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Molecular dynamics (MD) simulations were used to investigate the electroporation of archaeal lipid bilayers when
subjected to high transmembrane voltages induced by a charge imbalance, mimicking therefore millisecond
electric pulse experiments. The structural characteristics of the bilayer, a 9:91 mol% 2,3-di-O-sesterterpanyl-sn-
glicerol-1-phospho-myo-inositol (AI) and 2,3-di-O-sesterterpanyl-sn-glicerol-1-phospho-1′(2′-O-α-D-glucosyl)-
myo-inositol (AGI) were compared to small angle X-ray scattering data. A rather good agreement of the electron
density profiles at temperatures of 298 and 343 K was found assessing therefore the validity of the protocols and
force fields used in simulations. Compared to dipalmitoyl-phosphatidylcholine (DPPC), the electroporation
threshold for the bilayer was found to increase from ~2 V to 4.3 V at 323 K, and to 5.2 V at 298 K. Comparing
the electroporation thresholds of the archaeal lipids to those of simple diphytanoyl-phosphatidylcholine
(DPhPC) bilayers (2.5 V at 323 K) allowed one to trace back the stability of the membranes to the structure of
their lipid head groups. Addition of DPPC in amounts of 50 mol% to the archaeal lipid bilayers decreases their
stability and lowers the electroporation thresholds to 3.8 V and 4.1 V at respectively 323 and 298 K. The present
study therefore shows howmembrane compositions can be selected to cover a wide range of responses to electric
stimuli. This provides new routes for the design of liposomes that can be efficiently used as drug delivery carriers, as
the selection of their composition allows one to tune in their electroporation threshold for subsequent release of
their load.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Archaea are extremophile organisms that optimally grow in extreme
environments. They are grouped into halophiles that grow in high salt
concentration, methanogens that grow under anaerobic condition,
thermophiles that grow at high temperatures and psychrophilic that
grow at low temperatures. The cell membranes of these archaea have
a unique composition, a high chemical and a high physical stability
[1–3]. Compared to simple phosphatidyl-choline (PC) lipids, archaeal
lipids have head-groups formed by sugar moieties, ether linkages
instead of ester linkages between the head group and the carbonyl
region, and methyl-branched lipid tails [2]. Aeropyrum pernix is an
aerobic hyperthermophilic archaea organism that grows in a coastal
solfataric vent at Kodakara, Juma Island, Japan. Its optimal growth
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environment is at temperatures between 363 K and 368 K, pH 7.0 and
salinity of ~3.5%. A. pernix cells are spherical with diameters ranging
from 0.8 to 1.2 μm [4]. Their membrane is composed of two lipids:
2,3-di-O-sesterterpanyl-sn-glicerol-1-phospho-myo-inositol (AI) and
2,3-di-O-sesterterpanyl-sn-glicerol-1-phospho-1′(2′-O-α-D-glucosyl)-
myo-inositol (AGI) at a molar ratio of 9:91 mol% [5]. The core of both
lipids is a 2,3-di-o-sesterterpanyl-sn-glycerol (C25,25-archaeol) while
the polar heads are inositol for AI and glucose for AGI (Fig. 1).

The lipids forming the membranes of such organisms are as such
very good candidates as components of liposomes for drug delivery
[2,6]. For such applications however, the drug should be ultimately
released when the carrier (liposome) reaches the intracellular milieu
[7]. One of the methods that can be used to enhance the drug release
from the synthetic liposomes is electroporation [8,9]. Electroporation
is a phenomenon that affects the stability of lipid membranes since it
disturbs transiently or permanently their integrity when these are
subject to high voltages (electric fields) [10]. Such a technique is now
routinely used in fields as diverse as biology, biotechnology and
medicine [11]. For simple membranes, molecular dynamics (MD)
simulations have shown that the main effect of high electric fields is
to enhance the membrane permeability due to the formation of
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Fig. 1. Representations of archaeal lipids which compose the membrane of Archaea Aeropyrum pernix (AI and AGI) and the DPPC lipid.
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hydrophilic pores that can be wide enough to transport ions and small
molecules [12–17]. When exposed long enough to high fields, lipid
bilayers and liposomes can undergo irreversible breakdown [18–20].

