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ABSTRACT: This paper describes the application of a solvent-exchange method to prepare supported membranes containing
high fractions of cholesterol (up to ∼57 mol %) in an apparent equilibrium. The method exploits the phenomenon of reverse-
phase evaporation, in which the deposition of lipids in alcohol (e.g., isopropanol) is followed by the slow removal of the organic
solvent from the water-alcohol mixture. This in turn induces a series of lyotropic phase transitions successively producing inverse-
micelles, monomers, micelles, and vesicles in equilibrium with supported bilayers at the contacting solid surface. By using the
standard cholesterol depletion by methyl-β-cyclodextrin treatment, a quartz crystal microbalance with dissipation monitoring
assay confirms that the cholesterol concentration in the supported membranes is comparable to that in the surrounding bulk
phase. A quantitative characterization of the biophysical properties of the resultant bilayer, including lateral diffusion constants
and phase separation, using epifluorescence microscopy and atomic force microscopy establishes the formation of laterally
contiguous supported lipid bilayers, which break into a characteristic domain-pattern of coexisting phases in a cholesterol
concentration-dependent manner. With increasing cholesterol fraction in the supported bilayer, the size of the domains increases,
ultimately yielding two-dimensional cholesterol bilayer domains near the solubility limit. A unique feature of the approach is that
it enables preparation of supported membranes containing limiting concentrations of cholesterol near the solubility limit under
equilibrium conditions, which cannot be obtained using conventional techniques (i.e., vesicle fusion).

■ INTRODUCTION

Cholesterol, a principal component of mammalian cell
membranes, is inhomogeneously distributed among various
membranes of the cell.1 The highest cholesterol-containing
membranes are generally the plasma membranes,2 in which the
cholesterol concentration can approach 45−50 mol % relative
to other lipids (e.g., in erythrocytes). By contrast, intracellular
membranes (e.g., in the endoplasmic reticulum, the Golgi
apparatus, in lysosomes, and mitochondrial membranes)
contain significantly less or no cholesterol. Moreover, in a

variety of diseased states, cellular membranes accumulate high
concentrations of cholesterol, thereby affecting normal cellular
function.3 The formation of crystalline cholesterol domains in
biological membranes at cholesterol concentrations above
solubility limits can contribute to abnormal pathologies such
as atherosclerosis.4
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A major way by which cholesterol modulates the functions of
a cellular membrane is by affecting its physical properties. A
wealth of previous efforts employing model membranes
establish that the presence of cholesterol influences spatial
distribution of membrane components by promoting domain
formation within single membranes because of its differential
affinity for saturated lipids and sphingomyelin.5,6 Moreover,
cholesterol has a strong ordering effect on membrane
phospholipids by influencing the gel to liquid-crystalline
phase transition and altering membrane fluidity (or rigidity).7

With increasing knowledge about the nonideal mixing of
phospholipids and cholesterol, it is becoming increasingly
apparent that the structural properties and phase behavior8−10

are strongly dependent on the type (or state) of the model
membrane (e.g., monolayer,11 bilayer,7 multilayer film,12 and
giant vesicle13).
Because of their versatility for practical applications (i.e.,

biosensor development) and amenability for characterization by
using surface-sensitive measurement techniques,14,15 develop-
ing a means to prepare complex supported membranes and
understanding their structural and phase behavior is important.
At the same time, studies of supported membranes containing
high concentrations of cholesterol are sparse presumably
because of the challenges associated with preparing such
membranes. The primary method available to form cholesterol-
rich supported bilayers is Langmuir-type transfer processes that
involve two successive transfers of lipid monolayers.7 However,
it is difficult to produce equilibrium bilayer phases by this
approach16,17 because of the lack of alignment between
domains found in the two leaflets.16 Alternatively, vesicle
fusion, another widely used method to prepare supported
bilayers, can be employed.
The vesicle fusion approach involves adsorption, sponta-

