
Bioelectrochemistry 111 (2016) 49–56

Contents lists available at ScienceDirect

Bioelectrochemistry

j ourna l homepage: www.e lsev ie r .com/ locate /b ioe lechem
Internal configuration and electric potential in planar negatively charged
lipid head group region in contact with ionic solution
Alenka Maček Lebar a,1, Aljaž Velikonja a,1, Peter Kramar a, Aleš Iglič b,⁎
a Laboratory of Biocybernetics, Faculty of Electrical Engineering, University of Ljubljana, Tržaška 25, SI-1000 Ljubljana, Slovenia
b Laboratory of Biophysics, Faculty of Electrical Engineering, University of Ljubljana, Tržaška 25, SI-1000 Ljubljana, Slovenia
⁎ Corresponding author.
E-mail address: ales.iglic@fe.uni-lj.si (A. Iglič).

1 First and the second author equally shares the first au

http://dx.doi.org/10.1016/j.bioelechem.2016.04.006
1567-5394/© 2016 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 12 August 2015
Received in revised form 19 April 2016
Accepted 19 April 2016
Available online 30 April 2016
The lipid bilayer composed of negatively charged lipid 1-palmitoyl-3-oleoyl-sn-glycero-3-phosphatidylserine
(POPS) in contact with an aqueous solution of monovalent salt ions was studied theoretically by using the
mean-field modified Langevin–Poisson–Boltzmann (MLPB) model. The MLPB results were tested by using mo-
lecular dynamic (MD) simulations. In theMLPBmodel the charge distribution of POPS head groups is theoretical-
ly described by the negatively charged surface which accounts for negatively charged phosphate groups, while
the positively charged amino groups and negatively charged carboxylate groups are assumed to be fixed on
the rod-like structures with rotational degree of freedom.
The spatial variation of relative permittivity, which is not considered in the well-known Gouy–Chapman (GC)
model or in MD simulations, is thoroughly derived within a strict statistical mechanical approach. Therefore,
the spatial dependence and magnitude of electric potential within the lipid head group region and its close
vicinity are considerably different in the MLPB model from the GC model.
The influence of the bulk salt concentration and temperature on the number density profiles of counter-ions and co-
ions in the lipid head group region and aqueous solution along with the probability density function for the lipid
head group orientation angle was compared and found to be in qualitative agreement in theMLPB andMDmodels.

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

Accumulation of opposite charged ions (counter-ions) anddepletion
of the ionswith the charge of the same sign (co-ions) in the vicinity of a
charged surface in contact with electrolyte solution results in the crea-
tion of an electric double layer (EDL) [1,2,3,4,5,6,7,8,9]. In biological
system EDL plays an important role in cell membrane functions, like
transmembrane transport and protein binding [10,11,12,13]. In the
past, many different EDL theories have been proposed to describe the
electrostatics of the cell membrane or artificial lipid membranes in con-
tact with electrolyte solution [3,8,11]. Hermann von Helmholtz was the
firstwho started to investigate EDLproperties in themiddle of 19th cen-
tury [14,15]. Although Helmholtz's model qualitatively predicts some
important properties of EDL, such as for example the order ofmagnitude
of the potential near the charged surface, it is based on a few incorrect
assumptions. Among others in the Helmholtz model the ion number
density is considered to be constant and the thermal motion of the
ions is not taken into account [10]. In the beginning of the 20th century
thorship.
Louis Gouy and Leonard Chapman, independently of each other,
upgraded the Helmholtz's model of EDL within so-called Gouy–
Chapman's (GC) model by considering the Boltzmann space distribu-
tion of the counter-ions and co-ions in Poisson equation [1,16,17,18].
A decade later Peter JosephWilliamDebye and ErichH€uckel generalized
GC model [1,18,19].

Stern [20]was the first who incorporated the finite size of ions in the
EDLmodel by assuming the distance of the closest approach of counter-
ions to the charged surface [13,21]. A more sophisticated approach
to take into account the finite size of ions in the EDL (Wicke–Eigen
model) was first discussed by Bikerman in [2] and then actually derived
byWicke and Eigen [22]. Since thenmanyother generalized EDLmodels
appeared which took into account the finite-size of ions by using differ-
ent theoretical approaches [4,5,7,23,24,25,26,27,28,29,30,31,32,33].

