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ABSTRACT: Supported lipid bilayers (SLBs) are cell-membrane-mimicking platforms that can be formed on solid surfaces and
integrated with a wide range of surface-sensitive measurement techniques. SLBs are useful for unravelling details of fundamental
membrane biology and biophysics as well as for various medical, biotechnology, and environmental science applications. Thus, there
is high interest in developing simple and robust methods to fabricate SLBs. Currently, vesicle fusion is a popular method to form
SLBs and involves the adsorption and spontaneous rupture of lipid vesicles on a solid surface. However, successful vesicle fusion
depends on high-quality vesicle preparation, and it typically works with a narrow range of material supports and lipid compositions.
In this Feature Article, we summarize current progress in developing two new SLB fabrication techniques termed the solvent-assisted
lipid bilayer (SALB) and bicelle methods, which have compelling advantages such as simple sample preparation and compatibility
with a wide range of material supports and lipid compositions. The molecular self-assembly principles underpinning the two
strategies and important experimental parameters are critically discussed, and recent application examples are presented. Looking
forward, we envision that these emerging SLB fabrication strategies can be widely adopted by specialists and nonspecialists alike,
paving the way to enriching our understanding of lipid membrane properties and realizing new application possibilities.

B INTRODUCTION

Phospholipid membranes are critical architectural features of
biological systems across multiple length scales ranging from
cells to biological nanoparticles such as exosomes and
viruses.'~ Biological membranes have numerous important

fluorescence and atomic force microscopy techniques among
many possible options.'”~** Depending on the measurement
technique and application purpose, it is important to fabricate
high-quality SLBs on target solid surfaces with advantageous
properties and to also have control over the lipid composition.

functions including structural integrity, signaling pathways, and
chemical compartmentalization.* ® Thus, there has long been
extensive interest in understanding the molecular design
principles behind phospholipid membranes”® and developing
engineered versions that can be useful for various applications
such as biosensors, biocompatible coatings, and bioanalytical
tools.”™"*

Supported lipid bilayers (SLBs) are one of the most
promising model systems and are two-dimensional thin film
coatings composed of a single phospholipid bilayer that is
conformally attached to an underlying solid surface."*~"* A key
advantage of SLBs is that they are compatible with a wide range
of surface-sensitive measurement techniques, including acous-
tic, optical, plasmonic, and electrochemical sensors along with
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These design needs have motivated scientific researchers to
develop many different SLB fabrication methods over the
years.”*

Currently, the vesicle fusion method is the most widely used
one to fabricate SLBs and involves the adsorption and
spontaneous rupture of lipid vesicles on a target surface.”>”**
If there are attractive interactions between a contacting vesicle
and a solid surface (e.g,, van der Waals and electrostatic forces),
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then the vesicle will adsorb onto the surface.””*° Depending on

the vesicle—substrate interaction strength, an adsorbed vesicle
can become deformed and will either remain intact or
eventually rupture due to a combination of vesicle—substrate
and/or vesicle—vesicle interactions.>'>> While vesicle fusion
has proven to be useful for fabricating SLBs on silica-based
surfaces, it can be a challenging technique to master, and there
are numerous experimental parameters that affect SLB
formation success. Key factors include vesicle properties such
as lipid composition,”® lipid concentration,® phase state,*
size,”’ lamellarity,38 and osmotic pressure;39 solid surface
properties such as atomic composition,”” morphology,”' and
namotopo§raphy;42 and environmental conditions such as ionic
strength,4 ions,™ temperature,45 and solution pH.46 Moreover,
vesicle fusion works only on a narrow range of solid surfaces,
while vesicles typically adsorb but remain intact on industrially
useful surfaces such as gold*” and titanium oxide.** To what
extent the material-surface-dependent nature of SLB formation
success relates to the atomic composition of the solid surface
versus fabrication- and processing-related material properties
such as surface roughness and functional group density remains
an active area of investigation. For example, it has been
demonstrated that vesicle fusion can lead to SLB formation on
smooth, single-crystal gold surfaces*”™>" as well as on single-
crystal titanium oxide surfaces after wet treatment and thermal
annealing in the latter case.”

Additionally, when working with more biomimetic mem-
brane compositions containing cholesterol and/or biologically
important anionic lipids, optimization of the experimental
conditions used with the vesicle fusion method is often
necessary to achieve successful SLB fabrication. To this end,
progress has been made with cholesterol-containin% lipid
compositions,ss’SAr natural cell membrane extracts,>>™>’ and
extracellular vesicle membranes® as well as by using vesicle-
rupturing peptide agents to form SLBs, although the latter
approach requires multistep protocols and additional re-
agents.sg_62 In addition, other SLB fabrication options include
lipid spreading, which involves the hydration wetting of
phospholipid molecules on part of a solid surface,”*~* along
with freezing and thawing of a surface that contains already-
adsorbed, intact vesicles to induce SLB formation.® Never-
theless, there remains ample room for improvement in terms of
developing new SLB fabrication strategies that are simple and
scalable and work with a wide range of solid surfaces and lipid
compositions.

