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ABSTRACT: Electroporation relates to a phenomenon in which cell membranes are
permeabilized after being exposed to high electric fields. On the molecular level, the mechanism
is not yet fully elucidated, although a considerable body of experiments and molecular dynamic
(MD) simulations were performed on model membranes. Here we present the results of a
combined theoretical and experimental investigation of electroporation of palmitoy-oleoyl-
phosphatidylcholine (POPC) bilayers with incorporated polyoxyethylene glycol (C12E8)
surfactants. The experimental results show a slight increase of the capacitance and a 22%
decrease of the voltage breakdown upon addition of C12E8 to pure POPC bilayers. These results
were qualitatively confirmed by the MD simulations. They later revealed that the polyoxyethylene
glycol molecules play a major role in the formation of hydrophilic pores in the bilayers above the
electroporation threshold. The headgroup moieties of the latter are indeed embedded in the
interior of the bilayer, which favors formation of water wires that protrude into its hydrophobic
core. When the water wires extend across the whole bilayer, they form channels stabilized by the
C12E8 head groups. These hydrophilic channels can transport ions across the membrane without
the need of major lipid head-group rearrangements.

■ INTRODUCTION

Electroporation relates to a phenomenon in which cell
membranes are permeabilized after being exposed to high
electric fields.1 Cell electroporation is used in several fields like
biology, biotechnology, food processing, and medicine.2 It is
considered reversible if cells recover their initial state after the
electric field is switched off. On the contrary, electroporation is
considered irreversible if it leads to cell death. Among
nowadays applications of electroporation based techniques,
we can list electrochemotherapy,3 transdermal drug delivery,4

gene therapy,5 water cleaning,6 food processing,7 and tissue
ablation.8 In biotechnology, protocols using electroporation to
trigger drug release from smart-liposome-based nanocarriers are
being devised as well.9 Experimental evidence suggests that the
effect of an applied external electric field to cells is to produce
aqueous pores specifically in their membrane lipid bilayer.
Information about the sequence of events describing the
electroporation phenomenon can be gathered from measure-
ments of electrical currents through planar lipid bilayers and
from the characterization of molecular transport of molecules
into (or out of) cells subjected to electric field pulses. The
application of electrical pulses induces rearrangements of the
membrane components (water and lipids) that ultimately lead
to the formation of transmembrane pores, the presence of
which increases substantially ionic and molecular transport
through the otherwise impermeable membrane.5,10−12 To
provide a molecular level characterization of the phenomena,
several groups have resorted over a decade ago to atomistic

simulations that have proven to be effective in providing
insights into both the structure and the dynamics of model lipid
membranes.13 Molecular dynamics (MD) simulations have
hence provided so far the most informative molecular model of
electroporation processes of lipid bilayers.
Electroporation may be triggered by applying long (micro-

seconds) low magnitude (kV/m) electric pulses. These pulses
cause accumulation of charges at cell boundaries over a
charging time in the order of 100s of ns.14 As the cell
membranes behave as capacitors, this charge accumulation gives
rise to a transmembrane potential Ut. Molecular dynamics in
silico protocols have so far been developed to mimic the effect
of such low magnitude microsecond electric pulses (μsEP) on
planar bilayers by imposing a net charge imbalance across the
zwitterionic membranes.15,16 An ionic transmembrane charge
imbalance was introduced 10 years ago for the first time where
a double bilayer setup was utilized to impose a voltage across a
bilayer.16 The next year, this setup was used to model
electroporation phenomena.23 We have later employed the
ionic transmembrane charge imbalance without using the two
bilayers in a simulation box.19

The electric pulses induce the formation of hydrophilic pores
in which transmembrane water columns created above an
electroporation threshold are stabilized by lipid head groups.
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This stabilization is a crucial step in the so-called electropore
life cycle17 and is considered a prerequisite for ion conduction
as reported by most MD simulation studies so far.16,18−21

