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ABSTRACT: Visualization of phase coexistence in the 8
region of cholesterol—phospholipid mixtures consisting of
high cholesterol concentrations has proved elusive in lipid
bilayers. Here, using the solvent-assisted lipid bilayer
approach to prepare supported membranes with high
cholesterol fractions close to the cholesterol solubility
limit, we report the observation of coexisting liquid phases
using fluorescence microscopy. At ~63 mol % cholesterol,
supported membranes consisting of mixtures of DOPC
and cholesterol exhibit large-area striping reminiscent of
the stripe superstructures that characterize the proximity of
the second critical point in the miscibility phase diagram.
The properties of the two phases are consistent with
condensed complex-rich and cholesterol-rich liquids. Both
phases exhibit long-range lateral mobility, and diffusion
through a given phase is favored over hopping across the
phase boundary, producing an “archipelago effect” and a
complex percolation path.

T ermed the “condensing effect,” the nonideal mixing of
cholesterol (Chol) and phospholipids first reported in
1925 by Leathes has led to an extensive search for regions of
liquid—liquid immiscibility in their equilibrium phase dia-
grams." A significant finding in this regard is the discovery of
two upper liquid—liquid miscibility critical points for
monomolecular mixtures of Chol and phospholipids at the
air—water interface."®”" The corresponding pairs of two-phase
coexistence regions, labeled a for low Chol concentrations
(~12—28 mol % Chol) and f for higher Chol concentrations
(~30—75 mol % Chol), are often described in terms of a
thermodynamic model that invokes the formation of
“condensed complexes.”'“*8 In the a region, phospholipid-
rich and condensed complex-rich phases are thought to coexist,
and the f region is characterized by the coexistence of the
condensed complex-rich and Chol-rich liquids. Although the
two-phase coexistence of the monolayer a region has been
reproduced previously in bilayer configurations (e.g, giant
vesicles and supported membranes) and the resulting domain
patterns have been characterized, efforts to visualize phase
coexistence associated with liquid—liquid immiscibility in the f
region have proved elusive, probably as a result of challenges in
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preparing bilayers containing high concentrations of Chol near
the soluble limit.”

A dominant method to prepare supported membranes
containing requisite high cholesterol concentration to repro-
duce the f region involves two successive transfers of lipid
monolayers. In this approach, it is difficult to produce
equilibrated bilayer phases,® as revealed by the lack of
alignment between domains across the two leaflets,* producing
differences in the phase and structural behaviors of monolayers
and bilayers.** The surface-mediated fusion of small unilamellar
vesicles (SUVs) (~100 nm in diameter) provides an alternate
route, but SUVs composed of high fractions of cholesterol are
difficult to prepare by standard methods (ie, extrusion or
sonication), presumably because of artifactual demixing*

To this end, the solvent-assisted lipid bilayer (SALB)
formation technique is particularly attractive. As first described
by Rédler and co-workers and adapted more recently into a
continuous solvent-exchange process using a microfluidic setup
by our group, the SALB method® begins with the lipid
deposition onto a solid surface in alcohol. The gradual
replacement of alcohol by water drives the formation of
supported bilayers at the aqueous interface of buried solid
surfaces through an equilibrium structural transition.” Imple-
menting this approach using binary mixtures of the
phospholipid 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC) and Chol in the vicinity of the critical concentrations
for the p region, we found that the resulting supported
membranes exhibit stripe superstructures reminiscent of that
found near the critical points in the phase diagram.lh’6

For SALB experiments, mixtures of lipids and Chol dissolved
in isopropanol were incubated on a glass surface, and the
solvent was gradually replaced by introducing Tris buffer (150
mM NaCl, 10 mM Tris, pH 7.4) in a flow-through sample
chamber and washing (10X) with excess buffer to remove
residual isopropanol. Within minutes of buffer introduction,
uniform fluorescence intensity characterizes the substrate-
bound membrane when only DOPC is used as the lipid (see
Figure S1 in the Supporting Information (SI)). The DOPC
bilayer so formed exhibits a uniform structure and lateral
fluidity (~2.5 um? s7') in fluorescence recovery after
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photobleaching (FRAP) measurements, which is in good
agreement with well-formed supported DOPC membranes
produced by vesicle fusion.* In sharp contrast, when a 4:6
mixture of DOPC and Chol is used, the resulting bilayers reveal
a rapidly evolving fluorescence microstructure (Figure 1 and
video S1 in the SI), which is described in turn below.
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Figure 1. Structure formation in a SALB consisting of DOPC and
Chol (4:6 molar ratio containing 0.5% rhodamine-PE). (a) Time-lapse
Fluorescence images. (b) Corresponding images for an enlarged
section of (a). (c) Fluorescence intensity of a typical region within the
bright area over time.

