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Abstract

Electroporation is a process where increased permeability of cells exposed to an electric field is observed. It is used in many biomedical
applications including electrogene transfection and electrochemotherapy. Although the increased permeability of the membrane is believed to be
the result of pores due to an induced transmembrane voltage U, the exact molecular mechanisms are not fully explained.

In this study we analyze transient conductivity changes during the electric pulses and increased membrane permeability for ions and molecules
after the pulses in order to determine which parameters affect stabilization of pores, and to analyze the relation between transient pores and long-
lived transport pores. By quantifying ion diffusion, fraction of transport pores f,., was obtained. A simple model, which assumes a quadratic
dependence of f;,., on £ in the area where U,,,> U, very accurately describes experimental values, suggesting that f,,., increases with higher electric
field due to larger permeabilized area and due to higher energy available for pore formation. The fraction of transport pores increases also with the
number of pulses N, which suggest that each pulse contributes to formation of more and/or larger stable transport pores, whereas the number of

transient pores does not depend on N.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Electroporation is usually described as the formation of
transient pores which are formed in the cell membrane in
presence of a strong external electric field. The permeable state
of the cell membrane lasts up to minutes after the application of
electric pulses, which enables transport of molecules and ions
that otherwise cannot pass across the cell membrane. Electro-
poration, known also as electropermeabilization, is used in
many important biological and medical applications, the most
promising of these being electrochemotherapy of tumors [1-3]
and electrogene transfection [4—7]. Yet in spite of successful use
of electroporation in biomedical applications the molecular
mechanisms of the involved processes are still not fully
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explained and there is lack of connection between experimental
data and theoretical descriptions of pore formation [§—12].

Electroporation has been observed in many different
systems, i.e. lipid bilayers, vesicles, cells in vitro and in vivo.
The extensive in vitro studies of electroporation [13—16]
examining the effect of different parameters (electric field
strength, number of pulses, duration) on the extent of
permeabilization—uptake of exogenous molecules, cell survi-
val and resealing, have shown that the critical parameter for
electroporation is the electric field strength. Permeabilization
occurs only above a certain (phenomenological) £. which is
governed by both duration #g and number of pulses N [10]. It
was also shown [14,16] that neither electrical energy, nor charge
of the electric pulses alone determine the extent of permeabi-
lization and that the dependency on E, N and #g is more
complex. Post-electroporation membrane resealing lasts for
minutes, is strongly temperature dependant and is governed by
slow ATP dependant biological processes.
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Previous more theoretical studies [8—12,17-20] focused on
the biophysical aspects of the mechanisms of pore formation.
The authors describe formation of hydrophilic pores in the cell
membrane, where the change in free energy also depends on the
applied electric field strength. For an experimental validation
usually measurement of conductivity was made in vitro or with
patch-clamp method [17,19,21-26]. The observed transient
increase in conductivity during the pulse was explained by the
formation of transient pores in the cell membrane. However,
this short-lived transient pores cannot explain increased long-
lasting permeability of the membrane, which is observed after
the pulses.

Based on all these studies it became clear that the relation
between transient conductivity changes (transient pores) and
transport after the pulses (long-lived pores) is more complex
and cannot be explained with theories which only analyze the
transient pores during the electric pulses. Only few studies,
directly observed and quantified the actual transport across the
membrane and analyze the relation between transient changes
and long-lived increased permeability of the cell membrane
[21-23,26—29]. There is also no general agreement of how the
long-lived transport pores become stable and enable transport of
molecules as large as DNA.

The main focus of our study is exactly in trying to connect
the findings and theoretical description on the level of pore
formation and increased membrane conductivity during the
electric pulses with direct observation and quantification of
increased transport for ions and molecules after the pulses. In
order to achieve this, we analyze in parallel the transient pores
and the transport pores, how they depend on the electric field
and the number of pulses, and the relation between short-lived
transient pores and the transport pores. We measured together
the observable quantities, which indicate increased membrane
permeability: (i) the transient conductivity changes during the
pulses (related to transient pores), and (ii) the ion efflux and (iii)
the transport of molecules after the pulses (both related to long-
lived pores). We performed experiments where the conductivity
of a dense cell suspension was measured during and after the
application of electrical pulses in a low-conductive medium. We
analyzed how electric field strength and the number of pulses
affect transient conductivity changes and the ion efflux, and
compare both to transport of molecules. We further used
diffusion equation to quantify the time dependent ion efflux and
present a simple model, which describes the permeability of the
membrane (the fraction of long-lived pores) for applied electric
field strength and for a given number of pulses.

2. Materials and methods
2.1. Electroporation and current—voltage measurements

The experimental setup consisted of a generator that delivered square pulses,
an oscilloscope and a current probe. Two high-voltage generators were used; for
protocol where 8 x 100 us pulses were used (Fig. la) a prototype developed at
the University of Ljubljana, Faculty of Electrical Engineering, was used and for
the second protocol to deliver Nx100 ps+8x1 ms pulses Cliniporator™
(IGEA s.r.l., Carpi, Modena, Italy) device was used, which allowed us to deliver
two sets of pulses with a given delay in between (Fig. 1b).