In this Feature Article, we introduce our recent efforts to
develop the solvent-assisted lipid bilayer (SALB) and bicelle
methods for SLB fabrication. The concept behind each method
is described in Figure 1, and we developed these methods in
order to overcome traditional challenges associated with the
vesicle fusion method while also enhancing user-friendly
characteristics to expand the use of SLB platforms across the
wider scientific community. For example, the SALB technique
entails simple sample preparation, works with many types of
surfaces, and is compatible with biologically important lipid
compositions. Likewise, the bicelle method also has simple
sample preparation under fully aqueous conditions, is robust
production-wise, and requires significantly smaller amounts of
lipid consumption. Herein, we introduce our ongoing develop-
ment of both methods, highlighting key parameters and
discussing important application examples from our group
and the field. While the vesicle fusion technique has many
advantages, we hope that this Feature Article will encourage
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Figure 1. Schematic comparison of the vesicle fusion, SALB, and
bicelle methods to form supported lipid bilayers. (Left column) The
vesicle fusion method involves vesicle adsorption, deformation, and
eventual rupture on a solid surface. The SLB formation process
critically depends on vesicle—substrate interactions, which must be
sufficiently strong to induce rupture via vesicle—substrate and/or
vesicle—vesicle interactions. Typically, this method works only on a
narrow range of material surfaces, particularly silica-based ones.
(Middle column) The SALB method is based on depositing long-chain
phospholipids in a water-miscible organic solvent, followed by a
solvent-exchange step with aqueous solution. Initially, the phospho-
lipid molecules in organic solvent self-assemble into inverted micelles
and/or remain in the monomeric state and attach to the surface in an
equilibrium with bulk lipids. During the solvent-exchange step, the
bulk liquid transitions from predominately organic solvent to fully
aqueous solution. Consequently, phospholipid molecules within the
system begin to form lamellar-phase structures, leading to SLB
formation on the surface. (Right column) Bicelles contain long-chain
(yellow) and short-chain (red) phospholipids and are disklike
nanostructured assemblies in aqueous solution. If there is an attractive
bicelle—surface interaction, then bicelles adsorb onto the surface and
then can fuse with one another. Provided the total lipid concentration
is sufficiently low, long-chain phospholipid molecules remain attached
on the surface and form an SLB while short-chain phospholipid
molecules leave the surface as monomers. The outcome is a complete
SLB consisting of long-chain phospholipids, and the entire fabrication
process occurs under aqueous conditions.

scientific researchers to look beyond the vesicle fusion alone
and view the SALB and bicelle methods as emerging options
that complement, and in some cases go beyond, the vesicle
fusion method and broaden application possibilities.

B SALB METHOD

We begin by introducing the SALB method. Depending on the
solvent environment, it is well known that phospholipids can
self-assemble into a variety of structures such as inverted
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micelles, normal micelles, and vesicles or remain as monomers.
Thus, it is possible to control the adsorption and self-assembly
of phospholipid molecules on a solid support by varying the
bulk solvent.”” Early work in the field demonstrated that
phospholipid molecules in a water-miscible organic solvent
(isopropanol) can be deposited on a silicon dioxide surface, and
then the solvent was exchanged from isopropanol to aqueous
solution.”® The solvent-exchange process occurred gradually as
water—isopropanol mixtures with increasing water fractions
were introduced step by step. As the solution environment
changed from isopropanol to aqueous solution, the phospho-
lipids in the system underwent a series of phase transitions,
shifting from inverted micelles and monomers to forming
micelles and eventually lamellar-phase vesicles. Accordingly, an
SLB formed on the silicon dioxide surface once the solution
environment became predominately aqueous, and additional
solvent exchange ensured that the resulting SLB was formed in
an aqueous environment.

On the basis of the solvent-exchange concept, we developed
the versatile SALB method which can rapidly form SLBs on a
wide range of surfaces.®” In the SALB protocol, lipid molecules
are deposited in a water-miscible organic solvent, and then a
single solvent-exchange step is performed with aqueous buffer
so that an SLB can be quickly formed. Importantly, we
identified that the SALB method works on both silicon dioxide
and gold surfaces. While vesicle fusion with zwitterionic lipid
compositions works well on silicon dioxide surfaces, it does not
usually work on gold surfaces; therefore, the successful
fabrication of an SLB on a gold surface was an important
demonstration of an advantageous feature of the SALB method
(Figure 2). The SALB method also works to form lipid
monolayers on hydrophobic surfaces such as alkanethiol-
terminated gold. Furthermore, sample preparation with the
SALB method only entails solubilizing lipid in an appropriate
organic solvent. We also clarified the scope of possible water-
miscible organic solvents; isopropanol had the best perform-
ance in terms of SLB quality, ethanol and methanol were
moderately successful, and n-propanol was less effective.

We have also investigated the effects of lipid concentration
on SLB formation quality, in turn yielding important practical
and mechanistic insights.” In terms of performance, there is an
optimal lipid concentration range (~0.1 to 0.5 mg/mL
phospholipid in our experience) for forming high-quality,
complete SLBs. At lower concentrations, SLB formation is
incomplete due to insufficient lipid supply. At higher
concentrations, there is a nucleation of additional lipid
structures on top of the SLB, and the specific type of structure
depends on the organic solvent. In isopropanol and n-propanol,
elongated tubule-like structures protruded from the SLB while
vesicle-like structures formed in ethanol. Mechanistically, these
trends are related to the reversible equilibrium that exists
between surface-adsorbed and bulk-phase phospholipid mole-
cules in the organic solvent during the initial incubation step. At
higher lipid concentrations, there is more adsorbed lipid, which
translates into more nucleation sites from which SLB formation
occurs.

These ﬁndin%s led us to develop an initial video guide to the
SALB method’" as well as to develop a comprehensive, refined
protocol”” that covers the full scope of experimental steps,
design strategies, applications, and troubleshooting needs. In
the course of protocol development, we identified several key
factors that affect SALB fabrication outcomes and also
demonstrate how the application of the SALB method is
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Figure 2. Comparison of the vesicle fusion and SALB methods on
silicon dioxide and gold surfaces. Quartz crystal microbalance-
dissipation (QCM-D) experiments were conducted to characterize
the SLB formation process. Real-time QCM-D frequency shifts (blue)
and energy dissipation shifts (red) were recorded for each experiment.
Panels (A and C) show vesicle fusion data on silicon dioxide and gold
surfaces, respectively. The baseline signal was recorded in aqueous
buffer solution (10 mM Tris [pH 7.5] with 150 mM NaCl), and then
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipid vesicles in
equivalent buffer solution were added at arrow 1. Panels (B and D)
show corresponding data for DOPC SLB formation using the SALB
method. Arrows 1—4 correspond to the baseline signal in aqueous
buffer solution, solvent exchange to isopropanol, the addition of 0.5
mg/mL DOPC lipid in isopropanol, and solvent exchange back to
aqueous buffer solution, respectively. The final QCM-D frequency
shifts (blue) and energy dissipation shifts (red) are presented above
each graph per experimental series. The data indicate that vesicle
fusion forms SLBs on silicon dioxide surfaces but is not able to form
SLBs on gold surfaces. By contrast, the SALB method is able to form
SLBs on silicon dioxide and gold surfaces. Adapted with permission
from ref 69. Copyright 2014 American Chemical Society.

providing new insights into lipid—substrate interactions. We
discuss pertinent factors below.

