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Cholesterol is one of the most abundant components in biological membranes. In this paper we apply a
detailed state-of-the-art self-consistent field �SCF� theory to predict the influence of cholesterol-look-alikes in
the bilayer composed of 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphatidylcholine �18:0 /22:6�3cis
PC� lipids with a polyunsaturated 22:6 and a fully saturated 18:0 tail. The cholesterol-like molecule is com-
posed of a hydroxyl group, a rigid chain fragment with length n segments and a branched semiflexible moiety
with methylene side groups. We vary both the length of the rigid fragment in the cholesterol-look-alikes and
their mole fraction in the tensionless bilayers. We find that these additives significantly increase the order of the
saturated tails, but influence the conformational properties of the unsaturated tail much less. With increasing
loading the bilayer thickness and the area available per PC head group increase. The hydroxyl group anchors
close to the membrane-water interface, but with increasing loading the distribution of this polar group widens.
The orientational order of the rigid part is high and we conclude that the cholesterol has significant mobility in
the normal direction in the hydrophobic region of the bilayer indicating that one singly hydroxyl group is
giving only a weak anchoring to the water-interface. Cholesterol-look-alikes increase the fluctuation of the tail
ends and decrease the interdigitation of the tails. Several of our predictions correspond to molecular dynamics
�MD� simulation results, but there are also important differences. Most notably the cholesterol-look-alikes can
visit the membrane symmetry-plane more easily in SCF than in MD. Possible reasons for this are discussed.
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I. INTRODUCTION

The significance of cholesterol in biological membranes
has been known for a long time. A large number of experi-
mental and theoretical studies has been devoted to unravel
the modes of action of this molecule �for reviews see, e.g.,
Refs. �1–5��. Cholesterol is known both to order the lipids
�6–9� and to suppress the gel-to-liquid phase transition
�7,10–18�, showing that these trends can indeed be decou-
pled. Cholesterol �i.e., 5-cholesten-3�-ol� includes a tetracy-
clic fused ring skeleton which renders the molecule to be
planar and rather stiff because the rings of cholesterol are
fused in the trans configuration �1,13,19�. On one of the ex-
tremities there exists a hydroxyl group �3�-OH� which is
slightly hydrophilic. This group prefers to be hydrated and as
a result the cholesterol molecule is oriented along the mem-
brane normal. The hydrocarbon tails of the lipid molecule
will align themselves with the rigid part of the cholesterol
molecule �20� and therefore the segment order parameter ap-
pears to be higher in the presence of significant amounts of
cholesterol; these considerations are in line with the avail-
able experimental data �6–9�. The rigid part of the choles-
terol molecule is not of the same length as the acyl chains of
the most widespread natural lipids. However, the size mis-
match is compensated, to a great extent, by a short flexible
�iso-octyl� chain attached to the other extreme of the rigid
backbone. The 3�-OH group of cholesterol, the two side
methyl groups CH3 �which are disposed between the first and
second rings, and the third and fourth rings� and the side
iso-octyl chain are all located on the same side of the ring
skeleton. Thus, the three-dimensional structure of cholesterol

represents the so-called “� configuration” �1,21�. Including
the flexible fragment �chain� the cholesterol is approximately
of the same size as a typical acyl chain of �16 carbons.
According to Ref. �22�, the best match between the effective
length of the cholesterol molecule and the mean hydrophobic
thickness of the phospholipid bilayers is obtained with the
17:0 /17:0 PC molecule. As a result cholesterol packs con-
veniently in between the lipid molecules and the mixing with
lipids can persist up to high molar ratios. For example, it has
been revealed by the 13C NMR study of nonperturbed mul-
tilamellar model membranes formed by egg yolk phosphati-
dylcholine �PC� �23�, that cholesterol is placed in such a
position that it is not readily exposed to the solvent: the
hydrophobic steroid rings are oriented parallel to the mem-
brane phospholipids, the hydroxyl group is in close vicinity
to the phospholipid ester carbonyl groups and the iso-octyl
side chain is deeply buried in the centre of the membrane
�23�.

The cholesterol orientation characterized by small tilt
angles with the bilayer normal were measured by solid state
2H NMR in 18:0 /18:1�9cis PC, 18:0 /20:4�6cis PC,
18:0 /22:6�3cis PC, and 20:4�6cis/20:4�6cis PC bilayers
�24�. Similar result was obtained for cholesterol orientation
in 18:0 /22:6�3cis PC and 22:6�6cis/22:6�6cis PC bilay-
ers using low- and wide-angle x-ray diffraction �25�. In rel-
evant biological systems the fraction of cholesterol can be as
high as 50 mol % �26–32�. For such high molar ratios it will
be obvious that with increasing loading the bilayers will in-
crease their thickness. More correctly, cholesterol can either
increase or decrease the width of the bilayer depending on
the physical state and chain length of the lipid before the
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introduction of cholesterol �33�. According to x-ray diffrac-
tion investigation �33�, for saturated PCs containing 12–16
carbons per chain, cholesterol increases the width of the bi-
layer as it removes the chain tilt from gel state lipids or
increases the trans conformations of the chains for liquid
crystalline lipids �in accordance with Refs. �6–9��. The re-
sults of the small-angle neutron scattering from aqueous
multilammellar 14:0 /14:0 PC lipid bilayers �34� indicate
that the effect of small amounts of cholesterol, �3 mol %, is
a softening �reduced bending rigidity� of the bilayers in the
gel-liquid phase transition region, whereas cholesterol con-
tents above this range lead to the well-known effect of rigidi-
fication. However, cholesterol reduces the width of 18 car-
bon chain bilayers below the phase transition temperature as
the long phospholipid chains must deform or kink to accom-
modate the significantly shorter cholesterol molecule �33�.

As the hydrophilic “head” of the cholesterol is rather
small it does not directly add much to the stopping mecha-
nism that regulates the membrane thickness. The crowding
of the PC head groups of the lipid molecules on the other
hand gives one of the main stopping mechanism that deter-
mines the membrane thickness �above the gel-liquid crystal-
line phase transition temperature Tm�. Another stopping
mechanism for the growth of the membrane thickness is the
finite extensibility of the lipid tails. The area available per
PC containing lipid molecule �total area divided by the num-
ber of PC lipids� is significantly perturbed when a sufficient
number of cholesterol molecules are inserted �35–37�. On
first sight we may anticipate that this quantity increases with
increasing loading simply because the hydrophobic volume
of the lipid/cholesterol mixture increases. According to Refs.
�35–37�, however, the partial specific area �the area under the
PC chain� available per lipid molecule �16:0 /16:0 PC was
described� decreases with increasing cholesterol content be-
cause of the condensing effect of cholesterol and the effect
on the thickness of the membrane core. Other, perhaps more
subtle responses may be discussed, e.g., the level of chain
interdigitation of tails into opposite sides of the bilayer, the
fluctuations of the tail ends and the head group conforma-
tion.

