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(57) Abstract: The present invention is directed to a method for forming a hy-
dration layer/lipid bilayer structure on a solid support by contacting a solution
comprising at least one polar lipid and a water-miscible alcohol as a solvent with
the solid support; and adding water to said solution at a predetermined rate, thus
inducing formation of a hydration layer on the solid support surface and forma-
tion of a planar lipid bilayer on the hydration layer, wherein the hydration layer
has an average thickness of at least 2 nm as well as the thus obtained solid sup-
ports with a hydration layer/lipid bilayer structure.
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HYDRATION LAYER/LIPID BILAYER STRUCTURES

Cross reference to related applications

[001] This application claims the benefit of priority of United States of America
Provisional Patent Application No. 61/929,740 filed January 21, 2014, the contents of
which being hereby incorporated by reference in its entirety for all purposes.

Field of the Invention

[002] The present invention relates to solid-supported lipid bilayer structures and
methods for their production.

Background of the Invention

[003] Phospholipid membranes on solid supports offer a two-dimensional,
biocompatible thin film that is useful for applications such as biofouling-resistant coatings,
biosensors, and cell culture platforms. In addition, single lipid bilayers or solid-supported
lipid bilayers are widely explored because they mimic the fundamental properties and
architecture of biological membranes, including thickness, two-dimensional fluidity, and
electrical insulation, and are in principle ‘suitable for hosting membrane proteins
(Sackmann, Science 1996, 271 (5245), 43-48). This makes them particularly suitable for

studies of biological membranes and molecules interacting therewith.

- [004] - Hydrophilic solid supports offer a platform to improve the stability and
lifespan of the lipid bilayer and enable - characterization” by surface-sensitive
measurement tools. I50r sensing applications, the intended goal of the platform is a key

* determinant in choosing the type of solid support, in particular with respect to both, the
material éompdsition and nanostructure. Indeed, different solid supports pi'ovide for
specific propé_rties,'such as, for example, optical transparency (e.g., glass and indium tin
oxide) or high refractive index (e.g., gold and titanium oxide). The growing numbers of
applications and researchers in this field have in turn spurred efforts to develop a simple
and general method to form supported lipid bilayers on hydrophilic substrates with

’ différent material compositions, which -is a difficult feat considering that the s'urface

properties of individual haterials vary consid,erably; ' |
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[005] There has been significant interest to develnp a simple and robust
technique for planar bilayer fabrication. At present, there are two main' techniques to
produce planar bilayers that fully coat a solid support: Langmuir-Blodgett (LB) deposition
and, more commonly, vesicle fusion. The latter involves vesicle adsorption and
spontaneous rupfure, which can occur via se\'/eralrmechanisms depending on the
experimental conditions and vesicle characteristics (Reimhult et al. Langmuir 200>6, 22,
(7) 3313-3319). ’

[006] A key feature of vesicle fusion is that planar bilayer formation typically -
occurs on a limited set of hydrbphilic substrates such as borosilicate glass (Weirich et al
Biophysicél Journal 2010, 98, (1) 85-92) mica (Egawa et al. Langmuir 1999, 15, (5),
1660-1666) and silicon oxide (Seeger et al. J of phyé Chem B 2010, 114, (27), 8926-
8933). By contrast, vesicles adsorb and remain intact on gold (Keller et al. Biophysical
Journal 1998, 75, (3) 1397-1402) titanium oxide and aluminum oxide (Reviakine et al. J
Chem Phys 2005, 122, 204711). This limitation necessitates additional optiinization of
experirnental conditions to promote vesicle ruptiire by various factors such as ionic
strength (Boudard et al. Thin solid films 2006, 495, (1-2), 246-251), solution pH (Cho et
al. Langmuir 2010, 26, (20), 15706-15710), osmotic shock as well as addition of divalent
cations or membrane active peptides. Vesicle properties can also be optimized,

including size, lipid composition, osmotic pressure and lamellarity.

[007] In spite of all these parameters and the available possibilities to tune them,
the outcome of vesicle adsorption is generally regérded as surface-specific, leading to
the forrnation of a saturated vesicle adlayer (e.g., on gold and titanium oxide) or a
supported Iipid bilayer (e.g., on silicon oxide and mica). In line with this widely accepted
knowledge in'the field, Groves et al. (Science 1997, 275 (5300), 651-653) reported that
several oxide film substrates act asv barriers which prevent the formation of‘ fluidic
supported lipid bilayers: Type | 'bérriers such as alumin‘urn oxide prevent vesicle
adsorption, while Type I )barriers such as indium tin oxide and chrome support vesicle

adsorption but the resulting phospholipid assemblies are effectively immobile.

[oo8] Several substrates, such as aluminum oxide, are known to have
appreciable surface hydration in aqueous environments that acts as a hydrophilic barrier
and hinders vesicle adsorption. The degree of surface hydration, manifesting as tightly
“bound water molecules at the solid-liquid interiace, is believed to influence the kinetics of

vesicle rupture and bilayer formation. Interfacial water on some substrates like aluminum
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oxide js reported (Tero, Materials 2012, 5 (12), 2658-2680) to be more tightly bound than
on silicon oxide, suggesting that its influence on the corresponding lipid-substrate
interaction may be even more significant. However, there has been limited attention to
understand how interfacial water contributes to the role of a barrier to vesicle adsorption.
Rather, fabrication efforts have mainly attempted to overcome the concomitantly weak
adhesion énergy by inﬁc.:brporating a vesicledesiabilizing égent (e.g., polyethylene glycol,
AH peptide) or by chemically functionalizing the aluminum oxide surface via silianization
(Lazzara et al Nano 2011, 5 (9), 6935-6944) or covalent attachment of tethered lipid
anchors (Roskafnp etal. 2008, 9 (13), 1920-1924).

[009] Mager et al.(Langmuir 2008, 24 (22), 12734-12737) reported bilayer
formation on aluminum oxide by using the bubble collapse deposition (BCD) method.
However, this fabrication process is complex and bilayers could only form in continuous
patches up to 200 pm diameter. -

- [0010] Cho et al. (2010 supra) reported the spontaneous formation of a supported
lipid bilayer on titanium oxide by changing solution pH and thus increasing the vesicle-
substrate adhesion energy. As a resulf, vesicles adsorb and remain intact at neutral pH
conditions, because there is electrostatic repulsion, whereas vesicles rupture to form a

supported lipid bilayer in acidic pH conditions due to electrostatic attraction.

[0011] Given the wide range of experimental parameters, it can be difficult to
identify the right set of conditions to generate a planar bilayer. Another drawback is that
vesicle fusion requires at least several hours including the time needed for vesicle

preparation.

[0012] ‘An alternative lipid bilayer fabrication technique uses solvent-exchange to
bypass the requirements for vesicle preparation. In this case, lipids dispersed in alcohol '
are deposited on a solid support followed by solvent-exchange with an aqueous solution
in order to promote a series of phase transitions with increasing water fraction that leads
to the formation of a supported lipid bilayer with a single lipid. Such a method has so far
only been used with a covalently tethered monolayer and/or on glass substrates - va
known substrate for supported lipid bilayer fabrication via the corﬁmonly used vesicle
fusion technique (Shenoy et al. 2010 RSC Soft Mattef, 6, 1263-1274; Hohner et al. 2010
Biointerphases 5 (1) 1-8). As lipid self-assembly on different solid supports occurs via
different mechanisms and Some substrates are known to be fully resistant to lipid
adsorption, it is neither known nor predictable if methods inspired by solvent-exchange
3
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can be used to form bilayers on other types of substrates. Current attempts have only
used lipid Solvent-e‘xchange with phospholipids. - .

[0013] Several biological molecules are critical to mimicking cell membranes. A

key example is sterols which represent a class of biological molecules different from the
phospholipids that have been used so far. Sterols have very different self-assembly
behaviors in solvent and dry systems. Indeed, phase separation of cholesterol and
phospholipid before successful bilayer formation is a key challenge to existing fabrication
methods

[0014] One sterol, cholesterol, is a principal component of mammalian cell
membranes and is inhomogeneously distributed among various membranes of the cell.
The highest concentrations of cholesterol are generally found in the plasma membranes,
in which the cholesterol concentration can approach 45-50 mol% relative to other lipids
(e.g., in erythrocytes). By contrast, intracellular membranes, e.g., in the endoplasmic
reticulum, the Golgi apparatus, in lysosomes, and mitochondrial membraneés, contain
significantly less or no cholesterol. Moreover, in a variety of diseased states, cellular
membranes accumulate high concentrations of cholesterol, thereby affecting normal
cellular function. The formation of crystalline cholesterol domains in biological

membranes at cholesterol concentrations above solubility limits can contribute to :

abnormal pathologies such as atherosclerosis.

[0015] A major way by which cholesterol modulates the-functions of a cellular

membrane is by affecting its physical properties. A wealth of previous efforts employing
model membranes esfafblish that the présence of cholesterol influences spatial
distribution of membrane -.components by promoting domain formation within single
membranes because of its differential affinity for saturated lipids> and sphingomyelin.’
Moreover, cholesterol has a strong ordering effect on membrane phospholipids by
influencing the gel to liquid-crystalline phase t?qnsitioh and altering membrane qu_idity (or- -

‘rigidity). With’i'ncreasing knowledge about the non-ideal mixing of phospholipids and

i

cholesteroal, it is becoming increasingly appafent that the structural properties and phase
behavior are strongly dependent on the type (or state) of the model membrane (e.g.,

 monolayer, bilayer, multilayer film, giant vesicle).

-[0016]-:, . Studies of supported membranes containing. high concentrations of

cholesterol are sparse presumably because of the charllenges associated with preparing
such membranes. The primary method available to form cholesterol-rich supported
4
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bilayers is Langmuir-type transfer processes that involve two successive transfers of
lipid monolayers (Crane et al. Biiophys J. 2004, 86 (5), 2965-2979). However, it is
difficnlt to produce equilibrium bilayer phases by this approach (Stottrup et al. Biophys J.
2004, 86 (b), 2942—2950) because of the lack of alignment between domains found in
the two leaflets (Stottrup et al 2004 ibid). Alternatively, vesicle fusion, another widely
used method to prepare supported bilayers, can be employed. Howevet, the
preparation of small vesicles containing high cholesterol concentrations leads to
substantial heterogeneity in the compositions of individual vesicles (Huang et al
Biomembranes —1999, 14.17, (1), 89-100), and different fusion rates of different
subpopulations of vesicles, all of which complicate the fusion process often resulting in
supported membranes, whose compositions vary significantly from the parent lipid stock
(Ibarguren et al. Biomembranes 2010, 1798, (9), 1735-1738). Moreover, supported

bilayers containing high choleste_rol fractions are difficult to prepare (Sundh et al. Phys.
| Chem. Chem. Phys. 2010, 12 (2) 453-460) because cholesterol-rich vesicles have
higher apparent transition temperatures and appreciably larger bending rigidities that
hinder vesicle formation and rupture (in some cases (Redondo-Morata et al. Langmuir
2012, 28, (35), 12851-12860) formation of discontinuous bilayer patches is reported). As
such, using the vesicle fusion method, only bilayers containing 20-30 mol% cholesterol
can be reproducibly prepared. For vesicles containing higher cholesterol fractions,
alternate approaches that facilitate vesicle rupture, such as by addition of a membrane-
. active peptide (Cho et al JACS 2007, 129, (33), 10050-1) or application of hydrodynamic
force (Simonsson et al. JACS 2011, 133, (35), 14027-32), have proven successful,
although these methods are rather complicated, require additional technical resources,

and the corresponding mechanlsms remain poorly understood.

[0017] Another drawback of known solid-supported lipid bilayers is that the

properties of the bllayer are affected by mteractuons with the underlying substrate. These

interactions may Iead to an mcreased v13005|ty and lower diffusivity of the layer facmg

the substrate. This reduces the fluidity of the bllayer and may make it more or less

immobile. Another difficulty that arises from these lnteractlons with the solid support is

: that any integral membrane protein with domains that extend beyond the hydrophilic
headgroups of the bilayer encounter steric hindrance from the substrate This affects

| protein activity, making it difficult to interpret experimental results. The development of

solid-supported lipid bilayers with greater separation distance from the solid support
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would improve reconstitution of functional membrane proteins, although the goal
remains elusive.

[0018] In view of the above, there exists a principal need for solid-supported lipid
bilayers which can mimic cellular membranes that contain high amounts of cholesterol
and which are less susceptible to interactions with the solid suppbrt as well as

alternative methods for forming them.

