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Abstract

Vesicle fusion has long provided an easy and reliable method to form supported lipid bilayers
(SLBs) from simple, zwitterionic vesicles on siliceous substrates. However, for complex
compositions, such as vesicles with high cholesterol content and multiple lipid types, the energy
barrier for the vesicle-to-bilayer transition is increased or the required vesicle-vesicle and vesicle-
substrate interactions are insufficient for vesicle fusion. Thus, for vesicle compositions that more
accurately mimic native membranes, vesicle fusion often fails to form SLBs. In this paper, we
review three approaches to overcome these barriers to form complex, biomimetic SLBs via vesicle
fusion: (i) optimization of experimental conditions (e.g., temperature, buffer ionic strength,
osmatic stress, cation valency, and buffer pH), (ii) a-helical (AH) peptide-induced vesicle fusion,
and (iii) bilayer edge-induced vesicle fusion. AH peptide-induced vesicle fusion can form complex
SLBs on multiple substrate types without the use of additional equipment. Bilayer edge-induced
vesicle fusion uses microfluidics to form SLBs from vesicles with complex composition, including
vesicles derived from native cell membranes. Collectively, this review introduces vesicle fusion
techniques that can be generalized for many biomimetic vesicle compositions and many substrate
types, and thus will aid efforts to reliably create complex SLB platforms on a range of substrates.

1. Introduction

Native plasma membranes contain a complex, heterogeneous distribution of lipids and
membrane proteins which interact to create important biological functions. To investigate
this complex membrane environment significant progress has been made to model native
membranes. The most common systems include lipid monolayers, lipid vesicles, and
supported lipid bilayers (SLBs). While each system has its advantages, SLBs are particularly
valuable due to their ease of formation and their lipid arrangement. SLBs constitute a single
lipid bilayer on a solid substrate, typically glass, silica, or mica. The hydrophilic head
groups of one lipid leaflet face the substrate where they are separated by a thin hydration
layer. Their hydrophobic acyl chains interact with the acyl chains of the second lipid leaflet,
whose hydrophilic head groups face the bulk solution and are available to interact with
analytes (proteins, cells, nanoparticles, etc.). The SLB is stable and confined in two
dimensions to the substrate surface, yet it can recapitulate the lateral lipid diffusivity of
native cell membranes. Furthermore, the planar orientation of SLBs allows the use of many
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quantitative surface characterization techniques that are able to provide unique insights into
membrane functions.

There are many techniques to create SLBs, including Langmuir-Blodgett/Schafer deposition,
[1] spin coating,[2] microcontact printing,[3] solvent-exchange deposition,[4] lipid-
surfactant micelles,[5] evaporation induced assembly,[6] bubble collapse deposition,[7*]
lipid dip-pen nanolithography,[8] and vesicle fusion.[9*] Langmuir-Blodgett/Schéfer (LB/
LS) deposition and vesicle fusion are perhaps the most commonly used techniques to form
SLBs. Briefly, LB/LS deposition is achieved by transferring a lipid monolayer contained at
an air-liquid interface to a solid substrate. The substrate is passed through the lipid
monolayer a second time to assemble the final SLB. SLB formation via vesicle fusion
typically occurs by adsorption of lipid vesicles to a substrate, followed by vesicle rupture,
fusion, and bilayer spreading. Of these techniques, vesicle fusion is the most simple,
versatile, and widely accessible since it does not require sophisticated equipment to produce
high quality SLBs. These advantages position vesicle fusion to play an important role in
advancing SLB research platforms, particularly in regards to creating complex, multi-
component SLBs that more accurately mimic native cell membranes. Thus, this article will
focus on vesicle fusion techniques to form complex SLBs. Other SLB forming techniques
and model lipid systems are discussed in recent review articles.[10, 11]

SLBs that contain one or two zwitterionic lipid types, and are supported on siliceous
substrates (e.g., glass, silicon oxide, or mica), have long provided the foundation of model
SLB systems.[12*] These simple SLBs have been exceptionally successful at mimicking the
basic structure and dynamics of the plasma membrane; however, they fail to capture the
highly complex lipid environment that often determines native biological functions. For
example, there are about 100 lipid species in the simple red blood cell alone, and more than
600 lipid species in most plasma membranes.[13] Considering this extensive membrane
diversity, SLBs with one or two lipid types can be inadequate when attempting to accurately
model native cell membranes.

Successful SLB formation via vesicle fusion largely depends on the lipid components of the
vesicles being used. In attempts to increase SLB complexity, such as by incorporating
cholesterol, charged lipids, or phase separating lipid compositions, complete SLB formation
may no longer occur.[14**, 15] This restricts the utility of SLBs created from vesicle fusion
by limiting their compositional complexity to simple binary or tertiary lipid compositions
containing little or no cholesterol. Cholesterol is often neglected or underrepresented in
biomimetic SLBs because it can prevent vesicle fusion and subsequent SLB formation by
increasing vesicle rigidity.[14**] However, cholesterol is an essential component of plasma
membranes, ranging from 15-50% of total lipid composition.[13] In native plasma
membranes, cholesterol provides an important structural role by condensing acyl chains of
unsaturated lipids in fluid lipid phases, and fluidizing saturated lipids that would otherwise
form solid-like gel phases. Regions of cholesterol- and sphingolipid-enriched domains,
termed lipid rafts,[16*] are also believed to exist in plasma membranes, where they
contribute to compartmentalizing cellular processes. Lipid rafts are associated with the
function of many membrane proteins and are directly linked to important pathologies
including those of the central nervous system,[17, 18] viral infections,[19, 20]
cardiovascular disease,[21] and certain types of cancer.[22]

Despite the difficulties in forming complex SLB systems, several vesicle fusion approaches
have the capability to create SLBs with multiple lipid types and high cholesterol content on
a range of substrates. In this review, we summarize three approaches to induce complex
SLB formation: (i) optimizing experimental conditions, including temperature and buffer
selection, (ii) the use of a-helical (AH) peptides acting as a vesicle fusion catalyst, and (iii)
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the use of a moving bilayer edge in a microfluidic channel. These approaches were selected
due to their potential to advance the use of biomimetic SLB platforms by easily achieving
SLB formation on a range of substrates and under conditions that would otherwise be
unfavorable.