Cholesterol is suggested to form “condensed complexes”
�38,39� with phospholipids in the plasma membrane. Choles-
terol has pronounced effects on the dynamical properties of
the bilayers as well �40–43�. For example, 2H NMR relax-
ation study of 14:0 /14:0 PC and 14:0 /14:0 PC: cholesterol
bilayers dynamics was performed �42�, and collective mo-
tions are found to be less predominant in the case of
14:0 /14:0 PC: cholesterol than for pure 14:0 /14:0 PC,
which may indicate an increased dynamical rigidity of lipid
bilayers containing cholesterol versus pure lipid systems
�42�. 13C solid-state NMR spectroscopy measurements �43�
indicate that the presence of cholesterol significantly de-
creases the rate and/or amplitude of both the high and low
frequency motions in the 14:0 /14:0 PC: cholesterol bilayers
�43�. At the same time the relatively high rates of lateral and
rotational diffusion characteristic for fluid phospholipid bi-
layers with cholesterol are maintained �15,44�. Obviously,
the “condensed complexes” themselves may have structures
that fluctuate rapidly over a range of conformations and can
have a repulsive interaction with other phospholipids, lead-

ing to immiscibility �38�. This goes along with the suppres-
sion of the gel-to-liquid phase transition �7,10–18�. Whether
this effect can be traced back to the increased head group
area available for the PC heads, the modifications with re-
spect to the tail interdigitation, the increased orientational
order of the acyl tails, the possible variations in the packing
densities of the molecules, are largely unknown.

We will employ a detailed self-consistent field �SCF�
model to study the influence of cholesterol-look-alikes on the
membrane properties of one particular bilayer in order to
search for some answers to these questions. Indeed we will
obtain only information on the static properties of the prob-
lem and this will leave the dynamical issues mentioned
above largely unanswered. For dynamical information one
needs to turn to simulation technique such as molecular dy-
namics �MD� �45–49�.

Several years ago we reported on the membrane proper-
ties of PC bilayers in a set of papers �50–52� where the
detailed SCF results were compared to those of MD. The
conclusion of this study was that the SCF results were fol-
lowing the �exact� MD results in a remarkable semiquantita-
tive way. This is significant because the SCF model is many
orders of magnitude more efficient in terms of the use of
CPU. The success of our previous investigations gives us
confidence that the parameters used in the SCF modeling are
reasonable. Below we will introduce cholesterol-look-alikes
which we will admix with the model bilayer composed of
1-stearoyl-2-docosahexaenoyl-sn-glycero-3-PC �18:0 /22:
6�3cis PC� bilayers. At this stage we stress that the molecu-
lar model for the cholesterol molecules is still very primitive.
The target is to mimic the main characteristics of this type of
molecules, having a polar group, a rigid moiety and a flex-
ible tail. The label “cholesterol look-alike” is used for ease of
reference to the inclusions. In this primitive model no new
interaction parameters are needed and we will refer to our
previous paper �52� for all details about our model and the
parameters used. We also refer to this paper for a short over-
view of complementary SCF calculations that are available
in the literature; we will not repeat this overview here. Below
we will only outline our method and mention the basic ap-
proximations.

It should be preliminary mentioned that the polyunsatu-
rated �PU� lipid bilayer was chosen for our study because PU
chains of lipids, especially 22:6�3cis, are of great impor-
tance in structure and functioning of natural membranes
�53,54�. The objects of our previous investigations �50–52�
were several PU lipid bilayers as well. In the last few years,
a considerable quantity of reviews �53–61� have been de-
voted to various aspects of this problem. It is known that
cholesterol has a low affinity for highly unsaturated phos-
pholipids in comparison with the saturated ones �1,5,62�, but
full understanding of the effects of lipid unsaturation as well
as cholesterol on various physical properties of membranes
at the molecular level is not yet achieved.

The remainder of this paper is as follows. First we will
give a short introduction in the SCF modeling technique.
Then we will introduce the cholesterol-look-alikes�s�. In the
results section we will concentrate mostly on the comparison
of the pure lipid bilayer with the bilayer with a mole fraction
of x=0.4 of inclusions. The advantage of the SCF method is
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that one can easily generate trends. These trends should be
trusted more than the absolute numbers. We will discuss
various membrane characteristics as a function of the frac-
tion of cholesterol in the bilayer. As the exact structure of the
cholesterol-like inclusions is not accounted for, we will dis-
cuss the effect of the length of the rigid fragment in an at-
tempt to generate generic information for a class of inclu-
sions.

II. SCF THEORY

Unlike in simulation techniques, where the conformation
of each molecule at each point in time depends on the actual
surrounding, the ansatz in self-consistent field �SCF� theory
is to assume that there exists some average surrounding for a
molecule in a particular conformation/position in the system.
Instead of a strongly coupled problem in which all molecules
mutually depend on each other, in the SCF model one ob-
tains a decoupled problem of a single chain/molecule in an
external field. Usually one refers to the external fields as
self-consistent potentials because the potentials are not fixed,
but adjusted iteratively to account for the average distribu-
tions in the system. Therefore there are two conjugated dis-
tributions in the system for each type of segment A. First
there are the concentration profiles. Typically one used di-
mensionless concentrations, i.e., volume fractions �A�r� by
normalizing the concentrations by the segment volume.
Complementary to these concentrations are the self-
consistent potentials uA�r�. At the basis is a free energy
which is the characteristic function in the ��n� ,V ,T� en-
semble is in the SCF theory expressed in a complicated way,
namely, as a functional F�����A , �u�A ,u���r��. Here the
square brackets indicate that this free energy is a functional
of the properties mentioned, the curly brackets point to the
fact that all volume fractions and all potentials, i.e., for all
segment types, are used. This Helmholtz energy contains
four terms

F = − kT ln Q��u�� − �
A

�
r

uA�r��A�r�

+ Fint����� + �
r

u��r�	�
A

�A�r� − 1
 , �1�

where the summation over all coordinates points to the fact
that a lattice model is used �more details are given below�.
The first two terms of Eq. �1� give the �observable� overall
entropy �conformational and translational� of the molecular
entities in the system. The third term accounts for all the
interactions in the system. This term can be uniquely calcu-
lated when the volume fractions are known. The final term in
Eq. �1� shows that there is a �compressibility� constraint that
the sum over all volume fractions locally add up to unity.
The Lagrange parameter u��r� is one of the parameters of the
free energy functional. The free energy functional of Eq. �1�
is optimized with respect to its variables