Summary of the Invention

[0019] Thé present iﬁvention is based on the inventors’ surprising finding that the
above need can be met by forming hydration layer/lipid bilayer Vstructurés on a solid‘
support wherein the hydration layer has an average thickness of at least 2 nm. More
specifically, it has been found that such thicker hydration layers minimize the interaction
with the underlying solid supbor_t and provide for.lipid bilayers that can accommodate
high cholesterol concentrations along with other impdrtant biological molecules.

[0020] Accordingly, in éfirst aspect, the present invention is directed to a method
for forming a hydration layer/lipid bilayer structure on a solid support, comprising the
steps of: contacting a solution comprising at least one polar lipid and optionally a sterol,
such as cholésterol, and a water-miscible alcohol as a solvent with the solid support; and
adding water to said solution at a predetermined rate, thus inducing formation of a
hydration layer on the solid support surface and formation of a planar lipid bilayer on the
-hydration layer, wherein the hydration layer has an average thickness of at least 2 nm.

[0021] Ahother_ aspect ‘of the invention relates to a solid support comprising a
-hydration Iayér/-lipid bilayer structure wherein the hydration layer has ‘an average

thickness of at least 2 nm obtainable according to the method as described herein.

[0022] Other aspects of the invention will be apparent to a person skilled in the art
with reference to the following drawings and description of various non-limiting
embodiments. ' '
- Brief description of the drawings

[0023] The drawings are not n'ecessarily drawn to scale, emphasis instead
generally being placed upon illustrating the principles of various embodiments. In the

folldwing description, various embodiments of the invention are described with reference v
to the follbwing drawings. |
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[0024] Figure 1. QCM-D Monitoring of Vesicle Fusion and SALB Methods. Af (blue)
and AD (red) are presented. (A-B) Silicon oxide, and (C-D) Gold. SALB arrows show (1) buffer,
(2) isopropanol addition, (3) lipid (0.5 mg/ml DOPC in isopropanol), and (4) buffer addition.

[0025] Figure 2. QCM-D Measurement Responées Obtained for Supported Lipid
Bilayers Formed via the SALB Procedure. (A) frequency and (B) energy dissipation signal as a
functidn of time are presénted throughout the entire process. The measurement baseline was
recorded in aqueous buffer solution, followed by solvent-exchange with isopropanol (label '1),
addition of 0.5 mg/mL POPC lipid in isopropanol solution (label 2), and solvent-exchange
returning to aqueous buffer-solution (label 3). (C) The frequency shift associated with lipid
adsorption in isopropanol solution onto the solid support is reported along with the final frequency
and energy dissipation values for supported Iipid bilayers in aqueous solution after completion of
the SALB experimental procedure. The average and standard deviation of each measurement

value are reported for n = 3 independent experiments per substrate. .

Figure 3. Observation of Fluidic Lipid Bilayers on Aluminum. Oxide. (A) Time-lapsea
fluorescence micrographs are prese"nted for a supported lipid bilayer on aluminum oxide formed
via the SALB procedure. The dark spot in the image center corresponds to the bleached spot. (B)
Normalized intensity profiles of the bleached spot on aluminum oxidé before (red squares) and
after recovery (blue circles). Panels (C) and (D) present similar results obtained for a supported
lipid bilayér on silicon oxide formed via the SALB procedure. In Panels (A) and (B), the scale bars
are 20 ym. o

[0026] Figure 4. FRAP Analysis of Supported Lipid Bilayers as a Function-of lonic
Strength. Diffusion coefficient of lateral lipid mobility is presented’ as a function of ionic strength
by varying the NaCl concentration. Reference measurements were also made for a supported
lipid bilayer on silicon oxide. The average and standard deviation of each value are reported for n
= 5 measurements.

[0027] Figure 5. Total Interaction Energy of Lipid-Substrate Interactions on Solid
Supports. Total interaction energy as a function of separation distance between a supported lipid
bilayer and aluminum oxide or silicon oxide was estimated based on extended-DLVO theory. In
the model calculations, different values corresponding to the decay length of the hydration force
were tested, including 0.25 nm on (A) aluminumroxide and (B) silicon oxide. Additional plots are

presented for (C) 0.35 nm decay length on aluminum oxide, and (D) 0.20 nm decay length on

“silicon. oxide. The graphs presented do not show the short-range, attractive interaction which

typically occurs at separation distances below 0.3 nm. The arrows (labeled ionic strength) in each

panel depict the trend in the total interaction energy.with increasing ionic strength.

[0028] Figure 6. QCcMm-D responses of planar bilayer formation on different surfaces
using vesicle spreading and SALB deposition method. (A) Frequency (top

7
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panel) and dissipation (lower panel) shifts for the adsorption of lipid vesicles to, Al,O3, Cr,
Tin-Oxide, Ti02; and Au. DOPC vesicles were added at t = 5 min after establishing the’
baseline for the frequency and dissipation in the running buffer solution (10mM Tris,
150mM NaCl, pH 7.5) (B) Frequency and dissipation shifts for lipid adsorption on to
Al,O3, Cr, Tin-Oxide, TiO, and Au using SALB deposition method. Arrows correspond to
the injection of buffer (10mM Tris, 150mM NaCl, pH 7.5) (1), isopropanol (2), lipid
mixture (0.5 mg/ml DOPC in isopropanoi) 3) and buffer (4). (C) QCM-D fréquency
changes upon lipid adsorption onto different substrates in isopropanol solution
(corresponding fo step 3 in the SALB protocol). (D) Summary of the final frequencies
and dissipations corresponding to bilayer formation on the examined substrates using
SALB method. The dashed-lines define the range of QCM-D Af and AD expected for
planar bilayer. '

[0029] Figure 7. Minimum Lipid Concentration Required for Planar Bilayer
Formation by the SALB Method. Changes in QCM (A) frequency and (B) energy
dissipation as functions of time are presented throughout the entire process. Panels (C)
and (D), representing fragments of panel (A), show in detail the frequency shift after the
~ moments indicated by arrows 2 and 3, respectively. A final change in frequency of -26

Hz (dotted line) corresponds to the formation of a complete planar bilayer.

[0030] Figure 8. Stages of Planar Bilayer Formation via SALB Method.
Epifluoreséence microscopy was performed to characterize lipid assemblies on silicon
oxide. Depending on the bulk lipid concentration, the SALB method resulted in the
formation of one of several types of lipid assemblies: (A) lipid bilayer islands at 0.05
mg-mL-1 cohcentration; (B) incomplete planar bilayer patches at 0.1 mg-mL-
1concentration; and (C) complete planér bilayer 0.25 mg-mL-1 concentration. FRAP
experiments were performed on samples presented.in pénels B and C. The left and right
images correspond to immediately and 1 min after photobleaching, respectively. '

[0031] Figure 9. Lipid Bilayer Islands observed by Atomic> Fdrce Micros_t:opy. o
Imaging was performed to characterize the morpholdgy of lipid layers on silicon oXide: _
(A) 0.05 mg-mL" lipid, and (B-1) 0.1 mg-mL" lipid. The measurements were recorded in
aqukeous buffer solution following completion of the SALB procedure. (B-2) Surface
area histograms of the area detected (C) Mesoscopic lipid bilayer fragments of non-
" uniform shape were observed and (D) corresponding histogram analysis showed that

" the height was around 4-5 nm. For 0.25 mg/mL lipid doncentr’ation, (E-F) formation of a

8
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complete planar lipid bilayer was observed, as indicated by a smooth surface. (G)A2x
2 um square segment of the Ii'pid layer was removed via AFM tip scanning and (H)

- corresponding height profile analysis immediately after removal is presented.

[0032] Figure 10. Influence of Lipid Concentration on Planar Bilayer
Formation ‘by the SALB Method. SALB experiments were performed using various
organic solvents, including isopropanol, ethanol and n-propanol, as a function of lipid
concentration. QCM-D monitoring was employed to track solvent-assisted lipid self-
assembly. The final measurement values are reported for changes in (A) frequency and
(B) energy dissipation, and (C) Adsorption of lipids in isopropanol onto silicon oxide
surface. The measurement values are presented as a function of lipid concentration
corresponding to adsorbed lipids in aqueous buffer solution following completion of the
SALB procedure.

[0033] Figure 11. Relative Changes in QCM-D Frequency and Energy
Dissipation for SALB Experiments. (A) The QCM-D measurement responses are
reported based en the final changes in frequency and dissipation for each individual
SALB experiment. Each data point is replotted from Figure 10, and represents one
individual experiment performed at different lipid concentration and starting organic
solvent. Isopropanol: circles, N-propanol: triangles, Ethanol: squares. (B) Proposed‘
Mechanism of SALB formation Process. Lipid adsorption first occurs ih organic solvent
(not shoWn). The organic solution containing lipids is then replaced by aqueous buffer
solution. On the surface, the experimental data shows that the aqueous buffer solution
promotes the formation of bilayer islands. In the solution, the aqueous buffer solution
mixes with the organic solVent during the exchange process and likely induces lipids to
form monomers and. micelles, which are typically found in solutions with intermediate
water fraction. Dependihg on the island density on the surface, different types of lipid
structures may form on the substrate due to the interaction between bilayer ielands"on
the surface and monomers/micelles in the solution: (I) Bilayer, if there is low .to
intermediate island density, then Iipids in solution can fuse writh edges of a bilayer island
and propagate bilayer expansion. In this case, the islands serve as two-dimensional
nucleation sites. (II) Wormlike micelle formation, if there is high island density, then
lipids in solution can fuse vwith the bilayer islands. Owing to the high density of islends,
three-dimensional nucleation occurs and lipids not only fuse to form a two-dimensional,

blahar,bilayer but can also form filamentous structures that project outwards from the

9
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surface. (IT) Vesicle, this case is limited to high lipid concentrations in ethanol. During
the period of mixing between aqueous buffer and lipids in ethanol, the solvent propertiés
induce vesicle formation and vesicle adsorption onto the surface causes the
characteristic QCM-D responses.

[0034] Figure 12. Effect of Organic Solvent on SALB Method. Final values are
reported for (A) Af and (B) AD. The same experimental procedure was repeated for all.
solvents.

[0035] Figure 13. FRAP Measurement of SALB Bilayers Formed in Different
Organic Solvents. False color fluorescence images (100x100 ym) of DOPC bilayers
doped with 0.5% Rho-PE. (A) Right and left images are immediately and 60 sec after
photobleaching, respectively. (B) Normalized intensity profiles show recovery. (C)
Diffusion coefficients for Rho-PE lipid. ' ’

[0036]  Figure 14. Observation of Fluidic Cholesterol-Enriched Supported
.Membranes on Glass. (A-E) Fluorescence micrographs were recorded for supported
lipid bilayers formed on a glass substrate. The precursor mixture in isopropanol solution
had a molar ratio of (100 — x) mol% DOPC lipid and x mol% Chol, and contained 0.5
wt% fluorescent Rhodamine-PE lipid; x ranged from 0 to 50 mol%. Images were
recorded immediately (top) and 1 min (middle) after photobleaching. The dark spot in the
image center corresponds to the photobleached region. The scale bars are 20 um.
Surface area histograms of individual dye-excluded domains within each samplé are

also presented (bottom).

[0037] Figure 15. Characterization of Dye-Excluded Domains by Tapping
Mode Atomic Force Microscopy. (A) AFM height mode image of a SALB-formed
supported lipid bilayer. The composition of the precursor mixture was 70 mol% DOPC
lipid and 30 mol% cholesterol. The scan size was 50 yum x 50 ym. Two line scans are -
denoted by labels 1 and 2, respgécﬁvely, and the correspohding height profiles are
‘presented below the AFM i‘mages. (B) AFM height mode image of a représentative dye-
excluded domain. The scah size was 10 ym x 10 ym. Two line scans are denoted by
labels 1 and 2, respectively. The “1” line scan was performed to determine the height
‘diff.eren(':e between the phospholipid-rich phase and dye-excluded domain.' The “2” line
scan was pérformed to detérmine the thickness of the -phoépholipid-rich phase. (C) AFM
height mode image of a lipid bilayer defect created by treatment with 1 mM MBCD. The
" image was recorded post-rinse 30 min after MEBCD application, and the scan size was 5.
10 . '
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um x 5 um. Two line scans are denoted by labels 1 and 2, respectively, and the
~ corresponding height profiles are presented.

[0038] Figure 16. Cholesterol Depletion by Methyl-8-Cyclodextrin Treatment.
Fluorescence micrograph of a cholesterol-enriched supported membrane (A) before and
(B) after treatment with 1 mM MBCD. The precursor mixture was 50 mol% DOPC and 50
mol% Chol, and contained 0.5 wt%. Rhodamine-PE. (C) Time-lapsed fluorescence .
microscopy imaging was performed in order to measure the effects of 1 mM MBCD
treatment on the lipid bilayer region in panels A and B. The total surface area of the
bilayer regioh (green color) and average fluorescence intensity (FI) of pixels in those
regions are presented as a function of time upon MBCD injection (see arrow). (D-E)
FRAP analysis on a representative MBCD-treated bilayer is presented. The precursor
mixture was 49.5 mol% DOPC, 0.5 wt% Rhodamine-PE, and 50 mol% cholesterol. In
panel D, photobleaching was performed at t = 0 min. In panel E, recovery of the
fluorescence intensity in the fluid phasé regions is observed by t =1 min.