2. Background

The mechanism of vesicle fusion will be briefly discussed to understand the barriers to SLB
formation and how they can be overcome. Although not completely understood, the
mechanism of vesicle fusion is believed to be a two-step process that relies on membrane
tension, vesicle-vesicle and vesicle-substrate interactions, as shown in Figure 1.[23, 24]
Small unilamellar vesicles are first adsorbed to a substrate surface. Vesicle crowding ensues
and after a critical concentration (8,) of surface-adhered vesicles is reached, vesicles will
rupture and fuse with each other, forming SLB patches on the substrate. The energetically
unfavorable edge of SLB patches can spread on the surface and induce rupture of adsorbed
vesicles to form a complete SLB (Fig. 1). Although one-step SLB formation by direct
vesicle rupture is possible for certain combinations of vesicles, buffers, and substrates,[25]
the surface-induced stress alone is often insufficient for vesicle rupture.

The transition from vesicles to a SLB is most commonly observed with quartz crystal
microbalance with dissipation monitoring (QCM-D).[26] In this review, QCM-D results will
be used to discuss the effectiveness of vesicle fusion techniques. QCM-D measures, in real-
time, mass adsorbed and desorbed from a substrate by monitoring the resonance frequency
change (A7) of an oscillating quartz crystal. In the limit of thin, elastic layers, the
relationship between a quartz crystal’s resonance frequency change and the mass of the
adlayer is linear, and described by the Sauerbrey equation.[27] Viscoelasticity of the adlayer
can also be detected by monitoring the damping of the crystal’s oscillation (AD), which can
give insight into the conformational changes occurring during vesicle fusion and peptide-
lipid interactions. Figure 2 shows frequency and dissipation plotted as a function of time
during SLB formation via vesicle fusion from zwitterionic phosphatidylcholine (PC)
vesicles. First, vesicles are sparsely adsorbed onto the silica surface, resulting in a large
frequency drop due to the increase in associated mass from the buffer trapped within and
between the intact vesicles (Fig. 1A,B). Concurrently, the adsorbed vesicles contribute to an
increase in dissipation due to their viscoelastic properties. Once the vesicle surface coverage
reaches a critical concentration (8, indicated by the * in Fig. 2), the vesicles spontaneously
rupture and fuse to form a continuous SLB.[28-31] The frequency increase is due to SLB
displacement of adsorbed vesicles and the buffer released from within the vesicle interior
(Fig. 1G). Thus, for vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), a complete bilayer is characterized by a dip in Afand peak AD
with time, resulting in a final Afof ~ 26 Hz and a AD of ~ 0.2 x 1076 (Fig. 2).[23]

While QCM-D serves as a reliable method to confirm bilayer formation on the meso- and
macroscale, it is limited in the detection of minor bilayer defects and in characterizing
details in the physical properties of SLBs. Past QCM-D studies have found that for different
vesicle compositions, final Afand AD values can differ substantially, e.g., up to 30% for Af.
[14**, 15] The interpretation of such differences is difficult, given that Afrepresents an
averaged, surface-associated mass, and does not differentiate between mass contributions
from the lipids, the associated buffer, or the hydration layer. Furthermore, AD provides
qualitative insights into the structure of surface-associated mass and cannot quantitatively
identify structural properties such as bilayer thickness, defects, or lipid packing density.
Thus, QCM-D should be used in combination with other techniques, such as neutron
reflectivity, ellipsometry, surface plasmon resonance, fluorescence recovery after photo-
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bleaching, and atomic force microscopy to confirm details of SLB formation and to quantify
SLB properties.

3. Experimental optimization techniques to achieve vesicle fusion

Although SLB formation via vesicle fusion is a reliable and easy technique for many vesicle
compositions, it is still a complex, dynamic, and highly sensitive process. As researches
attempt to increase complexity of SLB platforms, additional steps or alternative techniques
become necessary to induce SLB formation. Favorable SLB formation by conventional
vesicle fusion largely depends on the substrate type and lipid composition of the vesicles,
where lipid charge, polarity, head group size, acyl chain length, and degree of unsaturation
ultimately all contribute to the ease of vesicle fusion and subsequent SLB formation.
However, for researchers attempting to use SLBs to model native membranes the
compositional ratios and lipid types of a vesicle are largely fixed. Yet, the experimental
conditions in which vesicle fusion takes place can often be optimized to achieve SLB
formation for a wide range of vesicle compositions. Conditions that are commonly
manipulated include vesicle size,[30] vesicle concentration,[12*] temperature,[32] pH,[33*]
flow conditions (batch or flow system),[34**] exposure to buffers of different ionic
strengths,[35] the type of substrate material,[34**] and chemical surface modifications.[23]
It is commonly observed that experimental conditions that work for one vesicle composition,
may fail to work as well for that of another vesicle composition. However, there are a few
variables that are generally more important than others since they can be successfully
applied to a wide range of vesicle compositions to promote vesicle fusion. These include
temperature, buffer pH, buffer ionic strength, ion type, and osmotic stress.