Most of these studies have been performed on simple
zwitterionic lipids (phosphatidyl choline (PC) head groups) at
the exception of a few that considered also a small fraction of
negatively charged lipids to study their externalization.22 It was
shown that applying a large transmembrane voltage induces the
formation of hydrophilic pores, in which transmembrane water
columns are stabilized by the head groups of the lipid bilayer.
This step in the so-called electropore life cycle17 is a
prerequisite for ion conduction.18,20,21,23,24 Recently,25,26 we
have found that, for some particular lipids, pores formed in
bilayers subject to high transmembrane voltage may not have
the same morphology as the commonly created hydrophilic
pores. For lipids from archaea, for instance,25 we did not
observe rearrangement of lipid headgroups to stabilize the
water wires created in the membrane. The cell membranes of
these types of archaea have however a unique composition, a
high chemical and a high physical stability27−29 compared to
simple phosphatidyl choline (PC) lipids, as they carry head
groups formed by sugar moieties, ether linkages instead of ester
linkages between the headgroup and the carbonyl region, and
methyl branches in the lipid tails.30 These properties appear not
only to increase the stability of these bilayers to electrical stress
manifested by the increase of the electroporation threshold but
change also the morphology of the pores. We have found a
similar pore behavior for bilayers containing cholesterol.31 For
specific bilayers such as those composed by POPS, a negatively
charged lipid, we also recently found that pores created above
an electroporation threshold are not stabilized by the lipid head
groups.26 Overall, these studies indicate that the electroporation
process is modulated by the nature of the lipids in the bilayer
and may be different from what was recently assumed. We are
here revealing that pores formed during electroporation of
“real” membranes made of a complex mixture of lipids,
cholesterol, sugar, and other molecules may take various shapes.
The lipid composition is also known to modulate

significantly the electroporation thresholds, i.e., the voltage
required to break down a bilayer: several experimental studies
characterized the impact of cholesterol contents, for instance,
on the electroporation of simple lipid bilayers.32−35 Most of the
authors reported its stabilizing effect, as was later also found in
MD simulation studies.31,36 However, this seems to not be a
universal behavior: in the case of diphytanoyl-glycero-
phosphocholine (DPhPC), a lipid of which the saturated
hydrocarbon chains are functionalized with methyl groups,
cholesterol was found to slightly decrease the electroporation
threshold.37 Electroporation thresholds were also shown to
decrease upon addition of DPPC simple lipids to archaea based
membrane composition.25

Other less studied additives that change lipid bilayer
properties as well are surfactants. Troiano et al. studied the
effects of incorporating polyoxyethylene glycol (i.e., C12E8) into
the POPC bilayers.38 They showed that the voltage breakdown
of planar mixed lipid bilayers decreases as the surfactant
concentration increases. Consistent with Troiano’s observa-
tions, Kandusěr et al. found that incorporation of C12E8 into the
membranes of (DC3F) cell lines lowers the irreversible
electroporation threshold.39 Polyoxyethylene glycol surfactants
have peculiar properties, in particular the size of their
hydrophilic headgroup (see below). Even under normal
conditions, their behavior in lipid membranes is quite distinct

from that of other additives, e.g., cholesterol, since they have
specific conformations, mobility, and interactions with the
solvent and the ions present at the lipid−water interface. What
role such properties play in the modulation of the electric
stability of bilayers containing such a surfactant and to what
extent pores that may form in the bilayer have also specific
properties remain unknown.
In our present paper, we studied in particular planar POPC

lipid bilayers containing the C12E8 surfactant. The techniques of
planar lipid bilayer formation were developed over the last 50
years.40−43 Their electrical properties, e.g., the capacitance,
resistance, and voltage breakdown (electroporation threshold),
can be measured in situ by voltage clamp, current clamp, and
others special methods.44 These properties obtained in
experiments were then compared to results from atomistic
simulations from which a further characterization of the
electroporation phenomenon is presented.