�F

��A�r�
= 0 ⇒

�Fint

��A�r�
− uA�r� = 0, �2a�

�F

�uA�r�
= 0 ⇒

− kT� ln Q��u��
�uA�r�

− �A�r� = 0, �2b�

�F

�u��r�
= 0 ⇒ �

A

�A�r� − 1 = 0, �2c�

where Eqs. �2a� and �2b� are needed for all segment types
and Eqs. �2a�–�2c� apply to all coordinates. It turns out that
the free energy features a minimum with respect to the vol-
ume fraction, but a maximum with respect to the segment
potential. Formally, the physically realistic solutions obeys to
a saddle point of the free energy. Equations �2a�–�2c� specify
how to find a physical solution of the free energy �1�. When
such a solution is available, we can evaluate the free energy
and from subsequent differentiations all other thermody-
namic and mechanical observables �such as the membrane
tension� follows. To make these equations operational we
have to mention what terms are included in the interaction
part of the free energy and how the partition function is
evaluated from the potentials. In the mean field approxima-
tion the overall partition function can be factorized in terms
of single-chain partition functions �q�i

Q = �
i

qi
ni

ni!
, �3�

where i refers to a ranking number of the molecule types.
According to Eq. �2�, the classical SCF formalism can

schematically be expressed as

��u�r�� ⇔ u���r�� �4�

which must be evaluated, while obeying the compressibility
constraint �Eq. �2c��. This problem is solved on a discrete
space �lattice�. More specifically, we use the discretization
scheme of Scheutjens and Fleer �63–68�. Equation �4� ex-
presses on the left-hand side that the volume fraction profiles
�of all components in the system� follow �uniquely� from the
potential profiles �as follows from Eq. �2b��. Of course, to
implement this step one has to define a chain-model �for
details, see Ref. �52��. With this chain model one can evalu-
ate the single chain partition functions. Here we will use a
rotational isomeric state �RIS� scheme which assures the
excluded-volume correlations of any sequence of four seg-
ments. For the acyl chain the local trans-configuration is
lower in energy than the gauche conformations by 0.8 kBT.
Excluded-volume correlations of segments further apart are
neglected which means that the chain can fold back on pre-
viously visited sites. This approximation is acceptable be-
cause intrachain excluded-volume correlations are also not
fully obeyed. As a result we have a reasonable balance be-
tween intrachain and interchain excluded-volume correla-
tions. One of the tails in the lipid molecule has unsaturated
bonds. We approximate the modeling of such bond by forc-
ing a local gauche conformation. This is done by favoring
�ad hoc� the gauche conformation by 10kBT over the local
trans configuration. This allows us to use the RIS scheme
without extra complications. As we will discuss shortly the
cholesterol molecule has a rigid fragment. This is imple-
mented by favoring the trans over gauche by �again ad hoc�
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10kBT in the rigid part of the molecule. The lipid molecule is
modeled in great detail. The RIS scheme has been general-
ized such that one can efficiently account for the conforma-
tional degrees of freedom of the nonlinear molecules �the
glycerol moiety has a saturated alkyl tail 18:0 on the sn-1, a
polyunsaturated chain 22:6 on the sn-2 position and a phos-
phatidylcholine moiety which is zwitterionic on the sn-3
position�. Within this scheme we generate all possible and
allowed conformations of the molecules. For each
conformation c, the potential energy uc is computed and the
statistical weight of this conformation is proportional to
exp�−uc /kBT�. On top of this, the statistical weight of a given
conformation depends on the direction of its bonds. If in the
system there are locally many bonds going in a particular
direction, one is necessary to give a chain which has many
bonds in line with this particular direction �director� some
extra statistical weight. Chains that go against the global or-
der do not obtain this extra weight. This results in the so-
called SCAF model which is essential when the model fea-
tures densely packed chains �65�. This SCAF model also
features the so-called gel-to-liquid phase transition, but we
will choose the conditions in this paper such that we will
remain in the liquid state. The volume fraction profiles are
found after normalizing the statistical weights of the full set
of conformations. In passing we mention that there exists an
extremely efficient propagator formalism to compute in the
RIS formalism the statistical weight of all possible confor-
mations. In this formalism the number of computations grow
only linearly with the number of segments in the molecule.

The right-hand-side of Eq. �4� expresses the dependence
of the potentials on the volume fraction profiles and is a
schematic for Eq. �2a�. In the free energy Fint and thus also in
the segment potentials we account for three types of contri-
butions. First there is the potential field which is needed to
obey the compressibility relation, i.e., the Lagrange term
u��r� in each coordinate r �below we will use one gradient,
that is in the z direction, perpendicular to the membrane sur-
face, i.e., we perform “one-dimensional” calculations; one
consequence of this is that the free energy given in Eq. �1� is
now typically expressed per unit area�. In the summation
over all segment types in Eq. �2c� the summation includes
the solvent molecules, the ions, and the vacancies �see be-
low�. The second contribution to the segment potentials is a
term which accounts for the local nearest-neighbor interac-
tions. To approximate the number of contacts we use the
volume fraction profiles �Bragg-Williams approximation�
where we account for the fact that one segment not only
interacts with other segments that are at the same z coordi-
nate, but also with segments in neighboring coordinates, i.e.,
z−1 and z+1. The interactions are parametrized by Flory-
Huggins � parameters, which �for incompressible systems�
have nonzero values for all unlike A-B contacts. For repul-
sive interactions �AB�0 and for attraction �AB�0. The full
set of interaction parameters has been published before �52�.
It suffices here to mention that the hydrocarbon-water inter-
action is taken sufficiently repulsive such that the tails have
the strong tendency to escape from the water phase. This
drives the self-assembly. In the phosphatidylcholine head
group there is a positive and a negative charge and the pa-
rameters are chosen such that the head group prefers to be

solvated with water. In addition, we have monovalent salt
ions in our system. The concentration is fixed to a volume
fraction in the bulk �far from the bilayer� to �s=0.01. As a
result, the third contribution to the segment potential is the
usual electrostatic term, exactly equivalent to the one used in
the Poisson-Boltzmann �PB� theory. In fact one can classify
our method as a very elaborate PB theory in which the ions
have volume and besides charged units there are chains with
polar and apolar moieties. The electrostatic potential is found
by solving the Poisson equation �69,70�. The charge density
profile follows trivially from the volume fraction profiles.
The dielectric permittivity profile is computed from a vol-
ume fraction weighted average. This means that for each
segment type we need to provide the system with such val-
ues. For example, we take for the relative dielectric constants
for the hydrocarbon units 	rC=2 and for water 	rW=80.