neous rupture, and spreading of precursor small unilamellar
vesicles (∼100 nm diameter) on a solid support.18 However,
the preparation of small vesicles containing high cholesterol
concentrations leads to substantial heterogeneity in the
compositions of individual vesicles19,20 and different fusion
rates of different subpopulations of vesicles, all of which
complicate the fusion process often resulting in supported
membranes whose compositions vary significantly from the
parent lipid stock.21 Moreover, supported bilayers containing
high cholesterol fractions are difficult to prepare22 because
cholesterol-rich vesicles have higher apparent transition
temperatures and appreciably larger bending rigidities that
hinder vesicle formation and rupture23 (in some cases,24,25

formation of discontinuous bilayer patches is reported). As
such, using the vesicle fusion method, only bilayers containing
20−30 mol % cholesterol can be reproducibly prepared. For
vesicles containing higher cholesterol fractions, alternate
approaches that facilitate vesicle rupture, such as by addition
of a membrane-active peptide26,27 or application of hydro-
dynamic force,28,29 have proved successful, although these
methods are rather complicated, require additional technical
resources, and the corresponding mechanisms remain poorly
understood.
In an independent membrane preparation method that does

not require vesicles, Hohner et al. reported a gradual solvent-
exchange process to form planar supported bilayers30 of simple
lipid composition on silicon oxide, termed here the solvent-
assisted lipid bilayer (SALB) method. The method exploits the
phenomenon of reverse-phase evaporation in which the
deposition of lipids in alcohol (e.g., isopropanol) is followed

by the slow removal of the organic solvent (i.e., alcohol) from
the water-alcohol mixture which induces a series of lyotropic
phase transitions successively producing inverse-micelles,
monomers, micelles, and vesicles in equilibrium with supported
bilayers at the contacting solid surface.30,31 A key feature of the
SALB method is that the process does not require preformed
precursor vesicles, which is particularly valuable as it enables, in
principle, the SALB method to be applicable to lipid mixtures
and compositions for which vesicle formation (and fusion) is
difficult. Similar approaches32,33 have also been utilized to form
tethered lipid bilayers on solid supports. Here, using a modified
version of the SALB method that was recently developed by
our group,34 we investigate preparation and characterization of
supported bilayers containing variable concentrations of
cholesterol.

■ MATERIALS AND METHODS
Sample Preparation. A zwitterionic lipid, 1,2-dioleoyl-sn-glycero-

3-phosphocholine (DOPC), cholesterol (Chol), and fluorescently
labeled lipid, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(liss-
amine rhodamine B sulfonyl) (ammonium salt) (Rhodamine-DHPE),
were purchased from Avanti Polar Lipids (Alabaster, AL). Immediately
prior to the experiment, the lipid powder was dissolved in isopropanol
at 10 mg mL−1 lipid concentration, mixed to the desired DOPC:Chol
molar ratio, and then diluted to a 0.5 mg mL−1 lipid concentration.
The aqueous buffer solution was 10 mM Tris buffer solution [pH 7.5]
with 150 mM NaCl. In fluorescence microscopy experiments, the lipid
composition also contained 0.5 wt % Rhodamine-DHPE. Small
unilamellar vesicles were prepared as follows: dried lipid films were
rehydrated in aqueous buffer solution at a nominal lipid concentration
of 5 mg mL−1. The hydrated lipid films were then extruded through 50
nm diameter track-etched polycarbonate membranes in order to form
small unilamellar vesicles, as previously described.35

Epifluorescence Microscopy. Epifluorescence microscopy imag-
ing was performed using an inverted epifluorescence Eclipse TE 2000
microscope (Nikon) equipped with a 60× oil immersion objective
(NA 1.49) and an Andor iXon+ EMCCD camera (Andor Technology,
Belfast, Northern Ireland). The acquired images had dimensions of
512 × 512 pixels with a pixel size of 0.267 × 0.267 μm. The samples
were illuminated through a TRITC (Rhodamine−DHPE) filter set by
a mercury lamp (Intensilight C-HGFIE; Nikon Corporation). For
fluorescence recovery after photobleaching (FRAP) analysis, a 30 μm
wide circular spot was photobleached with a 532 nm, 100 mW laser
beam, followed by time-lapsed recording. The bleaching time was 5
sec. The recovery was followed for 60 sec at 1 sec intervals, and
diffusion coefficients were computed using the Hankel transform
method.36 All image processing was done using ImageJ. For bilayer
formation using the SALB procedure, commercially available micro-
fluidic flow cells (stick-Slide I0.1 Luer, Ibidi, Munich, Germany) were
employed, with an injection flow rate of 50 μL min−1.