During the pulses the electric current was measured with a current probe
(LeCroy APO15, New York, USA) and the applied voltage with the high-voltage
probe (Tektronix P5100, Beaverton, USA). Both current and voltage were
measured and stored on the oscilloscope (LeCroy 9310 C Dual 400 MHz, New
York, USA). In the first experimental protocol we used a train of eight square
pulses of 100 us duration with 1 Hz repetition frequency (8 x 100 us protocol).
Pulse amplitudes were varied to produce applied electric fields Ey=U/d,
between 0.4 and 1.8 kV/cm. In the second experimental protocol first a given
number N (1, 2, 4 and 8) of 100 us pulses with repetition frequency 10 Hz were
delivered, and after a delay of 4200 ms after the first pulse eight 1 ms test pulses
of the same amplitude with the repetition frequency 1 Hz were delivered
(Nx100 pus+8x1 ms pulsing protocol). The frequency should not effect
permeabilization neither the diffusion of ions, since it was shown that the
relaxation of conductivity after the pulse is few ms [26] and that changing the
pulse repetition frequency between 1 Hz and 1 kHz does not influence
significantly the transport of small molecules [30]. The 8 x 1 ms test pulses were
used to determine post-pulses conductivity changes after 4200 ms and the
maximum increase (1 ms long pulses were used due to the limitation of the pulse
generator, but since only the initial level of the conductivity of the first pulse was
analyzed and other pulses were used to determine the maximum conductivity
increase, this had no effect on the results).

Each type of experiments was repeated twice. The amplitudes of N pulses in
the train and the test pulses were set to voltage which gave applied electric field
Ep=1kV/cm. The memory segmentation function of the oscilloscope was used
in order to obtain high time resolution during the pulses and only 100 ps after the
pulses were recorded. Parallel aluminum plate electrodes (Eppendorf cuvettes)
with 2 mm distances between the electrodes were used. For every set of
parameters a reference measurement on medium with no cells was also
performed.

2.2. Cells and medium

Mouse melanoma cell line, BI6F1, was used in experiments. Cells were
grown in Eagle’s minimum essential medium supplemented with 10% fetal
bovine serum (Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany) at 37 °C
in a humidified 5% CO, atmosphere in the incubator (WTB Binder,
Labortechnik GmbH, Germany). For all experiments the cell suspension was
prepared from confluent cultures with 0.05% trypsin solution containing 0.02%
EDTA (Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany). From the
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Fig. 1. The two pulsing protocols. In one set of experiments a train of eight
pulses 8 x 100 us with repetition frequency 1 Hz was delivered (a). In the second
set of experiments we used a sequence of N=1, 2, 4 and 8 pulses with repetition
frequency 10 Hz and after a delay (between the first pulse and first test pulse),
which was set to be 4200 ms, a train of eight test pulses of the same amplitude as
of the first pulses was delivered—a N> 100 ps+8x 1 ms protocol (b).
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obtained cell suspension trypsin and growth medium were removed by
centrifugation at 1000 rpm at 4 °C (Sigma, Germany) and the resulting pellet
was resuspended in medium and again centrifuged. A low-conductive medium
was used for electroporation that contained phosphate buffer with 250 mM
sucrose—PB g (25 °C)=0.127 S/m. In all the experiments dense cell
suspensions having cell volume fractions F=0.3 (1 x 10% cells/ml) were used.

3. Theory

In this section we discuss theoretical background of
electroporation: (i) first the induced transmembrane voltage,
which is crucial for electroporation, than (ii) the transport
through the permeabilized cell membrane after the electric
pulses and finally (iii) increased conductivity of permeabilized
cells due to the formation of transient pores during the electric
pulses.

3.1. The induced transmembrane potential

When a cell is exposed to an external electric field E the
induced transmembrane voltage U, is generated on the cell
membrane due to the difference between the electric properties
of cell membrane, the cytoplasm, and external medium, known
as the Maxwell-Wagner polarization. The induced transmem-
brane voltage on a non-permeabilized spherical cell for a step
turn-on of DC electrical field can be derived from the Laplace
equation, which gives a time dependent solution for the
induced transmembrane voltage on a cell membrane [9]. After
a charging time (r>10" " to 10~ ¢ s) the transmembrane voltage
can be approximated (except in very low-conductive medium)
with

Un = 1.5 ERcos 0, (1)

where it is assumed that the cell membrane is almost non-
conductive compared to the external medium, R is the cell
radius and 6 is the angle between direction of the electric field
and the point vector on the membrane. For cells in suspension
or in tissue we have to take into account also a decrease in the
local electric £ due to surrounding cells, which reduces the
induce transmembrane voltage [31].

When the induced transmembrane voltage exceeds the
threshold voltage U, [between 0.2 and 1 V] the part of the cell
membrane where |U,|>U, is permeabilized [28]—the struc-
tural changes in the membrane (pores) are formed. The
permeabilized part of the cell membrane can be therefore
defined by the critical angle 6., where U.=1.5 ER cos 0. Now,
we define the critical field as the electric field where 6.=0:
E.=U./1.5 R and thus obtain the formula for the surface area of
two spherical caps exposed to above-threshold transmembrane
voltage (brighter shaded region in Fig. 2):

Se = So(1 — E.JE), 2)

where S is the total surface area of the cell. From Eq. (2) and
Fig. 2 it is evident that the local electric field £ is the critical
parameter for permeabilization since it defines the area of the
membrane which is permeabilized—S,(£) and through which
ionic and molecular transport occurs.

The increased conductivity of the membrane in the
permeabilized region decreases the induced transmembrane
voltage U, for <0, [32—-36] leading to a more complex, time-
dependent Uy, which is governed by the electric field strength,
electrical properties of cell and medium, and pulse duration
[29,32].

