
ar
X

iv
:2

20
3.

03
26

9v
2 

 [
co

nd
-m

at
.s

of
t]

  3
0 

Ju
l 2

02
2

A lattice model of ternary mixtures of lipids and cholesterol with tunable domain sizes
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Much of our understanding of the physical mechanisms underlying the formation of raft domains in
biological membranes is based on atomistic simulations of simple model systems, especially ternary
mixtures consisting of saturated and unsaturated lipids, and cholesterol. To explore the properties
of such systems at macroscopically large scales, we here present a simple ternary mixture lattice
model, involving a small number of nearest neighbor interaction terms. Monte Carlo simulations
of mixtures with different compositions show an excellent agreement with experimental and atom-
istic simulation observations across multiple scale, ranging from the local distributions of lipids
to the macroscopic phase diagram of the system. The simplicity of the model allows us to iden-
tify the roles played by the different interactions between components, and the interplay between
them. Importantly, by changing the value of one of the model parameters, we can tune the size
of the liquid-ordered domains, thereby to simulate both Type II mixtures exhibiting macroscopic
phase separation and Type I mixtures with nanoscopic domains. The Type II mixture simulation
results fit well to the experimentally-determined phase diagram of mixtures containing saturated
DPPC/unsaturated DOPC/Chol. When the tunable parameter is changed, we obtain the Type I
version of DPPC/DOPC/Chol, i.e., a mixture not showing thermodynamic phase transitions but
one that may be fitted to the same phase diagram if local measures are used to distinguish between
the different states. Our model results suggest that short range packing is likely to be a key regulator
of the stability and size distribution of biological rafts.

INTRODUCTION

Biological membranes are complex mixtures of many
types of lipids, proteins and cholesterol (Chol) [1].
Though the lateral organization of such membranes is
far from being fully elucidated, evidences indicate that it
is highly heterogeneous [2]. Specifically, biological mem-
branes contain small (10-200 nm) and dynamic domains,
known as rafts, that are enriched in saturated lipids,
cholesterol (Chol) and often particular proteins [2–4].
Rafts are liquid-ordered (Lo) domain “floating” in a sea
of liquid-disordered (Ld) lipids [5, 6]. The Ld and Lo

phase are liquid crystalline ones, where the lipids diffuse
in the membrane plane [7]. In the Lo phase, the hy-
drocarbon chains are ordered, fully extended and tightly
packed, similarly to the gel (So) phase [8]. Because of the
enormous complexity of biological membranes, much of
our understanding of the biophysical behavior and prop-
erties of raft domains is based on investigations of sim-
ple model membranes with few components, especially
ternary mixtures of saturated and unsaturated lipids and
Chol [9–13]. Studies of many different ternary mixtures
reveal a phase diagram with regions of coexisting phases
in the composition space, including coexistence between
Lo and Ld phases which is believed to have relevance
to raft domains in biological membranes [13–16]. De-
pending on the identity of the lipids and temperature,
the coexistence of liquid phases may be of two types: In
the ternary mixture of DPPC/DOPC/Chol, for instance,
there are thermodynamic (macroscopic) phase separa-
tions between the liquid-disordered and liquid-ordered
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regions of the membranes over an wide range of tempera-
ture and composition [17]. When the doubly-unsaturated
DOPC is replaced with POPC, which has only one un-
saturated hydrophobic chain, no true phase separation is
observed [17]. Feigenson [13] termed mixtures exhibit-
ing macroscopic phase separation between liquid phases
as Type II mixtures, and those where such phase coexis-
tence is missing as Type I. Generally speaking, formation
of small and transient domains may be associated with a
vanishingly small line tension between the liquid phases.
In Type II mixtures, this is expected in the one phase
region of the phase diagram close to the critical demix-
ing point [16]. In the two phase region, a comparatively
higher line tension drives the macroscopically large seg-
regation of the liquid-ordered phases. Additionally, there
are also other mechanisms that may lead to the appear-
ance of small domains, including in Type I mixtures not
exhibiting macroscopic phase separation (see recent re-
views in [14, 18]), e.g., two dimensional microemulsion
domains stabilized by line active molecules (lineactant)
like hybrid lipids [19, 20], or a modulated phase arising
from a coupling between the local lipid composition and
bilayer [21–23] or monolayer [24] curvatures.