Flow Dynamics. A key factor in the SALB procedure is the
rate of solvent exchange, and it must be empirically optimized
for the flow geometry of a chosen microfluidic chamber and
other conditions such as the bulk lipid concentration. In

https://dx.doi.org/10.1021/acs.langmuir.9b03706
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general, if the flow rate is high, then the SALB procedure can
result in incomplete bilayer formation because the amount of
lipid supply in the bulk solution is too low.*

To explain this trend, we have conducted time-lapse
fluorescence microscopy experiments to measure the rate of
SLB formation within a microfluidic chamber, and supporting
numerical simulations showed that the formation rate is linked
to the solvent displacement velocity”® (Figure 3).
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Figure 3. Observation of supported lipid bilayer formation on a glass
surface within a microfluidic chamber. (A) Time-lapsed fluorescence
micrographs of DOPC SLB formation by the SALB method. The lipid
mixture was 99.9 mol % DOPC and 0.1 mol % 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammo-
nium salt) (Rh-PE), the total phospholipid concentration was 0.5 mg/
mL in isopropanol, and the aqueous buffer solution for solvent
exchange was 10 mM Tris [pH 7.5] with 150 mM NaCl. The
fluorescence signal originates from fluorescently labeled Rh-PE
phospholipids within the lipid mixture. The time stamps are relative
to the first micrograph, and the solvent flow is in the upward direction
parallel to the dashed red line. The contrast between the fluorescence
and no-fluorescence regions indicates the evolving SLB front. Scale
bars: 20 um. (B) Fluorescence intensity profile of the evolving SLB
front in the dashed line direction at different time points based on the
micrographs in panel (A). (C) Time-dependent SLB front position,
which is defined as the position where the fluorescence intensity
profiles in panel (B) begin to drop. Adapted with permission from the
PCCP Owner Societies from ref 73. Copyright 2015 Royal Society of
Chemistry.

Additionally, we have developed a phenomenological model
to describe the SALB formation process, and it included a
volume-averaged treatment of the solvent mixing process.”* On
the basis of analyzing experimental data with this model, it was
determined that lipid monomers are the main adsorbing species
involved in the SLB formation process.

Understanding how flow dynamics affect SLB formation
success not only offers fundamental insights into the SALB
method but also provides practical guidance for designing
improved measurement systems. For example, we conducted
theoretical simulations of the solvent flow in order to design a
specialized microfluidic chamber for optimal bilayer formation
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with the SALB method, and it is compatible with atomic force
microscopy experiments.75

Substrates. The SALB method is able to form SLBs on a
wide range of substrates that are typically incompatible with the
vesicle fusion method. An important distinction is that, for
vesicle fusion, the vesicle—substrate interaction energy must be
sufficiently high not only for lipid—substrate adhesion but also
to induce the rupture of adsorbed vesicles, whereas the energy
barrier for the SALB method is lower because it does not
require the rupture of adsorbed vesicles. In our experience, SLB
formation is possible with the SALB method as long as there is
an attractive lipid—substrate interaction (which is also control-
lable on a given surface by a factor such as the solution pH; e.g.,
ref 72), and key examples of suitable substrates include chrome,
indium tin oxide, and titanium oxide.”” We have also conducted
more detailed studies on 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) SLB formation on aluminum oxide
surfaces with the QCM-D technique and extended-DLVO
modeling and identified that zwitterionic SLBs appear to have
larger bilayer—substrate separation distances than equivalent
SLBs on silicon dioxide surfaces.”®”” This difference occurs
because aluminum oxide surfaces have a thicker layer of
coupled interfacial water molecules, which also causes greater
hydrodynamic coupling and reduced lateral lipid diffusion in
SLBs on aluminum oxide.”® In the future, it would be
advantageous to extend this line of investigation using powerful
surface-sensitive techniques such as neutron reflectometry as
well. It has also been possible to fabricate anionic SLBs on
aluminum oxide surfaces using the SALB method and lipids
with anionic headgroups preferred to reside in the lower bilayer
leaflet due to attractive electrostatic interactions with the
positively charged aluminum oxide surface.””

In addition to oxide surfaces, the SALB method has also
proven successful at forming SLBs on chemical vapor deposited
(CVD) graphene surfaces.”’ The as-fabricated CVD graphene
surface was hydrophobic so a lipid monolayer formed on
pristine surfaces, while an SLB was successfully formed on
oxygen-plasma-treated CVD graphene because the oxygen
plasma treatment rendered the surface hydrophilic. By contrast,
it was not possible to form SLBs on CVD graphene by using
vesicle fusion. In addition, the SALB method has proven useful
in forming SLBs on industrially useful surfaces such as
conducting polymers®’ as well as on nanoporous gold
surfaces.

