
Lateral organization of complex lipid mixtures from multiscale modeling
Paul W. Tumaneng,1,a� Sagar A. Pandit,2 Guijun Zhao,1 and H. L. Scott1
1Department of Biological, Chemical and Physical Sciences and Center for the Molecular Study of
Condensed Soft Matter, Illinois Institute of Technology, Chicago, Illinois 60616, USA
2Department of Physics, University of South Florida, Tampa, Florida 33620, USA

�Received 13 November 2009; accepted 20 January 2010; published online 12 February 2010�

The organizational properties of complex lipid mixtures can give rise to functionally important
structures in cell membranes. In model membranes, ternary lipid-cholesterol �CHOL� mixtures are
often used as representative systems to investigate the formation and stabilization of localized
structural domains �“rafts”�. In this work, we describe a self-consistent mean-field model that builds
on molecular dynamics simulations to incorporate multiple lipid components and to investigate the
lateral organization of such mixtures. The model predictions reveal regions of bimodal order on
ternary plots that are in good agreement with experiment. Specifically, we have applied the model
to ternary mixtures composed of dioleoylphosphatidylcholine:18:0 sphingomyelin:CHOL. This
work provides insight into the specific intermolecular interactions that drive the formation of
localized domains in these mixtures. The model makes use of molecular dynamics simulations to
extract interaction parameters and to provide chain configuration order parameter libraries.
© 2010 American Institute of Physics. �doi:10.1063/1.3314729�

I. INTRODUCTION

Cell membranes are composed of a variety of amphip-
athic molecules such as phospholipids and sphingolipids.
These lipids form a bilayer structure in the presence of water,
where the hydrophilic headgroups are solvated in water and
the hydrophobic hydrocarbon chains �henceforth referred to
as chains� form the core to minimize contact with water.
Bilayer sheets further fold into large scale vesicles to avoid
hydrocarbon water contact. The resulting lipid vesicles ex-
hibit complex structural and organizational changes with re-
spect to temperature and lipid concentration, and numerous
experimental studies over the past decade have underscored
their importance in cellular behavior.

Typical single-component lipid bilayers undergo a first
order phase transition from a gel phase, So, to a liquid disor-
dered phase, L�, at a particular melting temperature. As a
consequence, some binary mixtures consisting of a lipid with
a low melting temperature and a lipid with a high melting
temperature exhibit separated regions of L� and So phases, at
temperatures intermediate to their respective melting
points.1,2 A recent study of binary phospholipid mixtures3 has
concluded that these domains represent stable thermody-
namic phases. However, the mixture studied in Ref. 3 lacks
the biologically important presence of cholesterol �CHOL�
and sphingolipids.

CHOL has the effect of inducing order in lipid chains to
form a liquid ordered, Lo phase, characterized by highly mo-
bile chains that are also well ordered. When CHOL is added
to binary mixtures of lipids in bilayers, laterally separated
liquid domains consisting of CHOL-rich Lo, and CHOL-
depleted L� regions are observed in experiments.4,5 These
liquid domains form the basis for the concept of “lipid rafts”

that are believed to exist in biological plasma membranes6–9

and are implicated in a number of biologically important
cellular functions �see, e.g., Refs. 10 and 11�.

The effect of CHOL on the ordering of chains is thought
to arise from the structure of the CHOL itself12,13 and the
chains with which the CHOLs interact.14–21 The rigid CHOL
ring structure enforces a tighter packing and reduces the con-
formational freedom of neighboring lipid chains. CHOL
shows a unique level of specificity in inducing order due to
the two faces of the CHOL rings. That is, the two sides of the
CHOL rings are structurally distinct, viz., one face has pro-
truding methyl groups �rough � face�, while the other does
not �smooth � face�. Molecular dynamics simulations12,13,22

show that lipids having ordered chains due to the lack of
unsaturated bonds, tend to pack better with the � face, leav-
ing the lipids with disordered chains to associate more with
the � face. Experimentally, the presence of CHOL has been
shown to promote lateral inhomogeneity in mixed lipid
bilayers,23 suggesting a role for this anisotropic CHOL-lipid
interaction in domain formation. Experiments provide a large
body of evidence that model bilayers composed of ternary
lipid-CHOL mixtures can indeed segregate into coexisting
lateral domains of differing composition4,5,21,24–29 and that
CHOL plays a crucial role in the domain partitioning.