Accessing the length and time scales relevant to lipid
domains in complex membranes is computationally very
challenging. Atomistic simulation is the putative method
for characterizing the molecular organization in lipid
membranes [25]. It provides a molecular scale picture
which is not available experimentally. However, even
for simple model membranes, all-atom large scale sim-
ulations are computationally too costly. Therefore, a
coarse-grained (CG) description is employed to allow
access to the larger scales. In the past 15 years, CG
simulations involving the MARTINI force-field have be-
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come very popular in the membrane biophysics commu-
nity [26]. In MARTINI simulations, several atoms are
unified and represented by effective beads. One particu-
lar problem of MARTINI simulations which often leads
to inconsistencies with atomistic simulations of similar
system, is the chain entropy which is heavily involved
in the phase transition but is not properly represented
when using a smaller number of effective beads. Beyond
CG MARTINI (and similar force fields) simulations of
specific lipids, we have more (ultra) CG generic mod-
els designed for studying the general mechanisms and
biophysical driving forces governing the thermodynamic
behavior of lipid mixtures [27]. The highest degree of ab-
straction and computational efficiency is offered by lat-
tice models [28–37]. Lattice models have been extensively
used as a tool for studying phase transitions, and many
predictions of these models have proven to be relevant
to lipid mixtures [30, 38]. Recently, we presented a lat-
tice model for a binary mixture of the saturated lipid
DPPC and Chol, that correctly captures the thermody-
namic behavior of the system across multiple scales [39].
On the macroscopic scales, the lattice simulations repro-
duced the well-established phase diagram of DPPC/Chol
mixtures, including regions where liquid-ordered domains
of size ∼ 10-100 nm are observed in a liquid-disordered
matrix. On the molecular scales, the simulations reveal
the existence of gel-like nano clusters of size ∼ 1-10 nm
within the larger Chol-rich liquid-ordered domains. Simi-
lar sub-structures have been seen in atomistic simulations
of this system [40].

Fig. 1(i) shows the phase diagram of DPPC (satu-
rated)/DOPC (doubly unsaturated)/Chol ternary mix-
ture at T = 280 K. This canonical model system for
studying the formation of liquid-ordered domains [16, 17,
41, 42] has been identified as a Type II mixture. De-
pending on the mole fractions of the lipids and Chol, the
mixture may be found in a single or coexisting phases.
Other Type II mixtures also show similar phase diagrams,
where the exact location of the phase separating lines
depends on the identity of the lipids and the tempera-
tures. Curiously, many Type I ternary mixtures also fea-
ture phase diagrams resembling Fig. 1 (i) [43, 44], where
the liquid phases are locally rather than macroscopically
separated. The presence of small ordered domains in
Type I mixtures is inferred from studies based on differ-
ent experimental methods, e.g., NMR [16], small-angle
neutron scattering [45], X-Ray diffraction [46], and fluo-
rescence resonance energy transfer (FRET) [37]. These
observations can be interpreted in one of two ways: (i)
a coexistence between two phases with extremely small
line tension, or (ii) a single phase with local hetero-
geneities. From a theoretical point of view, the differ-
ence between these two interpretations is marginal, but
if the latter interpretation is adopted than the liquid-
liquid coexistence region in the phase diagram does not
really exist. This controversy regarding the nature of a
presumably local phase coexistence of liquid phases pro-
vides some of the motivation for the development of the

model, presented herein, of ternary mixtures with tun-
able domain sizes. In the following, we present a minimal
lattice model for a Type II mixture that fits very well the
DPPC/DOPC/Chol phase diagram. The model contains
a very small number of parameters, one of which directly
controls the line tension between the disordered and or-
dered lipids. We demonstrate that by tuning the value
of this parameter, we can change the nature of the mix-
ture from Type II to Type I, i.e., convert macroscopically
separated liquid phases into a mixture with traces of in-
homogeneity at the local scale. Our study does not aim
to provide a definite answer whether the liquid-ordered
domains represent a distinct thermodynamic phase, but
it explanis why they may be so interpreted.

In atomistic and CG simulations, the presence of
liquid-ordered domains is often based on visual inspec-
tion of the lateral organization and chain conformations
of the lipids and Chol. One particular problem in com-
puter simulations is the fact that the liquid-ordered do-
mains may themselves be heterogeneous and contain
nanoscopic gel-like clusters. The presence of such Chol-
free hexagonally-packed clusters of acyl chains in liquid-
ordered regions that are rich in Chol have been observed
in simulations [39, 40] of binary DPPC/Chol mixtures,
as well as in simulations of ternary DPPC/DOPC/Chol
mixtures [47]. This local heterogeneous distribution of
“domains within domains” is also consistent with experi-
mental scattering data [48]. Another problem of detailed
computer simulations are finite size effects. A simula-
tion study of a ternary DPPC/DIPC/Chol mixture has
pointed that the nature of the two phase region and do-
main sizes may be strongly influenced by the size of the
simulated system [49]. This may explain result of re-
cent atomistic simulations of DPPC/DOPC/Chol mix-
tures where phase coexistence between liquid crystalline
Ld and Lo is studied in a system consisting of ∼ 1000
lipids [50]. That study, however, identified the system as
a Type I mixture with domains of characteristic size of
the order of 10 nm, which is in disagreement with clear
experimental evidences indicating that this mixture is
of Type II [17] featuring macroscopic phase separation.
This, again, reinforces the importance of developing a
computationally simple lattice model that allows simu-
lations at large spatial and temporal scales. The attrac-
tiveness of lattice simulations lies not only in their com-
putational simplicity, but also in their minimal nature
which puts the focus on the factors that are essential
for understanding the biophysics of lipid mixtures and
the mechanisms governing their thermodynamic phase
behavior.

