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Three-Phase Coexistence in Lipid Membranes
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ABSTRACT Phospholipid ternary systems are useful model systems for understanding lipid-lipid interactions and their influ-
ence on biological properties such as cell signaling and protein translocation. Despite extensive studies, there are still open
questions relating to membrane phase behavior, particularly relating to a proposed state of three-phase coexistence, due to
the difficulty in clearly distinguishing the three phases. We look in and around the region of the phase diagram where three
phases are expected and use a combination of different atomic force microscopy (AFM) modes to present the first images of
three coexisting lipid phases in biomimetic cell lipid membranes. Domains form through either nucleation or spinodal decompo-
sition dependent upon composition, with some exhibiting both mechanisms in different domains simultaneously. Slow cooling
rates are necessary to sufficiently separate mixtures with high proportions of lo and lb phase. We probe domain heights and me-
chanical properties and demonstrate that the gel (lb) domains have unusually low structural integrity in the three-phase region.
This finding supports the hypothesis of a ‘‘disordered gel’’ state that has been proposed from NMR studies of similar systems,
where the addition of small amounts of cholesterol was shown to disrupt the regular packing of the lb state. We use NMR data
from the literature on chain disorder in different mixtures and estimate an expected step height that is in excellent agreement with
the AFM data. Alternatively, the disordered solid phase observed here and in the wider literature could be explained by the lb
phase being out of equilibrium, in a surface kinetically trapped state. This view is supported by the observation of unusual growth
of nucleated domains, which we term ‘‘tree-ring growth,’’ reflecting compositional heterogeneity in large disordered lb phase
domains.

INTRODUCTION

Amajor advance in membrane science in recent decades has
been the realization that multicomponent membranes are
not randomly mixed, but are laterally heterogeneous owing
to lipid-lipid interactions (1). Although there are still many
open questions, it appears likely that these lipid-lipid inter-
actions influence the formation of nanodomains, which
in turn function as platforms for membrane protein translo-
cation (2), cell-signaling (3), and receptor desensitization
(4). An established way to understand the conditions under
which domains form is to compile a phase diagram based
on experimental observation, using a model lipid system
comprising just three components (5). Such model systems
not only give insights into the more complex phenomenon
of lipid organization in native membranes but also have their
own applications, which include biosensing (6), drug-deliv-
ery (7), and nanofabrication (8).

Many studies have been carried out that collectively have
helped to build up a ternary phase diagram of such lipids.
Phase diagrams of ternary mixtures have been widely
explored by a number of different groups (9). Typically,
a ternary mixture is selected that comprises cholesterol,
an unsaturated lipid such as dioleloylphosphatidylcho-
line (DOPC) (10) or palmitoyloleoylphosphatidylcholine
(POPC) (11), and a saturated lipid such as dipalmitoylphos-
phatidylcholine (DPPC) (10) or distearoylphosphatidylcho-
line (DSPC) (12). A number of studies have also used
sphingomyelin (13) as the saturated lipid component,
which, although somewhat more complex in composition,
carries with it the advantage of being a more realistic repre-
sentation of the outer leaflet of the plasma membrane.
Although phase diagrams do vary according to the lipid be-
ing studied, in each of these mixtures, the phase behavior is
broadly comparable at room temperature (9). For example,
if cholesterol content is relatively high, the membrane
generally separates into a disordered liquid phase (ld) and
an ordered liquid phase (lo). At low cholesterol content,
phase separation instead occurs between ld and an ordered
gel phase (lb) that is enriched in saturated lipids. At interme-
diate cholesterol concentrations, it has been inferred that
a region of three-phase coexistence exists (14). In direct
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contrast to the extensive body of literature on the lo/ld and
lb/ld regions of the phase diagram, there have been almost
no studies of the three-phase region.

A number of studies have compiled ternary phase dia-
grams from three-component lipid mixtures. For example,
ternary phase diagrams using sphingomyelin; DOPC, and
cholesterol have been calculated using electrofusion of vesi-
cles (15) and by visualization of giant unilamellar vesicles
(GUVs) (16). Both studies report a horizontal boundary be-
tween the lb-ld two-phase region and the lb-lo-ld three-phase
region, suggesting equal partitioning of cholesterol into the
lb and ld phases. Similar results have been reported for equiv-
alent ternarymixtures that instead useDPPC (5) and in native
fibroblast membranes (17), suggesting that the phenomenon
may be universal to gel domains. However, there exist other
reports (18) where such boundaries are not observed to be
horizontal, and thus, this remains a matter of contention.

Researchers have generally identified the three-phase re-
gion by decomposing NMR spectra into three components
(18,19) and have mapped its boundaries by extrapolating
from tie lines outside the three-phase region (5). There
have, however, been very few reports of successful imaging
of three-phase behavior. In one study, three-phase behavior
was observed in just a single vesicle (20), whereas in
another study, it was reported with the charged lipid
dioleloylphosphatidylglycerol (DOPG) rather than DOPC,
under specific buffer conditions (21). Thus, there remains
a notable lack of understanding of three-phase separation.

