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Abstract
A coarse-grained model of simple monovalent electrolyte solution in contact with a zwitterionic lipid layer in conti-

nuum solvent is studied by canonical Monte Carlo computer simulations and extended Poisson-Boltzmann theory. A

structure of zwitterionic layer as well as concentration profiles of positively and negatively charged monovalent ions

were obtained from simulations and compared to theoretical predictions. A relatively good agreement between the Mon-

te Carlo computer simulations and theory was observed.
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1. Introduction

Cationic and zwitterionic lipids have been conside-
red in the past because of their potential use as nonviral
carriers of DNA into living cells.1–3 The pure cationic li-
pids in bilayer interact with negatively charged DNA
electrostatically and form polyplexes4. The major weak-
nesses of using cationic lipids are the relatively low trans-
fection efficiency and cytotoxicity.5 On the contrary, nat-
urally occurring zwitterionic lipids are biodegradable and
nontoxic, but the attractive interaction between zwitterio-
nic lipid layers and DNA can be induced by multivalent
ions.6–9

The classical mean field approach to describe elec-
trostatic interactions between charged systems in elec-
trolyte solutions is the Poisson-Boltzmann (PB) method.
Within the PB theory ions are modelled as point charges,
while the solvent (water) is accounted for by a uniform
dielectric constant. The charged surfaces are considered
as uniformly charged. In addition, correlations between
charges are not taken into account.10-12

The charged groups in the solution are neither point-
like nor can the solvent be regarded as passive and featu-
reless.13 Many attempts have been made how to improve
the PB theory. A formidable improvement is the modified
PB theory, capable of treating electrolytes with asymme-
try in both size and valency of simple ions.14

However, more complex ions which in biological
systems mediate interactions between macroions have an
internal structure with spatially separated charges and
possibly with additional internal degrees of freedom.15,16

First studies were made with rod-like and spherical
ions.17,18 Later on the features of zwitterionic lipids were
incorporated into PB theory.19,20 In the theory it was assu-
med that negative charges of zwitterionic lipids reside
within the membrane interface. These negative charges
are connected to positive charges that have considerable
conformational freedom to move around the negative
charges without penetrating into the hydrocarbon core of
the lipid layer. Recently the adsorption of macroions onto
zwitterionic lipid layers was studied.21–23

Being established as a powerful and exact tool for
solving model systems, MC computer simulations were
used in the present work to test theoretical prediction of a
model zwitterionic systems described below. Various sta-
tic properties can be obtained by MC simulations, inclu-
ding thermodynamics and structure of model systems.
First MC simulations for electric double layer were per-
formed in the eighties of the previous century.24,25 Later
on, MC simulations were performed for systems which
include molecules with spatial charge distribution.17–19,26

A very good agreement between theoretical predictions
and MC data for both rod-like and spherical ions was ob-
tained.
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The aim of the present work is to test the extended
Poisson-Boltzmann theory with Monte Carlo computer si-
mulations, both utilized to study a coarse-grained model
system composed of a zwitterionic lipid layer in contact
with a simple monovalent electrolyte solution. Concentra-
tion profiles of positively charged moieties of zwitterionic
lipid layer as well as concentration profiles of positively
and negatively charged monovalent ions will be compared
for a range of parameters, with some of them being stretc-
hed over real values to test the extended Poisson-Boltz-
mann theory more rigorously. 

2. 1. Model and Methods

A model system consists of an infinite plane with
zwitterionic molecules attached to it. Zwitterions are mo-
delled as rigid rodlike molecules with one point-like posi-
tive charge and one point-like negative charge at each end,
separated by the bond of length l = 0.5 nm. Examples of
zwitterionic lipids are phosphatidylcholine (PC) and
phosphatidylethanolamine (PE). Zwitterions are anchored
to the plane with its negatively charged part. Zwitterion’s
cross-section a is a variable parameter and represents the
surface area per one zwitterion from which the surface
charge density σ can be calculated. Such a layer is in con-
tact with a reservoir of a simple monovalent salt whose
concentration was expressed in terms of the Debye 

length, defined as                                        . In this equa-

tion ε0 is the permittivity of the vacuum, ε the relative per-
mittivity of water, which is 78.4 at 25 °C, kB is the Boltz-
mann’s constant, T is the absolute temperature, e0 is the
elementary charge, ni

0 is the bulk number density of
species i and zi its valency. The positive part of a zwitte-
rion can move on a hemisphere with radius l. For this
study we used values of a among 0.65, 2.60, and 5.85
nm2. The corresponding surface charge densities σ were
–0.2465, –0.0616, and –0.02739 C/m2, respectively. The
values of lD were 0.5, 1, and 2 nm.