The DPPC/DOPC/Chol lattice model presented be-
low is an extension of our recent successful lattice model
of binary DPPC/Chol mixtures [39]. As will be shown
below, the model provides a multiscale picture of the
ternary mixture over an unprecedented wide range of
scales. At the macroscopic scales, the model yields very
nice agreement with the experimentally-derived phase di-
agram of this mixture, featuring all single and coexisting
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phases. At the microscopic scales, the model unravels
the inhomogeneous nano scale distribution of lipids and
Chol. Specifically, the model agrees with atomistic simu-
lations showing that the liquid-ordered domains contain
small gel cores of highly aligned DPPC chains [47]. The
simplicity of the model helps identifying that the origin of
these gel-like clusters can be attributed to the effective
packing interactions of the saturated chains with each
other and with the Chol. We further demonstrate that
the strength of the packing interaction between ordered
DPPC and DOPC chains controls the size of the domains.
Thus, we can artificially eliminate the thermodynamic
Ld + Lo phase coexistence in DPPC/DOPC/Chol mix-
tures in favor of formation of smaller liquid-ordered do-
mains. The resulting locally-inhomogeneous Type I mix-
ture may be envisioned as either a single phase or as a co-
existence of two liquid phases with negligible line tension
which, quite surprisingly, also fit the DPPC/DOPC/Chol
phase diagram.

METHODS

The lattice model of ternary mixtures presented herein
is based on the model of DPPC/Chol binary mixture
introduced in ref. [39]. Each chain is represented as a
lattice point. Thus, the lipids with two acyl chains are

represented as dimers while the Chol molecules occupy a
single site. All Monte Carlo (MC) simulations are con-
ducted on a triangular lattice of Ns = 121× 140 = 16940
(having an aspect ratio which is very close to unity) with
periodic boundary conditions. The simulations are per-
formed on a single planar lattice. This means that we
do not explicitly introduce mechanisms speculated to be
relevant for raft formation such as cross-monolayer inter-
actions or curvature effects. A few lattice sites are left
empty, thereby allowing the molecules to diffuse on the
lattice which mimics the fluidity of the liquid membrane.
The voids also allow the variations in the local density of
the chains, which are expected in cases of coexistence be-
tween different phases. As in ref. [39], saturated DPPC
chains may be in one of two states: ordered and disor-
dered. Here, we introduce a second type of lipid with two
unsaturated chains, say DOPC. These are always found
in the disordered state because the system is simulated at
temperatures higher than the low melting temperature of
the DOPC. Thus, each lattice site obtains one of five pos-
sible states depending on the occupant: (i) a small area
void (s = 0), (ii) a disordered (s = 1) or (iii) an ordered
(s = 2) DPPC chain, (iv) a Chol (s = 3), (v) a DOPC
chain (s = 4). In the lattice model, the detailed molec-
ular picture of the forces between adjacent molecules is
simplified and represented by nearest-neighbor interac-
tions with effective parameters. The model Hamiltonian
reads

E = −Ω1kBT
∑

i

δsi,1 −
∑

i,j

ǫ22δsi,2δsj ,2 −
∑

i,j

ǫ23
[

δsi,2δsj ,3 + δsi,3δsj ,2
]

−
∑

i,j

ǫ24
[

δsi,2δsj ,4 + δsi,4δsj ,2
]

, (1)

where the deltas are Kronecker deltas, and the sum-
mations are carried over all Ns lattice sites in the first
term and over all nearest neighbor pair sites in the other
terms. The first term in Eq. (1) accounts for the fact
that the disordered state of the DPPC chains is entrop-
ically favored by a free energy, −Ω1kBT (where kB is
Boltzmann constant and T is the temperature), over the
ordered state. The other terms represent effective pack-
ing attraction between an ordered DPPC chain with an-
other ordered DPPC chain (second term), Chol (third
term), and DOPC chains (fourth term). For the model
parameters in the first three terms in Eq. (1), we use
the same values as in ref. [39]: Ω1 = 3.9, ǫ22 = 1.3ǫ
and ǫ23 = 0.72ǫ, where the energy unit ǫ is such that
the melting temperature of a pure DPPC membrane is
Tm = 314K = 0.9ǫ/kB [39, 51]. The values of the model
parameters agree to order of magnitude with experimen-
tal data for the enthalpy change at the melting transition
of DPPC vesicles.1 The fourth term account for the affin-

1 The melting transition reflects a competition between the dis-

ity between ordered DPPC and disordered DOPC chains,
thereby directly influencing their degree of mixing and
controlling the line tension between the liquid-ordered
and liquid-disordered regions. We consider two different
values ǫ24 = 0.4ǫ and ǫ24 = 0. The latter result in a Type
II mixture that fits nicely to the DPPC/DOPC/Chol
phase diagram, while the former yields a Type I mixture
with small liquid-ordered domains that arguably may be
fitted to the very same phase diagram. Note that al-
though we could include interaction terms between other
components (and, thus, refine the results presented be-
low), we prefer not to introduce such interactions in order

ordered and ordered states of the DPPC chains. The former is
favored because of the entropy of the chains while the latter packs
more efficiently with the surrounding chains. One should not ex-
pect ǫ22 to be in perfect agreement with the meting enthalpy
because this is an effective free energy parameter in a highly
simplified model where the entropic and energetic influences of
the implicit (missing) degrees of freedom are not entirely separa-
ble. Furthermore, there are entropic contributions that are not
directly represented by the model parameters, e.g., the mixing
entropy of the disordered lipids with the area voids.
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to keep the model minimal and highlight only the essen-
tial biophysical driving forces.
The MC simulations employ the following move types:

(i) Displacements and rotations of randomly chosen lipids
and Chol molecules (which are possible if there is a vacant
neighbor site), and (ii) a change in the state of a DPPC
chain (ordered to disordered and vice versa). Simula-
tions are conducted at temperatures of 280K or 310K,
at which the area per DOPC lipid is ≃ 0.67 nm2 and
≃ 0.73 nm2, respectively [52]. At this temperature range,
the areas per DPPC lipid and Chol are ≃ 0.55 nm2 and
≃ 0.28 nm2, respectively [40, 53]. We set the lattice
spacing to l = 0.56 nm, which means that the linear size
of the simulation cell is ≃ 70 nm. Depending on the
composition of the simulated system, we set the num-
ber of voids such that the average density of the system
matches the weighted average density of the constituting
molecules. Systems are equilibrated until the memory of
the initial configuration (either a random or a highly or-
dered distribution of the molecules on the lattice) is lost,
after which we simulate the system for a period that is
∼ 10 times longer.
In the next section we present snapshots (see Figs. 1,

3, 4, and 6) where the sites of the lattice are drawn
with distinct colors, denoting their belonging to liquid-
disordered, liquid-ordered, and gel regions of the system.
The partition of the sites into different categories is based
in the following simple algorithm: The sites may be in
one of five states: void, disordered DPPC chain, ordered
DPPC chain, Chol, and DOPC chain. Each site is as-
signed with a score representing the degree of order of the
associated state. Explicitly, liquid-ordered domains are
rich in ordered DPPC and Chol, which receive positive
scores of Sci = 2 and Sci = 1, respectively. Conversely,
the liquid-disordered regions are populated with DOPC
and disordered DPPC chains, which get negative scores
of Sci = −1, and Sci = −0.5, respectively. Voids have a
zero score. The grade of a site is given by

Gi = Sci +

6
∑

j=1

Scj (2)

where the sum runs over the six nearest neighbors of the
site. Sites with non-negative (negative) grades, Gi ≥ 0
(Gi < 0), are associated with the liquid-ordered (liquid-
disordered) regions. The maximum grade of Gi = 14 is
obtained for ordered DPPC chains surrounded by 6 other
ordered DPPC chains. These sites are marked as gel.
After dividing the sites to the liquid-disordered, liquid-
ordered, and gel regions, we scan the lattice one extra
time and switch a liquid-disordered site to liquid-ordered
if: (i) it is occupied by an ordered DPPC chain, and
(ii) it has at least one neighbor belonging to a liquid-
ordered or gel regions. The final iteration is needed in
order to include ordered chains located at the periph-
ery of the liquid-ordered domains that are surrounded
by many disordered chains and incorrectly classified as
part of the liquid-disordered regions.

For a given composition of components, we have gen-
erated many configurations starting at different initial
distributions. We simulated the mixtures until they re-
lax into states representing equilibrium and verified that
different initial conditions evolve into similar phases: For
instance, the snapshot in Fig. 1(b) shows a macroscop-
ically large liquid-ordered domain in a liquid-disordered
membrane (where some small liquid-ordered domains are
also floating). This snapshot can be unambiguously in-
terpreted as an indication that the equilibrium state of
the mixture is a macroscopic Ld +Lo phase coexistence.
All other independent MC runs with the same composi-
tions also evolve into similar structures corresponding to
macroscopically phase separation between the two liquid
phases. Our goal in this study is not to plot the exact
locations of the boundaries of the phase diagram. These
are adopted from experiments [16], and we investigate
whether the outcomes of the simulations are consistent
with the experimental phase diagram. Indeed, a visual
inspection of the equilibrated systems shows good con-
sistency with the experimentally determined phase dia-
gram. Our lattice simulations results also show reason-
able agreement with atomistic simulations data for the
compositions of the liquid-disordered and liquid-ordered
regions (see Table I below).

