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ABSTRACT: Supported lipid bilayers (SLBs) are simplified
model membrane systems that mimic the fundamental
properties of biological cell membranes and allow the
surface-sensitive tools to be used in numerous sensing
applications. SLBs can be prepared by various methods
including vesicle fusion, solvent-assisted lipid bilayer (SALB),
and bicelle adsorption and are generally composed of
phospholipids. Incorporating other biologically relevant
molecules, such as cholesterol (Chol), into SLBs has been
reported with the vesicle fusion and SALB methods, whereas
it remains unexplored with the bicelle absorption method. Herein, using the quartz crystal microbalance-dissipation (QCM-D)
and fluorescence microscopy techniques, we explored the possibility of forming SLBs from Chol-containing bicelles and
discovered that Chol-enriched SLBs can be fabricated with bicelles. We also compared the Chol-enriched SLB formation of the
bicelle method to that of vesicle fusion and SALB and discussed how the differences in lipid assembly properties can cause the
differences in the adsorption kinetics and final results of SLB formation. Collectively, our findings demonstrate that the vesicle
fusion method is least favorable for forming Chol-enriched SLBs, whereas the SALB and bicelle methods are more favorable,
highlighting the need to consider the application requirements when choosing a suitable method for the formation of Chol-
enriched SLBs.

■ INTRODUCTION

Cholesterol (Chol) is an important component in biological
membranes that is required for normal cell functions.1 It
regulates the membrane rigidity, permeability, and protein
interactions and plays a role in membrane remodeling.1−5

However, if present in a high amount, it can affect cells
negatively and cause them to be in various diseased states.6,7

Therefore, understanding how Chol influences the membrane
properties and behaviors is essential. To do so, artificial lipid
membrane models that mimic the fundamental architecture of
natural cell membranes have been developed and proven
useful.8 Their composition can be controlled and simplified to
include just one or a few components,9−11 and this makes it
easier to study the specific effects/events related to those
components. Among the several model membrane systems,
supported lipid bilayers (SLBs) that are formed on solid
surfaces have advantage of enabling the use of surface-sensitive
analytical tools in biophysical studies of membranes as well as
in sensing applications.12

There are numerous methods to fabricate SLBs, and at
present, the vesicle fusion method is the most widely used
method. It involves the adsorption and rupture of lipid vesicles
on solid supports.13 Various experimental parameters including
vesicle composition can affect SLB formation by vesicle
fusion.14 In particular, the high Chol content has been
shown to hinder vesicle rupture,15 and the preparation of

complete, homogeneous SLBs is therefore challenging in the
vesicle fusion method. Recently, our group has reported
successful fabrication of Chol-rich SLBs via an alternative
method called the solvent-assisted lipid bilayer (SALB).16,17

The method involves the deposition of lipids dissolved in an
organic solvent (e.g., isopropanol) onto a solid support,
followed by aqueous solvent exchange that induces phase
transitions, leading to SLB formation on the support.18−21 We
have shown that SLBs containing up to around 60 mol % Chol
can be prepared by the SALB whereas SLBs formed by the
vesicle fusion contain only up to 10 mol % Chol.16,17 Despite
its ability to fabricate Chol-rich SLBs, the SALB method limits
the direct formation of SLBs in aqueous solutions, as the
deposition of lipids in organic solvents precedes the exchange
to aqueous solution.
To this end, one promising method involves the adsorption

of bicelles in aqueous solution. Bicelles are mixtures of long-
chain and short-chain phospholipids22,23 and typically
considered as two-dimensional disks that have been extensively
used in structural biology studies.24,25 Zeineldin et al. first
demonstrated SLB formation from lipid bicelles composed of
long-chain 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
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(DPPC) and short-chain 1,2-diheptanoyl-sn-glycero-3-phos-
phocholine (DHPC7) lipids.26 Following works by Tabaei et
al.27 and Morigaki et al.28 used bicelles composed of long-chain
dimyristoylphosphatidylcholine (DMPC) and 1-palmitoyl-2-
oleol-sn-glycero-3-phosphocholine (POPC) lipids, respectively,
and short-chain 1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC6, referred to as DHPC in the following text) lipids.
More recently, our group has reported bicelle works using a
different long-chain 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), either alone29,30 or in combination with other
charged long-chain lipids such as 1,2-dioleoyl-sn-glycero-3-
ethylphosphocholine (DOEPC) and 1,2-dioleoyl-sn-glycero-3-
phospho-L-serine (DOPS).31 The possibility of forming SLBs
with Chol-containing bicelles therefore remains to be explored.
Here, we investigated the adsorption behavior of cholesterol-