A concrete understanding of specific interactions in
lipid-CHOL systems is crucial in unraveling the role of
“raftlike” domains in cellular processes.10,11 To this end, we
consider here a system consisting of dioleoylphosphatidyl-
choline �DOPC� �the low melting point lipid� mixed with
18:0 sphingomyelin �SM� �the high melting point lipid�,
at various concentrations of CHOL. This system and
others like it have been extensively studied
experimentally.1,2,14,24,25,28,30–50 Several ternary phase dia-
grams have been published, indicating regions where phase
separated domains are found. However, to infer the specifica�Electronic mail: ptumanen@iit.edu.

THE JOURNAL OF CHEMICAL PHYSICS 132, 065104 �2010�

0021-9606/2010/132�6�/065104/10/$30.00 © 2010 American Institute of Physics132, 065104-1

http://dx.doi.org/10.1063/1.3314729
http://dx.doi.org/10.1063/1.3314729


interactions of lipids and CHOL that are responsible for the
observed behavior, we have to resort to modeling efforts.

A number of theoretical and computational modeling ef-
forts have been published in an attempt to study lipid bilay-
ers and interactions of lipid bilayers with CHOL.51–59 Some
of the modeling effort has been centered on thermodynami-
cal construction of phemenological free energy
functions,51–53 while a full statistical mechanical approach
has been described by Elliott et al.60,61 They have addressed
the role of CHOL and lipids on the lateral organization of
model bilayers employing atomistic level self-consistent
mean-field theory �SCMFT�. The model is utilized to con-
struct ternary phase diagrams of CHOL-lipid mixtures based
on a microscopic, phenomenological description of chain or-
dering as a function of membrane depth. Equilibrium statis-
tical mechanical analysis of the model leads to several dif-
ferent phase diagrams for varying choices of the interaction
parameters.

A coarse-grained computational approach based on MD
simulations, by Risselada and Marrink,62 also explores the
heterogeneous nature of model membranes. They have em-
ployed the Martini model63 force field to simulate the forma-
tion of domains in systems with saturated chain lipids, un-
saturated chain lipids, and CHOL. This model removes a
large number of degrees of freedom by combining multiple
atomic interactions into single interaction centers. Even
within this approximation, the emergence of domains is ap-
parent after just a few microseconds. In this paper, we also
use a molecular dynamics �MD�-based coarse-graining ap-
proach to map the lateral behavior of lipids and CHOL in
ternary mixtures, over a wide range of concentrations.

Any model that is aimed at studying the lateral reorga-
nization of lipids has to incorporate time and length scales
that greatly exceed those attainable in atomistic MD simula-
tions. Thus, here we extend a coarse-grained SCMFT model,
applied earlier to lipid-CHOL binary mixtures,22,64 and with
input from atomistic MD simulations. With this approach,
we propagate the MD-generated results into more biologi-
cally relevant time and length scales in a three-component
mixture. As demonstrated below, we are able to reproduce
complex levels of lateral organization, including separated
regions with differing chain order and concentration, ob-
served in experiments. The temporal evolution of the local
order in this model is calculated similarly to the model of
Peng et al.65 in which self-organization is driven by local
free energy gradients. Our model differs from the model of
Peng et al.,65 in that the mean field free energy of the lipid
bilayer is calculated following a model proposed by
Marčelja,22,64,66 specifically designed for lipid bilayer order-
ing. The Marčelja model �based on liquid-crystal theory� uti-
lizes order-order pairwise interactions between chains and
was originally applied with a high degree of success to pure
dipalmitoyl phosphatidylcholine �DPPC� in 1974.66 In a
more recent application of the same basic model to DPPC-
CHOL mixtures by Scott and co-workers,22,64 both the lateral
organizational properties and the heat capacities of these
mixtures were calculated and found to be in excellent agree-
ment with experiment.67,68

II. THE SCMFT MODEL

In our model, a leaflet of a lipid bilayer is mapped onto
a two-dimensional field of lipid chain order through which
CHOL molecules, mapped onto two-dimensional hard rods,
may diffuse. For the computational implementation, the field
is discretized onto a square lattice. The salient quantity for
intermolecular interactions is the scaled chain-averaged mo-
lecular order parameter for a single chain:

s�r�� = −
ntr

ns
�
m=1

ns �3

2
cos2 �m −

1

2
�/ns, �1�

where ntr /ns represents the fraction of dihedrals in a trans
configuration �ntr� in a single chain to the number of dihe-
drals along that chain �ns�. �m is the angle between the nor-
mal to the plane defined by the C–H bond vectors and the
bilayer normal for carbon m for the chain at the position r�.
The form of Eq. �1� differs from previous models such as
those due to Elliott et al.60,61 in that we are averaging over
the entire chain, rather than treating components of the chain
individually. Following the model of Peng et al.65 and our
earlier work,22,64 we introduce CHOL molecules as rigid
two-dimensional rods that diffuse over the two-dimensional
field and interact locally with the lipid through the field val-
ues.