[0039] Figure 17. Fluorescence Recovery Photobleaching (FRAP) Analysis of
‘Lateral Lipid Diffusion in Cholesterol-Enriched Supported Membranes. The
diffusion coefficient (in units pm*s™) of lateral lipid mobility is reported for supported
membranes with varying DOPC:Chol molar ratios (n = 10 measurements). FRAP
measurements wére performed before and after 1 mM MBCD treatment. Supported lipid

bilayers on glass were formed by either the SALB or vesicle fusion method.

[0040] Figure 18. Quantitative Determination of Cholesterol Fraction in
Supported Membranes. (A) The amount of cholesterol incorporated within supported
DOPC:Chol lipid bilayers on -silicon oxide was determined by QCM-D measurement.
First, the SALB procedure was performed to form supported lipid bilayers with varying
mole fractions of cholesterol in the precursor mixture (between 0 and 50 mol%).” After
bilayer formation, the QCM-D frequenéy shift was then normalized with AFrequency = 0
Hz corresponding to the supported lipid bilayer in each experiment.'1 mM MBCD was
next added (see-arrow) in order to remove cholesterol frorh the bilayer, and the observed
positive frequency shift was due to cholesterol removal from the bilayer. (B) Mole
percent of cholesterol dépleted from the bilayers prepared by the SALB method as a
function of cholesterol fraction in the p‘recufsor miXture. For comparison, identical
eXperiments were perforfned using supported lipid bilayers prepared by the vesicle
fusion method. | | | ’
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[0041] ' Figure 19. Quantitative Determination of Cholesterol Fraction in
Supported Membranes. The amount of cholesterol incorporated within supported
DOPC:Chol lipid bilayers was determined by QCM-D measurement via methyl-g-
cyclodextrin (MBCD) extraction of Chol from the bilayer. Measurements were performed
for'supported bilayers formed by (A) vesicle fusion on silicon oxide and (B) the SALB
procedure on gold. After bilayer formation, the QCM-D frequency shift was' then
normalized with AFrequency = 0 Hz corresponding to the supported lipid bilayer in each
experiment. 1 mM MBCD was next added (see arrow) in order to extract Chol from the
bilayer, and the obseriled' positive frequency shift was due to Chol removal from the
bilayer. ‘

[0042] Figure 20. QCM-D Analysis of AH Peptide-Mediated Planar Bilayer
Formation from Chblesterol-Rich Vesicles. Using QCM-D tracking, changes in (A)
frequency (AFNn=3/3, blue) and (B) dissipation (AD, red) were measured as functions of
time for vesicle adsorption onto silicon oxide. DOPC lipid vesicles containing various
molar fractions of cholesterol (between 30-50 mol%) were added at t = 5 min (see arrow
1) after establishing the measurement baselines. The dashed lines represent typical
bilayer ranges of frequency shifts, Af = -25 Hz, and dissipation shifts, AD less than 1x10°
€, Vesicles cohtaining more than 20 mol%. Chol did-not rupture and remained in;(act, and
AH peptide was added to induce vesicle rupture (see arfow 2). After bilayer formation, 1
mM methyl-8-cyclodextrin was added in order to exiract cholesterolvfrom the bilayer (see
arrow 3), although minimal effects were observed. For all experiments, measurement
baselines were recorded in the same éqheous buffer solution (10 mM Trié [pH 7.5] with
150 mM NaCl).

[0043] Figure 21. QCM-D Monitoring of the Formation of Phosphoinositol (Pl)
containing Bilayer Using the Methods. QCM-D frequency shift (Af, top panel) and
dissipation (AD, bottom panel) for the third overtone were measured as a function of time
during formation of PI (A) and PI(4,5)P2 (B) containing bilayer on 3i|icon dioxide. Lipid
mixture [0.5 mg/ml of DOPC in isopropanol with (grey curves) and without 10% PI
(black curves)] was added at t =5 min after eétablishing the baseline for the frequency
and dissipation changes. Next buffer was injectéd leading to a final Af and AD of -26 + 1
Hz and 0.3 + 0.2 x 107% respectively which 'corresponds. to a planar bilayer._
Subsequently anti-PI4P and anti-PI(4,5)P2 (5 ug/ml) was injected leading to further-

12



WO 2015/112089 PCT/SG2015/000014

decrease in Af of Pl containing bilayers. No change in the Af of pure DOPC bilayers
were observed indicating specific binding of antibodies to the Pl lipids.

[0044] Figure 22. QCM-D Characterization of Kinase Activity . Pl containing
bilayer was formed at room temperature (23 C°) by the method and incubated with (A)
Pl4Kllle and (B) PI14KIIIB at 30 C°. Finally anti-PI4P was injectéd,t’o verify enzymatic
conversion of Pl to PI4P. No binding was obs>erved for control bilayers.

[0045] Figure 23. In situ Antibody Binding to PI4P Generated by Lipid Kinase
in the Presence of Inhibitors. The procedure was performed to form DOPC supported
lipid bilayers with 10% PI in the precursor mixture. Affer bilayer formation, it was treated
with Pl4Kllla and g which were pre incubated with inhibitors for 30 min at room
temperature. The initial baseline values are the normalized frequency shifts for the
bilayers (defined as Af Bilayer = 0). The observed negative frequency shift was due to
antibody binding to the bilayer. The AF upon ahtibody binding is presented as a function
- of inhibitor concentration. For comparison, control experiments were performed in which
no inhibitor was added. h

Detailed description

[0046] Herein, the inventors demonstrate a method using solvent-assisted lipid
bilayer (SALB) formation to fabricate planar bilayers on solid supports that were formerly
found to be intractable substrates. Compared to previous strategies, the SALB method
does not require vesicles and can be performed using a.one-step procedure in Iess than
thirty minutes. In addition, it has surprisingly been found that th‘ié Method has the
advantage of forming bilayers with a thicker hydration layer between»the solid support
and the bilayer. A thicker hydration layer separating the lipid bilayer from the support
surface provides for bilayers that are less susceptible to influences from thé' solid
support- material that have pre\}iously been found to impair bilayer fluidity and the
mimicking of biological membranes. '

[0047] . The developed method described herein is suited to form a hydration
layer/lipid bilayer structure on a solid support with the hydration layer having an average -
thickness of at least 2 nm and comprises the steps of c‘onta'cting a solution comprising at
least one polar lipid and a wa{ér-miscible alcohol as a solvent with the solid support; and

adding water to said solution at a predetermined rate. The a.ddition:of water induces
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formation of the hydration layer on the solid support surface as well as formation of a
planar Iipid'bilayer on the hydration layer.

' [0048]  In various embodiments, the hydrétion layer has a thickness between 2 nm
and 4 nm, preferably between 3 nm and 4 nm.

. [0049] The term ‘lipid bilayer’, as used herein, refers to two Iéyers,of polar lipids
aligned planar on the hydration Iayer of a solid support. In said bilayer structures, the
hydrophilic headgroups are oriented such that they form the outer surfaces of the bilayer
structure and are exposed to the surrounding medium, while the hydrophobic tail groups
are oriented inwardly.

[0050] ‘ As used herein, the term ‘hydration layer’ refers to a thin layer of water on a
given support surface. Such a hydration layer typically forms a strong short range,

typically repulsive, force betwe’enr polar surfaces.

[0051] As used herein the term ‘polar lipid’ refers to any suitablé Iipidé that have
polar'prop'erﬁeé in that they have a polar or e\;en charged headgroup. The term, as uséd
herein, includes well-known lipids, such as, for example, phdspholipids, in particular
glycerophospholipids, such as phosphatidylcholine, phosphatidylethanolamine,
phosphatidic acid, phosphatidylinositol and/or phosphatidylserin, or sphingolipids. While
- these are preferred lipids, any other polar Iipid known to be suitable to form lipid bilayers
may similarly be used either individually or in combination, for example in combination
with the afore-mentioned phospholipids.

[0052] . In various embodiments the at least one polar lipid is selected from the
group consisting of phospholipids, sphingolipids, fatty acids, derivatives thereof and
cbmbinatidns thereof. In various embodiments the at least one polar lipid comprises at

least one phosphoglyceride,Apreferably a phosphatidylcholine.

[0053] ‘ S‘phingolipids that may be used in accordance with the present invention
include sphingomyelins.' These may have phosphochofine or phosphoethanolamine
head groups. ' '

[0054] Fatty acids that may be used in accordance with the present invention
include, but are not limited to, unsaturated or saturated Cioo4 fatty acids, in particular
Iaufic acid, myristic acid, palmitic ac_:id, stearic acid, arachidic acid, behenic acid, oleic

acid, linoleic acid, alpha linolenic acid, and arachidonic acid.
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[0055] In the phospholipids or sphingolipids used in accordance of the invention,
the fatty acid residues are preferably selected from myristic acid, palmitic acid, stearic

acid and oleic acid, more preferably from pélmitic acid, stearic acid and oleic acid. -

[0056] As used herein, the term ‘water—rﬁiscible alcohol’ refers to alcohols that may
be mono- or multifunctional, that are freely miscible with water, ie. do not form a
separate organic phase at any concentration ratio. Exémples of water-miscible alcohols
include, without limitation, methanol, ethanol, and propanols, such as isopropanol and n-
propanol. In various embodiments the alcohol is selected from iso'propanol, n-propanol

and methanol. In various embodiments the alcohol comprises or consists of isopropanol.

[0057] - In various embodiments the solid suppbrt is formed from a material that has
a Hamaker constant in water of at least 3 x 10%J. The Hamaker constant in water can
be taken from or determined according to Bergstrom (1997, Advances in Colloid and
Interface Science, 70, 125-169). -

[0058] Such materials that have a Hamaker constant in water of at least 3 x 102
are notoriouély difficult to form lipid bilayers thereon, as they generally have hydration
forces that are too repulsive for vesicle absorption/disruption formation of lipid bilayers. It
was surpfisingly found by the inventors that the hydration layer formed on a material that
has a Hamaker constant in water of at least 3 x 10?°J are much thicker than those
formed on other materials, the thickness typically ranging from about 2 nm to about 4 nm.
While this is problematic for lipid bilayer formation via the vesicle absorption/disruption
method, as it inhibits bilayer formation, it has been found to rather represent an
advantage whenv‘using the described method. This is due to the finding that using the
described methods a planar lipid bilayer can be formed on the thick hydration layer of
such a4material that has a Hamaker constant in water of at least 3 x 10%J, with the
resulting thick hydration layer between the support and the bilayer allowing more precise
experiments that require mimicking of _biological membranes, as the influence of the
suppdﬁ on membrane properties is minimized and membrane protein with domainsrthat
exfend beyond the hydrophilic headgroups of the bilayer can be incorporated into the
membrane without spatial restraints due to the proximity of the underlying support'in
other known systems. .

[0059] Examples of materials‘that have a Hamaker coristant in water of at least 3 x '
10J and that can support the hydration layer/lipid bilayer structure described herein -
include silver (Ag), gold (Au), aluminum oxide (Al,O3), Barium titanate (BaTiO3),
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beryllium oxide (BeO), diamond (C), cadmium sulfide (CdS), copper (Cu), magnesium
aluminate (MgAl,O,), magnesium oxide (MgO), lead sulfide (PbS), silicon carbide (SiC),'
- silicon nitride (SizN,), strontium titanate (SrTiO;), titanium dioxide (TiOy), yttrium oxide

(Y203), zinc sulfide (ZnS), zirconium oxide (ZrO,), chromium (Cr), and tin oxide (SnO).

[0060] In various embodiments the solid support is selected from silver,. gold,
aluminum. oxide, Barium titanate, beryllium oxide, diamond, cadmium sulfide, copper,
magnesium aluminate, magnesium oxide, lead sulfide, silicon carbide, silicon nitride,
strontium titanate, titanium dioxide, yttrium oxide,- zinc sulfide, zirconium oxidé,
chromium, and tin oxide. In some more specific embodiments, the solid support is
selected from gold, titanium dioxide, aluminum oxide, chromium, and tin oxide,

preferably from gold and aluminum oxide.

[0061] In various embodiments the solution comprises the polar lipid at a
concentration of about 0.1 to about 0.75 mg/ml, preferably about 0.1 to about 0.5 mg/m.