Most of the mean-field theoretical models of EDL assume space
independent relative permittivity throughout the whole electrolyte so-
lution, accordingly the relative permittivity is considered as a constant
in the Poisson–Boltzmann (PB) equation (for review see [1,3,7,8,11]).
A constant relative permittivity is a relatively good approximation for
small magnitudes of surface charge density, but not for higher magni-
tudes of surface charge density where a substantial decrease of relative
permittivity in the vicinity of the charged surface in contact with elec-
trolyte solution was predicted [8,9,13,34,35,36,37,38,39].
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Schematic 1. Schematic presentation of the MLPB model of POPS layer in contact with
ionic solution containing monovalent co-ions and monovalent counter-ions. Phosphate
groups at x=0 represent negatively charged surface described by the negative surface
charge density σ. Other two groups of the lipid head groups, i.e. amino (positive) group
and carboxylate (negative) group, penetrate into ionic solution. D1 and D2 are the
distances to the amino and carboxylate groups from the negatively charged surface at
x=0, respectively. ω is the lipid head group orientation angle measured relative to the
normal to the plane x=0.
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Recently, a simple mean-field generalised Langevin–Bikerman
model of the EDL was developed by Gongadze and Iglič [40] (GI
model) which encapsulate both the excluded volume effect (finite size
of ions) and the orientational ordering of water dipoles, considered as
point-like dipoles at the centres of the spheres with permittivity equal
to the square of the optical refractive index of water. Within the GI
model, the mutual influence of the water molecules was taken into ac-
count by means of the cavity field [40]. The GI model predicts the
space dependence of relative permittivity [8,40] and can be considered
as a generalization of the previous Langevin–Poisson–Boltzmann's
(LPB) model for point-like ions [38].

Electrostatic fields that are associated with the cell membrane arise
mainly from charged phospholipid head groups and proteins. In the hy-
drophobic core of the membrane the net charge density is essentially
zero. The net charge on the membrane is dependent on the pH and
ionic composition of the adjacent solution phase. In physiological condi-
tions, virtually all cells possess a negative membrane potential resulting
from the predominance of negatively charged lipids. The negative charge
on the membranes of mammalian cells is mainly a contribution of
phosphatidylserines (PS), that typically constitute 2–10% of total phos-
pholipids inmostmembranes [41]. Due to their important role in various
cellular functions and in raft formation glycolipids, in particular ganglio-
sides as for example GM1 [42], that contain one or more negatively
charged sialic acid groups, also cannot be neglected [42,43,44], although
they are present in much smaller proportion, only about 2% of the lipid
in most plasma membranes. Lipid, glycolipids, protein, and ion contribu-
tions together result in electric potentials of−8mV to−30mV as found
fromelectrophoreticmobility [45] and other types ofmeasurements [46].

Additionally to the regulation of cell membrane surface charge, PS
have been found to act as an important cofactor for virus infection, pro-
moting vesicle endocytosis and fusion events, and are required for opti-
mal protein targeting and activation during cell division and initiate the
pathway of programmed cell death [47,48,49,50]. The understanding of
the interactions of PS with cations and anions in ionic solution, there-
fore, contributes to better understanding of many membrane-
mediated processes. Mostly, these interactions are studied bymolecular
dynamics (MD) computer simulation, which is an efficacious, but com-
putational power demanding technique. The importance, prevalence
and precision of MD simulations are growing, but the ion/lipid interac-
tions for anionic lipids are still not fully understand. The reasonmight be
in the ambiguous parameters and rules that are used for describing and
calculating electrostatic interactions [51,52]. Therefore, theoretical
models, like the MLPB model, can be useful in elucidating certain basic
physical mechanisms that govern the interactions between anionic
lipids and ions. Although the MLPB model presents a considerable sim-
plification of the 3-D configuration of the lipid bilayer head group region
in contact with ionic solution, it explicitly takes into account the spatial
dependence of permittivity in the lipid bilayer head group region and
its vicinity, derived within a self-consistent statistical mechanical
approach, which is not the case in MD model.

In the present work we focused on the 1-palmitoyl-3-oleoyl-sn-
glycero-3-phosphatidylserine (POPS) lipid (bi)layer in contact with
electrolyte solution containing monovalent co-ions and monovalent
counter-ions (e.g. NaCl). The POPS lipidmolecule possesses a negatively
charged PS head group. We included the charged structure of the PS
lipid head groups in the modified LPB (MLPB) model [8,53] and com-
pared the ion/lipid interactions obtained by this model with the results
of MD simulations.