The system Hamiltonian includes order parameter-
dependent interactions between neighboring lipid chains,
CHOL-lipid chain pairs and CHOL-CHOL neighboring
pairs,

Htot = Hlip-lip + Hlip-CHOL + HCHOL-CHOL. �2�

The first term in the Hamiltonian represents interactions
between lipid chains:

Hlip-lip = − �
�ij	

V0�c�sisj − �
i=1

nlip

V1�c�si�i − �
�ij	

V2�c��i� j ,

�3�

where sums are over lattice sites and angled brackets indicate
sums over nearest neighbors, i , j. In Eq. �3�, si is the lipid
order at lattice site i as defined in Eq. �1� and �i is the
relative compositional makeup at site i. That is, in order to
accommodate binary lipid DOPC-SM mixtures in the model,
we introduce the concentration field �i=cSM,i−cDOPC,i, de-
fined as the difference in relative localized concentrations of
the two lipid components at site i. The total concentration of
SM in the system, which is conserved throughout the simu-
lation, is denoted by c=1− �1 /nlip��i=1

nlipcDOPC,i. The param-
eters V0�c�, V1�c�, and V2�c� are concentration dependent
coupling constants that model pairwise interactions between
lipid molecules as bilinear products of order parameters, or-
der parameter and local concentration, and local concentra-
tion fields, respectively. Below we elaborate on the method
by which we use MD trajectories to estimate values for the
coupling constants and how the time evolution of the con-
centration field is modeled. Then, in subsequent paragraphs
we describe the lipid-CHOL, and CHOL-CHOL terms in Eq.
�2�.
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A. Coupling constants

The interaction constants in Eq. �3� represent interaction
energies that are coupled to local order parameters �V0�c��, to
local concentration �V2�c��, and to local order-concentration
values �V1�c��. As a first approximation, the coupling con-
stants are computed by taking convex combinations of cou-
pling constants of respective pure systems, such as V0�c�
=V0

SMc+V0
DOPC�1−c�, where V0

SM and V0
DOPC are the coupling

constants of systems pure in SM and DOPC, respectively.
V1�c� and V2�c� have the same concentration dependence.

The parameters V0�c�, V1�c�, and V2�c� are obtained
from analysis of the distributions of intermolecular energies
for different order parameter values, in MD simulations. In
this procedure, MD trajectories are analyzed to obtain the
MD-averaged nearest neighbor pairwise chain energy states
as functions of chain order and concentration. A linear fit
then yields the relevant coupling constant. The data are, as
expected, quite noisy so that the resulting values represent a
range of possible coupling constants. However, we have
made only one additional modification to the linear fitting
results for the lipid-lipid order parameter coupling constant:
V0

SM and V0
DOPC were further tuned for each lipid so that the

main-chain phase transition temperature is consistent with
the experimental value, and this represents the only phenom-
enological component of this work. This modification gener-
ally changed the MD-based values of V0

SM and V0
DOPC by

10%–20%. The coupling between order parameter and con-
centration field, parameterized by V1�c�, is approximated by
analyzing the difference in the product of the intrachain en-
ergies and their respective order parameters for both SM
chains and DOPC chains. The result is that more highly or-
dered chains are energetically favored when a higher concen-
tration field is present and vice versa for DOPC chains. The
third term in Eq. �3�, parameterized by V2�c�, drives forma-
tion of domains through differences in interchain interaction
strengths for the two lipid types SM and DOPC, as this term
energetically favors neighboring lattice sites with similar val-
ues in �. Analysis of energies due to Lennard-Jones interac-
tions calculated from MD simulation trajectories of SM and
DOPC bilayers reveal that intrachain energies due to all the
carbons along a chain interacting with each other are typi-
cally attractive and greater in magnitude in SM chains than
in DOPC chains. The same was true for interchain energies
between all carbons along a chain interacting with all car-
bons along an adjacent chain. As an example, consider two
neighboring sites i and j that have a concentration field
value representing pure SM ��i=� j =+1� or pure DOPC
��i=� j =−1�. The product of �i and � j is positive in both
cases, providing a contribution of −V2�c� to the energy. If
one site has a concentration field value representing pure SM
��i=+1� while the other has a value representing pure DOPC
�� j =−1�, the product is negative, providing a contribution of
+V2�c� to the energy. In general, �i can vary continuously
between 0 and 1, but the energy preference for same-sign
neighbors holds.

