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Electrical conductance of an aqueous pore in the lipid bilayer has an important role in the process of membrane
electroporation, i.e., formation of pores induced by electric pulses. In our present studywe compare the pore con-
ductance as predicted by a theoretical model based on the continuum Poisson–Nernst–Planck theory to the pore
conductance obtained with molecular dynamics simulations (Casciola et al., Bioelectrochemistry 109:108–116,
2016). Our analysis demonstrates that the Poisson–Nernst–Planckmodel is able to quantitatively predict the de-
pendence of the pore conductance on the pore radiuswhen considering the toroidal shape of the pore. In order to
correctly describe the difference in the pore conductance for Cl and Na ions (the pore selectivity), however, it is
necessary to take into account the electric double layer next to the lipid–water interface and the electroosmotic
flow through the pore. We further show that simplified analytical descriptions of pore conductance can lead to
incorrect predictions of the pore size extracted from experimental measurements, and can affect the predictions
of electroporation models. Overall, this study demonstrates that continuum modeling can be efficiently used as
complementary method to molecular scale models for investigating lipid pores.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Electroporation, known as amethod of breaching the cell membrane
barrier by means of electric pulses, has been found valuable in numbers
of applications in very different scientific and technological fields: med-
icine [1–5], food processing and food preservation [6–10], biofuel pro-
duction [9,11], as well as water decontamination [12,13]. Despite its
widespread use, our understanding of electroporation at the molecular
level of the membrane itself still lacks a complete picture [14–17]. Con-
sequently, the state of the art of current theoreticalmodels of electropo-
ration may not be at sufficiently high level and further research is
necessary in order to developmodels that will be able to correctly inter-
pret or predict experimental outcomes.

Theoretical models which are used to describe electroporation on
the scale of single cells or cell clusters are based on continuum ap-
proaches and are therefore often referred to as continuum electropora-
tion models [18,19]. In continuum description, the molecular structure
is neglected and themembrane is simply viewed as a thin homogenous
cherches 7565, Université de
doeuvre-lès-Nancy, France.
ek).
, Delft University of Technology,
dielectric layer surrounded by an electrolyte solution. Suchmodels con-
stitute an important part of electroporation research as they enable ex-
ploration on length scales (more than hundreds of micrometers) and
time scales (seconds and more) currently not achievable by molecular
dynamics (MD) simulations or molecular models based on the mean
field theory [20–22]. Note that the diameters of mammalian cells are
of the order of 10 μmand the time scales, over which structural changes
in the membrane due to electroporation can be observed, range from
nanoseconds tominutes or even hours [14]. Continuummodels have in-
deed considerably contributed to our understanding of electroporation
under different experimental conditions [23–28]. They can be probed
to give the information on the time course and magnitude of the in-
duced transmembrane voltage, as well as the electric field distribution
inside and outside of a model cell or cell cluster [29]. To certain extent,
they can even be used to predict the number and size of pores in the
membrane and the rate of molecular transmembrane transport
[30–33]. Hence, they provide a valuable tool for explaining certain ex-
perimental observations or for tailoring the experimental protocol in
order to give an optimal result [34].

The general physical concept embedded in continuum electropora-
tion models is rather simple: the transmembrane voltage, which is
induced across themembrane by an electric pulse, reduces the energet-
ic barrier for nucleation of small aqueous pores in the lipid bilayer
[18]. The induced transmembrane voltage (more specifically the
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corresponding induced electric field in the membrane) also provides a
force which tends to expand the formed pores [35]. As the expanding
pores start to conductmore andmore ions, the voltage across themem-
brane effectively reduces, which in turn limits further pore creation and
expansion [25,36]. Theoretical description of pore conductance there-
fore plays an important role in electroporation models as it implicitly
controls the dynamics of the transmembrane voltage and thereby the
number and size of membrane pores.

Apart from its importance in electroporation models, theoretical
description of pore conductance alsoprovides a convenientway to char-
acterize pore properties from experimental measurements. Pore con-
ductance namely depends on the pore size, geometry, as well as the
surface properties of the pore wall, such as the surface charge. By ana-
lyzing the measurements with a theoretical model, it is possible to
gain information on the pore size [37–40] or other structural character-
istics, such as geometrical asymmetry, which (together with surface
charge on the pore wall) manifests itself in ionic current rectification
[41]. Geometrical asymmetry of lipid pores could for example arise
from asymmetric lipid composition,which is present in cell membranes
[42,43].

Measurements of pore conductance are particularly convenient for
characterization of pore properties since there are at present no exper-
imental techniques allowing direct visualization of small lipid pores in
nanometer or subnanometer resolution, required to accurately capture
the pore size and geometry. Lipid pores are namely highly dynamic,
with their size and stability being strongly dependent on the transmem-
brane voltage [44–47]. There have been several attempts tomeasure the
pore size by monitoring the transmembrane transport of molecules
with different size (e.g. propidium iodide, YO-PRO-1, bleomycin, trypan
blue, PEG, sugar molecules, and dextrans; for a short review see [48]),
particularly in electroporation experiments on cells. However, the reli-
ability of this method remains uncertain, since charged and sugar mol-
ecules can strongly interact with the lipid bilayer and could therefore
perturb the pore configuration while translocating through the pore
[49,50]. For this reason, conductance measurements provide more sen-
sitive and less perturbing method to characterize the properties of lipid
pores.Moreover, the transport ofmolecules across cell membranes gen-
erally needs to be monitored during seconds or minutes after applying
electric pulses, whereby the exact molecular mechanisms of the in-
creased cell membrane permeability in this post-pulse membrane
resealing phase have not yet been clearly elucidated [17,51].

For accurate characterization of the pore properties from conduc-
tancemeasurements it is necessary to have a valid and reliable theoret-
ical model, which can quantitatively predict the pore conductance.
Furthermore, reliablemodel of pore conductance is necessary in contin-
uum electroporationmodels, in order to adequately predict the number
and size of pores, as discussed above.

Typically, ionic conduction through lipid pores is theoretically de-
scribed by means of more or less simplified expressions, which in its
core derive from the coupled Nernst–Planck and Poisson's equations
[52–54]. The Nernst–Planck equations describe the electro-diffusion of
ions in termsof ionic concentration,where thedriving force for the elec-
trophoretic drift – the gradient in the electric potential – is given by the
Poisson's equation. The so-called Poisson–Nernst–Planck (PNP) theory
is a general and well-established continuum approach to analyze ionic
transport in many different fields including research on ion channels
andnanochannels [55–59], both closely related to lipid pores investigat-
ed in this study.

For descriptions of ionic transport through ion channels the PNP the-
ory has some known limitations, which mainly arise from treating the
ions as point charges and neglecting the ion–ion correlations. These lim-
itations are particularly expressed in narrow channels with radii of less
than 2–3 Debye lengths [60,61], where the mean field approximation
breaks down. For example, the PNP theory allows a certain concentra-
tion of ions to be found in a channel, albeit the channel is too narrow
to actually fit a finite-size ion. A direct consequence is an overestimate
of the electrolytic shielding effects and an underestimate of the
repulsive image forces induced in the dielectric channels walls [62],
for which the PNP theory usually systematically predicts higher ionic
current than the corresponding molecular scale models [61–63].