2. Methods

2.1. Theoretical model

The POPS lipid bilayer in contactwith an ionic solution is theoretical-
ly described by using the modified Langevin–Poisson–Boltzmann
(MLPB) model [38,53]. The MLPB model takes into account the cavity
field in the saturation regimen, electronic polarization of water dipoles
[38,40,54,55] and finite volumes of the amino (N) and carboxylate
(O) parts of the lipid head groups. The finite volumes of other particles
are not taken into account. Schematic presentation of themodel is given
in Schematic 1. The negatively charged phosphate (P) groups of
the POPS molecules are described by the negative surface charge
density σ ¼ − e0

a0
at x=0, where a0 is area per lipid molecule and e0 is

an elementary charge. Within our model the Poisson equation can be
written as [56]:

d
dx

ε0εr xð Þ dϕ xð Þ
dx

� �
¼ 2e0n0 sinh e0ϕ xð Þβð Þ− e0P1 xð Þ

D1a0
þ e0P2 xð Þ

D2a0
: ð1Þ

On the left side of Eq. (1), ϕ(x) denotes the electric potential, ε0 is
permittivity of free space and εr(x) is spatial depended relative permit-
tivity of ionic solution. The first summand on the right side of the equa-
tion describes the macroscopic volume charge density of co-ions and
counter-ions in ionic solution, which are assumed to be distributed ac-
cording to Boltzmann distribution function; n0 is bulk number density
of salt co-ions and counter-ions and β=1/kT, and kT is the thermal en-
ergy. By the second two terms we described the macroscopic volume
charge density of positively charged N groups and negatively charged
O groups;P1ðxÞ is probability density function indicating the probability
that the positive charge is located at the distance x from the negatively
charged surface at x=0 in the region 0bx≤D1 and P2ðxÞ is probability
density function indicating the probability that thenegative charge is lo-
cated at the distance x from the negatively charged surface at x=0 in
the region 0bx≤D2:

Pi xð Þ ¼ Λi

α exp e0 1−
D1

D2

� �
βxdϕ=dx

� �

α exp e0 1−
D1

D2

� �
βxdϕ=dx

� �
þ 1

; i ¼ 1;2; ð2Þ
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wherewe assumed e0ϕ(x)−e0ϕ(x−Δx)≃e0Δxdϕ/dx andΔx ¼ ð1− D1
D2
Þx.

Distances D1 and D2 are presented in Schematic 1; where D1 is the dis-
tance between P and N group and D2 is the distance between P and O
group. Parameter α denotes the volume ratio between the charged lipid
head groups (N and O groups) and the ionic solution inside the head
group region. The values of Λi are calculated iteratively by numerical pro-
cedure until the normalization condition are met:

1
Di

∫Di
0 Pi xð Þdx ¼ 1; i ¼ 1;2: ð3Þ

The boundary conditions are:

dϕ
dx

x ¼ 0ð Þ ¼ −
σ

ε0εr x ¼ 0ð Þ ; ð4Þ

dϕ
dx

x→∞ð Þ ¼ 0; ð5Þ

ϕ x ¼ D1−ð Þ ¼ ϕ x ¼ D1þð Þ; ð6Þ

εr x ¼ D1−ð Þdϕ
dx

x ¼ D1−ð Þ ¼ εr x ¼ D1þð Þdϕ
dx

x ¼ D1þð Þ; ð7Þ

ϕ x ¼ D2−ð Þ ¼ ϕ x ¼ D2þð Þ; ð8Þ

εr x ¼ D2−ð Þdϕ
dx

x ¼ D2−ð Þ ¼ εr x ¼ D2þð Þdϕ
dx

x ¼ D2þð Þ; ð9Þ

where in Eq. (4) the negative surface charge density of phosphate lipid
group at x=0 isσ. Eq. (5) defines the electric field E(x→∞)=0 far away
from the negatively charged surface at x=0. Eqs. (6) and (8) describe
continuity of potential ϕ(x) at x=D1 and x=D2, respectively, while
Eqs. (7) and (9) describe continuity of electric field E(x) at the same
borders (see also Schematic 1).