B. Concentration field

The presence of two species of lipid in the model at any
given lattice site is described by the concentration field �i

=cSM,i−cDOPC,i at a site i on the lattice grid. Therefore, each
localized point in the two-dimensional model is assigned two
field values; an order parameter field value and a concentra-
tion field value. Note that the while the fractional lipid con-
centration can vary at the local level, the overall fractions of
these lipids in the system �cSM and cDOPC� remain constant.
The field values range continuously from �1 to +1 �cSM,i and
cDOPC,i each can vary between 0 and 1�, with �1 represent-
ing pure DOPC and +1 representing pure SM. In our model,
we evolve the local concentration field through a Cahn–
Hilliard equation that relates the time evolution of the local
concentration field to changes in the local free energy,69

��i

�t
= ��2 �F

��i
+ �i, �4�

where F is the free energy, � is a lipid mobility parameter,
and �i is a stochastic noise component. This equation ensures
that, while local lipid concentration field values may vary in
time, the total lipid concentrations in the system are con-
served.

C. Lipid-CHOL and CHOL-CHOL interactions

CHOL molecules are mapped onto the lattice as two-
dimensional hard rods that diffuse through the order param-
eter and concentration fields, as in our earlier work.22,64

Based on a preponderance of experimental evidence that
CHOL primarily affects lipid chain order, the hard rods are
assumed to interact locally with the lipid order field only, and
with other CHOLs. The second term in the Hamiltonian rep-
resents lipid-CHOL interactions and is designed to take into
account the asymmetry of the CHOL molecule,

Hlip-CHOL = − �
i=1

nlip

�
j=1

nCHOL

Vlip-CHOL�1 − � sin �i,j�si. �5�

The sums are over all lipid chains and nearby CHOL mol-
ecules. The coupling constant, Vlip-CHOL, is found from MD
trajectories by linear regression analysis of CHOL-lipid
chain interactions as a function of order parameter, as de-
scribed in previous papers.22,64 The parameter � was intro-
duced in earlier work22 as a means to incorporate the fact
that lipid chains are more energetically attracted to the
smooth side of CHOL.22 Thus, it serves to represent the
asymmetry of lipid-CHOL interactions in the x-y plane of the
bilayer. Each CHOL “rod” has a body coordinate system
with a y� axis along the length of the rod starting at the
center of mass, and an x� axis extending from the center of
mass in the direction perpendicular to the rod on the “rough”
side. �i,j is defined as the angle between the y� axis of CHOL
i and vector connecting the center of mass of CHOL i and
the position of lipid j on the lattice.22 Numerical values for
Vlip-CHOL and � are the same as used earlier in Ref. 22. We
emphasize that Eq. �5� depends only on the local chain order
parameter si and not on the local value of the concentration
field. This is a consequence of our observation in earlier MD
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simulation work12 that the MD-calculated pairwise interac-
tion energy distributions between CHOL and SM are indis-
tinguishable from those between CHOL and DOPC. While
one could adjust parameters in the model if one wanted to
postulate different interactions, that would not be in keeping
with our goal to reduce the number of adjustable parameters
to a minimum. There is experimental support for our hypoth-
esis that the dominant interactions that drive lateral organi-
zation in lipid bilayers are order parameter dependent. Ter-
nary mixtures of DOPC-DPPC-CHOL have a similar phase
diagram as DOPC-SM-CHOL �Ref. 5� �see also the review
by Feigenson70�, which suggests that the lipid-CHOL inter-
actions are driven by the order parameter field rather than the
concentration field.

The third term in the Hamiltonian, Eq. �2�, represents
CHOL-CHOL interactions cast onto the two-dimensional bi-
layer plane,

HCHOL-CHOL = �
i=1

nCHOL

�
j=1

nCHOL

Vcc
r �rij�Vcc

	 �	ij� , �6�

where sums are taken over all neighboring CHOL molecules.
This term has not been altered from the earlier CHOL-lipid
modeling.22,64 As described there, the two terms in the sum
account for the radial and angular energy interactions. Here,
rij is the distance between two close CHOLs, with indices i
and j and 	ij =	i−	 j is the difference in angle between
two close CHOLs. MD simulations indicate that the
CHOL-CHOL interaction is of very short range, so in prac-
tice, HCHOL-CHOL is taken to be a simple repulsive potential,

Vcc
r Vcc

	 = 
� sin2�	ij� , rij 
 L ,

0, rij � L ,
�

where �=13kBT and L is the rod length.22,64

The diffusion of CHOL molecules over the order param-
eter and concentration fields is modeled by the following
Langevin equations:

�r�k

�t
= − Mr

�F

�r�k
+ �k� �7�

and

��k

�t
= − M�

�F

��k
+ 
k, �8�

where �k and �k are stochastic noise components and Mr and
M� are CHOL mobilities. r�k defines the x ,y position of the
center of the kth CHOL and �k is its orientation. �k and 
k are
thermal fluctuations modeled as random variables that obey
fluctuation-dissipation theorems. Mr and M�, the CHOL mo-
bilities, are related to MD-extracted diffusion constant D and
the rotational diffusion constant, Drot by Mr=D /kBT and
M�=Drot /kBT.22,64

D. Mean field modeling method

In the statistical mechanical treatment, we start with the
expression for the total partition function for a given distri-
bution of CHOLs,

Ztot = �
i=1

nlip

�
allconfs

exp�−
Htot

kbT

 , �9�

where Htot is described above. The first sum is over all SM
and DOPC chains in the system. The second sum is over all
possible configurations of each chain. The possible configu-
rations are enumerated in libraries of order parameter �Eq.
�1�� values obtained from MD trajectories as described in
earlier work.22,64 The use of MD libraries allows us to
sample the most likely configurations in a bilayer environ-
ment, ignoring the extremely large number of conformations
that are highly unlikely to be present in a lipid bilayer.

In the self-consistent mean-field approximation, the lipid
chain at each lattice site i interacts with a mean field due to
neighboring lipids, the number of nearby CHOLs, ci, and the
concentration field,

�i = �
j=1

�

Vo�sj	 + ciVlip-CHOL + V1�c��i, �10�

where � is the coordination number ��=4 for a square lat-
tice�. This allows us to express the partition function for a
single chain as a sum over all possible chain configurations,

Zi = �
allconf

exp���isi� . �11�

The usual statistical mechanical treatment results in coupled
self-consistent equations for �si	,

�si	 =
�allconfsc exp���isc�
�allconf exp���isc�

. �12�

This system of equations is solved iteratively at each time
step to find the mean order parameter field.

At each time step, CHOL positions and orientations are
propagated according to Eqs. �7� and �8� and the concentra-
tion field is propagated according to Eq. �4�. Then the self-
consistent Eq. �12� is solved. Following this, the mean-field
free energy is calculated as

F = �
i=1

nlip

��si	�i − kbT ln Zi� + HCHOL-CHOL

−
1

2�
i=1

nlip

�
j=1

�

V2�c��i� j , �13�

which is used to update the Langevin Eqs. �7� and �8� and the
Cahn–Hilliard Eq. �4� for the next time step. This completes
one time step and the steps after initialization are repeated
until microsecond times are reached.

III. APPLICATION TO DOPC-SM-CHOL MIXTURES

Each simulation was initialized with random distribu-
tions of both order and concentration fields �at the given lipid
concentration ratio�, and randomly distributed CHOLs.
Simulations were carried out on a 100 by 100 square lattice,
which translates to 5000 lipids �10 000 chains� in the DOPC-
SM-CHOL system. The phase transition temperatures of
DOPC and SM are roughly 253 and 318 K, respectively. We
therefore set the temperature for our system at 303 K, where
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domain formation is known to occur. Timesteps were taken
at 0.1 ns steps, and all runs reached at least 1 �s. Simula-
tions were run for lipid concentrations varying from 0% to
100% for SM and the phospholipid, and for CHOL concen-
trations between 0% and 50%.

Lateral organizational behavior was determined at each
simulated concentration by analyzing the patterns observed
in order parameter and concentration field distribution plots
and trajectory snapshots. Typical snapshots of order param-
eter and concentration field are shown in Fig. 1 for the
DOPC:SM:CHOL concentration triplet 35:40:25 after 1 �s
of simulation. It is clear from the patterns in the snapshots
that regions of higher order parameter correspond to regions
of a higher concentration of SM and regions of lower order
parameter correspond to regions of a higher concentration of
DOPC. CHOLs in Figs. 1�a� and 1�b� are represented by
short black lines. A narrow transition region is found along
the boundaries in Figs. 1�a� and 1�b�. The order parameter
trajectory snapshot in Fig. 1�a� shows dark blue regions rep-
resenting lower order parameter values and light blue regions
representing higher order parameter values. In the concentra-
tion field plot in Fig. 1�b�, the pattern shows SM-rich con-
centrations �dark� separated from DOPC-rich concentrations
�light�. Distributions of order parameter and concentration
field values are shown in Figs. 2�a� and 2�b�, respectively,
and were obtained by separately binning order parameter and
concentration field values from each lattice site. The bimo-
dality of the high and relatively high peaks in concentration
and order shown in Fig. 2. In the concentration field distri-
bution �Fig. 2�b��, there are two separate peaks correspond-
ing to regions of the field rich in SM and DOPC, respec-
tively. In the order parameter field �Fig. 2�a��, the peaks are
quite close and overlap, indicating a high degree of order for
both SM and DOPC at 25% CHOL.