The self-consistent solution of Eq. �4� has the property
that the potentials that are needed to calculate the volume
fractions �left-hand-side of Eq. �4�� are exactly found back
from the calculations of the potentials �right-hand-side of Eq.
�4�� wherein the volume fractions are the input. In addition
the volume fractions of the SCF solution obey the incom-
pressibility constraint of Eq. �2c�. Such a solution is found
routinely by an iterative procedure with high precision and
extremely little CPU time �order seconds on a desktop PC�.

As the lipid molecules are very apolar, one finds virtually
zero lipids in the water phase �note that there are no con-
straints imposed on any of the molecules�. Sufficiently far
from the bilayer we therefore have effectively an aqueous
solution with 1:1 electrolyte. We allow for some free volume
�vacant sites� and we use a rather primitive water model
which allows for the presence of clusters of water molecules
which are mutually in equilibrium with each other. Details of
the water model can also be found in our previous publica-
tion �52�. The interest in using the water-cluster model is that
it will lead to very low amounts of water in the membrane
core. The free volume is needed in the model to prevent
direct crystallization of the tails in the membrane �that is, it
prevents for the present set of parameters the formation of
the gel-phase�.

Cholesterol is modeled as a sequence of �united� segments
with the sequence �O�1�X�n�C�1�C��C�4�C��C�1. In this chain
of segments the X refers to the rigid part where the local
trans conformer is strongly favored over the gauche con-
formers. The �C� unit is not part of the main chain but is a
side group. Chemically the X segment is identical to the C
segment �which is identical to the hydrocarbon C in the lipid
molecule�. Only the O, which stands for the OH group is
hydrophilic and the parameters are the same as for the O in
the glycerol fragment of the lipid molecule. Of course this
linear molecule is just a caricature of the real cholesterol
molecule. Most importantly, the volume of the rigid fragment
is not accurately accounted for. However, the main charac-
teristics, that is a rigid backbone and a flexible tail, follows
that found in cholesterol and therefore we believe that this
cholesterol-look-alike will give qualitative insight in the be-
havior of real cholesterol in bilayers. The parameter n, which
represents the length of the rigid fragment, is kept as a vari-
able in our study. From the molecular structure of cholesterol
we may choose n=9 to be representative for cholesterol. Be-
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low we will also discuss results for a shorter n=6 molecule
and a longer one n=12.

The self-consistent field solution of Eq. �1� allows us to
obtain very accurate value for the structural and thermody-
namic quantities. In essence we solve the mean field problem
exactly. Below we will be interested in flat bilayers. In this
case the mean-field averaging is done in planes parallel to
the membrane surface and our coordinate of interest is the z
direction which is perpendicular to the membrane surface.
We stress that the lipids have no positional constraints on any
of our molecules. These are not needed because we realisti-
cally account for the driving forces for self-assembly as well
as all the possible stopping mechanisms. The most relevant
thermodynamic quantity that is computed is the membrane
tension 
. Freely floating bilayers can use the membrane area
as an adjustable parameter. In this situation the equilibrium is
such that the membrane tension vanishes, i.e., 
=0. Below
we present results for which the absolute value of the surface
tension is less than 10−5kBT / l2 �approximately 10−5 mN/m�.
For computation reasons it is convenient to force the bilayers
to be symmetric with respect to the symmetry plane in the
center of the core of the bilayer. For flat equilibrium mem-
branes this is not an extra approximation.

III. RESULTS AND DISCUSSION

Let us first compare the volume fraction profiles across
the tensionless cholesterol-free bilayers with corresponding
ones with a molar fraction of x=0.4 for the cholesterol-look-
alike n=9. In Fig. 1�a� we collected the results of the
cholesterol-free bilayer. In this figure we show the symmetric
profile of the lipids and water. We see that there is very little
water in the core of the bilayer and that the packing density
of the lipids in the core is virtually constant. There is a small
depression of the density in the core which is attributed to
the fact that in the core the chain order is less than just below
the glycerol backbone region. The free volume profile �not
shown� shows some small variations throughout the bilayer.
More importantly the amount of free volume in the bilayer is

slightly larger than in the water phase. In the same figure we
present the distribution of the head group units, the choles-
terol as well as the tails for those chains that have the head
group on positive z coordinates �the z=0 is taken at the sym-
metry plane�. The orientation of the head group �not shown;
defined by the vector from the phosphate to the choline
group� is almost parallel with the membrane surface that is
consistent with the experimental data �71–75�. There are sev-
eral reasons for this head group orientation. We first point to
the fact that the head group is zwitterionic and the two op-
posite charges in the head group try to lay in the same plane.
Another reason for the close proximity of the head group
segments to the membrane core is that the hydrophobic seg-
ments in the head group can escape some water contacts by
laying flat.

The glycerol units are positioned at the core-water inter-
face and do not have an extremely sharp profile. The tails
cross the central plane of the bilayer �interdigitation� to some
extent. The average position of each segment further towards
the tail end is closer to the membrane center. The fluctuations
of the position of segments increases towards the chain end
as well �not shown�. The distribution of the chain ends is also
shown in Fig. 1�a�. As can be seen the ends have a wide
distribution, but the mean position remains on a positive co-
ordinate. Again there is significant interdigitation, but the
chains remain on average with all their segments in the same
monolayer.

In Fig. 1�b� we give information on the mixed cholesterol-
lipid bilayer. In this figure we do not show the details of the
lipid molecules. Qualitatively they do not change dramati-
cally. Quantitatively there are changes which we will discuss
below in some detail. In Fig. 1�b� we give the total distribu-
tion of lipids plus cholesterol which turns out to be very
similar to the lipid distribution given in Fig. 1�a�. Again the
overall density in the core is virtually constant. Also the wa-
ter distribution is very similar as expected. The overall mem-
brane thickness is not the same in Figs. 1�a� and 1�b�, but we
will return to this point below. Very surprising is the profile
of the lipids and the cholesterol. The lipids have a dip in the
center and the cholesterol profile has, consequently, a trian-
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FIG. 1. �a� Volume fraction profile across a tensionless, cholesterol-free bilayer composed of 18:0-22:6-PC lipids. The total symmetric
volume fraction profile of the water �dashed line� and the lipids are given. The profile of the overall segments of the head group, the glycerol
moiety, the two tails and the tail ends are given for those molecules that have the phosphate on the right side of the bilayer. The symmetry
plane at z=0 is dotted. Not shown are the distributions of the 1:1 electrolyte and the free volume. �b� Volume fraction profile across a
tensionless bilayer composed of x=0.4 mol fraction of cholesterol �n=9�. The total density �lipids plus cholesterol�, the individual profiles
of the lipids and cholesterol �chol� are given by thin lines, water is dotted and the three contributions to the cholesterol profile �O, X, and C�
are indicated separately. The O profile has a very broad peak �difficult to see because of the low density�. The partial profiles for the
fragments of the lipid molecule are qualitatively similar to the ones shown in �a�. The z coordinate is in units l of the segment length.
Comparison with molecular dynamics �MD� suggests a value of l=0.25 nm for this conversion factor. The volume fractions should not be
confused by the mass distribution. This complicates the direct comparison with MD.
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gular shape, i.e., the volume fraction of cholesterol increases
approximately linearly towards the center of the bilayer. To
understand this profile we need to realize that it is the aver-
age of many cholesterol molecules, that there are fluctuations
of the position of the height in the bilayer as well as orien-
tation of the molecules.