Cholesterol Incorporation. There has long been interest
in developing cholesterol-enriched SLBs as cholesterol is a
biologically important molecule that plays a key role in
modulating membrane properties such as fluidity and
rigidity.">** The cholesterol fraction in cellular membranes
can exceed 60 mol % depending on the cell type and biological
status; however, it is difficult to form SLBs with cholesterol
fractions exceeding 20 mol % when using the vesicle fusion
method. Above this fraction, cholesterol-enriched vesicles are
typically too stift to rupture in the adsorbed state, while there
have been some recent efforts to fabricate SLBs from vesicles
containing higher cholesterol fractions in aqueous solutions
containing divalent cations.”**

Toward establishing a robust fabrication approach, the SALB
method has been proven to be adept because it bypasses the
need to induce vesicle rupture and instead supports bottom-up
SLB assembly from phospholipid and cholesterol molecules.
Indeed, the SALB method is able to form cholesterol-rich
DOPC SLBs with high cholesterol fractions, as we have

https://dx.doi.org/10.1021/acs.langmuir.9b03706
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demonstrated under aqueous buffer conditions consisting of 10
mM Tris [pH 7.5] with 150 mM NaCl. In particular, using the
SALB method, we have identified optimal conditions for
fabricating cholesterol-rich DOPC SLBs with well- controlled
cholesterol fractions ranging between 0 and ~60 mol %.*° The
cholesterol-containing SLBs produced by the SALB method
typically had two phases composed of a fluidic phospholipid-
rich phase and cholesterol-rich domains, the latter of which
grew larger at higher cholesterol fractions, especially at 20 mol
% and higher cholesterol fractions in the precursor mixture
(equating to around 30 mol % cholesterol in the SLB, as
determined by methyl-f-cyclodextrin extraction QCM-D
experiments®®®). In these experiments, a DOPC-cholesterol
SLB was initially formed, and then methyl-f-cyclodextrin was
injected into the measurement chamber to extract cholesterol
from the SLB.” The QCM-D frequency shift associated with
cholesterol removal was measured, and the molar fraction of
cholesterol within the SLB could be determined by applying the
Sauerbrey equation, which relates QCM-D frequency shifts to
changes in adsorbed mass for rigid SLB platforms.” Depending
on the available techniques and study objective, it is also
possible to employ other experimental strategies to quantify the
cholesterol fraction within an SLB, such as using deuterated and
hydrogenated cholesterol molecules in conjunction with
neutron reflectometry measurements.”*

In our experimental studies, we have also attempted the
formation of cholesterol-rich DOPC SLBs using extruded
DOPC-cholesterol vesicles under equivalent aqueous buffer
conditions (10 mM Tris [pH 7.5] with 150 mM NaCl). In this
case, SLB formation was limited to lipid compositions with up
to 20 mol % cholesterol. Comparatively, methyl-f-cyclodextrin
extraction QCM-D experiments showed that cholesterol-
containing SLBs formed by the vesicle fusion method typically
had a lower molar fraction of cholesterol in the SLB than what
was used in the vesicle precursor mixture (~20 mol %
cholesterol in DOPC-cholesterol lipid vesicles versus ~10 mol
% cholesterol in the DOPC-cholesterol SLB), while there was
closer agreement between the molar fraction of cholesterol in
the SLB formed using the SALB method and the molar fraction
of cholesterol in the isopropanol mixture (the amount of
cholesterol in the SLB was slightly higher than that in the input
mixture).*” In addition, we have observed that membrane
fluidity decreased at higher cholesterol fractions within the
fluid-phase regions of DOPC-cholesterol SLBs formed by the
SALB method in accordance with expected trends, as
determined by fluorescence recovery after photobleaching
(FRAP) measurements.”> Of note, the level of membrane
fluidity (indicated by the diffusion coefficient of lateral lipid
motion) within cholesterol-containing DOPC SLBs returned to
the level found within cholesterol-free DOPC SLBs upon
treatment with methyl-f-cyclodextrin to extract the cholesterol
molecules.®

A follow-up study investigating the SALB formation of
cholesterol-rich DOPC SLBs demonstrated that SLBs with less
than 20 mol % cholesterol possibly have coexisting liquid-
disordered and liquid-ordered phases, while SLBs with higher
cholesterol fractions are primarily in the liquid-ordered phase
due to the cholesterol condensing effect.® Additionally, it has
been possible to fabricate cholesterol-rich DOPC SLBs with
~63 mol % cholesterol, which approaches its solubility limit
and led to the first example of observing phase coexistence in
the reglon of cholesterol—phospholipid mixtures on an SLB
platform®” (Figure 4). The two phases have a striped
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Figure 4. Fluorescence recovery after photobleaching (FRAP) analysis
of lateral lipid diffusion in a cholesterol-rich SLB exhibiting stripe
topography. The cholesterol-rich SLB was formed on a glass surface by
using a lipid mixture composed of 40 mol % DOPC, 60 mol %
cholesterol, and 0.5 wt % Rh-PE lipid. The total lipid concentration
was 0.5 mg/mL in isopropanol, and the aqueous buffer solution for
solvent exchange was 10 mM Tris [pH 7.5] with 150 mM NaCl. The
molar fraction of cholesterol in the SLB was determined to be ~63 mol
% via a methyl-B-cyclodextrin extraction QCM-D assay and showed
evidence of two coexisting phases by fluorescence microscopy. (A and
B) Close-up micrographs of a bleached spot in the SLB (A)
immediately and (B) 10 min after photobleaching. (C) Time-lapse
fluorescence intensity recovery curves for the bright- and dark-phase
regions of the SLB. The specific intensity profiles correspond to the
triangle and square marker positions in panel (B). (D) Time-lapse
sequence of FRAP micrographs depicting fluorescence recovery in
each phase (bright- and dark-phase regions are indicated by yellow and
green, respectively, while red depicts the bleached spot within the
SLB). Adapted with permission from ref 89. Copyright 2014 American
Chemical Society.

morphology, and lateral lipid diffusion within each phase was
generally favored over crossing across phase boundaries. Thus,
the SALB method has provided a useful approach to fabricating
cholesterol-rich DOPC SLBs that can exhibit phase coexistence
in the f region of cholesterol—phospholipid mixtures and has
further demonstrated a broadly useful approach to fabricating
SLBs with tunable cholesterol fractions.