Indeed, continuum theories are designed to be used in systems con-
taining a large number of ions, so it is not unexpected that the PNP the-
ory will fail to accurately predict ionic current in channels, where only a
single or a few ions can be found at a certain moment [61,62]. In such
cases, methods that treat the ions explicitly give more reliable results.
Atomistic MD simulations provide the most general platform, because
they take into account the entire atomistic structure of the investigated
system (e.g. the ion channel and its immediate surroundings), but are
for the same reason also computationally extremely demanding. Alter-
nativemethods such as Brownian dynamics simulations have thus been
proposed, where the channel and ions are represented explicitly at the
atomic level, whereas the surrounding solvent is treated as featureless
dielectric medium incorporated implicitly via stochastic random forces
and multi-ion potential of mean force [56,63]. Such methods were
shown to provide better agreement with experiment as compared to
the PNP theory [55,62,63].

Nevertheless, continuum theories still offer considerably simpler
and less time consuming method to study ionic transport [57]. There-
fore, great efforts have been made to modify the PNP equations in
order to better capture the physics of particles in confined channels
[62]. The problem of thefinite size of ions has been addressed by includ-
ing ion repulsion using the hard sphere chemical potential from the
density functional theory of inhomogeneous liquids [64–67], or the
Lennard-Jones repulsive potential [67–69]. Alternatively, the PNP theo-
ry was upgraded by implicitly including the solvent and empty spaces
(void volume) between particles as separate species in the electrolyte
in addition to ions [70]. The down side of increasingly complex modifi-
cations is, though, that they considerably hamper numerical
implementations and require specific numerical algorithms to solve
the equations [71].

The first objective of our study is to verifywhether the PNP theory in
its original form can satisfactorily describe the conductance of a pore in
the lipid bilayer.MD simulations performed in our preceding paper [46]
provide an excellent opportunity to achieve this objective for two main
reasons. Firstly, MD simulations enable one to directly and indepen-
dently characterize the pore conductance, pore size, and pore geometry
[45], which is impossible to achieve with current experimental tech-
niques. Secondly, the simulations were performed using a specific algo-
rithm, which allows one to observe stable pores in the bilayer and
enables thorough characterization of their properties. As explained in
greater detail by Casciola et al. [46], the simulations were specifically
tailored to mimic typical experimental conditions in electroporation as
much as possible. A different, though related approach to characterize
the conductance of stable lipid pores usingMD simulations was already
done by Ho et al. [45], however, their results have not been systemati-
cally analyzed from the perspective of the continuum PNP theory.

The second objective of our study is to check to what extent do sim-
plified theoretical expression of pore conductance affect the estimates
of the pore size from experimental measurements and predictions aris-
ing from continuum electroporation models. Both in experimental and
theoretical studies of electroporation, the descriptions of pore conduc-
tance are generally based on simplified assumptions of cylindrical
pore geometry as well as a one-dimensional approximation of the flux
of ions across the pore [52–54].

The paper is organized as follows. In Methods we first focus on cer-
tain observations from MD simulations, which directed the develop-
ment of our PNP model of ionic conduction through a lipid pore from
its basic form to further upgrades. Afterwards we describe the PNP
model in detail. In Results and discussion we compare the pore conduc-
tance aswell as the electric potential and ionic concentration profiles as
obtained from MD simulations and as predicted by the model that we
developed. We then continue with discussion on the applicability of
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the existing analytical derivations of pore conductance used for the de-
termination of pore size from experimentalmeasurements aswell as for
their use in continuumelectroporationmodels, and endwith a conclud-
ing remark in Conclusions.

2. Methods

We constructed the PNP model of ionic current flowing through a
lipid pore based on the finite element method (FEM) in COMSOL
Multiphysics 5.0. Our “basic PNP model”, which we use as a starting
point, closely relates to the one proposed by Li and Lin [54], who analyt-
ically derived the expression for the conductance of a cylindrical pore in
the general case of unequal ionic concentration on each side of the
membrane using the PNP theory. However, we avoid certain simplifica-
tions which were required in [54] in order to obtain an analytical deri-
vation, and adapt the model to correspond more closely to the MD
system studied. Threemajor differences can be found: (i) Li and Lin con-
sidered that the source of the electric potential is infinitely far away
from the pore, hence modeling an infinitely large system, whereas we
adapt the model domain to the size of the MD system; (ii) we approxi-
mate the pore shape as toroidal instead of cylindrical, which is a more
reasonable approximation for pores observed in the MD simulations
(Fig. 1a); (iii) we consider that the anions and cations (in our case Na
and Cl ions) have different diffusion coefficients, which moreover de-
pend on the ionic concentration, as found experimentally [72]; whereas
Li and Lin assumed that the diffusion coefficient is equal for both species
and constant regardless of the ionic concentration.

It is important to stress that our model is closely adapted to the MD
system; we extracted all relevant model parameters directly from the
MD trajectories or by performing additional independent simulations.
By that we could ensure that any disagreement between the results ob-
tained in the simulations and with the PNP model could straightfor-
wardly be attributed either to the limits of the validity of the PNP
theory or to some missing elements in the model. Indeed we found
that our basic PNPmodel itself cannot fully capture all of the underlying
physics in ionic conduction through the pore. The findings of our study
are though not limited to the MD system, but are applicable to any sim-
ilar experimental system.

To avoid confusion,we consistently use the term “MDsystem” to refer
to the atomistic systemwithwhichMD simulationswere performed, and
the term “FEMmodel” to refer to the PNPmodel developed based on the
results fromMD simulations. For brevitywe avoid any technical details of
the model implementation into the COMSOL environment, as well as the
ig. 1.MD system and corresponding FEMmodel. (a) Slice across the central region of theMD system. Na ions and Cl ions are presented in yellow and green, respectively, the lipids are in
raywith phosphate atoms shown as spheres.Water is shown as light gray surface. The gray rectangle indicates the dimensions of the simulation box in x and z direction. (b) Slice across
e center of the FEMmodel (left) and 3D view of the model (right). Lipid bilayer is shown in dark gray. The boundaries of the FEMmodel at the top and bottom side correspond to the z
lanes in the MD system, where bulk properties of the electrolyte are established. The dimensions of the FEM model in x and y are equal to the dimensions of the MD system.
F
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data extraction from MD simulations. For such information we kindly
refer the reader to the Supplementary Material.

2.1. Brief description of MD simulations

The system in MD simulations, which are described in detail in our
preceding paper [46], consisted of a lipid bilayer made from 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) molecules,
bathed in ~1 M NaCl solution and maintained at temperature of 300 K.
The bilayer also contained a preformed pore in its center (Fig. 1a). In
order to calculate the electric current through the pore, the simulations
were run in GROMACS suite using a specific swapping algorithm that
maintains a constant charge imbalance across the pore. The algorithm
is namely designed such that when an ion crosses the pore from the re-
gion A above the bilayer to the region B below the bilayer, a different ion
(of the same type) from region B is swapped with a water molecule
from region A (or vice versa). Since periodic boundary conditions are
applied on all sides of the simulation box, a vacuum layer is present be-
tween the region A and B, which ensures that the ions can move be-
tween regions solely through the pore. The number of positive and
negative ions above and below the bilayer is thus maintained and is
not influenced by the ionic current flowing through the pore. If we ini-
tially put an excess number of Na ions above the bilayer and a corre-
sponding excess number of Cl ions below the bilayer, the algorithm
will maintain this charge imbalance throughout the simulation
resulting in relatively steady transmembrane voltage sustaining the
pore. In addition, the surface tension of the bilayer is maintained at
~0 mN/m, allowing the pore to freely adapt its size. The size of the
pore, however, influences the ionic current through the pore as well
as the electric potential gradient across the simulated system. Hence,
the pore radius, the electric current, and the transmembrane voltage
are all “free” parameters, which can spontaneously adapt as the system
moves towards an energetic minimum.