It is known from literature that the electron density pro-
files �or mass density profiles� of different lipid bilayers ap-
pear to have a dip in the center. This feature has been ob-
served, e.g., for 16:0 /16:0 PC-cholesterol systems with 0,
4.7, 12.5, 20.3, 29.7, and 50.0 mol % cholesterol �MD simu-
lation� �36�; 16:0 /16:0 PC bilayers with 0, 5, 10, 15, 25,
and 40 mol % cholesterol �MD simulation� �37�; 16:0 /16:0
PC bilayers with 0, 11, and 50 mol % cholesterol �MD simu-
lation� �76�; 14:0 /14:0 PC bilayers with 0 and 30 mol %
cholesterol �neutron diffraction and MD simulation� �77�;
16:0 /16:0 PC bilayers with 0 and 12.5 mol % cholesterol
�MD simulation� �78�; 14:0 /14:0 PC bilayers with 0, 4, 8,
and 40 mol % cholesterol �MD simulation� �79�; 16:0 /16:0
PC bilayers with 33.3 and 50 mol % cholesterol �combined
Monte Carlo and MD simulation� �80�; 18:0 /22:6�3cis PC
bilayer with 25 mol % cholesterol �MD simulation� �81�;
16:0 /16:0 PC bilayer mixture with 40 mol % cholesterol;
and 12:0 /12:0 PC bilayer mixture with 40 mol % choles-
terol �MD simulation� �82�. This dip may be caused by a
lower mass/electron density of the CH3 groups compared to
CH2. Indeed, the effective size of a CH3 is about twice that
of a CH2 group. Such issues cannot easily be accounted for
in a lattice model. Indeed the translation of the volume frac-
tion profile to the number/mass/electron density profiles is
not trivial.

According to the experimental and computer simulation
data the electron �mass� density profiles of cholesterol �for
various cholesterol concentrations� are bimodal, with a dip in
the center of the bilayer system �36,76–81� �the systems
from the simulation works were described above�. In particu-
lar, it is found by MD �81� that in the 18:0 /22:6�3cis PC-
25 mol % cholesterol bilayer system the cholesterol is lo-
cated primarily in the upper acyl chain region, balancing the
tendency for the ring system to occupy the hydrophobic core
with the hydroxyl group’s need to hydrogen bond to water
and/or the polar lipid groups. The position of the cholesterol
OH group strongly correlates to that of the lipid carbonyl
groups �81�. It is interesting that in the work �82� similar
bimodal curve is detected for cholesterol electron density
profile in 16:0 /16:0 PC-40 mol % cholesterol bilayer, but
for the bilayer system with essentially shorter acyl chains,
12:0 /12:0 PC, and with 40 mol % cholesterol another pic-
ture is observed: the electron density profile of cholesterol
has three peaks including a maximum in the bilayer centre.
Such a profile can be considered as approximately triangular.

The volume fraction profile of the cholesterol hydroxyl
group �O� in Fig. 1�b� has a weak maximum near the glyc-
erol region of the bilayer �hard to see in this figure�, but we
find significant values also near the center of the bilayer. The
profile of the rigid fragment �X� is almost flat in the center of
the bilayer. The results do not show the same high correla-
tion between the hydrophilic group of cholesterol and the
lipid carbonyl groups as found in MD �81�.

The conformations of the flexible moiety of the
cholesterol-look-alike �C� are responsible for the central

peak. As there are several CH3 groups in this moiety, it is
likely that the corresponding mass density is significantly
altered, that is that the mass density is not as high as sug-
gested by the SCF volume fractions.

The orientational order of the rigid part is very high (the
order parameter, which will be defined below �see Eq. �5�� is
an increasing function of the amount of cholesterol in the
bilayer and reaches S�0.8 in the present case), which means
that most of the chains are nearly perpendicular to the mem-
brane surface. The wide distribution of the O groups proves
that the cholesterol has a significant degree of freedom to
move in the normal direction as long as it remains in the
apolar core. In other words the hydrophilic group on the
cholesterol only marginally anchors the cholesterol to the
water surface. This is not too surprising considering the huge
minority situation this group has within the cholesterol mol-
ecule. We note that the distribution of the O group in cho-
lesterol is significantly sharper when the amount of choles-
terol is lower.

Apart for the bilayers with short acyl chains, where a
significant amount of cholesterol was found in the central
region of the bilayer �82�, the SCF results seems to be in
conflict with experimental and simulation results regarding
the z degree of freedom of cholesterol. We mention again
that the volume fraction profiles should be translated to the
mass density before one can judge the true magnitude of the
deviations. Such correction will definitely not lead to the
strong bimodal distributions of cholesterol often found in
MD. There still are reasons to be cautious regarding the latter
simulation results. One should always keep in mind that all-
atom MD simulations rarely exceed the ns time window. As
the starting configuration in MD simulations typically take
the cholesterol evenly distributed over the two halves of the
bilayer �with their OH group close to the water phase�, and
interbilayer crossings of cholesterol molecules is expected to
be slow �or effectively prohibited due to the finite size of the
system�, it may well be that the equilibration of the z posi-
tions will not, or not fully take place during the simulations.
Major displacements of the cholesterol molecules must result
in major conformational changes of a large number of lipid
molecules, and significant crossings of cholesterol molecules
of the symmetry plane �which should also occur in an equi-
librium simulation� may induce huge local pressures because
of the finite size of the simulation box. To resolve this issue,
it would be of interest to do MD simulations wherein the
hydrophilic group of the cholesterol is removed or placed
somewhere else in the molecule. Alternatively, we may
speculate that the approximations made in the intermolecular
and intramolecular excluded volume correlations in the SCF
model, or the approximate nature of the cholesterol-look-
alikes, has allowed a too high normal mobility of the inclu-
sions. To obtain information on the effects of the molecular
architecture, it is natural to study the influence of variations
in the structure of the cholesterol-look-alikes in the SCF
model.