Obviously, electroporation of membranes depends on their lipid
composition [21]. A molecular level insight about the phenomena has
been gathered from MD simulations of lipid bilayers subject to large
transmembrane voltages. Most studies concerned the electroporation
of phosphatidylcholine (PC) based lipid bilayers [22–26] and the large
body of data showed that the electroporation thresholds depend on
the type of lipid considered. The presence of increasing cholesterol
amounts in lipid membranes was also shown to increase the electro-
poration threshold [27,28]. Recently, we considered dipalmitoyl-PC
(DPPC), and diphytanoyl-PC (DPhPC)-ester and -ether based bilayers
[24], comparing therefore lipids with acyl chains and methyl branched
chains, and lipidswith ether or ester linkages, which changes drastically
the membrane dipole potential. We have shown that the electropora-
tion thresholds of these bilayers depend not only on the properties of
their component hydrophobic tails but also on the “electrical” proper-
ties of the membrane, i.e. its dipole potential.

Archaeal lipids from A. pernix present an additional feature: their
head group possesses either inositol or glucose moieties. It is unknown
how such lipids when forming bilayers would behave under high
voltages. It is also interesting to determine how their stability can be
modulated by changing the lipid composition, e.g. by adding a third
component. This is precisely what we are investigating in the present
paper. We first determine the structural characteristics of archaeal
lipid bilayers by confronting small angle X-ray scattering data
performed on unilamellar vesicles to MD simulations of bilayers of
the same composition. We proceed then to study these bilayers
electroporation.

2. Material and methods

2.1. Growth of A. pernix K1

The optimum conditions for maximizing A. pernix biomass were
obtained when Na2S2O3 × 5H2O (1 g of per liter) (Alkaloid, Skopje,
Macedonia) added Marine Broth 2216 (Difco™, Becton, Dickinson and
Co., Sparks, USA) at pH 7.0 (20 mMHEPES buffer) was used as a grow-
ingmedium in 1 L flask at 365 K (for details see [29]). After growth, the
cells were harvested by centrifugation, washed and lyophilized.

2.2. Isolation and purification of lipids, and vesicle preparation

The polar lipid methanol fraction composed of approximately 91%
AGI and 9% AI [5] (average molecular mass, 1181.42 g mol−1) was
purified from lyophilized A. pernix cells, as described previously [30].
After isolation, the lipids were fractioned using adsorption chromatog-
raphy [31], and the polar lipid methanol fraction was used for further
analysis. Organic solvents were removed under a stream of dry nitro-
gen, followed by the removal of the last traces under vacuum. For
mixed lipid liposomes, the appropriate mass of archaeal C25,25 lipids
and DPPC were dissolved in chloroform and mixed together in glass
round-bottomed flasks. The lipid film was prepared by drying the sam-
ple on a rotary evaporator. For preparation of a pure DPPC lipid film,
chloroform/methanol (7/3, v/v) was used as solvent. The dried lipid
films were then hydrated with warm (~318 K) 20 mmol.l−1 HEPES
buffer, pH 7.0 or deionized water (milliQ). The mol% of the archaeal
C25,25 lipids in the mixed archaeal-DPPC liposomes was: 100, 95, 90,
75 and 50. Multilamellar vesicles (MLV) were prepared by vortexing
the lipid suspensions vigorously for 10 min. MLV were further trans-
formed into large unilamellar vesicles (LUV). After six freeze (liquid ni-
trogen) and thaw (warm water) cycles, the liposomes were pressure-
extruded 21 times through 400-nm polycarbonate membranes on an
Avanti polar mini-extruder (Avanti Polar Lipids, Alabastr, Alabama,
USA), at between 323 and 333 K. The total lipid concentration in all
SAXS experiments was 10 mg/ml.

