also to the electrodes choice and tissue/sample
conductivity.
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ELECTROPORATION IN TRANSDERMAL DRUG DELIVERY

Electrotransfer of DNA vaccine
Véronique Préat, Gaëlle Vandermeulen
 5( 4 $ssel$ 

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 have also been 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 provides 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 a bacterial plasmid which
    driving expression in mammalian
cells and a gene encoding the antigen of interest. The
production of plasmid DNA requires specific markers
able to select plasmid-containing bacteria after
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
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characterised by the induction of CTL, interferon J
and 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 humoral 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.
        >
immune response and/or improve patient confort.
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Electroporation in Food Processing
Claudia Siemer, Stefan Toepfl
%<%,( J  <

microorganisms and up to 50.000 kg/h for
permeabilisation of plant cells. For pumpable products
pipe systems can be used with different pipe diameter
according to the required capacity. Inside the system
treatment chambers are installed. According to the
requirement and the product different types electrode
configurations as well as number of electrodes can be
used. Besides the different treatment chamber
configurations (co-linear, co-axial, in-axial, concentric
rift, field concentration chamber) the electrode
materials (stainless steel (1.4301; 1.4404), titanium,
platinum) have been evaluated with regard to
electrode erosion, field homogeneity, flow pattern as
well as cleanability. The treatment of whole fruits or
vegetables can be achieved by connecting the PEF
system with a belt. In the belt system (Fig. 1) a
parallel electrode configuration was installed.

INTRODUCTION
By pulsed electric field (PEF) application an
J\@@ @ animal and
microbial cells is achieved. Since first reports in the
1960s many possible applications of the effect termed
electroporation in food and bio-processing have been
identified [1]. In 2006 a first commercial installation
for fruit juice preservation has been achieved in the
US. Since then industrial scale processing equipment
for liquid and solid products has been developed. In
2009 an industrial juice preservation line has been
installed in Europe, followed by equipment for pretreatment of vegetables in 2010. At present approx. 30
commercial units are operated worldwide.
This chapter will review technical requirements
and design guidelines and provide an update on the
current commercial exploitation of the technique.
EQUIPMENT DESIGN
To allow a successful commercial application
industry ready, turn-key equipment as well as
knowledge on the technique´s scalability is required
[2]. PEF systems are a setup of a suitable pulse
generator to provide electric energy and a treatment
chamber. Pulse peak voltage and current, pulse width
and repetition and the average power level are the
most important design parameters for the pulse
generator. The transfer from lab to industrial scale
requires a scale-up of average power from a few kW
up to > 100 kW systems. Within the treatment
chamber, the electric energy is transferred to the
treated media. Electrode configuration and area, gap
as well as the flow pattern are considered as major
design parameters. Electrode erosion has been
reported for stainless steel electrodes [3], requiring the
identification of suitable alternatives for commercial
applications.
At DIL different systems were developed to allow
industrial application of PEF technology. The systems
can be used for disintegration of plant cells as well as
inactivation of pathogenic and spoilage organisms in
fruit juices and smoothies. Using the 5 kW system
(Fig. 1) it is possible to achieve a capacity of 200 l/h
for inactivation of microorganisms and 1.500 kg/h for
disintegration of biological cell material. By
increasing the power up to 80 kW the capacities also
increased up to 5.000 l/h to inactivate spoilage

Figure 1: ELEA system (left) and belt system for treatment of
solid material (right).

CURRENT
AND
POTENTIAL
FUTURE
COMMERCIAL APPLICATIONS
Though many potential applications have been
identified [21, 36, 37], at present commercial
applications are mostly found in fruit juice
preservation and vegetable and tuber processing. In
the area of juice processing, systems with a treatment
capacity of up to 8.000 l/h have been installed,
whereas for potato processing the processing the
capacity ranges up to 50 t/h. In the following section
commercial experience from existing as well as
potential future applications will be discussed.
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Fruit juice and smoothie preservation
In recent years the European fruit juice market has
shifted from ambient shelf stable products towards
fresh, often non- products distributed in a
chilled distribution chain [38]. The consumer demand
for fresh and natural taste has significantly changed
the supply chain, as products are not produced from
concentrate but manufactured from fresh fruits or
@ -fabricates close to the point of sale.
Dependent on raw material quality as well as the
production processes used, the shelf life of such fruit
juices or smoothies is in a range of 7 to 10 days. To
supply a high number of product types and allow
sufficient time on the market shelf, significant
distribution efforts as well as a high number of
product changes result.
By PEF application, the microbial load can be
reduced and the shelf life be extended [39-41]. A
 ]>     @ <9Z  @ 
strength of 20 kV/cm and an energy input of 120
kJ/kg results in a 4 – 5 log reduction of the total count
of orange juice (Fig. 2), exemplarily [16]. In addition
to inactivation of natural microbial flora, also the
inactivation of inoculated E. coli 35218 has been
shown. A 5 log inactivation of that target strain is a
key requirement for an FDA approval. As temperature
has a synergetic effect on PEF efficacy, often
combined approaches are used to reduce the amount
of electrical energy required [9, 10, 12]. Making use
of a setup of (often existing) preheaters a high
processing capacity can be achieved, while in
comparison to a standard thermal processing the
product heat load is significantly reduced. When
operating at maximum temperatures in a range of 45
to 59Z >  > @ @     +"
days, while maintaining fresh-like taste and product
quality. At present such products are on market
shelves in the Netherlands and the UK, where PEF
processing equipment with a capacity of 1,500 –
2,000l/h and 5,000 – 8,000 l/h is used [42]. The total
processing costs including investment and operation
are in a range of 0.01 Euro/l of product, justified by an
extended distribution time and market range as well as
significantly lower product return. With regard to the
European Novel Food legislation the impact on
product quality parameters as well as the level of
undesired substances has been evaluated [39, 41, 43,
44]. As, similar than to other new processes such as
high pressure application, no significant process
induced changes have been observed the products are
not considered as novel.
Besides fruit juices the possibility to extend the
shelf life of vegetable juices and protein based
products such as emulsions and dressings, dairy
products or blood has been evaluated [45-49]. For
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fresh carrot juice a 3 – 4 log inactivation was observed
@    9Z   J\  @ "99
kJ/kg. The shelf life was extended from 2 to 6 days,
though the close to neutral pH value. Vegetable juices
are of high importance in Asia but also Eastern
Europe. Due to their high content of nutrients and
health related substances that product type can be of
high interest for a further exploitation of the
technique. Whereas for drinking milk a thermal
  ] l feasible and accepted, other
dairy based product such as whey or milk protein
concentrates, milk to manufacture raw milk cheese or
formulations may be more relevant for PEF
preservation. Past and on-going research work has
shown the general possibility to achieve a microbial
inactivation in dairy products [47, 50-52]. Reduced
protein denaturation and fouling and increased
equipment operation time provide additional benefits
of a reduced heat load in comparison to
!

Figure 2: Microbial loa@> \`J]>
]>=+9 ¥<9Z"+9 ¥ J?Y&%.

Processing of agricultural products
Processing of vegetables and tubers results in a
quick, energy efficient cell disintegration [53-57, 69].
Processing of fruit and vegetable mashes such as
apple or carrot causes a release of intracellular liquid
\ >\ !At present
an industrial system to enhance yield of cloudy apple
juice is operated in a German fruit juice company in a
10 t/h scale [33]. As the treatment significantly
changes mash texture a careful adaptation of the fruit
mill as well as the subsequent liquid-solid-separation
is required to achieve a consistent yield increase [58].
Textural changes occur after a treatment are caused by
a loss of turgor pressure [59, 60]. Such a tissue
softening has been observed for potato, sugar beet and
carrot, exemplarily. As a result subsequent handling,
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pumping or cutting processes may be facilitated [61].
After treatment of potatoes with an energy input of 1 –
2 kJ/kg an improved cutting was observed, causing
less fracture and a smoother cut surface after
industrial hydrojet cutting. Due to tissue softening less
product breakage occurs in the following production
stages. The process can be used to replace
conventional pre->J @  =³9Z 9 ?
in French Fries production in an industrial scale [62,
63]. A higher cut quality and product length have been
reported as major benefits. Also other product types
>@>@ J \@@
pre-treatment, but further R&D work will be required
for this product area.

Figure 3: Juice yield @ J\Y&%
treatment.

In sugar industry a pilot scale equipment has been
installed in 2002 [64, 65]. An enhanced sugar yield
and purity and the possibility to reduce extraction
temperature have been reported. In addition softening
of the cossettes has been observed, facilitating product
transport through the extraction setup. Though
processing capacities are higher than present
equipment capacities for a bulk product like sugar, a
scale up is feasible based on existing concepts.
Also the possibility to enhance peeling of some
fruits has been shown [66]. After an energy input of 1
- 7 kJ/kg tomato or prune peel can be easily removed,
similar than after a steam treatment. The total
processing costs for a treatment of plant based
products are in a range of 0.5 to 3 Euro/t, dependent
on product type and desired level of tissue
disintegration. In particular for high value products
such as plant or herb oil a PEF induced yield increase
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may significantly improve the competitiveness, as
exemplarily shown for Rose oil [67].
Process control options
Whenever applied in food industry, the use of new
processes also requires suitable process control
options and the setup of a HACCP concept. Whereas
PEF use for cell disintegration typically occurs at a
non-critical process stage, any preservation
application has to be considered as a critical control
point. The consistent delivery of sufficient treatment
intensity has to be maintained and recorded at all
times [68].
To monitor cell disintegration applications an
      >
the level of cell disintegration [55]. Based on the
frequency dependent conductivity of untreated and
treated tissue the treatment impact can be detected.
For microbial inactivation use a similar concept than
that used for thermal processing has been developed.
In a first step the required energy delivery at the
desired treatment temperature is elaborated in lab
scale challenge tests for each product group. During
industrial scale processes the energy delivery is
continuously monitored by detection of pulse voltage
and current. To validate power delivery to the product
the expected product temperature rise is calculated
and compared to measured values pre- and posttreatment. Making use of an internal algorithm any
under-processed product can be diverted or disposed
according to the manufactures operation protocols.
CONCLUSION & OUTLOOK
PEF application allows achieving a cell
disintegration and microbial decontamination of food
products. The recent development of pulsed power
systems suitable for food industry applications has
allowed a successful transfer from lab scale to
industrial applications. At present approx. 30 units are
in commercial use worldwide, mainly in fruit juice
and vegetable industry. Low energy requirements and
processing costs, continuous operability and easy
implementation are major benefits of the technique. In
2012 a European COST action has been initiated to
allow a facilitated transfer of knowledge across
different
industry
sectors
(TD1104,
www.electroporation.net). Future work will focus on
further scale-up as well as the extension of existing
application areas.
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Safety and toxicity of electroporation
Julie Gehl
Center ;&  &1 /&( 2& 2  
2  " 67S6TE2  
Abstract: The safety profile of any treatment is always important in terms of decision in favour of
treatment, and it is also crucial to be able to inform patients adequately about potential side effects of
a proposed treatment. The present paper evaluates the safety profile of electrochemotherapy. For
electrochemotherapy several issues are important; 1) the application of anesthesia (local or general),
2) the administration of a cytotoxic drug (locally or systemically), 3) the application of electric pulses,
4) normal tissue damage in the treatment area, 5) tumor tissue response (necrosis), 6) time to healing,
and subsequent scarring, 7) possible damage to important structures such as nerves or vessels, and
finally 8) possibilities for treatment concurrent with or after other treatments e.g. systemic
chemotherapy and radiotherapy. Electrochemotherapy is now routinely in use for the treatment of
cutaneous tumors. and treatment of tumors in internal organs are in clinical trials . This review will
evaluate the evidence from clinical practice concerning these different aspects.

associated with the actual applied voltage. Thus,
increasing electrode distance will lead to a higher
applied voltage to keep the desired voltage to
electrode distance ratio, and thus choosing an
electrode with a small gap (e.g. 4 mm) may be part of
the anesthetic strategy.
Local anesthesia can be performed when few or
smaller metastases are to be treated, and when there is
no periostal invasion into underlying bone. The few
potential complications to local anesthesia include
allergy (the question of which is addressed before the
procedure), and intravascular injection (which is
prevented by aspiration to control injection site).
General anesthesia is used when there are more or
larger nodules. The time in general anesthesia is brief
(app. 40 min.), so short acting anesthetics can be used.
Although general anesthesia is considered a very safe
procedure in modern day, the patient must be
informed of risks before the procedure. It is important
that the patient is stable after induction of anesthesia,
with inspired oxygen of 30 % or less (in order to
avoid lung complications caused by bleomycin).

THE PATIENT REQUESTING TREATMENT
Electrochemotherapy (ECT) is generally used in
the palliative setting. ECT has been shown to work for
all cancer histologies. Presently ECT is routinely
being used for cutaneous and subcutaneous nodules
and treatment of metastases in internal organs are
ongoing (www.clinicaltrials.gov).
What is important to consider is, that when treating
a patient in the palliative setting (i.e. a patient who has
cancer at a stage where treatment will not cure the
patient, but prolong life, relieve symptoms or both),
there has to be a need for palliation. For example an
ulcerated or bleeding metastasis and the patients
estimated life expectancy should be long enough for
the patient to gain a benefit of the treatment.
Often a patient will have several metastases, and it
is a good idea to consult the patient, about which of
these metastases are causing the main problems, so
that treatment is directed at the problem.
Patients most often suffering from skin metastases
are those with disseminated breast cancer or
melanoma [1], although skin metastases can be seen
occasionally in virtually all cancer types. A number of
patients live for many years with disseminated
disease, and sequential treatment with multiple
modalities may help the patient optimise quality of
life as well as prolong life. Electrochemotherapy is
one of many modalities.
In the following, 8 important issues in relation to
ECT will be evaluated.

2) DRUG ADMINISTRATION
Two drugs have hitherto been used in
electrochemotherapy, namely cisplatin and bleomycin.
Cisplatin can be used for intratumoral administration
only, since the therapeutic window is smaller than for
bleomycin (3-8 fold versus 300-700 fold).
For intratumoral use, the issues of drug distribution
and normal tissue damage need to be addressed. Drug
distribution will always be more varied with direct
injection than with intravenous injection. This may
lead to overdosing in parts of the injected area, which
may again lead to a less predictable outcome for the
normal tissue. Some studies have used 5 U/ml (5000
IU/ml) in the injection syringe, whilst we recommend

1) ANESTHESIA
ECT must be performed under anesthesia – local or
geneal depending on the extent of the lesion(s) [2].
The pain associated with the procedure is
associated to insertion of needle electrodes, as well as
application of the electric pulse. Perceived pain is
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1 U/ml (1000 IU/ml), in order to reduce normal tissue
necrosis. In a comparative study, using 1000 IU/ml
was equally efficient to using intravenous
administration [3], and thus this dosing seems relevant
in terms of tumour response, yet in our experience the
extent of necrosis of normal tissue is considerably
smaller using the 1000 IU/ml dose than the 5000
IU/ml dose [4].
In the case of cisplatin, one dose has been used and
recommended, for local injection only.
For the use of intravenous bleomycin, particular
attention should be paid to the cumulative dose, and
avoidance of overhydration and uncritical use of
oxygen, as this may increase risk of lung toxicity. We
have conducted a study on large breast cancer
recurrences, where DLCO (lung diffusion capacity
measured by carbon monoxide diffusion) was carried
out in between treatments, where up to 4 treatments
were allowed. This study did not indicate DLCO
decrease [5]

therapeutic window allowing for preservation of
normal tissue and necrosis of tumor tissue, at least
when you are treating tumors in the skin [3;4].
Use of plate electrodes on skin may leave burn
marks, as the insulating properties of the skin will
cause large voltage drops (and thus fields) over the
skin.
5) TUMOR TISSUE NECROSIS
For treatment of small tumors, tumor necrosis is
rarely a problem, because the tumor will often
mummify and the crust will fall off when the tissue
underneath has healed in.
However, in the treatment of large tumors, such as
breast cancer recurrence, large areas may become
necrotic and this may lead to opportunistic infections.
Prevention by surgical debridement of necrotic areas,
state of the art antibacterial wound dressings as well
as monitoring infection parameters in the patient and
applying antibiotic treatment when necessary, may be
warranted.