[0062] “About”, a's used herein in relation to a numerical value, refers to said
numerical value +10%, preferably +5%. For example, “about 0.1 mg/ml” therefore
includes a range from 0.09 to 0.11 mg/ml. '

[0063] It has been surprisingly found that the méthod described herein, unlike
other methods of forming bilayers, usually has an upper Iirhit for a concentration of polar
lipids in that above the upper limit, no Ionger’a lipid bilayer but other structures are
formed. Accordingly, using the method described herein, a lipid bilayer will form within

the lipid concentration range given above.

[0064] The lipid composition used for bilayer formation is not particularly limited

and may comprise a single lipid or various different I'ipids.

[0065] In various em’bo.diments, the at least one polar lipid comprises at least two
'different polar lipids. In preferred embodiments, the solution further comprises in addiﬁon
to the at Iea’st one polar lipid, another (non-polar) lipid or lipid-like component. This-
ad_ditional lipid or lipid-like component may be selected from the group consisting of
triacylglycerides and isoprenoids. In the triacylglycerides, the fatty acids may be selected
from those listed above. Preferred’isoprenoids include all steroids, particularly sterols
known as’ biological- membrane components, and more preferably include, without.
limitation, cholesterol, ergostefol, hopanol and/or phytosterol. The most preferred sterol
is cholesterol. Also contemplated are combinations of different sterols.
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[0066] - In various embodiments, the solution comprises up to 50% by weight
sterols relative to the totél lipid content, preferably cholesterol. These high sterol
- contents may result in lipid bilayer structures that have a sterol content of up to 50 mol-
% relative to the total lipid content. '

[0067] It has been demonstrated that using the described method cholesterol-
enriched bilayers can be formed, with their lipid composition reflecting thé, starting
precursor compositions. Importantly, the method described herein allows the formation
of bilayers that can incorporate sterols, such as cholesterol, at concentrations that are
more than 5 times higher than those achievable with conventional techniques for

supported bilayer formation (e.g., vesicle fusion).

[0068] In variou_s embodiments the lipid bilayer therefore comprises at least 20

mol-% sterols, at least 30 mol-% sterols, and at least 40 mol-% sterols. The mole

fractions of sterols in the formed bilayer reflect the starting precursor compositions.

Accordingly, the solution may comprise up to 20% By weight, up to 30% by weight, up to -
40% by weight up to 50% by weight, or up to 60% by weight sterols relative to the total

lipid content.

[0069] In all the above embodiments, the sterols preferably include cholesterol. In

various embodiments, cholesterol is the only sterol used.

[0070] In various embodiments, the solution further comprises peptides or proteins
that can associate with or insert into the formed lipid bilayer. The proteins may be
'inte'gral or peripheric membrane. proteins, with the former including transmembrane
proteins. The proteins can interact with the formed lipid bilayer by specialized Iprotein
structures, sUch as transmembrane domains or other structural motifs that can interact
with or insert into the lipid bilayer, or by modifications, in particular lipid modifications,
such as farnesylation o_f geranylgeranylation. In various embodiments, the proteins are
naturally occurring proteins or fragments or variants thereof that are to associate with the
formed lipid. bilayer, for example for the characterization of their properties and:
‘ functionality'.‘ In various embodiments, the protein ié a phosphatidylinositol-related
~ protein or enzyme, preferably a phosphatidylinositol-4,5-bisphosphate-3-kinase (PI3K).

[0071] | Typically, these enzymes are. very hard to study because
- pho'sphatidylinositolsare difficult to incorporate in lipid bilayers. They are widely involved

_in biological signaling' pathways and carry a high negative' net electrical charge.
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Accordingly, -vesicles or membranes containing phosphatidylinositols havé a strongly
negative surface charge that hinders Ivipid-substrate interactions due to high electrostatic
repulsion. Hence, it is very difficult to form supported lipid bilayers containing
phosphatidylinositols by conventional fabrication techniques and those formed have poor
quality, which is insufficient for applications testing.

[0072] In various embodiments the alcdhol solution is essentially non-aquéous.
“Essentially non-aqueous”, as used in this context,> means that in various embodiments
the solution before the step of adding the water contains less than 40 % by weight,
preferably less than 25 % by weight, more preferably less than 10 % by weight, most
preferably less than 2% by weight water.

. [0073] In various embodiments the water is added in form of an aqueous solution; '

preferably a buffered aqueous solution.

[0074] In various embodiments the buffered aqueous solution may include salts
such as sodium chloride, calcium carbonate or any other such salt and/or buffer
compounds such as but not limited to N,N-bis(2-hydroxyethyl)glycine, N-
tris(hydroxymethyl)methylglycine,  dimethylarsinic ~ acid, sodium  citrate,  3-
{[tris(hydroxymethyl)methyl]émino}propanesulfonic acid, tris(hydrbxymethyl)methylamine,
3-[N-Tris(hydroxymethyl)methylamino]-2-hydroxypropanesulfonic acid, 4—2—hydrdxyethy|-
1-piperazineethanesulfonic  acid, 2-{[tris(hydroxymethyl)methyl]amino}ethanesulfonic
acid, 2(R)-2-(methylamino)succinic acid, 3-(N-morpholino)propanesulfonic acid,
piperazine-N,N"-bis(2-ethanesulfonic acid), 2-(N-morpholino)ethaniesulfonic acid or any
other suitable buffer compound. While the buffers may in general have pH values in the
range of 2 to 11, it is preferred that the buffer compound used.is suited to maintain the
pH of the aqueous solution is within a rahge of 3-9 more preferably within a physiological

range. Preferably, in various embodiments, the pH of the aqueous solution is in the
" range of between 7.0 and 7.8, preferably about 7.4. |

[0075] Another aspect bf the invention relates to a solid support comprising a
hydratioh layer/lipid bilayer structure wherein the hydration layer has an average
thickness of at least 2 nm, wherein said solid support is obtainable according to the
method as described herein. Other known methods of forming lipid bilayers on
intractable solid supports provide for a thinner hydratibn layer between the solid support |
and a bilayer and may even require tuning the hydration force such that the resulting
" hydration layér is thinner than 2 nm. In contrast to these existing methods, the method
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described herein results in a hydration layer/lipid bilayer structure wherein the hydration

layer has an average thickness of at least 2 nm. As described above, the increased

- hydration layer thickness provides for numerous advantages of the obtained structures,

including provision of a more suitable environment for hosting transmembrane proteins.

 [0076] In the solid supports of the invention, the lipids used for bitayer formation
and making up the final bilayer structure are identical to those described above in
connection with the inventive methods. Similarly, the solid support materials used are

the same that have been described above in relation to the methods of the invention.

[0077] As also described above, in various embodiments the lipid bilayer
comprises sterols, preferably cholesterol, in particular at concentrations of up to 20, 30,
40, 50, or 60 mol-%.

[0078] By "comprising” it is meant including, but not limited to, whatever follows
the word "comprising". Thus, use of the term “comprising" indicates that the listed
elements are required or mandatory, but that other elements are optional and may or

may not be present.

[0079] By "consisting of" is meant including, and limited to, whatever follows the
phrase "consisting of". Thus, the phrase "consisting of" indicates that the listed elements

are required or mandatory, and that no other elements may be present.

[0080] | The inventions illustratively described herein may suitably be practiced in
the absence .of any:element or elements, limitation or limitations, not specifically
disclosed herein. Thus, for example, thé terms "comprising”, “iﬁcluding", "containing", etc.
shall be read expansively and without limitation. Additionally, the terms and expressions
employed-herein have been used as terms of description and not of limitation, and there
is no intention in the use of such terms and expressions of excluding any equivalents of
the features shown and described or portions thereof, but it is recbgnized that various
modifications are possible within the scope of the invention claimed. Thus, it should be
understood that although the preseht invention has been specifically disclosed by
preferred embodiments and optional features, modification and variation of the
inventions embodied therein herein disclosed may be resorted to by those skilled in the -

‘ art, and that such modifications and variations are considered to be within the scope of
this invention. | ' ' '
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[0081] The invention has been described broadly and generica‘lly herein. Each of-
the narrower species and sub-generic groupings falling within the generic disclosure also
form part of the invention. This includes the generic description of the invention with a
proviso br negative limitation removing any subject matter from the genus, regardless of
whether or not the excised material is specifically recited herein. |

[0082] Other embodiments are within the following claims and non-limiting

examples.
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Examples

Example 1: Formation of a hydration layer/lipid bilayer on oxidized gold

[0083] Lipid Preparation.

[0084] Zwitterionic lipid, 1,2-dioleoyl-sn-gchero-3-phosphochbliné (DOPC), ahd’
fluorescently labeled lipid, 1,2-dio|eoy|-sn-gchero-3-phos;5hoethanoIamine-N-(Iissamine
rhodamine B sulfonyl) (ammonium salt) were purchased from Avanti Polar Lipids
(Alabaster, AL).. Extruded- vesicles were prepared using 50 nm pore, polycarbonate
membranes and 10 mM Tris buffer (pH 7.5) with 150 mM NaCl, as previously described.
For SALB experiments, dried lipids were dissolved in the appropriate solvent at 10
mg/ml lipid énd diluted before experiment.

[0085] - Quartz Cryétal Microbalance-Dissipation (QCM-D). A Q-Sense E4 (Q-
Sense AB, Gothenburg, Swedeh) instrument was used to monitor the lipid deposition
process in real time. Changes in the resonance frequency and energy dissipation of a 5
MHz AT-cut piezoelectric quartz crystal were captured at the 3rd, 5th, 7th, 9th and 11th
overtones, respectively. All measurements were done under flow-through conditions at a
flow rate of 50 uL/min, by using a Reglo Digital peristaltic pump (Ismatec, Glattbrugg,
Switzerland). The experimental temperature was fixed at 24.0 + 0.5°C. All surfaces were
treated with okygen plasma at v1 80 W for 1 min (March Plasmod Plasma Etcher, March

Instruments, California) immediately before use.

[0086] Planar bilayer formation on gold has v'been difficult to achieve. On gold,
vesicles typically adsorb and do not rupture. As demonstrated in Figure 1C, vesicle
addition onto the gold surface led to the formation of a layer of intact vesicles (Af and AD
of =150 Hz and 7.5 x 107, respéctively). At presentr, the only method available to form
planar bilayers on gold is to add a specific amphipathic, a-helical (AH) peptide that is
. known to in_dube vesicle rupture (Cho et al. JACS 2007, 129, (33), 10050-10052). Based
on the afore_rhentioned experimental -results on silicon oxide, the SALB method has
several potential advantages to form bilayers on gold. It does not require ‘vesicles and
the bilayer properties appear to be equivalent independent of whether vesicle fusion or
SALB was employed. '

[0087] Strikingly, in contrast to the results observed with vesicle fusion, planar
bilayer formation was observed on gold by using the SALB method (Af and AD of -26
~ Hz and 0.3 x 107, respectively). (Fig. 1D). Lipid adsorption in isopropanol prior to bilayer
' ' 21 : :
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formation was also observed. As gold is intractable to spontaneous vesicle rupture, this
finding supports that adsorbed lipids in isopropanol undergo a structural tra;r-lsformati(jn”
- to directly form a planar bilayer on the substrate. Compared to existing bilayer fabrication
strategies on solid supports in géneral and gold in particular, the SALB method is much

simpler and takes advantage of how lipids self-assemble in different solvents.

‘Example 2: Formation of a lipid bilayer on siliifon oxide

. [0088] For - vesicle _fusion, characteristic two-step adsorption kinetics were-
“observed (Fig. 1A) as is known in the art. The first step involved vesicle adsorption until
reaching a critical coverage,— as denoted by maximum changes in the QCM-D
measurement signals (Af and AD of 60 Hz and 4 x 10°, respectively). The critical
coverage denotes the point whereupon the combination of vesicle-substrate and vesicle-
vesicle interactions ,becomesA suffici’e'nt to cause vesicle rupture. The following step
involved vesicle rupture, including the release of coupled solvent from inside the vesicles.
This caused a decrease in adsorbéd mass and final changes consistent with a pianar
bilayer10 (Af and AD of -26 Hz and 0.1 x 107%, respectively).