rich bicelles and corresponding SLB formation capability on
silicon dioxide surfaces. Quartz crystal microbalance-dissipa-
tion (QCM-D) and fluorescence microscopy experiments
including fluorescence recovery after photobleaching (FRAP)
measurements were conducted to characterize SLB formation
and properties, as outlined in Figure 1. The results were also

compared to our previous data obtained with vesicle fusion
and SALB methods16,17 using Chol-containing lipids. Our
findings demonstrate that Chol-rich SLBs can be formed via
the bicelle method and they have different properties than
those formed via the other two methods.

■ MATERIALS AND METHODS
Reagents. 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC),

1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC), and 1,2-dio-
leoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) (ammonium salt) (red, Rh-PE) lipids dispersed in
chloroform, and cholesterol (Chol) powder were obtained from
Avanti Polar Lipids (Alabaster, AL, USA). The excitation/emission

wavelengths of Rh-PE were 560/583 nm. Methyl-β-cyclodextrin
(MβCD) was purchased from Sigma-Aldrich (Singapore). The buffer
used in all experiments was 10 mM Tris buffer with 150 mM NaCl
(pH 7.5). Buffers and solutions were prepared with Milli-Q-treated
water (MilliporeSigma, Burlington, MA, USA).

Bicelle Preparation. Bicelles were prepared by lipid hydration
followed by the freeze−thaw−vortex step, as previously described.29

Briefly, the cholesterol powder was dissolved in chloroform and mixed
with long-chain DOPC phospholipids in a glass vial. Then, the
chloroform solvent was evaporated with nitrogen gas, forming a dry
lipid film on the walls of the glass vial. The lipid film was then stored
overnight in a vacuum desiccator to remove trace residues of
chloroform, followed by subsequent hydration in a DHPC-containing
aqueous buffer solution comprising 10 mM Tris (pH 7.5) and 150
mM NaCl. The resulting lipid suspension had a long-chain
phospholipid concentration of 1 mM and a q-ratio of 0.25. The
lipid suspensions were then subjected to five freeze−thaw−vortex
cycles that involved the following steps: submersion in liquid nitrogen
for 1 min, thawing in a 60 °C water bath for 5 min, and vortexing for
30 s. The resulting suspensions were visually clear at room
temperature. Immediately before the experiment, an aliquot of the
stock lipid suspension was diluted ∼32-fold by using the buffer
solution so that the final long-chain phospholipid concentration was
0.031 mM.

Quartz Crystal Microbalance-Dissipation (QCM-D). Bicelle
adsorption experiments were conducted using a Q-Sense E4
instrument (Biolin Scientific AB, Stockholm, Sweden). The quartz
crystal sensors were repeatedly rinsed with water and ethanol, dried
with nitrogen gas, and then treated in an oxygen plasma chamber
(PDC-002, Harrick Plasma, Ithaca, NY) for 1 min. The temperature
of the QCM-D chambers was maintained at 25 °C. All solutions were
added under continuous flow conditions using a peristaltic pump
(Reglo Digital MS-4/6, Ismatec, Wertheim, Germany), and the flow
rate was set at 50 μL/min. Measurement data were collected at
multiple odd overtones by the Q-Soft software package (Biolin
Scientific AB). The reported data were collected at the 7th overtone
and normalized according to the overtone number. Data processing
was completed using the Q-Tools (Biolin Scientific AB) and
OriginPro (OriginLab, Northampton, MA) software programs.

Epifluorescence Microscopy. Imaging experiments were con-
ducted using a Nikon Eclipse Ti-E inverted microscope with a 60×
oil-immersion objective (NA 1.49). The excitation source was a
mercury-fiber illuminator C-HGFIE Intensilight (Nikon, Tokyo,
Japan), and the light was passed through a TRITC filter block (Ex
545/30, Em 605/70) for imaging red channels. An Andor iXon3 897
EMCCD camera was used to obtain the images at the rate of 1 frame
per 3 s. The experiments were conducted within a flow-through,
microfluidic chamber (sticky-Slide VI 0.4, ibidi GmbH, Martinsried,
Germany), and the liquid sample was introduced at a flow rate of 50
μL/min, as controlled by a peristaltic pump (Reglo Digital MS-4/6).
All measurements were conducted at room temperature (∼25 °C).