3) APPLICATION OF ELECTRIC PULSES
Application of electric pulses will affect nearby
nerve and muscle tissue. In a comparative study,
surface anesthesia by topical application of anesthetic
cream (lidocaine/prilocaine) was insufficient pain
control for the pulsing procedure [3], leading to the
conclusion that there is direct excitation of local nerve
firing.
Although treatment of chest wall recurrence of
breast cancer is a frequent indication, we have not
encountered case reports with arrhythmias, with the
current pulsing conditions used for ECT.
Muscle contractions may be unpleasant for the
patient, and can be relieved by lifting the lesions being
treated from the underlying muscle when possible.
Advising the patient of the muscle contraction in
underlying muscle groups is very important before the
start of treatment.
When using general anesthesia, muscle
contractions around the head/neck/shoulder area may
prompt securing the airway passage so that the
tube/mask does not move as a result of contraction.
Patients may experience post treatment muscle
soreness, in particular when a large number of pulses
have been given in a specific area.

6) TIME TO HEALING – SUBSEQUENT
SCARRING
For tumors up to 3 cm, a healing time of 6-10
weeks may be expected, with treatment in previously
irradiated areas being the slowest to heal due to
impaired fibroblast response.
For large tumors, month long healing times may be
expected, in particular in cases where curatively
intended radiotherapy has been performed previously
[6].
It is important to inform the patient that although
the ECT treatment procedure is quickly done, the
healing time may be long.
It is a general truth, that if cancer destroys normal
tissue, and the cancer is treated – then there will be
scarring rather than a return to the situation when
there was intact tissue. What has been destroyed by
the cancerous growth can not readily be restored.
Patients must be informed that even if the tumor is
successfully treated, there may be scarring at the
treatment site.
7) POSSIBLE DAMAGE TO NERVES AND
VESSELS AT TREATMENT SITE
So far the major body of evidence on treatment
stems from ECT of small nodules in the skin. The
development of the technology will eventually lead to
a much wider use, and in this context, risk of damage
to larger nerves and vessels become important.
Theoretically, walls of large vessels are acellular,
and should therefore withstand treatment very well.
Indeed, experimental evidence from intraluminal

4) NORMAL TISSUE DAMAGE IN THE
TREATMENT AREA
Ironically it seems that iv injection actually may
spare normal tissue better than intratumoral or local
injection. Thus, one would expect that with
intratumoral injection, normal tissue around could be
spared. However, the margins need to be treated, and
it seems from clinical experience that there is a
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electropration show that there is no visible damage to
the vessel walls, only to the intimal layer [7].
The cruel exception is when a tumor has invaded
the vessel wall, so that successful eradication of the
tumor will lead to profuse bleeding because the part of
the vessel wall which was eroded by the tumor is no
longer obliterated by the tumor.
Electroporation in areas with large nerves (such as
the femoral nerve, the axillary nerve bundle) has not
been presented in human trials, but evidence is
available from a veterinary case [8]. Pain after
electroporation based treatment is described, in
particular after treatment of large tumors, such as
chest wall recurrence of breast cancer [5].

[2]

[3]

[4]

8) RELATION TO OTHER TREATMENT
MODALITIES
It has been shown that ECT can safely be
administered in previously irradiated areas. This is
actually an important indication, since radiation
resistant ulcerated tumors are a particularly difficult
problem. In previously irradiated skin, healing will be
slower than in normal skin.
Bleomycin is used in combination with other
chemotherapeutic drugs as the standard treatment of
testicular cancer and lymphoma. Although the
indication
for
ECT
depends
on
other
chemotherapeutic regimens to have failed, there are a
number of cases where there is stable disease in some
organs (e.g. bone), warranting continuation of
systemic therapy, whilst there is progression in skin
(warranting ECT). We believe that administering
bleomycin with other drugs will in most cases be safe,
since bleomycin does not exhibit myolotoxic
properties in the same way as certain other
chemotherapeutic
agents.
However,
pending
accumulation of evidence, it will be the decision of
the physician what may be acceptable to combine
with.

[5]

[6]

[7]

[8]
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CONCLUSION
ECT is generally a safe and very tolerable
treatment. Patients must always be informed of
potential risks and likely side effects, and this review
evaluates the various parameters to be taken into
account.
REFERENCES
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Numerical Approaches to Capture the Thermal Response of
Tissue During Electroporation-Based Therapies
Paulo A. Garcia and Rafael V. Davalos
3,(- ^  !( $ !$  3)!)
Abstract: This lecture describes approaches to model irreversible electroporation (IRE), which is a
new minimally invasive non-thermal focal ablation technique that has been used for the treatment of
spontaneous tumors in canine and human patients [1-4]. The procedure involves placing electrodes
into or around a tumor and delivering a series of low energy electric pulses to kill tumor tissue with
sub-millimeter resolution. The pulses generate an electric field that alters the resting transmembrane
potential (TMP) of the cells [1]. Depending on the magnitude of the induced TMP, the electric pulses
can have no effect, transiently increase membrane permeability, or cause cell death [1]. IRE is unique
in that it does not rely on thermal changes from resistive heating to kill tumor cells [1, 5, 6].
Consequently, critical structures like major blood vessels and the extracellular matrix are spared [2-4].
Accurate modeling of the thermal response in tissue is important to ensure that the thermal changes
JJ> J²>@J>@@*'&
procedure. Current simulations to calculate thermal distributions for entire IRE protocols are
computationally expensive due to the complex time-stepping algorithms required to capture a 100-
pulse every second for approximately 90 seconds. Here we instruct the student on how to couple the
Laplace, modified Pennes’ Bioheat, and Arrhenius equations to capture the tissue responses to
electroporation-based procedures and the entire thermal effects due to Joule heating, blood perfusion,
and metabolism [1, 5, 6]. Two modeling approaches (pulsed vs. duty cycle) will be evaluated to
determine the similarities between the resulting temperature and thermal damage probability
distributions.

COMPUTATIONAL MODELS
Continuity Equation
The computational models for calculating electric
field, temperature, and thermal damage distributions
during IRE were solved with Comsol Multiphysics 4.2
(Burlington, MA). The liver tissue geometry was
modelled as a 10 cm diameter sphere. Two parallel
needle electrodes were placed in the center, each 1
mm in diameter, 1 cm long, and separated by a centerto-center distance of 1 cm. The electric field
distribution is given by solving the governing
equation:
! # ($!%) = 0
(1)

perfusion, and metabolic heat generation within the
liver and is given by:
! # (*!+)  , -, /(+  +1 ) + $&!%&' +
56
3 = -4
(2)
57

where k is the thermal conductivity, j is the density,
and cp is the heat capacity, Ðb is the density of blood,
cb is the heat capacity of blood, ¨ is the blood
perfusion coefficient, T is the temperature, Ta is the
   ÃZ²  m is the metabolic
heat source term as shown in Table 1 [1, 7]. The
thermal boundaries of the liver domain were set to
insulation.

]>>  \@>Ï
is the potential. Homogeneous physical properties
were set to those of liver tissue with a non     \ @ 9!"<< ¥ 
ÃZ [7]! V>  ] J  o  +999 
and the cathode was set to ground. The electrodes
were modelled as boundary conditions in order to be
conservative in the calculation. All the outer
boundaries were treated as electrically insulating.
Pennes’ Bioheat Equation
The modified Pennes’ Bioheat equation accounts
for heat conduction, Joule heating ($&!%&' ), blood

Table 1: Physical properties of tissue [1, 7].

Tissue

Liver

Blood
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Parameter
k
j
cp
Qm
¨
Ðb
cb

Value
0.502
1060
3600
33,800
6.4 × 10-3
1000
4180

Units
W/(m·K)
kg/m3
J/(kg·K)
W/m3
s-1
kg/m3
J/(kg·K)
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Arrhenius Damage Equation
Thermal damage is a process that depends on
temperature and time [7, 8]. If the exposure is long,
damage can occur at temperatures as low as 42qC,
while 50oC is generally chosen as the target
temperature for instantaneous damage [1, 8]. The
damage can be calculated based on the temperature to
assess whether a particular set of pulse parameters and
electrode configuration will induce thermal damage in
superposition with IRE. The probability of thermal
damage can be quantified using the Arrhenius rate
equation given by:
8/ : = exp (ln (;)  1 /(<+))

effectively averaged over the entire intra and inter
pulse duration. The results were evaluated at the
midpoint between the electrodes (P1), the electrodetissue interface (P3), and halfway between P1 and P3
as designated by the P2 in Figure 1b.

(3)

where R is the universal gas constant, Ò  >
frequency factor, and Ea is the activation energy for
liver tissue [7]. See Table 2 for parameter values. In
terms of finite element modeling of tissue damage, a
J J    Ó  "    ³
probability of cell death (100 · (1 – exp (- Ó?)) at a
@    J J    Ó  <!³
corresponds to 99% probability of cell death at that
point [7, 8].
Table 2: Thermal damage parameters for liver [7].
Parameter

Value

Units

R
Ò
Ea

8.314
7.39 × 1039
2.577 × 105

J/(mol·K)
s-1
J/mol

Pulsed and Duty Cycle Modeling Approach
As an alternative to simulating individual pulses,
computational requirements can be reduced by
employing a duty cycle approach for calculating tissue
heating. This technique involves applying a constant
voltage to determine the electric field distribution and
simply scaling the Joule heating term by the pulse
duty cycle (below). Therefore, equal amounts of
energy are deposited into the tissue by the onset of
each pulse as in the pulsed approach. However, the
constant voltage scenario neglects displacement
currents and is only appropriate for pulses longer than
approximately 500 ns.
In the first approach the model was solved to
account for thirty 100- @
1 pulse every second. The second approach was to
scale the Joule heating term by the duty cycle of the
pulse (Ô ¥ Y? ]> Ô  >    Y >
pulse period. Here, the pulsed IRE treatment
described above is compared to the duty cycle
approach with a Joule heating scaling factor of
100×10-6. In the duty cycle approach the heating is

Figure 1: Comparison between the pulsed and duty cycle IRE
modeling approaches in the resulting A) temperature and B)
thermal damage probability at P1, P2, and P3.

The temperature (Figure 1A) and thermal damage
probability (Figure 1B) results from the pulsed and
duty cycle modeling approaches are given above.
From these plots, it can be seen that the overall trend
between the temperatures for the thirty pulses is
similar, but the averaging technique tends to result in
lower temperatures than the pulsed approach,
especially for the peaks at the electrode-tissue (P3)
interface. However, this discrepancy decreases further
away from the electrodes (P1 and P2), which is more
representative of the temperatures experienced by the
majority of the treated tissue. Similar phenomena can
be seen in the thermal damage probability calculations
which show that at P3 the pulsed approach results in
higher values than the duty cycle approach. However,
at P1 and P2 the difference drops significantly and the
curves seem to overlap each other. Even though the
greatest discrepancy occurs at the electrode-tissue
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interface, it decays rapidly with distance from this
location towards regions that are more representative
of what the bulk tissue will experience during an IRE
treatment.
The results presented in the workshop suggest that
the duty cycle approach is a reasonable method to
model the thermal aspects of IRE treatments when the
pulses are delivered at a rate of one pulse per second
or faster. Future work should evaluate if this approach
is still valid after incorporating the dynamic changes
in electric conductivity of the tissue due to
electroporation and temperature. Other pulse
parameters (voltage, duration, repetition rate) should
also be investigated in order to determine the
boundaries in which the duty cycle approach results in
similar thermal distributions to the pulsed approach.
Pulse parameters and electrode configuration must be
  >     J @ >
targeted tissue while preventing thermal damage. We
provide a method to assess the thermal aspects of IRE
protocols in an accurate and computationally efficient
manner. The proposed method can be used to simulate
> J 
on the benefits of this non-thermal mode of tumor
ablation.
REFERENCES
[1] Davalos, R.V., et al., Tissue ablation with irreversible
electroporation. Ann Biomed Eng, 2005. 33(2): 223-31.
[2] Garcia, P.A., et al., Non-thermal irreversible electroporation
(N-TIRE) and adjuvant fractionated radiotherapeutic
multimodal therapy for intracranial malignant glioma in a
canine patient. Technol Cancer Res Treat, 2011. 10(1): 7383.
[3] Neal II, R.E., et al., A Case Report on the Successful
Treatment of a Large Soft-Tissue Sarcoma with Irreversible
Electroporation. Journal of Clinical Oncology, 2011. 29: 1-6.
[4] Thomson, K.R., et al., Investigation of the safety of
irreversible electroporation in humans. J Vasc Interv Radiol,
2011. 22(5): 611-21.
[5] Davalos, R.V., et al., Temperature considerations during
irreversible electroporation. International Journal of Heat and
Mass Transfer, 2008. 51(23-24): 5617-5622.
[6] Garcia, P.A., et al., A Parametric Study Delineating
Irreversible Electroporation from Thermal Damage Based on
a Minimally Invasive Intracranial Procedure. Biomed Eng
Online, 2011. 10(1): 34.
[7] Chang, I.A., et al., Thermal modeling of lesion growth with
radiofrequency ablation devices. Biomed Eng Online, 2004.
3(1): 27.
[8] Pearce, J.A., Relationship betweeen Arrhenius models of
thermal damage and the CEM 43 thermal dose. SPIE:
Energy-based Treatment of Tissue and Assessment V, 2009.
7181: 718104-1 - 718104-15.

ACKNOWLEDGEMENT
This work was supported in part by NSF under the CAREER
CBET-1055913, and ICTAS Multi-scale Bio-Engineered Devices
and Systems Center. We thank C.B. Arena, M.B. Sano, and R.E.
Neal II for their help with the numerical modeling.

Paulo A. Garcia was born in Cali,
Colombia in 1983. He received his
B.S. in Physics from Randolph-Macon
College, Ashland, VA in 2006. From
2006-2007, he was at Benedictine
High School in Richmond, VA as the
AP/Honors Calculus and Pre-Calculus
Teacher. He completed his PhD at the
Virginia Tech – Wake Forest
University School of Biomedical
Engineering and Sciences in 2010. His
research interests are in irreversible electroporation for intracranial
disorders, thermal effects due to pulsed electric fields, and
modeling of electroporation for treatment planning. Dr. Garcia
received the Virginia Tech Paul E. Torgersen Student Research
Excellence Award in 2010 and was the North American Finalist in
the Student Paper Competition for EMBS in 2009.

Rafael V. Davalos is an Associate
Professor in the Virginia Tech – Wake
Forest University School of Biomedical
Engineering and Sciences. He holds
Adjunct Appointments at the Virginia
Tech Engineering Sciences and
Mechanics Department, the Wake
Forest Comprehensive Cancer Center
and the Wake Forest Institute of
Regenerative Medicine. Prior to his
career as a faculty member, Davalos
was a Principal Member of Technical Staff at Sandia National
Laboratories. Dr.
Davalos
received
his
BS
from Cornell University and his MS and PhD from the University
of California, Berkeley. Dr. Davalos is the recipient of the NSF
CAREER and the Coulter Foundation's Early Career Award. His
research interests are in therapeutic electroporation, microfluidics,
dielectrophoresis and biotransport.