Eq. (1) was solved using standard implemented function for multi-
boundary value problems (bvp4c) in Matlab2012b where the value
εr(x) was calculated in iteration process outside of bvp4c function. The
εr(x) within MLPB model is [38,53]:

εr xð Þ ¼ n2 þ n0wp0
ε0

2þ n2

3

� �L γp0E xð Þβð Þ
E xð Þ ; ð10Þ

where n is refractive index of water, n0w is bulk concentration of water,
p0 is the dipolemoment of water,LðuÞ ¼ ð cothðuÞ−1=uÞ is the Langevin
function, γ=(3/2)((2+n2)/3) and E(x)=|ϕ(x) ' | is the magnitude of
the electric field.

Number density profiles n+(x) (counter-ions) and n−(x)
(co-ions) are calculated according to Boltzmann distribution function
[3,4,5,7,11,57]:

nþ xð Þ ¼ n0 exp −e0ϕ xð Þβð Þ; ð11Þ

n− xð Þ ¼ n0 exp e0ϕ xð Þβð Þ: ð12Þ

The average lipid head group orientation angle ⟨ω⟩ (see also
Schematic 1) is calculated as:

ω ¼
∫

π=2

0
ωPi Di cosωð ÞDi sinωdω

∫
π=2

0
Pi Di cosωð ÞDi sinωdω

; i ¼ 1;2; ð13Þ

where the probability density functions PiðxÞ as a function of x=
Di cosω are defined above by Eq. (2). From Eq. (13) follows the
equation for probability density functions for lipid head group ori-
entation angle in the form:

F i ωð Þ ¼ Pi Di cosωð Þ sinω

∫
π=2

0
Pi Di cosωð Þ sinωdω

; i ¼ 1;2: ð14Þ

F 1ðωÞ is the probability density function of the amino (N) group
orientation angle and F 2ðωÞ is the probability density function of the
carboxylate (O) group orientation angle. The final distribution of the
lipid head group orientation angle FðωÞ as a result of the MLPB model
was calculated as an average of F1ðωÞ and F2ðωÞ.

2.2. MD simulations

The molecular dynamics (MD) model of the planar lipid bilayer was
constructed in the NAMD program using an all molecule performance
CHARMM 27 force field. The model consists of 392 lipid units of POPS
and 39,200 water molecules. The solvent was 250 mM NaCl modeled
by 576 Sodium and 184 Chloride ions [58,59]. The chemical bonds be-
tween the hydrogen and heavy atomswere constrained to their equilib-
rium values. Long-range electrostatic forces were taken into account
using a fast implementation of the particle mesh Ewald (PME) method
[60,61] with a cutoff distance of 1.1 nm. The model was examined at
constant pressure (1.013×105 Pa) and constant temperature (300 K)
employing Langevin dynamics and the Langevin piston method. The
equations of motion were integrated using themultiple time-step algo-
rithm. A time step of 2.0 fs was employed. Short- and long-range forces
were calculated every one and two time steps, respectively.

Themodel was equilibrated and followed at 30 ns intervals. The last
15 ns of the simulation was used for extraction of the position of the P
atom in the phosphate group, the N atom in amino group and the O
atom in carboxylate group in all 392 lipids. The positions of the atoms
in 1500 simulation frames were exported to Matlab2012b.

2.3. Interrelation between MD simulations and the MLPB model

We calculated the distribution of vectors connecting P and N atoms
(PN) and the distribution of vectors connecting P and O atoms (PO) ob-
tained by MD simulation. An average PN vector was 0.43 nm long and
formed an angle of 71° with a normal of planar lipid bilayer plane,
while an average PO vector was 0.59 nm long and formed an angle of
68° with a normal of planar lipid bilayer's plane. To determine a param-
eter D1 in the MLPB model (Eq. (1)) we calculated the scalar projection
of an average PNvector in a direction normal to the planar lipid bilayer's
plane (see Schematic 2). Similarly, a parameter D2 in MLPB model
(Eq. (1)) was obtained by calculation of the scalar projection of an aver-
age PO vector in a direction normal to the planar lipid bilayer's plane.
The distribution of lipid head group orientation angle FðωÞ as a result
of MD simulations was obtained considering all PO vectors by calcula-
tion of their angles with respect to normal to the planar lipid bilayer's
plane.