Atomic Force Microscopy. An NX-Bio atomic force microscope
(Park Systems, Suwon, South Korea), combined with an Eclipse Ti
optical microscope (Nikon, Tokyo, Japan), was employed to image
SALB experimental samples in the contact mode. An ultrasharp, silicon
nitride BioLever mini cantilever tip (Olympus, Tokyo, Japan) was used
for all experiments. The tip has a tetrahedral shape, 110 kHz resonance
frequency, and a 0.09 N m−1 spring constant. Prior to the experiments,
the tip was subjected to oxygen plasma treatment at maximum radio
frequency power (Harrick Plasma, Ithaca, New York) for 5 min and
sequentially rinsed with ethanol (70%), ultrapure water, and ethanol
(70%) before finally drying with a gentle stream of nitrogen air.
Experiments were conducted in an acoustic enclosure (Park Systems)
with a temperature controller set at a constant temperature of 25 °C.
AFM imaging was done on SALB samples immediately after QCM-D
experiment and postrinsing with 10 mM Tris buffer [pH 7.5] with 150
mM NaCl.

Quartz Crystal Microbalance-Dissipation. A Q-Sense E4
instrument (Q-Sense AB, Gothenburg, Sweden) was employed to
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monitor the adsorption kinetics of lipids onto silicon oxide- and gold-
coated 5 MHz, AT-cut piezoelectric quartz crystals. Changes in
frequency (Δf) and energy dissipation (ΔD) were recorded as
functions of time, as previously described.37 The measurement data
was collected at the n = 3−11 odd overtones, with the reported values
having been recorded at the third overtone. The normalized values
(Δf n=3/3) are reported in this study. All samples were introduced at a
flow rate of 50 μL min−1 using a peristaltic pump (Ismatec Reglo
Digital) under continuous flow conditions. The temperature of the
flow cell was fixed at 24.00 ± 0.5 °C. Before the experiments, the
sensor surfaces were treated with oxygen plasma at maximum radio
frequency power (Harrick Plasma) for 1 min immediately before use.

■ RESULTS

Using the SALB method, we prepared DOPC/Chol lipid
bilayers containing variable fractions of cholesterol (between 0
and 50 mol % Chol in the precursor mixture) on a silicon oxide
substrate. The precursor mixture of phospholipid and Chol in
isopropanol solution was incubated in the measurement
chamber for a minimum of 10 min, and then aqueous buffer
solution was flowed-through the chamber to facilitate solvent-
exchange. A small fraction (0.5 wt %) of fluorescent
Rhodamine-DHPE lipid was included in the mixture in order
to visualize the bilayer phase formed on the substrate by
epifluorescence microscopy. Preliminary quartz crystal micro-
balance with dissipation monitoring (QCM-D) measurements
reveal that the final frequency and energy dissipation shifts are
−25.3 ± 3.4 Hz and 0.7 ± 0.7 × 10−6, respectively (Figure S1
of the Supporting Information), which, based on previous
reports,22,27 confirms that the SALB process produces single
supported bilayers at the substrate surface comparable in
surface density to those formed by vesicle fusion and by the
Langmuir-Blodgett method.
Typical epifluorescence micrographs (100 × 100 μm) are

presented in Figure 1 for the supported membranes formed on
silicon oxide following completion of the SALB procedure. The