3.2. Transport through the permeabilized membrane

In general the increase in membrane permeability for ions
and molecules can be described as the fraction of the permeable
surface of the cell membrane which can be also defined as the
fraction of all “transport” pores:

fp‘)er = S/Stot = Spor/SO' (3)

where Sy, represents the area of pores of one cell, S total area of
all pores, Sy area of one cell and S total area of N cells. The
parameter fp., represents the fraction of the long-lived pores
which are large enough to contribute to increased permeability,
where the term permeability defines increased diffusion for ions
and molecules through the cell membrane. Different studies
showed that diffusion of ions and molecules occurs only
through the permeabilized area S, given with Eq. (2), i.e. area
which is exposed to above-critical voltage as described in
previous section [35,36]. We can therefore derive a diffusion
equation, which describes the flux of a given molecule due to
the concentration gradient through the permeabilized part of the
membrane:

dne(t) _ Ce(t) - ci(t)
T — p Dpr(E, tE,N) (1 _EC/E)S07 (4)

where foor=fpc(I—EJE), and fyc (E, tg, N)=S,0/S. represents
the fraction of pores in the permeabilized region, n. is the
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Fig. 2. A spherical cell exposed to the external electric field. The bright shaded
part represents the area exposed to above-threshold transmembrane voltage
U > UL, i.e., the permeabilized region, which can be calculated from Eq. (2):
Se=So(l—EJ/E).
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number of moles in the external medium, D is the diffusion
constant and ¢, and ¢; are the molar concentrations outside and
inside of the cell. The above equation describes also the
diffusion of ions through the permeabilized region since
diffusion is a relatively slow process, which occurs mainly
after the pulse application and thus the Nernst—Planck equation
simplifies to the above equation, for derivation see Appendix.
Even though some form of this equation was written to describe
transport through permeabilized membrane, the dependence of
Jpe on parameters E, fg, and N was not given explicitly or
determined from the measurements.

3.3. Conductivity of permeabilized cells

A transient increase in in vitro conductivity of cells can be
explained by the formation of transient pores. The permeabi-
lized part of the cell membrane has increased conductivity o,
where o, in general depends on the fraction of pores and
conductivity of a single pore [36,28]. An increase in single cell
conductivity depends on the region of the permeabilized surface
S, where [U,1> U, and in general depends on the number and
size of the pores, which are formed in the permeabilized part of
the cell membrane.

For a cell suspension the bulk (effective) conductivity can be
obtained from the conductivity of a single cell o, for given
volume fraction of cells, which we described earlier [37].
Briefly, a cell suspension is a heterogeneous mixture of cells
and surrounding medium and therefore some effective medium
theory equation can be used. Effective medium theories (EMT)
are only approximate therefore an adequate equation has to be
used for a given problem [37—41]. To obtain the change in
permeabilized membrane conductivity from measured conduc-
tivity of a cell suspension o we used Maxwell EMT equation
[41]

Go— 0 O — 0p
20, +0 20, +0,’

(5)

where g is the effective (measured) conductivity of a suspension
of permeabilized cells, o, the conductivity of a single cell, F'is
the volume fraction of the cells and o, the conductivity of the
external medium. The transient change of the conductivity
A& yan=(0 — ) depends on the average membrane conductiv-
ity of the permeabilized area o, and on critical angle of
permeabilized area 0.. If Ac,, is measured the fraction of
transient pores during the pulse (f,) can be obtained from the
transient conductivity changes, where Ao, is a rather complex
function of F, £ and other parameters. In our previous studies
[26,36] we presented a theoretical model, which enables
calculation of o, and f, from A, and vice versa for different
parameters (F, E, o....). We obtained the equation for fraction of
transient pores: f,=(I = E/E)0w/p(E)0poro (for derivation and
definition of symbols see reference [26]). Here we have to stress
that we have to distinguish between the fraction of transient
pores during the pulse (f,) from the fraction of long-lived
“transport” pores after the pulses (f,;) as defined in previous

section. These are two different physical parameters which have
to be analyzed separately.

4. Results

In our present study we performed experiments where the
conductivity of a cell suspension was measured during and
after the application of pulses. We used a dense cell
suspension having a cell volume fraction, #=0.3, and pulse
parameters typically used for cell electroporation. A low-
conductive medium (Joule heating can be neglected) without
K" ions was used to obtain efflux of K ions from cells
between and after pulses. Two different sets of measurements
using two pulsing protocols (see Fig. 1) were made in order
to analyze the relation between the transient conductivity
changes during the electric pulses (transient increase in
permeability) and long-lived permeability of cell membrane
by measuring the increase in conductivity of a cell suspension
due to the ion efflux. We compared both transient changes
and after pulse changes with the uptake of molecules for one
and several pulses.

From measured voltage and current signals we obtained the
time dependent conductivity of each sample o (2)=1(¢)/U(t) d/S,
where d is the distance between the electrodes, and S is the
surface of the sample volume at the electrodes. In the first set of
experiments (Fig. la) we obtained conductivity of the cell
suspension ¢ during a train of eight 100 us pulses and applied
electric field between 0.4 kV/cm and 1.8 kV/cm, as shown in
Fig. 3. The fraction of the transient short-lived pores was
determined based on measured transient conductivity changes
during the electric pulses (Ao yan = fp), Whereas the fraction of
long-lived transport pores (related to the increased membrane
permeability after the pulses) was determined from the increase
in conductivity between the pulses due to the ion efflux

(A= foer).
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Fig. 3. Measured time dependent conductivity o(f)=1(z)/U(f) d/S using a train of
eight 100-ps pulses, 1 Hz repetition frequency for different applied electric
fields £y = U/d. The memory segmentation function of the oscilloscope was used
in order to obtain high time resolution during the pulses, and only 100 s after
the pulse were recorded.
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4.1. Transient conductivity changes

In order to establish the relationship between transient
conductivity changes and post-pulse conductivity changes due
to ion diffusion, only the difference in the initial and final level
of the conductivity was analyzed and not its dynamic behavior.