[0089] - SALB experiments were conducted on silicon oxide with QCM-D monitoring
(Fig. 1B). Onéé the SALB procedure was finished as described above, the values were
consistent with previous QCM-D responses for planar lipid bilayer formation on silicon ’
oxide10 (Af and AD of ~26 Hz and 0.2 1078, respectively). Interestingly, lipid deposition
in organic solvent was observed (Af and AD of —5.2 Hz and 0.1 x 107%, respectively). It is
currently understood that lipids form inverted hexagonal micelles in isopropanol, which
suggests the structural transformation of these structures into a planar bilayer. The black,
dotted curves refer to a control experiment that was performed using an identical
procedure, albeit without lipid. At step 3, there was no change in measurement signal for
the control 'experiment, further sdpporti_ng that lipid adsorption in organic solvent occurs.
Moreover, the final measurement values in the control experiment were equivalent to the
baseline. The control eXperiment supports that no lipid mass was adsorbed onto the -
substrate and fhat the final changes in measurement values associated with bilayer
formation uponrstabilization at each step are due to lipid adéorption. Overall, the findings

support that, on silicon oxide, planar lipid bilayers can be formed by using both methods.

[0090] The Hydré}ion layer of the silicon oxide is calculated to be about 1nm and
that of gold is calculated to be 2.5nm. The larger hydration layer formed on gold is able
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to support experiments involving incorporated membrane protéins as described below.
Using this solvent-assisted lipid bilayer (SALB) approach, the formation of a supported
lipid bilayer was formed on gold. Interestingly, the hydration mass for a supported lipid
bilayer on gold was measured to be greater than for -é bilayer on silicon oxide, which
suggests that surface hydration inhibits vesicle rupture on gold. Similar reasoning has
been offerred tb ‘explaih the case of titanium oxide, and supported by extended-DLVO
model calculations which indicate that the hydratibn force ié a governing parameter to

influence the lipid-substrate interaction on titanium oxide.

Example 3: Formation of a hydration layer/lipid bilayer on aluminum oxide.

[0091] SALB formation method is based on solvent-assisted lipid self-assembly
~ when lipids in alcohol are deposited on a substrate and then solvent-exchange is
performed leading to an increése in the water fraction. As the water fraction increases,
lipids attached to the surface and fn solution undergo a series of phase ftransitions
eventually forming a supported lipid bilayer. Notably, the adhesion energy needed to
stabilize a supported lipid bilayer on aluminum oxide is likely much less than that
required for adsorbed vesicles to rupture, and the SALB procedure therefore offers a

solution to bypass the high contact energy requirements of vesicle rupture.

[0092] Hence, a supported lipid bilayer was formed on Aluminum oxide at pH 7.5

via the SALB procedure. Figure 2A-B presents representative QCM-D measurement

traces for SALB experiments on aluminum oxide. Similar experiments were also

performed on silicon oxide for comparison. A measurement baseline was first fecorded ,
in aqueous buffer solution (10 mM Tris buffer [pH 7.5] with 150 mM NacCl), followed by

exch'ange with isopropanol solution at t =5 min. Afterwards, 0.5 mg/mL POPC lipid in

isopropanol was deposited onto the substrate at t = 20 min, and lipid attachment

reached equilibrium. On aluminuh oxide, lipid attachment in isopropanc')l corresponded

to a -3.8 £ 1.1 Hz frequency shift. By‘contrast, on silicon oxide, lipid attachment resuited
in a -5.9 + 0.3 Hz frequency shift which indicates a greater amount of attached lipid to

silicon oxide. ’ ' '

[0093] After lipid attachment in isopropanol, a solvent-exchange step was
performed at t = 30 min in order to reintroduce aqueous solution (without lipid) and
complete the SALB propedure. The final frequency and dissipation shifts are reported’in

Figure 2C. On aluminum oxide, the final frequency and energy dissipation shifts-were -
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375+ 07Hzand 1.2 £ 0.3 x 1078, respectively. By contrast, on silicon oxide, the final
frequency and energy dissipation changes were -26.2 £ 0.6 Hz and 0.3 = 0.1 x 10,
respectively, which are in agreement with past measurements. In orderf to determine if
the lipid layer on aluminum oxide was globally homogenous, the nonspecific adsorption
. of ‘bovine serum albumin was found to be negligible and conclude that the lipid layers on -

aluminum oxide are greater than 97% complete.

[0094] One possible explanation for the difference in measurement values on the
two substrates js a thicker hydration layer on aluminum oxide. Assuming that the
difference in the frequency shifts between the aluminum oxide and silicon oxide cases is
due to coupled solvent in the hydration layer and that the density of this solvent is
equivalent to liquid water (1 g/cm®). By applying the Sauerbrey relationship, it was
estimated that a 1 Hz shift deviation is due to a 0.177 nm thicker hydration layer. The
hydration layer for a supported lipid bilayer on aluminum oxide would be ~2.1 nm thicker
(~12 Hz shift difference) than on silicon oxide. This estimated rang‘e is consistent with
previous atomic force microscopy (AFM) thickness measurements for supported lipid
bilayers on aluminum oxide (~6.5 nm) and silicon oxide (~4.6 nm) with similar chain-
length lipids under nearly equivalent pH conditiens. Hence, the QCM-D measurement
values indicate that a supported lipid bilayer is formed on aluminum oxide by using the
SALB approach.

FRAP Analysis of Supported Lipid Bilayer on Aluminum Oxide

[0095] To further investigate the properties of supported lipid bilayers formed by -
the SALB procedure, fluorescence recovery after photobleaching (FRAP) measurements
were determined. For these experirﬁents, 0.5 wt% fluorescently labeled Rhodamine-
DOPE Iibid was included in the precureor mixture in isopropanol in order to visualize the
supported lipid bilayers. After completion of the SALB procedure, the ionic strength of
the solution was varied by titration and FRAP measurements were recorded at eech :
ionic strength condition. Lateral lipid diffusion was obeerVed for the supported lipid
bileyer on aluminum oxide, as indicated in representative FRAP snapshots presented in
Figures 3A. At 100 mM.ionic strength, the diffusion coefficient of the supported lipid
>bilayer on aluminum oxide was 0.76 + 0.19 pum?s, which is in agreement with previous
diffusion coefficients (0.62 + 0.21 pm?/s) obtained for lipid bilayer patches on aluminum
‘oxide formed by the BCD method under nearly identical ionic strength and pH conditions.A

- Figure 3B presents normalized fluorescence intensity traces of the bleached spot and
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the mobile fraction-was ~86%, which is also in agreement with previous measurements.
The calculated diffusion. coefficient‘and mobile fraction are lower those that typically
obtained on silicon oXide, and. this difference has been attributed to stronger
hydrodynamic coupling. Previous NMR studies on oxide nanoparticles also indicate that
water near-an aluminum oxide surface is less mobile than that near a silicon oxide
Surfa_ce. By contrast, at 100 mM ionie strength, the diffusion coefﬁcient and mobile
fraction of the supported lipid bilayer on silicon oxide are 2.28 + 0.15 pum?%/s and >90%,
which are in agreement with literature values. On both substrates, the FRAP
measurement results are also reported as a function of ionic strength by varying the
NaCl concentration (Figure 4). For aluminum oxide, the diffusion coefficient increased
with increasing ionic strength along with the mobile fraction (> 90%). At 50 mM NaCl, the
diffusion coefficient was 0.70 + 0.20 pm?/s, whereas it increased to 1.43 + 0.20 pm%s at
1000 mM NaCl. Hence, depending on the ionic strength, the diffusion coefficient varied
by up to two-fold for a supported lipid bilayer on aluminum oxid'e.'By'contrast, on silicon
oxide, the diffusion coefficient of a supported lipid bilayer was largely independent of the
ionic strength, maintaining a value around 2.4 pm?/s. While the specific effects of ions on
the hydration force is complex and multifactorial, the different effects of ionic strength for '
bilayers on the two substrates observed suggest that ionic strength influences properties
of the hydration layer which couples the bilayer to the substrate, rather than the lipid
bilayer itself. That is, the properties of the hydration layer for supported lipid bilayers on
the two substrates appear to vary and strongly influence the fluidic properties of the lipid
bilayer.

Extended-DLVO Model Analysis of Lipid-Substrate Interaction

[0096] The hydration layer between the supported lipid bilayer‘and the substrate
can also be viewed as the cumulative effect of the forces stabilizing the system. From
- this viewpoint, the bilayer and substrate are treated as two parallel planes and the
'e'qdilibri'um separation distance (i.e., hydration layer thickness) corresponding to the
minimum total interaction energy between the -two planes is calculated by.using an
extended DLVO-type model that takes into account the van der Waals, double-layer
electrostatic, and hydration forces. The nydration force is a short-range repdlsive force
between two hydrophilic surfaces and may be represented es an exponential decay
" function with a characteristic decay length, AO, that describes the range of the hydration

interaction energy.
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[0097] The QCM-D measuremerit values from the SALB experiments show that
the supported lipid bilayer on aluminum oxide has a relatively thicker hydration layer,

- which is due to confined interfacial water indicative of a strong hydration force.

[0098] In Figure 5, the total interaction energy is presented as a function of
separation distance for supported lipid bilayers on aluminum oxide or silicon oxide at
varying decay lengths of the hydration force. In the calculations, the decay length is )
treated as the free parameteri and it is assumed that the supported lipid bilayer has an
equivalent hydra,tio'n force on the two substrates. At 0.25 nm decay length, it is observed
. that the equilibrium separation distance for a supported lipid bilayer on aluminum oxide
is predicted to be 1.97 nm and the cer_responding total interaction energy decreases with
increasing ionic strength from -36 pJ/m? to -29 pJ/m? (Figure 5A). By contrast, on silicon
oxide, a supported lipid bilayer is predicted to have an equilibrium separation distance of
2.41 nm at high ionic strength and the corresponding total interaction energy is around —
7 pJ/m? (Figure 5B). Under low ionic strength conditions, the lipid-substrate interaction is
predicted to be energetically unfavorable. From these results, c_)he would predict that a
supported lipid bilayer on silicon oxide has a greater separation distance than a bilayer
on aluminum oxide. However, this prediction is not consistent with the experimental
evidence (obteined herein), suggesting that the assumption that the decay Iengthe of the
hydration force on the two substrates are equivalent is invalid. Rather, it appears that the

decay length of the hydration force varies on the two substrates.

[0099] ~ Based on these preliminary conclusions, the calculations were adjusted in
order to be more consistent with experimental measurements of the bilayer thickness
(i.e., 2 nm thicker on aluminum oxide than silicon oxide, which is attributed to confined
interfacial water). In order to do so, decay lengths which provide experimentally
reasonable estimates of the equilibrium separation distance were selected. In particular,
- the total interaction energy for a supported lipid bilayer on aluminum oxide was
estimated for a decay length of 0.35 nm, yielding an equilibrium separation distahce of
3.33 nm and a total interaction energy around —13 pJ/m? (Figure 5C). The separation
distance is compatible with the expected hydration layer thickness on aluminum oxide
films based on the QCM{D measurement results. Likewise, for a supported lipid bilayer
on silicon oxide, a decay length of 0.20 nm was used and a separation distance of 1.73
nm is predieted along wjth a total interaction energy around —13 pJ/m? (Figure 5D).

Taken together, the ex’iended-DLV_O model calculations demonstrate that the range of
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- the hydration force for a supported lipid bilayer on aluminum oxide is appreciably greater
than for a lipid bilayer on silicon oxide. "

[00100] In summary, the extended-DLVO model calculations support that the
hydration force for a supported lipid biiayer on aluminum oxide is comparatively stronger
than for a bilayer on silicon oxide. The results highlight the utility of the SALB method to
fabricate lipid bilayer coatings on solid supports with high surface hydration. Indeed,
while a strong hydration force increases the challenge of bilayer fabrication, it also
confers possible advantages by stabilizing lipid bilayers-with thicker hydration layers due
to the confined interfacial water.

[001 01] 'Comparedfto supported lipid bilayers on silicon oxide, bilayers on aluminum
oxide had ‘appreciably thicker hydration layers. FRAP measurements further support that
the hydration layer on aluminum oxide is tightly coupled to the substrate and in turn
leads to hydrodynamic co'upling with ‘the bilayer, as reflected in a lower diffusion
coefficient in this case than for bilayers on silicon oxide. The hydration force of a
supported lipid bilayer on aluminum oxide has a much greater decay length, which
means that the hydration force has a longer range likely due the confinement of water
molecules at the interface. Consequently, the hydration force has an important. steric
factor that contributes to its repulsive nature by retarding the other interfacial forces,
most notably the van der Waals force. As demonstrated herein, this issue can be
overcome for lipids by using the SALB approach to deposit lipids in alcohol, followed by

solvent-exchange to spontaneously form the supported lipid bilayer.