3. Results and discussion

The number density profile of counter-ions and co-ions as a function
of the distance from the negatively charged surface at x=0 calculated
within the MLPB model and then tested by MD simulation is given in
Fig. 3. It can be seen that the results of bothmodels showahigh accumu-
lation of counter-ions in the vicinity of the negatively charged surface
at x=0. In MD simulation, the resulting number density profile of
counter-ions (Na+) is a smooth almost symmetrical curve with a max-
imum in the carboxylate group region (x=D2). The results of our MD
simulation are in line with the results of Pan et al. [62]. They found
that counter-ions interact most strongly with the terminal carboxylic



Schematic 2. Single POPS lipid molecule obtained in MD simulation and MLPB model: (A) schematic 3D presentation of POPS molecule in MD, (B) POPS molecule with the values of
average distances between P, N and O atoms obtained in MD simulation and (C) model of POPS molecule used in the MLPB approach. D1 represents the distance between phosphate
group and amino group, while D2 represents the distance between the phosphate group and carboxylate group, calculated as projection of the vector between P and N atoms and
vector between P and O atoms in a direction normal to the lipid bilayer plane, respectively.
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oxygen, followed by the phosphate oxygen and lastly, by the backbone
oxygen in the ester region. Namely, in MD simulation counter-ions are
able to penetrate into the ester region of the planar lipid bilayer, so
the number of counter-ions continuously drop to zero at the inner
side of the phosphate plane. In the MLPB model the phosphate atoms
are presented as a negatively charged surface. It is obvious that
counter-ions (n+) accumulate in phosphate plane outer vicinity and
that their number is larger than in the MD simulation case, because
they cannot penetrate on the opposite side of the phosphate plane.
The density of counter-ions obtained by MD simulation (Na+) and the
MLPB model (n+) shows the best agreement at the maximum of the
number density profile of the counter-ions obtained byMD simulations,
in the vicinity of the terminal carboxylic oxygen (x=D2). Further in so-
lution (xND2) the MD model predicts a higher number of counter-ions
than the MLPB model. The reason for this discrepancy lies mainly in
two facts. First, the boundary between the lipid head groups and the
ionic solution obtained inMD simulation is rather diffuse and, therefore,
even phosphate atoms do not lie in the plane as is predicted in theMLPB
model. Secondly, the usage of average PN and PO vectors in the MLPB
model allows location of positive charges (N) just in the interval
0bx≤D1 and location of negative charges (O) just in the interval
0bx≤D2. So, any location of N and O parts of the lipid head groups
deeper in ionic solutions is not predicted, and therefore also the calcu-
lated distribution of counter-ions is squeezed.

The number density of co-ions of the MLPB model decreases almost
to zero in the vicinity of the terminal carboxylic oxygen (x=D2), while
in MD simulation small amounts of co-ions are present in the terminal
carboxylic oxygen region (Fig. 3). Due to the small number density of
co-ions in the head group region, just a few co-ions can increase the
number density in the case of MD simulation. The differences in the dis-
tributions are also the result of the difference in the basics of both
models; again in the MLPB model the co-ions cannot penetrate on the
opposite side of the negatively charged plane (phosphate plane). In
MD simulation some co-ions can also be present also in the ester region
of the planar lipid bilayer (xb0), therefore, in MD simulation the num-
ber density of chloride ions even at x=0 is not equal to zero. Far away
from the lipid head groups xN ND2 (i.e. far away from the carboxylic ox-
ygen region) the number densities of co-ions (n−) and counter-ions
(n+) inMLPB andMD approach their bulk values, fulfilling the electro-
neutrality condition.

The influence of the bulk salt concentration on the number density
profiles of counter-ions (n+) and co-ions (n−) calculated within
the MLPB model is shown in Fig. 4. The molar concentrations of salt
(e.g. NaCl) employed were 25 mM, 150 mM and 250 mM. As expected
the main behaviour of the number density profiles of both ions is not
changed, only the bulk values are different. The number density profiles
of counter-ions (n+) and co-ions (n−) were also calculated for various
temperatures. The temperature in theMLPBmodel was varied between
290 K and 315 K in increments of 5 K. The results showed that temper-
ature has no effect on the number density profiles of counter-ions (n+)
and co-ions (n−) in the studied temperature range (data not shown).