For the theoretical analysis reported here, we use the results obtain-
edwith the systemmade from 1024 POPCmolecules. These simulations
were performed for five constant charge imbalances, i.e., 20qe, 32qe,
40qe, 48qe, and 56qe (qe is the elementary charge), aswell as for a system
without charge imbalance and without a pore (0qe). The analysis of the
MD results in this study though deviates from the one used in [46]. We
namely took into account that the typical time scale of charge relaxation
in an electrolyte with conductivity σe ≈ 9 S/m, which corresponds to
~1 M NaCl in our MD system, is estimated to be τr = εeε0/σe ≈ 80 ps
[54], where εe ≈ 80 is the relative dielectric permittivity of the

Image of Fig. 1
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electrolyte and ε0 the permittivity of vacuum. Therefore, we can safely
assume that, in terms of electrostatics, a stationary electric current is
established very fast with respect to the time scale of the simulations,
and any changes in the pore conductance are simply caused by slower
changes in the pore size. Since the pore size is slightly changing
throughout all simulations, we divided each 80 ns long trajectory into
four 20 ns long parts and analyzed them separately with respect to
the transmembrane voltage, the ionic current, and the pore radius. By
averaging the analyzed variables over every 20 ns long part, we could
obtain 20 data points describing how the pore conductance depends
on the pore radius. This enables a more detailed analysis as compared
to the one based on averages over 60 ns extracted from each of the sim-
ulations performed at different charge imbalances [46]. Indeed we ob-
served that regardless of the charge imbalance imposed, the
dependence of the calculated pore conductance on the pore radius
falls on the same curve (see e.g. Fig. 3), corroborating our approach of
data analysis.

2.2. Note on the net water flow

An important factor that could influence the overall ionic current
through the pore is a net water flow we observed in all simulations.
The water flow is quite steady, is directed opposite to the electric field,
i.e. in the direction of the flow of Cl ions, and increases with increasing
charge imbalance imposed in simulations (Fig. 2a).

The water flow can be attributed to electroosmosis, a phenomenon
technologically widely exploited in micro- and nano-fluidics to drive
fluids through channels by means of an electric field instead of a pres-
sure gradient [73,74], or to modulate flow of macromolecules such as
DNA through solid-state nanopores [75]. These channels and nanopores
are designed to have a charged inner surface and hence an interfacial
electric double layer which results in charge separation at the interface.
The electric field applied parallel to the double layer can thus produce a
net force on themobile counterions. The inducedmotion of counterions
produces a viscous drag force on the surrounding bulk liquid that ex-
ceeds the opposing force of the less plentiful coions [76]. The resulting
net force on the fluid then induces a bulk fluid motion known as
electroosmosis.

Although POPC lipids are zwitterionic and do not have a net surface
charge, the Na ions have a higher affinity to bind to negatively charged
oxygen atoms of the lipid headgroups compared to the affinity of Cl ions
to bind to positively charged nitrogen atoms, thereby acting similarly as
surface charge (wemust note here that the higher binding affinity of Na
ions is specifically observed in MD simulations, though a recent study
suggests that itmay be an artifact of the forcefields and that the binding
affinities of Na and Cl to lipids are more similar [77]). An electric double
Fig. 2. Net water flow. (a) Increase in the number of water molecules ΔNw above the center of
concentration profiles along the vertical axis of theMDsystemdue tonetwaterflow. The profile
(solid lines) and the last 20 ns (dotted lines) of the trajectory. The center of the bilayer is indicat
the concentration above the bilayer decreaseswith time. (c) Difference in concentration of Cl an
of ions fromone of the trajectories and transforming Cartesian coordinates (x, y, z) into axisymm
at the center of the pore.
layer is therefore formed at the lipid–water interface, which is also pres-
ent inside the pore. This can be seen in Fig. 2c, which shows a 2D profile
of the difference in concentration of Cl and Na ions. The coordinate sys-
tem is placed in the center of the pore, where coordinate r corresponds
to the horizontal and coordinate z to the vertical distance from the cen-
ter (we use an axisymmetric coordinate system; see figure caption and
Supplementary Material Section S2.8 for more details). Note that there
is a layer of excess Na ions surrounded by a layer of excess Cl ions
along the entire lipid–water interfacial region. Though Na ions are not
bound permanently and can contribute to the Na current through the
pore, there is a steady number of bound Na ions in the pore wall
which influences the electrostatics inside the pore and, as will be
shown by results, enhances the conductance of the pore to Cl ions.

On the molecular scale, there are two mechanisms of net water
transport in the presence of an electric field, which are captured in
MD simulations [78]. The first is the transfer of the momentum from
electrophoretically driven ions to neutral water molecules during
collisions. The second mechanism is the drag of water molecules,
which are associated to moving ions. The Cl ions have higher mass
and higher diffusion coefficient, and therefore a higher momentum
than Na ions, as well as a higher coordination number and are thereby
associated with a higher number of watermolecules. In our MD system,
the bulk diffusion coefficients of Cl and Na ions in 1 M NaCl are
1.5 · 10−9 m2/s and 1.0 · 10−9 m2/s, respectively (see Supplementary
Material Section S2.5). The coordination numbers of Cl and Na ions are
7.8 and 5.3, respectively, as obtained from the radial distribution func-
tions. The residence time of water in the first hydration shell in the ab-
sence of electric field, which we calculated following [79], is though
shorter for Cl; namely 14 ps for Cl and 40 ps for Na. Hence the “transfer
of momentum” mechanism should be dominated by Cl ions, whereas
the “dragging” mechanism should actually be dominated by Na ions
due tomuch longerwater residence time. Nevertheless, as considerably
larger number of Cl ions pass the pore, their number dominance appar-
ently unequivocally determines the direction of the water flow.

The net water flow has two consequences that may influence the
electric current through the pore. The first is the change in the overall
ionic concentration profile below and above the bilayer, which is a
direct consequence of the finite size of the MD system. As the system
is canonical, the net water flow results in gradual decrease of the
water volume below the bilayer and concomitant increase in the
water volume above the bilayer. The swapping algorithm though
maintains the number of ions (but not water) below and above the bi-
layer constant. The changes in water volume hence result in increase/
decrease in the bulk NaCl concentration below/above the bilayer
(Fig. 2b). The induced concentration gradient could result in diffusive
current through the pore. The typical time scale for diffusion can be
the bilayer with time, with respect to the beginning of the simulation. (b) Changes in the
s are shown for charge imbalance 48qe, andwere obtained as an average over thefirst 20 ns
edwith vertical dotted line. The concentration of ions below the bilayer increases, whereas
d Na ions at the lipid–water interface. The profilewas obtained by extracting the positions
etric cylindrical coordinates (r, z) by placing the center of the cylindrical coordinate system

Image of Fig. 2
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expressed as τD = L2/D, where L is a typical distance and D is the
diffusion coefficient [54]. For Cl ions with diffusion coefficient DCl =
1.5 · 10−9 m/s2 passing through a ~4 nm thick membrane τD =
~11 ns, which is within the timescale of the MD simulations (80 ns),
as well as within the 20 ns long piece of trajectory that was analyzed
separately. In addition, the concentration gradient across the bilayer
could influence the distribution of ions and consequently the electro-
statics around the pore [54].

