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Abstract

Surfactant polyoxyethylene glycol (Ci,Eg) decreases the voltage required for irreversible electroporation in planar
lipid bilayers. In our study the effect of non-cytotoxic concentration of Ci;Eg on cell membrane reversible and
irreversible electroporation voltage was investigated in DC3F cell line. Cell suspension was exposed to a train of 8
electric pulses of 100 ps duration, repetition frequency 1 Hz and amplitudes from 0 to 400 V at electrode distance 2 mm.
The effect of C;,Eg on the reversible and irreversible electroporation was investigated. We found that C;,Eg decreases
the voltage necessary for irreversible electroporation but has no effect on reversible electropermeabilization. Cell
membrane fluidity measured by electron paramagnetic resonance spectrometry, using the spin probe methylester of 5-
doxyl palmitate was not significantly changed due to the addition of C;,Eg. Based on this we conclude that the main
reason for the observed effect were not the changes in the membrane fluidity. As an alternative explanation we suggest
that Ci;Eg induced anisotropic membrane inclusions may stabilize the hydrophilic pore, by accumulating on a
toroidally shaped edge of the pore and attaining favorable orientation.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction ings. The application of high intensity electric
pulses of short duration causes permeabilization
of cell membrane termed electropermeabilization
or electroporation [1,2]. Electroporation is widely
used in biotechnology for gene transfer and has a

good prospect to be used in gene therapy [3]. In

The cell membrane represents a semi-permeable
barrier between the cell interior and its surround-
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clinical oncology electroporation is already used in
combination with chemotherapy as a method
termed electrochemotherapy [4-6].
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There are different theoretical models that
describe mechanisms of electropermeabilization
of cell membrane. Among them the electropora-
tion model is the most widely accepted and
accounts for the key electropermeabilization phe-
nomena [7]. According to this model in the
presence of an external electric field, hydrophilic
pores are formed in the cell membrane [7,8]. The
number of hydrophilic pores formed due to
exposure to electric pulses is depending on the
voltage applied, and is thus a continuous process.
Increased membrane permeability however is a
threshold phenomenon since the increased flow is
observed once the number of hydrophilic pores per
membrane area is sufficiently high [9]. Namely, the
external electric field must reach a critical value to
induce a threshold transmembrane potential that
leads to increased membrane permeability [2]. We
use the term ‘reversible electropermeabilization’ in
those cases in our study when we observe mem-
brane permeabilization and the term ‘irreversible
electroporation’ when we observe cell death due to
membrane rupture. Both phenomena are described
in the existing literature on electroporation; rever-
sible (when cell membrane reseals and cell sur-
vives) or irreversible (when cell membrane cannot
reseal and cell dies) [10—15]. The electroporation
depends on different parameters among which the
parameters of external electric field (electric field
strength, duration and number of pulses) have
been studied extensively [14,16—24]. The choice of
these parameters determines whether the electro-
poration is reversible or irreversible in nature.
Besides parameters of electric field, other para-
meters have been shown to affect electroporation;
among those, the physical properties of the cell
membrane, such as membrane fluidity. The study
of the cell culture of Chinese hamster ovary cells
treated with ethanol and lysolecitin, which incor-
porate into the cell membrane and change the
membrane fluidity, shows that electroporation
behavior of treated cells is affected [13].

Nevertheless, little is known about the effect of
surfactants on cell membrane electroporation.
Surfactants are a group of amphiphilic substances
that incorporate in the cell membrane and change
its properties [25,26]. The polyoxyethylene glycol
surfactant Ci,Eg is widely used as a solubilizer of

membrane proteins. Its critical micellar concentra-
tion is 0.09 mM [27]. The results of previous
studies indicate a rapid flip—flop of C;,Eg across
the lipid and cell membranes [28—30]. Effects of
C2Eg on the cell membrane depend on its
concentration. At sub-solubilizing concentration,
C,Eg perturbs membrane structure and function
and changes its physical properties [27,31,32]. The
C,Eg molecules, while bound in the membrane
bilayer, may form C;,Eg—phospholipid [32,33] and
C,Eg—protein [34] complexes that we call inclu-
sions [33,35,36]. It was shown that in POPC planar
lipid bilayers C,Eg significantly lowers the voltage
required for irreversible electroporation [37].

The aim of the present study was to test the
effect of a non-cytotoxic concentration of Ci,Eg
on reversible and irreversible electroporation of
cells in vitro and to investigate the possible
mechanisms responsible for these phenomena.
Therefore, a non-cytotoxic concentration of
Ci2Eg was chosen which did not change the
membrane fluidity. The possible mechanism of
stabilization of the hydrophilic pores by C;;Eg
molecules was studied theoretically.