2.3. Small-angle X-ray scattering measurements

Small-Angle X-Ray Scattering (SAXS) measurements were per-
formed on the Kratky compact camera (Anton Paar KG, Graz, Austria)
[32], which was modified to enclose the focusing multilayer optics for
X-rays (Göbel mirror; Osmic). The camera was attached to a conven-
tional X-ray generator Kristalloflex 760 (Bruker AXS GmbH, Karlsruhe,
Germany) equipped with a sealed X-ray tube (Cu Kα X-rays with a
wavelength λ = 0.154 nm) and operating at 40 kV and 35 mA. The
samples were measured in a standard quartz capillary with an outer di-
ameter of 1 mm and wall thickness of 10 μm. The scattering intensities
were detected with the position sensitive detector PSD-50 M (M. Braun
GmbH, Garching, Germany) in the small-angle regime of scattering
vectors 0.1 b q b 7.5 nm−1, where q = 4π/λ ⋅ sin(ϑ/2),ϑ representing
the scattering angle. In order to get reliable measuring statistics, each
sample was measured for a period of 20 h. Prior to the data analysis
by the inverse Fourier transformation method, the scattering data
were corrected for the empty capillary and solvent scattering, and put
on the absolute scale using water as a secondary standard [33].

2.4. Evaluation of SAXS data

SAXS data were evaluated using the Indirect Fourier Transformation
(IFT) technique [34,35]. Even through the overall dimension of the lipid



Table 1
Properties of the equilibrated archaeal lipids and their mixtures with DPPC bilayers from
MD simulations.

Buffer Bilayer T/K tsim/
ns

Am/Å2 Ud/V Csp/μF cm−2

0.45 mol l−1

KCl
Archaeal lipids 298 53 82.5 ± 0.3 0.23 0.67

323 31 86.0 ± 0.6 0.23 0.72
343 25 86.8 ± 0.6 0.20 −
363 31 90.4 ± 0.7 0.18 −

Archaeal
lipids + DPPC

298 26 69.1 ± 0.7 0.42 0.68
323 31 72.0 ± 0.9 0.42 0.68
343 21 73.8 ± 0.7 0.42 −

Na+ counter
ions

Archaeal lipids 298 18 83.4 ± 0.4 − −
343 33 86.7 ± 0.7 − −

Archaeal
lipids + DPPC

298 34 68.9 ± 0.4 − −
343 23 74.6 ± 0.9 − −

For comparison the capacitance of DPPC bilayers at 323 K is 0.9 μF cm−2 [51] (− not
calculated).
T — temperature.
tsim — simulation time.
Am — area per lipid molecule.
Ud — membrane dipole potential.
Csp — specific capacitance of bilayer.
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bilayer is much above the resolution of the SAXSmeasurements, we can
still extract information about the thickness of the lipid bilayer using
such an approach. For this purpose the function I(q) q2, I(q) being the
scattering intensity, is cosine transformed into the real space yielding
the thickness pair distance distribution function pt(r) [35–37], which
is in the next step transformed into the profile Δρe(z) by a convolution
square root operation [38–40].

The profileΔρe(z) represents the local scattering contrast, i.e. the dif-
ference between the local electron density at a distance z from the cen-
ter of symmetry (central plane in themiddle of bilayer) and the average
electron density of the sampleρe. Further in the text, the scattering con-
trast profile Δρe(z) will be referred to simply as the electron density
profile and denoted as ρe(z). In this paper we present only the final
SAXS electron density profiles. Details of the evaluation of these SAXS
data and other structural SAXS results will be presented elsewhere.

2.5. MD simulations

Morii et al. suggested that two stereo-structures of phospho-myo-
inositol (1D and 1L) of AGI may compose the membrane of A. pernix
[5]. For simplicity we have chosen here to model only the 1D conforma-
tion. The AGI and AI molecules were modeled by combining of
CHARMM 36 lipids force field (FF) [41] and that of carbohydrates. The
FF parameters of ether linkage were adopted from [42].

We considered hydrated bilayers of AI and AGI at a 9:91molar ratio,
andmixed bilayers composed of archaeal lipids + DPPC at 50:50molar
ratio. The MD simulations were carried out using NAMD [43]. The sys-
tems were examined at constant pressure (P = 98 kPa) and constant
temperature (T), or at constant volume (V) and constant T employing
Langevin dynamics and the Langevin piston method. The time step for
integrating the equations of motion was set to 2.0 fs. Short- and long-
range forceswere 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 ac-
count using the Particle Mesh Ewald (PME) approach [44,45].