The second consequence of the water flow is a convective ionic cur-
rent induced by the net fluid motion. The fluid flows in the direction of
Cl ions and contributes to the electrophoretic Cl current, whereas it op-
poses the Na electrophoretic current. The order of magnitude of this
contribution can be estimated from themass flow rate of water through
the pore:

Δmw

Δt
¼ ΔNw

Δt
Mw

NA
¼ ρw

ΔVw

Δt
ð1Þ

where ΔNw/Δt is the number of water molecules passing through the
pore per unit time (slope of curves in Fig. 2a), Mw = 18 g/mol is the
molar mass of a water molecule, and NA is the Avogadro constant. The
mass flow rate can then be related to the volumetric flow rate by scaling
it with the water density ρw = 972 kg/m3 (calculated from the density
profile of water in theMD system). Since the overall volume of water is
much larger than the volume of solvated ions (in the MD system the
fraction of ions in the electrolyte is ~3%), we can consider that the vol-
ume of fluid (water and ions) is simply equal to the volume of water,
henceΔVw=ΔV. The volumetric fluid flow rateΔV/Δt can nowbe relat-
ed to the convective electric current. The electric current Ii of ions of type
i through the pore is defined as the number of charges qeziΔNi passing
through the pore per unit time. If we express the number of ions in
terms of ionic concentration ΔNi = ciNAΔV, we find that

Ii ¼ qeziciNA
ΔV
Δt

≈
qeziciMw

ρw

ΔNw

Δt
: ð2Þ

A simple calculation for a flow rate of 150 water molecules per ns
and 1 M ionic concentration gives a convective electric current of
±0.5 nA. Though this is rather small compared to the total measured
electric current (up to ~4 nA for Na and ~12 nA for Cl), the convective
current may notably contribute to the higher pore conductance for Cl
ions than for Na ions, which was seen in MD simulations (note that
we term the higher pore conductance for Cl than Na ions “the pore se-
lectivity” as is custom in ion channels [66,55,73]).

According to these observations we decided to perform calculations
for three increasingly complex variants of the FEMmodel. In FEMmodel
1 (our “basic PNP model”) we neglect the electric double layer and the
electroosmotic fluid flow, which is custom when describing pore con-
ductance in continuum electroporation models. In FEMmodel 2 we in-
clude the electric double layer bymodeling the boundNa ions as surface
charge at the lipid–water interface. In FEMmodel 3we add also thefluid
flow by coupling the Poisson–Nernst–Planck equations with Navier–
Stokes equation. Comparison between the three models allows us to
separately evaluate the contribution of the electric double layer and
thefluidflowon thepore conductance and particularly on pore selectiv-
ity for Cl ions.

In addition we use two different sets of model parameters. In the
first set we consider a simplified system, where we only vary the pore
radius, and we keep the size of the system completely symmetric,
with equal volume and ionic concentration below and above the bilayer,
corresponding to the initial point of the simulations, and use equal
transmembrane voltage for all pore radii. In this parameter set we also
neglect the dependence of the diffusion coefficient of ions on ionic con-
centration. In the second set we adapt the size of the electrolyte volume
and the ionic concentration below and above thebilayer, the transmem-
brane voltage, and the pore radius exactly as was extracted from each
20 ns part of the MD trajectories, and moreover take into account that
the diffusion coefficients of ions depend on the ionic concentration (fur-
ther details can be found in the Supplementary Material). We name a
model with the first set of parameters as “symmetric”, and a model
with the second set as “asymmetric”. Comparison of calculations from
these two sets of parameters allows us to evaluate the influence of ge-
ometry and concentration gradient across the bilayer on the overall re-
sults, as well as the required complexity of the model to capture the
essential features of ion conduction through the pore.

2.3. Finite element model

2.3.1. Geometry
The lipid bilayer is represented by a slab with thickness dm, which

contains a pore in its center (Fig. 1b). The membrane thickness was ex-
tracted from the distance between the peaks in density distribution of
phosphorus atoms in the MD system with 0qe charge imbalance. The
shape of the pore was always modeled as toroidal except in one set of
calculations, where we investigated the effect of the pore shape on the
calculated pore conductance. The radius of the narrowest part of the
pore is defined as the pore radius rp (this directly corresponds to the
way how the pore radius was extracted fromMD simulations, see Sup-
plementary Material Section S2.1). The bilayer is embedded in a cuboi-
dal boxwith dimensions xbox, ybox, zbox, which represents the electrolyte.
An important consideration thatwemake is thatweneglect the vacuum
layer present in the MD system, which is required to maintain a con-
stant charge imbalance across the bilayer. Instead, we “cut” theMD sys-
tem at horizontal planes below and above the bilayer where the “bulk”
properties of the electrolyte are established. At these planes we use
Dirichlet boundary conditions, which are extracted from theMD system
(see below).

2.3.2. Physics
As already noted, we performed calculations for three increasingly

complex variants of the FEM model. The description given here is for
the most complex variant (FEM model 3) where we take into account
the electric double layer at the lipid–water interface and the electroos-
motic fluid flow through the pore. This model is based on coupled
Nernst–Planck, Poisson, and Navier–Stokes equations. The lipid bilayer
is only passively included in the model through boundary conditions
at the lipid–water interface. Although we performed separate calcula-
tions including the bilayer as a nonconductive dielectric with relative
permittivity εl = 2, we found that this has negligible effect on the re-
sults, as has already been observed previously [54].

In the electrolyte, the concentration of Na and Cl ions are described
by the steady-state Nernst–Planck equations

ji ¼ −Di∇ci−Di
ziqe
kT

ci∇Ψþ vci ð3aÞ

∇ji ¼ 0 ð3bÞ

where subscript i corresponds to either Na or Cl. Variables ji, ci,Ψ, and v
are the molar flux of ions, concentration in mol/m3, electric potential,
and fluid velocity, respectively. Constants zi = ±1, qe, k, and T =
300 K are the valence of ions, elementary charge, Boltzmann constant,
and absolute temperature, respectively. The values of diffusion coeffi-
cients Di and their dependence on ionic concentration were extracted
from MD simulations (see Supplementary Material Section S2.5). The
first term describing the molar flux ji accounts for ionic diffusion, the
second for electrophoresis, and the third for convection.

The electric potential distribution is given by the Poisson's equation

εeε0ΔΨ ¼ −ρe ð4aÞ

ρe ¼ F zNacNa þ zClcClð Þ ð4bÞ
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where ρe is the charge density, εe=80 and ε0 relative permittivity of the
electrolyte and permittivity of vacuum, respectively, and F is the Fara-
day constant. Note that the relative dielectric permittivity of the TIP3P
water model, which was used in the MD system, is about ~86 at 300 K
[80], but in the presence of ions the permittivity decreases, experimen-
tally to about 70 in 1 M NaCl [81]. Therefore we tested whether the
value of the permittivity has a profound effect on the results. In addition
to using εe = 80 we performed calculations also for εe = 70 and 60;
however, the difference in results was not significant (up to 2% differ-
ence in the calculated total pore conductance for εe = 70 and up to 5%
for εe = 60).

The fluid velocity is given by Navier–Stokes equation for incom-
pressible flow

ρw v � ∇ð Þv ¼ ∇ −pIþ ηw ∇v þ ∇vð ÞT
� �h i

ð5aÞ

∇ � v ¼ 0 ð5bÞ

where p is the pressure and I identity matrix. The fluid density and dy-
namic viscosity are taken as the density of water in the MD system
ρw = 972 kg/m3, and the viscosity of TIP3P water model ηw =
0.321 mPa·s [82].

