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Abstract
Molecular dynamics simulations of lipid bilayers in aqueous systems reveal how an applied electric field stabilizes the 
reorganization of the water–membrane interface into water-filled, membrane-spanning, conductive pores with a symmetric, 
toroidal geometry. The pore formation process and the resulting symmetric structures are consistent with other mathematical 
approaches such as continuum models formulated to describe the electroporation process. Some experimental data suggest, 
however, that the shape of lipid electropores in living cell membranes may be asymmetric. We describe here the axially asym-
metric pores that form when mechanical constraints are applied to selected phospholipid atoms. Electropore formation pro-
ceeds even with severe constraints in place, but pore shape and pore formation time are affected. Since lateral and transverse 
movement of phospholipids may be restricted in cell membranes by covalent attachments to or non-covalent associations 
with other components of the membrane or to membrane-proximate intracellular or extracellular biomolecular assemblies, 
these lipid-constrained molecular models point the way to more realistic representations of cell membranes in electric fields.
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Introduction

The normal selective permeability of the cell membrane can 
be affected by an external pulsed electric field, a phenom-
enon known as electroporation or electropermeabilization 
(Tsong 1991). Electroporation applications, which include 
biomedical procedures (Breton and Mir 2012; Yarmush et al. 
2014) and biotechnological and industrial processes (Kotnik 
et al. 2015), depend on the transport across the membrane of 
normally impermeant molecules (pharmacological agents, 

nucleic acids, inorganic ions). Despite the importance and 
widespread utilization of electroporation technology, the 
molecular mechanisms for transport are understood today 
only at a rudimentary level. The dominant electroporation 
model posits the formation of transient defects (aqueous 
pores) under the influence of supraphysiological transmem-
brane voltages induced by an externally applied electric field 
(Sugar and Neumann 1984; DeBruin and Krassowka 1999, 
Weaver 2000), which can vary in duration, intensity, and 
frequency (Silve et al. 2014).

The nanoscale phenomena occurring during pore forma-
tion in a lipid bilayer exposed to an external electric field 
are difficult to evaluate and quantify experimentally, but 
molecular dynamics (MD) simulations have revealed that 
pore formation is initiated by intrusions of interfacial water 
into the bilayer interior. These water fingers are stabilized by 
the porating electric field, which facilitates their extension 
across the membrane to form water bridges, the “hydropho-
bic pores” of standard electroporation models. Phospholipid 
head groups follow the water within nanoseconds, surround-
ing the aqueous columns spanning the membrane to form 
“hydrophilic pores.” If the external electric field is removed, 
the pore creation process is reversed, and the membrane 
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barrier is restored (Tieleman 2004; Tarek 2005; Levine and 
Vernier 2010).

Although lipid electropore structure has never been 
observed directly, models and experiments suggest some 
features of electropore geometry. Both atomistic and coarse-
grained molecular dynamics models of lipid pores formed 
by a variety of methods—dimethyl sulfoxide destabiliza-
tion of the lipid bilayer, ion transmembrane charge imbal-
ance, pore-forming peptides, mechanical displacement of 
lipid head groups into the bilayer interior, electroporation, 
application of lateral tension, or local density constraints—
assume a similar toroidal shape (Marrink et al. 2009). Con-
tinuum models of electropores have evolved from simple 
cylinders to trapezoidal and toroidal geometries that can be 
seen as functional representations of the structures that form 
in molecular models (Weaver and Chizmadzhev 1996, Smith 
and Weaver 2011, Son et al. 2014). In most molecular and 
continuum models the pores are geometrically symmetrical 
both around the pore axis and with respect to the mid-plane 
of the bilayer.

Living cell membranes are asymmetrical in the composi-
tion of the inner and outer leaflets of the lipid bilayer, and 
there are many differences between the physical environ-
ments and the biomolecular landscapes on the exterior and 
interior faces of the membrane, so we might expect that per-
meabilizing structures (including pores) in cell membranes 
are not symmetrical. It has been suggested, for example, 
that experimental observations of ion current rectification 
in cells permeabilized by nanosecond electric pulses or in 
nanofabricated pores could be explained by an asymmetry 
in pore geometry (Pakhomov et al. 2009; Siwi et al. 2002), 
and this idea has been incorporated into some pore models 
(Kotulska et al. 2010; Joshi and Hu 2010).