micrographs reveal the formation of a membrane phase,
characterized by a uniform fluorescence intensity consistent
with the formation of a single lipid bilayer. In addition to the
phospholipid-rich phase, there are dye-excluded circular spots
distributed randomly throughout the membrane phase (Figure
1), which are largely monodisperse in single samples and stable
over long periods of time. Because Rhodamine-DHPE
partitions preferentially in the fluid phase, we tentatively
ascribe the dye-decorated surroundings to the cholesterol-
depleted, phospholipid rich fluid phase and the dark spots to
the cholesterol-enriched dense phase. In order to determine if
the phase-separating supported membrane morphologies
exhibit long-range lateral diffusion (and fluid character), we
carried out a microscope-based FRAP experiment. In Figure 1,
upper and lower micrographs are captured at t = 0 and 1 min
after bleaching, respectively. For all cholesterol concentrations,
near-complete recovery of the photobleached spot suggests that
the dye-laden, cholesterol-depleted phase is indeed laterally
fluid.
This assignment is further consistent with the fact that the

sizes of the dye-depleted domains increase with the cholesterol
content. With increasing Chol fraction in the precursor mixture,
the average domain size increases from 1.8 μm2 for 10 mol %
Chol to 57 μm2 for 50 mol % Chol. As expected, no dye-
excluded domains are apparent in a single component DOPC
lipid bilayer also formed by the SALB procedure (Figure S2 of
the Supporting Information). We also prepared DOPC/Chol
membranes on the same substrates through conventional
vesicle fusion. Although the preparation of uniform bilayer
samples with high cholesterol concentrations (>20%) was
erratic and irreproducible (Figure S3 of the Supporting
Information), supported membrane samples obtained using
vesicles containing 20 mol % Chol or less also revealed dark
circular domains similar to those observed in samples prepared

Figure 1. Observation of fluidic cholesterol-enriched supported membranes on glass. (A−E) Fluorescence micrographs were recorded for supported
lipid bilayers formed on a glass substrate. The precursor mixture in isopropanol solution had a molar ratio of (100 − x) mol % DOPC lipid and x
mol % Chol and contained 0.5 wt % fluorescent Rhodamine-PE lipid; x ranged from 0 to 50 mol %. Images were recorded immediately (top) and 1
min (middle) after photobleaching. The dark spot in the image center corresponds to the photobleached region. The scale bars are 20 μm. Surface
area histograms of individual dye-excluded domains within each sample are also presented (bottom).
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by the SALB process (Figure S4 of the Supporting Information,
panels A and B).
In order to further characterize the dye-excluded domains,

we performed independent atomic force microscopy (AFM)
experiments. Figure 2 shows representative AFM micrographs
for SALB-prepared DOPC/Chol bilayers contraining 30 mol %
Chol fraction. Consistent with large-area fluorescence images,
the dye-excluded domains are nearly circular in shape,
occasionally present as two or more coalescing domains. Line
scans across the domain edges show that the phospholipid-rich
phase is ∼1.5 nm thicker than the dye-excluded domains. The
thickness of the phospholipid-rich phase was determined to be

∼4.5 nm, so the dye-excluded domains are ∼3 nm thick
consistent with the presence of a cholesterol-enriched
membrane domain. Additional support for the presence of
the cholesterol-rich phase in circular domains is obtained
through a cholesterol extraction assay. Using 1 mM methyl-β-
cyclodextrin (MβCD), which is a cyclic oligosaccharide that
removes Chol from lipid bilayers,38 we found that the height
difference between the surrounding membrane phase and the
dye-excluded domains substantially increases to between 5 and
8 nm (Figure 2C). This finding indicates that MβCD treatment
removes Chol from the dye-excluded domains and also appears
to perturb the edge of the membrane phase surrounding the

Figure 2. Characterization of dye-excluded domains by tapping mode atomic force microscopy. (A) AFM height mode image of a SALB-formed
supported lipid bilayer. The composition of the precursor mixture was 70 mol % DOPC lipid and 30 mol % cholesterol. The scan size was 50 × 50
μm. Two line scans are denoted by labels 1 and 2, respectively, and the corresponding height profiles are presented below the AFM images. (B)
AFM height mode image of a representative dye-excluded domain. The scan size was 10 × 10 μm. Two line scans are denoted by labels 1 and 2,
respectively. The “1” line scan was performed to determine the height difference between the phospholipid-rich phase and dye-excluded domain.
The “2” line scan was performed to determine the thickness of the phospholipid-rich phase. (C) AFM height mode image of a lipid bilayer defect
created by treatment with 1 mM MβCD. The image was recorded postrinse 30 min after MβCD application, and the scan size was 5 × 5 μm. Two
line scans are denoted by labels 1 and 2, respectively, and the corresponding height profiles are presented.