3.1 Effect of temperature

The critical surface coverage of vesicles required for SLB formation has been shown to be
temperature dependent, thus indicating that vesicle rupture is a thermally activated process.
[32] For example, Reimhult et al. have shown that a decrease in temperature requires a
higher critical coverage (8.) of surface adhered vesicles (i.e., an increase in vesicle-vesicle
interactions) to induce fusion, and increases the time to transition from intact vesicles to
SLBs.[9*] Furthermore, temperature also affects the lipid phase, which can play a critical
role for vesicle fusion. A phase change into a more fluid vesicle can promote SLB
formation, especially when the temperature change involves passing through a chain melting
temperature (Ty,) of one of the lipid components.[12*] The chain melting temperature
defines the transition of a lipid from one phase to another i.e., from the gel to the liquid-
disordered (lg) phase. Vesicles with lipids in the gel phase contain higher order compared to
the Iy phase and are believed to resist vesicle fusion due to decreased lipid mobility and
vesicle-vesicle interactions. Thus, using vesicles in the liquid phase by raising the
temperature approximately 15 °C above the highest lipid Ty, is a common and successful
strategy for achieving reliable SLB formation.[9%, 32]

In addition to lipid structure, the presence of cholesterol and sphingolipids can also result in
vesicle phase separations as they have the tendency to self-associate within the Iy phase to
form highly ordered, tightly packed islands, known as liquid ordered (l,) domains or lipid
rafts.[36] For instance, POPC/cholesterol (55:45) undergoes a phase transition in the
temperature range between 15-35 °C.[37] At 15 °C the lipid bilayer is completely in the I,
phase while between 25-35 °C the |, and l4 phases co-exist. With increasing temperature the
l4 phase increases, resulting in shorter times to reach 6, peak Afand AD amplitudes
decrease, and final Afand AD values approach those of pure POPC vesicles.[15] Thus, a
temperature increase has been successful in achieving SLB formation from vesicles
containing as much as 50 mol% percent cholesterol.[38*] Without heating, vesicles may fail
to consistently form SLBs when containing cholesterol compositions above 33 mol%.[39]
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Therefore, for vesicles containing cholesterol, raising the temperature to increase the Ig
phase may assist in achieving reliable SLB formation.

Using elevated temperature to prepare SLBs via vesicle fusion is one of the most frequently
used techniques. However, depending on the vesicle composition, the use of temperature
alone can be insufficient to induce vesicle fusion. Furthermore, this technique is not
appropriate when using temperature sensitive membrane components, such as membrane
embedded proteins. In such instances, researchers are referred to alternative techniques
discussed below.

3.2 Effect of pH

Initial vesicle-substrate interactions are often the limiting factor in determining whether
successful SLB formation occurs. Whether these interactions are sufficient for SLB
formation largely depends on electrostatic forces between the lipid vesicles and substrate
surface.[25] Generally, to readily achieve vesicle fusion, electrostatic attraction between
vesicles and the substrate surface should be enhanced. If attractive electrostatic interactions
are not possible, then repulsive electrostatic forces should be minimized. This can allow van
der Waals, steric, and hydration forces to dominate surface interactions which can be
sufficient to promote bilayer formation.

Electrostatic forces play an important role in creating biomimetic SLBs because most native
cell membranes contain negatively charged lipids (yielding a surface charge of ~ -0.05 C/
m?)[40] and SLBs are most commonly formed on negatively charged mica and silica
substrates. This repulsive electrostatic interaction results in an increase in 8. required for
vesicle rupture and, depending on the concentration of negatively charged lipid, may prevent
SLB formation entirely.[34**] An effective technique for tuning the electrostatic
interactions between vesicles and the substrate surface is to adjust the buffer pH (under
constant ionic strength). The buffer pH influences the state of lipid charge by affecting the
degree of ionization, reflected in the lipid’s pKj. This pKj is largely determined by the lipid
head group acid-base chemistry.

Here, we present a general guideline for using buffer pH (with ionic strength ~ 100 mM
NaCl) to minimize the negative charge of common lipid types.[41] For example, common
negatively charged lipid head groups include phosphatidylserine (PS), phosphatidylinositol
(PI), phosphatidic acid (PA), and phosphatidylglycerol (PG). PS has pKgs at 2.6, 5.5, and
11.5, requiring a pH < 6 to diminish its charge of 1 and at pH < 4, PS will begin to have a
net positive charge. PI, PA, and PG have a pKj at 2.5, 3.0, and 3.5, respectively. Thus, each
lipid type will begin to diminish its charge of —1 at pH < 4. Furthermore, common
zwitterionic lipids include those with a phosphatidylcholine (PC) or
phosphatidylethanolamine (PE) head group. PE has pKgs at ~1.7 and 9.8, resulting in a
neutral charge between pH ~ 3-9. PC has one pKj at ~1.0 and will be neutral for any pH >
~3.[41] Positively charged lipids (at pH = 7) are not commonly used to model native cell
membranes; however, when using negatively charged surfaces (e.g., silica or mica) vesicle-
substrate interactions can be enhanced by strategically incorporating positively charged
membrane components (e.g., peptides, lipids, or fluorescent probes) within the vesicles. As
little as 1 mol% of positively charged membrane probe can be effective at inducing SLB
formation.[42]

Buffer pH can also affect the ionization of hydroxyl groups that exist on surface oxides
commonly used for SLB formation (e.g., mica, silica, and titanium oxide). At a certain pH,
known as the point of zero charge (pzc), the surface charge is approximately zero. At a pH
above its pzc value, a surface is generally negatively charged, while at a pH below the pzc
the surface is generally positively charged. For silica and mica surfaces, the pzc is ~1.5 -

Curr Opin Colloid Interface Sci. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hardy et al.

Page 6

3.5, while the pzc of titanium oxide is ~6.5.[43] Thus, using a pH at or below the pzc value,
can diminish repulsive vesicle-substrate interactions and enhance vesicle adsorption and
subsequent SLB formation for negatively charged vesicles.

Cho et al. demonstrates how oxide surfaces are affected by pH and ultimately control
successful vesicle fusion. SLB formation was monitored in various buffer pH (with 200 mM
NaCl) using zwitterionic POPC vesicles on silicon and titanium oxide surfaces.[33*] For
POPC vesicles on silicon oxide at a pH = 10.0 an irreversibly adsorbed vesicle monolayer is
formed, with no subsequent vesicle fusion. At pH = 7.5, however, a SLB is formed, as
expected, in two successive steps. At a pH < 6.0, SLB formation approaches one-step
behavior, indicating a decreasing role of vesicle-vesicle interactions required for rupture.
POPC vesicles on titanium oxide, which showed weaker vesicle-substrate interactions than
silicon oxide, form an irreversibly adsorbed vesicle monolayer already at pH = 7.5, again
with no subsequent vesicle fusion. However, at pH = 4.0 the vesicle-substrate interactions
are strong enough to generate isolated SLB patches mixed with adsorbed vesicles, and at pH
= 2.5, a complete bilayer finally forms. These results demonstrate that stronger vesicle-
substrate interactions often occur at low pH and that oxide surfaces have titratable OH
groups that control the surface charge density, which plays an important role in the
adsorption and fusion of vesicles.