Lipid Composition. Aside from incorporating sterols, it is
also possible to form SLBs containing numerous types of
phospholipids that have proven difficult to work with when
using conventional fabrication methods. For example, it is
possible to form gel-phase SLBs with ~20% greater adlayer
density compared to that of fluid-phase SLBs on account of
tighter molecular packing.”” In another recent project, we
investigated the nanomechanical properties of SLBs formed
from mixtures of fluid-phase and gel-phase phospholipids and
were able to modulate the magnitudes of lateral lipid diffusion
and bilayer rigidity on the basis of controlhng the molar ratio of
the two phospholipid components.”” The ability to fabricate
gel-phase SLBs has also proven useful in studying the
intermolecular rotation of molecular machines.”*
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For biological applications, the SALB method has also proven
advantageous because it can be difficult to form biologically
relevant SLBs due to high anionic lipid fractions and/or lipid
curvature effects that might impede vesicle fusion or require
specialized experimental conditions. We have shown that the
SALB method is able to form bacterial-cell-membrane-
mimicking SLBs composed of phosphatidylethanolamine and
phosphatidylglycerol lipids”> as well as SLBs containing
signiﬁg;int amounts of highly anionic phosphatidylinositol
lipids.

B BICELLE METHOD

While the SALB method has many advantages, it does require
initial deposition in an organic solvent and thus calls for
extensive washing postfabrication to minimize the potential for
organic solvent residues in the SLB°*® as well as potentially
poses some limitations for incorporating certain SLB
components such as membrane proteins due to possible
denaturation in organic solvent—water mixtures during the
solvent-exchange process.”* Considering these factors, we have
also investigated the development of streamlined SLB
fabrication methods that are fully conducted under aqueous
solution conditions. Toward this goal, we became interested in
bicelles which are widely used in structural biology as a suitable
membranous environment for hosting membrane pro-
teins.” "’ Consequently, a wide range of solution-phase
studies have been published over the years describing how
bicelle structure and properties are influenced by factors such as
the phospholipid composition, total lipid concentration, ratio of
long-chain phospholipids to short-chain phospholipids (de-
noted as the g ratio), and other solution and processing
conditions.”* ™%

One of the most attractive features of bicelles is that they are
easy to prepare and do not require specialized equipment or
skills (Figure S). Briefly, a dry, thin film of phospholipids is
hydrated in aqueous buffer solution, followed by vortex mixing,
and the lipid suspension is then subjected to a series of freeze—
thaw—vortex cycles. In each cycle, the bicellar suspension is
quickly frozen in liquid nitrogen for ~1 min, heated in a
moderately warm (ca. 60—70 °C) water bath for ~S min, and
then moderately vortex mixed. Around 5—10 cycles are
completed per sample, and only standard laboratory equipment
is needed.

The ease of sample preparation makes bicelles an attractive
tool for fabricating SLBs on solid supports. Early efforts focused
on zwitterionic lipid compositions and demonstrated that
bicelle deposition can lead to SLB formation on silicon chips.'*!
It was also possible to form SLBs on silicon dioxide surfaces,
although it was noted that bicelles, in the case of some lipid
compositions, needed to be doped with a cationic surfactant in
order to inhibit the formation of adsorbed bicelle multi-
layers.'”> Additional work revealed that careful optimization of
bicelle parameters, especially the g ratio, is important because
the inclusion of relatively high concentrations of short-chain
phospholipids can cause the formation of low-quality SLBs due
to membrane-disruptive effects.'”

One aspect that stood out from these early works is that the
total lipid concentrations were rather high and typically in the
range of 0.25 and 0.8 mg/mL long-chain phospholipid. These
lipid concentrations are comparable to or even higher than
those used with vesicle fusion, and this issue deserved further
attention from the practical perspective of minimizing lipid cost
and consumption as well as from the fundamental perspective
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Figure S. Overview of bicelle sample preparation. A combination of
short-chain and long-chain phospholipids is hydrated in aqueous buffer
solution and then undergoes a series of freeze—thaw—vortex cycles
before dilution to the experimental concentration. We typically use at
least five cycles as part of our sample preparation process. Adapted
with permission from ref 101. Copyright 2019 American Chemical
Society.

of understanding mechanistic aspects behind the SLB
formation process when using bicelles.

Consequently, we first investigated how the total lipid
concentration and q ratio of bicelles can be modulated in order
to optimize SLB formation on silicon dioxide surfaces.'”* We
conducted QCM-D and time-lapse fluorescence microscopy
imaging experiments to evaluate bicelle adsorption, deforma-
tion, and fusion along with SLB formation on silicon dioxide
surfaces and identified a three-step mechanism. First, bicelles
adsorb onto and become deformed on the silicon dioxide
surface. Second, adsorbed bicelles fuse together along the edges.
Third, long-chain phospholipids self-assemble to form a
complete SLB while short-chain phospholipids do not reside
within the SLB and instead return to the bulk solution.
Depending on the total lipid concentration and g ratio, the
short-chain phospholipids in the bulk solution are present as
either monomers or micelles, and fine-tuning the system to
favor the monomeric state is important because only short-
chain phospholipid micelles disturb the SLB whereas
monomers do not.

Importantly, we discovered that high-quality SLBs are
formed when the total lipid concentration was relatively low,
equating to around 0.024 mg/mL long-chain phospholipid and
below. This concentration is more than 10 times lower than in
previous bicelle studies and is also significantly lower than
typical lipid concentrations used in vesicle fusion and SALB
experiments. In this low concentration range, there are a
sufficient number of short-chain phospholipid molecules within
bicelles to support bicelle adsorption, deformation, and fusion
(via membrane softening), while after SLB formation occurs the
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Bicelles
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Figure 6. Time-lapse fluorescence microscopy imaging of bicelle and vesicle adsorption onto glass surfaces in aqueous buffer containing different
NaCl concentrations. The long-chain phospholipid composition was 99.5 mol % DOPC and 0.5 mol % Rh-PE, the short-chain phospholipid was 1,2-
dihexanoyl-sn-glycero-3-phosphocholine (DHPC), the g ratio was 0.25, the long-chain phospholipid concentration was 0.031 mM, and the aqueous
buffer solution was 10 mM Tris [pH 7.5] with varying NaCl salt concentrations as specified. The micrographs show (A) the DOPC/DHPC lipid
bicelle and (B) DOPC lipid vesicle addition in 25 mM NaCl salt, (C) bicelle and (D) vesicle addition in 150 mM NaCl salt, and (E) bicelle and (F)
vesicle addition in 300 mM NaCl salt. Bicelles or vesicles were added starting from ¢ = 0 min. Scale bars: 20 ym. Note that the DOPC lipid vesicles
were prepared by the same freeze—thaw—vortex cycling method as for the DOPC/DHPC lipid bicelles for direct comparison; the vesicles were not
extruded or sonicated in this case. Reproduced with permission from ref 101. Copyright 2019 American Chemical Society.