NOTES

103

EBTT WORKSHOP 2012

INVITED LECTURERS

NOTES

104

EBTT WORKSHOP 2012

INVITED LECTURERS

Cell-specific targeting strategies for electroporation-mediated
gene delivery in the lung
David A. Dean
 "( &*$ 
8EA .) "('qAW8WS!)
Abstract: The use of electroporation to facilitate gene transfer is an extremely powerful and useful
method for both in vitro and in vivo applications. One of its great strengths is that it induces functional
     @    >J>   J  ]
gene transfer to multiple cells and cell types within the electric field. While this is a strength, it can
also be a limitation in terms of cell-specific gene delivery. The ability to restrict gene delivery and
expression to particular cell types is of paramount importance for many types of gene therapy, since
ectopic expression of a transgene could lead to deleterious host inflammatory responses or
dysregulation of normal cellular functions. At present, there are relatively few ways to obtain cellspecific targeting of nonviral vectors, molecular probes, small molecules, and imaging agents. We
have developed a novel means of restricting gene delivery to desired cell types based on the ability to
control the transport of plasmids into the nuclei of desired cell types. In this article, we discuss the
mechanisms of this approach and several applications in living animals to demonstrate the benefits of
the combination of electroporation and selective nuclear import of plasmids for cell-specific gene
delivery.

INTRODUCTION
Electroporation uses electrical fields to create
transient pores in the cell membrane that allow the
entry of normally impermeable macromolecules into
the cytoplasm [1]. While this technique is used most
commonly to transfer DNA to bacteria, yeast, and
mammalian cells in culture, it also can be applied very
effectively to living animals.
In most studies,
electroporation causes a 100 to 1000-fold increase in
gene expression compared to DNA injection alone.
We and others have adapted this technique for use in
the vasculature [2-4], cornea [5], lung [6-9], heart
[10-12], skin [13, 14], skeletal muscle [15, 16], liver
[17], intestine, kidney, and prostate (Dean,
unpublished), among other organs. The procedure is
rapid, safe, and reproducible. Perhaps most exciting
about this approach is that DNA is delivered to
multiple cell layers throughout the tissue, even when
the DNA is not injected into the tissue. Thus, when
we bathe an organ such as the kidney in plasmid
solution and apply the electric field, gene expression
of the transferred transgene can be detected
throughout the kidney and is not obstructed by the
capsule. Similarly, when we deliver plasmid to the
lungs via the airways, gene expression is detected in
multiple cell layers throughout the lung, while
delivery of DNA via the vasculature and subsequent
application of electric fields to the lung results in a
similar distribution of gene expression.
While such universal gene delivery and expression
can be extremely useful in many situations, it may
also be a limitation in others. There are many

circumstances in which gene delivery and/or
expression is desired in a unique cell type within a
tissue and where ubiquitous expression may actually
be detrimental. One such example would be in the
case of cytostatic gene transfer or suicide gene
transfer to treat tumors. Thus, the ability to restrict
gene delivery and expression becomes vital in many
applications.
CELL-SPECIFIC TARGETING OF GENES
At present there are only three methods to limit
delivery/expression of genes to specific cell types
and tissues. The first is by physical delivery to a
desired target organ. For example, in the case of
systemic delivery of DNA-containing liposomes via
the circulation, endothelial cells are predominantly
transduced (and primarily those of the lung and liver
microvasculature), while delivery of drugs to the
airways results in delivery only to airway and
alveolar epithelial cells. Th> \@\
appears to be accessibility of the vector to the cells
[18]. The second method is to incorporate ligands or
antibodies for cell surface receptors that are
expressed preferentially on one or more cell type.
One example of this is to attach RGD peptides to
liposomes, polymers, or viral capsids to target to Çvb3
integrins which are overexpressed on activated
endothelial cells during tumor-induced angiogenesis
[19]. However, Çvb3 is expressed at lesser levels on
all endothelial cells and many other cell types as
well, indicating that this approach is not always as
 -@   ]  >!  V> > 
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most stringent, way to limit expression (but not drug
delivery) that has been used is to employ cellspecific promoters to drive transcription in desired
cell types. While this approach works well, it is not
always perfect, since some promoters that are
thought to be cell-specific based on experiments in
cultured cells, may show more promiscuous
expression in animals, as is clear to anyone who has
tried to generate tissue-specific transgenic or
conditional knockout mice.
Over the past several years, we have developed a
new approach for cell-specific delivery of nonviral
DNA-based vectors based on our elucidation of the
mechanisms of plasmid DNA nuclear import. We
> >]>>   @ 
in the absence of cell division is sequence-specific
and requires transcription factors that bind to these
sequences in the cytoplasm and facilitate the DNAprotein complex nuclear import. Moreover, we have
identified several DNA sequences that mediate cellspecific DNA nuclear import based on the fact that
they bind to cell-specific transcription factors present
in these cell types. Using these DNA sequences, we
have been able to direct gene delivery and expression
to desired cell types in vitro and in living animals,
using electroporation as our delivery method.
NUCLEAR IMPORT OF DNA
Numerous groups have demonstrated that
plasmids can enter nuclei through nuclear pore
complexes (NPCs) in the absence of cell division,
although the efficiency of such transfection is usually
much lower than in dividing cells [20-22]. Moreover,
certain DNA sequences can increase this nuclear
targeting of plasmids prior to mitosis. We and others
have shown that nuclear import of plasmid DNA
through the NPC is a sequence-specific process,
mediated by specific eukaryotic sequence elements
[20]. When delivered side-by-side, plasmids
containing as little as 72 bp of the SV40 enhancer
target to the nucleus of most cells within several
hours whereas an isogenic plasmid lacking this 72 bp
sequence remains cytoplasmic until cell division (or
indefinitely if the cell is non-dividing) or eventual
degradation in the cytoplasm (Fig. 1)[20, 23]. This
sequence, termed the SV40 DNA nuclear targeting
sequence (DTS), has been shown to mediate plasmid
nuclear import in all cell lines tested, including
primary cells derived from monkey, rat, mouse,
hamster, chicken, and human origin, as well as in
vivo [3, 4, 24, 25]. A major strength of many of these
and other DTSs is that endogenously expressed
proteins are used to coat transfected plasmid vectors
with the NLSs required for import.

INVITED LECTURERS

The defining feature of the SV40 DTS is that it
contains binding sites for a number of ubiquitously
expressed mammalian transcription factors (AP1,
AP2, NF-NB, Oct1, TEF-1). Since transcription
factors function in the nucleus, they contain NLSs for
their nuclear importation. Under normal conditions,
these factors would be transported into the nucleus
after translation or in a regulated manner when
signals activate transcription (e.g., TNF-Ç stimulation
of NF-NB). In either case, a significant cytoplasmic
pool of these factors exists at any given time. When
plasmids carrying the SV40 DTS are delivered into
the cytoplasm by any method, some of these
transcription factors can bind to the DTS thereby
coating a region of the plasmid with NLSs, at least
some of which are oriented away from the DNA
itself. These DNA-J\
importin Â and transported into the nucleus via the
NPC (Fig. 1)[20, 21, 26]. Since the function of the
DTS is mediated by binding of NLS-containing
transcription factors, it would seem that any
eukaryotic promoter or enhancer could function
similarly for DNA nuclear import. Surprisingly, this
> >J>> @
nuclear targeting sequences have been identified,
most promoters and enhancers, including the CMV
immediate early promoter/enhancer, the Herpes TK
promoter, and the RSV LTR have no import activity
[23]. The likely explanation for this is that the
transcription factors bound to these other promoters
may not present their NLSs in an orientation that is
accessible to the importins.

Figure 2: Protein-mediated plasmid nuclear import. Transcription
factors and other nuclear proteins normally enter the nucleus
through the interactions between their NLSs and importin family
members. However, if plasmids containing certain sequences that
act as scaffolds for transcription factors and other DNA binding
proteins (termed DTS, or DNA nuclear Targeting Sequences) are
deposited into the cytoplasm during transfection, they can form
complexes with these proteins, thereby attaching NLSs to the
DNA. Some, but not all, of these NLSs may be in a conformation
able to interact with importins for transport of the DNA-protein
complex into the nucleus through the nuclear pore complex.

CELL-SPECIFIC DNA NUCLEAR IMPORT
SEQUENCES
In the search for additional DNA nuclear
targeting sequences, several DNA sequences were
identified that promoted plasmid nuclear import in
unique cell types. Since the expression of cell-
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specific promoters are restricted to specific cells due
to the presence of a unique set of transcription factors
present in those cells only, by screening promoters
that are transcriptionally active only in a desired cell
type, it could be possible to pull out sequences that
also function for cell specific nuclear import (Fig.
2)[27]. To date, such sequences that act in
osteoblasts [28], endothelial cells [29], alveolar type
II epithelial cells [30] smooth muscle cells [4, 22],
and embryonic stem cells [31] have been identified.
The best studied of these is the smooth musclespecific DTS in which as little as 176 bp of the
smooth muscle gamma actin (SMGA) promoter can
drive nuclear import of plasmids in airway or
vascular smooth muscle cells but not in other cell
types. We have shown that two transcription factors
that are preferentially co-expressed in smooth
muscle, Nkx3.1/3.2 and SRF, are both necessary and
sufficient for DNA nuclear uptake in these cells [22,
32]. When the binding sites for these factors were
mutated within the SMGA promoter, plasmids
containing the mutant DTS remained in the
cytoplasm of microinjected cells (Fig. 3). Similarly,
when Nkx3.1/3.2 and SRF were silenced in smooth
muscle cells through the use of siRNA, nuclear
import of plasmids carrying the wild type SMGA
promoter was abolished, again showing that these
factors are necessary for DNA nuclear import [32].
Sufficiency of these two transcription factors alone
was shown by expressing the factors in bacteria,
complexing the purified proteins with SMGA DTS
plasmids prior to cytoplasmic microinjection, and
obtaining nuclear import in non-smooth muscle cells
that do not normally express these factors [32].

Figure 3: The SMGA promoter acts as a cell-specific DTS in
smooth muscle cells. A. Cartoon of the SMGA promoter
showing binding sites for various transcription factors. B. Model
for cell-specific DNA nuclear transport. In smooth muscle cells,
the SMGA DTS binds transcription factors that are specific to
smooth muscle cells, thus forming an import competent complex.
C. CV1 cells, an epithelial cell line, and primary human vascular
smooth muscle cells, were cytoplasmically microinjected with
plasmids carrying either the SV40 DTS or the SMGA DTS and
the location of the plasmids was determined 8 hours later by in
>\!

Figure 2: Model for Cell-specific DNA nuclear import. Certain
DNA nuclear Targeting Sequences have been shown to act in cell!*>@Z \ª
which act as Cell type X –specific DTSs, we propose that the cellspecific transcription factors, TF-X1 and TF-X2, form complexes
with the plasmid leading to an importin-J  >
  > ![\ > \
that do not express one or the other of these factors, an importinbinding complex is not formed leading to greatly reduced nuclear
import. We have shown that this model is valid in smooth muscle,
alveolar epithelial cells, and osteoblast examples.

A second example of a cell-specific DTS that we
have identified is the SP-C promoter which mediates
DNA nuclear import in type II alveolar epithelial
cells only [33]. Six promoters that were reported in
the literature to be specifically expressed (or highly
enriched) in type II alveolar epithelial cells were
cloned and tested for nuclear import activity. While
318 bp of the SP-C promoter showed nuclear import
activity in type II cell lines, neither the SP-A, SP-B,
SP-D, nor the cytokeratin 8 promoter had any import
activity (Fig. 4). Further, the SP-C promoter showed
nuclear import activity only in type II cells and cell
lines, but in no other cell types, including epithelial
cells from several different tissues (Fig. 4). As for
the SMGA DTS, we identified the transcription
factor binding sites that are necessary for nuclear
import of the SPC DTS and found that multiple
factors, including NF1, GATA-6, and TTF-1 are
required for DNA nuclear import [33].
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function in microinjected cells, transfected cells, and
living animals.

Figure 4: The SP-C promoter mediates cell-specific DNA nuclear
import in alveolar epithelial cells. A. A549 cells were
cytoplasmically injected with plasmids containing the indicated
promoters.
Eight hours later, the location of the DNA was
\>\=J?![]99"999
  ]    \ @ > !  B. Plasmids
containing the SPC promoter were injected into the cytoplasm of
the indicated cells and 8 hours later, the location of the DNA was
 \   >\ =J?!  [] 99  99
 @>\] \À].

DNA NUCLEAR TARGETING SEQUENCES
DIRECT PLASMID NUCLEAR IMPORT IN
LIVING ANIMALS
While such DNA sequences can be of utility for
gene delivery in isolated cells, they would be much
more use for cell-specific gene delivery in animals
where multiple cell types coexist within any given
tissue or organ. To determine the effects DNA
nuclear targeting sequences on gene transfer and
expression in vivo, we electroporated rat mesenteric
blood vessels with isogenic plasmids that either
contained or lacked the 72 bp SV40 sequence and
expressed a reporter gene from the CMV promoter
(which does not promote DNA nuclear import).
When these plasmids are transfected into dividing
populations of cells, they express their gene products
at the same level [23]. Vessels were electroporated
with equal concentrations of either pCMV-GFP-DTS
or pCMV-GFP and harvested 3 days post-transfer.
As can be seen, plasmids carrying a nuclear targeting
sequence gave high level expression, whereas those
lacking a plasmid nuclear import sequence showed
very little expression (Fig. 5) [3]. When a similar
experiment was performed with luciferaseexpressing plasmids, there was a 20-fold difference
in levels of gene expression at day 2. We and others
have obtained similar results in murine skeletal
muscle by direct DNA injection with or without
electroporation, confirming the universal activity of
the SV40 DTS [24, 34]. Further, by following DNA
    \   >\  
mesenteric vessels, we have shown that the increased
expression is due to increased nuclear targeting of
the DNA [35]. Thus, DNA nuclear import sequences

Figure 5: SMGA functions in vivo as a nuclear targeting
sequence. Rat mesenteric arteries were electroporated with
pCMV-GFP-SMGA or no DNA and 2 days later harvested. GFP
expression could be detected directly in whole vessels.
Cryosections were immunostained with anti-GFP (green) or anti Ç =?   ]> Y*!  Y@@  ]
immunostained with anti-%Y     ]>
VectaRed or stained with H&E. In both types of thin sections
(vessels from different animals), GFP expression was restricted to
the smooth muscle layer [4].