The initial value of conductivity at the start of each pulse o

was determined three microseconds after the start of the
individual pulse, so that fast transient effects due to displace-
ment current and electrode effects were not taken into account.
The conductivity at the end of each pulse o was determined
and from this the change in the conductivity during the N-th
pulse was obtained: Aol =c"—cl. With ¢, we denote the
initial conductivity at the start of the first pulse co=04. Results
are presented in terms of the local electric field E rather than
applied electric field £q=U/d since for a high density of cells
that we use the local field experienced by each cell is smaller
than the applied field due to the interaction between the cells
[31]. The ratio E/E, was taken from our previous study [31],
where the reduction of the local field E (and hence induced
transmembrane voltage) due to the neighboring cells was
calculated to be 9% for volume fraction of cells #'=0.3.

In Fig. 4 we show transient conductivity changes Aol oo
during the N-th 100 pus pulse for Ey=U/d=[0.4—1.8] kV/cm.

An increase in transient conductivity changes during the
pulses Aol /oo is observed for E above 0.5 kV/ecm. The
reference measurements in pure PB medium show slowly
increasing Ao'/c, which can be attributed to electrode
processes. Conductivity changes Aol /oo for N>1 increase
up to 1.2 kV/cm and reach maximum (during the first pulse the
changes increase up to 1.6 kV/cm). The large increase of the
transient conductivity above 0.5 kV/cm agrees with the
permeabilization threshold that was determined for this cell
line (B16F1) in our previous studies [26] where observable
uptake of molecules was obtained above 0.5 kV/cm. If we use
this value for £, we obtain the critical transmembrane voltage
for BI6F1 cell line, U,=670 mV. From Fig. 4 it can be seen that
transient conductivity changes are very similar for the first and

0.25
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- N=1
02F| & N=2
- N=4
—4+— N=8
CO.WS-
b
g
257 01
<
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0 0.5 1 15 2

E [KV/em]

Fig. 4. Transient conductivity changes during N-th pulse. The results are shown
for the train of 8 X 100 ps pulses, AGyy is normalized to the initial conductivity.
Solid line—cells in low conductive medium, dotted line—reference measure-
ment on medium without cells during the first pulse. The results are shown
against the local electric field E, where E/Ey=0.91.
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Fig. 5. Relative changes of conductivity between the pulses (the changes of the
initial level) in PB medium for eight consecutive pulses: Aa/oy=(a}) — o)/ o0,
where o is the initial level at the start of the N-th pulse. 8 x 100 s pulses were
used with repetition frequency 1 Hz (pause between the pulses was 1 s).

all consecutive pulses. This is due to fast relaxation of the
conductivity in few ms after the pulses, where conductivity
returns almost to the initial level as shown previously [21-26]
and thus represent short-lived transient structures—pores. From
measured Acl,. /o, we obtained that fraction of transient pores
at E=0.86 kV/cm is f,~3x10"°.

4.2. Post-pulse conductivity changes, ion diffusion and
membrane permeability

Since we are interested in the long-lived permeability of the
membrane and the nature of long-lived pores we have to
observe either the transport of ions (K, Ca™", ...) or the
transport of molecules (P, bleomycine, lucifer yellow, ...). For
this reason we analyzed the increase of the conductivity
between the pulses (changes of the initial level) for the
consecutive pulses (see Fig. 3). These, relatively slow changes
in conductivity can be attributed to the ion efflux which occurs
between and after the pulse(s), the ion efflux during the pulses
can be neglected due to short duration pf pulses. In Fig. 5
relative changes of the initial level of conductivity at the start of
the N-th pulse Aa/oo=(ct —00)/o, for consecutive pulses are
shown for increasing electric field. The results are corrected for
the effect of colloid osmotic swelling according to our previous
study [26], where we have shown that in few seconds after pulse
application swelling of cells reduces the measured conductivity
of cell suspension in PB medium. Here we have to stress, that in
some different pulsing medium, which contains a large amount
of large molecules and only small amount of ions outside the
cell compared to concentrations in the cytoplasm, the effect is
reversed and the cells shrink [27].

In Fig. 5 similarly as in Fig. 4 the initial level starts to
increase for £>0.5 kV/cm, which can be explained with the
efflux of ions mainly K™ ions from the cytoplasm into the
medium through membrane pores due to the concentration
gradient (external concentration of K™ ions is negligible).
Consistently with the transient changes also the ion efflux
indicates that the cell membrane is permeabilized above
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E=0.5 kV/em. For higher electric fields the efflux of ions
increases for higher electric field strengths up to 1.6 kV.

It is clear (Fig. 5) that both, the electric field and the number
of pulses, influence the efflux of ions. Therefore we made
additional set of experiments with using second pulsing
protocol (Nx100 ps + 8x1 ms), where first a sequence of N
(1, 2,4 and 8) pulses with 10 Hz were delivered. Then after 4.2 s
a train of test pulses of the same amplitude was delivered in
order to determine the differences in the fraction of permeabi-
lized surface and the efflux coefficient for different number of
pulses. In Fig. 6 the results of the conductivity changes between
the pulses are shown using Nx 100 pus+8x1 ms pulses of
E=0.86 kV/cm where 1 (a), 2 (b), 4 (c) and 8 (d) pulses were
delivered first (squares), and after 4.2 s between the first pulse
and the first test pulse a train of eight test pulses was delivered
(circles).