short-chain phospholipids are present in the monomeric state
within the bulk solution. Thus, the SLB quality is high and not
compromised by short-chain phospholipid micelles. Operation-
ally, this finding was interesting because the vesicle fusion and
SALB methods are typically more effective at relatively higher
lipid concentrations while the bicelle method is more effective
at lower lipid concentrations. The experimental results also
provided mechanistic insight into the differences between
vesicle fusion, in which case adsorbed vesicles undergo strong
surface-induced deformation that triggers fusion, rupture, and
reassembly of long-chain phospholipids on the material surface,
and bicelle-mediated SLB formation, in which case adsorbed
bicelles naturally exhibit high deformation due to the disklike
architecture of bicelles. Therefore, bicelle fusion plays a more
prominent role in driving the SLB formation process along with
considering the short residence time of short-chain phospho-
lipids in the planar configuration of an evolving SLB.

In a follow-up study, we also compared the effect of bulk
NaCl concentration on bicelle and vesicle adsorption onto
silicon dioxide surfaces.'’® The bicelles contained a mixture of
long-chain and short-chain phospholipids whereas the vesicles
contained only long-chain phospholipids. Both samples were
prepared using an identical freeze—thaw—vortex protocol that is
commonly used to make bicelles (cf. Figure S). While it is
generally preferable to subsequently extrude or sonicate vesicles
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to optimize their size distribution for efficient SLB formation,
an additional step of this kind was not done for the DOPC lipid
vesicles in our case because the objective was to directly
compare the effects of DOPC/DHPC and DOPC lipid
compositions using the bicelle preparation protocol.

The vesicle and bicelle samples were initially prepared in 150
mM NaCl and diluted in the appropriate NaCl solution. As a
result, the vesicle samples in <150 mM NaCl and >150 mM
NaCl solutions had negative and positive osmotic pressures,
respectively, whereas osmotic pressure effects are negligible in
bicelle samples due to the compact disklike architecture of
bicelles. In addition, the lipid—substrate interaction strength for
both bicelles and vesicles varied according to the NaCl solution,
with more attractive interactions at higher salt concentrations
due to charge shielding. At 50 mM and higher NaCl
concentrations, it was possible to fabricate SLBs using bicelles,
and the formation kinetics were similar in all cases. It was also
possible to fabricate SLBs using bicelles at lower NaCl
concentrations, albeit with moderately slower formation
kinetics. By contrast, vesicles ruptured on silicon dioxide
surfaces at 50 mM and higher NaCl concentrations although
the SLB quality was highly variable, including the presence of
unruptured vesicles on the surface. At lower NaCl concen-
trations, vesicle adsorption was modest to negligible and SLB
formation did not occur. Corresponding fluorescence micro-
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graphs for the bicelle and vesicle cases under different NaCl
conditions are presented in Figure 6. Together, the findings
demonstrated that bicelles are versatile tools for fabricating
SLBs on silicon dioxide surfaces under varying environmental
conditions. On the basis of these mechanistic insights, we have
also further investigated SLB formation using bicelles on
different surfaces and with different lipid compositions as
discussed below.

Bicelle—Substrate Interactions. Another key area of
focus has been exploring how lipid bicelles adsorb onto
different solid supports and the role of membrane—surface
interactions. We approached this topic by testing the
adsorption of lipid bicelles with a wide range of membrane
surface changes (achieved by using 1,2-dioleoyl-sn-glycero-3-
phospholipids with different headgroups) onto silicon dioxide,
titanium oxide, and aluminum oxide surfaces."’® On negatively
charged silicon dioxide surfaces, highly positively charged
bicelles demonstrated strongly attractive electrostatic inter-
actions with the solid support, as indicated by one-step SLB
formation kinetics. Moderately positively charged bicelles and
zwitterionic bicelles also formed SLBs on silicon dioxide
surfaces and had two-step formation kinetics. On the other
hand, negatively charged bicelles did not form SLBs due to
electrostatic repulsion and either adsorbed to form an intact
bicelle layer or did not adsorb if the charge repulsion was too
significant. Interestingly, distinct trends were observed on
negatively charged titanium oxide and positively charged
aluminum oxide surfaces, and these trends could be rationalized
by taking into account that the two surfaces, but not silicon
dioxide surfaces, have strong hydration repulsion forces as
well. %1719 On  titanium oxide, only positively charged
bicelles formed SLBs and had thick hydration layers separating
the SLB from the underlying surface. On aluminum oxide,
negatively charged bicelles formed SLBs whereas positively
charged and zwitterionic bicelles adsorbed but did not rupture.
From a broader perspective, these findings further demonstrate
that vesicles and bicelles have distinct adsorption behaviors on
various surfaces and can guide the selective formation of SLBs
and adsorbed bicelle layers on different target surfaces. Indeed,
for depositing membrane proteins on solid supports, the
disklike architecture of an adsorbed, intact bicelle may be
advantageous in order to provide a large membranous
environment.