Cell-specific DNA nuclear import sequences also
show cell-specificity in vivo. To determine whether
the SMGA promoter mediates nuclear import in vivo
as it does in cultured cells, we electroporated rat
mesenteric vessels with a plasmid expressing GFP
(driven from the CMV promoter) and containing the
SMGA DTS downstream of the GFP gene and 2 days
later stained for expression in thin sections (Fig. 5).
Intact vessels receiving the pCMV-GFP-SMGA
plasmid expressed GFP and in thin sections, GFP
expression was restricted to the smooth muscle layer
of the vessels; no expression in the adventitial cells
or endothelial cells was evident [4]. Studies using in
 >\   @    \
showed that the SMGA DTS was able to drive
nuclear accumulation of plasmids in smooth muscle
cells, but not in other cell types, demonstrating that
the restriction of gene expression to smooth muscle
cells was due to preferential nuclear uptake of the
plasmids in these cells.
These results clearly
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demonstrate that the SMGA promoter can be used to
target plasmids to the nucleus of smooth muscle cells
in the vasculature, but no other cells in the vessel
wall.
Similar results have also been seen with other
cell-specific DTS in the lung. When similar reporter
constructs expressing GFP and containing the SP-C
DTS downstream of the transgene were
electroporated into the lungs of mice, we detected
GFP gene expression specifically in type II
pneumocytes (identified by immunofluorescent co ]>  \["9?>
absence of cell division (identified by a lack of BrdU
incorporation). By contrast, the SV40 DTS that acts
in all cell types to promote DNA nuclear uptake,
causes gene delivery and expression in multiple cell
types throughout the lung, including type I and type
II alveolar epithelial cells, airway epithelial cells,
vascular and airway smooth muscle cells, fibroblasts,
and endothelial cells. Thus, the SPC DTS directs
gene transfer preferentially to type II cells and in
conjunction with electroporation-mediated gene
delivery, a similar cell-specific DTS-based approach
can be used to deliver genes to any specific cell type.

specific one), there is no difference in transfection
efficiency between the plasmids; all plasmids can
enter the nucleus equally. However, when the same
plasmids are used to transfect growth-arrested cells,
only plasmids containing a DTS lead to efficient
gene transfer [22, 36]. The same is seen in animals:
if the tissues are actively dividing, the presence of a
DTS does not provide any advantage.
To
demonstrate this, we carried out angioplasty on the
rat carotid artery using a 2F catheter. This technique
denudes endothelial cells from the artery and causes
a rapid proliferation of both vascular smooth muscle
cells and the remaining endothelial cells. When
plasmids that express luciferase from the CMV
promoter (which does not act as a DTS and cannot
cause DNA nuclear import) were electroporated into
the vessels at the time of injury and assayed for gene
expression three days later, no difference in levels of
gene expression were seen with plasmids carrying or
lacking an SV40 DTS (Fig. 6). By contrast, when
the same plasmids were delivered by electroporation
into non-dividing mesenteric arteries, the plasmid
carrying the SV40 DTS showed almost 50-fold more
expression compared to the plasmid lacking the
sequence [3]. However, taken together, these results
clearly demonstrate the utility of controlling DNA
nuclear import as a means to controlling gene
delivery in non-dividing tissues in vivo.
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Microdosimetric Study for nsPEFs on a Cell Circuit Model with Nucleus
J 1, Caterina Merla2, Alessandra Paffi1 J   *1, Francesca Apollonio1,
Micaela Liberti1; 1%/$| "}!&IY"EEAFW%,)q2%/$
'))'.,( !   &"EEAST
%,)q
INTRODUCTION
Recently, great attention has been devoted to the cell
effects of pulsed electric fields (nsPEFs). These signals are
> \ anosecond duration and megavoltpermeter intensity. The advantage with respect to the
conventional electroporation, which exploits microsecond
pulses, is the possibility to induce bio-effects down to the
intracellular structures as nucleus and organelles [1]. In this
work, a dispersive cell circuit model with nucleus is
presented and described.
MODELS AND METHODS
For microdosimetric studies using nsPEFs, compact
circuit representation of whole cell leads to relevant
advantages as shown in [2, 3]. In [2] a circuit model of a
three-layered cell, including the dielectric dispersion of cell
compartments, has been presented. That work specifically
highlighted the importance of modelling such a dispersion
when using extremely short (ES_nsPEF), very short
(VS_nsPEF), and short (S_nsPEF) pulses with duration of
1, 3, 10 ns respectively as classified in the same paper [2].
In this work, on the basis of previous results, we extend the
cell circuit model in order to include further compartments
for the nucleus. When nucleus is inserted, a simple series
connection of the compartments is not sufficient to
represent the typical band-pass behavior of the nucleus,
except if the conductivity of the inner and outer membrane
differ at least of two orders of magnitude such as in [3]. For
this reason, in accordance to the model proposed in [3], we
introduce a further one port element in parallel with the
nucleus compartments to consider the current that flows in
the cytoplasm which does not cross the nuclear membrane.
In Figure 1 the model of the nucleus with the parallel
branch for the cytoplasm is reported.

Figure 1: Cell Circuit Model for the nucleus.
As first step, the dielectric properties for the nuclear
membrane and the nucleoplasm are chosen equal to the cell
cytoplasm and membrane as suggest in [4]; in this case the

dielectric model is the same used in [2]. The circuital
elements are calculated according to the formulas proposed
in [2]. This circuit permits to obtain the typical low-pass
band and band-pass behaviour for the cellular and nuclear
membrane respectively.
RESULTS
We analyse the transmembrane potential (TMP) across
nuclear membrane and the current density flowing inside
the nucleoplasm for ES_nsPEF, VS_nsPEF, and S_nsPEF
signals. We obtain that the shortest pulse (ES_nsPEF)
induces the lowest TMP on the nuclear membrane. At the
same time, the amount of current that reaches the
nucleoplasm increases with decreasing duration of the pulse
as shown in Figure 2. The current density is represented in
logarithmic scale and only the current peak relative to rise
time of the pulses is reported. These results confirm that the
shortest pulses profoundly penetrate into the cell and
possibly produce bio-effects on the internal structures.

Figure 2: Current density flowing within the nucleoplasm.
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Numerical model of electroporation of intracellular liposomes with nanosecond
electric pulses
' Y>   ²University of     
,I S7!%-AEEE !13'%)
INTRODUCTION
Nanosecond electric pulses are able to penetrate into the
cell interior and, with sufficient amplitude, they can
provoke electroporation of intracellular organelles [1]. This
paper investigates whether such pulses could provide a
method for controlled intracellular release of a content of
  @    = ?!

decrease in pulse amplitude for EP of the plasma membrane
(pm, black lines) and nuclear envelope (ne, gray lines).
Selective electroporation of liposomes would, therefore,
only be possible in the case of liposomes with radii (Rlip) of
200 nm or larger, filled with conductive medium, and
electroporated with a 4 ns pulse (compare gray squares and
gray and black broken lines).

METHODS
A finite element model of a cell containing a nucleus
and a liposome was constructed in COMSOL Multiphysics
4.2a (COMSOL Inc., USA). Calculations were performed
with a 2D axisymmetric model, presented in Fig. 1.
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Figure 2: Pulse amplitudes at which the pore density at the
pole of the liposome, plasma membrane and nuclear
envelope reaches 1014 m-2. Tp – pulse duration, pm – plasma
membrane, ne – nuclear envelope.
Figure 1: Model of a cell with a nucleus and a liposome.
Membranes were represented by boundary conditions.
The model was exposed to a single 4 or 20 ns pulse,
with rise and fall times of 1 ns, by assigning electric
potential to the upper side of the rectangle in Fig. 1, while
the bottom side was grounded. The induced transmembrane
voltage (ITV) and the pore density, which results from
membrane electroporation (EP) due to increased ITV, were
calculated as described in [2,3].
RESULTS
Fig. 2 presents the values of pulse amplitudes, required
for the pore density at the pole of diffe \ 
liposomes to reach 1014 m-2 (level of significant
electroporation) by the end of the pulse. The results are
>] @  ]>    lip of
0.01 S/m and 2 S/m.
The pulse amplitude necessary for EP of liposomes
 ]> >    !  
liposomes filled with conductive medium (gray symbols)
are electroporated at lower pulse amplitudes. The pulse
amplitude for liposome EP also decreases with the pulse
duration, however to a lesser extent compared to the

CONCLUSIONS
In order to achieve EP of liposomes, while affecting the
plasma membrane and the nuclear envelope as little as
possible, one should use liposomes with radii of few
100 nm, preloaded with a conductive medium. Our results
also suggest that for selective EP of liposomes shorter
pulses of few ns are more efficient than longer pulses.
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Pulsed Electric Field-induced disintegration of fresh Rose petals
for vacuum distillation of essential oils
Fatma Gundogdu1, Mustafa Fincan1; 1 & Kayseri
,"Kq
INTRODUCTION
Rose oil and hydrosol are conventionally produced
through steam distillation process of petals of "
. Alternatively, vacuum distillation operating at
low temperature range is a useful method to reduce heatinduced decomposition of essential oils. In addition, for
facilitation of mass transfer from the plant tissue during
vacuum distillation period, it is beforehand necessary to
permeabili     >   >  
oils in intracellular region. The methods for cellular
 @ >J"99oC with
the drawbacks of decomposing essential oils and of high
energy. According to recent research, Pulsed Electric Field
(PEF) has been considered as a non-thermal tissue
disintegration method with a low energy expenditure.
The main aim of this work was to investigate effect of
PEF –induced disintegration of rose petals on mass transfer
of distillate in vacuum distillation. In the first part, PEFinduced disintegration of the petals was studied using
impedance changes and the PEF conditions to cause a
complete disintegration were aimed for the pretreatment.
METHODS
A fixed amount of sliced Rose patels was subjected to
PEF in a parallel plate electrodes after adding a two-fold
 ]!V>Y&%QQ @"9z]>
interpulse of 100ms at 3,6kV/cm was performed using an
electroporator (BTX 830, USA). Before and after the
treatm   "99   ]   
using an LCR meter (3532-50, Hioki, Japan) for 1 hr, and
the data were recorded in a computer via an interface (RS232C ,9593-01, Hioki, Japan) coupled to the LCR meter.
Tissue disintegration level by the PEF was estimated
considering the frequency scan and
comparing the
@@-thawed tissues.

PEF-application

Figure 1.The conductivity following the PEF-treatment
(replicates shown).

PEF-treated

Untreated

Figure 2.Frequency scan of the conductivity.

a)

RESULTS
The application of PEF resulted in a significant
increase in electrical conductivity from 0,691±0 ,0682 to
1,206± 0,176 mS/cm (Figure 1), and indicated the partial
  ]>  ]> >  \ @
>   "³+9Ø 999  ¥   "  !
Moreover, the PEF treatment caused the pigments of the
Rose petals to be released (Figure 3.a) and turned the tissue
into a colourless appearance (Figure 3.b).
CONCLUSIONS
The study supplied further evidence for non-thermal
disintegration of Rose petals using PEF to be employed in
vacuum distillation of heat sensitive essential oils.

Untreated

after PEF-treatment

b)

Figure 3.The images of Rose petal tissues inside (a) and
outside water (b).
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Fresh fruit juices: quality, safety and shelf life extension by
Pulsed Electric Field treatment
Rian Timmermans, Masja Nierop Groot, Louise Nederhoff, Ariette Matser, Hennie Mastwijk;
^"$"(*1$;A686EE))^,2
',2")'!
INTRODUCTION
· @     \ from fresh
fruits with a high pulp and a bioactive content of native
\    a true alternative to boost the
consumption of fresh fruits. The preference of the consumer
towards these juices is largely driven by convenience
and quality [1]. A major drawback is the limited shelf life
of 5-7 days due to microbial spoilage. Previously, microbial
safety issues have been risen [2] in the US and a recently
described outbreak in the Netherlands that was associated
]> >  @  @  À½ >
again led to question the @\ @  !
Food safety authorities have suggested the use of Pulsed
Electric Field (PEF) technology [4] to guarantee the
microbial safety of  @ ! X 
the results of a \>` \\ \
food safety of fruit juices that are processed by pulsed
electric field to obtain a shelf life in excess of two weeks.
MATERIAL AND METHODS
Shelf life studies
Orange juice was used to assess the effectiveness of
PEF treatment on shelf life extension and its impact in
particular on pectinmethylesterase (PME) as an indicator of
biochemical activity of native compounds. Juice samples
with high pulp content were treated in a pilot plant scale
PEF system at a throughput of 120 L/hr using 2
microseconds pulses at an electric field strength of 22 ± 2
kV/cm. Samples were analysed for total aerobic count,
enterobacteria, yeast and fungal counts, PME activity and
  @JJ<Z@@
3 weeks.

J ³Z! V>       
level of inactivation in excess of 5 log units for both
!  Panama and ! .
Under these treatment conditions the PME activity
remained 76 ± 3 % when compared to untreated control
="99? ]> @ >   9Z @ "9
minutes only 4% residual activity was left.
CONCLUSION
Shelf life extension of fresh fruit juice in excess of two
weeks is feasible when treated by PEF at an outlet
@ ³Z! V>   ]   ] >
 @\
@  >J>    @  \ @   \ ]
demonstrated. Inactivation of relevant a model spoilage and
pathogenic micro-organism by PEF treatment was shown
effective at mild temperatures.
REFERENCES
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Cambridge UK, 2007

Challenge studies
!(  ]  +9Z
before treatment. The outbreak isolate of !  
* was cultivated at a suboptimal temperature of
+9Z  V[ >     
temperature realistic for fruit processing. From this culture,
apple juice was inoculated and control studies confirmed
the S. Panama strain remained viable in apple juice up to
several days. The juices in the pathogen studies were
treated using a downscaled copy of the pilot plant at a
throughput of 2 L/hr under identical conditions that were
validated.
RESULTS
The shelf life of PEF treated orange juice was extended
in excess of two weeks at an outlet temperature not

118

EBTT WORKSHOP 2012

STUDENTS’ ABSTRACTS

Modelling the effects of electrostimulation in wound healing:
A dental implants scenario
Juan Vanegas-Acosta1, 2, Vito Lancellotti1, Peter Zwamborn1JÊ-Alvarado2; 1 Department
  (  ,(  (S*,AT78AS)+
( ,2',2")'!2 &%~  
 ' / / WE61SES)$/11 $%)
INTRODUCTION
Electrostimulation denotes the application of an electric
field (EF) to increase tissue recovery and reduce healing
times in wounds [1]. Although these effects are well documented by experimental evidence [1, 2], the exact underlying biological mechanisms influenced by the EF are
still matter of discussion. In order to fill the gap, numerical
models have gained interest as useful tools for providing
information about the interaction paths [3].
In this research we aim at shedding light on the possible
EF interaction mechanisms that take place during the bone
formation around a dental implant. Our approach allows us
to analyse the EF influence during blood coagulation, cell
migration, and new bone formation. Numerical results are
in agreement with experimental observations, and provide
additional information about possible EF interaction
mechanisms.
The numerical framework is suitable to explore electrostimulation in other clinical scenarios, especially those
dealing with different types of cells and tissues, other types
of electrical stimuli.
MATERIALS AND METHODS
The biological process leading to bone formation at the
so-called bone-  &   is simplified into
the following sequence of stages: 1) blood coagulation and
fibrin formation, 2) osteogenic cells migration, 3) granulation tissue formation and 4) new bone formation. Each
stage is modelled through a mathematical description based
on reaction-diffusion equations. The complete set of
equations is solved numerically via the finite elements
method. Computational implementation is performed for a
bi-dimensional domain representing a section of the implant
insertion site (interface), which is bounded by the host bone
and the implant surface (Figure 1a).
The influence of the electrostimulation during the entire
healing process is addressed by considering the borders of
the interface connected to a DC power source (Figure 1a).
Four different EF strengths, i.e., 0, 250, 500 and 750
mV/mm, are used to evaluate and compare possible
changes in the biological response. Total simulation time
corresponds to the first 21 days after implant insertion.
RESULTS AND CONCLUSIONS
        %J "!
Electrostimulation is seen to promote fibrin formation near
the implant surface (Figure 1b) and to increase cell migration (Figure 1c). A higher cell migration also accounts for a
J@  J> @!V>
results are in agreement with experimental findings on
electrothrombosis and electrotaxis [1-3].

Figure 1: a) Simulation domain and connection of the DC power
source. Numerical results for b) fibrin formation, c) cell migration,
and d) new bone matrix.

Formation of granulation tissue in the presence of an EF
is also higher near the implant surface (results not shown).
This result corresponds with observations done on collagenlike matrices exposed to EFs [1]. Since the EF exposure in>  > @>
amount of new tissues on its surroundings, during electrostimulation more than 90% of the injury area is filled
with new bone (Figure 1d), meaning that the implant is
fully osseointegrated (anchored with the host bone).
Prompted by these encouraging results, we plan on
doing further work to address the influence of timeharmonic signals and to analyse different dosimetry protocols (e.g., amplitude, wave-form, and duration) also used in
clinical electrostimulation.
REFERENCES
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effects: From cell biology to medicine’. * 
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[2] M Zhao. Electrical fields in wound healing. ‘An
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$ (, vol. 17, pp. 134-143, 2012.