One reason for this lack of understanding is that the re-
gion is hypothesized to be particularly narrow, such that
for a given composition, one of the three phases is likely
to be present only in very small quantities. In other in-
stances, two of the three phases can appear similar, and it
has been suggested that small lb domains can be ‘‘buried’’
within larger lo domains (22). Thus, there are also potential
issues with sample preparation, particularly with ensuring
that all three phases demix effectively. Finding a technique
that can distinguish the three phases simultaneously and
unambiguously is challenging. Wide-angle x-ray diffrac-
tion, for instance, cannot differentiate ld from lo (23), and
it is challenging to differentiate lb and lo domains in fluores-
cence images (12). One approach that has the potential to
successfully image three-phase bilayers is atomic force mi-
croscopy (AFM). Our group has developed AFM protocols
that can be effectively used to distinguish bilayer domains
whose height differences are on the subnanometer scale us-
ing contact and tapping-mode AFM (24). From this data we
have also successfully mapped phase boundaries that are
in good agreement with published results from other tech-
niques, further confirmation that phase behavior of lipids
in planar membrane systems is equivalent to results from
nonplanar systems (25).

In this paper we apply these AFM protocols to supported
bilayer systems to explore phase separation in a ternary lipid
mixture comprising the naturally derived lipid egg sphingo-

myelin in combinationwithDOPCand cholesterol in compo-
sitions for which three phase coexistence is expected to
occur. Samples are prepared carefully to ensure that bilayer
lipids are able to diffuse freely (26) due to the presence of a
0.5–2 nm trapped water layer between the bilayer and the
substrate that allows lateral lipid diffusion (27). Temperature
control is also implemented to ensure efficient demixing of
domains and themaintenance of phase equilibrium.We iden-
tify three different phases ld, lb and lo and characterize them
not just morphologically but also mechanically, using a rela-
tively new AFM mode known as quantitative nanomechani-
cal mapping (peak-force QNM). This mode provides very
fine and absolute control of force to very low levels in liquids,
while also eliminating lateral forces as with standard tapping
mode (28) and is able to directlymeasuremechanical proper-
ties such as bilayer deformation and tip-sample adhesion.

MATERIALS AND METHODS

Supported bilayer formation

Lipids and cholesterol were purchased in dry form from Avanti Polar Lipids

(Alabaster, AL) and solvated to 5 mM in chloroform. Supported bilayers

were formed from these lipids by the vesicle-rupture method (29). Specif-

ically, solvated lipids were mixed in a glass vial to the correct molar propor-

tion, dried under a gentle stream of N2, and then placed under vacuum

overnight to ensure that no chloroform remained. The mixture was then

hydrated using Milli-Q water to a lipid concentration of ~0.5 mg/mL.

The suspension was then tip sonicated for 15 min, extruded using an Avanti

mini-extruder at a temperature of 50�C, and centrifuged for 3 min. The thor-

oughness in ensuring complete resuspension of the lipids is motivated by

the fact that compositions in the three-phase region have a low proportion

of cholesterol and often a high proportion of sphingomyelin, making the

initial hydration difficult and also making the multilamellar vesicles stiffer

and more resistant to sonication or extrusion.

After this, 100 mL of solution was pipetted onto a freshly cleaved mica

substrate along with 50 mL of a solution of 10 mM MgCl2. The sample

was then incubated in a humid environment at 50�C for ~1 h, allowing

the vesicles to sediment and rupture on the surface to form a continuous

bilayer. The elevated temperature was selected to ensure that all lipids

were above their main transition temperature. Hence, deposition occurred

when all lipids were in a single continuous phase and the composition on

the surface was the same as the composition in the solution (30). The pres-

ence of a continuous bilayer is important, as recent work has shown that

bilayer diffusion is significantly affected within ~100 nm of a bilayer defect

(31), and sensitive phase separation is likely to be even more affected,

which may explain the common sight of phase-separated domains being

located around the perimeter of bilayer defects (32).

The bilayer was then rigorously rinsed 10 times with 100 mL warm

(50�C) water using a Gilson pipette, with the wash directed parallel to

the bilayer surface. This was done to remove any remaining vesicles, either

in solution or loosely bound to the surface. For all samples, the hydrated

bilayer was then placed on a preheated AFM sample stage and cooled

down from 50�C to 25�C at a rate of 1�C/min, unless otherwise stated, to

allow phase separation to occur gradually and to ensure equilibrium at

25�C. The temperature was then maintained at 25�C when imaging.

Atomic force microscopy

AFM experiments were performed using a Bruker (Billerica, MA) Fast-

Scan Bio AFM equipped with a temperature control stage. Bilayer samples
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