RESULTS

Type II DPPC/DOPC/Chol mixtures

Setting ǫ24 = 0 in Eq. (1) for the DOPC interac-
tions while keeping the values of the other model pa-
rameters as in our previous work on DPPC/Chol binary
mixture [39], yields a ternary DPPC/DOPC/Chol type
II mixture model that reproduces the anticipated phase
diagram. Our simulations at T = 280K are summarized
in Fig. 1. Fig. 1(a)-(h) show representative equilibrated
snapshots from simulations with different compositions,
the location of which in the ternary phase diagram are
marked in red in Fig. 1(i). The purple points in Fig. 1(i)
indicate additional simulated compositions whose snap-
shots are not shown. In the snapshots, we color sites of
the liquid-disordered, liquid-ordered, and gel regions with
purple, yellow, and black, respectively The blue lines in
the phase diagram mark the experimentally-determined
phase boundaries of DPPC/DOPC/Chol mixtures, as
adapted from ref. [16]. We note that our aim herein is
not to determine the phase lines but demonstrate that the
model yield results that fit them. Indeed, we see in Fig. 1
that the snapshot configurations fit very well into the dif-
ferent regions in the phase diagram. DPPC/DOPC/Chol
is a Type II mixture and, indeed, we observe in the
two- and three-phase regions that the different phases
are macroscopically segregated. At the microscopic scale,
we notice that the different phases are locally inhomoge-
neous. This is best seen in fig 1(h) displaying a single
inhomogeneous phase with liquid-ordered domains float-
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FIG. 1. Phase diagram and snapshots of the lateral organization of DPPC/DOPC/Chol mixtures at different compositions.
The liquid-disordered (Ld), liquid-ordered (Lo), and gel (So) sites are colored in purple, yellow, and black, respectively. The
snapshots are taken at temperature T = 280 K and for ǫ24 = 0 . Figure (a), (b), (c), (d), (e), (f), (g) and (h) show, respectively,
snapshots from Ld, Ld +Lo, Ld +Lo +So, Ld +So, So, Lo +So, Lo and a single heterogeneous phase containing liquid-ordered
domains in a liquid-disordered membrane. (i) Phase diagram of the ternary mixtures. The blue phase separating lines are
adapted from ref. [16]. The purple colored dots show the compositions of the simulated systems. The red dots with letters
indicate the compositions of the snapshots.

ing in a liquid-disordered sea. This arrangement, which is
thought to be a simplified model of lipid rafts in biological
membranes, clearly differs from the Ld + Lo coexistence
appearing in snapshot (b).

Another example of a local inhomgeneity is seen in
snapshot (g) of the Lo phase, where small gel clusters ap-
pear in the liquid-ordered region. Conversely, in the gel
phase in snapshot (e) we see local liquid-ordered impuri-
ties. These inhomogeneities do not constitute a different

phase but rather represent local variations in composi-
tion. The sites marked by black color in the snapshots
are the sites occupied by ordered DPPC chains with six
ordered DPPC nearest neighbors. Since the gel phase
in (e) also contains small amounts of DOPC and Chol,
not all of its sites, only most of them, can satisfy this
criterion. In both phases, we also find mesoscopic liquid-
disordered islands containing mostly DOPC lipids. The
presence of islands of disordered lipids within the ordered
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FIG. 2. Magnified views of small portions of (a) Type II ternary mixture, (b) binary mixture (adapted from ref. [39]), and (c)
Type I ternary mixture. Ordered DPPC, disordered DPPC, DOPC, Chol, and empty sites are colored in green, light blue, grey,
red, and white, respectively. Purple, yellow and black borders are assigned to the sites from liquid-disordered, liquid-ordered,
and gel regions, respectively.

phases has also been observed experimentally [10]. The
fluorescence microscopy micrographs appear as uniform
Lo or So phases only when no DOPC is present. This
experimental observation may indicate that the unsatu-
rated lipid has extremely low miscibility in the ordered
phases. Consistently with snapshots (e)-(g), the disor-
dered islands did not coalesce into a single region on the
experimental time scales [54]. It has been speculated that
this follows from the slow dynamics of the lipids when the
mixture has a very high density of ordered chains. In our
simulations, we indeed noticed that the system tends to
jam at this stage.

Small gel clusters residing within the Lo phase have
been also detected inside liquid-ordered domains in bi-
nary DPPC/Chol mixtures, suggesting that the ther-
modynamic origin of this observation is similar in both
systems. This can be understood considering that the
first three terms in Eq. (1) constitute the binary mix-
ture Hamiltonian in ref. [39], and that we set to zero the
coefficient in the fourth term accounting for the DOPC
interactions. Thus, the picture inside the Lo phase re-
main quite similar, as demonstrated in Fig. 2 showing
smaller portions of different simulated systems. Fig. 2(a)
is a magnification of the region marked by a red square
in snapshot (b) of Fig. 1. Depending on the state of the
lattice site, it is marked by the following color: white
(s = 0, void), light blue (s = 1, disordered DPPC chain),
green (s = 2, ordered DPPC chain), red (s = 3, Chol),
and grey (s = 4, DOPC chain). Additionally, the board-
ers of the sites are marked with the same color coding as
in the snapshots in Fig. 1 in order to indicate in which re-
gion (liquid-disordered - purple, liquid-ordered - yellow,
and gel - black) they reside. Fig. 2(b) shows a magni-
fied view from our previous simulations of DPPC/Chol
mixtures [39], featuring similar local distributions of gel
nano domains inside the liquid-ordered region. Fig. 2(c)
is taken from our simulations of Type I ternary mix-

FIG. 3. A snapshot from the Type II mixture simula-
tions at DPPC/DOPC/Chol mole fraction composition of
0.23:0.38:0.39 and T = 280K. Color coding is as in the snap-
shots in Fig. 1.