3.3 Effect of ionic strength and ion type

Closely linked to surface charge is the surface potential, which also needs to be considered
when evaluating vesicle fusion interactions. The lipid surface potential is best approximated
by the  potential, which describes the charge seen at a distance from the surface, where the
Stern layer and diffuse layer meet. The ionic strength of the buffer plays an essential in role
in determining the { potential and is likely the major reason why zwitterionic vesicles fail to
adsorb to and fuse on substrates in deionized water. For example, Anderson et al.
demonstrated that adhesion and fusion of DMPC vesicles on silica decreased with
decreasing ionic strength, and below a critical ionic strength of about 1.5 mM no longer
formed SLBs.[12*] Even though DMPC is theoretically zwitterionic over a broad range of
pH values, due to head group orientation[44] and hydration layers surrounding the head
group surface,[45] PC has a negative C potential of ~ 12 mV in deionized water.[46] As the
ionic strength increases, the ¢ potential increases because cations adsorb to the surface of the
polar lipid head group. At a high ionic strength, the  potential of PC becomes positive and
vesicles readily adsorb and fuse on negatively charged substrates.[46]

Presence of divalent ions can also influence the formation of SLBs, especially for vesicle
compositions containing charged lipid head groups or charged membrane embedded
peptides. Divalent cations stabilize vesicle-substrate interactions between the negatively
charged lipid head groups and negatively charged substrates by charge bridging.[47] For
example, calcium (Ca2*) and magnesium (Mg?*) ions are common divalent cations used to
promote SLB formation with negatively charged vesicles.[35, 48, 49] Already at
concentrations as low as 25 uM, Ca2* ions contribute significantly to vesicle fusion.[42] It is
important to introduce divalent cations only during the vesicle-substrate adsorption step. If
introduced earlier, divalent cations can inhibit SLB formation by promoting vesicle-vesicle
interactions, which leads to vesicle aggregation and an increase in vesicle polydispersity.

An example of how ionic strength and pH have a pronounced effect on SLB formation is
given by Cremer and Boxer.[42] Using positively and negatively charged vesicles on
borosilicate, SLB formation was monitored while varying the pH and ionic strength of a
sodium phosphate buffer. For negatively charged vesicles, they observed that SLB formation
occurred at high ionic strengths and low pH, but was inhibited at low ionic strength and high
pH (Fig. 3A).[42] The low pH likely reduced negative charge density of the substrate and
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the high ionic strength likely shielded repulsive vesicle-vesicle and vesicle-substrate
electrostatic interactions. As the pH of the buffer is raised (or the ionic strength is lowered)
electrostatic repulsion increases and eventually overcomes the attractive forces, thus
inhibiting SLB formation.

However, SLBs formed from positively charged vesicles readily form on negatively charged
substrates, often regardless of the pH and ionic strength used. Cremer and Boxer showed
that positively charged vesicles formed SLBs at all pH values and ionic strengths measured
(Fig. 3B).[42] Furthermore, with attractive electrostatic interactions, SLB formation can
occur in one step, as the vesicle-substrate interaction alone can be sufficient to cause vesicle
rupture.[31]

When using pH and ionic strength conditions conducive to vesicle fusion, it is important to
realize that once a SLB has been formed, the buffer can be changed to one that more
accurately mimics physiological conditions. This does not adversely affect bilayer adhesion
or stability.[42] Thus, inducing vesicle fusion under low pH and high ionic strength
conditions with a subsequent buffer change represents a practical technique to promote
vesicle fusion.

3.4 Effect of osmotic stress

Increasing vesicle membrane tension is an important factor that can promote rupture of
adsorbed vesicles. It is likely that the activation barrier against vesicle rupture is lowered for
vesicles under high membrane tension. In addition to using small diameter vesicles between
50-100 nm (which can be controlled through vesicle extrusion), membrane tension can also
be increased by creating a gradient in ionic strength across the vesicle membrane. The
resulting osmotic pressure difference causes an osmotic stress that changes the volume of
the vesicle, and thus creates membrane tension leading to rupture.[35] Reimhult et al. found
that SLBs created from egg PC vesicles, with a fixed interior ionic strength of 150 mM,
formed at all solution ionic strengths tested (115-300 mM).[9*] However, the critical
vesicle coverage (6;) decreased when the vesicles were osmotically stressed, i.e., when the
ionic strength of the buffer differed from that of the vesicle interior. This was also evident in
the decrease of the Afand AD peaks in QCM-D measurements, indicating that SLB
formation occurred more quickly and required less surface adsorbed vesicles to induce
vesicle rupture. For successful vesicle rupture via osmostic stress, it is thus common practice
to introduce vesicles to substrates in buffers with ionic strengths between 150-500 mM
NaCl (to maximize vesicle adsorption as discussed above) and to then induce an osmotic
shock after their adsorption, by exchanging the buffer with deionized water. Once the SLB
is formed, the deionized water can be replaced with standard buffer to maintain SLB
stability.[50, 51]

4. Amphipathic a-helical (AH) peptide-induced vesicle fusion

While adjusting experimental conditions provides a successful strategy for creating complex
SLBs, the approach can be tedious since conditions are chosen based on the substrate type
and vesicle composition. As substrates and lipid mixtures increase in complexity it can be
difficult to anticipate which optimization techniques will promote vesicle fusion. To reliably
create SLBs, it is likely that multiple experimental conditions will have to be optimized,
including those not discussed above (e.g., vesicle concentration, flow conditions, and
chemical surface modifications). Furthermore, experimental optimization techniques can fail
or become inconsistent when the vesicle cholesterol content exceeds 30 mol%. To overcome
these limitations, we summarize an alternative approach that uses amphipathic, a-helical
(AH) peptides as a catalyst to promote vesicle fusion and that generates complex SLBs
containing as much as 45 mol% cholesterol. While this approach can be used in combination
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with the optimization techniques discussed above, a unique and major advantage of AH
peptide-induced vesicle fusion is that is sufficient to form SLBs independently of optimizing
experimental conditions. With sufficient vesicle-substrate adsorption, it is generally
recommended to introduce AH peptides under standard experimental conditions (room
temperature, pH = 7, ionic strength ~ 150 mM) regardless of the substrate and vesicle
composition.