Local asymmetries in membrane composition can also be 
involved in transbilayer communication through signaling or 
structural responses. For example, localized phase domains 
or clustering in one leaflet can promote the formation of 
local features in the distal monolayer (Kiessling et al. 2006; 
Raghupathy et al. 2015). Molecular simulations indicate that 
liquid-disordered regions of the membrane are electropo-
rated more easily than liquid-ordered regions (Reigada 2014) 
and that asymmetry in bilayer composition can be associ-
ated with leaflet-specific initiation of electropore formation 
(Gurtovenko and Lyulina 2014). Both lateral and transverse 
asymmetries in membrane composition and structure imply 
mechanical asymmetries as well.

In molecular simulations membrane mechanical prop-
erties can be modified with atomic resolution using posi-
tion constraints. Position constraints have been used to 
introduce artificial pores of different sizes into vesicles, 
enabling phospholipid translocation (flip-flop) and equi-
libration of the lipid distribution between the two leaflets 
(Risselada et al. 2008). The constrained intrusion of a single 

phosphatidylcholine head group into the bilayer interior 
causes a water defect and pore formation, from which the 
free energy of pore formation and of lipid flip-flop (trans-
location) can be calculated (Sapay et al. 2009). Constraints 
were imposed to study the partitioning of amino acid analogs 
and the water defects associated with hydrating the polar 
and charged residues in a lipid bilayer (MacCallum et al. 
2008), and to obtain a cylindrical hydrophobic pore or a 
toroidal hydrophilic pore as initial configurations for peptide 
insertion (Mihajlovic and Lazaridies 2010). In other work 
the mass of head group phosphorus atoms was increased in 
order to immobilize certain lipids in a bilayer (Raghupa-
thy et al. 2015). Water does not penetrate to the membrane 
interior when omnidirectional constraints are applied to the 
carbon atoms of the lipid tails (Sun et al. 2011). Ingólfsson 
et al. (2014) developed a high complexity bilayer model by 
coarse-grained simulation to represent a realistic mammalian 
plasma membrane composed of 63 different lipid species, 
where in order to prevent the undulations found in large 
bilayer simulations a weak position restraint was imposed to 
some lipid to consider the interaction with the cytoskeleton.

We explore symmetry in lipid electropore formation by 
applying mechanical constraints to the phosphorus atom of 
lipid head groups on the cathodic side, the anodic side, or 
both sides of the membrane. We show that restricting lipid 
movement increases the minimum porating electric field 
(the minimum electric field intensity needed to open a pore 
in a lipid bilayer simulation), and that the effect is similar 
for cathodic- and anodic-side restriction, producing in both 
cases axially asymmetric, hydrophilic pores, in contrast with 
the symmetric pores formed when there are no constraints.

The constraints in our simulations are intended to repre-
sent in a simple and general way the actual constraints on 
components of the living cell membrane, through cytoskel-
etal attachments and other protein–lipid associations, which 
have been suspected for a long time to play a significant 
role in electroporation-related phenomena (Rols and Teissié 
1992; Berghöfer et al. 2009; Stacey et al. 2011; Chopinet 
et al. 2014; Kanthou et al. 2006).