Generally, electroosmotic flow is described by adding a source term
−ρe∇Ψ to the right hand side of (5a) [83]. However, we observed that
such description considerably overestimates the velocity of fluid and
mass flow rate compared to the one seen in the MD system, which
has been noted before in the case of nanochannels [76]. The overesti-
mate is inherent to the theory and is mainly caused by neglect of the fi-
nite size of ions [76]. To bemore close to theMD systemwith themodel,
we instead impose a boundary condition defining a constant mass flow
rate Δmw/Δt from the bottom side of the FEM model

−
∫

∂Ω

ρw v � nð ÞdA ¼ Δmw

Δt
ð6Þ

and a zero stress condition at the opposite side

−pIþ ηw ∇v þ ∇vð ÞT
� �h i

n ¼ 0: ð7Þ

The imposed mass flow rate was extracted from the MD system as
described in Supplementary Material Section S2.4. Although this ap-
proach results in a pressure gradient across the system which is not
present in electroosmosis, the velocity profile of the fluid is quite simi-
lar, and more importantly, is closer by magnitude to the one in the
MD system. As we are primarily testing the applicability of the PNP
model to describe lipid pore conductance, we consider out of the
scope of the present study to adapt themodel of electroosmosis to accu-
rately capture the fluid flow in the MD system, and consider a constant
mass flow rate as a reasonable enough approximation. And indeed this
is corroborated by results, as presented later.

For concentration and electric potential we use Dirichlet boundary
conditions at the top and bottom of the electrolyte, the values of
which are extracted fromMD simulations (see Supplementary Material
Section S2.2). The electric potential at the bottom is arbitrarily set to 0 V;
consequently, the electric potential at the top has the value of the trans-
membrane voltage Um (Fig. 1b).

At vertical sides of the electrolyte we use “zero flux” boundary con-
ditions for ionic concentration and electric potential, and a “symmetry”
condition for velocity

n � ji ¼ 0; n � ∇Ψ ¼ 0; v � n ¼ 0: ð8Þ

Since the model geometry is left–right symmetrical, the zero flux
and symmetry boundary conditions mimic the situation where the
model would be replicated in the horizontal directions, which is similar
to the implementation of periodic boundary conditions in MD
simulations.

At the lipid–water interface the boundary conditions are the
following:

n � ji ¼ 0; n � ε0εe∇Ψ ¼ −qsur f ; v ¼ 0 : ð9Þ

The zero flux for concentration simply implies that there is no flux of
ions into the membrane. The boundary condition for electric potential
describes the electric potential next to a surface with surface charge
qsurf and imposes the requirement of electroneutrality. The no slip
boundary condition for velocity implies that there is no fluidmovement
at the lipid–water interface. This is a typical boundary condition used for
modeling electroosmotic flow and is argued by the fact that the interfa-
cial water is immobilized next to a hydrophilic surface [76].

The value of the surface charge qsurf was extracted from the MD
system using an approach described in Supplementary Material
Section S2.3. As we explain in more detail in S2.3, representing the
bound Na ions with simple two-dimensional surface charge in the
FEMmodel is a rough approximation, hardly applicable at themolecular
scale. Hence, we performed calculations for two values of the surface
charge (0.20 qe/nm2 and 0.27 qe/nm2), whichwere themost reasonable
according to our approach of data extraction.

In simplified variants of the FEM model we omit the Navier–Stokes
equation, set the fluid velocity to 0 m/s (model with surface charge
only — FEM model 2), and neglect the surface charge by setting
qsurf = 0 qe/nm2 (model without surface charge and fluid flow — FEM
model 1).

2.3.3. Calculation of pore conductance and selectivity
The electric current Ii through the pore due to Na and Cl ions is cal-

culated by integrating the electric current density Ji over the pore's hor-
izontal cross-sectional area (Fig. 1b) (we verified that the calculated
current is invariant to the plane of integration). Ji is directly related to
the molar flux ji from the Nernst–Planck equation by Ji = Fziji, hence

Ii ¼

∫ ∫

Apore

Ji � dA ¼ F zi:

∫ ∫

Apore

ji � dA ð10Þ

From the known electric current and transmembrane voltage Um

(which is imposed by boundary conditions), we can calculate the pore
conductance for Na ions (GNa), Cl ions (GCl), and the total pore conduc-
tance (Gtot), which is the sum of the former two.

GNa ¼ INa=Um; GCl ¼ ICl=Um; Gtot ¼ GNa þ GCl : ð11Þ

The selectivity of the pore is then defined as the ratio

S ¼ GCl=GNa: ð12Þ

3. Results and discussion

The main intention of our study is to verify whether the Poisson–
Nernst–Planck (PNP) theory can correctly predict the conductance of
lipid pores. For this reason we developed three increasingly complex
variants of our FEM model, the results of which are compared with re-
sults from MD simulations in the following sections.

3.1. Pore conductance

3.1.1. Basic PNP model
In the first stage of our FEM calculations of pore conductance we

used the basic PNP model neglecting both the electric double layer
and the electroosmotic fluid flow (FEM model 1). Results of the total



Fig. 3. Results obtained with the basic PNP model without surface charge and fluid flow (FEMmodel 1). Results from MD are shown in black squares (total pore conductance in (a) and
selectivity in (c)), orange triangles (conductance for Na in (b)), and green diamonds (conductance for Cl in (b)). Results from the symmetric model are represented by solid lines and
results from the asymmetric model with open circles. The dotted lines indicate results considering different pore shapes, which are shown at the bottom right corner in (a). The upper
and lower dotted curve correspond to the uppermost and lowermost pore shape, respectively.)

Fig. 4. Number of ions inside the pore. The number was extracted from each 20 ns long
part of the trajectories by counting the number of ions in a 2 nm high central region of
the pore.
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pore conductance as obtained with the symmetric model (solid line)
and asymmetric model (circles) are shown in Fig. 3 together with the
results obtained from MD simulations (black squares in Fig. 3a). The
agreement between the FEMmodel andMD results is quite remarkable
considering that we are applying a continuum theory on a few nm large
system. The difference in the results obtained with the symmetric and
asymmetric model are only minor, and arise from the different box di-
mensions and from accounting for the concentration difference across
the bilayer, which results in higher ionic concentration inside the pore
of the asymmetricmodel. However, the difference is not due to diffusive
current, as the latter is three orders of magnitude lower than the elec-
trophoretic current (up to 0.4% of the total current as predicted by the
FEM model).

Since we approximated the pore as perfectly toroidal, we in addition
probed the influence of the pore shape on the calculated pore conduc-
tance. We represented the pore edge with an ellipse (with semiaxes
ratio of 0.5 or 2) instead of a circle. The considered pore shapes are
shown in a schematic at the bottom right corner of Fig. 3a, and the cor-
responding results are presented using dotted lines (Fig. 3a and b). The
pore shape which resembles a cylindrical pore results in lower pore
conductance; on the opposite, pore with more “egg-like” edges results
in higher pore conductance. Notably, all data points from theMD system
fall in between the results for different pore shapes and are indeed best
represented by a toroidal shape, which also appears to be the best ap-
proximation according to ionic concentration profiles, later presented
in Fig. 8.

Although the total pore conductance is very well described by the
FEM model, the model does not predict correctly the conductance for
Na and Cl ions separately, regardless of the pore shape considered
(Fig. 3b). Consequently, the model is also not able to reproduce the se-
lectivity of the pore for Cl ions, as was observed in MD simulations
(Fig. 3c). The selectivity of 1.5 obtained with the FEM model is equal
to the ratio of Cl and Na diffusion coefficients. Apart from the difference
in the diffusion coefficients, there is nothing else incorporated in the
FEMmodel that would invoke higher selectivity, and especially, not its
dependence on the pore radius. Particularly interesting is that according
toMD results, the selectivity for larger pores asymptotically approaches
~2.6 and not 1.5 as would be predicted by the FEM model. Obviously,
there is something missing in the model to reproduce such result.
Even more important is the question, how can the model reproduce
the overall pore conductance, if it cannot properly describe the current
of Na and Cl ions flowing through the pore? In the present case, the rea-
son lies in the fact that the model underpredicts the conductance for Cl
ions and overpredicts the conductance for Na ions in a similar way.
However, at this stage we cannot be certain whether this is simply a co-
incidence, andwhether the FEMmodel would completely fail to predict
the total pore conductance in another situation.
According to the knowledge gained from ion channels and
nanochannels, the selectivity for particular type of ions can be due to
one or more of the following reasons:

▪ different ion mobility (diffusion coefficient) inside the channel/pore
[48,63,84],

▪ size exclusion (ions, which are too large and cannot enter the chan-
nel/pore) [60,61,64,66,85],

▪ electrostatic exclusion (channels/pores with charged inner surface
will favor the presence of counterions and exclude coions) [60,61,
63,66,85], and

▪ fluid motion, which enhances the current of ions with one charge
and opposes the current of ions of the opposite charge (depending
on the direction of the fluid movement) [73].