The structural evolution, which lasts for 15—20 min, consists
of (1) the appearance and rapid growth of irregularly shaped
“dark” features exhibiting reduced fluorescence (Figure 1b) and
(2) a concomitant increase in the fluorescence intensity from
the bright phase (Figure 1c). It is noteworthy that the dark
features are not completely devoid of fluorophores (see below)
but rather represent the appearance of a dense phase containing
reduced concentrations of the fluorophore. This slow time scale
of the structural evolution is not surprising: it reflects the
gradual exchange of isopropanol, which is necessary for the
equilibrium transitions in the bulk from the monomeric-
inverted micellar state to the micellar and ultimately the
vesicular state.”” In our case, this is afforded by the low
exchange rates in the microfluidic chamber (~10 s), further
delayed by the removal of any trapped solvent in the surface-
bound bilayer (~60 s).

The ensuing formation of the well-hydrated lipid bilayer then
reveals a phase separation of two coexisting phases charac-
terized by a dramatic labyrinthine pattern that consists of
microscopic patterns of thin, serpentine features uniformly
covering large areas of the lipid bilayer across the substrate
surface (Figure 2). Because rhodamine-PE lipid is known to be
excluded from cholesterol-rich domains, the observed pattern
of dark and bright fluorescence can be assigned to cholesterol-
enriched and cholesterol-depleted phases, respectively.
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Figure 2. Stripe pattern in the supported lipid bilayer with elevated
cholesterol in the /3 phase. (a) Wide-field fluorescence image and (b)
an enlarged view revealing the striping. (c) Power spectral density and
(d) Fourier transform image of the network. (e) Intensity of the
Fourier transform image, showing a Gaussian distribution. (f) QCM-D
frequency (AF) and dissipation (AD) shifts of bilayers formed by the
SALB method after the addition of 1 mM methyl-f-cyclodextrin
(MpCD) to 40:60 (O) and 100:0 (A) DOPC/Chol mixtures. The
arrow indicates the injection time for 1 mM MfCD.

The presence of extensive interfaces is indicative of low line
tension between the coexisting phases, suggesting proximity to
a miscibility critical point."™*" To acquire a quantitative
understanding of the nature of the observed stripelike
superstructures, we calculated the characteristic length scale
of the network (L,uyon) following Subramaniam et al.® Lo
is a measure of the dominant length scale of the structures
found in an inhomogeneous network. The image of a network
with a characteristic length scale exhibits one or two
pronounced peaks in its power spectral density (PSD). L, qworic
is defined as the reciprocal of the wavenumber corresponding
to the peak. The PSD of the stripes shows a pronounced peak
at a wavenumber of 0.35 ym™, corresponding to a dominant
length scale of 3.5 & 1.4 um (n = 6) (Figure 2c). The Fourier
transform image of the network reveals a circular pattern and a
Gaussian distribution, which confirms the disordered and
unoriented nature of the stripe patterns (Figure 2d,e)

The observed coexisting fluid—fluid phases are reminiscent of
those observed in the f region in the phase diagram of
monolayers of phospholipids at a high mole fraction of
cholesterol at the air—water interface.!®® In this region, fluid
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domains enriched in Chol—phospholipid complexes coexist
with a cholesterol-rich phase.ld_f In our case, the complex-
enriched domains are identified as bright domains on a dark
Chol-rich background.