Cholesterol Incorporation. As discussed above, it is often
difficult to fabricate SLBs from vesicles containing more than 20
mol % cholesterol. While testing bicelles, we have observed that
DOPC/DHPC lipid bicelles with as much as 60 mol %
cholesterol input can adsorb and rupture on silicon dioxide
surfaces, highlighting the role that short-chain phospholipids
play in softening the bicellar membrane and enhancing the
rupture potential.'”” Bicelles with up to 30 mol % cholesterol
formed complete SLBs as determined by QCM-D measure-
ments, while bicelles with larger cholesterol fractions ruptured
but did not form complete SLBs due to the presence of some
unruptured bicelles. Among complete SLBs, methyl-S-cyclo-
dextrin extraction QCM-D experiments revealed that the bicelle
and SALB methods achieved similar performance levels in
terms of the molar fraction of cholesterol that can be
incorporated within an SLB, reaching around at least 40 mol
% cholesterol in the bicelle case. Another notable point is that
the bicelle method yielded homogeneous SLBs at high
cholesterol fractions, whereas the SALB method results in
visible phase separation characterized by a cholesterol-depleted,
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phospholipid-rich fluid phase and a cholesterol-enriched dense
phase (Figure 7).
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Figure 7. Comparison of cholesterol-rich SLB fabrication on silicon
dioxide surfaces by vesicle fusion, SALB, and bicelle methods. For
bicelles, the long-chain phospholipid was DOPC, the short-chain
phospholipid was DHPC, the g ratio was 0.25, the long-chain
phospholipid concentration was 0.031 mM, and the aqueous buffer
solution was 10 mM Tris [pH 7.5] with 150 mM NaCl. For the SALB
method, the DOPC lipid concentration was 0.3 mg/mL in isopropanol
and the aqueous buffer solution for solvent exchange was 10 mM Tris
[pH 7.5] with 150 mM NaCl. For vesicle fusion, DOPC lipid vesicles
were extruded through track-etched polycarbonate membranes with
50-nm-diameter pores, the total lipid concentration was 0.15 mg/mL,
and the aqueous buffer solution was 10 mM Tris [pH 7.5] with 150
mM NaCl. The final QCM-D measurement shifts are presented for the
(A) frequency and (B) energy dissipation signals for SLB formation on
silicon dioxide surfaces as a function of cholesterol fraction. Data
correspond to the vesicle fusion (squares), SALB (circles), and bicelle
(triangles) methods. The vesicle fusion method worked only at 20 mol
% or smaller cholesterol fractions. (C) FRAP micrograph snapshots for
20 mol % cholesterol SLBs formed by the vesicle fusion, SALB, and
bicelle methods. The long-chain phospholipid composition was 99.5
mol % DOPC and 0.5 mol % Rh-PE lipid in these experiments. Top
and bottom micrographs depict SLBs immediately after photo-
bleaching and after 1.0 min postbleaching, respectively. Scale bars:
20 um. (D) Molar fraction of cholesterol in SLB platforms as a
function of the input cholesterol fraction used during the fabrication
process (the molar fraction of cholesterol either in vesicles or bicelles
or in the lipid mixture in organic solvent for the SALB method). The
molar fraction of cholesterol within SLBs was determined by a methyl-
P-cyclodextrin extraction QCM-D assay. Adapted with permission
from ref 109. Copyright 2019 American Chemical Society.

Thus, the bicelle method has numerous advantages in terms
of lipid consumption, robustness, and ease of sample
preparation, which make it potentially ideal for expanding the
use of conventional SLB platforms in laboratory settings and for
manufacturing SLB platforms in industrial settings.

B APPLICATION EXAMPLES

The SALB and bicelle methods have excellent potential to
expand the use of SLB platforms because the methods are easy
to implement and useful in a variety of application contexts. In
this section, we introduce promising recent examples from our
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group and others that demonstrate the utility of these
fabrication techniques.

Drug Efficacy Monitoring. A recent collaboration with the
Stanford University School of Medicine and University of
California, San Francisco enabled us to evaluate the potency of
a small-molecule inhibitor that inhibits the activity of the
phosphatidylinositol (PI) 4-kinase I1I# (PI4KfS) enzyme,"'
which is necessary for converting PI to PI 4-phosphate (PI4P)
as the first step in a two-step process that yields PI 4,5-
bisphosphate [PI(4,5)P,]. We developed a detergent-free
QCM-D assay by using the SALB method to fabricate PI-
enriched SLBs on a silicon dioxide surface” (Figure 8). We
then added the PI4KfB enzyme in order to catalyze the
conversion of PI to PI4P, which could be detected and
quantified by anti-PI4P antibody binding. To evaluate the
inhibitory potency, we incubated different concentrations of the
small-molecule inhibitor with the enzyme before adding the
enzyme—small molecule mixture to the SLB platform. The
inhibitory potency was determined on the basis of the
concentration-dependent reduction in PIP4 production relative
to the control experiment without inhibitor, and the computed
50% inhibitory value agreed with the biological assay results.

Extracellular Matrix Remodeling. SLB platforms func-
tionalized with extracellular matrix (ECM) proteins provide an
excellent model system for studying cell adhesion and related
dynamic behaviors."'"''* In one interesting example, we
investigated how adhered cells remodel the ECM protein-
functionalized SLB surface by increasing the number of ECM
proteins underneath the cell and dejpleting ECM proteins from
the vicinity of the cell contact area.''* Lateral lipid diffusion of
the SLB platform—an indicator of membrane fluidity—was
necessary to support lateral reorganization of the ECM
proteins, and the SALB method played a key role by enabling
the fabrication of 0—40 mol % cholesterol-rich SLBs. With
increasing cholesterol fraction, lateral lipid diffusion in the SLB
decreased and accordingly the lateral reorganization of ECM
proteins was reduced as well.

Surface-Enhanced Infrared Absorption Spectroscopy.
The Lau group at the University of Massachusetts Amherst has
recently employed the SALB method to produce SLBs on gold
surfaces in order to study nanoparticle—membrane interactions
using surface-enhanced infrared absorption spectroscopy
(SEIRAS).""* The SEIRAS technique provides information
about how nanoparticles interact with different components of
the SLB platform, including hydrophobic and hydrophilic parts
of the phospholipids along with interfacial water molecules on
the SLB surface. Following this approach, it was determined
that anionic carboxylic acid-functionalized polystyrene nano-
particles adsorb onto and penetrate into SLBs and cause
changes in the interfacial water structure as well. By contrast,
cationic amine-functionalized polystyrene nanoparticles re-
mained on top of the SLB surface, as indicated by changes in
the interfacial water structure only and negligible changes in the
lipid signals.