Methods

Simulations and Structures

Simulations of bilayer systems containing 128 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine (POPC) molecules 
were hydrated with water molecules and were carried out 
using GROMACS 4.5.5 (Hess et al. 2008). POPC topologies 
from the united-atom force field (Berger et al. 1997) were 
used. For this work the well-established Berger lipid force 
field was used. Comparative or more rigorous investiga-
tions may necessitate implementation of updated GROMOS 
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parameters, such as the recently developed united-atom 
models for dipalmitoylphosphatidylcholine and dimyris-
toylphosphatidylcholine (Lyubartsev and Rabinovich 2016) 
or other force fields such as CHARMM36. It must always 
be understood that the properties of the force fields used 
for lipid bilayer simulations can affect the results, as has 
been recently reviewed by Ollila and Pabst (Ollila and Pabst 
2016). The simple point charge (SPC) model for water was 
used (Berendsen et al. 1981). The v-rescale thermostat was 
used for the temperature (T = 310 K) with a relaxation time 
of 0.1 ps, and the Berendsen pressure coupling (1 atm) with 
a relaxation time of 1 ps was used in the NPT ensemble 
(Berendsen et al. 1984). Pressure was coupled semi-iso-
tropically in the XY plane and Z-direction. The cutoff for 
short-range electrostatic and Lennard–Jones interactions was 
1.0 nm. The PME method (Essman et al. 1995) was used 
to calculate long-range electrostatics using FFT with a real 
space cutoff of 1.0 nm, a four-order β-spline interpolation, 
and a direct-sum tolerance of  10−5. The SETTLE algorithm 
(Miyamoto and Kollman 1992) was applied to bond lengths 
in water molecules and the LINCS algorithm to lipid bond 
lengths (Hess et al. 1997). Periodic boundary conditions in 
all directions were applied. The time step was 2 fs. The area 
per lipid was monitored until it fluctuated around a stable 
value. The last frame of this equilibrated system was used 
for the initial configuration of a second simulation where an 
external electric field was applied in the z-direction. Posi-
tion constraints along the z-axis (normal to the plane of the 
bilayer) were imposed on the phosphorus atoms in the POPC 
bilayers using a force constant of 1000 kJ/mol/nm2 in the 
z-direction. The polarity of the electric field simulated by 
GROMACS determines the cathodic and anodic side of the 
membrane (here the upper and lower leaflet, respectively) 
(Fig. 1). Four constraint conditions were applied (Fig. 1): 
no constraint (NC); all phosphorus atoms in both leaflets of 
the membrane, i.e., anodic and cathodic constraints (ACC); 
all phosphorus atoms in the cathodic leaflet (CC); all phos-
phorus atoms in the anodic leaflet (AC).

We developed two systems: a small system containing 
128 POPC molecules hydrated with 4480 water molecules, 
and a large system containing 128 POPC molecules hydrated 
with 8443 water molecules.

In the small system MD simulations were performed for 
each constraint condition for 25 ns, applying a transverse 
electric field from 300 MV/m in steps of 25 MV/m, 5 rep-
etitions for each electric field, in order to find the minimum 
porating electric field (E0), i.e., the minimum electric field 
applied to the bilayer that induces the formation of a pore 
within a certain simulation time (Ziegler and Vernier 2008). 
After determining E0 for each condition, additional simula-
tions were carried out with the electric field applied in steps 
of 50 MV/m (5 repetitions at each step) for two additional 
electric field conditions, E0 + 50 MV/m, E0 + 100 MV/m to 

verify that the increasing electric field increases the number 
of simulations that opens a pore in 25 ns and to follow the 
development of the pores in all constraint conditions.

To avoid boundary effects in z-direction once the pore 
is completely open (expanded pore stage) we developed 
a larger system hydrated with a greater number of water 
molecules.

In the small systems, we calculated the voltage generated 
by E0 + 50 MV/m and E0 + 100 MV/m at the initial configu-
ration for the no constraint (NC) and the three constraint 
conditions (AC, CC, and ACC). The voltages were calcu-
lated as V = E × Lz where Lz is the size of the simulation 
box in the z-direction. In the large system we applied the 
electric field corresponding to the voltage calculated for the 
small system, taking into account the new size of the box 
in the z-direction for the NC, AC, CC, and ACC conditions 
(5 repetitions).