It can be seen that the number of pulses affects the relative
change of the conductivity and that after several test pulses also
the maximum change is reached, which was used as normal-
ization constant Ao ., for each experiment (a, b, ¢, d). As we
show in the Appendix, the changes in the conductivity due to
the ion efflux between the consecutive pulses can be described
adequately with the diffusion equation, which gives:

Ad (1) t dR(1 —F)
ACma {1 - (‘Eﬂ V3D ©)

where 7 is the diffusion time constant, which depends on the
fraction of “transport” pores fy.r, effective diffusion constants D’

(see appendix), cell volume fraction F, thickness of the
membrane d and radius of the cell R. It is useful to define efflux
coefficient £ which is directly proportional to the fraction of the
“transport” pores fp, and defines the permeable state of the cell
membrane
3D’

kNZI/‘EN :ﬁ,erm, (7)
where index N denotes that the efflux coefficient and fraction of
“transport” pores depends on the number of pulses. In general,
also the effective diffusion constant D’ can be dependent on N
due to different ions mobility for different pore radius, however
here we will assume D' as being constant.

From the relative changes in conductivity Ac/Ao .«
presented in Fig. 7 we calculated the efflux coefficient using
Eq. (A.8), ky=—1/Aty In((1-Aoy/ A0 max)/ (1= AT st/
Ao ax)), Where Aty=[4.2, 4.1, 3.9, 3.5]s is the time delay
between last pulse in the train of N pulses and the first test pulse.
The efflux coefficient increases with the number of pulses as
shown in Fig. 7a (circles).

In order to obtain how efflux coefficients ky (E) depend on
the electric field, we further analyzed the first set of
measurements where the whole range of electric fields were
used with 8 x 100 ps pulses. If we plot the time course of the
relative changes (the initial levels of the pulses), as shown in
Fig. 8a, we can see the time-dependence of the relative
conductivity changes due to ion efflux for different number of
pulses and different pulse amplitudes. In Appendix we present a
simple time-dependent model of the diffusion of the ions which
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Fig. 6. Measured conductivity changes Ac/o .« due to ion efflux using Nx 100 pus+8x 1 ms pulses. Here a sequence of N=1, 2, 4 and 8 pulses with 10 Hz where
given. Then after 4.2 s a train of test pulses of the same amplitude was delivered, E=0.86 kV/cm (Ey=1 kV/cm).



18 M. Pavlin et al. / Biochimica et Biophysica Acta 1770 (2007) 12-23

a) g14

—#— Nx100 us 1 Hz
012} —— Nx100us 10 Hz

0.1} ]
— 0.08} 1
,
~ 0.08} .
0.04} ;
-
0.02} ]
1T 2 3 4 5 6 7 8

0
0 9
N
b)
0.7— T T
—— E =0.35kV/cm
o6k ™ E = 0.52kV/cm
’ —— E =0.70kV/cm
—— E =0.85kV/cm
0.5 —o— E =1.05kV/cm
—e— E =1.22kV/em
—0.4F| = E=1.43kVicm
e : -a— E =1.61kV/em
*03
0.2F
0.1
0 Y
1 2 3 4 5 6 7
N
C
) 0.7
/k'r
0.6r ‘.-’-_-ks
0.5 / %k
— 04} s
, e
-4
- 03.
0.2
0.1
0 |
0 0.5 15

1
E [kV/cm]

Fig. 7. The efflux coefficients ky for (a) 1, 2, 4 and 8 pulses obtained from two
different protocols calculated from conductivity changes between the pulses Aa/
O max (see Fig. 6) at E=0.86 kV/cm; (b) ky after the N-th pulse calculated using
Eq. (A.8) from the conductivity changes Ag/a using 8 x 100 us pulses and (c)
comparison of the prediction of the model according to Eq. (9) (lines) and the
measured efflux coefficients (symbols).

incorporates also the efflux coefficient being dependent on the
number of pulses, as well as the changes of the volume fraction
of cells due to osmotic swelling. If we consider the conductivity
changes between the pulses and assume diffusion of ions
through the membrane we obtain the efflux coefficient ky which
depends on the number of delivered pulses (see Appendix):

71 AO‘N A0N+1
v =g (1= 5) /(1= 52)]. )

Using the above equation the efflux coefficient can be
calculated for different field strengths and number of pulses
ky (E). In Fig. 7a we compare efflux coefficients ky
(E=0.86 kV/cm) for both protocols and we can see that good
agreement is obtained. In Fig. 7b and ¢ we show ky for
8x 100 us protocol and it can be observed that ky’s and with
this also the fraction of the “transport” pores approximately
linearly increase with the number of pulses, and as expected
increase also for larger electric field strengths. This analysis
shows that the number and/or radius of long-lived “transport”
pores increases with number of pulses and E. From ky at
E=0.86 kV/cm we obtained the fraction of transport pores
ranging from fne,=1.2% 10°° at N=1 to Jper=4.6% 10°¢ after
seven pulses. The fraction of the long-lived transport pores at
E=0.86 kV/cm is approximately 10-times lower as the fraction
of transient pores (fer=3 1 07).

4.3. Comparison of the experimental results and the theoretical
model

As already mentioned, in general we can describe the
permeable state of the cell membrane with the efflux coefficient
ky which depends on the electric field strength and is
proportional to the fraction of the “transport” pores. In the
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Fig. 8. Time dependent conductivity changes due to ion efflux. (a) Measured
conductivity changes (corrected for the effect of colloid osmotic swelling) Ag/
o for 8 x 100 ps compared to the calculated changes Ao ,,o4/0 due to ion efflux
using the theoretical model using Egs. (9) and (A.8), the ky’s were used from
measured values with Nx 100 ps+8x 1 ms protocol (see Fig. 6a).
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Theory section we have obtained the equation, which
determines how the electric field governs the area of the cell
membrane which is exposed to the above-critical transmem-
brane voltage U, and has increased permeability: S.(E)=S,
(1-E/E). Furthermore, we can assume that pore formation in
the area where U> U_ is governed by the free energy of the pore,
where the electrostatic term includes also the square of the
electric field AW,=aE’ [12,18,19]. Based on this we can
assume that the most simplified equation, which describes the
field dependent permeability, can be written as:

ky(E) = Cy(1 — E¢/E)E?, 9)

where Cy are constants that depend on the size of the
“transport” pores and their growth, and are thus dependent
also on the number of pulses. The above equation takes into
account the increase of the area of the cell exposed to the above
critical voltage and the quadratic field dependence in the
permeabilized region.