Here we choose to consider the effects of the length of the
rigid fragment n. Our first focus is on some overall charac-
teristics of the bilayer upon the increase of the fraction of
cholesterol-look-alikes in the bilayer. In Fig. 2�a� we present
the membrane thickness defined by the distance across the
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bilayer of the phosphate groups dPP. As expected, inclusions
increase the membrane thickness. This is more pronounced
for the longer cholesterol-look-alikes and the growth of
membrane thickness is slightly stronger than linear. The rea-
son for this nonlinear growth is that the orientational order of
the cholesterol molecules increases with increasing n and x.

Indeed, according to MD simulations of 16:0 /16:0 PC
bilayers with 0, 5, 10, 15, 25, and 40 mol % cholesterol �37�,
the simulation box height �i.e., the membrane thickness as
well� increases with cholesterol concentration. As mentioned
in the Introduction, cholesterol can either increase or de-
crease the width of the bilayer depending on the physical
state and chain length of the lipid before the introduction of
cholesterol �33�. X-ray diffraction study �33� showed that for
saturated PCs containing 12–16 carbons per chain, choles-
terol increases the width of the bilayer as it removes the
chain tilt from gel state lipids or increases the trans confor-
mations of the chains for liquid crystalline lipids �in accor-
dance with Refs. �6–9��.

Also in line with expectations is that the area available per
PC head group increases with increasing loading. This is
shown in Fig. 2�b�. As the shorter cholesterol-look-alike is a
better surfactant, it assists with the hydroxyl in the repulsive
interactions in the head group region that controls the opti-
mal area per molecule in the self-assembly process. This
allows the lipids to pack further apart. The area increase for
the long cholesterol is just a weak function of the fraction of
cholesterol, except for high loading.

The increase in membrane thickness must have conse-
quences for the conformational properties of the lipid mol-
ecules. For example, the tails should have fewer possibilities
to cross the center of the bilayer. The average position and
the fluctuations of the end segments of the acyl chains are
presented in Fig. 3 again as a function of the mole fraction of
cholesterol and for the three variants of the cholesterol-look-
alikes. The end of the sn-1 chain �which is saturated� is
known to reach closer to the membrane center �z=0� than the
end of the longer unsaturated sn-2 chain �51�. As shown in
Fig. 3�a� the difference is approximately 0.3 nm and this

increases somewhat with increasing loading of the bilayer
with cholesterol. The mean position of the sn-1 chain does
not change much. As we will see below the orientational
order of the saturated chain increases with increasing mole
fraction of cholesterol and this is consistent with the increase
in membrane thickness. The average end point of the sn-2
chain increases more with increasing loading and this in-
crease follows the increase of thickness of the bilayer.

Previous SCF calculations already showed that the fluc-
tuations of the end of the saturated tail 18:0 exceed those of
the unsaturated one �51�, whereas in the MD simulations the
unsaturated chain 22:6 is fluctuating most �51�. In Fig. 3�b� it
is shown that the fluctuations of the end points increase with
increasing mole fraction of cholesterol-look-alikes. This is
somewhat unexpected from the fact that the orientational or-
der of the lipid tails increase as we will show below. The
fluctuations increase more for the longer cholesterol variant
than for the shorter one.

One of the experimentally observable quantities is the
segment order parameter. This is defined by

S�t� = � 3

2
cos2 ��t� −

1

2
 , �5�

where ��t� is given by the orientation of the bonds connected
to segment t with respect to the bilayer normal. When the
two bonds connected to segment t are both pointing in the z
direction then ��t�=0°, when both bonds are in the x-y
plane, that is parallel to the membrane surface ��t�=90°, etc.
Typically, when the order parameter is close to unity the
chains are all in the trans conformation parallel to the mem-
brane normal. When the orientation is random the order pa-
rameter is zero and when all chains are parallel to the mem-
brane surface the order parameter is −0.5. In Fig. 4 we
present the order parameter for composite membranes with a
mole fraction of cholesterol-look-alikes x=0.4, together with
the unperturbed order parameter profile for the pure bilayer
�for reference�. The saturated sn-1 chain has a smooth order
parameter profile. The ranking numbering starts with the car-
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bon next to the glycerol and ends at the free tail end. Close to
the glycerol moiety the orientational order goes through a
broad maximum. Near the glycerol backbone the order is
relatively low due to the space made available by the O
sidegroups. Towards the tail ends the order parameter drops
gradually. Near the very end the order is almost lost showing
that the bond direction becomes isotropic. Admixing
cholesterol-look-alikes in the bilayer increases the order ho-
mogeneously along the tail. The short variants do this less
effectively than the longer ones. This result is consistent with
the idea that the rigid part of the cholesterol molecules, es-
pecially at relatively high molar ratios, is positioned through-
out the hydrophobic region of the bilayer with almost con-
stant probability �see Fig. 1�. Each segment along the tails
benefits from the oriented rigid parts of the cholesterol-look-
alikes. The longer the rigid fragment of the cholesterol mol-
ecule the more order it can inflict on the sn-1 chain.

Experimental or theoretical order parameter profiles of
saturated acyl chains in the presence of cholesterol is known
from literature for different lipid bilayers. In all the investi-
gated bilayer systems the cholesterol-induced increase in the
order parameters is detected. This effect was observed for
14:0 /14:0 PC, 16:0 /16:0 PC, 18:0 /18:0 PC �2H NMR�
�7�; 14:0 /14:0 PC �2H NMR� �84� and MD simulation
�79��; 16:0 /16:0 PC �MD simulation� �36,37,76,82�;
12:0 /12:0 PC �MD simulation� �82�; 16:0 /16:0 PC
�combined Monte Carlo and MD simulation� �80,83�;
18:0 /22:6�3cis PC �MD simulation� �81�; mixed
membrane of 18:0 /18:1 PC–18:0 /18:1 phosphati-
dylethanolamine–�PE�–18:0/18:1 phosphatidylserine �PS�,
and membrane of 18:0 /22:6�3cis PC–18:0 /22:6�3cis
PE–18:0 /22:6�3cis �2H NMR and two-dimensional
nuclear Overhauser enhancement 1H NMR spectroscopy
with magic angle spinning� �85�; 16:0 /22:6�3cis,
16:0 /18:1�9cis PE �solid-state 2H NMR spectroscopy and
low- and wide-angle x-ray diffraction� �86�.