2. Experiments

2.1. Materials and methods

2.1.1. Cells

Transformed Chinese hamster lung fibroblast
cells, DC3F, were used. Cells were grown in
Eagle’s minimum essential medium with Earles
salts, 2 mM L-glutamine (Sigma-Aldrich Chemie
GmbH, Deisenhofen, Germany), sodium bicarbo-
nate (Braum, Melsungen, Germany), benzyl peni-
cillin (Crystacillin, Pliva d.d., Zagreb, Croatia) and
gentamicin sulphate (Lek d.d., Ljubljana, Slove-
nia), supplemented with 10% fetal bovine serum
(Sigma-Aldrich Chemie GmbH). The cells were
maintained at 37 °C in a humidified atmosphere
that contained 5% CO, for 3—4 days to obtain
confluent culture from which the cell suspension
was prepared with 0.05% trypsin solution contain-
ing 0.02% EDTA (Sigma-Aldrich Chemie GmbH).
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2.1.2. Citotoxicity of Cj;,Eg on cell culture

To determine cytotoxicity of C;,Eg (Fluka,
Sigma-Aldrich Chemie GmbH) the cell suspension
was incubated with a sub-solubilization concen-
tration (0.5, 5 and 13 pg ml ') of C1,Eg in Spinner
modification of Eagle’s minimum essential med-
ium (Life Technologies Ltd, Paisley, UK) for 1 h
at 37° (treated cells) while untreated cells were
incubated with Spinner modification of Eagle’s
minimum essential medium for the same time at
the same temperature. After incubation the cells
were diluted in Eagle’s minimum essential medium
and plated in the same medium supplemented with
10% fetal bovine serum in concentration 200 cells
per Petri dish for clonogenic test. Colonies grown
for 5 days were fixed with methanol (Merck
KGaA, Darmstadt, Germany) and stained with
crystal violet (Sigma-Aldrich Chemie GmbH).
Colonies were counted and results normalized to
untreated cells and expressed as a percentage of
survival. Results of four independent experiments
were pooled and presented as mean +S.E. Differ-
ences between untreated and C,,Eg treated cells
were tested by Student 7-test. For further experi-
ments, a ten times lower concentration than the
one that was determined as non-cytotoxic was
used (i.e. 0.05 pg ml~ ' C},Ey).

2.1.3. Cell membrane fluidity measurements

The cells in suspension were incubated for 45
min at 37 °C; 0.05 pg ml~! Cj,Eg was added to
treated cells, while the medium in which C;,Eg was
dissolved was added to untreated cells. The
membrane fluidity was measured by electron
paramagnetic resonance method (EPR), using the
spin probe methylester of 5-doxyl palmitate (Me-
FASL (10,3)), which is lipophilic and therefore
incorporates primarily into the membrane lipid
bilayer [38]. Sixty milliliters of 0.1 mM MeFASL
(10.3) in ethanol solution was placed into the glass
tube, then ethanol was evaporated by rotavapor. 1
ml of cell suspension that contained 20 x 10° cells
was added to the MeFASL film formed on the wall
of the glass tube, and incubated for 15 min while
shaking. After that, the cell suspension was
centrifuged and the pellet was placed in glass
capillary for EPR measurements. From the EPR
spectra at 4 °C, the maximal hyperfine splitting

constant 2Ay; that reflects the order parameter was
measured. At 37 °C, the empirical rotational
correlation time (7.) that reflects rotation of the
low and middle field amplitudes, was calculated
using the following equation: 7, = KAH,\/h_,/h,
(Fig. 1). Both parameters reflect ordering and
dynamics of phospholipids in the membrane
bilayer and are the measure of membrane fluidity
[39]. Each measurement was repeated three times
in three independent experiments. Differences
between untreated and C,,Eg treated cells were
tested by the Student z-test.