■ MATERIALS AND METHODS
Experimental Section. Experiments under current-con-

trolled conditions (i.e., current clamp) were performed using a
measurement system described in detail elsewhere.45 Briefly,
the system allows one to estimate the capacitance using an LCR
meter and it measures the voltage breakdown by applying a
linearly rising current signal. The chamber where planar lipid
bilayers are formed consists of two 5.3 cm3 reservoirs made of
Teflon. Between the two compartments, a thin Teflon sheet
with a round aperture (∼105 μm diameter) is inserted. Planar
lipid bilayers were formed by the Montal−Mueller method.43

We studied bilayers prepared from 1-pamitoyl 2-oleoylphos-
phatidylcholine (POPC) (AvantiPolar-Lipids, Alabaster, AL).
The lipid powder was dissolved in a 9:1 hexane/ethanol
solution 10 mg/mL. A 3:7 mixture of hexadecane and pentane
was used for torus formation. The salt solution consisted of
0.1 M KCl and 0.01 M HEPES in the same proportion. Also,
1 M NaOH was added to obtain pH 7.4. For the bilayer with a
surfactant content, we followed the protocol set by Troiano et
al.:38 15 μL of C12E8 solution at 100 times the desired
concentration (1 mM) was injected into one of the
compartments of the chamber, which contained 1.5 mL of
solution at a height just below the aperture.
All together, 42 POPC planar lipid bilayers and 42 POPC

planar lipid bilayers with C12E8 incorporated were formed. The
measuring protocols consisted of two sets of data: the
capacitance measurement and the lipid bilayer voltage break-
down measurement. The capacitance was measured using an
LCR meter (Agilent 4284A, USA) and a sinusoidal signal with
an amplitude of 0.025 V and a frequency of 1 kHz. The
capacitance was normalized to the surface area of the bilayer,
providing therefore the specific capacitance (Csp). The voltage
breakdown (Ubr) was determined for each lipid bilayer by
applying linear rising current signals of slope 300 μA/s. Ubr was
defined as the voltage at which a voltage drop due to the lipid
bilayer rupture was detected. All the measurements were done
at room temperature (25 ± 1 °C).

Molecular Dynamics Simulations. In this study, we
considered hydrated POPC bilayers with incorporated C12E8
(Figure 1). The molecular dynamics (MD) simulations
presented here were carried out using NAMD.46 The systems
were examined at constant pressure and constant temperature
(NPT) or at constant volume and constant temperature
(NVT) employing Langevin dynamics and the Langevin piston
method. NPT conditions were used to equilibrate the lipid
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membranes and the NVT conditions were used to study
electroporation, where the transmembrane voltage was applied
using a charge imbalance method. The time step for integrating
the equations of motion was set at 2.0 fs. Short- and long-range
forces were calculated every one and two time steps,
respectively. Bonds between hydrogen and heavy atoms were
constrained to their equilibrium value. Long-range electrostatic
forces were taken into account using the particle mash Ewald
(PME) approach.47

The bilayers were built of 64 POPC lipids with 0 and
10 mol % incorporated C12E8 surfactant molecules in a 0.1 M
KCl solution. First, simulations were performed at 50 °C
(NPT) for 70 ns to relax the initial configurations. Then, we
run equilibration at a lower temperature of 25 °C (NPT) for 40
ns. The final systems were constructed by replication four times
of these small bilayer patches and then equilibrated at 25 °C
(NPT) for 40 ns.
From the equilibrated bilayers, we calculated the average area

per molecule (Am) and the electrostatic properties of simulated
lipid bilayers. The electrostatic potential profiles along the
membrane normal were derived from the MD simulations
using the linear Poisson equation and expressed as the double
integral of the molecular charge density distributions ρ(z):

∬ε ρΦ = − ″ ″ ′−z z z z( ) ( ) d d0
1

with z being the position of the charge in the direction along
the normal to the bilayer. The dipole potential (Ud) of the
bilayers is defined as the electrostatic potential difference
between the middle of the bilayer (hydrophobic core) and the
bulk (solvent), while the transmembrane voltage (Ut) was
defined as the electrostatic potential difference between the two
bulk regions surrounding the bilayer. The electron density
profiles along the bilayer normal were derived directly from
MD simulations.
The capacitance of each simulated membrane was estimated

using the charge imbalance method.16,19 Briefly, configurations
from the equilibrated NPT runs were used to set new systems,
where the simulation box size was extended in a direction
perpendicular to the membrane to create air−water interfaces.
For these runs, the temperature was maintained at 25 °C and
the volume was maintained constant. Systems with charge
imbalances of 0e, 2e, 4e, 6e, and 8e were simulated for over 1 ns
each. The last 0.5 ns of simulation were used to determine the
electrostatic potential distribution, from which the trans-
membrane voltages (Ut) were calculated. For all simulations,