Pore Shape Modeling

In the simulations for each constraint condition the tem-
poral evolution of pore shape and volume was monitored 
with a four-step algorithm. First the pore is centered 
inside the simulation box, a parallelepiped. The centering 

Fig. 1  Representative snapshots of pores obtained with different con-
straint conditions, where the upper side is the cathode (negative pole), 
and the lower side is the anode (positive pole). NC no constraint, ACC 
anodic and cathodic constraint, AC anodic constraint, CC cathodic 
constraint. Blue spheres—unconstrained phosphorus atoms, red 
spheres—constrained phosphorus atoms. (Color figure online)
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procedure applies an offset to the x, y, and z coordinates 
in order to place the center of mass of the membrane at 
the center of the simulation box. In the second step the 
membrane is partitioned into three sections: the upper 
polar region, the internal non-polar region, and the lower 
polar region. Next the volume occupied by water mol-
ecules in the pore is sliced into cylindroids, cylinders with 
elliptical bases in the x, y plane, with a height of 0.1 nm 
in the z-direction (Fernández et al. 2012). Finally, as a 
simple metric for pore shape, angles for the cathodic (θC) 
and anodic (θA) sides (Fig. 2) are determined by the linear 
fit of the cylindroid radii from the center of the membrane 
to the ends of the pore (Fig. 2).

The measurements of the angles depicted in Figs. 2 
and 3 correspond to a selected final geometry of the pore 
during the temporal evolution of the trajectory called an 
“expanded” pore, as explained in the next section.

Pore Opening Time

We define the pore opening time as the sum of the pore 
construction time and pore expansion time as described by 
Levine and Vernier (2012). The evolution of pore volume 
with time was modeled by fitting the simulation data to an 
exponential expression, Pore volume (t) = α + et/τ, where the 
parameters α and τ are the offset volume and the mean pore 
opening time, respectively, and t is the interval of the pore 
opening time. The mean pore opening time is the average 
time from pore initiation until the expanded pore condition 
is met.

Pore initiation time is the point at which all the cylin-
droids in the non-polar region of the membrane contain 
water molecules. This state corresponds to the so-called 
“hydrophobic pore” of some electroporation models. As 
the lipid head groups follow the water into the membrane 
interior, the pore increases in radius and volume. When 
the head groups from the two leaflets of the bilayer meet, 

Fig. 2  Pore shape angles for 
anodic (θΑ) and cathodic (θC) 
leaflets, determined from a 
linear fit of the cylindroid 
radii (thick blue line). The thin 
vertical blue line is the radius 
of the cylindroid at the center 
of the membrane. The vertical 
dot-dashed line shows the center 
of the pore. The horizontal dot-
ted lines are the borders of the 
internal, non-polar region of the 
bilayer. (Color figure online)
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the configuration corresponds to the classical “hydrophilic 
pore.”

For each condition, we selected a step in the pore-forming 
trajectory after the pore begins to expand but before the pore 
becomes too large relative to the simulated volume and the 
bilayer becomes disorganized. We called this structure an 
“expanded” pore. We ended the trajectory analysis with this 
expanded pore condition. Note that the magnitude of the 
porating electric field applied at this point is much larger 
than the range of stabilizing electric fields, so the system at 
this point is not in equilibrium. The time interval used for 
tracking the pore volume was from pore initiation until the 
expanded pore condition was reached. The boundaries for 
this interval are shown with dotted lines in Fig. 4.

We evaluate the evolution of the minimum radius, which 
is the radius of the smaller cylindroid that models the pore 
shape. The minimum radius is calculated as the mean of 
the radii in the x- and y-directions. For all constraint condi-
tions, we call the pore “expanded” when the minimum radius 
reaches a value of 1 nm.

Data Processing

Molecular visualization was performed using Visual Molec-
ular Dynamics, VMD (Humphrey et al. 1996). Analysis of 
the simulation trajectories was performed using custom pro-
grams developed in Python (Python). Statistical analysis was 
performed using the Wilcoxon non-parametric test. P values 
below 0.05 were considered significant. All statistical tests 
were performed in the R software environment (R Develop-
ment Core Team 2016).