2.1.4. Electroporation

To determine the effect of non-cytotoxic con-
centration of Ci,;Eg (that does not affect mem-
brane fluidity) on reversible
electropermeabilization, the cell suspension was
prepared in Spinner modification of Eagle’s mini-

2A))
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Fig. 1. Typical EPR spectra of DC3F cells at 4 °C (A) and at
37 °C (B). At 4 °C the maximal hyperfine splitting constant
2A; was measured, and at 37 °C the empirical rotational
correlation time (z.) was calculated from Ay, AHy and /i _.
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mum essential medium. Before electroporation
was performed, bleomycin was added to the cell
suspension in final concentration of 5 nM. At this
concentration, bleomycin is non-cytotoxic as the
cell membrane is unpermeant for this substance
[40]. When the electroporation takes place bleo-
mycin gains access to the cell interior and provokes
cell death [40]. In this way reversible electroper-
meabilization is detected. In all experiments, cell
suspension was incubated with C,Eg as described
above for the cell membrane fluidity measure-
ments. A 50 pl droplet of cell suspension that
contained 10° cells was placed between stainless
steel electrodes, which were 2 mm apart. The train
of 8 square pulses, 100 ps of duration and of the
repetition frequency 1 Hz was generated (we used
a prototype electroporator developed in our la-
boratory at the University of Ljubljana, Faculty of
Electrical Engineering, Slovenia [41]). The voltage
from 0 (control) to 400 V in 40 V steps was
applied. Cells were then incubated at room tem-
perature for 30 min to allow cell membrane
resealing. After that the uptake of bleomycin was
determined by clonogenic test as already described
above for citotoxicity experiments. Cell colonies
were counted for untreated and C,,Eg treated cells
and results were normalized to the corresponding
results of the control, i.e. cells that were not
exposed to electric pulses. The percentage of
colonies was subtracted from 100 percent to obtain
the percentage of permeabilized cells. Results of
five independent experiments were pooled and
presented as a mean value+S.E. Differences
between the untreated and the C,,Eg treated cells
were tested by the Student ¢-test.

To determine the effect of the non-cytotoxic
concentration of C,Eg on irreversible electropora-
tion, the protocol that is described above was used
without the addition of bleomycin.

To gain more information about the effect of
Ci3Eg on irreversible electroporation, additional
experiments were performed. The cell suspension
was electroporated using the same protocol as
described above while C;;Eg was added immedi-
ately after the application of the train of § pulses
when the cell membrane is still permeable for small
molecules like C;,Eg. Cell survival was determined
by the clonogenic test as described above. The

results of three independent experiments were
pooled and presented as a mean value+S.E.
Differences between the untreated and the C;,Eg
treated cells were tested by Student z-test.

The results of the permeabilization and the cell
survival with respect to the applied electric field
(i.e. voltage applied on the electrodes) are re-
ported. The nominal electric field for the geometry
and dimensions of the electrodes used in our
experiments can be estimated as the voltage
applied to the electrodes divided by the distance
between the electrodes.

2.2. Experimental results

2.2.1. The cytotoxic effect of Cj,Eg on the cell
culture and cell membrane fluidity

The cytotoxic effect of different concentrations
of C,Eg was tested to establish the non-cytotoxic
concentration. The results show that sub-solubiliz-
ing concentrations of Cj,Eg (lower than 0.5
pg ml~ "), 60 min incubation at 37 °C are non-
cytotoxic for the DC3F cell line (Table 1).

The maximal hyperfine splitting 2Aj; of the
EPR spectra, which reflects the order parameter of
the membrane lipids and the empirical rotational
correlation time 7, were measured (Fig. 1). No
differences were found by Student 7-test between
the Ci,Eg treated and the untreated cells (Table 2).
From these results, we conclude that C,E5 at non-
cytotoxic concentration of 0.05 pgml~! affects
neither the order parameter (packing of phospho-
lipids) nor the dynamics of the motion of lipids in
the bilayer of the DC3F cell line due to the low
molar ratio of C;,Eg to membrane phospholipids.

Table 1
Cytotoxic effect of different concentrations of C;,Eg ng ml ™!
on cell line DC3F

C2Es ng ml ! Survival (% of control) t-test

0 100+0

0.5 9243 P=0.06

5 49+9 P=0.03

13 20+8 P= <0.001

Cell suspension was incubated for 60 min at 37 °C. Values
are means of 4 experiments+S.E.
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Table 2

Order parameter and rotational correlation time in DC3F cell
line after 45 min incubation with SMEM control and with
C,Eg at concentration 0.05 pg ml~! treated cells

Control C,Eg t-
test

Order parameter 2A;; (mT) 581404 571+14 NS
Rotational correlation time 7.  2.07+ 2214+ NS
(ns) 0.02 0.14

Values are means of 3 experiments +STD.