Ut was found in a linear correlation with q, the charge
imbalance normalized to the membrane area. Accordingly, the
capacitance of the bilayers was estimated as Csp = q/Ut.
The lipid hydrocarbon chain structure is often described in

terms of the deuterium order parameters. SCD = (1/2)(3 cos2 θ
− 1), where θ is the angle between the bilayer normal and the
C−D bond of the methylene groups. The order parameter is
proportional to the quadrupolar splitting in deuterium NMR
experiments.
The electroporation of the lipid bilayers was induced by

applying high transmembrane voltages created using the charge
imbalance method. This method mimics the effect of low
magnitude microsecond electric pulses.19,20 The MD simu-
lations of systems with 0 and 10 mol % incorporated C12E8
were run at several voltages. Here we report the electroporation
threshold (UEPthres) as an interval between the highest Ut at
which the lipid bilayers were not electroporated in the 70 ns
time scale and the lowest Ut at which pores were created in the
membrane within 60 ns.

■ RESULTS
Experiments. We formed 42 planar lipid bilayers composed

of POPC lipids and 42 POPC planar lipid bilayers with C12E8
incorporated. The average capacitance of the POPC planar lipid
bilayer determined in this study is 0.59 μF/cm2, which
compares well to the 0.6 μF/cm2 determined by others.38,48,49

This capacitance increases mildly to 0.63 μF/cm2 for the
POPC planar lipid bilayers with C12E8 incorporated. Note that
in previous studies the authors did not report that C12E8 has an
effect to the capacitance of the POPC bilayer.38

Figure 2 reports a representative current and voltage trace
from a single measurement in which a steady current ramp is

applied to the planar lipid bilayer. As can be seen, when the
transmembrane voltage exceeds a certain value Ubr, it abruptly
collapses, indicating that the planar lipid bilayer is broken.
Considering all data, incorporation of 10 mol % C12E8 in the
POPC planar lipid bilayer lowers Ubr. Indeed, for POPC, Ubr
amounts to 0.374 V and decreases by about 22% to 0.293 V for

Figure 1. Representation of the structure and models of the POPC
and C12E8 molecules. Configuration taken from the simulation of the
POPC bilayer with C12E8 incorporated (red, oxygen; cyan, carbon;
gray, hydrogen).

Figure 2. Voltage (U) and current (I) signals acquired in experiments
using the current clamp method. The rising current is applied, and the
voltage response is measured. The planar lipid bilayer is broken when
the measured voltage drops (indicated by an arrow). The voltage value
at which the planar lipid bilayer is broken is the voltage breakdown
(Ubr).
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POPC with C12E8 (cf. Table 1). A Student’s t test showed a
statistically significant difference (P < 0.001) between POPC

bilayers and POPC bilayers with C12E8 incorporated for both
specific capacitance and voltage breakdown.
MD Simulations. The evolution of the average area per

molecule (Am) determined from the runs shows that the
systems were well equilibrated within a few tens of ns (data not
shown). Quite interestingly, Am of the POPC bilayer and of the
POPC bilayers with incorporated C12E8 are almost the same
(Table 2), indicating that within this construct (the bilayer)

C12E8 occupies a similar area as POPC. Using the CHARMM
36 force field, the area per lipid of pure POPC bilayers was
estimated to be 64.7 ± 0.2 Å2 at 30 °C.50 This value is higher
than the Am calculated in our study, but here, the temperature
was 25 °C. The experimental value of Am of the POPC bilayer
is 68.3 ± 1.5 Å2 at 30 °C.51