In particular, for 16:0 /16:0 PC the order parameters
grow significantly with an increasing cholesterol content
�36�. For pure 16:0 /16:0 PC and low cholesterol concentra-
tions, the order parameter profiles in MD simulations show a
plateau for small and intermediate values of t �where t is the
number of methylene group in the chain� and decay near the
center of the bilayer. When the cholesterol content increases,
the plateau disappears, and there is a clear maximum at in-
termediate t. In other words, cholesterol in the simulated

bilayers increases the order inhomogeneously �non uniform�
along the tail. The ordering effect of cholesterol is most pro-
nounced for t�6–10 and quite modest for segments near the
phospholipid headgroups and bilayer center �i.e., at the ends
of the chain� �36,37�. This is due to the position of the cho-
lesterol ring system in the bilayer along the bilayer normal
�76�: the largest ordering occurs for segments at roughly the
same depth as the ring system. As a result, with 29.7% cho-
lesterol in 16:0 /16:0 PC, the order parameters for t
�6–10 are increased roughly by a factor of 2 �36�; the same
behavior is detected for both sn-1 and sn-2 16:0-chains in
Ref. �83�, for 18:0 chain in polyunsaturated 18:0 /22:6�3cis
PC bilayer �81�: the effect on the order parameters occurs
primarily in the upper half of the 18:0 acyl chain �consistent
with the most likely location of the cholesterol molecule�.
According to Ref. �7� the order parameter in 16:0 /16:0 PC
with 50 mol % cholesterol for intermediate t was increased
by a factor of 2.65. The cholesterol-induced increase in order
of the 18:0 chain in the work �85� is two-fold larger in mo-
nounsaturated �18:0 /18:1�9cis� than in polyunsaturated
�18:0 /22:6�3cis� lipids, and the order of both saturated and
polyunsaturated hydrocarbon chains increases. The addition
of cholesterol �50 mol % � to both 16:0 /22:6�3cis PE and
16:0 /18:1�9cis PE phospholipids �86� results in an increase
in order parameter for each carbon position in the 16:0 chain,
but the effect is more pronounced in the plateau region of
almost uniform order in the upper part of the acyl chain 16:0
toward the surface of the bilayer �86�.

Thus, the SCF results are, in principle, in line with avail-
able experimental and theoretical order parameter profiles.
Some difference is observed in the degree of uniformity of
the order parameter increase along the acyl chain. Yet this
difference is consistent with the differences predicted for the
degree of freedom of moving along the z coordinate.

The order parameters differs considerably for the sn-2
chain. In Fig. 4�b� it is shown that double bonds of the un-
saturated chain �there are 6 of them in the sn-2 chain�, very
quickly destroys the orientational order in the chain and the
cholesterol molecule is hardly able to improve the situation,
albeit that as in the sn-1 chain the longer the rigid body the
more order it does generate in the sn-2 chain. Apparently the
disrupting effect of the double bonds is not easily repaired by
a rigid body.

To our knowledge, the order parameter profiles for poly-
unsaturated acyl chains in the lipid/cholesterol bilayer sys-
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tems are not available in literature. The order parameter pro-
files for polyunsaturated chains in pure lipid monolayers and
bilayers were calculated by MD in Refs. �50,51,87–93� and
measured experimentally �92� by NMR. The obtained pro-
files for 22:6�3cis chain in pure lipid bilayers are similar to
that of the SCF presented in Fig. 4�b�.

Nevertheless, the influence of cholesterol on the order
parameter profile of polyunsaturated acyl chain in the
lipid bilayer was investigated in MD simulations of
18:0 /22:6�3cis PC bilayer with 40 mol % cholesterol. Ac-
cording to these MD simulations the cholesterol molecules
do have a detectable influence on the order parameter profile
of polyunsaturated chain 22:6�3cis, but in a less degree than
on the saturated chain 18:0.

We now shift our attention to the properties of the inclu-
sion molecule in the tensionless bilayers. In Fig. 5 the aver-
age position and the fluctuations of the hydrophilic group in
the cholesterol-look-alike molecule is presented again for
three variants of the rigid backbone length. As shown in Fig.
5�a� the average position is not a very strong function of the
loading of the bilayer with the cholesterol-look-alikes, and
the O shifts further from the center of the bilayer with in-
creasing size of the rigid fragment. The fluctuations have the
opposite trend. The further the O is from the center the
smaller are the fluctuations. The fluctuations remain small
for the n=12 variant, whereas it is rather high for the smaller
ones. The qualitative explanation of these trends is clear. The
longer variant is better aligned with the normal and due to its
size the O must remain on the outside of the bilayer. The
average O position is at a large coordinate and the fluctua-
tions are small. The reverse is the case for the smallest vari-
ant.

Some of our arguments used above rely heavily on the
fact that the inclusion molecule is oriented perpendicular to
the membrane surface. As is shown in Fig. 6 the order pa-
rameter of the rigid fragment is a strong function of the
length of the rigid part and only a minor function of the
loading of inclusions in the bilayer. Obviously, the order in-
creases with increasing length of the rigid part in the
cholesterol-look-alike. Order parameters around 0.8 are very
high and one can view these molecules to be in the normal
direction to a good approximation. This is in line with above
mentioned works and, in particular, with the conclusion
made in Ref. �77�: the use of neutron diffraction and proton-
deuterium contrast methods as well as molecular dynamics
calculations demonstrated that the rigid inclusion is well em-
bedded in the membrane and occupies a vertical location
which favors a hydrogen-bonding interaction between its OH
group and the phospholipid fatty acyl chain esters. The ori-
entation of cholesterol was measured by solid state 2H NMR

in unsaturated 18:0 /18:1�9cis PC bilayer and polyunsatu-
rated bilayers of 18:0 /20:4�6cis PC and 18:0 /22:6�3cis
PC as well �24�. This orientation was shown to be almost
parallel to the bilayer normal, it is characterized by the
tilt angle �16° with the normal. For dipolyunsaturated
20:4�6cis /20:4�6cis PC bilayer this tilt angle was obtained
to be �22° �24�. A similar result was obtained for
cholesterol orientation in 18:0 /22:6�3cis PC and
22:6�3cis /22:6�3cis PC bilayers using low- and wide-
angle x-ray diffraction �25�: at 20 °C the tilt angle in
22:6�3cis /22:6�3cis PC–50 mol % cholesterol system is
�24°, in 18:0 /22:6�3cis PC–50 mol % cholesterol system
it is �17°. For 16:0/16:0 PC bilayers with 33.3 and
50 mol % cholesterol studied by combined Monte Carlo and
MD simulation �80� the most probable cholesterol tilt angle
is equal to �12° and �10°, respectively. In the MD simula-
tions of 16:0/16:0 PC with 50 and 11 % cholesterol concen-
trations �76� values for the cholesterol tilt angle of �11° and
�20°, respectively, are reported. According to Ref. �37� the
average tilt of the cholesterol ring system in the simulated
�by MD� 16:0/16:0 PC bilayer drops from 42° at 5% choles-
terol down to �28° at 40%.

The order parameter S for cholesterol in 18:0 /22:6�3cis
PC–10 mol % cholesterol bilayer was shown to be �0.68 at
20 °C and �0.65 at 30 °C. In the bilayer of
18:0 /22:6�3cis PC–50 mol % cholesterol the order param-
eter of cholesterol is �0.77 at 20 °C and �0.75 at 30 °C
�25�. SCF results shown in Fig. 6 are in good agreement with
these data.