We can distinguish regions on a ternary phase plot71 by
the presence or absence of bimodality in distributions of or-

der and concentration fields. The locations of these regions
can then be compared with experimental plots.4 We find a
very good match between experiment and model results in
terms of the structure of the lateral organizations at different
points on the ternary diagrams. Figure 3 illustrates this com-
parison for DOPC:SM:CHOL mixtures. Figure 3�a� shows
an experimental diagram4 with superimposed arrows that in-

FIG. 1. Trajectory snapshots of order parameter �a� and concentration field �b� for the DOPC:SM:CHOL concentration 35:40:25. CHOLs are visible as small
black segments representing the two-dimensional rods. Color codes are in �c� and �d�.

(a)

(b)

FIG. 2. Distributions of order parameter �a� and concentration field �b� for
the DOPC:SM:CHOL concentration 35:40:25.
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dicate simulated concentrations. We display order parameter
and concentration fields that we have simulated at those
points in Figs. 3�b�–3�k�.

In Figs. 3�b� and 3�c�, we show the snapshots of order
parameter and concentration fields for the DOPC:SM:CHOL
triplet 50:50:0. There is clear separation between a high and
low value of order parameter. Additionally, the separation
into domains occurs at the same regions on the concentration
field plot. The domains consisting of higher value of order
parameter are rich in SM and the domains consisting of
lower value of order parameter are rich in DOPC. This is
very similar to the points in the experimental plot near that
concentration, represented by a gray square, where a gel
phase is in coexistence with a liquid phase.

In Figs. 3�d� and 3�e�, we find no clear separation in
order parameter and concentration field, respectively, but it is
clear that the presence of CHOL results in enhanced ordering
of chains to chain-averaged values near 0.2, compared to
about 0.1–0.15 for fluid phase DOPC. This ordering of
chains is seen in the color variations in Fig. 2�c� that show no
long range order. This point is directly comparable to the
analogous phase region indicated by the arrow �d,e� on the
experimental phase diagram, and represented by an open
circle, indicating a phase in which no lipid domains are ob-
served.

In Figs. 3�f� and 3�g�, representing 35% CHOL and
45:20 DOPC:SM concentration, there are separated regions
of a low and high order parameter and concentration field.
Low and high order parameters are also seen in the areas

surrounding this point on the experimental diagram, indi-
cated by the arrow labeled �f,g� and are identified by Veatch
and Keller as coexisting liquid ordered and liquid disordered
regions.

In Figs. 3�h� and 3�i�, the plots representing 30:60:10
with a larger concentration of SM, we observe a region of
high order and a region of intermediate order. The corre-
sponding experimental point on the phase diagram is repre-
sented by a gray square, indicating that there is a coexistence
between a gel and liquid phase. At high degrees of lipid
order �average chain order around 0.4� the differences be-
tween the two bimodal regions is more subtle, and represents
a coexistence between a “gel-like” phase �so labeled because
peak order parameter values are closer to 0.5� and liquid
ordered regions �peak order parameter values closer to 0.4�.
Experimental data seem to indicate the coexistence of a gel
phase and a liquid disordered phase, at least near the point
labeled �h,i�, which is consistent with the bimodal concentra-
tion field seen in Fig. 3�i�.

Finally, Figs. 3�j� and 3�k� show a homogeneous system
with order parameter and concentration fields that vary little
spatially. The points on the experimental diagram around this
point, labeled �j,k�, have white squares that represent a single
region of gel-like order. We point out that in all cases, model
domains are much smaller than the micron-sized patterns
seen in experiment, but this is a consequence of the much
smaller scale of the model, compared to the micron-sized
experimental vesicles, and to the difference in time scales.

A ternary plot, constructed from order parameter distri-

FIG. 3. �a�Experimentally derived phase plot from Veatch and Keller �Ref. 4�. Black, white, and gray squares and circles are experimental points. White
circles represent concentrations consisting of a uniform liquid phase, black circles denote coexisting liquid phases, gray squares denote coexisting gel, and
liquid phases and white squares represent a uniform gel phase. Superimposed over the experimental plot are labels marking positions on the diagram that
correspond to simulated DOPC:SM:CHOL order parameter plots shown in �b�–�k�. At each represented concentration, order parameter field and the concen-
tration field snapshots after 1 �s are shown. CHOLs have been removed for clarity. The patterns reveal a separation into domains that is present in both fields
at some concentrations. The scale of order parameter is shown in �l� and the scale of concentration field is shown in �m�. The similarities between experiment
and simulation are discussed in the text.