2.2.2. Electroporation

The electroporation experiments revealed that
C,Eg does not affect the reversible electropora-
tion, however, it significantly increases the irrever-
sible electroporation i.e. the irreversible
electroporation occurs at lower applied voltages.
The differences between the C;,Eg treated cells and
the control was most pronounced when the cell
suspension was exposed to the train of 8 pulses
and voltages 160V (P =0.037) and 200V (P =
0.022), as shown by Student ¢-test (Fig. 2). The
addition of C,Eg caused the cell death at the same
voltage at which the reversible electroporation
takes place. This can be explained by a pore
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Fig. 2. The effect of Cj;Eg on reversible and irreversible
electroporation measured by bleomycin uptake and cell survi-
val, respectively on cell line DC3F. The train of 8 pulses, 100 ps,
and repetition frequency 1 Hz was applied. The voltage of each
train of pulses applied to 2 mm stainless still electrodes was 0,
80, 120, 160, 200, 240, 280, 320, 360 and 400 V. Cell suspension
was incubated with 0.05 pg ml~! C,,Eg for 45 min (C;,Eg) or
with electroporation medium (control). Values are means of 5
experiments +S.E.

stabilization effect of C,Eg as explained in detail
in our theoretical considerations. We presume that
hydrophilic pores are formed at the voltage at
which reversible electroporation takes place and
that these pores are prerequisite for the bleomycin
access to the cell interior that causes cell death. On
the other hand cell death that is a consequence of
irreversible electroporation is caused by electric
field itself that provokes irreversible changes in the
cell membrane. In control cells, which were not
treated with C|,Eg so that the pore stabilization
did not occur, 50% of the cells survived the
application of pulses of the amplitude of 250 V.
In these cells, a resealing of the cell membrane
took place while in the C,Eg treated cells no cell
survived the application of pulses of the amplitude
of 250 V, as the resealing was prevented by C;,Eg
(Fig. 2). In control cells, we observe 50% of the
permeabilization as determined by bleomycin
uptake at 160 V. At the same voltage, in the
C,Eg treated cells, we observe 50% of the
permeabilization and also only 50% of cell survival
after treatment with electric field (Fig. 2). This
shows that the irreversible electroporation of the
C,Eg treated cells is shifted to the same voltage at
which reversible electroporation occurs. In other
words, electropermeabilization in the presence of
C,Eg becomes irreversible as soon as it occurs.
These results lead us to the conclusion that
stabilization of the hydrophilic pores is responsible
for the observed behavior as described latter in the
theoretical part of this work.

To confirm our conclusion we performed addi-
tional experiments. From the described experi-
ments we could not distinguish between the pore
stabilization effect of C,Eg and the possibility that
C,Eg could be toxic when it has access to cell
interior. Therefore, in these additional experiments
the C|,Eg was added immediately after the appli-
cation of the train of 8 pulses. We showed that
C,Eg was not cytotoxic when it gained access to
the cell interior (Fig. 3), as after electroporation
the cell membrane remains permeable for small
molecules such as C,Eg. From these results we
concluded that the cell death observed in the
previous experiment (Fig. 2) had to be caused by
the effect of Ci,Eg on the pore stabilization and
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Fig. 3. The effect of C|,Eg added immediately after application
of electric pulses on irreversible electroporation measured by
cell survival on cell line DC3F. The train of 8 pulses, 100 ps,
and repetition frequency 1 Hz was applied. The voltage of each
train of pulses applied to 2 mm stainless still electrodes was 0,
80, 120, 160, 200, 240, 280, 320, 360 and 400 V. 0.05 pg ml ™"
C2Eg (Cy;Eg) or electroporation medium (control) was added
to electroporated cells. Values are means of 3 experiments +
S.E.

that C|,Eg has to be incorporated in the cell
membrane at pulse application.

3. Theoretical considerations

In this section, we present the theory that
describes the formation of hydrophilic pores,
which are responsible for increased membrane
permeability [7]. Within this theory, a possible
role of C;,Eg membrane inclusions in the increased
stability of hydrophilic pores [9,42] is described. A
circular segment of a planar lipid bilayer with a
hydrophilic circular pore in the center is studied.
The formation of the hydrophilic pore in a lipid
bilayer implies the existence of a bilayer edge
[28,43]. In the process of pore formation the
membrane constituents attain a configuration
where the polar parts are used to shield the
hydrophobic parts from the water (Fig. 4).