tures, to be presented in the following section [see red
box in Fig. 4(b) below]. In Type I mixtures, the do-
mains are smaller but, nevertheless, exhibit, similar local
hetrogeneities. The thermodynamic origin of these ar-
rangements is the strong packing attraction between the
ordered DPPC which drives their clustering into small
gel domains. Chol, which prefers the vicinity of ordered
DPPC chains (and, therefore, induces ordering of DPPC)
is expelled from these clusters because its attraction to
them is weaker then their mutual attraction. It accumu-
lates in the liquid-ordered region, where it acts as a sort
of a lineactant between the gel and the liquid-disordered
region of the system.
The location of a second order critical point on the bin-

odal curve separating the one phase and the two-phase
Ld + Lo regions is roughly near the intersection of bin-
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odal curve with the line corresponding to DOPC mole
fraction, φDOPC = 0.4 [along which points (h) and (b)
reside] [16, 17, 41, 42]. The incomplete segregation of
the system in (h) into small liquid-ordered domains and
a liquid-disordered matrix is viewed as a precursor to the
phase transition. According to this picture, the density
fluctuations in the one phase region are expected to in-
tensify in the proximity of the critical point, leading to a
broader distribution of domain sizes and the emergence
of a percolation liquid-ordered cluster. Evidences sup-
porting this scenario may be found in Fig. 3 showing a
typical configuration DPPC/DOPC/Chol at mole frac-
tion composition of 0.23:0.38:0.39. The distribution of
liquid-ordered domain sizes is indeed broader here com-
pared to Fig. 1(h) which, presumably, is located further
from the critical point. Moreover, one can notice that the
liquid-ordered domains in Fig. 3 almost percolate across
the lattice.

Type I version of DPPC/DOPC/Chol mixtures

In the previous section we saw that in Type II mix-
tures, like DPPC/DOPC/Chol, small liquid-ordered do-
mains are expected in the one phase region, i.e., above
the binodal line but not too far from the critical point.
But what about Type I mixtures that do not exhibit
a true thermodynamic coexistence? In this section we
demonstrate that such mixtures may still feature small
liquid-ordered domains that float in the sea of a liquid-
disordered membrane. Explicitly, we consider the same
system as in the previous section and only change the
value of the model parameter ǫ24 from 0 to 0.4, thereby
allowing better mixing of the ordered DPPC and dis-
ordered DOPC chains. As we will now see, for this
value of ǫ24, the mixture may arguably be regarded as a
Type I version of the Type II DPPC/DOPC/Chol mix-
ture studied in the previous section: It lacks thermo-
dynamic phase transition on the one hand, but fits the
DPPC/DOPC/Chol phase diagram if local measures are

used to distinguish between the one phase and two phase

regions.
Fig. 4 summarizes our simulation results at T = 280K

for ǫ24 = 0.4ǫ. The color coding used here is similar to
the one in Fig. 1, and the phase diagram in (i) is iden-
tical to Fig. 1(i), i.e., drawn with the blue phase bound-
aries taken from [16]. One clearly sees that the change
in the value of ǫ24 eliminates any signature of macro-
scopic phase separation, leaving only evidences of local
phase separation, e.g., in snapshots (h), (b), (c), and
(d). These snapshots indicate that the mixture is now of
Type I. The question to be addressed now is whether the
simulation snapshots in Figs. 4(a-h) still fit to the phase
diagram in Fig. 4(i), which is the phase diagram of the
Type II DPPC/DOPC/Chol ternary mixture. We first
note that snapshots (a), (g), and (e) are consistent with
the expectations to observe single Ld, Lo, and So phases
at the respective compositions. Identifying a two phase

region when the system displays no macroscopic phase
separation is, of course, harder. Snapshot (f), presum-
ably showing coexisting Lo and So regions, exemplifies
why the interpretation of the results is ambiguous. Recall
that the gel regions are hexagonally packed arrangements
of ordered DPPC chains. Therefore, we associate the gel
phase in the snapshots with the lattice sites containing
DPPC ordered chains with six nearest neighbors of the
same kind. Both the liquid-ordered and gel phases ap-
pearing in (g) and (e), respectively, are highly populated
with ordered DPPC chains. They differ in the fractions of
chains obeying the six nearest neighbor criterion, which
is high in (e) and low in (g). Looking at snapshot (f), one
can interpret the observed distribution as a coexistence of
regions of Lo and So phases, which are separated locally
rather than macroscopically because of the smallness of
the line tension between them. It is, however, impossi-
ble to rule out that the sequence of snapshots (e)-(f)-(g)
simply shows a gradual increase in the fraction of sites
classified as gel. In this scenario, snapshot (f) is inter-
preted as a single phase which is locally inhomogeneous
with regions that look more gel-like and regions resem-
bling the liquid-ordered phase.