119

EBTT WORKSHOP 2012

STUDENTS’ ABSTRACTS

Enhancing cell proliferation by non-contact
nanosecond PEF treatment of cell culture vials
J.W.M. van Bree1, J. Geysen1, and A.J.M. Pemen2; 13$iosystems( ,2
',2")'!`2 (  ,( &  *1
$;7AT78EE $( ,2',2")'!
INTRODUCTION
The applicability of nanosecond pulsed electric fields
(nsPEF) has been focused on killing of cells by means of
direct contact between the nsPEF electrodes and tissue or
liquid, such as in melanÀ"½ 
of fluids. Here we present a novel, tabletop device that
induces nsPEF over an antenna into their native culture
medium and sterile and closed cell culture vials. We show
that a single exposure to a train of intense electrical field
pulses of nanosecond duration can stimulate the rate of cell
proliferation in mammalian cell cultures in vitro.
nsPEF GENERATION
A single-turn loop, horseshoe-shape antenna was
designed which can contain a cylindrical cell culture vessel
inside. The electric field within the loop depends on the
variation of current within time. To generate the required
field strength of 10 kV/cm with 6 ns duration, a fast HV,
low-inductance RLC circuit was developed. A fast rising
current of 100 A/ns was achieved using a coaxially built
circuit, switched by means of a multiple sparkgap switch.
METHODS
V!" ]  \\]>.( 
   , were treated in culture vials by an
electrical field of several kV/cm with nanosecond duration.
Following treatment, 3T3.L1 cells were plated at low
\@\\
counting in the Fuchs-Rosenthal (FR) chamber [2].
In contrast, the CHO-"   ] \ 
plated in cell culture tubes with an optically clear flat side,
which allows for nsPEF treatment  ( ( ,
culturing and microscopic observing of cells in the same
culture vessel. After overnight incubation, adherent cells

were treated [3] while matching controls were placed
outside the instrument on a heated plate. Following nsPEF
treatment, tubes were placed in the incubator. Cells were
\ \J>%'>À+½!
RESULTS
3T3.L1 cells &, nsPEF-treated in cryovials,
displayed increased cell proliferation over controls ranging
from +30% to +112%, the median being +70% (Fig. 1).
Likewise, ( CHO-K1 cells displayed faster cell
growth following single nsPEF treatment (Fig. 2a). Treated
CHO-K1 cultures build up over one half day [3] head start
in day 0-3; then grow at similar pace (day 3-6) to converge
at similar cell numbers at confluence (days 7-10), when the
culture area of the flat tube is fully covered. As only 60% of
the CHO-K1 cells resided inside the antenna, the head start
may be as large as one day over 3 days of culture if all cells
had been treated with nsPEF (Fig. 2b).
The nsPEF-treated and untreated cells displayed
identical morphologies in the light microscope.
DISCUSSION AND PERSPECTIVES
The observation that a single, non-contact treatment
with nsPEF can stimulate cell proliferation in suspension
and adherent state, opens several novel avenues for
innovation in tissue engineering research and bioreactorbased biomolecule production.
REFERENCES
[1] Nuccitelli et al., 2010, Int J. Cancer, 127: 1727
[2] Full methods have been described in application notes
(please request at info@vabrema.com)
[3] As 60% of cells resided in the antenna, the nsPEF effect
is an underestimation (see also Fig.2b).
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Ion Transport Through Field-Stabilized Nanoscale Lipid Electropores: Molecular
Dynamics Simulations
M. Casciola 1, M.C. Ho 2, Z. A. Levine 2, P. T. Vernier 3; 1 &%%
   , I =%,D    " } !&IY   AF
"%  2 &*()/ )!
   !( /  =!/D  )  /) !) 3  2( & 
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METHODS
All simulations were performed using GROMACS
version 4.0.5. Lipid topologies were derived from OPLS
united-atom parameters, and the Simple Point Charge
(SPC) water model was used. For ions we employed the set
of parameters supplied within the GROMACS force field.
Each system was coupled to a temperature bath at 310 K
with a relaxation time of 0.1 ps using a velocity rescaling
algorithm and a pressure bath at 1 bar with relaxation time
of 1 ps using a weak coupling algorithm. Pressure was
coupled semi-isotropically (using a compressibility of 4.5 x
10-5 bar-1) normal to and in the plane of the membrane.
Bond lengths were constrained using the LINCS algorithm
for lipids and SETTLE for water. Short-range electrostatic
and Lennard-Jones interactions were cut off at 1.0 nm.
Long-range electrostatic interactions were calculated by the
PME algorithm using fast Fourier transforms and
conductive boundary conditions. Periodic boundary
] \J\@@!
!   All systems contain a bilayer
composed of 128 1-palmitoyl-2-oleoyl-sn-glycero-3phosphatidylcholine (POPC) lipids, and about 9000 water
molecules (~70 waters/lipid), with an initial system box
@ \ÃÃ"9!
Table 1: Pore radius
KCl** systems .
MV/m P.R. (nm)*
50
0.68 ± 0.03
75
1.06 ± 0.06
100
1.50 ± 0.03

and molar conductance in NaCl* and
P.R. (nm)**
0.77 ± 0.04
1.20 ± 0.02
1.56 ± 0.05

Na +(ns/M) K +(ns/M)
0.13 ± 0.16 1.3 ± 0.1
1.27 ± 0.57 4.8 ± 0.3
3.01 ± 0.24 10.2 ± 0.

RESULTS AND CONCLUSION
Our data shows a dependence of pore radius on the
value of the sustaining electric field; as the electric field
increases the pore radius increases (Table 1). Moreover, the
conductance is a nonlinear function of pore radius and of
the applied electric field, and the conductance values for
sodium, potassium, and chloride ions are substantially
different, a result of the greater affinity of Na+ for the
phospholipid head groups lining the pore walls (Table 1).
As the pore radius increases, a free pathway emerges for the
ions to travel through the pore with minimal interaction
with the phospholipid head groups. Finally, from the
comparison between our results with the literature [4], we
observe a consistency between the simulation and the
experimental data, as shown in Figure 1.
Simulations with different ions and lipid constituents
are in progress.
Total Molar Pore Conductance (nS/M)

INTRODUCTION
Electroporation modifies the transport of small and
large molecules across the living cell membrane.
Y J=?>@
an externally applied electric field, permitting normally
blocked materials to travel between the interior and exterior
of the cell. Although electroporation has been studied
extensively both theoretically [1, 2] and experimentally [3],
direct observation of the transport process and the
nanoscale electropores themselves has not been possible.
Molecular dynamics (MD) simulations can provide insight
into the biomolecular structure of electropores and how
they interact with materials transported through them.

200
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100
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0
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Figure 1: Comparison of conductance measurements by
using MD (Ü) and chronopotentiometry (Ý?.
REFERENCES
[1] X  !Z!  ¦!! Z>>  V>\ @
 #   ], Bioelectrochemistry and
Bioenergetics. 41(2): p. 135-160, 1996.
[2] Neu, J.C. and W. Krassowska, Asymptotic model of
  Physical Review E, 59(3): p. 34713482, 1999.
[3] Kinosita, K., Jr., et al., Electroporation of cell
      -laser fluorescence
microscope Biophys J, 53: 1015-9, 1988.
[4] Kalinowski, S., et al., Chronopotentiometric studies of
electroporation of bilayer lipid membranes Biochimica
Et Biophysica Acta-Biomembranes, 1369: 204-212,
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Determination of electro-physiologial properties of cell by eelectrorotation.
Claudia Trainito, Olivier Français, Bruno Le Pioufle, '!/(!),%/'"!8A *
^ -@WST7/(")'/
INTRODUCTION
AC electrokinetic phenomena such as dielectrophoresis
(DEP), travelling wave dielectrophoresis (TWD) and
electrorotation (ROT) effects are quickly becoming popular
manipulation tools for LOC and microfluidic devices [1].
Indeed these approaches are low invasive as non-contact
forces are generated with the electrical field. Recent studies
show their potential for promising biomedical applications
(for example gene therapy or electrofusion for
immunotherapy) [2]. The knowledge of electrophysiological properties of cell is mandatory in studies
concerning cell treatment or diagnostic methods.
Goal of the work presented here is to establish a
microfluidic platform associated to an analysis system in
order to determine electric properties of cells.
METHODS
We design and fabricate a microfluidic device
comprising a two-dimensional electrode structure to
generate electrorotation of cells with the aim to extract their
electro-physiological parameters by the analysis of the
rotational velocity dependance with the electrical field
frequency. The rotation of the analysed cell is induced by
the travelling wave dielectrophoresis, that produces a
rotational torque:
2
[1]
*(Z ) 4 Sr 3H m Im[K(Z )] rms

V] J  \> >    ]
interface, and produce four sinusoidal signals to the set of
polynomial electrodes, with the same amplitude and a
\@Q9@>!%`>
experiment are in >JÀ9– 9 ½!*J
acquired with a ultra-fast camera (Phantom v9), and
 \  >   \!
We built up a model that relates rotational speed in function
of the cell electrical parameters and frequency. The
obtained simulated theoretical behaviour is compared with
the experimental rotation spectrum. The fitting of the model
with experimental data, using least square algorithm, gives
the estimated parameters of the cell (complex permittivity
versus the frequency).
RESULTS
A first experimentation step was carried out by using
 ["³%"9=]>> "9?]>
with conductivity equal to 0.002 S/m (osmolarity is
controlled with sorbitol) . Rotational speed of cell was
calculated by  \J .

H *p  H *m
K(Z )
[2]
H *p  H *m

*À=¨?½  > J\  @ >
Clausius-Mossotti factor, which depends on the electrical
properties of the rotating cell, E is the electrocal field, r the
radius of the cell. Epsp and Epsm are respectively the
complex permitivities of the cell and the medium.
Finite element simulations were done by using
COMSOLTM software in order to investigate the optimal
shape for the electrodes. Various parameters such as shape,
   ]   ]  ]> +
and 3D modeling We studied the spatial distribution of
electric field, its time variation during electrorotation
phenomenon, and we predicted the behavior of cells. We
finally chose a polynomial shape because of its best
performance in term of field homogeneity.

Figure 2: Electrorotational speed of cell B16F10.
CONCLUSION
Electrorotation phenomenon is a dedicated method to
determine cellular dielectric properties. , which can be
implemented within an integrated microfluidic device, in
  > > J  – or multiple – cell
properties, prior to cell treatment or diagnostic methods on
a chip.
REFERENCES
[1] Esther G. Cen, Colin Dal ton, Youlan Li, Sophia

Figure 1: view of the cell experiencing electrorotation
induced by polynomial electrodes. Right picture: the
corresponding simulation.

Adamia, linda M. Pilarski, Karan V.I.S. kaler, # 
    ( vol. 58 pp. 387-401,
(2004).
[2] Zimmermann, U., Neil, G. A.,  &  
 /"/*A@@8
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Electro-optical trap for cell manipulation and characterisation
Liviu Dimitriu1, Tudor Savopol1, Mihai Radu1, 2, Eugenia Kovacs1, Mihaela-Georgeta Moisescu1;
1
$&(/ $( &/      F!$ 
7*1$;T7-WT$("1 )'%)2  *(&2
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 "1 )'%)
INTRODUCTION
The application of optical traps in biology arose from
the development of the single-beam gradient trap, or
  ] ]>> >        
biology and in the rapidly expanding field of singlemolecule research. Optical forces produced by commonly
available lasers lie in the piconewton (pN) range.
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
dielectrophoretic (DEP) force:
* 2Sr 3 H e Re(CM ) 2 (1)
where r is the cell radius, H e is the external medium
absolute permittivity,  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 *
and, also, for its dependence on the geometrical and electric
parameters of the cell.
Presently there are two main methods to determine the
optical forces applied to the trapped particle: Brownian
motion analysis and viscous drag force measurement. In
both cases, the theoretical estimations and measured forces
are not always fully consistent.
PROJECT OBJECTIVES
We propose a method to determine the optical force
exerted by a laser trap on a single cell by simultaneous
application of a dielectrophoretic force of gradually
increasing intensity.
This combined electro-optical trap may be used as
prototype equipment for manipulation and characterisation
of various groups of cells exposed to electroporating
electric pulses (electroporated and nonelectroporated cells,
reversibly and irreversibly electroporated cells etc).
MATERIALS AND METHODS
Cells: B16F10 cultured cells resuspended in 300 mM
Manitol solution (10-"¥?="94 cells/ml);
1&  &: home made optical trap using a
photodiode at 831 nm, variable power (max 35 mW);
* -&: triangulated Cr electrodes deposited on
 =9!> "99J?]th an
inter-  J @ "99  Z @ J
=J  +9 9   pp), PCScope (PCS500,
Velleman Instruments);
%4: Axiovert inverted Zeiss microscope,
AxioCam MRm camera, AxioVision rel 6.2.

Cells washed three times by centrifugation in Manitol,
were mounted on the DEP chamber. One cell was trapped
\ >   ]  JJ  `  
between the electrodes. A DEP field of increasing intensity
]   ="99    ³ pp, 0.2 Vpp step). Movies
were recorded for each DEP field intensity (Time Lapse
function, 1 min long recording, 2 images/s). At the moment
when cell is escaping the trap, the optical force is equalled by
the electric force which may be calculated by using eq. (1).
DISCUSSION
Calibra   @ ] !    @ @
several diameters categories (varying from 8-"+?@>
explored cells were built.
The work is continued by development of the adequate
set-up for  electroporation of cells observed under the
action of DEP field with simultaneous application of the
optical trap.
ACKNOWLEDGEMENTS
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Biodevices for Cell Electrofusion
Feriel S. Hamdi1,2, Olivier Français1, Elisabeth Dufour-Gergam2, Bruno Le Pioufle1; 1  ' 
!&5/(/'"!!),% "FES@/(")'/ 2  *-!/'"!
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INTRODUCTION
Cell fusion is a method used to combine the properties
of two progenitor cells especially investigated for
immunotherapy of cancer [1]. It can be performed
electrically (electrofusion) using short electric pulses [2].
To be efficient, it is important to produce a high amount of
hybrid cells, but conventionally, electrofusion is performed
in electroporation cuvettes before several steps of sorting.
During the last decades, dedicated biodevices were
developed to increase the productivity by pairing cells and
fusing them with a better control of the electric field in
micro scaled structures [3].

EXPERIMENT AND RESULTS
The fabricated biochip is connected to a printed circuit
board holder (Figure 2 left).
["³%"9      ]    ÃZ
incubator. Before the experiment, they were detached and
suspended in a low conductivity fusion buffer to reduce
Joule heating then charged on the biochip. A sinusoidal
signal was applied to generate dielectrophoretic force and
pair cells prior to 10 square electroporation  ="99z
  J   ?! '  @  @ 
shown in Figure 2 (right).

THEORY
We use the electric field to both pair and fuse cells in
> J  @ > ! V> J  @
insulating pillars aligned between two gold electrodes. We
first take advantage of the electric field shaping thanks to
the insulating structure (Figure 1) which allows pairing
cells with positive dielectrophoretic force (FDEP in Eq 1):

*

3
2S"Cell
Hm  e >KCM @   2

Figure 2: From left to right: Connected biodevice, cell
electrofusion

(1)

Where RCell  >    m medium’s
permittivity, E the applied electric field and KCM the
Clausius Mossotti factor (depending on cells and medium
electric properties).

Figure 1: Electric field simulation of the structure
After pairing cells, we combine this to electric pulses
]>>   J>wan’s law
(Eq 2):

3m

3
t
"Cell e W cos T
2

CONCLUSION
Microtechnologies allow the development of different
kinds of structures for electric or fluidic cell trapping thanks
to positioning at cells scale. This permits the observation of
the electrofusion of the phenomenon but also to increase the
one to one fusion yield by a pre selection of cells.
REFERENCES
[1] V.L. Sukhorukov, R. Reuss, J.M. Endter, S. Fehrmann,
A. Katsen- Y!!>!! º 
!  ·! $  ! $ 
biophysical approach to the optimisation of dendritic    @  $(  
$&(  "( /, vol. 346, pp.
829, 2006.
[2] Z! %! @  !V  ;& /  "., vol.
150, pp. 477, 1984.
[3] !  !X>V!  >
of cell fusion in field constriction area in fluid
J   % , % )&& , vol. 25,
pp. 732-737, 1989.