For the sake of simplicity we assume a mole-
cular arrangement, where both membrane layers
at the edge of the pore bend towards each other
[28,9], forming an inner half of the torus (Fig. 4).
We consider a flat circular bilayer membrane
segment of a radius / and of a thickness 2r, having

1
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Fig. 4. Cross section of the geometrical model of the circular
membrane bilayer segment with a toroidal pore in the center.
The whole segment and the pore are assumed to have rotational
symmetry around the y-axis. R is the radius of the pore and 2r
is the distance between the surfaces of both layers at the flat
part of the segment. Principal membrane curvatures C; and C,
are zero in the region R < x </, where the membrane is flat. In
the region R—r <x <R one of the principal curvatures is
Cy = 1/r, and the other is C; =(x—R)/rx.

a toroidal pore of a radius R at its center. Due to
the rotational symmetry of the segment around the
y-axis, the orientation of the x-axis in the y =0
plane is arbitrary. Outside the outer border of the
circular bilayer segment (i.e. for x >1) the mem-
brane bilayer remains flat, however these parts are
not considered in our calculations (periodical
boundary conditions are imposed at x=1). We
describe the shape of the membrane with two
principal curvatures, C; and C,, given at each
point on the membrane. Both principal membrane
curvatures are zero in the region R < x </, where
the membrane is flat. In the region of the inner half
of the torus (R—r <x < R) one of the principal
membrane curvatures is constant, C; = 1/r, while
the other is C, =(x—R)/rx (Appendix A).

It was recently suggested [37] that C,Eg lowers
the voltage required for irreversible electropora-
tion of planar lipid bilayers. This increased sus-
ceptibility of lipid bilayers to electroporation could
be related to the specific effect of the C;,Eg
molecules that changes the macroscopic physical
properties of the membrane in a way that the
formation of the pores becomes energetically more
favorable. It was also proposed that C;,Eg could
be cooperatively bound in the region of the pore
edge, which may stabilize the pore shape [30]. This
scheme assumes an increased local area density of
C,Eg in the region of the pore edge and rapid
transport of C;,Eg across the membrane [30]. The
last assumption is in accordance with some recent
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experimental results of the same authors [29] and
also with the results [28,29].

It is known that C;,Eg molecules may interact
with membrane proteins and form C;,Eg—protein
complexes (inclusions) [34]. Therefore C;,Eg may
solubilize membrane proteins and change the
membrane protein activity [34]. It has also been
shown recently that the cooperative interaction of
Ci,Eg with larger number of neighboring lipid
molecules [32] may lead to the formation of the
C,Eg—lipid membrane inclusions (clusters/rafts)
[33,36]. Recent experimental results show that the
effective shape of the lipid molecules interacting
with the C;,Eg molecule is changed because the
acyl chains of the lipid molecules are moved apart
sideways [31,32]. Therefore, the effective intrinsic
shape of the C;,Eg—lipid inclusion may be in
general anisotropic [33,36] (see also Fig. 5). Also,
the effective intrinsic shape of the detergent/
protein membrane inclusion may be in general

Fig. 5. Schematic figure illustrating different intrinsic shapes of
the membrane inclusions characterized by the two principal
curvatures C,, and C,,. Shading marks the hydrophilic surface
of the inclusion. The characteristic intrinsic shapes of inclusions
are shown in the figure: Ci,, = Co, =0 (A), Ciy >0, Con =0
(B) and Ci;, >0, Cop, <0 (C). The corresponding most favor-
able membrane surfaces are also shown.

anisotropic [35,50,51,44,45]. In the present work
the possible role of the effective intrinsic shape of
the complexes formed by C;,Eg molecules and the
neighboring membrane constituents in the stability
of the membrane hydrophilic pore is studied
theoretically.

In order to obtain the equilibrium shape of the
hydrophilic pore in the planar membrane bilayer
segment we are looking for the minimum of the
membrane free energy (F) as the sum of the pore
edge energy (W;) and the contribution of the
C,Eg membrane inclusions (F}),

F=W,+F. (1)

The edge energy (line tension) of the pore [9,46]
is approximated by the (monolayer) bending
energy [47,48] of the pore (W}):

Lo
W= k. J 4CAA+ kg f C,CydA, @)
A A

where k. is the local bending modulus, kg is the
Gaussian bending modulus, C = (C, + C,)/2, A is
the area of the membrane segment and d4 is the
infinitesimal membrane area element. For the
Gaussian bending modulus it is taken that kg =
—2k. [49,52]. For the sake of simplicity, the
spontaneous curvature was not included in Eq. (2).