Since computer simulations cannot be performed on
systems with point-like positive and negative charges be-
ing simultaneously present in the model system, we had to
adjust the model accordingly. First, we assigned finite ra-
dii of 0.125 nm to both positive and negative charges. Se-
cond, the system size had to be limited so that the number
of particles was not too large. Due to restrictions of the si-
mulation software zwitterions were modelled as two char-
ges, connected by a harmonic bond with large bond con-
stant of 20 N/m and equilibrium distance of l = 0.5 nm,
therefore not being completely rigid. As in the theoretical
approach, negative charges were represented by a uniform
surface charge density σ, while the positive parts were
charged explicitly. All charged specii interact via the Cou-
lomb potential, while the solvent was treated as a dielec-
tric continuum with the dielectric permittivity value of

78.4, typical for aqueous solutions at room temperature
298.15 K. One should note that a coarse-grained model
without explicit water molecules cannot predict certain
zwitterionic lipid layer features such as membrane’s elec-
trostatic potential.

2. 2. Theory

We introduce a Cartesian coordinate system whose x
axis is oriented perpendicular to the zwitterionic lipid la-
yer, which is located at x = 0. Due to sufficiently large pla-
nar surface and the translational invariance of the system
along y and z directions, we can describe the systems with
functions depending only on the x coordinate. Figure 1 is
an illustration of the model system.

Figure 1. Schematic presentation of zwitterionic lipid layer. The

length of head group is l, whereas the cross-section area per lipid

molecule is a.

Each zwitterionic lipid molecule consists of one ne-
gatively charged phosphate and one positively charged
amino group. The phosphate group is linked through a
glycerol backbone to the hydrocarbon tails and is spatially
constrained with respect to motion along the normal di-
rection of the membrane. Here in our calculations we as-
sume that the phosphate groups lie in the plane x = 0. The
phosphate and amino groups are separated by a fixed di-
stance l. Each amino group can freely rotate on a semi-
sphere around the adjacent phosphate group. The solution
is composed of negatively and positively charged point-li-
ke ions.

The electrostatic free energy of the system, F, mea-
sured per unit area A and expressed in units of the thermal
energy kBT (here kB is the Boltzmann’s constant and T is
the absolute temperature) is given by20,21

(1)
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where                                is the Bjerrum length, which is in
aqueous solutions at a room temperature eual to 0.715 nm.
The prime denotes the derivation with respect to x.

The first term in eq (1) corresponds to the energy
stored in the electrostatic field, here expressed in terms of
the commonly used dimensionless electrostatic potential  
Ψ = e0Φ / kBT instead of the electrostatic potential Φ. The 
function                                                      in the second
term of the integrand in Eq. 1 describes the mixing free
energy of the positive (i = +) and negative ions (i = –) and
n0 is their bulk value. The last term of Eq. 1 is related to
the orientational entropy of the zwitterionic headgroups.
The function W(x) expresses the probability to find the
projection of the amino group on the lipid layer normal di-
rection within the interval (x, x + dx). φ is the fraction of
charged lipids at x = 0.

In thermal equilibrium the free energy F = F[ni,W]
adopts its minimum with respect to the local concentra-
tion of ions ni and probability distribution W. Employing
the first variation of Poisson’s equation and demanding
the condition of vanishing first variation δF[n] = 0 we ob-
tain the number densities of charges. Inserting the equili-
brium distributions into Poisson’s equation leads to the
Poisson-Boltzmann equation20,21

(2)

where                       is a partition function. The last term in

eq. 2 contributes only in the lipid layer region. The Debye
length is denoted by lD, whereas lc = a / 2 π lB.