AH peptide is derived from hepatitis C virus’s (HCV) nonstructural protein 5A (NS5A),
which interacts with host cell membranes and is required for HCV replication. NS5A’s
membrane association is mediated by its N-terminal amphipathic a-helix, termed the AH
peptide (Fig. 4B,C).[52] After realizing the AH peptide’s ability to rupture intact adsorbed
vesicles, Cho et al. created SLBs from simple POPC vesicles adsorbed on gold substrates
(Fig. 4A).[53*, 54] Without the use of AH peptide, gold substrates are limited to vesicle
adsorption and do not induce vesicle rupture.[23] Previously, SLB formation from vesicle
fusion was mainly limited to hydrophilic substrates (e.g., mica, glass, and silicon oxide).
This work thus established a technique that expanded the type of substrates amenable to
easy SLB formation by vesicle fusion. Recently, our group has extended the value of AH
peptide-induced vesicle fusion by demonstrating a reliable and easy way to form SLBs that
contain high cholesterol content (45 mol%) and multiple lipid types.[14**] For the first
time, this vesicle fusion technique enables researchers to form SLBs with complex lipid
compositions and high cholesterol content, without the need to optimize experimental
conditions such as temperature, pH, and ionic strength.

4.1 Mechanism of AH peptide-induced vesicle fusion

The mechanism of AH peptide vesicle fusion is not yet fully understood. It has been
hypothesized that AH peptide membrane integration may cause the vesicle membrane to
swell and greatly expand, possibly into microvilli folds.[53*, 55, 56] This hypothesis is
supported by findings from Cho et al. who showed that the interaction of AH fusion peptides
with POPC vesicles (~60 nm in diameter) on gold substrates caused vesicle swelling, which
in turn enhanced vesicle-vesicle interactions and led to vesicle fusion and SLB formation.
[55] However, this vesicle fusion activity was diminished for vesicles greater than 100 nm in
diameter.[57*, 58] Furthermore, at AH peptide concentrations that rupture vesicles, no
peptide binding to planar bilayers was observed.[59**] This functional dependence on
vesicle diameter/membrane curvature is unique and suggests that the mechanism of AH
peptide-induced vesicle fusion is not analogous to that of other membrane disruptive
peptides interacting with large diameter membranes (e.g., cells, bacteria, and giant
unilamellar vesicles). For these other membrane disruptive peptides, membrane disruption
often occurs via pore formation by barrel-stave or toroidal pore mechanisms.[60-62]

To study the unique fusion mechanism of AH-peptide, Jackman and Cho studied the initial
binding of the AH peptide to vesicles and found that binding saturation occurred before
completion of vesicle swelling.[59**] This lag time suggests that membrane association
alone is insufficient to directly cause complete vesicle swelling. It is likely that associated
peptides may first rearrange to achieve pore formation, which leads to solvent uptake and
subsequent vesicle deformation and SLB formation. It was also observed that the onset of
pore formation is almost a factor of 10 slower for larger vesicles (~200 nm in diameter)
compared to that of smaller vesicles (~70 nm in diameter), however, the rate of peptide
binding had no significant dependence on the vesicle diameters studied.[57*] Typically,
pore formation increases with vesicle diameter due to an increase in the number of bound
peptides per vesicle (given a constant peptide/lipid (P/L) ratio).[63] However, this is not the
case for the AH peptide which suggests that pore formation, rather than the rate of peptide
binding, is dependent on high membrane curvature.[57*]
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To investigate how AH peptide action depends on nanoscale membrane curvature, Tabaei et
al. observed the release of encapsulated vesicle content, induced by AH peptide pore
formation and membrane disruption.[57*] They found that as little as four AH peptides per
vesicle were required to cause pore formation, which translates into an unusually low
effective P/L ratio of ~1/1000.[57*] Furthermore, their results suggest that the inability of
AH peptides to rupture large vesicles and planar bilayers is due to insufficient line tension,
related to reduced or nonexistent membrane curvature. They also suggest that AH peptide’s
pore formation process may be facilitated by curvature-induced defects in lipid packing.

4.2 SLB applications of the NS5A-derived AH peptide

While Cho and others are focused on realizing antiviral clinical benefits of this AH
peptide[57*, 58, 64, 65], our group is focused on promoting the use of AH peptides to create
SLB platforms under conditions that are generally unfavorable for vesicle fusion. Examples
of such conditions include vesicles containing high amounts of cholesterol, the presence of
membrane-embedded proteins, strong lipid-substrate interactions, and formation of SLBs on
hydrophaobic or irregular/patterned substrate surfaces. The extent to which AH peptides can
overcome these and other barriers limiting SLB formation are subject to current
investigation.

Using AH peptides, we have previously established formation of complex biomimetic SLBs
that contain cholesterol concentrations of up to 45 mol% on mica and silica substrates.
[14**] Our chosen SLB system is a five-component lipid bilayer that models the native lipid
envelope of human immunodeficiency virus-1 (HIV-1).[66] We chose to model this lipid
envelope due to the membrane’s significance in viral infection and its potential use as a
target in next-generation vaccine designs.[67—70] Furthermore, the native viral envelope is
of interest as it contains a unique composition of heterogeneous membrane components that
likely represents a mosaic of lipid rafts,[71] protein and antigen clustering,[72] and various
gradients of lipid diffusivity.[73] Generating a complex SLB that models the native HIV-1
envelope also provides a proof-of-concept for modeling other complex native biological
membranes.