■ RESULTS AND DISCUSSION
Quartz Crystal Microbalance-Dissipation. We per-

formed QCM-D experiments to monitor the self-assembly of
cholesterol-rich bicelles and subsequent formation of sup-
ported lipid membranes on silicon dioxide surfaces. The shifts
in frequency (Δf) and energy dissipation (ΔD) of silicon
dioxide-coated piezoelectric quartz crystals due to bicelle
adsorption were recorded as a function of time. Δf reflects the
mass changes, and ΔD relates to the viscoelastic properties of
adsorbed lipid molecules.32 In the experiments, a baseline
signal in aqueous buffer solution was first obtained before
bicelles were added and flowed continuously until the Δf and
ΔD values stabilized. Then, a buffer washing step was
performed to remove nonadsorbed or weakly adsorbed lipids,
and the final Δf and ΔD shifts were recorded for each
measurement run (n = 3). The q-ratio of 0.25 and long-chain

Figure 1. Overview of experimental strategy. The cholesterol-
containing bicelles were prepared by simple freeze−thaw−vortex
cycles. Bicelle adsorption onto silicon dioxide surfaces and membrane
properties were characterized by QCM-D and fluorescence
microscopy.
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lipid concentration of 0.031 mM were chosen based on our
previous study where the optimal conditions were identified
for SLB formation from DOPC/DHPC bicellar mixtures.29

The molar fraction (mol %) of Chol in bicelles was varied from
0 to 60 mol % in 10 mol % increments with respect to that of
long-chain DOPC lipids, while DHPC lipid amount was fixed.
The QCM-D kinetics of all bicelle adsorption cases is
presented in Figure 2A for the Δf shifts and Figure 2B for
the corresponding ΔD shifts.
Adsorption of DOPC/DHPC bicelles (0 mol % Chol) led to

the final Δf and ΔD shifts around −25.1 ± 2.6 Hz and 0.1 ±
0.1 × 10−6, respectively, which are consistent with complete
SLB formation,33 as expected. Similarly, complete SLBs
resulted from the adsorption of bicelles containing 10 and 20
mol % Chol. The final Δf and ΔD shifts for the 10 mol % Chol
case were around −25.5 ± 0.7 Hz and 0.1 ± 0.2 × 10−6,
respectively, and for the 20 mol % Chol case, around −25.1 ±
0.6 Hz and 0.0 ± 0.1 × 10−6, respectively. For the 30 mol %
Chol case, there was a final Δf of around −31.0 ± 1.0 Hz and
ΔD of around 0.4 ± 0.2 × 10−6. The Δf value was slightly
higher than the Δf range for an SLB, suggesting the presence of
either unruptured bicelles or additional mass, whereas the ΔD
shift was within the SLB range, indicating complete rupture
and formation of a rigid layer. Taken together, the possibility of
the presence of unruptured bicelles can be ruled out, and the
slight increase in Δf can be attributed to additional mass as a
result of rigid Chol molecules filling the interstitial spaces
between lipids and causing the lipids to pack more closely8,34

(i.e., tighter packing density) without viscoelastic contribution.
Thus, we can conclude that SLB formation is complete in this
case.

By marked contrast, when the molar fraction of Chol was
further increased to 40 mol %, the final Δf and ΔD shifts
resulted in −52.0 ± 2.8 Hz and 2.5 ± 0.2 × 10−6, respectively.
These values are higher than SLBs, indicating incomplete
bicelle rupture. Similar results with greater kinetic shifts were
obtained at 50 mol % Chol, and the final Δf and ΔD values
reached around −68.0 ± 2.4 Hz and 5.1 ± 0.1 × 10−6,
respectively, suggesting bicelle rupture is even less favorable, as
expected. At 60 mol % Chol, the final Δf and ΔD were around
−56.0 ± 3.7 Hz and 5.5 ± 0.2 × 10−6, respectively, which also
indicate incomplete bicelle rupture. Interestingly, the final Δf
was smaller than that at 50 mol % Chol, and the reason could
be the greater bicelle deformation and/or higher degree of
bicelle rupture due to more water mass released. However, it is
unlikely because the ΔD shifts were similar, suggesting rather
equal water mass contribution and hence similar degree of
rupture. Moreover, the fact that Chol hinders complete rupture
of lipid vesicles by reducing lipid−lipid interaction15 can hold
true for lipid bicelles, which also need to undergo complete
rupture to form SLB. Therefore, another aspect left to consider
is the lipid mass contribution, and for this, the following two
factors can be taken into account: (1) Chol at 60 mol % is
close to its solubility limit in phosphatidylcholine (PC)
bilayers,35 and Chol bilayer domains (CBDs) where Chol
molecules assemble into a bilayer-like structure within Chol-
saturated PC bilayers start to form;36 and (2) the local length
of CBDs is shorter than the length of the surrounding PC
bilayer patches, which could be either the flat regions of
unruptured lipid bicelles or the formed SLB areas. Taken
together, we can derive that the local thickness reduction in the
CBDs at 60 mol % Chol caused a decrease in the final Δf