To further validate that the observed stripelike morphology
indeed arises from proximity to the second upper critical point,
additional experiments demonstrating scale invariance in the
compositional fluctuations are needed."™®* The absence of
large-scale temporal fluctuations in our case might reflect
possible hindrance by the underlying substrate when the
equilibrated bilayers become immobilized. Consistent with this
picture, elevating the ambient temperature to ~60 °C, near the
apparent transition temperature, did not perturb the domain
pattern (video S2 in the SI).

To confirm that the DOPC:Chol molar ratio in the surface-
bound membrane is close to the molar ratio of 4:6 used in the
precursor lipid mixture, we measured the Chol content in the
supported bilayer using a Chol extraction assay with methyl-4-
cyclodextrin (MfCD), which at low concentrations (<5 mM)
selectively removes Chol from lipid bilayers.” We quantified the
amount of Chol extracted from the supported bilayer using
quartz crystal microbalance dissipation (QCM-D) measure-
ments,'® which track the global adsorption/desorption kinetics
of a deposited material (in this case, the lipid bilayer) on a
substrate (Figure 2f and Figure S2 in the SI). Following the
injection of 1 mM MpCD over the supported membrane, the
frequency increases with time, consistent with the loss of mass
due to the removal of cholesterol (Figure 2f, blue trace). From
these data, the concentration of Chol in the bilayer was
estimated to be ~63 mol % using the Sauerbrey relationship.'®
This value is near the precursor concentration, which we chose
to be in the vicinity of the upper critical point for the § region
of phase coexistence. As expected, monitoring of fluorescence
images during MBCD incubation revealed that the stripe
pattern dissolves, and the residual membrane displays long-
range fluidity in FRAP measurements (video S3 in the SI),
which is further consistent with the notion that the observed
striping is due to the high-cholesterol pB-region phase
coexistence.

To verify the long-range fluidity of the coexisting phases, we
monitored the diffusion of a fluorescent lipid in both domains
using FRAP (Figure 3). As expected, the fluorescent tracer is
laterally mobile in each of the two coexisting phases. The dark
phase exhibits nearly complete recovery, and the fluorescence
intensity within the partially bleached domains exhibits limited
recovery (Figure 3c), the latter indicating that there is lateral
fluidity within single domains and that the bright domains
represent a discrete, unconnected phase. The FRAP image
sequence also shows that the dark phase (which is denser) acts
as a field of mobile and semipermeable obstacles for the
diffusion of single lipids (Figure 3d). Thus, while the
fluorescent tracer is laterally mobile in each of the two
phases,'! diffusion through a given phase appears to be favored
over hopping across the phase boundaries, producing a
characteristic “archipelago effect.” '

The quantitative diffusional characteristics of lipids are
complicated by the presence of the stripe topography and
convoluted diffusion path. At a rudimentary level, with the
assumption that the system exhibits normal diffusion, the
analysis of the recovery over the photobleached area gives a
lateral diffusivity of 0.3 gm* s™', which is an order of magnitude
lower than the lipid diffusivity in a pure DOPC bilayer.""
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Figure 3. FRAP analysis of diffusion in stripe topography. (a, b)
Enlarged views of a 20 ym wide photobleached spot (a) immediately
and (b) 10 min after a bleach pulse. (c) Recovery curves
corresponding to the bright- and dark-phase areas indicated by the
symbols in (b). (d) Sequence of false-color visualizations of FRAP
images (bright phase, yellow; dark phase, green; bleached region, red).

In summary, the results presented here establish that
supported membranes prepared by the SALB method enable
direct characterization of coexisting liquid phases in the limit of
high cholesterol concentration. At ~63 mol % cholesterol,
DOPC—Chol bilayers produce stripe superstructures consistent
with that expected in the vicinity of the critical point for the
region in the phase diagram of the cholesterol/phospholipid
mixtures.'¥® To the best of our knowledge, this is the first
report of f-region phase separation in the supported bilayer
system composed of lipid and cholesterol close to the solubility
limit of cholesterol in fluid phase phospholipids such as
DOPC.*™* Moreover, these results also illustrate that the SALB
approach offers a new tool to prepare supported membranes of
arbitrary, predetermined compositions, enabling studies of
biophysical characterization of complex membranes.
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