Electrochemical Biosensing. The Daniel group at Cornell
University has developed mammalian and bacterial-cell-
membrane-mimicking SLB platforms on conducting polymer
surfaces in order to study the membrane interactions of a
bacterial toxin and an antibiotic.’ The SLBs could be formed
using only the SALB method, while the vesicle fusion method
was not successful, as verified by fluorescence microcopy and
FRAP measurements. The SLB-coated conducting polymer
surfaces could be integrated with electrochemical impedance
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Figure 8. Development of a phosphatidylinositol-containing SLB
platform for PI kinase inhibitor testing. (A) Scheme illustrating the
two-step enzymatic conversion of PI lipid into PI(4,5)P, lipid. (B)
QCM-D evaluation of PI(4,5)P, generation within a 10 mol % PI-
containing SLB platform. Initially, the SLB was formed on a silicon
dioxide surface using the SALB method, the lipid mixture was 90 mol
% DOPC and 10 mol % PI, the total phospholipid concentration was
0.5 mg/mL in isopropanol, and the aqueous buffer solution for solvent-
exchange was 10 mM Tris [pH 7.5] with 150 mM NaCl. PI4KIIIf and
PIPSK1A enzymes were then added sequentially to convert PI lipids to
PI4P and then to PI4,5P, lipids, respectively. PI4,5P, lipid generation
was then detected by the addition of anti-PI(4,5)P, antibody. The
dashed line corresponds to the control experiment without the
addition of PIPSK1A enzyme (hence, P1(4,5)P, lipid is not produced
and no antibody signal is detected). Inset shows a magnified view of
antibody binding step. Fluorescence micrographs for (C) 10 mol % PI-
containing SLB and (D) 10 mol % PI(4,5)P,-containg SLB, both after
incubation with fluorescently labeled anti-PI(4,5)P, antibody. (E)
Corresponding fluorescence micrograph for 10 mol % PI-containing
SLB after enzymatic treatment with PI4Kf and PIPSKa enzymes to
yield PI1(4,5)P, lipid, as indicated by fluorescently labeled antibody

binding similar to the micrograph in panel (D). Adapted with
permission from ref 93. Copyright 2016 American Chemical Society.

spectroscopy (EIS) in order to detect membrane interactions
and distinguish between pore-forming and membrane-dis-
ruptive effects of the bacterial toxin and antibiotic, respectively.
Importantly, by expanding the range of surfaces on which SLBs
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can be formed, the SALB method opens the door to developing
lipid-membrane-based bioelectronic devices, which can be
utilized in multiplexed formats among various possibilities.

Taken together, these application examples being pursued by
our group and other teams demonstrate how the SALB and
bicelle methods can be useful in fabricating SLB coatings in a
variety of contexts. Particular advantages come from fabricating
SLB coatings on traditionally intractable surfaces in order to
expand the range of compatible surface-sensitive measurement
techniques.

Bl CONCLUSIONS AND OUTLOOK

Our ongoing efforts to develop the SALB and bicelle methods
have identified key opportunities where these methods can
expand SLB fabrication options beyond what is possible with
the vesicle fusion method alone. For example, the SALB
method is compatible with many solid surfaces, which has led to
numerous application examples already in use. At the same
time, the development of the bicelle method is at an earlier
stage than the SALB method; however, we already see strong
merit in terms of sample preparation ease, low lipid
consumption, and a robust fabrication process. These
advantages of the bicelle method have led us to begin exploring
larger-scale fabrication opportunities because it is a fully
aqueous method and rather insensitive to deposition conditions
such as the flow rate. In closing, we briefly summarize our views
on the current progress and where we see upcoming research
efforts headed for each method.

SALB Method. Over the past few years, we have extensively
characterized the SALB process on different surfaces and
understand how key parameters such as the lipid concentration
and solvent-exchange rates affect performance outcomes.
Currently, an ~0.1 mg/mL lipid concentration in organic
solvent is necessary for forming complete SLBs, and it will be
useful in developing microfluidic chips with suitable flow
geometries to decrease the lipid consumption. Current lipid
consumption is comparable to the vesicle fusion method;
however, decreasing consumption would be advantageous. In
addition, continued exploration of the SALB method by other
research groups, both from within the membrane biophysics
community and from other research areas, will help to develop
the technology for different application areas while also refining
the methodology. We see some of the largest opportunities in
fabricating SLBs on metal surfaces such as gold in order to
utilize other surface-sensitive measurement techniques.

Bicelle Method. In our experience, the bicelle method is a
robust, fully aqueous way to routinely fabricate SLBs on silicon
dioxide surfaces and works at 10-fold or lower lipid
concentrations compared to the vesicle fusion and SALB
methods. Depending on the material surface, our recent
evidence demonstrates that bicelles will either fuse to form an
SLB or remain intact in the adsorbed state. It will be important
to continue studying the fundamental interactions between
bicelles and material surfaces in order to build a strong
mechanistic picture behind bicelle adsorption and learn how to
control these formation pathways. Since bicelles can have
disklike characteristics, it will also be advantageous not only to
view bicelles as useful tools for forming SLBs but also to
develop bicelle coatings depending on the application. For
example, bicelles are excellent environments for reconstituting
membrane proteins, and the development of bicelle coatings
incorporating membrane proteins could lead to the develop-
ment of highly functional bioanalytical platforms.
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The SALB and bicelle methods are promising methods for
forming SLB platforms and complement the fabrication
capabilities of the vesicle fusion method. In developing these
two new methods, our main objectives have been to simplify
the sample preparation process, to increase the robustness of
the SLB formation process, to expand the range of permissible
lipid compositions, and to increase the scope of material
surfaces on which SLBs can be formed. We hope that ongoing
work by our group and others will continue the progress in this
direction and increase the use of SLB platforms for fundamental
and applied research across various scientific areas as well as
spur the development of innovative technology platforms for
applications such as biosensor coatings and medical diagnostics.
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