The Ci,Eg membrane inclusions may be C;,Eg/
lipid complexes and/or C,Eg—protein complexes.
However, in this work, all the inclusions are for
the sake of simplicity considered as equal. In
general, the effective intrinsic shape of the inclu-
sions is considered as anisotropic. The contribu-
tion of the C;;Eg induced membrane inclusions to
the membrane energy can be written in the form
[51,36,44]:

F,=—NkTh qulo “tee V],
al P r

where ¢ is defined as

T, EwE
q_eXp[ e €T T
><<C‘2+C“3n)], 4

¢ and ¢* are the constants representing the
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strength of the interaction between the inclusion
and the membrane continuum, C=(C;—C,)/2,
C.=(C+C)/2, Co=(Cim—Com)2, where
Cim and G, are the principal curvatures of the
intrinsic shape (Fig. 5) of the inclusion, N is the
total number of the inclusions in the membrane
bilayer segment, /; is the modified Bessel function
of the first kind, k is the Boltzmann constant and
T is the temperature. It is taken for simplicity that
¢ =¢* [51]. Due to the rapid Cj,Eg transport
across the membrane [28—30] we assumed that
C,Eg inclusions are equally distributed between
both membrane layers in the membrane region
around the pore (the trans-bilayer transport of
Ci,Eg molecules can be partially carried out also
due to lateral flow of C,Eg through the membrane
pores).

For fixed values of parameters r, ¢, ¥ and for
fixed Ci, and C,,,, the membrane free energy is a
function only of the radius of the pore R, i.e.
F(R) = Wy(R)+F(R), and we can search for the
value (R = R,;,), which gives the minimal possible
relative membrane free energy: Fpi, = F(Rnin).
The area A of the membrane segment must remain
constant throughout the minimization, so when
the size of the hydrophilic pore is changed, the
radius of the segment (/) must change accordingly.

The pore edge (bending) energy W, is a mono-
tonically increasing function of the radius of the
pore R (Appendix A). Therefore Wy (R) does not
have a minimum for R larger than r, which is the
smallest possible radius of the pore in the de-
scribed model. The membrane bending energy is
minimal when the membrane surface is completely
flat and without pores. Any anomaly in the
flatness of the membrane surface increases its
bending energy.

The relative free energy of the membrane
inclusions Fi/8mk. and the relative total membrane
free energy Fy/8nk. = (W + F;)/8nk. as functions of
the radius of the pore R are shown in Fig. 6 for
three different intrinsic shapes of inclusions. Fig.
6(A) shows the case of a conical isotropic intrinsic
shape of the inclusions (C,,, = Cs,). It can be seen,
that for isotropic inclusions the energy F; decreases
monotonically with increasing R. Summation of
Wy and F; gives us the total membrane free energy
F, which can have a minimum for a particular

radius of the pore R=R,,. The number of
inclusions N enters the expression (3) as the
multiplication factor. Since F;(R) is a monotoni-
cally decreasing function for isotropic inclusions
and Wy(R) is monotonically increasing, we can
always find such &, that the sum F= W+ F; will
have a minimum. However, the position and the
existence of such minimum depend very strongly
on the value of V. Also, such pores with isotropic
inclusions are unrealistically large (~ 100 nm). A
much stronger argument for the stability of the
pore would be a minimum in the function F;(R)
itself. This would also indicate that inclusions
favor a particular size of the pore. The local
minimum actually appears in the function F(R)
if the shape of the inclusions is sufficiently
anisotropic, with C;, <0 and C,,, > 0. For illus-
tration, Fig. 7 shows the calculated radius of the
stable pore (Ryn) as the function of Cj,,. With the
constant value C,,, = 1/r, we have isotropic inclu-
sions at C;,, = 1/r (indicated as point A in Fig. 7).
With decreasing value of Cj,, the shape of the
inclusions becomes more and more anisotropic.
When the intrinsic shape of the inclusions becomes
anisotropic enough, i.e. when |Cm| is large enough,
inclusions start to favor the toroidal shape of the
edge of the pore and the local minimum appears in
the function Fj(R). Fig. 6(B) corresponds to the
point B in Fig. 7, where the local minimum just
begins to appear. In Fig. 6(C) it can be seen, that
inclusions with Cj,= —0.5/r and GC,,=1/r
strongly stabilize the pore of a radius R, =2.9r.
Based on the presented results it can be con-
cluded that anisotropic inclusions can significantly
contribute to stabilization of hydrophilic pores in
bilayer membranes. The radii of such pores are of
the order of the membrane thickness. On the other
hand, the pores with isotropic inclusions are very
weakly stabilized and are unrealistically large.