First, a small hydrated bilayer patch (64 lipid molecules spread
equally on both leaflets and 10,283 water molecules, 144 potassium
(K+) and 80 chloride (Cl−) ions) was equilibrated at 323 K for 120 ns.
The system was then replicated four times and further equilibrated for
tens of ns at 298, 323, 343 and 363 K. These bilayers were composed
of 232 AGI and 24 AI molecules. The systems composed of mixtures of
archaeal lipids and DPPC in the same ratio were set by replacing half
of the archaeal lipids by DPPC molecules (and deleting 128 potassium
ions). The latter were equilibrated for tens of ns at 298, 323, 343 K. All
the systems were modeled at an ~0.45 mol.l−1 KCl solution. In the
systems studied at 298 and 343 K, the potassium and chloride ions
were removed and replaced by Na+ counter ions to neutralize the
overall charge. These systems were used to compare electron density
profile determined from simulations to the data derived from SAXS
experiments.

The last 15 ns of each simulation had stable average area per lipid;
therefore these intervals were assumed as equilibrated runs and were
used for the analyses.

The electrostatic potential profiles along the membrane normal was
derived fromMD simulations using Poisson's equation and expressed as
the double integral of the molecular charge density distributions ρ(z):

Φ zð Þ ¼ −ε−1
0 ∬ρ z00

� �
dz00dz0; ð1Þ

z being the position of the charge in the direction along the normal to
the bilayer. The dipole potential (Ud) of the bilayers was defined as
the electrostatic potential difference between the middle of the bilayer
(hydrophobic core) and the bulk (solvent). The transmembrane voltage
(Ut) on the other hand was defined as the electrostatic potential
difference between the two bulk regions surrounding the bilayer. The
electron density profiles, along the bilayer normalwere derived directly
from the MD simulations.

The capacitances of the membranes were calculated using the
charge imbalance method [46,47]: Selected configurations from the
equilibrated NPT (constant pressure and temperature) runs were used
to set new systems, where the simulation box size was extended in
direction (z) perpendicular to the membrane to create two air water
interfaces. For these runs, the temperature was maintained at 298 and
323 K 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 transmembrane voltages (Ut)
were calculated. For all simulations, Ut was found in a linear correlation
with Qim the charge imbalance normalized to the membrane area. Ac-
cordingly the capacitance of the bilayers was estimated as Csp = Qim/Ut.

The electroporation of the lipid bilayers was induced by applying
high transmembrane voltages using the charge imbalance method.
This method mimics the effect of low magnitude microsecond electric
pulses [25,47]. The MD simulations of the systems at 298 and 323 K
were run at several voltages. The electroporation threshold (UEPthres)
was reported as interval between the highest Ut at which lipid bilayers
are not electroporated in the 100 ns time scale and the lowest Ut at
which pores are created in the membrane.

Additional simulations at constant temperature (298 and 323 K)
and constant pressure (98 kPa) were performed to estimate the pres-
sure profiles p(z) across the lipid bilayers [48]:

p zð Þ ¼ 1
ΔV

�X
i

mivi⊗vi−
X
ib j

Fij⊗rij f z; zi; z j
� ��

; ð2Þ

Here p(z) is the local pressure tensor in the slab centeredon z, the sum
over the kinetic term running over all atoms in the slab and f(z, zi, zj)
a weighting function. The calculations were all performed on the fly [43].

3. Results and discussion

3.1. Structural characteristics of the bilayers

The time evolutions of the average surface area per lipid molecule
(Am) for archaeal lipid bilayers and their mixtures with DPPC in
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0.45 mol l−1 KCl and in water with Na+ counter ions extracted from
the MD simulations performed at different temperatures show that
the bilayers were well equilibrated within few tens of ns (data not
shown). The obtained molecular and electrical properties of equilibrat-
ed membranes are shown in Table 1. The values of Am are somewhat
larger in the archaeal lipid membranes compared with the membranes
with mixtures of archaeal lipids and DPPC. They increase with increas-
ing temperature in all studied bilayers. Quite interestingly, the presence
of buffer in the systems has practically no effect on Am.