There are no large differences between the POPC bilayer
with and without incorporated C12E8 density profiles (Figure
3A). These are almost symmetrical across the plane placed in
the middle of the bilayer, which means that the membranes are
well equilibrated. The C12E8 molecules present a bimodal
distribution (Figure 3B). In particular, the hydrophilic head
groups of the molecules are mainly located near the glycerol
lipid head groups but extend also out of the bilayer where it
interacts with ions of the surrounding solution. For C12E8
molecules reaching out to this outer interface, we note the
formation of specific configurations where, when a potassium
ion from solution comes close to the hydrophilic part of C12E8,
the latter wraps the ion (Figure 4).
The electrostatic potential profiles across the POPC bilayers

with C12E8 incorporated were estimated from the charge
distribution in the system. These analyses indicate that adding
C12E8 into the bilayer does not significantly change the
membrane dipole potential (cf. Table 1). The membrane dipole
potentials derived from our MD simulations are less than 0.7 V.
The dipole potential measured experimentally is ∼0.363 V,52

but other MD simulation studies also reported that the
membrane dipole potential is ∼0.6 V.53

The lipid bilayers were subjected to transmembrane voltages
(Ut) created by means of the charge imbalance method. This
allowed us to estimate first the capacitances of the POPC
bilayers with 0 and 10 mol % incorporated C12E8. The values
obtained were 0.88 and 0.97 μF/cm2, respectively (Table 1).
These values are higher than those measured experimentally
(0.6 μF/cm2)38 but in the range of other values estimated by
means of molecular dynamic simulations.19 Note that these
data obtained from simulations reproduced a slight increase in
capacitance between the pure POPC bilayer and the POPC
bilayer with C12E8 incorporated determined experimentally.
The deuterium ordered parameters are shown in Figure 5.

The zero value means that the C−D (C−H) bond vectors are

Table 1. Specific Capacitance (Cesp) and Voltage Breakdown
(Ubr) of POPC Planar Lipid Bilayers without and with C12E8
Incorporated in 0.1 M KCl Measured Experimentallya

bilayer n Cesp (μF/cm
2) Ubr (V)

POPC 42 0.59 ± 0.03 0.374 ± 0.046
POPC + 10 μM C12E8 42 0.63 ± 0.03 0.293 ± 0.044

aValues given are mean ± standard deviation. The number of
measurements n in each experimental group is given in the second
column. Specific capacitances are statistically different (P < 0.001), and
voltage breakdowns are statistically different (P < 0.001). They were
compared using a Student’s t test.

Table 2. Area per Lipid (Am), Membrane Dipole Potential
(Ud), and Specific Capacitance (Cmsp) of the POPC Bilayers
with and without Incorporated Surfactant C12E8 in 0.1 M
KCl from MD Simulationsa

bilayer Am (Å2) Ud (V) Cmsp (μF/cm
2)

POPC 60.4 ± 0.7 0.68 0.88
POPC + 10 mol % C12E8 60.7 ± 0.9 0.66 0.97

aValues given are mean ± standard deviation.

Figure 3. (A) Density profiles of lipids and C12E8 molecules. (B)
Density profiles of C12E8 molecules and their hydrophobic and
hydrophilic parts in the POPC bilayer.

Figure 4. Snapshots of C12E8 when it wraps the potassium ion (red,
oxygen; cyan, carbon; yellow, potassium).
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randomly oriented; on the other hand, the value 1 means that
the C−D bond vector is parallel to the normal of the bilayer.
The sn-1 chain of the POPC membrane is more ordered in
pure POPC bilayers than in the POPC bilayer with
incorporated C12E8. The same is noted for the sn-2 chains
for carbons located at the end tail, in particular those located
below the POPC double bond.
We then performed additional simulations at higher

transmembrane voltages to trigger electroporation of the lipid
bilayers under investigation (cf. Table 3). In the cases where
test voltages did not lead to the creation of a pore (for
simulation times less than 70 ns), we concluded that the
electroporation threshold UEPthres is higher. We have
determined the electroporation threshold as lying between
the Ut values where the pores have not occurred and the Ut
values where we observed the pore creation. The UEPthres
intervals found for POPC bilayers with 0 and 10 mol %
incorporated C12E8 are 1.9−2.3 and 0.7−1.1 V, respectively.
The UEPthres value of the POPC lipid bilayer with incorporated
C12E8 is about 50% lower than the UEPthres value of the pure
POPC bilayer (more than 0.8 V lower). This is in qualitative
agreement with the experimental data, where Ubr of POPC
bilayers with incorporated C12E8 was 22% lower than Ubr of
pure POPC bilayers and in agreement with the Troiano et al.
study.38