The lipid composition of the model HIV-1 membrane consists of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
(POPS), brain sphingomyelin, and cholesterol in a molar ratio of 9.35:19.25:8.25:18.15:
45.00. SLB formation from vesicles with this composition cannot be achieved by
conventional vesicle fusion. In part, this is due to the structural rigidity of the model HIV-1
vesicles. This rigidity arises from the high cholesterol content and presence of
sphingomyelin, which are known to order membrane lipids. Furthermore, the negatively
charged POPS and negatively charged silica give rise to repulsive lipid-substrate interactions
that further resist vesicle fusion. The use of AH peptide-induced vesicle fusion allows us to
overcome these obstacles and to more accurately recapitulate the composition of the HIV-1
lipid envelope.[74]

We used QCM-D to study the effect of AH peptide on the fusion of HIV-1 mimetic vesicles.
With vesicles that reflect the high cholesterol content and complex lipid composition of the
HIV-1 envelope, vesicle fusion did not occur (Fig. 5A). Rather, the model HIV-1vesicles
adsorbed to the silica surface, and formed a monolayer of un-ruptured vesicles. This is
shown by the leveled-off frequency response (Af= -150 Hz) of the QCM-D (Fig. 5A).
Figure 5B demonstrates the ability of AH peptide to induce SLB formation from a
monolayer of model HIV-1 vesicles. Vesicles are first added to the QCM-D chamber to
achieve monolayer saturation on the substrate. After excess vesicles are removed by buffer
washes, AH peptide (15 pM) is added to cause vesicle rupture which then leads to SLB
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formation. This process results in a steady increase in the QCM-D frequency response. After
frequency equilibration, AH peptide is flushed from the bilayer, leaving behind a complete
SLB (Fig. 5B). The apparently complete removal of AH peptide from the SLB after flushing
is indicated from neutron reflection studies,[14**] QCM-D measurements,[34**] and
simultaneous QCM-D and reflectometry measurements.[55] The ability of AH peptide to be
removed from the completed SLB is essential for preventing its influence on SLB
properties.

The final Affor the model HIV-1 SLB was —35.4 Hz with a AD of 1.91 x 1076.[14**] These
values are significantly different than those of SLBs formed from pure POPC vesicles which
result in a final Afof —26 Hz and a AD of 0.2 x 1076.[23] The frequency difference between
these SLBs corresponds to a 32% mass increase for the model HIV-1 SLB. These results
agree closely, however, with a previous publication that formed SLBs from vesicles with a
similar cholesterol content.[15] Although this mass increase is still under investigation, it
likely arises from the increase in lipid packing density due to the presence of cholesterol and
sphingomyelin, and the minor presence of intact vesicles on the bilayer surface. There is
also a possibility that upon AH peptide-induced vesicle fusion, the amount of liposomes
fused into the bilayer exceeds the lipid content necessary to form a planar SLB. This could
give rise to small undulations in the SLB,[75] which would contribute to lower Afand
higher AD final values.

As expected for SLBs that contain cholesterol and sphingomyelin, |, domains/rafts formed
within the I phase (Fig. 5C), and could be imaged with atomic force microscopy (AFM).
[76] As cholesterol and sphingolipids order a lipid’s acyl chains, the lipid is presented in a
more upright position. This organization facilitates a high lipid packing density and results
in height differences between |, domains and the surrounding l4 phase. With SLBs
containing cholesterol, sphingomyelin, and one other lipid type, a single height difference is
typically observed for the |, domain areas. However, for more complex SLBs, that contain
several lipid types in the presence of cholesterol and sphingomyelin, there are domains
which form within domains. For example, for the model HIV-1 SLB, three visually-distinct
SLB height differences are observed in high-resolution AFM images (Fig. 5C). The height
difference between the lowest and middle domain (i.e., domains 1 and 2) was ~10 A, and
between the middle and tallest domain (i.e., domains 2 and 3) was ~2-3 A. The 10 A height
measurement between domains 1 and 2 is consistent with height differences between three
component SLBs with well-defined l,/l4 phases. For example, SLBs prepared from DOPC/
sphingomyelin/cholesterol, the height difference between the I, and |4 phase is ~8-12 A in
10-35 mol% cholesterol.[77]

5. Bilayer edge-induced vesicle fusion

An additional technique to create complex, biomimetic SLBs is the use of a moving SLB
edge that collides with substrate-adhered vesicles.[78, 79**] In this approach, the
hydrodynamic forces from a liquid flowing in a microfluidic channel (Fig. 6A), drive SLB
formation in the direction of fluid flow.[80] As the SLB edge encounters adsorbed vesicles,
the energetically unstable SLB edge fuses vesicles into the advancing SLB front (Fig. 6B).
As with AH-peptide induced vesicle fusion, this technique does not require optimization of
experimental variables. However, it is perhaps a more robust technique as it has been shown
to create SLBs with 50 mol% cholesterol and from native cell-derived vesicles.[78]
Furthermore, bilayer edge-induced vesicle fusion is a physical-based phenomenon and does
not rely on introduction of peptides, thus eliminating any potential for unintentional,
collateral peptide interactions.
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In the original microfluidic device used to form SLBs (Fig. 6A), the final SLB composition
results in a mixture of the composition of the initial SLB edge and that of the adsorbed
vesicles (due to lipid diffusion). This limited the precise control of the SLB composition.
Simonsson and Hook overcame this limitation by using a four-armed microfluidic cross-
channel to create a small lipid patch which was used to initiate the SLB leading edge.[79**]
Specifically, sodium dodecy! sulfate (SDS) was used to selectively remove lipids in the
microfluidic channels to create a small SLB patch adjacent to the adsorbed target vesicles.
Using the hydrodynamic force from the flowing buffer, this small lipid patch was then
driven against the adsorbed vesicles to initiate vesicle rupture and SLB formation. This
process creates a final SLB whose composition essentially reflects that of the adsorbed
vesicles. In addition to testing SLB diffusivities with and without cholesterol, Simonsson
and Hook used this technique to create phase-separated cholesterol-rich 1, domains.
Formation of an SLB containing DOPC/DOPE/cholesterol (39:21:40 mol%) and rhodamine-
DHPE resulted in bright spots likely indicating the existence of |, domains within the Iy
phase.