We have computed the electron density profiles from MD simula-
tions and compared them to those extracted from SAXS data on vesicle
samples of the same composition determined at 298 and 343 K to eval-
uate the quality of the time averaged structure from our simulations.
These electron densities (Fig. 2) of each bilayer were found to be in
very good agreement. The comparison of profiles of the bilayer in two
different buffers estimated from the simulations (data not presented)
shows that the buffer has practically no effect on the electron densities
of the membrane.

3.2. Dipole potentials

The electrostatic potential profiles across the archaeal lipid bilayers
and their mixtures with DPPC were estimated from the charge distribu-
tion of their components (cf. methods). The analyses indicate that vary-
ing the temperature does not modify the electrostatic potential profiles
(data not shown). It is also noticeable that regardless of composition,
changes in the temperatures of the systems do not seem to affect
much the dipole potential (Ud) of the bilayers (cf. Table 1). However,
Ud changes moderately with the lipid composition in particular as
DPPC is added. Indeed, archaeal lipid bilayers have a dipole potential
Fig. 2. SAXS derived electron density profiles of liposomes composed of archaeal lipids (A and B
profiles derived from the MD simulations (blue full line).
of ~0.2 V and this values almost doubles when DPPC is added at
50 mol%. This dipole potential remains though much smaller than that
obtained under similar conditions (force fields and simulation proto-
cols) for pure DPPC bilayers (0.7 V) [24].

3.3. Membrane capacitances

The lipid bilayers were subject to transmembrane voltages (Ut) cre-
ated using the charge imbalancemethod. As previously shown, this pro-
tocol mimics the effect of low magnitude microsecond electric pulses
[25,47]. As depicted in Fig. 3, Ut were found to be proportional to
(Qim), the charge imbalance per lipid unit area as found for a variety of
other lipid bilayers [24,47,49]. By imposing charge imbalances ranging
from 0e to 8e to the modeled systems at 0.45 mol l−1 KCl, we have es-
timated their capacitances [24,47,49]. At 323 K, the latter amount to
0.7 μF cm−2 for all lipid bilayers studied here. These values are lower
than those of pure DPPC bilayers (0.9 μF cm−2) [24]. This difference is
probably mainly rooted in the fact that archaeal lipids, having longer
tails, form thicker bilayers. Finally, we found no difference in the capac-
itances of the bilayers composed of archaeal lipids and their mixtures
with DPPC estimated at 298 and 323 K.

3.4. Electroporation thresholds and pores morphologies

We have performed additional simulations at higher charge im-
balances and consequently higher transmembrane voltages to trigger
electroporation of the bilayers under investigation (cf. Table 2).

Several authors have described MD simulations of zwitterionic
(mostly PC based) lipid membranes subject to high transmembrane
voltages [12–16]. When the TM voltage is above a threshold value
) and theirmixtures with DPPC (C andD) at 298 and 343 K (dashed black line) and density

image of Fig.�2


Fig. 3. A) Electrostatic potential profiles (ϕ) across the archaeal lipid bilayers at 323 K
(as a function of z distance from the bilayer center) for simulations performed at
different net charge imbalances Q (0e to 8e) between the upper and lower electrolytes.
B) Transmembrane potentials (Ut) across the archaeal lipids and their mixtures with
DPPC bilayers as a function of q, the charge imbalance normalized to the area of bilayers.
The slopes represent linear fits to the data that permits estimates of the bilayers
capacitances.

Table 2
Electrical and pore characteristics of the archaeal lipids and their mixtures with DPPC in
bilayers under various transmembrane voltages created by a net charge imbalance.

Bilayer T/K Qim/e Ut/V tsim/ns twater/ns tion/ns

Archaeal lipids 298 22 5.0 60 – –

24 5.4 59 50.0 58.1
26 5.9 25 22.1 23.0
28 6.3 10 7.8 8.4
30 6.8 3 – –

323 20 4.1 61 – –

22 4.5 38 26.0 27.4
24 4.9 10 5.0 6.3
26 5.3 10 1.2 1.4

Archaeal lipids + DPPC 298 14 3.9 61 – –

16 4.3 57 50.5 55.0
18 4.8 10 5.6 8.7
20 5.4 10 4.6 5.8
22 5.9 10 6.1 6.7
24 6.5 10 1.4 1.6