The smaller variant is somewhat less ordered, but still it is
better aligned to the membrane normal than the lipid mol-
ecules. The alignment must be attributed to the fact that there
is orientational order in the densely packed system and not as
much to the hydroxyl unit in the molecule.
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IV. DISCUSSION

The SCF modeling of pure bilayers has been shown to be
much better than one could expect a priori. Apparently, the
theory behaves rather well for densely packed layers wherein
the actual surroundings of each molecule does not deviate
much from the average surroundings that is found iteratively
in the SCF method. Whether the theory is also reasonably
accurate in mixed bilayers where the cholesterol-like mol-
ecules are admixed with the bilayer lipids is still not obvious.
When the interactions between the additives and the lipid
molecules are not ideal one should anticipate some lateral
clustering of cholesterol, and the present mean-field approxi-
mation can not deal with this. In many biological membranes
the loading of membranes with cholesterol is very high �44�.
This suggests that the mixing is not far from the ideal case.
As a result we may anticipate that the clustering is weak and
that a mean-field theory should once again be rather accurate.
We note, however, that significant amounts of cholesterol
mixed with membranes composed of several types of lipids
�mixtures of saturated and unsaturated� may not necessarily
remain distributed homogeneously. The evidence is mount-
ing that in these systems there can be an inhomogeneous
lipid distribution along the bilayer. Regions rich in choles-
terol and saturated lipids float similar to rafts in a sea of
unsaturated lipids. This means that there can be cholesterol
rich domains at some part of the bilayer and region with
much less cholesterol in other regions. Recent self-consistent
field modeling �significantly different from ours� has given
first evidence for such coexistence �94� and the thermody-
namic stability of rafts. In this SCF model the molecular
structure of the hydrophobic parts of the lipids and the cho-
lesterol were accurately accounted for. However, there were
still positional constraints on the molecules �effectively, only
the apolar regions of the mixed bilayers were considered�. In
our SCF theory we do not need to introduce such constraints
and therefore it may be useful to use our approach for the
problem of rafts formation, i.e., for three-component sys-
tems.

One may argue that the present model of the cholesterol-
look-alikes is not very realistic. Indeed, the implemented
structure has only the main features that correspond to the
real cholesterol molecules. The ring structure which is
present in the cholesterol molecule is represented by a string
of segments that are artificially modeled close to rodlike. The
volume of this part is therefore significantly underestimated.
Moreover we did not implement the methyl side groups in
the rigid part of the molecule. From the analysis in which the
length of the rigid part of the cholesterol-look-alikes was
varied, we may conclude that the SCF theory indicates that
the size of this moiety is important for the response of the
surrounding lipids to the cholesterol molecules. The n=9
variant is to our opinion close to the length of the real cho-
lesterol molecule and therefore we suggest that the results
obtained for this molecule are the most relevant.

The flexible moiety of the cholesterol molecule resembles
that in the look-alikes. This part of the molecule is located
around the center of the bilayer and the average profile
causes the overall profile of the cholesterol to increase al-
most linearly towards the center of the bilayer. If the choles-

terol molecules would not be able to sample conformations
in the z direction, and when the O would have been perfectly
anchored to the water interface, we would have expected that
the overall profile of the cholesterol molecules would have a
dip rather than a peak in the center of the bilayer. Note, that
the dip in electron density and/or mass density profiles �as
found in experiments / MD simulations� is in part due to a
relatively high content of CH3 groups in the central region of
the bilayer. This effect is not accounted for in the SCF
model. Considering the fact that the glycerol moiety in the
bilayer also has some spread in the z direction, we should
anticipate that cholesterol has significant z-position fluctua-
tions in the bilayer. These fluctuations are only damped by
the “anchoring” of a single O near the glycerol moieties of
the lipids. Unless we have severely underestimated the pen-
alty for the desolvatation of this group we must accept a
reasonable freedom for the cholesterol to vary its average z
position. When this could be established, e.g., by experi-
ments of other computer simulations, this may have interest-
ing implications.

One of the significant predictions of our calculations is
that the area per molecule available per PC head group
slightly increases with loading of the bilayer with choles-
terol. If the lateral mobility of the lipids in the bilayer is
limited by some “friction” in the head group region, we may
anticipate a larger lateral mobility of the lipids. A larger mo-
bility of the lipids may also expected from a higher orienta-
tional order. When the lipid tails have more order they are
also less likely entangled with neighbors. The increased
packing density may lead to a decreased mobility �as in the
gel phase�. Finally, the mobility may increase because the
cholesterol tends to push the lipids of the two monolayers of
the bilayers apart such that there is somewhat less lipid in-
terdigitation. However, when the cholesterol molecules can
cross the membrane center �as indicated by the SCF results�,
we should expect some mechanical coupling of the two
halves of the bilayer which leads to a higher friction and a
reduction in mobility. This last effect was reported some time
ago as a conclusion from quasielastic neutron scattering ex-
periments for dipalmitoylphosphatidylcholine multilayers
loaded with cholesterol �95�.

V. SUMMARY

A detailed self-consistent field theory has been used to
probe the effect of cholesterol-like molecules in densely
packed layers of lipids in the bilayer configuration. Choles-
terol increases the membrane thickness, increases the area
per PC lipid molecule, increases the order in the lipid tails
and somewhat decouples the two monolayers in the bilayer.
The overall volume fraction profile of the cholesterol-look-
alike across the tensionless bilayers reveals a clear maximum
in the center of the bilayer. This maximum was attributed to
the profile of the flexible chain fragment because the rigid
moiety has a rather flat distribution across the bilayer. If we
believe our SCF results, we must conclude that the oxygen in
the cholesterol molecule is not a very strong anchoring unit
to fully fix the molecule to the water interface. As a result
one should anticipate that the cholesterol molecule, which is

F. A. M. LEERMAKERS AND A. L. RABINOVICH PHYSICAL REVIEW E 76, 031904 �2007�

031904-10



well aligned with the membrane normal, has significant fluc-
tuations in the normal direction throughout the hydrophobic
cores. We have speculated that the dip seen in the mass-
density profiles for the cholesterol in MD simulations can be
due to the limited simulation time. Another factor that con-
tributes to the dip in simulations and in experiments is that
CH3 groups contribute relatively little to the mass and elec-
tron density. The “translation” of the volume fractions �from
SCF� to the mass density �in MD� is needed to estimate the
true discrepancy between the results. For the majority of pre-
dictions we find good correspondence between SCF and ex-

perimental and simulation data. This is significant consider-
ing the fact that SCF is many orders of magnitude cheaper in
CPU time than MD.
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