In Fig. 7c we compare the field dependence of the
experimental efflux coefficient with the theoretical model. We
show the prediction of the theoretical model and the measured
efflux coefficient calculated using Eq. (8) from the conductivity
measurements for 8 x 100 ps pulses. Here the constants Cy were
determined from the ky’s at E=1.22 kV/cm. As expected, the
efflux coefficient &y and with this fraction of “transport” pores
(see Eq. (7)) increases above the threshold electric field. More
interestingly, this simple model (Eq. (9)) can very accurately
describe the measured values, as can be seen in Fig. 7c where
lines, which were calculated using the theoretical model (Eq.
(9)), coincide with the measured values (symbols). This
demonstrates that the formation of long-lived pores is governed
also by the energy of the pores, as suggested in other studies
[12,17-19,29].

In Fig. 8 we further compare the measured time dependent
conductivity changes (mostly due to ion efflux) Ao/og
obtained from the first set of experiments using 8x 100 us
protocol (a) and results of the theoretical model (b) where the
efflux coefficients were calculated using Eq. (9) for different £
from the second set of experiments (Nx100 pus+8x1 ms
protocol) at £=0.86 kV/cm. The integration of the Eq. (A.7)
from Appendix yields the time dependent conductivity
changes Ao ,,4/00 as shown in Fig. 8b. The time course as
well as the electric field dependence of the model approxi-
mately follows the experimental data, except for the slower
increase at the start, which can be explained with lower values
of the efflux coefficients obtained from the first set of
experiments (see Fig. 7a).

Based on these results we can state that a simple model based
on a diffusion equation which includes the quadratic field
dependence in the region where U,,> U, can predict the time-
dependent ion efflux and change in the post-pulse conductivity
as shown in Fig. 8. Comparing the prediction of the theoretical
model with the measured efflux coefficients we showed that the
fraction of long-lived transport pores increases with higher
electric field due to larger area of the cell membrane exposed to
above critical voltage as well as due to higher energy which is

available for pore formation. In contrast to short-lived pores,
where f, remain the same during each pulse, the fraction of
long-lived “transport” pores f,.. and efflux coefficient iy
increase with each consecutive pulse.

5. Discussion

It was shown that electroporation causes short-lived
structural changes in the cell membrane with fast resealing
which can be measured by current and voltage measurements
during and shortly after the pulses. But more importantly for
applications, electroporation causes also long-lasting increased
permeable state of the cell membrane, which persists for several
seconds and minutes after the pulses and enables uptake of
external molecules into the cell and diffusion of ions across the
cell membrane.

For successful application of electroporation it is important
to understand how the transport through the permeabilized cell
membrane is governed by the electric field and the number of
pulses, as well as to explain the relationship between the short-
lived transient structures (pores) and the long-lived increased
permeability of the cell membrane (long-lived pores). This is the
focus of the present study, where we investigate together
transient conductivity changes, the diffusion of ions and
transport of molecules in order to connect on one hand, more
theoretical descriptions of electroporation and on the other
hand, the experimental measurements of molecule diffusion in
vitro. We quantify i) the transient conductivity changes from
which fraction of transient (short-lived) pores f, can be
determined; ii) ion diffusion after the pulses from which efflux
coefficients k and fraction of long-lived “transport” f,, pores
can be obtained and iii) compare both (i and ii) with the fraction
of permeabilized cells determined with the transport of
molecules.

We designed experiments where the conductivity of a cell
suspension was measured during and after application of
electrical pulses in a low-conductive medium with two sets of
pulsing protocols (8 x100 pus and Nx 100 ps+8x1 ms). We
obtained, that the measured changes in conductivity of a cell
suspension above the critical electric field E. consists of a
transient increase in conductivity during each pulse Aca/oo
with fast relaxation in milliseconds, and conductivity increase in
seconds after pulse application due to the efflux of ions from the
cell interior— Ao/ . The conductivity changes after the pulses
were corrected due to decrease in conductivity caused by
colloid-osmotic swelling, [24—26]. The transient conductivity
changes as well as conductivity increase due to ion efflux are
both observed above the critical electric field (E.) for
permeabilization indicating increased permeability of the cell
membrane. Thus for given pulsing protocol conductivity
measurements could be used to detect cell permeabilization
and to on-line control the voltage and consequently the tissue
permeabilization [26,42,43].

In Table 1 comparison between the measured transient
conductivity changes Aoh,./oo during N-th pulse, changes of
the initial level due to ion diffusion Ag/o ., (V) after N pulses,
the fraction of transient pores f,, the fraction of transport pores
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Table 1

Comparison of the measured transient conductivity changes Ac2yn/o¢ during
N-th pulse, changes of the initial level of conductivity due to ion efflux Ac”™/aq
(after N pulses), the fraction of transient pores fp, the fraction of transport
pores fuor and the efflux coefficient ky, to percentage of permeabilized cells at
E ~1 kV/ecm

Number of pulses N=1 N=2 N=4 N=8

AcN./og transient 015 0.14 0.14 0.145
changes

AG/Gmay ion efflux®  0.047 0.125 0.27 0.41

J; transient pores ~3x107°  ~3x107° ~3x107° ~3x107°

fper transport pores  ~12x10°¢ ~1.6x10°¢ ~2.9x10° ~4.6x10°°

ky[s 'INx100us  0.011 0.022 0.063 0.110
+8x1 ms®

kv [s '] 8%100 us®  0.029 0.040 0.072 0.114

% permeabilization®  10% - - 90%

% permeabilization?  14% - 33% 75%

# Obtained from Fig. 6, protocol Nx 100 ps+8x1 ms.
° The pulsing protocol which was used.

¢ According to Ref. [16].

d According to Ref. [17].