Figure 3. Cholesterol depletion by methyl-β-cyclodextrin treatment. Fluorescence micrograph of a cholesterol-enriched supported membrane (A)
before and (B) after treatment with 1 mM MβCD. The precursor mixture was 50 mol % DOPC and 50 mol % Chol and contained 0.5 wt %
Rhodamine-PE. (C) Time-lapsed fluorescence microscopy imaging was performed in order to measure the effects of 1 mM MβCD treatment on the
lipid bilayer region in panels A and B. The total surface area of the bilayer region (green color) and average fluorescence intensity (FI) of pixels in
those regions are presented as a function of time upon MβCD injection (see arrow). (D and E) FRAP analysis on a representative MβCD-treated
bilayer is presented. The precursor mixture was 49.5 mol % DOPC, 0.5 wt % Rhodamine-PE, and 50 mol % cholesterol. In panel D, photobleaching
was performed at t = 0 min. In panel E, recovery of the fluorescence intensity in the fluid phase regions is observed by t = 1 min.
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Chol-rich domains. Taken together, the AFM data lend strong,
direct support to our foregoing inference that the dye-excluded
domains are highly enriched in cholesterol and not voids.
Interestingly, fluorescence micrographs of a 50 mol % Chol-

containing lipid bilayer before and after 1 mM MβCD
treatment further demonstrate significant alterations in
membrane properties in the phospholipid-rich phase as well
(Figure 3, panels A and B). Time-resolved measurements of the
fluorescent properties of the lipid bilayer show that the surface
area of the phospholipid-rich phase decreases by ∼50% upon
treatment, and there is a corresponding increase in the
normalized fluorescence intensity per unit of surface area by
∼46% (Figure 3C). On the basis of this observation, we infer
that at elevated cholesterol content (50 mol %), MβCD
treatment removes cholesterol from both the dye-excluded
domains and the phospholipid-rich phase. This is consistent
with previous studies,11 which suggest that at high cholesterol
contents in the so-called β phase, cholesterol associates with the
lipids in a manner that produces a unique phase coexistence
between cholesterol−lipid complexes in one phase and free
cholesterol associated with the phospholipid-rich phase in the
other. Note also that the original shapes of the dye-excluded
domains is retained after cholesterol removal, presumably
because of reduced bilayer density due to cholesterol extraction,
and limits on lateral expansion39 preclude the necessary
spreading of the remainder of the supported bilayer. In order
to measure the lateral fluidity of the phospholipid-rich phase
before and after cholesterol removal, we further carried out
fluorescence recovery after photobleaching (FRAP) experi-
ments and the results were analyzed by the Hankel transform
method. Representative fluorescence micrographs, presented
for 50 mol % Chol-containing lipid bilayer after MβCD
treatment (Figure 3, panels D and E), confirm the retention of
long-range fluidity and lateral fluidity of the residual,
cholesterol-depleted membrane.
We now report the FRAP experimental results for all

membrane compositions before MβCD treatment (Table 1). At
low Chol fractions (0−10 mol %) in the precursor mixture, the
lateral diffusion coefficient for lipid bilayers was around 2.2 μm2

s−1. With increasing Chol fraction (20−40 mol %), the diffusion
coefficients are approximately 1.1 μm2 s−1. Finally, at high Chol
fraction (50 mol %), the diffusion coefficient is lowered to 0.8
μm2 s−1. Following MβCD treatment, the diffusion coefficient
of all lipid bilayers is between 2.2 and 2.6 μm2 s−1 (Table 1).
The results support that MβCD treatment removes Chol from
the phospholipid-rich phase and enabled us to quantitatively
determine the mole fraction of Chol in the lipid bilayer as
explained below.
QCM-D tracking allows us to measure the negative

frequency shift (Δf bilayer) associated with a planar lipid bilayer
on silicon oxide. The bilayers have low-energy dissipation