The probability density function FðωÞ for lipid head group orienta-
tion angle ω calculated within the MLPB model and obtained from MD
simulation can be seen in Fig. 5. The probability density function FðωÞ
calculated within the MLPB model is smooth, increases with growing
orientation angle ω, reaches its maximum between 77° and 79.5° and
then starts to decrease. On average more lipid head groups are strongly
tilted towards the lipid bilayer surface than nearly fully extended in a
perpendicular direction to the lipid bilayer's plane. There is relatively
good agreement between predictions of the MLPB model and MD sim-
ulation. The discrepancy is the largest at smaller angles, where the
MLPB model predicts more slightly tilted molecules than the MD



Fig. 3. (A) The number density profile of counter-ions and co-ions as a function of the
distance from the negatively charged surface at x=0 calculated by MLPB model (dashed
plots) at two different distances (D1,D2); green lines and (D1′ ,D2′); cyan lines, between
phosphate and amino groups from the negatively charged surface at x=0, and obtained
from MD simulations (solid lines). The values of parameters in the MLPB are: T=300 K,
σ=−e0/a0, a0=0.53 nm2, dipole moment of water p0=3.1 Debye, D1=0.14 nm, D2=
0.22 nm, D1′=0.43 nm, D2′=0.71 nm, α=1, the bulk concentration of salt n0/NA=
0.25 mol/l, the bulk concentration of water n0w/NA=55 mol/l, where NA is Avogadro
number. (B) Emphasized part of the number density profile in the vicinity of the
negatively charged surface at x=0.

Fig. 4. (A) The number density profile of counter-ions (n+) and co-ions (n−) as a
function of the distance from the negatively charged surface at x=0 calculated by MLPB
model at the distances D1 and D2 (long dashed green vertical lines), corresponding to
the distances between the amino (N) and carboxylate (O) group from the negatively
charged surface (x=0) at different bulk concentrations of salt. The values of other
parameters MLPB are: T=300 K, σ=−e0/a0, a0=0.53 nm2, dipole moment of water
p0=3.1 Debye, D1=0.14 nm, D2=0.22 nm, α=1, the bulk concentration of water n0w/
NA=55 mol/l, where NA is Avogadro number. (B) Emphasized part of the number
density profile in the vicinity of the negatively charged surface at x=0.

53A.M. Lebar et al. / Bioelectrochemistry 111 (2016) 49–56
simulation. It should be noted that lipid head group orientation angles
obtained in MD simulation are also larger than 90°, while all the mole-
cules in the MLPB model should arrange their heads in an angel be-
tween 0° and 90°.

The usage of average PN and PO vectors in theMLPBmodel restricts
the locations of positive charges (N) in the interval 0bx≤D1 and loca-
tions of negative charges (O) on the interval 0bx≤D2 (see Fig. 3). There-
fore, any locations of the N and O parts of the lipid head groups deeper
in the ionic solution are not predicted. In order to achieve all the possi-
ble positions of the charges in the MLPBmodel, the model was also run
with limit (maximal) dimensions of PN and PO vectors, D1

' =0.43 nm
and D2

' =0.71 nm, respectively.
The number density profile of counter-ions (n+) and co-ions (n−)

as a function of the distance from thenegatively charged surface at x=0
calculated within MLPB model, where limit dimensions were used, is
given in Fig. 3. Indeed, usingD1

' andD2
' in theMLPBmodel, better agree-

ment in the number density of counter-ions (n+) in the ionic solution
close to the lipid head group region (nearby D2

' ) is obtained. Moreover,
the MLPB model predicts a little bit higher number of counter-ions
(n+) even further into solution. Also, in this limit case the density of
counter-ions obtained in MD simulation (Na+) and the MLPB model
(n+) agrees in the vicinity of the average terminal carboxylic oxygen
location (x=D2), while in the region between average O locations
(D2) and limit N location (D1

' ) theMLPBmodel predicts a lower number
of counter-ions (n+). As in the previous case, in the MLPB model
counter-ions (n+) accumulate in the phosphate plane outer vicinity.
In fact, the number density profile of counter-ions (n+) calculated
within the MLPB model using limit parameters D1

' and D2
' seems to be

bimodal, if penetration of couter-ions (n+) on the opposite side of
the negatively charged plane were to be possible. The outer extreme is
located 0.48 nm from the phosphate plane, or 2.68 nm from the lipid bi-
layer cleavage plane. Bimodal number density profile of counter-ions
(Na+) was obtained also in the MD simulations reported by
Mukhopadhyay et al. [63] and Vanable et al. [52]. In both reports the
phosphate peak is shifted towards the center of the bilayer; in MD sim-
ulation reported by Vanable et al. the inside peak is located between the
ester and phosphate region, while in the report byMukhopadhyay et al.
the inside peak corresponds to the ester region and a minimum in bi-
modal distribution is shown between the phosphate and carboxylate
regions. In both MD simulations the outer extreme is located approxi-
mately 2.7 nm from the lipid bilayer cleavage plane, but the extreme