Bilayer edge-induced vesicle fusion can also be used to create SLBs from vesicles derived
from native cell membranes.[78] Cell membrane-derived vesicles were made by extruding
3T3 fibroblast cells and removing water soluble proteins by ultracentrifugation.[78] The
microfluidic cross channel was used to drive a POPC bilayer edge against the cell
membrane-derived vesicles to create the cell-derived SLB. Furthermore, this technique also
allows natively bound membrane molecules to be isolated based on differences in SLB drift
velocity. This technique provides a more biomimetic environment to study membrane
molecules rather than using detergents to extract and isolate molecules from the cell
membrane.

6. Creating SLBs on non-siliceous surfaces

In addition to the lipid composition of vesicles, the substrate also plays a crucial role in
creating SLBs via vesicle fusion. Vesicle fusion is typically dominated by surface adhesion
energy between vesicles and the substrate. Traditional substrates used for vesicle fusion
include hydrophilic silica, glass, mica, and quartz. These siliceous substrates are commonly
used because they provide the necessary balance between adhesion, repulsion, and hydration
forces that results in vesicle rupture and a hydration layer between the substrate and SLB.
This hydration layer allows SLBs to mimic the lateral fluidity of native cell membranes.
However, as applications of SLBs continue to evolve, there is a need to create SLBs on a
wider range of surfaces. Progress has been made to form SLBs on many solid non-siliceous
surfaces including chrome,[81] indium tin oxide,[82] gold,[53*] titanium oxide,[83] and
alumina.[84] In many cases these surfaces have vesicle-substrate interactions that do not
enable conventional vesicle fusion, and thus surface-specific techniques must be used to
promote SLB formation.

Although optimization techniques, including surface functionalization[85, 86] and the use of
charged lipids,[87] have been successfully applied to create SLBs on solid non-siliceous
surfaces, these techniques are often specific to a particular substrate and not universally
applicable. AH peptide-induced vesicle fusion may overcome this limitation as it can offer
SLB formation on a broad range of substrates. For example, AH peptide-induced vesicle
fusion was successfully used on gold and titanium oxide surfaces.[53*] Furthermore, our
group is currently using AH peptides to create SLBs on chromium and experimenting with
its use on a polymeric, Nafion surface.

While AH peptide-induced vesicle fusion may be harnessed to form SLBs under a range of
conditions on a variety of substrates, it requires vesicle-substrate interactions that are strong
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enough to (i) form a monolayer of vesicles on the surface, and (ii) resist vesicle desorption
upon a buffer wash. A vesicle monolayer is required to provide sufficient vesicle-vesicle
interactions, while a buffer wash is required to remove excess vesicles from the surface and
the bulk solution. Excess vesicles need to be removed from the system before AH peptide is
introduced, so that it can interact exclusively with the surface adsorbed vesicles. For
surfaces with especially weak vesicle-substrate interactions these requirements may not be
met, and AH peptides may fail to form a complete SLB. In this case, the so-called bubble-
collapse deposition (BCD) technique may overcome this limitation.[7*]

BCD provides an innovative approach that requires a lower vesicle-substrate adhesion
energy then traditional vesicle fusion. For example, Mager et al. use this technique to form a
POPC SLB on alumina; a substrate which usually does not provide sufficient vesicle
adhesion to induce fusion.[84] BCD uses an air bubble that is blown underwater at the end
of a needle. This bubble is “inked” with a lipid monolayer by contacting it with a previously
formed sacri cial bilayer. The bubble is then brought into contact with the substrate at the
desired deposition site. The needle then withdraws air from the bubble causing the bubble to
shrink until the surface-supported monolayer folds back on itself, forming a bilayer patch on
the substrate surface.

To date, BCD can form a SLB with simple lipid composition on substrates that otherwise
are unable to induce vesicle rupture due to weak vesicle-substrate interactions. It is thus
conceivable that if a complex SLB, created by one of the techniques discusses above, is used
as the sacrificial inking bilayer, then BCD may be able to form SLBs with complex lipid
composition on substrates that have weak vesicle interactions.

Outside of using solid supports, there is a large body of research focused on creating SLBs
on soft, polymer cushions. There is a major advantage of using polymer cushions over solid
supports when studying SLBs with transmembrane proteins.[88] A typical solid supported
SLB will have a hydration layer of 1-3 nm separating the SLB from the substrate. This is
often insufficient space for SLBs containing transmembrane proteins. The cytosolic domain
of the protein will often contact the substrate resulting in adhesion, deformation, and
eventually denaturation. The use of polymer cushioned SLBs can overcome this problem by
providing a low friction and more inert environment for transmembrane proteins. McCabe
and Forstner provide a recent review on their fabrication and advantages.[89]

7. Vesicle fusion considerations

Many questions exist concerning how preparation methods affect properties of SLBs, and to
what extent these properties accurately mimic native cell membranes. For the techniques
discussed above, the conditions that are manipulated to induce vesicle fusion (e.g.,
temperature, buffer type, fusion peptides, etc.) can be replaced with the desired experimental
conditions once the SLB has formed. However, after the conditions have been changed, it is
important to take into consideration the possibility of residual effects on SLB properties that
originate from the SLB preparation conditions. For example, zwitterionic lateral lipid-lipid
interactions are believe to be promoted by ions bound into the membrane. Strong interaction
between Na* and Ca2* ions and the carbonyl oxygens of the lipids form tight ion-lipid
complexes.[46] This increases membrane organization and can affect bilayer cohesion and
lipid diffusivities. Thus, using high ionic strength for SLB formation, and then changing to a
physiological ionic strength may have a lasting effect on lateral lipid-lipid interactions.
Furthermore, temperature changes are known to affect the { potential and orientation of lipid
head groups[45] and it is unclear if the resulting effects, both direct and indirect, are
reversible.
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Compositional asymmetry between the leaflets of the SLB must also be taken into
consideration. Bilayer asymmetry is a common property in native cell membranes and is
believed to contribute to many biological functions by mediating membrane protein
distribution and functionality.[88] Thus, there is a large focus on controlling and
characterizing asymmetry in deposited bilayers.[90, 91] Typically, Langmuir-Blodgett/
Schéfer deposition offers the most control of SLB asymmetry since each leaflet can be
deposited independently, allowing lipid selection of each initial leaflet composition.
Asymmetry is harder to control with vesicle fusion techniques since it must originate from
the vesicle or occur from lipid re-arrangement once the SLB has formed. However, it is
possible to achieve and control bilayer asymmetry using vesicle fusion. Studies have
suggested that the solid support can induce preferential distribution of certain lipid types. In
the presence of Ca2* ions, it has been observed that negatively charged DOPS preferentially
resides in the leaflet closest to mica and titanium oxide surfaces.[47, 92] This suggests that
lipid head group chemistry leads to membrane asymmetry.[93] SLBs have also shown
leaflet organizational asymmetry between gel- and fluid-phases[94] and with cholesterol
induced domain formations.[95] Furthermore, it has been shown that SLB leaflet asymmetry
can be controlled by vesicle deposition temperature and the salt concentration of the vesicle
solution.[91]