(ΔDBilayer < 1 × 10−6) so we converted the frequency shift into
adsorbed mass (ΔmBilayer) based on the Sauerbrey relation-
ship.40 We assume that the bilayer mass represents the sum of
DOPC lipid (ΔmLipid) and Chol (ΔmChol) masses. After bilayer
formation, 1 mM MβCD was then added in order to observe
the positive frequency shift (Δfchol ∝ ΔmChol) associated with
Chol removal. The results of the MβCD treatment step are
presented in Figure 4A. The initial baseline values are the

normalized frequency shifts for the bilayers (defined as Δf bilayer
= 0). With increasing Chol fraction in the precursor mixture,
Δfchol increased proportionally and demonstrated that the
cholesterol fraction in the bilayer can be tuned according to the
cholesterol fraction in the precursor mixture. The kinetics of
Chol removal show first-order features that are consistent with
previous reports.38,41,42 In order to calculate the mole fraction
of cholesterol in the bilayer, we determined Δf lipid based on the
difference between Δf bilayer and Δfchol, applied the Sauerbrey
relationship, and took the molecular weights of DOPC lipid
and cholesterol into account.
Overall, the calculated mole fractions of Chol in the bilayer

demonstrate that the SALB procedure forms Chol-enriched
bilayers, which reflect the starting precursor compositions
(Figure 4B). There is a nearly linear correspondence between
the Chol fraction in the precursor mixture and the Chol
fraction in the bilayer, with a slight increase in the Chol fraction

Table 1. Fluorescence Recovery Photobleaching (FRAP) Analysis of Lateral Lipid Diffusion in Cholesterol-Enriched Supported
Membranesa

method treatment 0% chol 10% chol 20% chol 40% chol 50% chol

SALB − MβCD 2.32 ± 0.20 2.10 ± 0.15 1.10 ± 0.15 1.12 ± 0.15 0.73 ± 0.19
+ MβCD 2.32 ± 0.14 2.40 ± 0.15 2.56 ± 0.15 2.45 ± 0.41 2.13 ± 0.29

vesicle fusion − MβCD 2.42 ± 0.15 2.29 ± 0.16 1.86 ± 0.15 nil nil
+ MβCD 2.50 ± 0.20 2.74 ± 0.15 2.67 ± 0.14 nil nil

aThe diffusion coefficient (in units μm2 s−1) of lateral lipid mobility is reported for supported membranes with varying DOPC:Chol molar ratios (n
= 10 measurements). FRAP measurements were performed before and after 1 mM MβCD treatment. Supported lipid bilayers on glass were formed
by either the SALB or vesicle fusion method.

Figure 4. Quantitative determination of cholesterol fraction in
supported membranes. (A) The amount of cholesterol incorporated
within supported DOPC:Chol lipid bilayers on silicon oxide was
determined by QCM-D measurement. First, the SALB procedure was
performed to form supported lipid bilayers with varying mole fractions
of cholesterol in the precursor mixture (between 0 and 50 mol %).
After bilayer formation, the QCM-D frequency shift was then
normalized with Δf = 0 Hz corresponding to the supported lipid
bilayer in each experiment. One mM MβCD was next added (see
arrow) in order to extract cholesterol from the bilayer, and the
observed positive frequency shift was due to cholesterol removal from
the bilayer. (B) Mole percent of cholesterol depleted from the bilayers
prepared by the SALB method as a function of cholesterol fraction in
the precursor mixture. For comparison, identical experiments were
performed using supported lipid bilayers prepared by the vesicle fusion
method.
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in the bilayer. Importantly, the SALB procedure was also
successful at forming supported bilayers on gold with similarly
high levels of Chol (Figure S5 of the Supporting Information).
For comparison, we also formed supported bilayers from
vesicles containing up to 20 mol % Chol (i.e., the highest Chol
fraction at which vesicles can still rupture spontaneously) and
measured the Chol fraction in these bilayers by the same
approach. Strikingly, the Chol fraction in these bilayers was
appreciably lower than in the precursor vesicles and a maximum
fraction of Chol in the bilayers was approximately 10 mol %
(see Figure 4B and Figure S5 of the Supporting Information).
In order to form supported bilayers with greater Chol