The pore formation in pure POPC bilayers under high
transmembrane voltage was studied and was described
before.13,17,20 We observed here a similar behavior. Electro-
poration starts by protrusion of water molecules into the
hydrophobic region to form water fingers. Water fingers either
extend or coalesce with others forming from the opposite side
to form a water wire that extends through the bilayer
(hydrophobic pore) (Figure 6B). As these water columns

become larger, the lipids from both leaflets migrate into the
interior of the bilayer to stabilize them, thus forming
hydrophilic pores. If the voltage is maintained, the hydrophilic
pores conduct the ions present in the solution (Figure 6C).
POPC bilayers with C12E8 incorporated at the concentration

considered in our study have a peculiar way of forming pores
when subjected to high transmembrane voltages. Initially, the
hydrophobic and hydrophilic segments of C12E8 are mostly
aligned with the hydrophobic and hydrophilic segments of the
POPC lipids (Figure 7A). Some C12E8 molecules also form
small clusters with their hydrophilic part embedded in the
interior of the bilayer core. These clusters appear to favor the
formation of the water wires that are dragged into the bilayer by
C12E8 molecules. When the water wire extends across the whole
lipid bilayer (Figure 7C), it forms water channels stabilized by
the C12E8 head groups. Thus, the stabilized pore can now
transport ions across the membrane (Figure 7E). It is only
much later if the transmembrane voltage is maintained that a
few lipid molecules migrate into the interior of the POPC
bilayer and stabilize the pore even further (Figure 7F).

Figure 5. Order parameters (SCD) for the sn-1 and sn-2 chains of
POPC lipid in the bilayers composed of pure POPC and POPC with
incorporated C12E8.

Table 3. Electric Characteristics of the POPC Bilayers with Incorporated Surfactant C12E8 under Various Transmembrane
Voltages Created by a Net Charge Imbalancea

bilayer Qim (e) Ut (V) tsim (ns) twater (ns) tion (ns) pore observed

POPC 8 1.9 71 no
10 2.3 105 41.1 42.6 yes

POPC + 10 mol % C12E8 4 0.7 80 no
6 1.1 37 29.7 yes
8 1.5 68 47.9 51.6 yes
10 1.9 78 14.7 15.8 yes
12 2.3 10 2.3 3.3 yes

aQim, charge imbalance; Ut, transmembrane voltage; tsim, simulation time; twater, time when the first water wire is formed; tion, time when the first ion
goes through the pore.

Figure 6. Electroporation of the POPC bilayer at Ut = 2.3 V
(snapshots at successive times after imposing a transmembrane voltage
above the threshold): (A) initial configuration, (B) formation of a
water wire, and (C) formation of a conducting “hydrophobic” pore
(blue, phosphorus atom; yellow, potassium ion; green, chloride ion;
water, gray surface).
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■ DISCUSSION
In this study, we focused on studying the change of the
properties of POPC bilayers, due to addition and incorporation
of C12E8 experimentally and using MD simulations. The
experiments on planar lipid bilayers showed that C12E8 has only
a very mild effect on the lipid bilayer capacitance. The
capacitances of the formed bilayers are in the range of those
reported in other studies.38 Our MD results show however that
C12E8 molecules increase sensibly the capacitance of the POPC
bilayer. Note here that the concentration of C12E8 molecules
incorporated in the POPC bilayers in the simulations cannot be
directly related to the one in experiments. Indeed, exper-
imentally, only the overall initial bulk concentration of C12E8 is
known, and it is very difficult to estimate the surfactant to lipid
ratio in the formed bilayers. In the simulations, on the other
hand, we have considered C12E8 molecules fully incorporated in
the bilayer. Therefore, one can make only a qualitative
comparison between the experiments and the results from
simulations about the effect of the surfactant on the properties
of the POPC bilayer.
The MD simulations allow one to investigate how, at the