Results and Discussion

The minimum porating electric field E0 serves as a metric for 
comparing bilayer systems with different properties (Ziegler 
and Vernier 2008). The E0 found here for the no-constraint 

condition (350 MV/m) is consistent with previous reports 
for similar POPC systems (Gurtovenko and Lyulina 2014; 
Ziegler and Vernier 2008). E0 increases under each of the 
constraint conditions: for the single constraint on the anodic 
side or the cathodic side, E0 is 400 MV/m; for the double 
constraint on both anodic and cathodic sides, E0 is 575 
MV/m. Mechanical constraints on phospholipid head groups 
hinder, but do not prevent, pore formation in these systems. 
Previous MD reports showed that E0 is increased in bilay-
ers where the presence of cholesterol induces rigidity and 
restricts phospholipid movement (Fernández et al. 2010), 
and that adding a small amphiphilic molecule such as dime-
thyl sulfoxide capable of fluidizing the membrane reduces 
E0 in lipid bilayers even in the presence of cholesterol (Fer-
nandez and Reigada 2014). Reigada (2014) also showed 
that liquid-disordered regions of heterogeneous lipid bilay-
ers are easier to electroporate than liquid-ordered regions. 
In simulations performed in single-component, POPC and 
palmitoyl-oleoyl-phosphatidylethanolamine (POPE) lipid 
bilayers, the POPE system shows a higher E0 (600 MV/m) 
than the POPC system (400 MV/m). Authors explain the 
different responses of the two systems as a consequence of 
hydrogen bonds between POPE amine groups, which pro-
duce a more compact water–lipid interface than that found 
in POPC bilayers (Gurtovenko and Lyulina 2014).

We also found that mechanical constraints on the head 
group phosphorus atoms affect the shape of electropores 
(Fig. 1). For the no-constraint (NC) condition, the pore 
has the toroidal shape described previously (Tieleman 
2004; Marrink et al. 2009). For anodic constraint (AC) and 
cathodic constraint (CC) conditions, the shape of the pore is 
axially asymmetrical. Although the lipids on the constrained 
side can move laterally in the plane of the bilayer to create an 
aqueous opening, they cannot move into the bilayer interior 
to participate in the formation of the pore walls, so the shape 
of the pore tends to be conical rather than toroidal. For the 
anode–cathode-constrained (ACC) condition, membrane-
spanning water columns (“hydrophobic pores”) are formed, 

Fig. 3  Angles for a cathodic 
side (θC), and b anodic side 
(θΑ), for the four constraint 
conditions. Each dot is an 
individual simulation, black for 
NC, red for ACC, blue for CC, 
and green for AC. The thick line 
is the median, and the thin lines 
are the first and third quartiles. 
(Color figure online)

θ C
 (d

eg
)

�

�
�
�

�

�

�

�

�

�

�

�
�

��

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

−1
0

0
10

20
30

40
50

60
NC ACC CC AC

A

θ A
 (d

eg
)

�

�
�

�

�

�
�

�

�

�

�

�
�

�

�

�

�

�

��

�

�

��

�
�

�

�

�
�

�

�

�

�

�

−1
0

0
10

20
30

40
50

60

NC ACC CC AC

B



 M. L. Fernández et al.

1 3

since no lipid head group is allowed to move out of the plane 
of the bilayer.

To characterize and model the shape of the pores 
obtained in the different conditions we extracted cathodic 
(θC) and anodic (θA) pore angles from the geometry of the 
“expanded pore,” as shown in Fig. 2. Figure 3 shows that 
the median pore angles are relatively large for both leaf-
lets for the NC condition (θC = 28°, θA = 35°; P < 0.001), 
reflecting the toroidal shape of these pores. The angle for 
the ACC condition is narrow for both leaflets (θC = 6°, θA = 
8°; P = NS), following the roughly cylindrical shape of the 

membrane-spanning water column. Angles for the CC and 
AC conditions reflect the conical shape of these pores. The 
CC pore angles are wider on the anode side (θC = 14°, θA = 
42°; P < 0.001), and the AC pores are wider on the cathode 
side (θC = 31°, θA = 21°; P < 0.05).