(2)

where Vm > Ô>
charging constant andÞ > J  ] >  
electric field direction and the calculating point on the
membrane.
Keeping the contact between cells during this process
permits their fusion.
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Electroporation as a support for the photosensitizers delivery to human breast
carcinoma cells
XJ]1  J  1, Jolanta  2, Julita Kulbacka2, Maria B. Derylo1,
Justin Teissie3, Marie-Pierre Rols3, Julie Orio3; 1 %$  
%^ . ,( ^II^& S67E-T6E^ .
*1)'2 Department of Me $(^ .   /(  AE
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INTRODUCTION
Photodynamic therapy is a minimally-invasive method
of local cancer treatment [1]. A light sensitive agent, called
>   \  @ >
technique. Ineffective uptake of photosens by cells
significantly reduces the effectiveness of the therapy. One
of a potential method to overcome this problem is
electroporation [2, 3]. The aim of this study was to
investigate the possibility of using electroporation
for the enhancement of p>  \!
METHODS
 @ > ] \  > =Y>@?
and two potential candidates from the group of cyanine
dyes (IR-775 and IR-786) were studied [4]. Experiments
were carried out in vitro on human breast adenocarcinoma
cell line (MCF-WT) and Chinese hamster ovary cell line
(CHO WTT). Cytotoxicity of cyanines was determined
by the MTT assay. Cytotoxicity of Photofrin was
 \ > Z\    !  
of cyanines was evaluated under a confocal laser scanning
microscope. Photofrin uptake was assessed under
a fluorescence microscope and on a flow cytometer.
RESULTS
In the studied range of concentration the cyanines were
not cytotoxic for non-    !  
values of electric field intensities were non-toxic for cells,
but efficiently increased cytotoxicity and photocytotoxicity
of cyanines. The improved effectiveness of photodynamic
therapy combined with electroporation at significantly
reduced drug exposure time was achieved.
Analysis of microscopic images of cells with Photofrin
>] >    @ > > @
application of electric pulses.

Figure 1: MCF-7 cells non-  =9/cm)
  ="999¥? with Photofrin.
CONCLUSIONS
&  @ @acilitated the
> transport into cells, so it can be used to
support photodynamic therapy, enabling application of new
compounds and reduction of drug dose and exposure time.
REFERENCES
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Impedance Sensing for Monitoring Cellular Behavior before and after In Situ
Electroporation
Sonja Lukic1, Stefanie Michaelis1, Judith Stolwijk1, Joachim Wegener1; 1 %)  
/(/(- $ "Universitaetsstrasse 31D-@TE7T
"<" )'q
INTRODUCTION
Electric cell-substrate impedance sensing (ECIS) is a
label-free method which provides a non-invasive and time
resolved observation of adherent cells. When combined
with   electroporation, it enables monitoring the
cellular response to the introduction of membraneimpermeable compounds. To establish the assay, bovine
aortic endothelial cells (BAEC) were used as cellular model
system as they are known express Â-adrenergic receptors on
their membrane surface which are coupled to the cAMP
second messenger cascade. Thus, cAMP can be used as a
membrane-impermeable, biologically active probe to be
introduced into the cells by electroporation. Previous
experiments [1] could show strong response of these cells
to membrane-permeable derivatives of cAMP like CPTcAMP (8-(4-Chlorophenylthio)cAMP).
METHODS
Cyclic adenosine monophosphate (cAMP) is a well
known intracellular signaling molecule or 
J and regulates a number of processes within the
cell. V     \  > \  the
electroporation process for bovine aortic endothelial cells
was first explored using fluorescein-isothiocyanate-dextran
(FITC-dextran, 250 kDa) as membrane-impermeable probe
before any cAMP experiments. Electroporation was
performed for cells which are adherently grown on small,
gold-film electrodes which deliver t>  J
voltage pulse. The ECIS instrumental set-up allows for
monitoring the viability and morphology changes of
adherent cells spread on the electrode surface before and
after pulse application [2].
A commercially available ECISTM electrode array (with
8 wells) with a confluent monolayer of BAEC cells on the
bottom of each well is used and placed inside a standard
     =ÃZ  Z2). Before and after
pulse application the ECIS device records the complex
electrical impedance as a function of frequency noninvasively. In this study, different electroporation assays
were performed where single parameters (amplitude of
voltage, pulse duration, incubation time) were varied in
order to find the most efficient conditions for this specific
cell line in terms of probe uptake and non-invasiveness of
the procedure.
RESULTS
Y @> ]\
applying short electric pulses to adherent cell layers sitting
on gold-film electrodes, designed to achieve both excellent
loading efficiency and full recovery of the cells after
electroporation. In order to investigate which

electroporation conditions are the most convenient for
BAEC cells, they were electroporated in presence of the
green fluorescent probe FITC-dextran by applying the
    ]>  @`\ @ <9   
duration 200 ms but different pulse amplitudes (Figure 1).
The impedimetric measurement was followed by
subsequent imaging of cells using confocal laser scanning
microscopy (CLSM) in order to document loading
efficiency with the dye. It could be shown that higher pulse
amplitudes affect cells more and they need more time to
recover, while smaller voltages are less invasive and cells
recover much faster afterwards.

Figure 1: Time-resolved monitoring of cell recovery after
 electroporation. Arrow 1 represents the time point of
FITC-dextran addition and arrow 2 the time point of
electroporation.  >     >  
point before electroporation, at 4 .
CONCLUSIONS
UJ >      
that introduction of small molecules into BAEC cells is
very likely to occur.
REFERENCES
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electrochemical impedance measurementÂadrenergic stimulation of bovine aortic endothelial
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[2] J. Wegener, C. R. Keese, I. Giaever "Recovery of
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Death by calcium; Ca2+ loading by electroporation causes
ATP exhaustion and tumor necrosis
Stine Krog Frandsen1, Hanne Gissel2, Pernille Hojman3, Trine Tramm4, Jens Eriksen1,5, Julie Gehl1;
1
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INTRODUCTION
Calcium is a ubiquitous second messenger involved in
many cellular processes, including cell death. In eukaryotic
cells the concentration of free intracellular calcium is very
low, in striking contrast to the concentration of free calcium
in plasma. Thus, even a small increase in the permeability
of the membrane by electroporation may increase the
concentration of free intracellular calcium drastically.
Increase in intracellular calcium concentration due to
electroporation has previously been shown but the use in
cancer treatment not investigated. Here we document that
calcium electroporation can be highly efficient in
eradicating tumors in vivo, and we suggest that the
mechanistic explanation is acute energy depletion.
MATERIALS AND METHODS
%  & - Three different cell lines, DC3F, a transformed Chinese hamster lung fibroblast cell line;
K-562, a human leukemia cell line; and Lewis Lung
Carcinoma, a murine lung carcinoma cell line, were
     @ QQz ]>   \ "!+ ¥
(DC-3F and K-562) and 1.4kV/cm (Lewis Lung
Carcinoma) in buffers containing increasing calcium
concentrations (0-5mM) using a BTX T820 square wave
electroporator. MTT assay (viability assay) was performed
after 1 and 2 days incubation, respectively.
%   & – Fluorescent H69 (human small
cell lung cancer cell line stably transfected with EGFP)
tumors on nude mice were treated with isotonic calcium
injection (168mM CaCl2) and electroporation (8 pulses of
"99z"!9 ¥"?J³ ate electrode
`]  =Z ?!V
and fluorescence intensity were measured before treatment
and three times a week after treatment.
2  – Paraffin-embedded, formalin-fixed tissue
sections of tumors treated with calcium and electroporation
were HE-stained, and fraction of necrosis was estimated by
stereological point counting.
),*  – DC-3F cells were electroporated in vitro
with 1mM calcium, and ATP content was determined 1, 4,
and 8 hours after treatment.

RESULTS
There was a dose dependent, dramatic decrease in
viability in vitro for all electroporated cell lines with EC50
being 0.57mM calcium (range 0.35-0.79mM) whereas EC50
was not reached without electroporation.
Calcium electroporation in vivo elicited dramatic antitumor responses in which 89% (8/9) of treated tumors were
eliminated. Fluorescence intensity of tumors treated with
calcium and electroporation decreased drastically after
treatment and stayed at background levels for the remainder
of the experiment, being significantly different from tumors
treated with physiological saline and electroporation
(p<0.01) and from control groups treated without
electroporation (p<0.0001).
Histological analysis of tumors treated with calcium and
electroporation showed progressive necrosis, which was
highly significant 2 days after treatment (p<0.0001) and
complete 6 days post treatment.
The ATP assay showed that calcium and electroporation
treatment resulted in an immediate and severe drop in ATP
level whereas cells treated with electroporation alone
exhibited a similar drop in ATP level but with a marked
recovery 4 hours after treatment to levels significantly
higher than calcium and electroporation treated cells
(p<0.0001).
CONCLUSION
Our findings offer a preclinical proof of concept that
electroporation induced loading of cancer cells with
calcium offers an efficient anti-cancer treatment. This
treatment could easily be implemented in the clinic since
both calcium and electric pulses are already used clinically.
The safety profile, availability, and low cost of calcium
facilitate access to this technology for many cancer patients
in high- and low-income countries.
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Electroporation Enhances Mitomycin C’s cytotoxicity in T24 Bladder Cancer Cell
Line
ß`1, Gregers G. Hermann2, Julie Gehl1; 1/< 
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INTRODUCTION
Electroporation (EP) is a physical method used to
  >   ! V>   
short and intense electric pulses in order to introduce drugs
or genes into the cell. Mitomycin C (MMC) is widely used
for the treatment of non-muscle invasive bladder cancer
(NMIBC). However, the treatment of this disease is not
optimal; recurrence and progression of tumours are
frequent. These facts lead to finding ways to improve
current therapies. A relatively new technique called
Electromotive Drug Administration (EMDA) has shown
promising results in the treatment of NMIBC. It combines
bladder instillation of MMC and the application of an
electric field over the urinary bladder. EMDA's
mechanisms of action are still uncertain. We aim to
determine if EP improves the cytotoxicity of MMC on
bladder cancer cell line.

in the Y-axis corresponding to IC_50 in the x-axis,
represented by dashed vertical lines.

METHODS
Bladder cancer cells (T24) were harvested and diluted to
a concentration of 6.1 x 106  ¥ ! +Ã9z @  
suspension was put in each of two 4 mm wide EP cuvettes.
V>9z @J@controls PBS-buffer, were
added to reach the final drug concentration. One cuvette
was left unpulsed and the other was exposed to 6 electric
pulses of 1 k¥ ]>    @ QQ z! % \
 ]ÃZ@++>!
V\]
performed to determine cell viability.
RESULTS
V>''âÀ99z ½À"999z ½\&Y
31% and 29 % (p < 0.0001).
V>''âÀ9z ½]@+!The first open circle in
> \J @@J+> 
control with 100% cell survival. This significant relative
reduction of survival caused by EP itself is independent of
the drug concentration in all cases (p < 0.0001).
V> *Zâ9   \ "999 z   @
pulsed or not pulsed (p > 0.05).
The Figure shows the effect of MMC on T24 cell line:
Z¢&Y !
Z ! Ø& @Ã!Figure
(a) Optical density measured by MTT assay, at a
wavelength of 550 nm, representing cell viability. Figure
(b) Fraction of surviving cells when OD values are
  to each control. For (a) and (b), open circles
represent survival of cells exposed only to MMC. The first
white dot represents the unpulsed control. Solid circles
represent survival of cell exposed to both EP and MMC.
The first solid circle represents the pulsed control. Dotted
>    > > @     =â9?

CONCLUSIONS
EP and MMC have an appropriate additive effect. This
drug’s cytotoxicity is increased by 30% when associated to
EP at a drug concentration that can be related to the
approximate drug concentration present in the bladder
during intravesical chemotherapy. Experiments that
investigate other mechanisms present in EMDA have to be
carried out. Furthermore, it is also necessary to perform invivo studies that investigate the effect of MMC and EMDA
on the bladder wall.
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Multicellular tumor spheroid as a relevant ex vivo model to assess
electromediated drug delivery in human tumors
Laure Gibot1,2, Luc Wasungu1,2, Justin Teissié1,2, Marie Pierre Rols1,2; 1 %*$!-/'"! "7EF@SE7
'TAE66, ")'/ 2  5, *!TAE66, 
INTRODUCTION
Electrochemotherapy (ECT) is a physical method that
has been successfully developed for antitumoral drug
delivery in cancers cells. Electric field induces transient
   ]J ]permeant
drug to penetrate into cells, thus enhancing its cytotoxicity.
The method is nowadays used in human and veterinary
clinics as a palliative treatment [1, 2]. The only antitumoral
drugs currently used in ECT are nonpermeant bleomycin
and low permeant cisplatin [3].
We developed a human 3D multicellular tumor spheroid
(MCTS) as an ;   model of tumor to visually and
molecularly assess the effect of ECT. The development of
an ;   tool that allows to avoid in vivo assays is
currently unavailable and would be beneficial for testing
drug efficiency in ECT protocols, determining minimal
drug quantity with maximal effects, and above all for
J @  .
METHODS
MCTS made of human colorectal cancer cells (HCT116) were obtained by the hanging-up droplet method. The
ESOPE (European Standard Operating Procedures on
Electrochemotherapy) electrical parameters were used: 8
 "99z"99¥@"@`\ [1]. Classical
antitumor drugs, namely bleomycin (non permeant),
cisplatin (low permeant) and doxorubicin (permeant) were
used as cytotoxic drugs to ;  assess the effect of ECT
 ZV! Z    ]  \
      \ @ 
microscopy on live MCTS or on fixed cryo-sectioned
MCTS. A TUNEL assay permitted to observe apoptosis
phenomenon on cryosections of MCTS depending on
treatments. Apoptosis was quantified with an Annexin VFITC kit by flow cytometry after MCTS dissociation.
Cancerous cell growth capacity and macroscopic aspect
]J\@ ]J ZV@!

Figure 1: Spheroid macroscopic aspect 5 days after the
@@! "99z!

RESULTS
Our results revealed that all cells were efficiently
  ]>  >    > >
even those in the core. The combination of antitumor drugs
and electric pulses (ECT) led to changes in spheroid
macroscopic morphology and cell cohesion, to tumor
spheroid growth arrest and finally to its complete apoptosismediated dislocation (Figure 1, 2), mimicking previously
observed in vivo situations [4].

Figure 2: Apoptosis quantification. 9h post-treatment,
dissociated spheroids were processed with Annexin V%*VZ      \ \ @ ]
cytometry.
CONCLUSION
Taken together, these results indicate that the spheroid
model presents potential to screen new antitumor drug
candidate for ECT and is relevant for the study and
@ J  \.
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Tumorsphere culture of B16-F10 cell line: targeting cancer stem cells using
electrochemotherapy
Christophe Calvet1, Franck Andre1, Lluis M. Mir1; 1 /'"! "F203%< -"AAW
3 -@WFE73 /e;")'/
INTRODUCTION
Cancer stem cells (CSCs) are suspected to be
responsible for tumor propagation, tumor metastasis and
resistance toward therapy and thus relapses [1].
Cultivating cells in an anchorage-independent manner in
a serum-free medium enriched with growth factors is used
to select CSCs growing as multicellular clonal 3D
 >!V>>` 
efficiency in enriching and maintaining CSCs for several
cells lines and primary tumors. We sought to evaluate the
ability of tumorsphere culture of B16-F10 murine
melanoma cell line for CSCs enrichment in order to
evaluate their sensibility to electrochemotherapy. Flow
cytometry is widely used to isolate CSCs based on the
expression of immunomarkers. Therefore we used
antibodies directed against the most common CSCs markers
(i.e CD133, CD44, CD24 proteins). The side population
(SP) assay is also a useful technique to identify a cell
population that specifically expresses ABC transporters, a
stem cell marker responsible for drugs and cytotoxics
efflux, such as Hoechst33342 [2], [3].