fractions via vesicle rupture, we also employed an amphipathic,
α-helical (AH) peptide in order to rupture a layer of adsorbed
vesicles that were prepared from parent lipid stocks containing
between 30−50 mol % Chol (Figure S6 of the Supporting
Information). As described in Introduction, a similar strategy
based on peptide-induced vesicle rupture was previously
reported by Hardy et al. in order to form planar bilayers with
HIV virus-mimicking lipid compositions.27 While the specific
cholesterol fraction in the vesicles in solution was not explicitly
determined in our measurements, there was likely at least 20
mol % cholesterol in the DOPC lipid vesicles because the
vesicles did not rupture spontaneously upon adsorption onto
silicon oxide. After formation of the saturated vesicle adlayer,
the AH peptide was added, inducing vesicle rupture and the
formation of a supported lipid bilayer in each case. However,
surprisingly, we determined that the Chol in the bilayers
formed, if present, is intractable to MβCD treatment (no Chol
removal), suggesting that either there is no Chol in bilayers
formed via this route or more likely that the peptide interferes
with membrane properties. Taken together, the data support
that the SALB procedure can form supported lipid bilayers
containing high fractions of Chol (at least five-fold greater than
alternative vesicle fusion methods), and that Chol is present in
both the phospholipid-rich phase and cholesterol-rich domains
at elevated concentrations.

■ DISCUSSION
By inducing supported bilayer formation via solvent-exchange,
intrinsic challenges imposed by vesicle configurations (e.g.,
compositional heterogeneity, vesicle stability, and high bending
rigidities) are bypassed, allowing the formation of supported
bilayers through solvent-assisted lipid self-assembly. To some
extent, our strategy also shares a common feature with
Langmuir-type transfer processes (i.e., lamellar phase lipid
organization at an interface due to water contact), albeit there is
one key advantage of the SALB approach for studying
phospholipid-cholesterol mixtures. The formation of lamellar
phase lipid structures directly proceeds to the bilayer
configuration, and the corresponding self-assembly process is
also influenced by molecular interactions between the two
leaflets. Similar advantages have also been previously described
for an analogue of the SALB method termed rapid solvent
exchange,20 which is used to prepare lipid vesicles containing
high fractions of cholesterol. As a result, we were able to make
several new findings related to phospholipid-cholesterol
mixtures in supported bilayers.
In fluid-phase DOPC containing lipid bilayers, cholesterol is

located within the fluidic phospholipid-rich phase as well as in
micron-scale cholesterol bilayer domains. The effects of
cholesterol on the phospholipid-rich phase were consistent
with expectations (e.g., decreased fluidity with increased

cholesterol fraction). The ability of the SALB approach to
prepare supported membranes containing high cholesterol
concentrations up to the solubility limit of cholesterol in the
lipid phase should prove useful in characterizing the high-
concentration β-phase. In principle, the approach should also
enable characterization of cholesterol bilayer domains (CBDs)
as described by Raguz and colleagues43,44 (see, for example, refs
45 and 46 for evidence of CBDs in cellular membranes), which
appear to be produced beyond the solubility limit when
cholesterol crystallizes within the two-dimensional lipid
environment. These CBDs are believed to be precursors of
crystalline cholesterol yet remain dynamic which might explain
the susceptibility of cholesterol-rich, dye-excluded domains to
MβCD treatment in this study. Furthermore, we attempted to
form crystalline deposits on silicon oxide by performing the
SALB procedure from cholesterol alone and without DOPC
lipid. In this case, no adsorbed layer was formed after solvent-
exchange, which is consistent with the fact that CBDs only
form in conjunction with phospholipid-rich phases.43