This brief discussion is meant to demonstrate that details in preparation methods can affect
SLB properties, and emphasizes that such details need to be considered and perhaps
accounted for in experimental design and data interpretation.

8. Conclusions

Common criticism against SLB formation via vesicle fusion states that it is limited to few
select surfaces and vesicle compositions. In this review, we have attempted to prove this
criticism to be outdated by summarizing vesicle fusion techniques that are able to readily
form SLBs with multiple lipid types, high cholesterol content, and on non-siliceous
substrates. These techniques are simple and reliable, and thus maintain the major advantage
of forming SLBs via vesicle fusion.

In the past, optimization of experimental conditions has been widely used to induce vesicle
fusion and has provided a successful strategy for creating simple SLBs. With increasing
SLB complexity and emerging applications for SLBs, such optimization techniques will
play an even more important role for their formation. Here, we have summarized the
strategies that are used to tune the most important conditions to make vesicle fusion
applicable to a larger range of SLB compositions and substrates. Important strategies include
elevating the temperature, increasing buffer ionic strength, adding divalent cations, and
lowering buffer pH. By optimizing these conditions it is possible to create SLBs from
vesicles that ordinarily resist vesicle fusion, and to access substrates that are generally not
amenable to SLB formation.

In cases where such optimization strategies fail to provide easy SLB formation, the
optimization efforts can be supplemented with novel vesicle fusion techniques such as AH
peptide- and bilayer edge-induced vesicle fusion. Finally, bubble collapse deposition can be
combined with these vesicle fusion techniques to create complex SLBs on surfaces with
especially weak vesicle-substrate interactions. Together, these techniques allow researchers
to easily create SLBs that contain high cholesterol content and multiple lipid types on a wide
range of substrates. Thus, SLB formation via vesicle fusion is no longer restricted to a few
select surfaces and a limited range of lipid compositions.
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Figure 1.

Stages of SLB formation: (A) adhesion, (B) crowding, (C—-E) rupture and spreading of
bilayer patches that can expose either leaflet by mechanism 1 or 2, (F, G) coalescence of
high energy edges and release of water/excess lipid, and (H) completed SLB. Additional
vesicle adsorption to the SLB is typically weak and does not lead to their rupture or
spreading. Experimental conditions and techniques that generally have the most pronounce
effect on respective stages of SLB formation are listed to the right of the figure. Substrate
type and chemical surface modifications are omitted from classification since these
conditions generally affect the entire SLB formation process. Adapted with permission from
reference [12*]. Copyright (2009) American Chemical Society.
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Figure 2.

QCM-D frequency (solid line) and dissipation (dashed line) response plotted as a function of
time for SLB formation from pure POPC vesicles via vesicle fusion. (*) indicates the critical
concentration of vesicle surface coverage (6;). Adapted with permission from reference

[14%*].
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Vesicle fusion phase diagrams for egg PC vesicles containing: (A) 1 mol% of negatively
charged lipid probe and (B) 1 mol% of positively charged membrane probe. Regions of
vesicle instability and incomplete SLB formation are indicated by the crosshatched area in
(A). The regions with vertical stripes in the lower right corner of both diagrams indicate
conditions where buffer formation was not possible. Reprinted with permission from
reference [42]. Copyright (1999) American Chemical Society.
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Membrane activity of the NS5A amphipathic a-helix (AH) peptide. (A) Potential
mechanism of AH-peptide induced vesicle fusion on gold. (B) Expected positioning of the
average structure of amphipathic a-helix membrane anchor domain of NS5A (PDB entry
1R7E) at the interface between phospholipid polar head groups and hydrophobic tails. The
phospholipid bilayer was drawn using the phosphatidylethanolamine (PE) models reported
in the Protein Data Bank entry 1BCC. Molecules are colored according to atom types (N,
blue; O, red; P, yellow; C, H, gray). (C) Top view of AH peptide embedded in a model
phospholipid membrane. Adapted with permission from references [55] and [96]. Copyright

(2009) American Chemical Society.
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Figureb5.

QCM-D plots of energy dissipation (dashed) and third overtone frequency (solid) plotted
versus time, and representative AFM image of the resulting SLB. (A) Failure of model
HIV-1 vesicles to undergo spontaneous vesicle fusion on silica. (B) Successful model HIV-1
SLB formation by AH peptide-induced vesicle fusion on silica. (C) Atomic force
microscopy height image of the model HIV-1 SLB on mica. The height cross-section was
taken along the three domains indicated by the position of the dashed line. The three
domains labeled in the height cross-section correspond to the numbers labeled on the AFM
height image. Ordered membrane domains are taller and appear brighter compared to the
more disordered membrane domains which are lower and appear darker. Adapted with
permission from reference [14**].
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Figure6.

(A) Example of the microfluidic device used to drive a SLB moving edge. (B) Concept of
SLB driven forward from hydrodynamic force (top). Upon contract, the surface adhered
vesicle ruptures and integrates into the leading edge of the moving SLB (bottom). Adapted
with permission from reference [78] and [80]. Copyright (2008, 2011) American Chemical
Society.
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