4. Discussion

The question addressed by the present study was
how non-cytotoxic concentrations of surfactant
Ci,Eg affect the electroporation behavior of the
cell line DC3F. The main finding is that incuba-
tion of cell suspension with Ci,Eg at non-cytotoxic
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Fig. 6. The relative free energy of the inclusions (f; = F/8nk.) and the relative membrane total free energy (f'= F/8nk.) as functions of
the relative radius of the pore (R/r) calculated for conical isotropic intrinsic shape of inclusions with Cj,, = C5,, = 1/r (A) and for two
different anisotropic intrinsic shape of the inclusions: Cy, = —0.3/r, Cop, = 1/r (B) and Cy, = —0.5/r, Co, = 1/r (C). The membrane
segment free energy reaches minimum at: (A) Ry, =427, (B) Riyin = 5.2r and (C) Ry, = 2.9r. The corresponding membrane segments
with a pore with radius R,,;, are also shown in the bottom. The outer circles represent the outer borders of the membrane segments and
the inner circles represent the edges of the pores in the center. The values of parameters are: ¢ = 10, x = 100, 4 /4> = 10* (the values

are within the previously estimated range [51]).

concentration of 0.05 pgml~' (which does not
affect membrane fluidity) significantly decreases
voltage for irreversible electroporation when the
train of 8 pulses at frequency 1 Hz is applied. We
propose that pore stabilization due to the incor-
poration of C»Eg into the cell membrane is the
physical mechanism that may explain these experi-
mental observations.

Incubation of cell suspension with non-cytotoxic
concentration of 0.05 pg ml~! (i.e. 0.09 pM) C,E;
for 45 min does not affect cell membrane fluidity
(Table 1) however, it reduces irreversible electro-
poration for 63% compared with untreated cells

(Fig. 2). These results are in agreement with
previous results obtained on planar lipid bilayers
[37]. On planar lipid bilayers, the electroporation
with 100 ps pulses and simultaneous addition of 1
uM C,Eg reduced irreversible electroporation
(measured as a voltage at which the membrane
rupture takes place) for 69% with respect to
untreated POPC membranes. Our results indicate
that the reason for this effect could not be the
changes in the membrane fluidity caused by
incorporation of C,Eg into the cell membrane
since C,Eg in concentration of 0.09 uM does not
cause significant changes in membrane fluidity
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Fig. 7. The relative equilibrium radius of the pore R, as the
function of Ci,, for Cy,, = 1/r. The points A, B and C denote
the values of Ry, for the corresponding Fig. 6(A—C). The
values of parameters ¢, x and A are the same as given in Fig. 6.

(Table 2). Although C,Eg increase membrane
fluidity in POPC membranes [31,32], the molar
ratio of phospholipids to Ci;Eg in our study was
one order of magnitude lower than in published
studies that report this effect of Cj,Eg. The
possibility that the effect of C|,Eg on irreversible
electroporation was the consequence of cytotoxic
effect C|,E5 when it has access to cell interior was
disproved in the experiment when C;,Eg was
added immediately after pulse application (Fig.
3). In accordance, we proposed a mechanism that
may explain our experimental results. Our explica-
tion is based on the findings obtained in planar
lipid bilayers where it was hypothesized that in
voltage induced metastable conductive pores hy-
pothetical contaminants gradually replace the
background lipids at the pore edge to lower its
energy [53]. The effect of Ci,Eg on irreversible
electroporation can be explained similarly. As
shown by our theoretical study, Ci;Eg may
stabilize pores by incorporation into the hydro-
philic pores thereby preventing resealing of the cell
membrane after electroporation and consequently
causing cell death. This agrees with our experi-
mental results (Fig. 2). In our theoretical model, a
hydrophilic pore was considered as a toroidal pore
in a center of a circular flat membrane segment.
For a lipid bilayer with thickness 2r =~ 5 nm, the
radius of the pore for isotropic inclusions is in the
range of 100 nm (Fig. 6(A)). Although the mini-
mum in the total membrane free energy was found

for isotropic inclusions, the corresponding pores
are unrealistically large. On the other hand, if the
inclusions have an anisotropic intrinsic shape, the
energy contribution of C;,Eg inclusions itself can
have a minimum for the specific size of the pore.
For anisotropic inclusions, the radius of the pore is
in the range of the thickness of the bilayer (Fig.
6(Q)).

It must be emphasized that the proposed
expression for the continuum bending energy
that was used for the pore edge energy (Eq. (2))
was originally derived for small principal curva-
tures [48]. In our case, at least one principal
curvature is very large. Therefore the correct
expression for the pore bending energy should in
general include also higher terms than quadratic.
However, in our theoretical model the major effect
that stabilizes the pore originates from the energy
of the membrane inclusions (F;(R)), so the inaccu-
racy of the expression (2) for the edge energy of the
pore does not have a great significance for the
interpretation of our main theoretical predictions.