Regarding the molar fraction of cholesterol in the supported
bilayers, we were able to directly measure this value by QCM-D
measurement. Specifically, we determined the mass of the
supported bilayer containing DOPC lipid and cholesterol,
removed the cholesterol via MβCD treatment, and then
determined again the mass of the remaining adsorbed lipid.
To validate this approach, epifluorescence microcopy and AFM
measurements verified that MβCD treatment removes
cholesterol from both the phospholipid-rich phase and the
cholesterol bilayer domains, and the desorption kinetics show
first-order features. Radhakrishnan et al. previously showed that
the monoexponential decay is related to the chemical activity of
cholesterol and the stoichiometric composition of condensed
complexes of cholesterol and phospholipid.41 After MβCD
treatment, the residual lipid bilayers had a nearly consistent rate
of lateral lipid diffusion, which agrees well with recent work
reported by Simonsson and Höök.29 Furthermore, MβCD
treatment had no effect on DOPC lipid bilayers, thus
confirming its specific removal of cholesterol.
Importantly, this approach allowed us to determine that the

fraction of cholesterol which can be incorporated into the
supported bilayer is more than 5 times greater than that
permissible with conventional techniques for supported bilayer
formation (e.g., vesicle fusion). The molar fraction of
cholesterol in supported bilayers formed by the vesicle fusion
method was appreciably lower than that of the precursor
vesicles, although the molar fraction of the supported bilayer
and precursor vesicles are typically assumed to be equiv-
alent.47,48 Interestingly, we also found that peptide-induced
rupture of cholesterol-containing, adsorbed vesicles yielded
supported lipid bilayers that were intractable to MβCD
treatment. This evidence suggests one of two possibilities.
First, the vesicles may not have contained cholesterol due to
mixing heterogeneities, however, the complete absence of
cholesterol is unlikely and also the vesicles did not rupture
spontaneously on silicon oxide. Second, the peptide may not be
completely removed from the bilayer or somehow induce
cholesterol in the bilayer to assume a highly ordered,
functionally inactive state.

■ CONCLUSION
In this work, we have demonstrated the self-assembly formation
and quantitative investigation of fluidic supported lipid bilayers
containing high fractions of cholesterol (up to ∼57 mol %).
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Considering all of the aforementioned points, the SALB
method and its technically minimal requirements is ideally
suited to preparing cholesterol-rich supported bilayers. In turn,
all of these capabilities should further increase understanding of
the ways in which physiologically relevant, elevated levels of
cholesterol influence membrane biophysical properties, includ-
ing membrane fluidity and spatial organization into domain
structures (i.e., lipid rafts). Furthermore, the SALB method has
strong potential to be explored for coating nanomaterials with
physiologically relevant membrane compositions, an oppor-
tunity which has so far eluded conventional methods for
preparing supported membranes.

■ ASSOCIATED CONTENT
*S Supporting Information
More detailed information is provided about QCM-D tracking
of supported membranes formed via the SALB and vesicle
fusion methods (Figures S1 and S3), epifluorescence
microscopy images of supported membranes formed via the
SALB and vesicle fusion methods (Figures S2 and S4), and
QCM-D characterization of cholesterol content in supported
lipid bilayers (Figures S5 and S6). This material is available free
of charge via the Internet at http://pubs.acs.org.
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method improving the accuracy of fluorescence recovery after
photobleaching analysis. Biophys. J. 2008, 95 (11), 5334−5348.
(37) Keller, C.; Kasemo, B. Surface specific kinetics of lipid vesicle
adsorption measured with a quartz crystal microbalance. Biophys. J.
1998, 75 (3), 1397−1402.
(38) Besenicǎr, M. P.; Bavdek, A.; Kladnik, A.; Macěk, P.; Anderluh,
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