Example 4: Formation of a hydration layer/lipid bilayer on a range of substrates

[00102] SALB experiments were conducted on a range of substrates incIuding
aluminum oxide (Al,Os), chromium (Cr), tin oxide (SnO), titanium oxide (TiO), and gold
(Au). Figure 6 compares the method on the different substrates. A lipid bilayer was
fc'>rmed‘on all the substrates. 7 '

Example 5: Establishment of a lipid range
[00103] It is generally accepted in the art that if a lipid bilayer forms with a method -
at a minimum lipid concentration that it will form for any concentration above the

minimum and thét the rate will be féster at higher lipid concentrations. Contrastingly, it

was observed that there were strange formations that resulted at higher lipid
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concentration in various experiments mentioned herein. It was apparent that a bilayer
only forms using this method within a range of lipid concentration. The range was
established as follows.

Quartz Crystal Microbalance-Dissipation.

[00104] A Q-Sense E4 (Q-Sense AB, Gothenburg, Sweden) insfrument was
employed to monitor Changes in the resonance frequency (Af) and energy dissipation
(AD) of a 5 MHz, AT-cut piezoelectric quadz crystal, as previously described. The
measurement data was collected at the n=3-11 overtones, and the reported values were
recorded at the third overtone‘ number (Afn=3/3). All QCM-D experiments were
performed under flow-through conditions at a flow rate of 50 ,uL-min'1 using a peristaltic

pump (Ismatec Reglo Digital). The temperature of the flow cell was fixed at 24.00 +
0.5°C.

Epifluorescence Microscopy

[00105] Fluorescence imaging experiments were performed using an inverted
epifluorescence Eclipse TE 2000 microscope (Nikon) equipped with a 60x oil immersion
objective (NA 1.49), and an Andor iXon+ EMCCD camera (Andor Technology, Belfast,
Northern Irelénd) camera. The acquired images consisted of 512 x 512 pixels with a
pixel size of 0.267 x 0.267 um. Rhodamine-rhodified phospholipid (0.5 wt%) was
incorporated within the lipid mixtures in order to visualize the lipid assemblies. The
samples were illuminated by a TRITC (rhodamine-DHPE) filter set with a mercury lamp
(Intensilight C-HGFIE; Nikon Corpofation). |

Fluorescence Recovery After Photobleaching (FRAP) Measurements

[00106] Lipid mobility in the bilayer was measured by FRAP. After bilayér formation,
a circular spot (d =30 ym) was photobleached by a-532 nm, 100 mW laser beam. 'I_'he'
bleaching time was ~5 sec. The reéovgw was followed for 60 sec by time-lapse
- recording with 1 sec interval. FRAP data was analyzed using the Hankel transform
method.

Atomic Force Microscopy.

[00107] An NX-Bio atomic force miCroécope (Park Systems, Suwon, South Korea),
combined with an Eclipse Ti optical microscope (Nikon, Tokyo, Japan), was employed to

image SALB samples with contact mode imaging. A fresh silicon nitride, ultra sharp,
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AFM tip (umesh, USA) was treated with oxygen plasma (Harrick Plasma), for 5 min, and
sequentially rinsed with ethanol (70%), ultrapure water, and ethanol (70%) before drying
- with a gentle stream of nitrogen gas. Experiments were performed in an acoustic
enclosure (Park Systems) with a temperature controller set at a constant temperature of
25°C. AFM imaging was performed on SALB samples immediately after QCM-D
experiment and post-rinsing with 10mM Tris buffer (150mM NaCl, pH 7.5). | |

[00108] | A typical SALB experiment was performed as follows (figure 1B and 1D):
first, buffer (10mM Tris,. 150mM NaCl, pH 7.5) was injected into the QCM-D
measurement chamber in order to establish the baseline for the frequency and
dissipation signals. After 15 min stabilizatioh, the organic solution (i.e., isopropanol) was
injected (arrow 1), which leads io a dramatic shift in the baseline after a short transient
change. During this stage, the solution does not contain lipid and the observed dramatic
shift in the baseline is solely due to the density and viscosity difference bétween
isopropanol and the buffer. After 15 min additional stabilization, a freshly prepared.
isopropanol solution containing the desired concentration of DOPC lipid was injected
(arrow 2), which led to a decrease in the frequency due to adsorption of lipid at the
surface. No changes in the dissipation were observed in this stagé. At the final stage
(arrow 3), the'lipid solution (isopropanol + lipid) was replaced by aqueous buffer solution.

[00109] Using the SALB protocol, the minimal lipid concentration required to form a
planar bilayer on silicon oxide was determined (Figure 7). Three concentrations of
DOPC lipid in isopropanol solution were selected: 0.05, 70.1 and 0.25 mg-mL-1.
Independent of lipid concentration, there were general trends in the changes in
frequency (Fig. 7A) and energy dissipation (Fig. 7B), suggesting that the changes
occurred predominately due to the different solvent properties, including v.iscoSity and
density. In particular, a linear dependence was observed, a + bc (a and'b' are constants), .
- of the lipid-induced fréquency shift on Iipid‘ concentration, ¢, in solution (Fig. 7C). This
$hift is expected to be approximately proportional to the amount of adsorbed lipid.
Furthermore, after the buffer replaced the isopropanol, the final changes in the QCM-D
measurement signals varied depending on the lipid concentration (Fig. 7D). At 0.05
mg:mL-1 lipid, bilayer formation was not successful, as indicated by final changes.in
frequency and energy dissipation.of -3 Hz and 0.07 x 10°®, respectively. This frequency
shift is slightly lower than that observed after the lipid-isopropanol mixture injection (Fig.

7C), i.e., a part of the lipids seems to leave the surface when the isopropanol solution is
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replaced with aqueous buffer solution. Based on the Sauerbrey relationship between the
change in frequency and adsorbed mass, the final mass of adsorbed lipids corresponds
to 12% of the mass which is required to form a complete bilayer. At 0.1 mg-mL™" lipid, the
final changes in frequency and energy dissipation were -19.2 Hz and 0.3 x 10%,
réspeqtively, which corresponds to a bilayer which is between 75 - 80% complete. By
contrast,> ét 0.25 mg:mL" lipid, the final changes in frequency and energy dissipation :
were -25 Hz and 0.2 x 10, respectively. These values are consistent with complete
bilayers formed at higher lipid concentrations as well as by the vesicle fusion method.

[00110] Epifluorescence microscopy images were also recorded in order to
characterize the lipid assemblies in° aqueous solution after formation by the SALB
method, as shown in Figure-8. For each lipid concentration, the left and right images are
representative of the lipid assembly immediately after photobleaching and one min
fhereafter, respectively. At 0.05 mg-mL™" lipid concentration, isolated lipid structures were
observed on the substrate, with relatively low surface coverage (Fig. 8A). At 0.1 mg-mL"”
lipid concentration, there were microscopically homogenous bilayer patches although the
bilayer was not microscopically. homogenous across fhe entire- field of view (100 pm x
100 pm) (Fig. 8B). As with 0.05 mg-mL"" lipid concentration, there were also smaller lipid
structures visible on the substrate. At 0.25 mg-mL-1' lipid concentration, a
microscopically homogenous lipid structure was formed and fluorescence recovery after
photobleaching (FRAP) analysis indicated a diffusion coefficient of 2.5 um?s™ (Fig. 8C),
well within the expected range for a fluid, planar bilayer. Collectively, the epifluorescence
midroscopy results are consistent with the QCM-D m_easurementé, and suggest that the
SALB formation process involves a bilayer growth mechanism that starts with isq_lated
lipid structures on the solid support. '

[00111] Atomic force microscopy (AFM) was used in order to determine the
morphology of the isolated lipid structures observed in aqueous buffer solution at 0.05
and 0.1 mg?mL-1 lipid concentrations: A clue pointing to the mechanistic importance df
these lipid structures is that they were also present when incomplete bilayers wére
formed. To prepare samples for AFM imaging, SALB experiments were performed on
silicon oxide in the QCM-D measurément chamber. After completion of an SALB
experiment at the desired starting lipid concentration, the SALB substrate was
‘transferred to the AFM measurement chamber. This approach allowed us to establisha
correlation between the AFM and-QCM-D experimental results. At 0.05 mg-mL-b1 lipid,
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there was a final change in frequency of -2 I-'Iz,vand AFM height profile analysis identified
lipid structures with approximately 200 to 300 nm diameter and a height of around 4-5
- nm (Fig. 9A). Previously, X-ray diffraction studies ha\;e measured that the DOPC bilayer
thickness is approximately 3.6 nm. Considéring that an ~1 nm hydratioh layer stabilizes
a planar bilayer on silicon oxide, the measured thickness is cpnsistent with the structures
- being planar bilayer islands. At 0.1 mg-mL-1 lipid, there was a final change in freqUency
of -6 Hz. AFM height profile analysis indicated the presence of structures with
approximately 200 to 300 nm diameter and 8 to 10 nm height (Fig. 9B). These structures
may likely be double bilayer islands. The size-equivalence with respect to diameter
between the single and double bilayers suggests there is a line tension which regulates
the size of the small Iipid islands in the absence of sufficient lipid to propagate bilayer
growth and completion. For 0.1 mg/mL lipid, mesoscopic lipid bilayer fragments of
'nonuni_fofm shape were obsérved with similar height characteristics (Fig. 9C-D). The
size ranges of the isolated lipid structures formed at 0.05 and 0.1 mg/mL lipid
concentrations, respectively, support that the difference in absolute mean fluorescence
intensity of diffraction-limited spots in each case is primarily due to variation in the
surface area of planarv_bilayer fragments. For 0.25 mg/mL lipid, a complete planar bilayer '
was formed based on the appeafance of a smooth homogenous surface (Fig. 9E-F). To
confirm the formation of a planar bilayer, a 2 x 2 ym square segment of the lipid layer
~ was removed by AFM tip scanning and the corresponding height changes indicated that
the lipid structure has a thickness of around 4-5 nm (Fig. 9G-H). Accordihg to previous
X-ray diffraction studies, the DOPC lipid bilayer thickness is approximately 3.6 nm.
| Considéring that a ~1 nm-thick hydration layer stabilizes a planar bilayer on silicon oxide,

the thickness measured is consistent with planar bilayer structures.

[00112] The effect of lipid cdncentration on the finél outcomes of the SALB
experiments was also inv’éstigatéd over a wider lipid concentration range up to 5 mg/ml
lipid and in different organic solvents (isopropanol, ethanol and n-propanol), as .
presented in Figure 10. The ‘corrésponding adsorption kinetics of lipids in isopropanol
are shown ih the supporting information (Fig. 10C; for the other solvénts, the results are
similar). The QCM-D-measured characteristics of the lipid structures obtained in the end
of fhe SALB procedure are presented in Fig. 10. The reporfed values correspond to the
ﬂh’al measurement after co'mpletion of the SALB procedure, i.e., to the lipids on silicon
oxide in aqueous buffer 'soluti'on. ‘Bilayer formation was defined based on final changes
in frequency and energy dissipation between -25 and -30 Hz and less than 0.5 x 107,
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respectively. The optimal lipid concentration range to form planar bilayers was
determined to be between 0.1 and 0.5 mg-mL" Iargely independent of the type of
" organic solveni. Interestingly, at higher lipid concentrations (2 mg-mL™ or greater), there
were significant deviations in the final measurement responses, as compared to typically
~expecteci values for planar bilayers.

[00113] During the SALB procedure, within the tested iipid concentration range
(between 0.1 and 5 mg-mL™), the lipid adsorption process rapidly reached steady state,
and there was a linear dependence, a + be (Figs. 7C), between the amount of adsorbed
lipid in organic solution and the lipid concentration in bulk solution. The observation of
steady state indicates either saturation of the overlayer or equilibrium between the
solution and overlayer. Equilibrium would be the expected reason but saturation was
also investigated. In both cases, the finding that the uptake is linear and is appreciable
can hardly be explained by assuming that the size of inverted micelles is independent of
lipid concentration and using conventional models of adsorption kinetics. Iri other words,

this finding indicates the inverted micelle size depends on lipid cencentration).

[00114] In isopropanol and n-propanol, high lipid concentrations led to the formation
of lipid structures that had changes in frequency within the range of a planar bilayer (-25
+ 10 Hz), albeit with large changes in energy dissipation up to 12 x 10° (Fig. 10,
isopropanol and n-propanol). A small change in frequency and coriesponding large
change in energy dissipation has not been generally observed in surface-adsorbed lipid
assemblies in aqueous buffer solution (e.g., intact vesicles, planar bilayer). A more
appropriate example is filamentous virus phage particles, which exhibit similer behavior,
as observed herein at high lipid concentration in isopropanol and n-propanol. In the
present case, it is possible that the filamentous structures correspond to wormlike
micelles which can form upon addition of water to lecithins in organic solvent. In the
SALB experiments, this process is analogous to step 3, e.g., Fig 7A. Interestingly, in the
SALB experiments, FRAP analysis identified that there is also a fluid bilayer on ihe
substrate which underlies the filamentous structures, e.g., 5 mg-mL™ lipid in isopropanol.
By contrast, in ethahol, high lipid concentrations formed phospholipid assemblies with
viscoelastic properties that are more representative of intact vesicle layers than planar .
bilayers, based on large changes in frequency and dissipation greater than -80 Hz and 4
x 10® (Fig. 10, ethanol). Compared to the other SALB ei(perimen_ts, FRAP analysis

indicated that the corresponding phospholipid assemblies have low mobility in the

32



WO 2015/112089 PCT/SG2015/000014

ethanol case and a high immobile fraction, both of which are consistent with intact

vesicles.