In adherent culture monolayer, a very large population
of B16-F10 expressed CD44 whereas CD133 and CD24
were found in less than 1% of the cells. These rates
remained constant after cultivating the cells as
tumorspheres for up to 23 passages (Figure 2). Likewise we
did not notice any enrichment with SP population
(approximatively 1%) in B16-F10 tumorspheres compared
to adherent cells.

METHODS
Tumorspheres were generated plating B16-F10 cells
onto ultra-low attachment surface in a serum-free medium
with specific pluripotency growth factors (i.e. epidermal
growth factor, basic fibroblast growth factor). One-weekold tumorspheres or adherent cells were incubated with
anti-mouse monoclonal CD133-APC, CD44-FITC or
CD24-PE antibodies (eBiosciences).
Besides we stained cells wit>zJ¥ @><+
(Sigma). A control solution containing Hoescht33342 and
9z  @   =J? ] @    !
Immunostaining and side population analysis were both
performed using flow cytometry facilities.

Figure 2: Tumorspheres are not enriched with CSCs
markers CD133, CD44 and CD24.

RESULTS
Adherent B16-F10 cells form tumorspheres when
seeded onto a low attachment surface in a serum-free
medium containing specific growth factors.

CONCLUSION AND PERPECTIVES
B16-F10 tumorspheres does not seem to be enriched
with CSCs. Evaluation of tumorigenicity, the gold standard
method to evaluate the presence of CSCs, should be
performed to confirm this hypothesis.
ACKNOWLEDGEMENTS
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Figure 1: Adherent B16-F10 cells (left) and tumorspheres
(right).
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Treatment of squamous cell carcinoma in oral cavity by electrochemotherapy in
canine patients
Sebastián D.Michinski1, Felipe H. Maglietti1, Mónica L. Rao2>  1, Guillermo Marshall1
1
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INTRODUCTION
Electrochemotherapy (ECT) involves systemic or local
administration of an antineoplastic agent followed by
application of a pulsed electric field locally on the tumor
surface, which produces the transient per  @
cells exposed. The electric field permits the entry of the
antineoplastic agent into the exposed cells, consequently
increasing its concentration. This allows the use of very low
doses of the antineoplastic agent virtually eliminating
systemic toxicity effects.
Several studies have demonstrated the high
effectiveness and safety of ECT in treating primary tumors
or metastasis, whatever the histological origin [1,2,3,4].
Our research group has worked on the basic study of
ECT and in recent years we started applications in
companion animals. We have used this palliative treatment,
when other modalities failed, or when the patient does not
accept conventional treatment. In this work, we show three
cases of squamous cell carcinoma located in the oral cavity
in dogs.
GOAL
Evaluate the response of squamous cell carcinoma
located in the oral cavity by applying ECT in canine
patients, the feasibility of the procedure and its
implementation in Argentina.
MATERIALS AND METHODS
Our research group has treated over forty veterinary
patients with tumors of different histology. In this paper we
show preliminary results of the first three canine patients
with squamous cell carcinoma of the oral cavity, diagnosed
by biopsy, and with different previous treatments. We
performed a single session of ECT following the guidelines
of the ESOPE (European Standard Operating Procedures
for
Electrochemothrepy)
study.
For
the
ECT
implementation, we used an electrode constructed in our lab
which provided a good coverage of the area treated. Finally,
we evaluated the response 7, 15 and 30 days after
treatment.
RESULTS
One patient remains alive and disease-free since 1 year.
The other two died of causes unrelated to the treatment
within 30 days; however they showed a significant
reduction in the  @ the treated tumors, relief of pain,
and therefore an improvement in life quality.

A        >   ,
which was controlled by the administration of NSAIDs.
In all three cases tumor measure was hindered for
different reasons. In the first case the tumor was an ulcer
with undefined limits. In the other two cases due to tumor
location, one was too deep in the pharynx and the other
compromised both sides of the mandible body (> 
part). S         
but not quantified.
CONCLUSIONS
In the three cases shown, ECT proved to be a suitable
treatment option for local control of squamous cell
carcinoma located in the oral cavity. The brief ECT
procedure was shown to be safe and tolerable for animals of
different clinical status. It is especially useful for treating
tumors when other treatment modalities were not effective.
We believe that ECT is entirely feasible in Argentina, in a
first step in veterinary medicine, and upon compliance of
the health regulations, it could be available in human
medicine too.
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Bacterial Cellulose Scaffolds for Tissue Engineering with Porosity through
Irreversible Electroporation
Andrea Rolong1, Laurie G. O’Rourke2'J2, Paul Gatenholm2,3,4, Rafael V. Davalos1;
1
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Tissue engineering involves the seeding and attachment
of human cells onto a scaffold [1]. Once seeded, the cells
proliferate, migrate into the scaffold, and differentiate into
the appropriate cell type for the specific tissue of interest
while secreting the extracellular matrix components
required to create the tissue. The three dimensional
@>@@  >@
and density of the scaffold, is important in successful
proliferation and migration of seeded cells to create the
tissue. Therefore, the choice of scaffold is paramount in
enabling the cells to behave in the required manner to
J@>>!
Of fundamental importance to the survival of most
engineered tissues is gas and nutrient exchange. In nature,
this is accomplished by virtue of microcirculation, which is
the feeding of oxygen and nutrients to tissues and removing
waste at the capillary level. However, gas exchange in most
engineered tissues is typically accomplished passively by
diffusion (generally over distances less than 1 mm), or
actively by elution of oxygen from specific types of
material fibers [2]. Currently, there are no known tissue
engineering scaffolds with a circulation designed into the
structure for gas exchange. As a result, the scaffolds for
tissues and J >!
V> ]   >   @ 
which 3D networks of cellulose will be custom fabricated
through precise control of bacterial motion [3]. Bacterial
cellulose, a natural polymer, is an ideal scaffolding material
for tissue engineering due to its proven biocompatibility,
mechanical integrity, hydroexpansivity, and its stability
under a wide range of conditions [4].
Our approach to incorporate conduits in the cellulose
scaffold will be through the use of irreversible
electroporation (IRE). IRE is a process in which the
delivery of electrical pulses gives rise to an increase in
membrane permeability by altering transmembrane
potential which in turn results in cell death through the
creation of irrecoverable defects in the membrane [5,6].
X>\>>\J*'&  >
specific locations and at particular times during cellulose
production, we can introduce conduits in the overall
scaffold by preventing cellulose deposition at these sites.
Through mathematical modeling and experimental
techniques, the electrical effects will be investigated and the
parameters for IRE of bacteria will be determined. Some
constraints to be considered while developing the IRE
   >]>>  
production will affect the electric field distribution. The
conductivity of the extracellular medium as well as the

transmembrane potential of the cell before and after IRE
need also be considered when setting experimental
parameters [7]. The bacteria used to create nanocellulose,
) ; , are much smaller (1-zm) than
mammalian cells and have a rod like shape. Bacteria of
   >   \ J IRE for water
decontamination [8].
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Liver Segmentation for Electrochemotherapy Treatment Planning
Denis Pavliha1    1; 1      
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INTRODUCTION
Electrochemotherapy of deep-seated tumors requires
patient-specific treatment planning for a successful
electrochemotherapy treatment [1]. In order to prepare a
robust treatment plan, an anatomical model based on
medical images (CT or MRI) needs to be constructed [2].
Construction of such model is based on acquisition of the
patient’s medical images and on processing the images in
order to perform relevant-tissue extraction (i.e.
segmentation). In this paper, we present three possible liver
segmentation
methods
that
are
in
use
for
electrochemotherapy treatment planning: region growing,
adaptive threshold, and active contours.
SEGMENTATION METHODS
First, we define the     as the slice in the
patient’s medical images collection with a high probability
to include a large portion of the liver. Based on our
experience, the referential slice is the median slice of the
collection. Before applying a segmentation algorithm,
preprocessing of the medical images needs to be executed.
Regardless of the applied segmentation method,
preprocessing is executed the same way on each slice by
applying the following procedures: non-uniformity
elimination [3], average-based filtering, Gaussian-blur
filtering, and non-linear contrast enhancement (e.g. using a
sigmoid function). Since preprocessing is independent of
the slice location, it is executed in a parallel fashion (i.e. on
multiple processor cores) to achieve high processing speed.
The first possible segmentation method, the region
growing algorithm, is initiated by presenting to the end-user
the    . The end-user, then, places the initial
seed by clicking on the liver tissue on the referential slice,
taking care that the seed is not placed on a non-liver
structure (e.g. vessel or lesion). The algorithm, then,
performs region growing in three dimensions by evaluating
intensities of the seed’s neighbour voxels: if the voxel’s
intensity ranges between the low and the high pre-set
thresholds, the voxel is marked as part of the region and its
neighbours are, then, also evaluated. The procedure
continues until all the voxels that derive as successors of
the seed (or its successors’ successors) are evaluated.
The second segmentation method, the adaptive
threshold method, is performed by transforming each slice
using a threshold-based function that sweeps the threshold
over the intensity range while comparing the currently
>>     >     J  
cross-correlation, and storing the result of the comparison.
When the threshold sweep ends, the current slice is
transformed using the threshold-based function based on
the threshold value with the highest cross-correlation (i.e.
the most similar to the previous slice). Since this method
works in the third dimension, it is initiated on the
   towards the last slice, and then restarted on
the     towards the first slice. Since the

    has no predecessors on which comparison
J   -correlation could be performed, a
set of presets that include different liver segments is used
instead: the preset with the maximum cross-correlation
determines the initial threshold on the re  .
The third segmentation method, active contours, is
based on calculating the energy of the image and placing an
active contour on top of the calculated energy. The active
contour consists of points that move to the neighbouring
voxel with the lowest energy. The energy is represented by
the Gradient Vector Flow (GVF) field [4] with the
combination of other contour parameters (e.g. elasticity and
curvature). The initial active contour (i.e. on the referential
 ) is obtained using the adaptive threshold method,
while the current slice’s active contour is based on the final
contour of the previous slice (i.e. three-dimensionally).
Finally, because leakage of the segments may occur
regardless of the applied segmentation method,
postprocessing is required. Postprocessing is done by
eroding the extracted segments separately on each slice,
which enables multiple-segment separation. After
separation, each segment on a slice is compared to the
J J>J>J J 
cross-correlation. The segment with the highest correlation
is determined as liver, while the other segments on the same
slice are discarded.
CONCLUSIONS
Threshold-based methods (i.e. region growing and
adaptive threshold) give good results and are fast but may
exclude structures inside or include structures outside the
liver (e.g. vessels or lesions) since they are intensity-based.
The active contours method is, however, robust against
such weaknesses but is demanding for processing and
despite the parametric configuration of this method it is
difficult to control the active contour’s movement.
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The effect of electroporation on cytotoxicity of two ruthenium(III) compounds
in vitro
Tina Stepisnik1, Rosana HudejAS, Ajda BicekAT, Damijan Miklavcic1, 1     
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INTRODUCTION
In electrochemotherapy treatment of solid tumors, two
drugs have found their way from preclinical testing to
clinical use: cisplatin and bleomycin [1]. However,
electrochemotherapy is not efficient in treating large tumors
with insufficient vascularity where hypoxic and acid
microenvironment is present [2]. Therefore new compounds
with different mechanisms of antitumor activity are sought
for to improve and broaden electrochemotherapy
applicability.
Ruthenium compounds are potential anticancer agents
and clinical tests for some of them are in progress. Since
they possess beneficial chemical properties and biological
 \   À½]>\>>
they
might
contribute
to
more
effective
electrochemotherapy. With the screening of several
ruthenium compounds we have already shown that
(imH)[trans-RuCl4(im)2½ =   e), KP418, and
Na[trans-RuCl4(ind)2] (i   ? Y"Q, increase
antitumor activity on murine fibrosarcoma cell line SA-1
in vitro and in vivo [3].
The aim of our work is to further investigate
applicability of these ruthenium compounds in
electrochemotherapy.
METHODS
To determine the cytotoxic effect of electroporation on
cytotoxicity of KP418 and KP1339 in vitro we chose two
different cell lines based on previously reported data [1,3],
namely murine melanoma cell line, B16F1 and human
colon adenocarcinoma cell line, Ht-29.
We determined optimal electrical parameters which
     @    
minimal cell death for both cell lines. We used the pulses
with amplitude from 80 V to 280 V in 40 V steps using
electroporator Cliniporator (Igea, Italy). Based on our
previous research [4] we applied 8 rectangular pulses with
 "99 z   @`\ " . The flat
stainless steel electrodes were 2 mm apart.
Ruthenium compounds have been prepared in 0,9 %
NaCl   @ "9 z   "     
filtered. Cells were treated with KP ruthenium compounds
alone for 5 min, 60 min or in combination with
electroporation.
Viability of cells was determined 72 h after treatment
with cell viability test alamarBlue® Cell Viabillity Assay
(Invitrogen, USA) and compared to untreated control cells
and cells treated with electroporation alone.

RESULTS
Our results show that the pulse amplitude where cell
viability is preserved and the cytotoxicity of
electrochemotherapy enhanced is 160 V for B16F1 and
200 V for Ht-29 cell line.
Electroporation enhances the cytotoxic effect of both
KP ruthenium compounds in both cell lines tested in vitro
what corresponds to results from the previous experiments
on SA-1 cell line in vitro [4].
CONCLUSIONS
Based on results obtained up to know, the optimal
electroporation
pulse
amplitude
for
reversible
electroporation are 160 V and 200 V for cell line B16F1
and Ht-29, respectively.
We showed that electroporation increases cytotoxic
effect of KP418 and KP1339 on cell lines B16F1 and Ht-29
in vitro.
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Optimization of Gene Electrotransfer Conditions for Improved Transfection of
Endothelial cells and Fibroblasts
Natasa Tesic1 Z1,2; 1  2 (! * * WS8TAE
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INTRODUCTION
Electroporation is efficient, simple and rapid method for
introducing chemotherapeutic drugs (electrochemotherapy)
or nucleic acids (gene electrotransfer) into mammalian cell
[1].
Endothelial cells are known to be involved in
inflammatory processes such as leukocyte recruitment,
cytokine production and to play a major role in the
pathogenesis of atherosclerosis, as well as angiogenesis on
which the growth and spread of tumors are dependent.
Hence they are of considerable interest as a target of gene
therapy. However, general observations have indicated that
transfection efficiency in endothelial cells is low,
irrespective of the techniques used [2].
In the present study, the effect of several electrotransfer
parameters
(different
sucrose
concentration
in
electroporation buffer, the addition of fetal bovine serum
and different post-transfection temperature) on transfection
efficiency and cell survival were evaluated in different cell
lines.

mM sucrose. Additionally, immediate addition of FBS to
cells after electroporation improved transfection efficiency
at both sucrose concentrations compared to addition of
DMEM or MEM (Figure 1). Transfection efficiency was
also depended on post-transfection incubation temperature.
Z >]@<Zonstrate
lower transfection efficiency compared to those that were
incubated at 25Z ÃZ.