molecular level, the POPC and the incorporated C12E8
molecules are distributed in the equilibrated bilayer. C12E8
are mostly oriented with their hydrophobic tail inside the lipid
bilayer and their hydrophilic moieties located in headgroup
region and out of the lipid/water interface. The simulations
indicated however that, often, C12E8 hydrophilic head groups
also partition in the hydrophobic region, though no specific
flip-flop of C12E8 was observed, perhaps due to a too short time
of simulation. Experimentally, the latter was shown to occur on
the seconds time scale.54,55 Quite noticeably, in the simulations,
one could detect penetration of the C12E8 headgroup, wrapping
potassium ions toward the lipid inner core.

The voltage breakdown of POPC bilayers in experiments was
measured using the current clamp method.45 The absolute
values of breakdown voltages, therefore, cannot be directly
compared to those determined in other studies, due to their
dependence on the shape and nature of the applied signal.38

However, when comparing POPC bilayers with the POPC
bilayers with C12E8 incorporated, a reduction of voltage
breakdown by 22% at planar lipid bilayers was observed. It
was found that 0.490 V is the minimum value to break the
POPC planar lipid bilayer. Trioano et al. applied voltage pulses
to the planar lipid bilayers ranging from 10 μs to 10 s. Pure
POPC bilayers had breakdown voltages ranging from 0.450 to
0.167 V. POPC bilayers with incorporated C12E8 had 15, 26,
and 33% lower voltage breakdown upon the addition of 0.1, 1,
and 10 μM C12E8, respectively.
The decrease of the electroporation threshold estimated

from the MD simulations is qualitatively consistent with
experiments. The threshold estimated from the MD simulations
namely decreases from 1.9−2.3 V for the pure POPC bilayer to
0.7−1.1 V, in the presence of C12E8. We investigated further the
morphologies of the pores formed in the systems containing
the surfactant. We found that the latter have a topology that is
distinct from that of pores forming in pure POPC bilayers.
Consistent with previous simulations,13,17,20 in the PC pure
bilayers, the pores start forming with water wires and then
expand to form conducting hydrophilic pores stabilized by the
PC head groups that migrate toward the lipid hydrophobic
core. Note that it has been reported that for some bilayers, such
as those formed by archaeal lipids, water wires may form
conducting hydrophobic pores that are not stabilized by
rearrangement of the lipids.25 In POPC bilayers containing the
polyoxyethylene glycol surfactant, probably because of their
higher mobility, C12E8 molecules appear to immediately
stabilize the hydrophilic water column, ensuring that the pore
conducts ions. Eventually, the pores are further stabilized by
lipid head groups, which migrate into the bilayer core. Hence,
the present study indicates that C12E8 plays an important role in
forming the conducting pore through the POPC lipid bilayer.
Gurtovenko and Lyulina studied recently the electroporation of
bilayers composed of PC and PE lipid monolayers. The electric-
field-induced water-filled pore occurs mainly on the PC side,
suggesting also that the structure of the molecules forming the
bilayers has a strong effect on the electroporation process.56

When a small surfactant is present, the scenario can be even
more complex. This is the case for dimethylsulfoxide (DMSO)
that incorporates into the lipid/water interfacial membrane
region as recently shown. Quite interestingly, a similar
morphology of the pores created above a voltage threshold
was observed in DOPC membranes under the effect of
DMSO.57

In order to investigate the reason for changes in the
electroporation threshold as C12E8 is added to the POPC lipid
bilayers, we have estimated the dipole potential across the lipid
bilayer from MD simulations. The latter provides a direct
estimate of the local electric field present at the lipid/water
interface and might have an effect on the electroporation
threshold, since it modulates the forces applied on the dipole of
the interfacial water molecules.58 The data at hand shows that
the dipole potential at the concentrations investigated here
does not change drastically when the surfactant is present.
In light of recent findings,25 we have also estimated the local

pressure profiles along z,59 the bilayer normal for the two
systems studied here. Namely, we have recently proposed that