The main question pertains to the coexistence region of
two liquid phases, Ld+Lo. As noted above, the justifica-
tion for drawing the binodal curve in the phase diagram
(i) is based on an ambiguous interpretation of scattering
data. The problem is nicely exemplified by snapshots
(h) and (b) which, supposedly, reside on different sides
of the binodal but display visually similar distributions
of liquid-disordered and -ordered domains. This is not a
result of an incorrect classification of the lattice sites to
liquid-disordered and -ordered domains. The algorithm
employed herein works well and yields very good con-
sistency with data from ref. [50] reporting on atomistic
simulations of a Type I version of DPPC/DOPC/Chol
mixtures. Table I lists the average compositions of the
liquid-disordered and liquid-ordered domains, measured
for mixtures with overall DPPC/DOPC/Chol mole frac-
tion of 0.35:0.35:0.30 (located in the Ld + Lo region of
the phase space). The agreement between the lattice
and atomistic simulations is more than fair, even though
that the domain classification algorithms used here and
in ref. [50] are different. A visual inspection of differ-
ent snapshots indicates that the domain sizes in both
works are also similar. We note here that it is not
clear why the atomistic simulations fail to exhibit the
experimentally-observed macroscopic phase separation of
DPPC/DOPC/Chol mixtures. It may be due to a prob-
lem with the force fields or an artifact of the small system
size. We nevertheless use them as a benchmark for our
simulations of the Type I version of DPPC/DOPC/Chol
mixtures.

The problem lies not in the accuracy of the algorithm
for classifying sites to liquid-disordered, liquid-ordered,
and gel regions, but in its resolution. The discussion
above on the differences between snapshots (e), (f), and
(g) has taught us that the algorithm, which is based on
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FIG. 4. Same as Fig. 1 but for ǫ24 = 0.4ǫ.

TABLE I. Comparisons of lattice (this work) and atomistic
(ref. [50]) simulations data for the average compositions of
the liquid-disordered and liquid-ordered domains for mixtures
with DPPC/DOPC/Chol mole fraction 0.35:0.35:0.30.

DPPC/DOPC/Chol composition
Temperature (K) model liquid-ordered liquid-disordered

280
Lattice 0.46:0.16:0.38 0.15:0.67:0.18

Atomistic 0.53:0.13:0.34 0.16:0.60:0.24

310
Lattice 0.44:0.15:0.41 0.26:0.55:0.19

Atomistic 0.48:0.14:0.38 0.20:0.60:0.20

the inspection of the local vicinity of each lattice site, is
too coarse and may not be sufficient for distinguishing
between a single inhomogeneous phase and local coex-

istence of two phases. This observation suggests that
in order to resolve the differences between configurations
(h) and (b), we must inspect more closely (i.e., define ad-
ditional measures to quantify) the distribution of lipids
at the nanometric small scales. Experimentally, coex-
istence of different phases may be inferred from NMR
spectra which is sensitive to their symmetry and order-
liness [16, 41]. In our model, we can gain such insight
from the statistics of the ordered DPPC chains that are
classified by the algorithm as either in the liquid-ordered
or gel regions. (Ordered DPPC chains barely exist in the
liquid-disordered region.) Explicitly, we check all these
ordered DPPC chains and compute of the probability Po

of these chains to have no = 0, 1, 2, 3, 4, 5, 6 other or-
dered DPPC neighbors. Our analysis is summarized in
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FIG. 5. The probability Po of finding an ordered DPPC chain in the liquid-ordered and gel regions with no ordered DPPC
nearest neighbors. Data in (a), (b), and (c) corresponding to simulations with φDOPC = 0.5, 0.4, and 0.3, respectively. For each
φDOPC, the statistics is calculated at four different compositions of systems belonging to the one phase (data plotted with black
circles), two phase Ld + Lo (blue squares), three phase Ld + Lo + So (green triangles), and two phase Ld + So (red diamond)
parts of the phase space. Lines are guides to the eyes.

FIG. 6. Snapshots of equilibrated mixtures at temperature T = 310 K with ǫ24 = 0. The compositions in (b2), (c2), and (d2)
are the same as in (b), (c), and (d) in Fig. 1, respectively. Color coding is similar to Fig. 1.

Fig. 5 showing the statistics at four different points along
the green, cyan, and orange lines appearing in Fig. 4(i).
These lines, corresponding respectively to φDOPC = 0.5
[statistics plotted in Fig. 5(a)], φDOPC = 0.4 [Fig. 5(b)],
and φDOPC = 0.3 [Fig. 5(c)], cross four different parts of
the phase space: the one phase region, two phase Ld+Lo,
three phase Ld + Lo + So, and two phase Ld + So. The
data in Fig. 5 suggests that the most distinguishing fea-
ture between configurations in the one phase and the
Ld+Lo two phase regions is the probability of having six
ordered neighbors, which is quite negligible in the former
and somewhat more substantial in the latter. This sug-
gests that the presence of small gel clusters in the ordered
domains is a defining property of the Lo phase. In the
Ld+So region, Po is a monotonically increasing function
of no. This is a characteristic feature of the gel phase. In
the three phase region, the probability function exhibits
features of both the Ld + Lo and Ld + So probabilities.
As in the former, Po is not monotonically increasing; but

similarly to the latter, there is a significant probability to
detect an ordered chain with no = 6 neighbors, indicating
that the gel phase is also present.