065104-6 Tumaneng et al. J. Chem. Phys. 132, 065104 �2010�



butions, is shown in Fig. 4. The dots represent the average
value of order parameter at the peaks of each distribution.
Regions of bimodality are given the two dots shown, repre-
senting the values of order. In this figure, we have drawn a
boundary contour within which our simulations indicate the
presence of bimodality in lipid order and concentration. The
boundary defining this region is approximated by fitting the
peaks to Gaussian curves and interpolating where the area
under these curves would become zero. The resolution of this
boundary is limited by the number of simulations carried out.

The colored dots in Fig. 4 representing peaks in order
parameter distribution tend to shift continuously as concen-
tration is adjusted. As an example, consider the peaks along
the 20% CHOL concentration line. Toward the right of the
diagram, a single peak is present in the order distribution
with a relatively high value. Moving toward the left along
the 20% CHOL concentration line, we traverse the line that
separates the region of bimodality from the single peak re-
gion. In here, a second peak in the distribution appears. Mov-
ing further to the left within the bimodality region, both
curves shift to lower order values until the coexistence line is
traversed again and only a single peak remains at a relatively
low value of order. Thus, as one moves laterally around the
ternary plot, the order parameter peaks shift and at certain
points on the diagram, the bimodality in peaks is reminiscent
of laterally segregated phases seen in experiment, as de-
scribed in paragraphs above. Because the peaks shift con-
tinuously as concentration is changed, it is not possible to
use lipid chain averaged order to delineate specific portions
of the ternary diagram at which various phases can be rep-
resented. However we note that, based on order parameter
values, we can assign standard phase nomenclature to the
various points in Fig. 4, specifically the bimodal regions:
orange-orange dot pairs represent gel-like and Lo; orange-
green/lavender dot pairs represent L� and Lo; blue-green dot
pairs represent bimodality in which both distributions have
peaks at relatively low values for the order parameter. We

interpret the latter as a gradual lowering of the Lo �orange to
lavender� order as DOPC concentration increases.

While the changes in order parameter are subtle and in-
volve the appearance and disappearance of shoulders on the
distributions of chain order, and as used for the construction
of Fig. 4, bimodality in the concentration field has a different
nature. Figure 2�b� shows two distinct and nonoverlapping
concentration regions for an equimolar mixture of SM and
DOPC at 25% CHOL. To further illustrate the nature of the
changes in order and concentration, we show in Fig. 5 a
series of plots of both fields at 20% CHOL for all lipid mix-
tures studied in the simulations. This figure clearly shows the
changes in the concentration field as a single peak at high
DOPC levels, evolving into two separate peaks as the con-
centrations become closer to equimolar, and then evolving
back into a single peak as the concentration approaches high
SM levels �or vice versa�. As discussed above, changes in the
distribution of the order parameter field generally follow
those of the concentration field but the differences in the
latter case are smaller and occur as shoulders on the distri-
bution plots rather than as separate peaks. This property of
the order parameter distributions as compared to the concen-
tration distributions is due to the combined effect of chain-
CHOL and chain-chain interactions. While all lipid chains
are affected by the presence of CHOL, they are also affected
by the presence of other lipid chains. That is, at high SM
concentration, the relatively high values of the chain order
parameters for that lipid will have the affect of ordering the
minority DOPC chains, and vice versa for high DOPC con-
centration. Figures 5�g� and 5�h� show equimolar mixtures of
DOPC and SM, plus 20% CHOL. So for this mixture DOPC
is ordered both by CHOL and by SM. Decreasing the SM
concentration by 10% �Figs. 5�i� and 5�j�� or increasing the
SM concentration by 10% �Figs. 5�e� and 5�f�� cause large
shifts to the left or right, respectively, in the concentration
distributions. The order distribution becomes broader and
shifts to much lower values when the DOPC concentration is
raised �Fig. 5�g�� and becomes sharper as the SM concentra-
tion is raised �Fig. 5�e��. These trends are consistent with a
complex system where chain ordering is strongly dependent
on the composition of the mixture, due to both chain-chain
and chain-CHOL interactions. The trends are also supported
by a large atomistic MD simulation of a single central do-
main containing both SM and CHOL molecules, that was
surrounded by DOPC molecules.72 In this simulation Pandit
et al.72 found, using Voroni tesselation, that DOPC molecules
within about 5–6 nm of the SM domain had molecular areas
of about 60 Å2, compared to 65–70 Å2 in pure fluid DOPC.
We also note that our model depicts the results from 1 �s
simulations. But this is a fairly short time in an ongoing time
evolution of order, and we discuss in the following section
the likely effects of much longer simulations under the
Cahn–Hilliard equation.