323 14 3.6 66 – –

16 4.1 23 20.8 22.1
18 4.6 10 2.8 3.7
20 5.1 7 2.1 3.3
22 5.6 10 1.5 1.6

T — temperature.
Qim — charge imbalance.
Ut — transmembrane voltage.
tsim — simulation time.
twater — time when first water wire is formed.
tion — time when first ions goes through the pore.
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characteristic of the lipid composition, themembrane loses its integrity.
This enables to increase substantially the ionic and molecular transport
through the otherwise impermeable membranes [17]. Electroporation
starts with the formation of water fingers that protrude inside the hy-
drophobic core of the membrane. Within nanoseconds, water wires
bridging the two sides of the lipid bilayer appear. If the simulations
are further extended, few lipid head-groups migrate along one water
wire and form a hydrophilic connected pathway; if the voltage is main-
tained the ions present in solution start to flow through this pathway
from one side of the membrane to the other. If the TM voltage is
lowered, or is reduced due to ionic flow across the membrane, the
pores collapse to reach a non-solvated and non-conductive state
[13,24,25]. It was shown that the full recovery of themembrane integri-
ty (migration of the lipid head groups back to the lipid water interface)
requires few tens of nanoseconds.

In the present case (cf Fig. 4), for archaeal lipid bilayers, as reported
for zwitterionic membranes, the process of electroporation starts with
the protrusion of water fingers from either one or both sides of the
membrane. Water defects appear within few nanoseconds then merge
to form a complete transmembrane wire. Such a defect, hereafter called
a “hydrophobic pore” to indicate that the water columns are in contact
with the hydrophobic lipid tails, then expands in width. Surprisingly, in
all the trajectories, the pores remained “hydrophobic” i.e. no lipid head
groups moved toward the interior of the lipid hydrophobic core along
these water wires. Regardless of this nature of the pore, ions were
then driven along the electrical gradient (cf Fig. 4). Hence, in contrast
to previously reported behavior of PC based lipids, the archaeal lipids
forming the bilayer did not migrate toward the interior of the hydro-
phobic core to stabilize the water conducting pores. A similar behavior
was also noted for the systems containing a fraction of DPPC. The series
of simulations performed along with the characteristic times: twater

(time when the first water wire was created in the lipid bilayer) and
tion time at which the first ions went through the pore created are
reported in Table 2.

In the cases where test voltages did not lead to the creation of the
pore (for simulation times (tsim) exceeding 60 ns), we concluded that
the electroporation threshold UEPthres was higher. We defined therefore
the latter 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 archaeal lipids are reported in Fig. 5
and compared to those DPPC, DPhPC-ester and -ether derived from a
previous study [24].

4. Discussion

In the present study we investigated the properties and electro-
poration thresholds of bilayers formed by archaeal lipids (AI and
AGI) and their mixtures with DPPC using MD simulations. Prior to
the examination of the response to electrical stress of these bilayers,
we have compared their structural characteristics to those deter-
mined by small angle X-ray scattering. The electron density profiles
derived from MD simulations were found to agree very well with
the ones determined from SAXS measurements providing therefore
some confidence in the force fields and protocols adopted in the
simulations.

The configurational sampling of the lipids partitioning in a mixed
composition bilayer is a very slowprocess, and there is always a nagging
question whether the results of finite time simulations depend on the
initial membrane configuration. One possibility to overcome this

image of Fig.�3


Fig. 4.Electroporation of archaeal lipid bilayers (snapshots at successive times after imposing a transmembrane voltage above the threshold): A) initial configuration, B) formation ofwater
wire and C) formation of conducting ‘hydrophobic’ pore (white— lipid tails (between lipid headgroups), blue— lipid headgroups, yellow— potassium ion, green— chloride ion, water—
gray surface).
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would be to perform MD simulations using coarse grain models [50],
but today, there are not yet robust force-fields to represent archaeal
lipids. Here we have assumed that the AI at this concentration
(10 mol% lipid content) does not aggregate but partition uniformly in
the bilayer. We have thenmainly relied on the comparison of the struc-
tural features to SAXS data to gain some confidence in the membrane
model.