The differences among the angles for the four conditions 
in the cathodic leaflet are statistically significant for NC 
versus ACC and CC (P < 0.001), and for AC versus ACC 
and CC (P < 0.001) while the differences among NC versus 
AC and ACC versus CC are NS. The differences among 
the angles for the four conditions in the anodic leaflet 
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are statistically significant for NC versus ACC and AC 
(P < 0.001), for ACC versus CC and AC (P < 0.001), and 
for CC versus AC (P < 0.001), while the differences among 
NC versus CC are NS.

For the cathodic and anodic constraint conditions, the 
pore that is formed is lined with head groups, and so can 
be called “hydrophilic,” but the shape is conical rather than 
toroidal (no constraints) or cylindrical (constraints on both 
leaflets). The lipid head groups that form the walls of these 
conical pores come only from the unconstrained leaflet. This 
type of electropore also appears transiently in simulations 
of POPC:POPE asymmetric bilayers, where only the POPC 
head groups are involved in pore initiation, and only later 
in the process do the POPE head groups migrate into the 
membrane interior, with the result being finally a toroidal 
symmetrical pore (Gurtovenko and Lyulina 2014).

Pore formation occurs even with the head groups con-
strained on both sides of the bilayer, but these pores are 
water bridges with a roughly cylindrical profile, not so-
called hydrophilic pores, since the head groups cannot fol-
low the water into the membrane interior. Similar structures 
have been described in water/octane systems (Tieleman 
2004) in water–vacuum–water systems (Ho et al. 2013), for 
anionic lipid bilayers composed only of palmitoyl-oleoyl-
phosphatidylserine (POPS) (Dehez et al. 2014), and for 
archaeal lipid bilayers (Polak et al. 2014).

If the conical pore shape corresponds to structures formed 
in cell membranes, it may be at least in part responsible for 
the ion current rectification reported in the observations of 
cells exposed to an external electric field or in artificial pores 
formed in polymeric foils (Pakhomov et al. 2009; Siwi et al. 
2002).

Figure 4 shows the evolution of the pore volume with 
time from representative simulations for each constraint 
condition. Figure 5 shows the median and interquartile pore 
volume versus time. The medians of the mean pore opening 
time (τ) are: 0.10 ns for NC, 0.42 ns for ACC, 0.16 ns for 
CC, and 0.22 ns for AC. The differences among the pore 
opening times for the various conditions are statistically sig-
nificant. These results show that the constraints affect pore 
opening dynamics (Fig. 5). Constraints on one side of the 
bilayer (anodic or cathodic) slow pore opening. This effect 
seems to be more pronounced in the AC system. Constraints 
on both sides have an even greater retarding effect.

Pakhomov et al. have reported evidence for asymmetric 
(rectifying) lipid pores, which could be associated with 
interactions of the membrane with the cytoskeleton or the 
extracellular matrix (Pakhomov and Pakhomova 2010). 
Consistent with this idea, modifications of cytoskeletal 
organization have been correlated with exposures to porat-
ing electric fields in several different systems (Rols and 
Teissié 1992; Teissié and Rols 1994; Kanthou et al. 2006; 

Berghöfer et al. 2009; Rosazza et al. 2011 Chopinet et al. 
2014; Thompson et al. 2014). These permeabilization-
induced perturbations of membrane–cytoskeleton associa-
tions may restrict in various ways the movements of mem-
brane lipids, resulting in asymmetric, non-toroidal pores.

In summary, our results show that molecular models 
of lipid membrane electropores with several shapes and 
symmetries can be obtained by mechanically constrain-
ing the lipids that compose the bilayer. The variations in 
pore properties arising from this geometrical heterogene-
ity may help to explain, at least in part, the origin of the 
broad distribution of size and lifetime in populations of 
permeabilizing structures in electroporated cells.
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Fig. 5  Relative pore volume versus time for each constraint condition, 
where black is NC, red is ACC, blue is CC, and green is AC. The 
relative pore volume was obtained by imposing an offset volume from 
the exponential model of the pore opening, with α = 1, to all condi-
tions and the relative time was obtained by subtracting the initiation 
time from all simulations. The heavy solid lines are the median value 
of all simulations for each condition; the lighter lines are first and 
third quartile. (Color figure online)
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