We already observed that there is a difference in the diffusion coef-
ficient of Na and Cl ions in the bulk phase. To corroborate our calculation
of the diffusion coefficients from themean squared displacement of ion
positions, we also independently calculated the diffusion coefficients
from the autocorrelation functions of ion positions as described by
Hummer [86] and applied by Vorobyov et al. [87], and obtained similar
results (data not shown). Therefore we are confident that the estimates
of diffusion coefficients in the bulk are robust. Nevertheless, there could
be an additional reduction of the diffusion coefficient (for free ions) in-
side a confined pore [48,63,84]. However, it is not expected that the dif-
fusion coefficient for Cl ions is increased, as would be required to
reproduce the conductance for Cl ions in Fig. 3b. If there is a reduction
in the diffusion coefficients, the FEMmodel should systematically over-
predict the calculated pore conductance for both Na and Cl ions.

Image of Fig. 3
Image of Fig. 4
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Size exclusion of Na ions in our MD system is unlikely, as the pores
are larger (radius ≥ 0.8 nm) than the radius of Na ions imposed by the
CHARMM36 force field used in the MD system (0.27 nm). We can also
corroborate this by counting the number of ions inside the pore. Fig. 4
shows that inside the pore there is always a slightly higher number of
Na than Cl ions. Size exclusion is hence not responsible for pore
selectivity.

Fig. 4 also demonstrates that the higher number of Na ions in the
pore is due Na ions bound to the lipid headgroups, which effectively
acts as positive surface charge on the pore wall. Electrostatic exclusion
should therefore contribute to the pore selectivity for mobile Cl ions,
by making the environment energetically favorable for negative
charges.

In addition, as we already explained in Section 2.2, the net fluid
movement observed in the MD simulations could notably contribute
to the pore selectivity as it enhances the current of Cl ions and reduces
the current of Na ions.

Taking into account the above considerations, we upgraded the FEM
model: in the first stage, we added a surface charge to the lipid–water
interface representing bound Na ions (FEMmodel 2), and in the second
stage we included in addition a description for the fluid flow (FEM
model 3).

3.1.2. PNP model with surface charge and fluid flow
The results obtained with the model including surface charge are

presented in Fig. 5. Similarly as we observed in Fig. 3, the results from
the symmetric and asymmetric models yield comparable results, there-
fore we only present the results obtained with the symmetric model.
Calculations were performed for two values of surface charge, namely
0.20 qe/nm2 and 0.27 qe/nm2, and we also present the results from
FEM model 1 without surface charge (from Fig. 3) for comparison. In-
cluding surface charge into the model increases the conductance of
the pore for Cl ions, whereas it reduces the conductance for Na ions,
but to a lesser extent (Fig. 5b). Consequently, the total pore conductance
is slightly higher than predicted by the model without surface charge,
yet very close to the results obtained with the MD system (Fig. 5a).
The predicted selectivity for Cl ions (Fig. 5c) ismuch better represented;
the FEMmodel 2 with surface charge is able to recover the dependence
of the selectivity on the pore radius as well as selectivity higher than
predicted simply from the ratio of diffusion coefficients.

The agreement between the FEM model and the MD results is
though not yet perfect. Particularly from Fig. 5b we can see that the
FEM model still considerably overpredicts the conductance for Na
ions. Moreover, further increase in the surface charge would not de-
crease the Na conductance as the results for both values of the surface
charge practically overlap.

An additional mechanism that reduces the Na conductance can be
attributed to the electroosmotic fluid flow, as is demonstrated in
Fig. 6. Including both the surface charge and the fluid flow in the FEM
model 3 (still) correctly predicts the total pore conductance, and in ad-
dition also reproduces the pore conductance for Na and Cl ions and the
Fig. 5. Results obtained with the PNP model with surface charge and without fluid flow (FEM
dashed and dotted lines (see legend in (a)), the notation is the same as in Fig. 3.
pore selectivitymuch better than the basic FEMmodel 1 (Fig. 3). Further
argument that both surface charge andfluid flowneed to be incorporat-
ed in the model to obtain such agreement is given by the results for se-
lectivity in the case of zero surface charge (Fig. 6c, solid line). The fluid
flow itself cannot correctly reproduce neither the dependence of the se-
lectivity on the pore radius, nor the value of selectivity for the largest
pores. In addition to the results obtained with the symmetric model,
we show also the selectivity obtained with the asymmetric model by
circles in Fig. 6c, where the largest circles correspond to results with
zero surface charge and the smallest circles to results obtained with
the highest surface charge. In accordance with results shown in Fig. 3,
the asymmetric model yields similar results as the symmetric model.
This further confirms that the bound Na ions and the electroosmotic
fluid flow are the most important properties for reproducing the pore
selectivity for Cl ions, whereas the concentration and volume changes
on either side of the bilayer resulting from the net water flow and finite
size of the system have a lesser effect on the pore conductance. Note
that the pore selectivity for Cl ions has been observed also in previous
MD simulations of ionic conduction through stable pores in POPC bilay-
er, which was attributed to the binding interactions of Na ions with the
lipid headgroups [45]; however, the possible role of electroosmotic fluid
flow was not discussed.

3.2. Electric potential and ionic concentration profiles

An additional way to verify whether the FEM model correctly pre-
sents the MD system is by comparing the profiles of the electric poten-
tial and ionic concentrations. Fig. 7 shows the electric potential profiles
for pores with two sizes (with radius 0.8 nm and 1.5 nm). For the MD
system, the profiles are shown for the region that was modeled with
the FEMmodel. For the FEMmodel, the profiles are shown for the asym-
metric model with surface charge and fluid flow. Similar profiles were
also obtained with other models and are thus not presented. The agree-
ment between the MD system and the FEMmodel is good, both imply-
ing that the highest electric potential gradient is present in the pore and
hence most of the transmembrane voltage drops over the pore region.
Note that the FEM model does not include the lipid bilayer, therefore
the areas corresponding to it are white. The electric potential in the
lipid region in theMD system is rather high due to the electric potential
arising from the lipid dipoles, which is counterbalanced by thewater di-
poles, none included in the FEM model.

Theprofiles of ionic concentration are presented in Fig. 8, where only
one half of the system is shown, with the center of the pore at coordi-
nates (0, 0). Here we present both the results from the basic FEM
model (FEM model 1), as well as the results from the model including
the surface charge and fluid flow (FEM model 3). Note that the agree-
ment is much better for FEM model 3, which can quite well reproduce
the concentration of Na and Cl ions in the vicinity of the pore. This addi-
tionally confirms that FEM model 3 better represents the MD system
than the basic FEM model, as was already argued by comparing the re-
sults for the pore selectivity.
model 2). Apart from results for different surface charge, which are presented with solid,

Image of Fig. 5


Fig. 6. Results obtained with the PNP model with surface charge and fluid flow (FEMmodel 3). Notation is the same as in Fig. 5.
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Nonetheless, in all of the FEM models considered, the prediction of
the total pore conductance is always very close to the one obtained
from MD simulations. Including a description of the electric double
layer and fluid flow has a counterbalancing effect on the electric current
fromNa andCl ions. Both act to increase the current of Cl ions, and at the
same time decrease the current of Na ions. This keeps the overall pore
conductance very similar in all models considered.