Before proceeding with the study of the archaeal lipids electro-
poration we have sought to determine and check some key properties
of the bilayers. Among these, the dipole potential and capacitance as
we have previously shown can be directly estimated from simulations
and compared to experiments. The charge and molecular dipole dis-
tributions in the anisotropic lipid bilayers are at the origin of an intrinsic
electrostatic profile (EP) across themembrane. In their pioneeringwork
[51], from the measurements of the partition coefficients of fat-soluble
tetraphenylboron anions and fat-soluble triphenylphosphonium cat-
ions between themembrane and aqueous phases, Liberman and Topaly
hypothesized that the inner part of the bilayer membrane must be
initially positively charged. The absolute value of this “dipole potential”
has been very difficult to measure or predict [52–54], and estimates
obtained from various methods and for various lipids range from 200
to 1000 mV. More recent and direct measurement based on Cryo-EM
Fig. 5. Electroporation thresholds (UEPthres) intervals determined from theMD simulations
for the archaeal lipids and their mixtures with DPPC at 298 and 323 K. UEPthres of DPPC,
DPhPC-ester and DPhPC-ether were adopted from [24]*.
imaging [54] and atomic force microscopy (AFM) [55] techniques
showed that the dipole potential can be “measured” in a noninvasive
manner and estimate its value to few 100 mV. The large body of
data from the simulations of fully hydrated lipid bilayers is found in
qualitative agreement with experiments, showing that the EP pro-
file monotonically increases across the membrane–water interface
[41,42,54,56,57]. Given the diversity of the lipids studied and more
significantly of the force fields used, values of dipole potentials ranging
from 500 to 1200 mV have been reported [46,53,54,58–60]. The di-
pole potential measured here for archaeal lipids were found in this
range (~200 mV). Though direct estimates from experiments for mem-
branes of this composition are not available, it is worth to note that
the results we obtained in a recent study for diphytanoyl-PC (DPhPC)
[24], a lipid with tails similar to those of the archaeal lipids amount to
700 mV and 360 mV for the ester and ether forms which matches
very well the data from [54] 510 mV and 260 mV, respectively. In
particular the force fields used are good enough to reproduce the 50%
decrease in the dipole potential from ester to ether lipids.

The MD protocols used here allow one also to estimate the capaci-
tance of the bilayer at specific ionic strength and for a given salt composi-
tion. Here, the value found for the archaeal lipids, to the best of our
knowledge not determined yet experimentally amounts to 0.7 μF cm−2,
which is in within the magnitude of the capacitances found in similar
systems (DPhPC). Taken together, these initial analyses of the MD
simulations strengthen our confidence in the force fields used as far
as the electrostatic properties of the membranes modeled here are
concerned.

Accordingly, these protocols were further used to study the stability
of archaeal lipids bilayers and their mixtureswith DPPCwhen subject to
transmembrane voltages using a method mimicking the effect of low
magnitude microsecond electric pulses [25,47]. The electroporation
thresholds (UEPthres) found here are probably overestimated as are all
the electroporation thresholds determined so far from MD simulations
[25,49]. Indeed, the UEPthres of planar lipid bilayers formed of phospho-
lipids estimated using simulations are above 1.5 V [24,25,61] while
the experimentally measured voltage breakdown of planar lipid bilay-
ers ranges rather from 200 mV to 600 mV [62]. The reasons behind
such large discrepancies are to date unclear.

At any rate, our calculations show that the archaeal lipidmembranes
have a much higher UEPthres than all other bilayers composed of simple
phospholipids studied so far. The properties of lipids which contribute
to the stability of membranes might be numerous and diverse, but
include at least (a) the structure of the lipid tails, (b) the chemical na-
ture of the head group and (c) the nature of the head to tail linkage
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(ester or ether). The studied archaeal lipids have special head groups
carrying inositol and glucose functions. In comparison to simple phos-
phatidylcholine (PC) head groups these carbohydrates are larger moie-
ties that move much more slowly. Furthermore and as importantly, the
carbohydrates in the lipid head groups are packed and are involved in
hydrogen bonds. As clearly evident from thedata (Fig. 5) and comparing
UEPthres between DPhPC and archaeal lipids, these special head group
moieties contribute substantially to the increase of these bilayers
electroporation thresholds.