Jrer and efflux coefficients ky to percentage of permeabilized
cells at £=0.86 kV/cm is given (% permeabilization at 1 kV/
cm) is presented.

It can be observed that Ao,/ and the fraction of transient
pores f, are almost identical during the first and each
consecutive pulse, whereas permeabilization (transport of
molecules) increases with the number of pulses. The transient
conductivity changes thus indicate only short-lived pores in the
cell membrane that do not contribute to the transport of
molecules. On the other hand, the ion efflux Aog/o .y, the efflux
coefficients ky, and fraction of transport pores f,, similarly as
the transport of molecules increase with number of pulses N.
We can therefore use analysis of ion diffusion after the pulses as
a method to quantify the fraction of the “transport” pores and
long-lasting permeability of the cell membrane. The results in
Table 1 clearly show that the transient conductivity changes
(short-lived pores) are related to permeabilization (long-lived
“transport” pores) only indirectly and confirm that we have to
distinguish between the two types of pores.

The relationship and differences between transient pores and
long-lived pores can be explained with the fast relaxation of the
transient conductivity changes. When a cell is exposed to the
high-voltage pulses the pore formation leads to an increase in
the membrane conductivity and therefore the induced trans-
membrane voltage is decreased below U, in the part of the cell
membrane where U,,>U. [33-35,38]. However, since the
transient changes of conductivity during the pulses relax in
milliseconds after the pulses [21-23,26], U,, at the start of the
next pulse (for 1 Hz repetition frequency 1 s later) again
increases to the same value as at the start of the first pulse,
consequently leading again to similar transient increase in
conductivity and consequently to similar fraction of transient
pores.

On the other hand, approximately linear increase in fraction
of long-lived “transport” pores for increasing number of pulses
shows that each consecutive pulse contributes to formation of
new stable-pores. This suggests that there is approximately the

same probability of formation of a stable pore during each
pulse, which can be explained with the fact that the induced
transmembrane voltage U, is during each pulse approximately
the same due to the fast resealing of the short-lived pores. The
process of formation of stable pores could be either stabilization
of already present transient pores or an independent process.

Our results are in agreement also with observations of other
authors [8,9,12,29,21-23,44] that transport pores have different
nature from the transient pores. Several mechanisms for pore
stabilization were suggested such as pore coalescence [19],
involvement of membrane structures [45,46], anisotropic
inclusions [47], stabilization of large pores due to the
contribution in free energy of large conductive pores [48] and
dynamic mismatches between lipid domains [49].

By analyzing the conductivity changes after the pulses with
the model (see Appendix), which describes diffusion of ions
through the permeable cell membrane we obtained the efflux
coefficients ky which are proportional with the fraction of the
“transport” pores. In Fig. 7 we demonstrate that we can describe
field dependent efflux coefficients in the range of used voltages
with a simple model where ky=Cy (I—E./E)E?, incorporation
the increases in permeability due to larger area of the cell
membrane exposed to [Ul> U, and due to higher energy which
is available for the formation of pores. In contrast to some other
studies exponential increase in permeability as ko< exp(E) [28]
or kccexp(E?) [29] was not observed, however, the model as
presented (Eq. (9)) is only phenomenological, since the true
electric field in the membrane, when the pores start to form, is a
complex function of time, voltage, radius of pores and the
number of pores [19,50]. The pores in the membrane decrease
the induced transmembrane voltage and consequently the
electric field inside the membrane is decreased, which could
explain a slower increase with E. The relation between the
observed and analyzed parameters can be schematically
represented as:

(1) transient conductivity changes during the N-th pulse:

m(l — E./E
Aai\r]an_)am_).fp — M (10)
P(E)aopor
(ii) efflux of ions after N pulses:
Ac(N)—ky—fper &N x (1 — E./E)E?, (11)

where function p(E) incorporates a complex time dependence
of U, on E and other parameters, details are given in our
previous study [26].

We further used the efflux coefficients calculated from
Nx100 ps+8x1 ms experiments for the prediction of time-
dependent increase in conductivity for 8§x100 ps pulsing
protocol using our theoretical model (Eq. (9) and Eq. (A.8)) as
presented in Fig. 8b. The time-dependent concentration of ions
or molecules is obtained by numerical integration of the Eq.
(A.7) which describes diffusion through the permeabilized
membrane for given ky. We obtained good agreement between
theoretical model of diffusion and experimental values (Fig. 8),
therefore this model can be applied also to predict diffusion of
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molecules during electroporation. However, since diffusion of
ions is faster than diffusion of molecules, the resealing can be
neglected in case of ions but for molecules has to be
incorporated in the model. Here we do not deal with the
electrophoretic transport of charged molecules since this can be
neglected in the case of small molecules and ions where pulses
are short compared to diffusion constant and the diffusion is a
dominant process. For the transport of a DNA molecule
additional mechanisms are present [5,6,51,52] and thus a more
complex analysis is needed.