Type II mixture at physiological temperature

At T = 310K, most of the DPPC chains are found in
the disordered state, which is understandable consider-
ing the proximity to their melting temperature Tm =
314K. At this temperature, a single Ld phase is ex-
pected throughout the entire phase diagram except, per-
haps, for mixtures with a very high concentrations of
DPPC [16]. Nevertheless, this phase may still contain
small liquid-ordered domains, as demonstrated in Fig. 6,
showing equilibrated configurations at compositions sim-
ilar to points (b), (c), and (d) in Fig. 1 [denoted in Fig. 6
by (b2), (c2), (d2), respectively]. This is an important
observation if one considers the ternary mixture model
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as a framework for understanding the formation of raft
domains in biological membranes. As the snapshots in
Fig. 6 demonstrate, our minimal model is capable of pro-
ducing liquid-ordered domains of sizes <

∼ 10 nm even at
the physiological temperature. These are half to one or-
der of magnitude smaller than rafts in biological mem-
brane, which is a well known limitation of ternary mix-
ture model systems. This is why additional factors and
mechanisms, e.g., curvature composition coupling [21–
23, 55], as well as the presence of specific proteins and
the cell cytoskeleton [56, 57], are believed to play a role in
stabilizing larger domains. However, our results suggest
that the same effect of increasing the domain sizes may
be also accomplished by tuning differently the model pa-
rameters. After all, biological membranes are not ternary
mixtures. They are composed of many lipid species with
different melting temperatures and packing interactions,
and our study suggests that even small changes in these
parameters may affect dramatically the size distribution
of the liquid-ordered domains.

DISCUSSION

We presented a simple lattice model for ternary mix-
tures of saturated and unsaturated lipids with Chol,
involving only a minimal number of effective nearest-
neighbor interactions between the constituting compo-
nents. The model succeeds in explaining experimen-
tal and atomistic simulation observations across multiple
scale, ranging from the local distributions of lipids to the
macroscopic phase diagram. The model Hamiltonian is
constructed by adding a single interaction term, between
unsaturated (DOPC) and saturated lipids, to a previ-
ously presented model of a binary mixture of saturated
lipids (DPPC) and Chol. The minimal nature of the
model allows us to identify the influences of the different
effective packing interactions and the underling demixing
mechanisms. The formation of the Lo phase is obviously
related to the affinity of Chol to the saturated lipids.
This phase is inhomogeneous and contains gel-like nano-
clusters whose origin is the particularly strong attraction
of the saturated lipids to each other. The strength of the
interaction between the unsaturated and saturated lipids,
ǫ24, controls the nature of phase transitions of the ternary
mixture and the sizes of the liquid-ordered domains. For
ǫ24 = 0, the simulated mixture exhibits a macroscopic
phase separation and fits nicely to the phase diagram
of a Type II DPPC/DOPC/Chol mixture. In this case,
liquid-ordered domains are observed in the one-phase re-
gion near the critical point of the Ld + Lo coexistence
binodal. For ǫ24 = 0.4, we obtain the Type I version of
a DPPC/DOPC/Chol mixture with nanoscopic domains.
This system can be also fitted to the DPPC/DOPC/Chol

phase diagram provided that local measures, such as the
statistics of the ordered DPPC chains, are considered. In
scattering experiments, nanometric features of this kind
leave signatures in the scattering data, thus making the
interpretation of configurations like in Fig. 4(b) ambigu-
ous - either as coexistence of two liquid phases separated
by a very small line tension or as a single phase with local
inhomogeneities. Our aim here was not to decide which
interpretation is correct, but to demonstrate that even if
the phase transitions of the Type II DPPC/DOPC/Chol
mixture are lost in the Type I version, local traces of
phase coexistence still remain.

The motivation for studying lipid/Chol mixtures with
a few components largely stems from the belief that
they provide insight into the thermodynamic properties
of cellular membranes. Because biological membranes
are much complex physical systems, one should be cau-
tious when coming to draw conclusions on their behavior
from simpler model systems. On the one hand, the fact
that biological membranes are mixtures of many differ-
ent types of lipids suggests that it may be possible to
construct a suitable model with many interaction terms
that not only shows formation of liquid-ordered domains,
but also reproduces their size distributions (in contrast to
ternary mixtures where the domains are usually smaller
than biological rafts). Several recent theoretical studies
of multi-component mixtures have indeed demonstrated
that strong affinity of certain components to each other
may lead to demixing phase transitions that are more ro-
bust with respect to variations in temperature and the in-
termolecular interactions than mixtures with a few com-
ponents [58–60]. On the other hand, it would be prob-
ably wrong to ignore other mechanisms beyond short-
range packing. This is particularly true for the inner
cytoplasmic layer of cellular membranes that contains a
low concentration of saturated lipids [61]. We can ex-
pect rafts to be influenced by the proximity to the cy-
toskeleton, the presence of proteins with affinities to cer-
tain lipids, and the curvature elasticity of the membrane
(that depends on the local composition and induces cou-
pling between the layers via the spontaneous curvature).
Assessing the importance of these different mechanisms
and understanding the interplay between them is going
to remain an open question in the foreseeable future.
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