According to our analysis we can make two summarizing conclu-
sions. (i) FEM model 1 which neglects the electric double layer and
the electroosmotic fluid flow (as is generally done for predicting ionic
conduction through lipid pores) is not sufficient to describe the ionic
currents for Na and Cl ions separately and consequently cannot describe
the pore selectivity. Therefore, when one is interested in predicting the
pore selectivity, it is necessary to take into account both the electric
double layer and the electroosmotic fluid flow. (ii) The total pore con-
ductance is not significantly influenced by the electric double layer
and the electroosmotic fluid flow (at least not under the conditions
probed in theMD simulations). Therefore, when one is interested in cal-
culating the total pore conductance only, FEMmodel 1 is sufficient. This
is relevant for experimental studies on planar lipid bilayers, where the
pore size is extracted frommeasurements of the total pore conductance
[37–39]. It is also relevant for continuumelectroporationmodels, where
only the theoretical expression for the total pore conductance is
embedded in the models (and not for the separate ionic species in the
electrolyte surrounding the pore) [19,25,28,88]. Since the total pore
conductance is directly proportional to the bulk conductivity of the so-
lution,which can bemeasured experimentally, themodel can be further
simplified to describe the solution in terms of its conductivity rather
than ionic concentrations, as was done in [35,54].

Note, however, that FEM model 1 is still more complex than typical
models of lipid pore conductance considered in previous studies, in par-
ticular regarding the pore shape, which is most often approximated as
cylindrical. In the next section we discuss the applicability of different
simplified analytical derivations of pore conductance.
Fig. 7. Electric potential profiles from theMD system and the FEMmodelwith surface charge an
voltage Um. The profiles from the MD system were obtained based on an average over 20 ns lo
3.3. Applicability of simplified analytical derivations of pore conductance

Since analytical description is difficult or even impossible to obtain
for complex pore shapes and complex electrolyte solutions, most deri-
vations were performed by approximating the pore shape as cylindrical
and considering a binary electrolyte (composed of only one cationic and
one anionic species) [52–54]. Early derivations also assumed that the
ions in the pore flow only in the direction parallel to the central axis
of the pore, thereby deriving the current–voltage relationship based
on one-dimensional equations. Indeed, the most recent derivation of
pore conductance performed by Li and Lin [54] demonstrated that for
cylindrical pores, such approximation is valid. The general analytical de-
scription for conductance of a cylindrical pore is

Gp ¼ Ip
Um

¼ 1
Rspd þ Rint

¼ 2πσerp2

πrp þ 2dm
ð13aÞ

Rspd ¼ 1
2σ erp

ð13bÞ

Rint ¼
dm

σ eπrp2
ð13cÞ

where rp is the pore radius, and σe is the conductance of the electrolyte
inside the pore. When the conductivities of the electrolyte solutions on
either side of themembrane are different, σe needs to be replaced by an
effective conductivity of the solution inside the pore [54]. Rspd is the
spreading (also access or input) resistance and accounts for the voltage
drop at the pore entrance, whereas Rint is the resistance of the pore inte-
rior region and accounts for the voltage drop across the central region of
the pore.
d fluid flow (FEMmodel 3). The electric potentialΨwas normalized to the transmembrane
ng parts of the trajectory (see also Supplementary Material, Section S2.7).

Image of Fig. 6
Image of Fig. 7


Fig. 8.Na and Cl concentration profiles from theMD system and the basic FEMmodel without surface charge and fluid flow (FEMmodel 1), and from the FEMmodel with surface charge
and fluid flow (FEMmodel 3). The concentration profiles from MD system were obtained in the same way as in Fig. 2c (see also Supplementary Material, Section S2.8).
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3.3.1. Estimation of pore radius from experimental measurements of lipid
bilayer conductance

Analytical descriptions were also used for extraction of pore size
based on conductancemeasurements on planar lipid bilayers. In certain
experimental studies, the spreading resistance was neglected and only
the resistance of the pore interior region was taken into account
[37–39]. Fig. 9 compares different descriptions of pore conductance.
Since the pore conductance depends linearly on the electrolyte conduc-
tivity σe, we normalized the total pore conductance by σe. On the left-
hand side the normalized conductance is shown for pore radii up to
3 nm along with the results from MD simulations and the symmetric
FEM model 1, already presented in previous sections. In addition we
also show the conductance of a toroidal pore, assuming that the source
of the electric potential is infinitely far away from the pore (black dotted
line), which is related to the way how the conductance of cylindrical
pores (gray solid line) was derived [54]. Note that the toroidal shape re-
sults in moderately higher pore conductance at small radii (Fig. 9, left),
but basically overlapswith the conductance of cylindrical pores for large
pore radii (Fig. 9, right), where the spreading resistance has the domi-
nant contribution, as is also corroborated by experiments [89]. The de-
scription of pore conductance neglecting the spreading resistance
Fig. 9. Comparison of analytical descriptions of pore conductance. Pore conductance was
normalized by the conductivity of electrolyte solution σe. Left graph shows the
normalized pore conductance for pore radius up to 3 nm, and the right graph for pore
radius up to 50 nm. “MD” and “FEM symmetric” are the results from MD simulations
and the symmetric FEM model 1, as described in previous section. “Toroidal” shows our
numerical result for a toroidal pore shape, but with the dimensions of the electrolyte
region of the model much larger than the pore dimensions (as though the source of
the electric potential was infinitely far away from the pore). “Cylindrical” and
“cylindrical w/o Rspd” show normalized pore conductance as calculated by Eqs. (13a)
and (13c), respectively.
(gray dotted line), however, results in different (purely quadratic) de-
pendence on the pore radius, which is in disagreement with results
from MD simulations. Moreover, when the spreading resistance is
neglected, the pore conductance is considerably overestimated for larg-
er pores. Hence, assuming that the pore conductance can simply be ap-
proximated as the conductance of its interior region is an
oversimplification for pores of practically any size. The studies, which
reported estimates of pore size as calculated from conductance mea-
surements and (13c), therefore underestimated the pore radii.

In Supplementary Material, Table S3, we gathered the measure-
ments of pore conductance from different experimental studies along
with the reported estimates of the pore radius, which were obtained
using simplified analytical expressions. We then recalculated the pore
radius using the PNP model with a toroidal pore. We observed that
the errors of the reported estimates can reach from a fraction of nm
(for small pores) to more than 100 nm (for large pores). The list of ex-
perimental results (Table S3) also shows that the size of the pores, ob-
served in our MD simulations, is on the lower edge of the ones
reported is the literature, but overall in agreement with experiment.

We need to mention that conductance of single pores can be exper-
imentally determined by measuring the conductance of planar lipid
membranes (also called black lipid membrane, BLM), but only under
specific experimental conditions. Namely, when a constant voltage is
applied across a lipid membrane, the electroporation theory predicts
that multiple pores form simultaneously, which do not have the same
size but rather a size distribution [18]. A study by Melikov et al. [90]
though showed that constant voltage can be applied across a BLM to di-
rectly characterize single pores when using the patch clamp technique.
Measurements at constant or linearly rising electric current provide a
better approach, where the fluctuations in transmembrane voltage
appearing at moderate enforced currents can be attributed to size fluc-
tuations of single pores [37–40]. Nonetheless, the possibility that the
measured conductance in such experiments results from multiple
pores cannot be completely excluded.