Fig. 5. The probability density function FðωÞ for the lipid head group orientation angleω
calculated within the MLPB (red dashed line) as an average of F 1ðωÞ and F 2ðωÞ (see
Eq. (14)) at two distances (D1 ,D2); green lines — C plot and (D1′ ,D2′); cyan lines — B
plot, between phosphate and amino group from the negatively charged surface (x=0),
and obtained from MD simulations (blue solid line). The values of parameters in the
MLPB model are the same as in Fig. 3. Note: The lipid head group orientation angle in
MD is calculated between 0° and 180°, therefore the area under corresponding plot is
less than 1. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 6. (A) The number density profile of counter-ions (n+) and co-ions (n−) as a
function of the distance from the negatively charged surface at x=0 calculated by MLPB
model at the distances D1′ and D2′ (short dashed cyan vertical lines), corresponding
to the distances between phosphate and amino group from the negatively charged
surface (x=0) at different bulk concentrations of salt. The values of other
parameters in the MLPB are: T=300 K, σ=−e0/a0, a0=0.53 nm2, dipole moment of
water p0=3.1 Debye, D1′=0.43 nm, D2′=0.71 nm, α=1, the bulk concentration of
water n0w/NA=55 mol/l, where NA is Avogadro number. (B) Emphasized part of the
number density profile in the vicinity of the negatively charged surface at x=0.
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value is considerably lower in the case reported by Vanable et al. The re-
sults obtained within the MLPB model are in good agreement with the
report by Vanable et al., where they refined standardly used Lennard–
Jones parameters in MD simulations and validated them with experi-
mental measurements.

The number density of co-ions (n−) within the MLPB model (see
Fig. 3), where limit parameters D1

' and D2
' were used, decreases almost

to zero already in the ionic solution close to the lipid head group region
(near x=D2

' ). Also, in this case just a few co-ions (n−) are present in
the head group region. The predicted head group region is larger and,
therefore, also the discrepancy with the MD simulation results.

The influence of the bulk salt concentration on the number density
profiles of counter-ions (n+) and co-ions (n−) calculated within the
MLPB model, where limit parameters D1

' and D2
' were used, is shown

in Fig. 6. The number density profiles of counter-ions (n+) and
co-ions (n−)were calculated for 25mM, 150mMand 250mMconcen-
trations of salt (e.g. NaCl). Also, in this case the main behaviour of the
number density profiles of both ions is not changed, only thebulk values
are different. Again, the MLPB model run at various temperatures
showed that temperature has no effect on the number density profiles
of counter-ions (n+) and co-ions (n−) in the studied temperature
range (290 K–315 K) (data not shown).

The probability density function FðωÞ for lipid head group
orientation angle ω can be seen in Fig. 5. The probability density func-
tion FðωÞ calculated within the MLPB model increases with growing
orientation angle ω, reaches its maximum between 76° and 79.5° and
then starts to decrease. On average the agreement between the predic-
tions of theMLPBmodel andMD simulation is better than in the case of
average parameters D1 and D2, but the discrepancy is still present at
smaller angles, where the MLPB model predicts more slightly inclined
molecules than MD simulation.

4. Conclusion

In this studywe developed a simplemean fieldMLPBmodel to study
the electrostatic properties within the head group region of charged an-
ionic lipid bilayer and its vicinity. The results of presented MLPB model
were tested by corresponding MD simulation. Among others we calcu-
lated the counter-ions and co-ions number density profiles within and
outside of the head group region and the probability density function
for lipid head group orientation angle. In the presented mean-field
MLPB model of the lipid bilayer in the contact with electrolyte solution,
the charge distribution of the POPS head groups in lipid bilayer is theo-
retically described by the negatively charged planar surface which ac-
counts for negatively charged phosphate groups, while the positively
charged amino groups and negatively charged carboxylate groups of
POPS head groups are assumed to be fixed on the rod-like structures
with rotational degree of freedom. The MLPB model, based on a
statistical-mechanical approach, takes into account the finite volumes
of carboxylate and amino parts of the lipid head groups only, while
theMD simulation takes into account the finite volumes of all the parti-
cles in the system. We have shown that the predictions of the MLPB
model are in qualitative agreement with the MD simulations results.