IV. SUMMARY

In summary, we have presented a coarse-grained, dy-
namic, self-consistent mean-field theoretical model of a bio-
logically important ternary mixture. In this MD-based model

FIG. 4. DOPC-SM-CHOL ternary lateral organization diagram. The shaded
region indicates the presence of bimodality in the order parameter distribu-
tions. Dots indicate the average order parameter values, with coloring rep-
resented by the key to the right. Two overlapping dots that appear in the
bimodal region represent the average order parameter of each peak.
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of lipid domain formation, input in the form of coupling
constant estimates and chain configuration libraries are ex-
tracted directly from MD simulation trajectories. The present
model differs from the model of Elliot et al.60,61 in that tem-
poral evolution of membrane order and compositional het-

erogeneity are explicitly modeled, and in that MD data are
used in the parameterization process and in building the set
of chain configurations. The predictive strength of the model
is evident when analogies are drawn between simulation re-
sults and experimental treatments of similar systems. In par-

(b)(a) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

(m) (n)

FIG. 5. Distribution plots of order parameter and concentration field for the DOPC:SM:CHOL concentrations labeled for the last snapshot of 1 �s
simulations.
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ticular, single- and double-peak order parameter and concen-
tration field distributions reveal patterns that resemble
regions on published experimental ternary plots.4

Of particular importance is the explicit inclusion of an-
isotropy in CHOL structure in this model, contained in the
parameter � in Eq. �5�. Equation �5� is, without �, similar to
the model of Putzel and Schick,52,53 and could by itself pro-
duce model ternary mixtures for a set of values of the cou-
pling constants. However, as we have pointed out in our
previous application of this model to a DPPC-CHOL
bilayer,22 the anisotropic nature of CHOL is necessary to
produce properties of the system consistent with experiment.
In our earlier work,22,64 it was found that a nonzero � was
essential to obtain heat capacities and bimodalities that were
in close agreement with experiment with DPPC-CHOL
mixtures.67 For this reason, we conclude that, due to the
difference between the two “faces” of CHOL, as incorpo-
rated through the constant � in Eq. �5� above, it is necessary
for the formation and distribution of ordered domains that
are consistent with experiment.

While the observed bimodalities in lipid chain order in
this model appear and disappear continuously as concentra-
tions vary, mean-field theory in general predicts first order
changes in phase as a function of lipid concentration. This
general property is consistent with the observed pattern of
concentration field bimodality in Fig. 5. Since changes in
chain order are more closely related to experimental fluores-
cence measurements, we note that we find here, and also
found in our DPPC-CHOL work,22,64 that above a CHOL
concentration of about 5% �the lowest nonzero CHOL con-
centration modeled�, changes in chain order evolve continu-
ously, at least in the time and length scales of the simulation.
For the present ternary model, as one approaches the bimo-
dal region �shaded region in Fig. 4� a single peak in the
distribution of order over the model evolves into a peak with
a shoulder that eventually separates fully or partially from
the original peak, giving two separated regions of order over
the lattice. However, at higher CHOL concentration the two
peaks can be quite close together �orange-orange for ex-
ample, in Fig. 4� with nonvanishing overlap. Leaving the
bimodal region, the two peaks in order blend into a single
peak. Experimentally, and consistent with the Gibbs Phase
Rule, regions of three-phase coexistence are often found in
ternary mixtures of the type considered here. While we do
not observe any clear trimodality in the order parameter dis-
tributions at any simulated concentrations, there are regions
where the calculated distributions of order and concentration
are broad and noisy �for example Figs. 5�i� and 5�j��, so that
longer simulations might reveal subtle third peaks. Further
resolution of the peak structure over time and over concen-
tration changes would require significantly more, larger, and
longer simulations than have been done here. It is important
to note that this model continues to evolve in time, and that
in general the domains in this model, and others based on the
Cahn–Hilliard equation, grow slowly in size over time,73 so
that another order of magnitude increase in the simulation
time could produce wider variation and higher resolution in
the order parameter distributions.

The model can be extended to virtually any ternary mix-

ture consisting of two lipids and CHOL if the appropriate
MD libraries are constructed and trajectories analyzed for
coupling constants. In ongoing work, a similar treatment for
palmitoy-oleoyl phosphatidylcholine, with both an unsatur-
ated and a saturated chain, mixed with palmitoyl sphingomy-
elin and CHOL, is in progress. This work, to be published
elsewhere, will address the issue of domain formation asso-
ciated with this level of unsaturation and will treat the asym-
metry of the lipid structure.
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