Figure 2. QCM-D measurements of adsorption of cholesterol-containing bicelles onto silicon dioxide. The data are presented for changes in (A)
frequency and (B) energy dissipation as a function of time for the adsorption cases of bicelles containing different molar ratios of cholesterol.
Baseline signals in equivalent buffer solution were recorded before injecting bicelles at 5 min. The grey shade denotes typical values of a complete
SLB. (C) Schematic representations of the supported lipid membranes: complete SLB (left) and incomplete SLB (right).
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without affecting the global viscoelasticity of the lipid
membrane.
In all cases, the bicelle adsorption followed a two-step

pathway in which bicelles adsorb until a critical surface
coverage is reached and then rupture fully for complete SLB
formation or partially for incomplete SLB formation. Overall,
the results show that complete SLB formation can be achieved
with a Chol fraction up to 30 mol % and incomplete SLB
formation with 40−60 mol % Chol where some bicelles remain
intact in the membrane.
Epifluorescence Microscopy. In addition to QCM-D

characterization, we performed epifluorescence microscopy
experiments to visually observe the bicelle adsorption and
supported lipid membrane formation processes. The bicelles
were labelled with 0.5 mol % (with respect to DOPC mole

percent) of Rh-PE fluorescent lipids for imaging purposes and
then added into a microfluidic chamber under flow-through
conditions for capturing time-lapsed images. The initial
injection time was defined as t = 0 min, and the time shown
in the first images corresponds to the time when the adsorbed
bicelles reached the critical coverage on the surface. The results
are presented in Figure 3 and explained below.
Bicelles with 10 and 20 mol % Chol adsorbed rapidly and

reached the critical surface coverage after around 5 min. Then,
the bicelle fusion as indicated by the appearance of small bright
spots and subsequent SLB formation with uniform fluores-
cence properties followed quickly in 0.5 min. With 30 mol %
Chol, the critical coverage was reached after around 5.2 min
and bilayer propagation occurred within 0.5 min also. As the
Chol fraction increased further, it took longer time to reach the

Figure 3. Direct observation of the supported lipid membrane formation from cholesterol-rich bicellar mixtures. Microscopic observation of the
supported lipid membrane formation on a glass surface for 10−60 mol % cholesterol-containing bicellar mixtures. Image snapshots at various time
points depict the rupture of the absorbed bicelles as a part of the membrane formation process. t = 0 min corresponds to the time when bicelle
addition was begun, and the time presented in the first images of the corresponding cholesterol mole fraction approximates to the time when the
critical bicelle coverage was reached. The scale bars are 20 μm.
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critical surface coverage (6.5 min for 40 mol %, 12.5 min for 50
mol %, and 18.2 min for 60 mol % Chol) and bilayer
propagation became slower. At 40 mol % Chol, the formed
lipid membrane exhibited nonuniform fluorescence properties.
At 50 and 60 mol % Chol, the dark regions appeared in the
membranes, indicating the presence of unlabeled Chol
domains. Interestingly, unlike the QCM-D data that suggest
some bicelles remain intact at 40−60 mol % Chol, there was
no direct observation of unruptured bicelles in the microscopy
experiments at these Chol fractions. This is different from the

case of unruptured lipid vesicles, which are seen as bright dots
in the membranes30 and likely related to the difference in
structure; bicelles have a two-dimensional disk-like struc-
ture,24,37−40 whereas vesicles are in a spherical shape. The
coexistence of planar disks (with flat regions of long-chain
phospholipids assembled into bilayers) with SLB patches
probably causes no distinction in appearance under micros-
copy.
We further characterized the fluidity properties of

membranes by conducting FRAP experiments (Figure S1).