Equation (2) has two boundary conditions. The first
follows from the electro-neutrality of the system (Ψ ’(x =
0) = 2 / lc), whereas the second one is given far from the
zwitterionic lipid layer (Ψ ’(∞) = 0).

2. 3. Monte Carlo Computer Simulation

Canonical Monte Carlo simulations were performed
using the integrated Monte Carlo / Molecular Dynamic /
Brownian dynamic simulation suite Molsim27 following
the standard Metropolis scheme. Total of 2000 zwitterions
were placed on the two opposite walls of the Monte Carlo
simulation box, while small ions were placed randomly in
it. The number of small ions was determined form theore-
tical density profiles, and varied from 200 to over 3000.
Size of the MC box was calculated according to the cho-
sen surface charge density.

A trial move for negative part of a zwitterion was
limited to the two dimensions only, while for the positi-
ve part and for small ions the move was performed in
3D. Displacement parameters were chosen to obtain ap-
proximately 50% acceptance rate. 20,000 attempted mo-
ves per particle were used for equilibration followed by

100,000 attempted moves during production runs. Inter-
particle interactions were calculated as described elsew-
here.24,25 Long range corrections due to ionic distribution
outside the MC box are found to be small and were the-
refore not used in present simulations. To calculate sin-
gle particle distributions, the x-axis was always divided
into 200 bins. The standard deviation of values in histo-
grams was less than 0.5% for each separate bin in all ca-
ses. 

3. Results and Discussion

Primary focus of present work is to investigate
structure of an electrolyte solution next to the zwitterionic
layer. Several parameters were varied including surface
area per zwitterion, salt concentration, and fraction of io-
nized zwitterions. Salt concentration of bulk solution
which is in contact with the zwitterionic layer, is most of-
ten subjected to changes. In the present study we used
three different bulk salt concentrations of 0.37 mol/L,
0.092 mol/L, and 0.023 mol/L, which for aqueous solu-
tions at 298.15K translate to the Debye lengths of 0.5 nm,
1 nm, and 2 nm, respectively. Figure 2 displays density
profiles of both cations and anions as a function of per-
pendicular distance x from the plane with negative parts of
zwitterions attached to it. The value of lD equal to 1 nm.
Since the plane is negatively charged, anions are repelled
from it, while cations tend to accumulate next to it.
Anions’ density profiles exhibit a broad maximum at x =
0.5 nm, caused by positive parts of zwitterions, while at
the same distance the distribution of cations reaches its
weak minimum. The same trend can be observed at all
surface charge densities. The same structural features are
predicted by both Poisson-Boltzmann theory and Monte
Carlo computer simulations. 

Similar structural features are shared throughout the
whole salt concentration interval studied. Figure 3 and Fi-
gure 4 show density profiles at lD values 2 nm and 0.5 nm,
respectively. Absolute values of each density profile in-
creases with the increasing salt concentration. Intere-
stingly though, the agreement between Monte Carlo com-
puter simulations and Poisson-Boltzmann theory is best at
the largest salt concentration. 

We have also considered few cases where certain
fraction of zwitterions gets its positive part neutralized whi-
le the negative part remains charged. This is introduced
through the parameter φ. Value of φ equal to zero means
that all zwitterions are electroneutral, while at φ = 0.5 half
of the zwitterions are replaced by negative charges residing
on the plane and corresponding number of mobile positive
counterions. Resulting profiles are shown in Figure 5. The
distinct features at φ = 0 are maxima and minima at x = 0.5
nm, which disappear when small fraction of zwitterions be-
come charged. On the other hand, the case with φ = 1 is a
system with charged planar slit in contact with reservoir of
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Figure 2. Density profiles of small mobile ions next to the zwitterio-

nic layer at Debye length equal to 1nm. Corresponding monovalent

salt concentration is 0.092 mol/L. Symbols represent Monte Carlo

data and lines theory. Legend: + and full line : negative ions at a =

0.65 nm2 (σ = –0.2465 C/m2); × and - - - : negative ions at a = 5.85

nm2 (σ = –0.0274 C/m2) � and …… : positive ions at a=0.65 nm2; �

and - - - : positive ions at a = 5.85 nm2. 