In the described theoretical approach the area
density of the membrane inclusion is in general
non-homogeneous. Namely, the local area density
of membrane inclusions in the region of the pore
edge could be very high although the area density
of inclusions far from the pore is very small
However, since the inclusions are treated as
dimensionless (Eq. (3)) [51] and the excluded
volume effect [54] is not taken into account, the
local density of the inclusions at the pore edge may
become unrealistically high if the inclusions favor
the local shape of the membrane at the edge of the
pore. Nevertheless, our purpose was only to
describe the basic principles of the possible physi-
cal mechanism that determines the increased
stability of pores in membrane bilayers when
C,Eg molecules are incorporated in the mem-
brane and to explain our experimental results (Fig.
2). Therefore, for simplicity the excluded volume
effect was neglected.

Although our theoretical model may offer a
possible qualitative explanation of the influence of
the C;,Eg molecules on the stability of hydrophilic
pores in membrane bilayer, the uncertainties or
lack in experimentally measured model parameters
prevent us from precise numerical calculations of
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the stable size of the hydrophilic pore. In addition,
we have neglected some other important contribu-
tions to the free energy of the pore [42,43] such as
non-local bending energy also called area-differ-
ence-elasticity energy [55,56], surface pressure
[9,57] and electrostatic energy of the pore [46].

In conclusion, we have shown that the detergent
C,Eg affects irreversible electroporation of the
cell line DC3F in a similar way as it was previously
demonstrated in electroporation of planar lipid
bilayer as a membrane model [37]. Our theoretical
considerations indicate that C;,Eg-lipid and
C,Eg-protein induced anisotropic membrane in-
clusions [33,36] may stabilize a hydrophilic pore
that is formed during the pulse application in the
membrane. Recently the existence of hydrophylic
pores in the lipid mebranes that can become stable
under electrocompressive stress was proposed [58].
Our results could therefore be considered as a
circumstantial evidence for the existence of hydro-
philic pores that become stabilized by anisotropic
membrane inclusions that prevent membrane re-
sealing and consecutively transform the reversible
electroporation into the irreversible electropora-
tion.
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Appendix A

In this work dimensionless quantities are intro-
duced. The effective thickness of a lipid monolayer
r is chosen for the unit of length (Fig. 4). The
variables and parameters are redefined as follows:
xlr ->x,rlr -1, RIr >R, 1Ir -1, Cir -Cy, Cor »
Cz, Clmr —>C1m, szr —>C2m, CV - C, él’ —>é,
C.r— C,, C,r—C,. The membrane free energy

F is normalized relative to the energy 8mk., f'= F/
8nk. =wy+f;, where wy,= Wy/8nk. and f,=F/
8nk..

In the described geometrical model of the
membrane bilayer segment with a circular pore
in the center (Fig. 4), both membrane layers are
flat in the region R < x </ and bend towards each
other in the region R—r <x <R, forming an
inner half of the torus with the larger radius R
and the smaller radius r. The principal membrane
curvatures of the membrane can be derived from
the expressions for principal curvatures of a sur-
face obtained by the function y(x) rotated around
the y-axis, C;=—y"(1+y?) ¥ and C,=—
y'x '(1+y?) "2 The principal curvatures C,
and C, are zero in the region R <x </, where
the membrane is flat (Fig. 4). In the region of the
pore edge (R—r < x < R), the function y(x) obeys
the equation (x—R)*+)* =7, therefore C; = 1/r
and C, = (x—R)/rx. Knowing C, and C,, integra-
tion in the expression for the pore edge energy (Eq.
(2)) can be performed. The relative pore edge
energy can be then written as

_arcsin (1/R) + /2 1
YT RVIE R 2 (A

Expansion of wy, into the power series [59] of R
yields w, =%R—0.5x R™'+ O(R™?). For an
open pore (R > 1) the pore edge energy wy(R) is
a monotonically increasing function of R. In our
range of interest, wy(R) only slightly deviates from
the linear function.

To obtain the expression for the free energy of
the inclusions, the parameters ¢ = NkT/8nk. and
k = E/kTr* are introduced and integration in Eq.
(3) is performed. For the relative free energy of the
inclusions we can write the expression:

fi=—¢ln {(2 +a—mnR)

X eXp [—;(C’i — C’fn)] +2i} (A2)

where a = A/4m” is the relative area of a flat
membrane segment without a pore and 7 is:
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X

7 =RJI Gl CC.) N

with ¢ defined as

dx (A3)

G =exp [— g (C—C ) +C+ c?n)} . (A4)
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