The differences in the results obtained with MD simulations and the
MLPB model can be attributed on the one hand to oversimplifications
made in the MLPB model, especially in description of 3-D structure of
lipid head group region and freedom of movement of atoms/molecules
within this region. But on the other hand also to large numbers of poorly
known parameters in MD model defined within Newton dynamics.
Among other factors, the calculated distribution of counter-ions and
co-ions in MD simulations depends highly on the type of applied force



Fig. 7. Electrical potential ϕ as a function of the distance from the negatively charged
surface at x=0 calculated within the MLPB model (A plot) and Gouy–Chapman (GC)
model (B plot). Negatively charged plane for the GC model was set at the distance
DGC=0.12 nm, corresponding to the mean distance of carboxylate (O) parts of the lipid
head groups from the negatively charged surface projected to the lipid bilayer's normal
vector. The bulk concentration of salt is n0/NA=0.15 mol/l, while the values of other
parameters are the same as in Fig. 4.
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fields, the model of electrostatic interactions, cutoff distance and the
temperature of the simulation as well as combinations of these param-
eters [52,62,63]. In addition, in MD simulations the temperature, as
thermodynamic/statistical mechanics parameter, is introduced via
equipartition theorem, while at the same time the entropy is not
taken into account, which is not a consistent approach. By neglecting
the entropic contribution to the free energy in MD simulation, the
energy of the system is minimized instead of the minimisation of the
free energy (see for example Zelko et al. [64]).

Therefore, the mean-field nearly analytical models, like MLPB,
may be of considerable importance in elucidating independently
the effect of particular physical properties on the behaviour of com-
plex systems such as the charged surface of lipid membranes. In this
way certain basic insights in the physical mechanisms that govern
the particular phenomena in biological system can be better under-
stand and may also contribute to better understanding of the results
of MD simulations.

As for example, in the MLBP model the spatial variation of relative
permittivity in the system is derived within a strict statistical mechani-
cal approach (see Eq. (10) and [8]), unlike MD models which assume
that the constant relative permittivity or the spatial dependence of rel-
ative permittivity is approximated by phenomenological functions
using poorly known parameters. This is an oversimplification which
may strongly influence the calculated spatial dependence of the electric
field, especially in the head group region of the lipid bilayer. Namely, it
was shown theoretically and experimentally that the relative permittiv-
ity in the lipid head group region and its vicinity strongly varies (see
[8,9,13,34,35,36,37,38,39] and the references therein). Unlike MD
models, this phenomenon is well described within the MLPB model by
using Eq. (10) derived within a thorough statistical mechanical ap-
proach. Note, thatwithin theMDmodel the electric potential spatial de-
pendence is calculated from a continuous Poisson equation by using the
independently calculated volume charge density as the input data. In
the MLPB model the Poisson equation and the volume charge distribu-
tion are calculated in self-consistent way.

The spatial variation of relative permittivity, which is also not con-
sidered in the traditionally used Gouy–Chapman (GC) model, makes
the spatial dependence and magnitude of electric potential within the
lipid head group region and its close vicinity considerably different in
MLPB model to the GC model. Electric potential near the membranes
and near the membrane-protein systems calculated in MD simulations
are often verified by a GC model or Debye–Hückel's (DH) model
which is similar to the GC model, but which also does not take into ac-
count the spatial variation of relative permittivity. Because the spatial
variation of relative permittivity is not considered in GC and DHmodels,
the calculated spatial dependence and magnitude of electric potential
within the lipid head group region and its vicinity within the MLPB
model considerably differs from the corresponding values determined
by using the DH and GC model (see Fig. 7).

To conclude, our simple mean field MLPB model, which simulta-
neously takes into account the 3-D structure and the spatial dependent
relative permittivity within the lipid head group region, both totally
neglected within traditionally used GC and DH models, could be used
to improve the analysis of experimental data in lipid electrochemistry.
Accordingly, the application of the MLPB model instead of GC and DH
models in the experimental evaluation of lipid bilayer surface potential
and the electric potential within the bilayer head group region from
the measured Zeta potentials or from the measured distribution of
fluorescent and other types of markers between the lipid bilayer and
bulk solution, may contribute substantially to more realistic values of
experimentally determined lipid bilayer electric potentials.
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