' [00115] In Figure 11, the final QCM-D measurement values for the SALB
experiments are reported ‘independently of lipid concentration. Based on the final
changes in frequency and energy dissipation of the lipid structures in aqueous buffer
solutioh, the results of the SALB formation process were classified into different
categories. Following addition of aqueous buffer solution, the adsorbed lipids may self-
assemble to form a planar bilayer if there is sufficient-excess lipid in the bulk solution
(Fig. 11, I). If there is insufficient lipid in the bulk solution, then the process may
terminate before completion. Depending on the experimental conditions (e.g., lipid
concentration and type of organic solvent), the SALB formation process may cause the
formation of lipid structures with properties characteristic of filamentous structures (Fig.
11, ) or intact vesicles (Fig. 11; 1lI). Interestihgly, in the intact vesicle region, there is
linearity of the relative changes in frequency and dissipation. ‘Taken together, the
experihwental findings support that the SALB method is a bottom-up approach such that
- the preorganization of adsorbed lipids in organic solvent before aqueous buffer solution

induces bilayer formation via surface nucleation at bilayer islands.

[00116] Based on these empirical observations, a basic mechanism of the SALB
formation process (Fig. 11B) was proposed without being limited to any particular theory.
Within the tested lipid concentration range (between 0.1 and 5 ‘mg/mL), there was a-
linear dependence between the amount of adsorbed lipid in isopropanol and the lipid
concentration in bulk solution. After addition of aqueous buffer solution, the attached
inverted micelles appear to decompose and form bilayer islands. As observed by the
AFM experiments in Figure 8, adsorbed lipids can form bilayer islands, even at low lipid
~ concentration. Based on the final QCM-D measurement responses in aqueous buffer
solution after the SALB experiments were completed, the mass of adsorbed lipids arising
" from the decomposed micelles likely corresponds to at least ~10-20% of the‘ lipid -
necessary to form a planar bilayer. Therefore, lipid adsorption in organic solvent is an
important step to influence the density of bilayer islands on the surface and accordingly
promotes bilayer formation. Indeed, .the bilayer islands serve as nucleation sites to
- propagate bilayer growth due to adsorption of additional lipids from the bulk solution.

Fo‘lIbwing this Iine, it would be expected that bilayer formation is improved with
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increasing lipid concentration in solution. However, the SALB experimehts indicate there

is an optimal concentration range for bilayer formation.

[00117] When aqueous buffer solution is introduced into the measurement chamber
to replace the organic solution, there is a transient mixing period as the water fraction
increasingly grows. During this period, monomers and inverted micelles likely undergo‘
phase transitions and self-assemble into monomers and micelles. In order to complete
the SALB formation process, the lipid monomers/micelles in solution may adsorb onto
the substrate and fuse with the bilayer islands (Fig. 11B, Case |). Depending on the
'density of bilayer islands, the findings support the idea that the nucleation process may
occur in two- or three-dimensions. At a low density of islands, lipid fusionv with the bilayer
islands can form a complete planar bilayer. By contrast, at a high density of islands, the
QCM-D measurement values suggest that filamentous structures can also form starting
from adsorbed lipids originally in n-propanol and isopropanol (Fig. 11B, Case 2). This
behavior is likely due to a combination of solvent properties and the lipid concentration.
Indeed, in contrast to the SALB experiments performed using r{-propanol and
isopropanol, experiments performed using ethanol results in lipid layers with properties
characteristic of an intact vesicle adlayer (Fig. 11B, Case 3). Hence, the nucleation
process, and its dependence on different experimental parameters including lipid
concentration and type of organic solvent, can give rise to multiple lipid assemblies,
including complete planar bilayers within an optimal concentration range. The optimal
range is likely due to'an interplay of island density (sufficiently low to exclusively promote
two-dimensional nucleation) and lipid cbncéntration in builk solution (provide enough lipid '
to ste with the bilayer islands and form a planar bilayer). Overall, the experimental
findings provide a framework to understand the mechanism of the SALB formation
process, optimize the SALB procedure and interpret measurement data collected when
using the SALB method. .

- Example 6: Effects of alcohol and pH on the method

[00118] - The effect of organic solvent type on bilayer formation kinetics on silicon
oxide was examined. In additidn to isopropanol, three other organic solvents, which are -
100% miscible with water, were selected, including ethanol, n-propanol,'and »methanol.
In all cases, the SALB formation process was able to form planar bilayers using ah '
identical procedure as described above. However‘, the quality of the bilayers 'fo'rm‘ed” is-

| different depending on the solvent used (Figs. 12A,B). The final Af values for
' 34



WO 2015/112089 PCT/SG2015/000014

isopropanol, ethanol, methanol and n-propanol were 25.4, 25.3, 29.3 and 32.6 Hz,
respectively, and the corresponding AD values were 0.2x10-6, 0.6 x10-6, 0.7%x10-6 and
1.96 x10-6, respectively. Hence, the findings support that isopropanol is the-best solvent
to form a planar bilayer.

[00119] The effect of pH on bilayer formation kinetics on silicon oxide was
examined. 0.5 mg/mL DdPC lipid was used and the buffer solution contained 10 mM
Tris and 150 mM NaCl with varying pH. Bilayer formation was defined by frequency
shifts between -23 and -28 Hz and energy dissipation shifts less than 1 x 10°, The
results are listed in Table 1. Optimal bilayer formation was achieved in the pH range of
3-9, demonstrating that the method is able to work over a wide range of pH conditions.
Together with the effects of pH on the bilayer-substrate interaction energy, this approach
enables precise control over bilayer properties which cannot be achieved with alternative

fabrication techniques.

pH AFrequency (Hz) AEnergy Dissipation (10°%)
2 -30.8 2.15
3 -26.7 0.1
4 -24.9 ‘ 0
5 -25.8 0.1
6 -23.7 0
7 279 0 -
8 -24.6 0.9
9 -27.4 - 0.8
10 -39.0 ’ 19
11 -18.4 , .3
12 -11.0 3.2

Table 1. Effect of Solution pH on Formation of Supported Lipid Bilayers on Silicon
Oxide by the method. ‘

Example 7: Lateral Lipid Diffusion of SALB Bilayers

quorescenc_e Microscopy and Fluorescence Recovery After Phbtobléaching
(FRAP). ‘ ‘

[00120] Fluorescence microscopy imaging of silica-supported planar bilayers with

0.5 wt% rhodamine-modified phospholipid was perform,ed by using an inverted

, epifluore'scevhce Eclipsé TE 2000 microscope (Nikoh) equipped with a 60x-oil immersion

objectivé (NA 1.49), and an Andor iXon+ EMCCD camera (Andor Technology, Belfast,

Northern Ireland). The acquired images consisted of 512 x 512 pixels with a pixel size of
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0.267 x 0.267 um. The samples were illuminated through a TRITC (rhodamine-DHPE)
filter set by a mercury lamp (Intensilight C-HGFIE; Nikon Corporation). For FRAP
- measurements, a 30 ym-wide circular spot was photobleached with a 532 nm, 160mW
laser beam, followed by time-lapse recording. Diffusion coefficients were determined by
the Hankel transform method (Jonsson et al. Biophysl J, 2008, 95 (11), 5334-5348),

along with immobile fraction.

[00121] In order to further analyze the physical propertiés of planar bilayers formed
via the SALB method with different organic solvents, homogeneity and fluidity of bilayers
were characterized by fluorescence microscopy and fluorescence recovery after
photobleaching (FRAP) (Fig. 13). Figufe 13A shows bilayer images immediately after
photobleaching (left) and after one minute recovery (right). The intensity profiles show
that the fluorescent recovery was almost complete in one minute, indicating that the )
lipids are laterally mobile. (n = 5) (Fig. 13B). The FRAP data was analyzed using the |
Hankel transform method, yielding an average diffusion coefficient of 2 pm?%s in all cases
'(Fig. 13C). In addition, the mobility values are in good agreement with the range of
diffusivity expected for a fluid supported bila'yer. The bilayers general.ly have 96% or
greater mobile fractions. The bilayer formed via n-propanol had a 90% mobile fraction,

. which is consistent with the appreciably larger change in -energy dissipation as well as
the appearance of lipid aggregates on top of the bilayer in the fluorescence microscopy
images. Overall, it is determined that the type of organic solvent alcohol is an important
parameter to optimize SALB formation, and preferably isopropanol is suitable for SALB
formation.

Exathle 8: Formation of cholesterol-rich supported membranes
Sample Preparation

-[00122] A - zwitterionic Iipid, 1,2-dioleoyl-sn-glycero-3-phosphocholine  (DOPC),
cholesterol  (Chol), _and quorescéntIy labeled lipid, 1,2—dio|_eoyl—sn-g|ycerd-3-
_ phosphoethanolamine-N-(lissamine  rhodamine B sulfonyl) (ammonium  salt) -
(Rhodamine-DHPE), Were purchased from Avanti Polar Lipids (Alabaster, AL).
Immediately prior to the experiment, the lipid powder was dissolved in isopropanol at 10
mg-mL™" lipid concentration, mixed to the desired DOPC:Chol molar ratio, and then
diluted to 0.5 mg-mL™" lipid éoncentration. The aqueous buffer solution was 10 mM Tris
_ buffer solution [pH 7.5] with 150 mM NaCl. In fluorescence microscopy experiments, the

lipid composition also contained 0.5 wt% Rhodamine-DHPE. Small unilamellar vesicles
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-were prepared as follows: dried lipid films were rehydrated in aqueous buffer solution at
a nominal lipid concentration of 5 mg-mL™. The hydrated lipid films were then extruded
* through 50-nm diameter track-etched polycarbonate membranes in order to form small

unilamellar vesicles, as previously described33.

Epifluorescence Microscopy

[00123] Epifluorescence microscopy imaging was performed using an inverted
epifluorescence Eclipse TE 2000 microscope (Nikon) equipped with a 60x oil immersion
objective (NA 1.49), and an Andor iXon+ EMCCD camera (Andor Technology, Belfast,
Northern Ireland). The acquired images had dimensions of 512 x 512 pixels with a pixel
size of 0.267 x 0.267 ym. The samples were illuminated through a TRITC (Rhodamine—-
DHPE) filter set by a mercury lamp (Intensilight C-HGFIE; Nikon Corporation). For
_fluorescence recovery after photobleaching (FRAP) analysis, a 30 um-wide circular spot
was photbbleached with a 532 hm, 100 mW laser beam, followed by time-lapsed
recording. The bleaching time was 5 sec. The recbvery was followed for 60 sec at 1 sec
intervals, and diffusion coefficients were computed using the Hankel transform method
(Jonsson et al. Biophys J 2008, 95, (11), 5334-5348). All image processing was done -
using ImageJ. software. For bilayer formation using the SALB procedure, commercially
available microfluidic flow cells (stick-Slide 10.1 Luer, Ibidi, Munich, Germany) were

employed, with an injection flow rate of 50 pL-min™.
Atomic Force Microscopy

[00124] An NX-Bio atomic force microscope (Park Systems, Suwon, South Kbrea),
combined with an Eclipse Ti optical microscope (Nikon, Tokyo, Japan), was employed to
image SALB experimental samples in contact mode. An ultra-sharp, silicon nitride
BioLever mini cantilever tip (Olympus, Tokyo, Japan). was used for all experiments. The
tip has a tetrahedral sh‘ape, 110 kHz resonance frequency, and 0.09 N-m” spring
constant. Prior to the experiments, the tip was subjected to oxygen plasma treatment at
maxinium radio-frequency power (Harrick Plrasma),rllthaca, New York) for 5 min, and
sequentially rinsed with ethanol (70%), ultrapure water, and ethanol (70%) before finally
drying with a gentle stream of nitrogen air. Experiments were conducted in an acoustic
enclosure (Park Systems) with a temperature controller set at a constant temperature of
25°C. AFM imaging was done on SALB samples irhmediately after QCM-D experiment
and post-rinsing with 10 _mM Tris buffer [pH 7.5] with 150 mM NaCl.
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Quartz Crystal Microbalance-Dissipation

[00125] A Q-Sense E4 instrument (Q-Sense AB, Gothenburg, Sweden) was
' employed to monitor the adsorption kinetics of lipids onto silicon oxide- and gold-coated
5 MHz, AT-cut piezoelectric quartz crystals. Changes in frequency (AF) and energy
dissipation (AD) were recorded as functions of time, as vpreviously described (Keller et al.
Biophys J 1‘998, 75, (3), 1397-1402). The measurement data was collected at the n=3-
11 overtones, with the reported values having been recorded at the third overtone. The
normalized values (AFn=3/3) are reported. All samples were introduced at a flow rate of
50 pL-min” using a peristaltic pump (Ismatec Reglo Digital) under continuous flow
conditions. The temperature of the flow cell was fixed at 24.00 + 0.5°C. Before the
experiments, the sensor surfaces were treated with oxygen plasma at maximum radio-

frequency power (Harrick Plasma) for 1 min immediately before use.