Figure 4. Quantifying the molar fraction of cholesterol in SLB. (A) Schematic representation of cholesterol extraction by MβCD. Upon adsorption
of lipid mixtures and subsequent SLB formation, 1 mM MβCD was added to extract cholesterol from the SLB. (B) QCM-D frequency shifts due to
MβCD treatment. The baseline frequency of 0 Hz corresponds to the normalized frequency shift before MβCD treatment.

Figure 5. Data summary for SLB formation via vesicle fusion, SALB, and bicelle methods. QCM-D (A) frequency and (B) dissipation shifts. Input
cholesterol refers to the mole percent of cholesterol in the precursor mixture. (C) FRAP images of SLBs formed at 20 mol % input cholesterol in
each method. All scale bars are 20 μm. (D) Molar fraction of cholesterol in SLB as a function of input cholesterol fraction.
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The FRAP technique reveals the mobility of lipid molecules in
the membrane by determining the fluorescence recovery
profile over time.41 Briefly, upon supported lipid membrane
formation, a small region in the membrane is photobleached
and recovery of fluorescence is measured over time as the
bleached lipids diffuse out of the region and the fluoresced
lipids diffuse in from the neighboring region (Figure S1A). At
10−30 mol % Chol, fluorescence recovery was almost
complete, that is, comparable to around 80% in SLB without
Chol, and reduced to around 70, 65, and 60% at 40, 50, and 60
mol % Chol, respectively (Figure S1B). The reduction in
mobile fractions at 40−60 mol % Chol confirms the presence
of intact bicelles and agrees well with QCM-D data that show
similar overall trends: complete SLB formation up to 30 mol %
Chol and incomplete SLB formation with unruptured bicelles
at 40−60 mol % Chol.
Quantification of Cholesterol in Supported Lipid

Membranes. Next, we quantified the molar fraction of Chol
in the supported lipid membranes by treating the membranes
with 1 mM methyl-β-cyclodextrin (MβCD) that specifically
extracts Chol from lipid membranes42 (Figure 4A) and
monitoring the kinetics of extraction with QCM-D. When 1
mM MβCD was added to the membranes, there were positive
Δf shifts (Figure 4B), consistent with a decrease in the mass
because of Chol extraction by MβCD. To calculate the Chol
amount in the membrane, the difference between the Δf after
membrane formation and the final Δf after MβCD addition
was converted to mass using the Sauerbrey relationship,43

taking the molecular weights of both DOPC and Chol into
account. For the 40−60 mol % Chol cases, the Sauerbrey
relationship is invalid because the membranes are not rigid as
indicated by high ΔD values. Thus, we were able to calculate
the Chol fraction only for the rigid membranes with low ΔD
shifts (i.e., SLBs formed at 10−30 mol % Chol). The Chol
mole percent in the SLBs is almost linearly proportional to that
in the precursor mixtures, with a slight increase (see Figure 5D
for data).
We also followed the extraction process by microscopy

(Figure S2). After MβCD treatment, significant alterations in
the membranes were observed. Dark regions indicative of
Chol-depleted area and perturbed membrane edges appeared
(Figure S2A). We estimated the total defected area % using
these dark regions and related it to the Chol fraction in the
membranes. There was a nearly linear relationship between the
defected area % and the amount of Chol in the precursor
mixture (Figure S2B), which is consistent with the QCM-D
data.
SLB Formation and Cholesterol Enrichment Trends in

Comparison to Vesicle Fusion and SALB. We now discuss
the SLB formation and Chol enrichment of the bicelle method
in comparison to those of vesicle fusion and SALB methods,
which we have reported previously.16,17 This discussion will
help us understand the mechanistic differences in SLB
formation among the different methods as a result of Chol
addition. In short, bicelle-mediated SLB formation involves the
adsorption and spontaneous rupture of lipid bicelles on solid
supports as demonstrated above, which is analogous to vesicle
fusion,13 except that lipid vesicles are used instead of bicelles.
The SALB method includes the deposition of lipids onto solid
surfaces in an organic solvent and exchange of the solvent to
aqueous solution, which brings about a series of lipid phase
transitions leading to SLB formation.19,44