More so the head-group/head-group and tail/tail moieties interac-
tions in a membrane composed of lipid mixtures play a key, yet not
evident role in their electrical stability. Uitert et al. [63] showed for
instance that stability of lipid membranes composed of two types of
lipids is not necessarily linearly dependent on the concentration of
one species, highlighting the fact that the behavior of mixtures cannot
easily be predicted. Other examples are found in the literature. For in-
stance, the electrical stability of POPCmembranes increaseswith the ad-
dition of cholesterol up to 50% [64], while the stability of DPhPC
membranes increases with addition of cholesterol only up to 10%,
then decreases at higher concentration: at cholesterol ratios of ~50%,
the electrical stability of DPhPC is even lower than stability of pure
DPhPC [63].

The archaeal lipids studied here have very complex structure in
comparison to the DPPC or even DPhPC. It is very hard to predict, how
the electrical stability of their mixtures with a second component
(here DPPC) vary with the lipid composition. The DPPC lipid tails are
not as long as those of archaeal lipids and they are formed of simple
acyl chains. It is unclear how their zwittterionic and smaller head
groups affect the bilayer electrical stability. Both characteristics namely
influence the packing of the lipids in the bilayer.

Shinoda et al. have performed an extensive study of water perme-
ability [65] in DPPC and DPhPC bilayers that may perhaps provide a ra-
tionale for the increased electroporation threshold, due to branched
lipid tails. The authors show from analyses of local diffusion coefficients
that water molecules have considerably reduced mobility in the DPhPC
membrane interior as comparedwith theDPPCmembrane interior. As a
result of reduced water diffusion in the branch-chained membrane, the
water permeability of the DPhPC bilayer was less than that of the DPPC
bilayer by about 30%. As such permeability or diffusion toward the inte-
rior of the membrane is the very initial and key step in electroporation,
we expect that this has a direct incidence on UEPthres. One note along
these lines that our previous study of bilayers composed of DPhPC-
Fig. 6. The lateral pressure profile of archaeal lipid bilayers and their mixtures with DPPC
in 0.45 mol l−1 KCl and at 298 and 323 K and the DPPC bilayers at 323 K.
ester showed the increase of UEPthres compared to DPPC bilayers due to
change in the lipid tails composition [24].

Seeking to identify how such characteristics can change in the elec-
troporation thresholds, we have computed the lateral pressure profiles
of the archaeal lipidmembranes and their mixtureswith DPPC and pure
DPPC (Fig. 6). The profiles show higher peaks in hydrophilic head group
region as well as in the hydrophobic core region. The same effect was
observed at comparison of DPPC and DPhPC lipids [24]. One may spec-
ulate in line with our previous finding that a direct implication of such
characteristics is also to lower the permeability of water and therefore
to increase the electroporation threshold. Similarly, the temperature,
another key factor in the lipid chains mobility is shown here to affect
UEPthres.

In contrast, the capacitances of the bilayers studied here do not
seem to correlate to any extent with the electroporation thresholds,
since these were found essentially unchanged with bilayers compo-
sition. Counter intuitively also to what was expected, the bilayers
dipole potentials magnitudes are not directly correlated with the
value of UEPthres. These dipole potentials are proportional to the strength
of the electric field at the bilayer headgroup/water interfaces. The
one of archaeal lipid bilayers is much lower than that of pure PC
lipids and increases with increasing concentration of DPPC lipids in
the mixtures, while the thresholds of electroporation subsequently
decrease.
5. Conclusion

In this study we showed that archaeal lipids with their special
moieties i.e. methyl groups in tails, ether linkages instead of ester
linkages and carbohydrates in the head groups have much higher
stability than other simple lipids studied so far. We also showed
that by mixing the archaeal lipids with phospholipids, one can lower
their stability. Tuning in the electroporation threshold by lipid com-
position provides new routes for the design of liposomes compo-
sition that can be efficiently used as drug delivery carriers, and for
which quantitatively monitored electroporation can serve for sub-
sequent release of the drug when the carrier has reached proper
location.
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