Figure 4. Density profiles of small mobile ions next to the zwitte-

rionic layer at Debye length equal to 0.5 nm. Notation is the same

as for Figure 2, except for the corresponding monovalent salt con-

centration, which is 0.37 mol/L.

Figure 5. Density profiles of small mobile ions next to the zwitte-

rionic layer at Debye length equal to 1 nm and at a = 0.65 nm2 for

three values of φ. Symbols represent Monte Carlo data and lines

theory. Legend: � and full line: φ = 0; � and - - -: φ =0.25; � and

- - -: φ = 0.5; � and …: φ = 1. Note the value of φ = 0 means that

all zwitterions are electroneutral, whereas the value 0 means that

there are no zwitterions at all, only negative phosphate groups re-

main on the plate. Panel A displays cations’ density profiles while

the panel B density of anions next to the zwitterionic layer.

Figure 3. Density profiles of small mobile ions next to the zwitte-

rionic layer at Debye length equal to 2 nm. Notation is the same as

for Figure 2, except for the corresponding monovalent salt concen-

tration, which is 0.023 mol/L.

a)

b)
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simple 1:1 salt. Density profiles for this system are also
shown in Figure 5 for the same value of a and lD. Please no-
te the logarithmic y-axis.

Finally, distribution of positive parts of zwitterions
was also studied for all range of parameters lD and a. Re-
sults for lD = 1nm and a = 0.65nm2 are presented in Figure
6. Note that the positive part can only move on a hemisp-
here with radius of 0.5 nm. The agreement between theo-
ry and simulation is excellent in this case.

Being a basic ingredient of biological membranes and
therefore an attractive model system, zwitterionic lipid la-
yers have been studied previously by several techniques ran-
ging from experimental to theoretical ones. The latter inclu-
des molecular dynamic28 and Monte Carlo computer simu-
lations29,30 at various levels of model details. An all-atom
Monte Carlo computer simulation study of dimrystolphosp-
hatidylcholine bilayer in contact with aqueous solution con-
taining tetramethylammonium dimethylphosphate in isot-
hermal-isobaric ensemble30 exhibit qualitatively similar ra-
dial distribution function (not shown) of both zwitterionic
ends in the bilayer as was observed in the present study. 

4. Conclusions 

A structure of a simple monovalent electrolyte solution
next to a lipid zwitterionic layer was studied by both the ex-
tended Poisson-Boltzmann theory capable of treating rigid
ions with spatially separated charges and by canonical Mon-
te Carlo computer simulations. Several aspects have been
considered, including various surface density of lipid mole-
cules, salt concentration, and ionization of zwitterions. Nega-
tively charged phosphate groups form a charged plane, while
positive parts of zwitterions as well as small ions in a solution
are spatially distributed due to their mobility. A significant in-

crease in cation concentration next to the zwitterionic layer is
observed, while anions tend to accumulate next to the positi-
ve parts of zwitterions. At a distance of approximately 1 nm
measured perpendicular to the zwitterionic layer, concentra-
tions of all mobile ions reach their average value, regardless
of salt concentration. Monte Carlo computer simulations we-
re performed on the model system in order to test theoretical
predictions. Agreement between them was found to be ran-
ging from semi-quantitive to very good. 
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Povzetek
S kanoni~no Monte Carlo simulacijo in raz{irjeno Poisson-Boltzmannovo teorijo smo preu~evali model zwitterionske

lipidne plasti, ki je v stiku z raztopino preprostega 1:1 elektrolita. Z obema pristopoma smo izra~unali porazdelitev ka-

tionov in anionov pravokotno na lipidno plast ter strukturo same zwitterionske lipidne plasti.  Ugotovili smo, da se po-

razdelitvene funkcije kationov in anionov, dobljene s simulacijami, relativno dobro ujemajo z rezultati teorije. Strukturo

lipidne plasti pa obe metodi napovesta skoraj identi~no.