In cases where multiple pores are expected to form in the mem-
brane, whether in simple lipid systems or in cell membranes, the
measured membrane conductance needs to be analyzed in terms of
an electroporation model describing the dynamics of the electropora-
tion process, including the kinetics of pore formation and variations
of the pore size under the influence of the transmembrane voltage
[24,25]. In the next section we address the effect of using simplified

Image of Fig. 8
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descriptions of pore conductance in electroporation models in greater
detail.
3.3.2. Continuum electroporation models
As we already discussed in Introduction, the description of the pore

conductance plays an important role in electroporation models, where
different variants of analytical derivations for the conductance of a cy-
lindrical pore are most often used. For example, apart from derivation
given in Eq. (13) [30,54,31,28], certain authors also assumed that the
movement of ions through the pore is hindered because that the pore
walls exert a drag force on ions due to the finite size of ions (the steric
hindrance) [24,91,33], and/or because an ion has to overcome an ener-
getic barrier (the Born energy) arising from repulsive image forces in
the low dielectric pore wall [25,33,52,53,88,91].

In this section we present an example of how different descriptions
of pore conductance can affect the results of an electroporation model.
Our intention is not to make an extensive analysis, but rather to make
a statement that correct description of pore conductance will become
increasingly important in further development of electroporation
models with the aim of using the models for quantitative rather than
qualitative predictions. The electroporationmodelwe usedwas adapted
from [91], the details of which are given in the Supplementary Material
Section S4.

In the electroporation model we considered four descriptions of
pore conductance: (i) numerically calculated conductance of a toroidal
pore (this study); (ii) analytical derivation for conductance of a cylindri-
cal pore based on the PNP theory (Eq. (13) [54]); (iii) analytical deriva-
tion for conductance of a cylindrical pore taking into account the Born
energy and steric hindrance [91]; and (iv) analytical derivation for con-
ductance of a cylindrical pore, neglecting the spreading resistance, but
taking into account the Born energy of ions [25,88]. Fig. 10 shows the
time evolution of the relative increase in the membrane conductance
(which arises from formation of multiple pores in the membrane) and
the mean pore radius during and after application of a single
electroporative 100 μs pulse. The results demonstrate that the descrip-
tions of pore conductance including the Born energy (indicated with B
in brackets in the legend of Fig. 10) predict about an order of magnitude
lower membrane conductance after the pulse (Fig. 10a), as well as
lower mean pore radius during the pulse (Fig. 10b). The description of
pore conductance also affects the calculated number of pores, and the
fractional area of pores in the membrane, the latter sometimes used to
describe the transport of molecules across the membrane [31,32]
(data not shown). In addition, the influence of the description of the
pore conductance is quantitatively and in certain cases qualitatively dif-
ferent for different pulse parameters (data not shown).
Fig. 10. Results obtained with electroporation model using four different descriptions of
pore conductance: (i) numerically calculated conductance of a toroidal pore (black
dotted line); (ii) analytical derivation for conductance of a cylindrical pore based on the
PNP model (gray solid line); (iii) analytical derivation for conductance of a cylindrical
pore taking into account the Born energy and steric hindrance (gray dash-dotted line);
and (iv) analytical derivation for conductance of a cylindrical pore, neglecting the
spreading resistance, but taking into account the Born energy of ions (gray dotted line).
The graphs show the time evolution of the relative increase in the membrane
conductance (a) and mean pore radius (b) during and after application of an
electroporative 100 μs pulse.
If the movement of an ion across the pore is hindered due its inter-
actions with the pore wall, the diffusion coefficient of the ion inside
the pore becomes reduced. Comparisons of experimental results with
theoretical studies on narrow ion channels showed that this reduction
needs to be taken into account in the PNP models [63]. Such reduction
of diffusion coefficients has also been considered for theoretically de-
scribing the conductance of lipid pores [48,91]. In our model, however,
we simply used the values of bulk ionic diffusion coefficients, and did
not consider any reduced diffusion of ions within the pore. Good agree-
ment between our PNP model and results from MD simulations sug-
gests that the majority of ions translocating through the pore do not
feel considerable hindrance effects. We attribute this to the fact that
the ions are smaller than the pores in our simulations and that a lipid
pore ismore flexible andfluctuating in size compared to an ion channel.
Note also that the average number of bound Na ions (which obviously
move in a hindered way) was in the model represented by immobile
surface charge which does not contribute to the ionic current.

The Born energy (self-dielectric energy) of ions needs to be added to
the PNP theorywhen only a single or very few ions are found in the pore
at a certain moment and the electrolytic shielding in the pore is not ef-
fective [62]. According to our MD simulations, this is not the case, as
multiple ions are continuously present inside the pore (Fig. 4). Further-
more, we observed no measurable influence of the transmembrane
voltage on the conductance of pores with similar radius in MD simula-
tions, which further confirms that the Born energy, which is reduced
by the transmembrane voltage, does not affect the pore conductance
in the MD system. The Born energy, however, may be important in the
case of very low conductive electrolyte solutions, when much less ions
are present in the electrolyte.

Finally we need to stress that we tested the PNP theory for describ-
ing the pore conductance only in the case of 1 M NaCl solution, where
the Debye length (~0.3 nm) is shorter than the smallest pore radius
(~0.8 nm). In such case, the predictions of the PNP theory were already
found comparable to Brownian dynamics simulations of ion conduction
through ion channels [61]. Although 1M salt concentration is often used
in experiments with planar lipid bilayers [92], it is much higher than
physiological ionic concentration of ~0.15 M. Further investigations
could therefore be performed by investigating the pore conductance
at lower ionic concentrations, different ionic concentrations on each
side of the bilayer, in the presence of other ionic species, and on bilayers
with different lipid compositions, either using MD simulations as per-
formed here, or less computationally demanding Brownian dynamics
simulations [55,62,63].

4. Conclusions

In the present study we constructed a theoretical model of the pore
conductance based on the continuum Poisson–Nernst–Planck (PNP)
theory and compared the obtained results with results from molecular
dynamics (MD) simulations. We developed an approach to relate the
continuum model to the system in MD simulations by directly
extracting all relevantmodel parameters from theMD system.Our anal-
ysis demonstrates that the pore selectivity (higher conductance of the
pore for Cl than to Na ions) is mediated by the electric double layer,
which forms at the lipid–water interface, and the electroosmotic fluid
flow through the pore. When both are taken into account, the PNP
model correctly (quantitatively) predicts the ionic currents for Cl and
Na ions and by that also the pore selectivity. The total pore conductance
is though not considerably affected neither by the electric double layer
nor the electroosmotic fluid flow. We further demonstrate that correct
description of the pore conductance is important when extracting the
pore size from experimental measurements as well as when using con-
tinuum electroporation models. Among the existing analytical descrip-
tions of the pore conductance, the derivation for the conductance of a
cylindrical pore [54] seems to be the closest to the results obtained
with MD simulations. However, approximating the pore shape as

Image of Fig. 10
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cylindrical underpredicts the pore conductance for pores with radii up
to few nm, whereasmodeling the pore shape as toroidal provides a bet-
ter agreement with MD simulations. Overall we can conclude that the
PNP theory is sufficient to describe conductance of lipid pores, at least
for pores in symmetric zwitterionic lipid bilayers in the presence of
ionic concentrations in 1 M range, for which the MD simulations were
performed. In addition, our study demonstrates that continuummodel-
ing can be efficiently used as complementarymethod tomolecular scale
models for investigating lipid pores.
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