In conclusion, several studies of electroporation showed a
complex dependence of the transport on pulse parameters where
no simple relationship could be obtained [10,13—15]. On the
other hand several theoretical studies which considered forma-
tion of transient structures in the presence of the electric field do
not analyze the properties of long-lived pores [17—20]. For this
reasons we use analysis of ion diffusion after the pulses to
directly observe and analyze directly “transport” pores and their
dependence on the number of pulses and electric field strength.

In this study we present a simple theoretical model which
describes the fraction of long-lived “transport” pores and efflux
coefficient as an explicit function of the electric field and
number of pulses, where efflux coefficient is defined as ky=Cy
(I—E./E)E*. The model can accurately describe the field
dependence for the used range of electric fields as well as
describes time dependent diffusion of ions, which can be used
also to describe diffusion of molecules by incorporating the
resealing dynamics. The important new results of this study is
that by quantifying diffusion through the long-lived “transport™
pores we obtained that the fraction of the “transport” pores fper
increases with higher electric field due to larger area of the cell
membrane exposed to above critical voltage and due to more
energy which is available for the formation of pores. Therefore
formation of the long-lived pores is governed also by the
electrostatic energy of the pores. However, since the total
amount of uptake (number of molecules) is an integral over a
time period which depends on the time constant of resealing, it
is clear that this simple dependence on the electric field strength
or energy is lost, when the transport of molecules is considered.

Another important results is that almost linear dependence of
the efflux coefficient and fraction of transport pores on the
number of pulses suggests that each pulse increases the
probability for the formation (stabilization) of the transport
pores. We show that each new pulse leads to an increased
number of long-lived stable pores, which enable diffusion of
ions and molecules, in contrast to short-lived pores, which due
to fast relaxation do not contribute to diffusion.

Appendix A

In this section we analyze theoretically the changes of
conductivity on the time scale of seconds, where diffusion of
ions dominates. In our model we include the increase of cell
volume fraction after pulse application due to the colloid-
osmotic swelling of cells. By far the largest concentration
difference between internal and external concentration in this
pulsing medium is for K™ ions (¢, ~ 0 mM, ¢;=142 mM) so only

this ions will be considered in the following analysis and their
contribution to the external conductivity. The diffusion of ions
through the membrane is governed by Nernst—Planck equation

de(x,t)  zF d¥(x, 1)

M =-DS ﬁDSc()@ 1)

dr dx

where 7., is the number of moles in the external medium, D is the
diffusion constant (~2x 10" > cm?/ s), ¢ the molar concentration,
S the total transport surface S=N, S, of N, permeabilized cells
and Pthe electric potential. In general D and S depend on time,
pulse duration, electric field strength and number of pulses. The
effective diffusion constant D’ inside the pore is reduced due to
the interactions of the ion with the pore walls, where D’ is a
complex function of the electric field inside the pore [21,28,54].
But since we analyze diffusion between or after pulses when
Uy, = 0 we can use the approximation [54,28] that D’ is constant:
D'=D exp(—0.43 wy), where wy is the is the energy of an ion
inside center of a pore normalized to kT.

The diffusion of ions is a slow process compared to the
duration of the electric pulses thus we can assume that the major
contribution to efflux of ions occurs without the presence of the
electric field and A ¥is small. Therefore the second term in Eq.
(A.1) can be neglected which leads to diffusion equation. By
replacing the concentration gradient with (c.—c¢;)/d and by
taking into account that the sum of ions inside and outside
remains constant, the equation further simplifies:

(A.1)

de.(t) ~ D'S(E,N)
dt ~ dVF(1—F)

(ce(t) = F), (A.2)

where ¢ is the initial internal concentration of K ions, V

represent total volume and function S(E, N) describes the field
dependent surface of all pores. If we further neglect the volume
fraction changes and assume that S is approximately constant
(resealing is slow compared to ion efflux), we obtain that the
solution of the above equation is an exponential increase to
maximum ¢ =F ¢!

ce(t) = ™ [l - exp(— %)} ,

with a time constant 7 and efflux coefficient £ being dependent
on the fraction of transport pores fyer:

(A3)

1 dR(1-F)
foer 3D

by measuring current and voltage during the train of
successive pulses we obtain the change of the initial level of
the conductivity, i.e. conductivity increase due to the ion
efflux. Therefore we can express the measured change of
conductivity with the change in the external concentration of
ions: Ao (f)=ugZx+Fac o(t), where Zx =1, uy, is mobility of
K" ions and F, Faraday constant. Thus we obtain the relative
change in the conductivity due to the ion efflux

Aoe(t L Fycm
et _ 411 — exp(—r)), 4 = “EFace™
oo ao

(A.5)
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The change in the measured effective conductivity of a cell
suspension can be obtained from Maxwell equation Eq. (5),
where 7,=0:

(14+F)

Ao = Ac, 1 =05F)"

(A.6)
Now we have to consider a general case where the efflux
coefficient depends on the number of pulses which were used;
kny=k (N-th pulse). Now the time dependent Ag is a sum of
the terms between the pulses:

Ao(1)

00

= ZAN[l — exp(—kyt)]. (A7)
N

Form this it follows that the efflux coefficient after the N-th
pulse can be determined from the measured conductivity at N-
th pulse (Aoy) and at N+ 1-th pulse (Ao y+):

1 AO’N
ky =—In|1 —
N Aty n|: AGmax

_ Aoy

/1 , (A.8)

AGmax

where Aty is the time difference between N-th and N+1-th
pulse, and Ao, is the maximum value of the conductivity,
i.e. the saturation point when the concentrations inside and
outside the cell are equal. From the efflux coefficient ky the
fraction of pores can be estimated using Eq. (A.4):

v o dR(L=F)

per N 3D’ (A9)

Appendix B. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.bbagen.2006.06.014.
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