Figure 7. Electroporation of the POPC bilayer with incorporated
C12E8 at Ut = 1.5 V (snapshots at successive times after imposing a
transmembrane voltage above the threshold): (A) initial configuration,
(B) C12E8 molecules go into the bilayer, (C) formation of a water
channel stabilized by C12E8, (D) wider water channel stabilized by
C12E8, (E) conducting water channel stabilized by C12E8, and (F)
conducting water channel stabilized by C12E8 and POPC lipids. (blue,
phosphorus atom; yellow, potassium ion; green, chloride ion; water,
gray surface; cyan and red, C12E8 molecules).
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the lateral pressure in the hydrophobic region of lipid bilayers
has an effect on the electroporation threshold.25,30 The pressure
profiles were calculated on the fly46 from simulations
performed at constant temperature and pressure as p(z) =
(1/ΔV)[∑imivi ⊗ vi − ∑i<j Fij ⊗ rij f(z, zi, zj)], where p(z) is
the local pressure tensor in the slab centered on the coordinate
z, the sum over the kinetic term running over all atoms in the
slab, and f(z, zi, zj) is a weighting function. In lipid bilayers, the
pressure profiles arise due to the amphipathic nature of the
lipids composing it: the hydrophilic head groups are squeezed
together to prevent exposure of the hydrophobic tails to the
solvent, leading to a negative lateral pressure, while the
attractive dispersion forces and entropic repulsion between the
lipid tails results mainly in a positive lateral pressure. Here, the
comparison of the pressure profiles of POPC and POPC
bilayers containing C12E8 (Figure 8) shows only a mild decrease
for the latter in the upper region of the hydrophobic tails.

The water permeability or diffusion toward the interior of
lipid bilayers is the very initial and key step in membrane
electroporation.21,60 A significant change in the lateral pressure
in the hydrophobic core of the bilayers has an effect on UEPthres.
Here, the analyses show however that the change in the lateral
pressure upon addition of the surfactant is noticeable but not
large. We have also investigated the effects on the lipid order
parameters. The POPC order parameters for both acyl chains
are lower for bilayers with incorporated C12E8. Similar
observations were reported for bilayers, e.g., DPPC with
incorporated DMSO,61 and as cited above, the incorporation of
DMSO into DOPC lipid membranes lowers the electro-
poration threshold.57 Quite interestingly, incorporation of
cholesterol in DPPC or DOPC bilayers increases the order
parameters of the lipid acyl chains36,62 and cholesterol increases
the electroporation threshold (at least for DOPC or POPC
bilayers).31,36 Hence, it seems that the changes in the
electroporation thresholds are somehow correlated with the
changes in the order parameters of the lipid acyl chains the
additives induce.
Another important factor that plays a role in the systems

studied here is the presence of hydrophilic moieties within the
bilayer hydrophobic core upon addition of C12E8 (Figure 3).
One expects that such moieties increase the “hydrophilicity” of
the lipid core and increase therefore the water permeability

inside the hydrophobic core. Accordingly, we may posit here
that specific configurations of the surfactant are at the origin
and reason for the decrease of the electroporation thresholds
observed experimentally and in MD simulations.
In conclusion, the present study reveals some key molecular

properties of lipid bilayers incorporating the polyoxyethylene
glycol (C12E8). Combining experiments and for the first time
molecular dynamics simulations, the C12E8 has been found to
modulate the electric stability of POPC bilayers even at low (10
mol %) concentration in the lipid bilayer. The properties of the
surfactant, in particular its high mobility and the way its
hydrophilic headgroup moiety changes the intrinsic properties
of the host bilayer, were shown to be at the origin of such
modulation. Incorporation of such a surfactant may serve to
tune the electroporation threshold of liposomes, for instance,
providing new routes for the design of efficient drug delivery
carriers. Controlled electroporation can be indeed used to
release the drug when such carriers have reached the proper
location in a variety of applications or to reduce the irreversible
threshold of electroporation in tissue ablation by means of
nonthermal irreversible electroporation.39,63
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(36) Fernańdez, M. L.; Marshall, G.; Sagueś, F.; Reigada, R.
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