In our previous reports, we showed that the vesicle fusion
can result in successful SLB formation with up to 20 mol %
Chol whereas the SALB up to 60 mol % Chol.16,17 In this
study, we have demonstrated that the bicelle method can form
complete SLBs with up to 30 mol % Chol and incomplete
SLBs with 40−60 mol % Chol. The QCM-D and FRAP results
of all three methods are reproduced and presented here for
comparison (Figure 5). In terms of QCM-D results, we present
the final Δf (Figure 5A) and ΔD (Figure 5B) shifts as a
function of the Chol fraction to identify the maximum cutoff
Chol mole percent for complete SLB formation in each
method. Based on these shifts, the maximum Chol fraction that
can be incorporated into SLB is 20 mol % for vesicle fusion, 60
mol % for SALB (slightly higher QCM-D shifts at 60 mol %
caused by stripe superstructures17), and 30 mol % for the
bicelle method. Note that the incomplete SLB formation by
the bicelle method with 40 and 50 mol % Chol is due to the
presence of Chol and with 60 mol % Chol due to the
formation of CBDs.
The FRAP results are used to compare the fluidity and

morphology of SLBs. In Figure 5C, we show the FRAP images
obtained at 20 mol % Chol as representative SLBs formed in
each method. All SLBs are fluidic, as indicated by near-
complete fluorescence recovery. However, the SLB morphol-
ogy in vesicle fusion is different from that in SALB, whereas it
is similar to that in the bicelle method. The dark spots in SLB
formed by SALB represent the Chol-rich phase in which Rh-
PE lipids are excluded.16 By contrast, there is no visible phase
separation in SLBs formed by vesicle fusion and bicelle
methods. Similar cases have been reported for the membranes
composed of phosphatidylcholine and Chol where the phase is
uniform.15,45,46 This difference in phase behavior could stem
from the heterogeneity in the lipid precursor mixtures used in
each method.47 In the lipid samples used in the vesicle and
bicelle methods, which are vesicles and bicelles, respectively,
Chol can be uniformly distributed, and hence, SLBs formed
from those precursors have a uniform phase. However, we
cannot totally exclude the phase separation because it could be
that either the phases are too small to be observed under the
microscope or their transition is too continuous (i.e., without
first-order change) to be detected.48,49 On the other hand, the
distribution in precursor mixtures for SALB can be nonuniform
during a series of phase transitions that take place before SLB
formation,49−51 and therefore, the heterogeneity of the lipid
mixtures could likely explain the phase separation observed in
the SALB method.
We also compare the Chol enrichment in SLB (Figure 5D).

With vesicle fusion, the Chol fraction in SLB is much lower
than the input Chol fraction (maximum of 10 mol % Chol in
SLB for input Chol of 20 mol %), whereas with SALB, Chol is
enriched and exists in domains that increase linearly with input
Chol up to 60 mol %. By contrast, the bicelle method also can
enrich Chol in complete SLBs formed with up to 30 mol %
input Chol. For the cases of incomplete SLB formation with
40−60 mol % Chol, the positive QCM-D Δf shifts during
MβCD treatment and approximate Chol estimation (as
described above, the Sauerbrey relationship is invalid for
these cases, and hence, the Chol content is only estimated;
data not shown) suggest Chol is enriched in incomplete SLBs
too.
Collectively, the results support that different lipid

aggregation properties between the three methods can lead
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to different mechanics in SLB formation as well as different
SLB properties and Chol enrichment.

■ CONCLUSIONS
Herein, we demonstrated the SLB formation from cholesterol-
rich bicelles. The QCM-D and fluorescence microscopy
techniques were used to characterize the formation, morphol-
ogy, and mobility of supported lipid membranes. The results
revealed that complete SLBs are formed with bicelles
containing up to 30 mol % Chol and incomplete SLBs from
40 to 60 mol % Chol, and all SLBs are enriched in Chol. By
comparison, the vesicle fusion method can form SLBs with up
to 20 mol % Chol, but SLBs are not Chol-enriched, whereas
the SALB method can form SLBs that are enriched with Chol
up to 60 mol %. These differences are likely due to different
lipid assembly properties among the methods and need to be
considered when choosing the appropriate method for
fabricating SLBs. For example, although SALB has high Chol
enrichment, the use of organic solvents may pose challenges in
some applications such as protein incorporation. In such cases,
the bicelle method can be a better option since it is operated in
aqueous solution and also capable of Chol enrichment.
Altogether, this work has shown the capacity of bicelles to
form SLBs with Chol and contributes to finding optimal
experimental parameters for the bicelle method.
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