METHODS
%  experiments were performed using human
umbilical vein endothelial cell line (HUVEC) and murine
fibroblasts (L929). For the experiments, the cells
(2.2x107/mL) were prepared in electroporation buffer (10
mM K2HPO4; 2,5 mM KH2PO4; 2 mM MgCl2x6H2O; 1000
ml dH2O), that had different sucrose concentration (125
mM and 250 mM) and transfected with plasmid DNA
encoding green fluorescent protein (GFP) using 8 electric
pulses at 400, 500 and 600 V/cm with duration of 5 ms and
@`\ @ " ! * \ @  J @   
serum (FBS), Dulbecco’s modiæed Eagle's culture medium
(DMEM) or Eagle's minimum essential medium (MEM)
were added to the cells, which were incubated at 4, 25 or
ÃZ@!&@@\@Jelectrotransfer was
determined at different times post-transfection by
fluorescence microscopy and fluorescence microplate
reader. Cell survival was determined by counting viable
cells using hemocytometer at 24h and 48h posttransfection. Experiments were repeated three times.
Statistical analysis was performed using SigmaPlot
software.

Figure 1: Images taken under visible (a, c, e) and
fluorescence (b, d, f) light conditions of HUVEC cells
transfected with plasmid DNA. The images were acquired
48h after gene electrotransfer. The cells were prepared and
exposed to electric pulses (500 V/cm) in buffer containing
125 mM sucrose concentration. 4 x10 objective.

RESULTS
Cell survival decreased with increasing voltage of
electric pulses in both cell lines regardless the sucrose
concentrations of electroporation buffer. Number of GFP
positive cells and fluorescence intensity of the cells were
higher when the cells were electroporated in buffer
containing 125 mM sucrose compared to buffer with 250

CONCLUSION
We demonstrated that adjustment of some
electrotransfer conditions, such as sucrose concentration of
electroporation buffer and immediate addition of FBS to
cells after electroporation, could increase efficiency of gene
electrotransfer into fibroblasts and endothelial cells.
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AMEP gene electrotherapy in melanoma cells
Masa Bosnjak1, Lara Prosen1, Vesna Todorovic1 Z1,2, Céline Bouquet3, Gregor Sersa1;
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INTRODUCTION
Plasmid AMEP encodes Antiangiogenic Metargidin
Peptide (AMEP), the disintegrin domain of metargidin
human ADAM-"!  &Y  Ç Â  ÇÂ" J
which are receptors overexpressed by tumoral melanocytes
and activated endothelial cells involved in new blood vessel
formation. Therefore, gene therapy with plasmid AMEP
represents an attractive approach for treatment of melanoma
tumors, targeting both melanoma and endothelial cells
[1,2]. The aim of our study was to evaluate the therapeutic
potential of plasmid encoding AMEP protein after
electrotransfer (electrogene therapy using 8 high voltage
  =³99 ¥     @`\ " ?) into
melanoma cells in vitro.
METHODS
Effects of plasmid AMEP were determined in two types
of murine melanoma cell lines: B16F1 melanoma cells with
low metastatic potential and B16F10 melanoma cells with
high metastatic potential. Different concentrations of
plasmid AMEP (0.1 – 50 zg) were electrotransfected into
melanoma cells to determine its effects on different cellular
features. Cytotoxicity was evaluated by clonogenic assay
and inhibitory concentration that kills 50% of cells (IC50)
was determined. Proliferation of melanoma cells was
evaluated by Presto Blue assay six days after gene
 @ @    &Y ="9 zJ?! J\
potential of cells was determined by a new technique of
real-time monitoring during 72 hours post-electrotransfer
="9zJ?!Z >ssay on Matrigel was performed 2
days after electrotransfer to determine cell attachment to the
substrate which is similar to tumor environment.
RESULTS AND FIGURES
Results of our study showed that electrotransfer of
plasmid AMEP is more cytotoxic to B16F"   =*Z9"
J¥ ? >  ["³%"9   =*Z9"9 J¥ ?  !
Furthermore, electrotransfer of plasmid AMEP into both
cell lines significantly reduced proliferation to
approximately 70%. In addition, migration of both B16F1

and B16F10 melanoma cells was reduced after
electrotransfer of plasmid AMEP by 60% and 40%
respectively in comparison with untreated control cells.
There was no significant change in cell adhesion on
MatrigelBD for both cell lines.
a

b

Figure 1: Reduced proliferation in (a) B16F1 and (b)
B16F10 melanoma cell line. p < 0,05.
CONCLUSIONS
Taken together, these results demonstrate that gene
therapy with plasmid AMEP could represent a new
approach in treatment of metastatic melanoma thanks to
inhibition of cell proliferation and migration.
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Experimental system for monitoring the effects of ultrasound in cells
Tomo Murovec, Universit5 &5  $  5  $ -!,%// /! @TFT6 8
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INTRODUCTION
Ultrasound (US) is an important medical modality and
research subject. Even though US is being used and
researched on for over a century, its effects on biological
systems together with the mechanisms of interaction are
still relatively unclear. This paper presents an outline of the
development of an experimental system that allows
monitoring of the effects of US waves in cells in real time
under a microscope.
METHODS
The integration of the system with a microscope
demanded a compact design, exposure of the observed
substrate to US and unhindered use of the microscope and
all of its functions. A glass ellipse was used as it enables the
transmission of the US waves from the source at one focus
to the substrate at the opposing one, as well as the
observation of the substrate under the microscope in real
time.
Firstly, the idea was verified with a numerical model
using COMSOL Multiphysics® software as well with the
measurements on the system I built. For the generation of
·    =YV? Y$V9³ = J V> 
Ceramics, UK) was used and placed at one focus of the
 ! V>  @`\ @ Q³ ] !
Another same PT was used for the detection of US in the
vicinity of the opposing focus. The voltage generated by the
US on the PT was then measured while the PT was moved
in the x and y direction (Figure 1) [1].

After the system was designed and manufactured it was
tested using CHO cell samples that were placed at the
focus, opposing the one with the source of US, in five
different manners which are thoroughly described in [1].
RESULTS
Figure 1 (bottom) depicts the results of the voltage
measurements. It is noticeable, that the highest voltages
which correspond to the strongest US field are in fact in the
near vicinity of the focus. The same result was observed
with a numerical model.
In figure 2 we can see that after 8 min of exposure, the
cells exhibit visible deformations of the cell membrane as
well as 60-100 !

Figure 4: CHO cells before US exposure (top) and after 8
min of exposure to US (bottom). The cells are enlarged and
there are visible deformations of the cell membrane.
CONCLUSIONS
The proposed idea is relatively simple and it is showing
good preliminary results. Further development of a more
accurate numerical model would be necessary for a better
understanding of the interaction of US with the glass
ellipse. At the same time, that would also lead to a better
characterisation of the US field the cells are exposed to.

Figure 3: Schematic of the glass ellipse (top) with
indications of the x and y axis. Results of the voltage
measurements (bottom) as described in the methods
section. The vertical white line corresponds to the position
of the focus on the x axis.
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Transdermal and topical delivery of macromolecules using different high-voltage
electroporation parameters and multi-array electrodes in vivo
Tanja Blagus1, Bostjan Markelc1, Matej Rebersek3 Z1,2, Gregor Sersa1; 1 %
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INTRODUCTION
Transdermal delivery offers an attractive non-invasive
alternative to the conventional drug delivery methods of
oral administration and injection. However, the stratum
corneum acts as a barrier that limits the penetration of
substances through the skin. Application of high-voltage
pulses (electroporation) to the skin increases its
permeability and enables the delivery of various substances
into and through the skin [1]. The application of
electroporation to the skin has been shown to increase
transdermal drug delivery [1,2]. The aim of our study was
to evaluate the efficiency of electroporation using newly
designed
multi-array
electrodes
and
different
electroporation (EP) parameters for transdermal and topical
delivery of molecules through dermal barriers   
METHODS
Experiments were performed on female BALB/c mice.
Fluorescein-isothiocyanate dextran 4 kDa (FITC) was used
as a model macromolecule to study the extent of transport
into and through mouse skin into the bloodstream in vivo.
EP parameters for electroporation were: 1 electric pulse
]> @"99z@@@
voltage to distance ratio (200, 400, 700, 1000, 1300 and
1600 V/cm). Altogether 24 electric pulses were delivered.
A patch with FITC was applied on mouse skin 5 minutes
before and immediately after EP. To study the transdermal
delivery of FITC, images of mouse tail were captured every
5 minutes for one hour with digital camera attached to a
fluorescence stereo-microscope. The removal of the stratum
corneum layer with a tape stripping method served as a
positive control. Topical delivery of FITC was determined
by measurement of its fluorescence in the electroporated
skin up to 7 days after EP.
RESULTS
EP enhanced transdermal transport of FITC into the
bloodstream, as compared to the negative control.
Transdermal delivery of FITC through the skin by EP was
increased up to 5-fold compared to the negative control
reaching statistical significance with EP parameters of 400,
1000 and 1300 V/cm (Figure 1). FITC fluorescence
remaining in the electroporated skin (topical delivery) was
the most pronounced in the skin area exposed to the electric
pulses of the highest voltage (Figure 2). No skin damage
was observed after EP.

Figure 1: Increase of FITC fluorescence in mouse tail at
one hour after the transdermal delivery with EP.

Figure 2: Fluorescent area of the skin after EP.
CONCLUSIONS
The obtained data of increased FITC fluorescence in
mouse tail and in electroporated skin region without skin
damage demonstrated that transdermal and topical delivery
of macromolecules can be safely achieved with the
application of high-voltage EP parameters with multi-array
electrodes. Depending on the EP parameters; local (in the
skin), and systemic delivery of the molecule is possible.
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Transdermal transport of calcein using electroporation - results of in vitro
experiments
Barbara Zorec1    1, Nataša Pavšelj1; 1     
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INTRODUCTION
The success of transdermal drug delivery depends on
the ability of the drug to permeate intact skin barrier in
sufficient quantities to achieve its desired pharmacological
effect. To surmount the limitations imposed by the
outermost layer of the skin – the stratum corneum, different
enhancement methods are used. One of them is
electroporation (EP), which has a potential to create
aqueous pathways across the stratum corneum, to enhance
transdermal drug delivery [1].

by short duration pulses, the total transport is reduced by
nearly half.
We assume that when the high voltage pulses are
followed by low voltage pulses, this result in an increased
electropore density and   >J, which is
associated with long pulses, is not sufficient to initiate
sustained growth of transport pathways through the stratum
corneum.
10
3 LV
8

MATERIALS AND METHODS
  J  % @@   ]   \
molecular transport through excised and dermatomed pigs’
ear skin. The donor compartment contained calcein solution
(0,1 mM) in phosphate buffer at pH 7,4. The receiver
solution was a phosphate buffer (pH 7,4) termo-regulated at
Ã Z! V>  @     
compartment
after
EP
was
measured
with
spectrofluorometer. We monitored the transport of calcein
five hours after EP. For delivery of a unipolar square wave
pulses we used Cliniporator (Igea, Italy) and platinum
electrodes.

CONCLUSIONS
The study shows that longer    
the transport of negatively charged calcein through
dermatomed pig skin. When the long pulses are preceded
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Figure 1: Comparison of different combination of HV and
LV pulses and their effect on calcein’s transport through the
skin.
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RESULTS
We compared different combinations of short high
voltage ("999  99 z " ? and longer low voltage
electrical pulses (80 V, 300 ms, 2.5 ) and their efficacy
to enhance transport of calcein through the skin. Negative
electrode was placed in donor and positive electrode in
receiver compartment of % diffusion cells.
The comparison of short high voltage (HV) and longer
low voltage (LV) pulses shows that for successful
molecular transport through the skin the use of LV pulses is
very important, while the molecular transport after HV
pulses alone is just significantly different from the control
(passive diffusion) (Figure 1). However, transport of
calcein through the skin increases with increasing number
of LV and decreases with increased number of HV pulses.
Moreover – against our expectations - calcein transport
after LV pulses is almost 2-fold higher than after the
combination of HV and LV pulses.
We also performed tape striping to remove part of the
stratum corneum. The results show that the transport of
calcein through the skin is also higher when, after tape
stripping, LV pulses are used, when compared to a
combination of HV+LV pulses (Figure 2).
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Figure 2: Comparison of 3 LV and 3 HV + 3 LV pulses
after tape striping and their effect on calcein’s transport
through the skin.
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Transfection of Hard to Transfect Cells using Electrospray: ’Sprayfection’
S O’Dea1,2, S Finnegan1,2, C Wright2, J Mulholland1,2, E Molloy1,2, E Judge2,3, J Egan1,3, H Kavanagh2,
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INTRODUCTION
Our group is developing ‘electrospray’ as a physical
means of transfection that addresses challenges with hard to
transfect cells such as transfection  , toxicity and
translation in vivo. We have developed a system,
‘Sprayfector’ (patent pending), capable of creating a
continuous electrospray that is controlled precisely by
software. Sporadic studies have examined the ability of
other electrospray-based methods to carry out cell
transfection with low to no success (1-3)
The electrospray is formed from colloids of a solution
containing plasmid DNA. The solution is passed through a
capillary positioned above the target cells. A high voltage is
applied to the capillary and the solution is ejected from the
tip. Under particular conditions of electric field and solution
flow rate, a fluidic phenomenon described as a Taylor Cone
is observed. The Taylor Cone is inherently unstable and
ejects charged colloids of liquid at very high speed. The
colloids attain high velocities and sufficient force to
penetrate through the cell membrane and transfect the cell.
We have termed this method ‘sprayfection’. !&
has been developed to be compatible with deployment both
in vitro and in vivo.

evaluated using standard MTS (cell viability), LDH (cell
death) and TNF-> (inflammation) assays. All assays were
 !
RESULTS
AECs were successfully transfected using Sprayfector
(Fig. 2). Transfection efficiencies were comparable with
those of cells lipofected with a leading reagent for hard to
transfect cells, TransIT-2020.
Figure 2: Transfection efficiencies
using !&compared with
TransIT-2020
Toxicity assays

Figure 3: Toxicity was minimal in cells subjected to sprayfection as
determined by A) MTS cell viability assay, B) LDH cell death assay and
C) TNF- > inflammation assay. Statistics by ANOVA with Bonferrroni
]>¤9!9!
Figure 1: (A) Electrospray (by permission, KK Murray) (B) Electrospray
generated by !&

METHODS
Electrospray is generated from a metal capillary that has
a solution of buffer and DNA pumped through it. The
colloids issuing are similarly charged and repel each other.
As the colloids travel towards the target they evaporate and
their surface area decreases. The charge density on the
colloid increases until the colloid breaks apart. Smaller
‘satellite’ colloids occur and being of similar charge, repel
each other. Colloids containing DNA or other therapeutic
molecules collide into the cells and transfect them.
!& does not use carrier particles. The controlled
parameters are flow rate, high voltage and source-to-target
distance
Primary mouse airway epithelial cells (AECs) were
isolated from mouse lungs and seeded into 24-well plates.
2-3 days later, AECs were sprayfected with a pGLuc
plasmid expressing < Luciferase. Briefly,
supernatant was removed and cells were electrosprayed
with 1,000 ng pGLuc per well for 2 min. Fresh medium was
then added to cells. For comparison, AECs were also
lipofected using TransIT-2020 Transfection Reagent
(Mirus) which is marketed as a reagent for hard to transfect
cells. At 24 h and 48 h post-transfection, toxicity was

Sprayfection was minimally toxic to AECs and was less
toxic than lipofection as assessed by MTS, LDH and TNF> assays (Fig. 3).
Sprayfector was used to deliver methylene blue dye into
a specific area of pig tracheal epithelium ;  (Fig. 4).
!&spray head

Figure 4: (A, B) Sprayfector was used to deliver dye into specific area of
pig trachea ex vivo. (C) Pipetted control shows no dye in airway wall.

CONCLUSIONS
This study represents the first comprehensive
demonstration of reproducible electrospray-mediated
transfection, using naked DNA and with low toxicity.
!&is capable of targeted delivery ex vivo.
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