[00126] . Using the SALB ‘method, DOPC/Chol lipid bilayers were prepared
containing variable fractions of cholesterol (between 0 and 50 mol% Chol) on a silicon
oxide substrate. A precursor mixture of phospholipid and Chol in isopropanol solution
was incubated in the measurement chamber for a minimum of 10 min, and then aqueous
buffer solution was roWed-through the chamber to facilitate solvent-e'xchange‘.'A small
fraction (0.5 wt%) of Rhodamine-DHPE fluorescent dye was included in the precursor
mixture in order to visualize the bilayer phase formed on the substrate by
epifluorescence microscopy. Preliminary quartz crystal microbalance with dissipation
monitoring (QCM-D) measurements reveal that the final frequency and energy
dissipation shifts are -25.3 + 3.4 Hz and 0.7 + 0.7 x 10, 'respectively, which, based on
previous repdﬁs, confirms that the SALB process produces single supported bilayers at
the substrate surface comparable in surface density to those formed by vesicle fusion
and by the Langmuir-Blodgett method.

[00127] - Typical epiﬂuoreScencé.micrographs (100 x 100 pm) are presented in-
Figure 14 for thé supported membranes formed on silicon oxide following completion of
the SALB procedure. The micrographs reveal the formation of a membrane phase,
characterized by a uniform fluorescence intensity consistent with the formation of a
bsingle lipid bilayer. In addition to the phosphoiipid-rich phase, there are dye-excluded
circular spots distributed randomly throughout t_He membrane phase (Figure 14), which
are largely monodisperse in single samples and stable over VIong periods of time.
Because Rhodamine-DHPE partitions pfeferentially in the fluid phase, the dye-decofated ,
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surroundings was tentatively ascribed to the cholesterol-depleted, phospholipid rich fluid
phase and the dark spots to the cholesterol-enriched dense phase. In order to determine
if the phase-separating supported membrane morphologies exhibit long-range lateral
diffusion (and fluid character), a microscope-based FRAP experiment was carried out. In
Figure 14, upper and lower micrographs are captured at t = 0 and 1 min after bleaching,
respectively. For -all cholesterol concentrations, near-complete recovery of the
photobleached spot suggests that the dye-laden, cholesterol-depleted phase is indéed
laterally fluid.

[00128] This assignment is further consistent with the fact that the sizes of the dye-
depleted domains increase with the cholesterol content: With increasing Chol fraction in
the precursor mixture, the average domain size increases from 1.8 um? for 10 mol%
Chol to 57 pm? for 50 mol% Chol. As expected, no dye-excluded domains are apparenf
in a single component DOPC lipid bilayer aiso formed by the SALB procedure (data not
shown). DOPC/Chol membranes were prepared on the same substrates through
conventional vesicle fusion. Although the preparation of uniform bilayer samples with
high cholesterol concentrations (>20%) was erratic and irreproducible, suppdrted
membrane samples obtained using. vesicles containing 20 mol% Chol or less also
revealed dark circular domains similar to those observed in samples prepared 'by the
SALB process. ' " .

[00129] in order to further characterize the dye-excluded domains, independent
atomic force microscopy (AFM) experiments were conducted. Figure 15 shows
representative AFM micrographs for SALB-prepared DOPC/Chol bilayers contraining 30
mol% Chol fraction. Consistent with large-area fluorescence images, the dye-excluded
domains are nearly circular in shape, occasionally present as two or more coalescing
domains. A line scans across the domain edges show that the phospholipid-rich phase is
~1.5 nm thicker than the dye-excluded domains. The thickness of the phospholipid-rich
phase was determined to be ~4.5 nm so the dye-excluded domains are ~3 nm thick
consistent with the presence of cholesterol enfiched membrane domain. Additional
support for the presence of cholesterol-rich phase in circular domains is\o’btained
through a cholesterol extraction assay. Using 1 mM methyl-B-cyclodextrin (MBCD)—
which is a cyclic oligosaccharide that removes Chol from Iipid bilayers a height
difference betweén the surroundihg membrane phase and the dye-excluded doméins

was found to substantiélly increase to between 5 and 8 nm (Figure 15C). This finding
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indicates that MBCD treatment removes Chol from the dye-excluded domains and also
appears to perturb the edge of the membrane phase surrounding the Chol-rich domains.
- Taken together, the AFM data lend strong, direct support to the forégoing inference that
the dye-excluded domains are highly enriched in cholesterol and not voids.

[00130] - Interestingly, fluorescence micrographs of a 50 mol% Chdl-contéining lipid
bilayer before and after 1 mM MBCD treatment further demonstrate significant
alterations in membrane properties in the phospholipid-rich phase as well (Figures 16A-
B). Time-resolved measurements of the fluorescent properties of the lipid bilayer show
that the surface area of the phospholipid-rich phase decreases by ~50% upon treatment,
and there is a corresponding increase in the normalized fluorescence intensity per unit of
surface area by ~46% (Figure 16C). Hence, at elevated cholesterol content (50 mol%),
MBCD treatment removes cholesterol from both the dye-excluded domains and the
phospholipid-rich phase. This suggests that at high cholesterol contents in the so-called
B phase, cholesterol associates with the lipids ih a manner that produces a unique phase
co-existence between cholesierol—lipid complexes in one phase and free cholesterol
associated with the phospholipid-rich phase in the other. Note also that the original
shapes of the dye-excluded domains is retained after cholesterol removal, presumably
because reduced bilayer density due to cholesterol extraction) and limits on lateral
expansion precludé the necessary spreading of the remainder of the supported bilayer.
In order to measure the lateral fluidity of the phospholipid-rich phase before and after
cholesterol removal, fluorescence recovery was carried out after photobleaching (FRAP)
experiments  and the results weré analyzed by the Hankel transform method.
Representative fluorescence micrographs, presented for 50 mol% Chol-containing lipid
. bilayer after MBCD treatment (Figures 16D-E), confirm the retention of long-range fluidity
and lateral quid_ify of the residual, cholesterol-depleted membrane.

- [00131] The FRAP experimental~res1jlts for all membrane compositions before
MBCD treatment are listed in (Figure 17). At low Chol. fractions (0-10 mdl%) in the
précursor mixture, the lateral diffusion coefficient for lipid bilayers was around 2.2 umzs,
With increasing Chol fraction (20-40 mol%), the diffusion coefficients are approximately
1.1 ym?s™. Finally, at high Chol fraction (50 mol%), the diffusion coefficient is lowered to -
0.8 um?s™. Following MBCD treatment, the diffusion coefficient of all lipid bilayers is
between 2.2 and 2.6 um?s™ (Figure 17). The results support that MBCD treatment
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removes Chol from the phospholipid-rich phase, and enabled quantitative determination
of the mole fraction of Chol in the lipid bilayer as explained below. '

[00132] QCM-D tracking allows measurements of the negative frequency shift
(AfBilayer) associated with a planar lipid bilayer on silicon oxide. The bilayers have low
energy dissipation (ADBilayer < 1 x 10%) so the frequency shift is converted into ‘
adsorbed mass (AmBilayer) based on the Sauerbrey relationship; Assumption that the
bilayer mass represents the sum of DOPC lipid (AmLipid) and Chol (AmChol) masses is
made. After bilayer formation, 1 mM MBCD was then added in order to observe the
positive frequency shift (AfChol ® AmChol) associated with Chol removal. The results of
the MBCD treatment step are presented in Figure 18A. The initial baseline values are the
normalized frequency shifts for the bilayers (defined as AfBilayer = 0). With increasing
Chol fraction in the precursor mixture, AfChol increased proportionally and demonstrated
that the cholesterol fraction in the bilayer can be tuned according to the cholesterol
fraction in the precursor mixture. The kinetics of Chol 7remo'val show first-order features
that are consistent with previous reports. In order to calculate the mole fraction of
cholesterol in the bilayer, the AfLipid based on the difference between Af Bilayer and
AfChol, is determined and applied using the Sauerbrey relationship, taking the molecular
weights of DOPC lipid and cholesterol into account.

[00133] Overall, the calculated mole fractions of CHoI_ in the bilayer demonstrate
that ‘the SALB procedure forms Chol-enriched bilayers, which -reflect the starting
precursor cdmpositions (Figure 18B). There is a nearly linear correspondence between
the Chol fraction in the precursor mixture and the Chol fraction in the bilayer, with a
slight increase in the Chol fraction in the bilayer. Importantly, the SALB procedure was
also successful at forming supported bilayers on gold.with similarly high levels of Chol
(Figure 19). For comparison, planar bilayers formed from vesicles containing up to 20
~mol% Chol (i.e.,, the highest Chol fraction at which vesicles can still rupture
spontaneously) and measured the Chol fraction in these bilayers by the same approach.
Strikingly, the Chol fraction in these bilayers was appreciably lower than in the precursor
vesicles and a maximum fraction of Chol in the bilayers was approximately 10 mol%
(see Figure 18B and Figure 19).

[00134] In order to form planar bilayers with gréafer Chol fractions via\ vesicle
rupture, an amphipathic, a-helical (AH) peptide was used in order to rupture a layer of
adsorbed vesicles containing between 30-50 mol% Chol (Figure 20)_._ It was determined
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that the Chol in the bilayer formed is intractable to MBCD treatment (no Chol removal),
suggesting that either there is no Chol in'the bilayer formed via this route or more likely
- that the peptide interferes with membrane properties. Taken together, the data support
that the SALB proceduré can form planar lipid bilayers containing high fractions of Chol
(at least five-fold greater than alternative vesicle fusion methods), and that Chal is
present in both the phospholipid-rich phase and chole'stero|-richrdomains at elevated
concentrations.

[00135] By inducing supported bilayer formation via solvent-exchange, intrinsic
challenges imposed by vesicle configurations (e.g., compositional heterogeneity, vesicle
stability, and high bending rigidities) are bypassed, allowing the formation of supported
bilayers through solvent-assisted lipid self-assembly. To some extent, the strategy also
shares a common feature with Langmuir-type transfer processes, i.e., lamellar phase
lipid organization at an interface due to water contact, albeit there is one key advantage
of the SALB approach for studying phospholipid-cholesterol mixtures. The formation of
lamellar phase lipid structures directly precedes to the’bilaye_r confighrétion, and the
corresponding self-assembly process is also influenced by molecular interactions
between the two leaflets. Several new findings related to phospholipid-cholesterol
mixtures in subported bilayers were found.

[00136] In fluid-phase DOPC containing lipid bilayers, cholesterol is located within
the fluidic phospholipid-rich phase as well as in micron-scale cholesterol bilayer domains.
The effects of cholesterol on the phospholipid-rich. phase were consistent with
expectations, e.g., decreased fluidity with increased cholesterol fraction. The ability of
the SALB approach to prepare supported membranes containing high cholesterol
concentrations up to the so‘lubility Iimit‘of cholesterol inv the lipid phase should prove
useful in characterizing the high-concentration g-phase. The approach should also .
enable chara’ctérization of cholesterol bilayer domains (CBDs), which appear to be
produced beyond the solubility limit when cholesterol crystallizes within the two-
dimensional lipid environment. These CBDs are believed to be precursors of crystalline
- cholesterol, yet remain dynamic which might explain their susceptibility to MBCD
treatment described here. Furthermore, crystalline deposits on silicon oxide are
attempted by performing the SALB procedure from cholesterol alone and without DOPC
Iipid. In this éase, no adsorbed layer was formed after solvent-exchange, which is again

consistent with the fact fhat CBDs only form in conjunction with phospholipid-rich phases.
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[OO‘1 37] Regarding the molar fraction of cholesterol in the supported bilayers, direct
measUrement of this value by QCM-D was made. Specifically, the mass of the supported
bilayer containing DOPC lipid and cholesterol is determined, removed the cholesterol via
MBCD treatment, and then the mass of the remaining adsorbed lipid determined again.
" To validate this approach, epifluorescence microcopy and AFM measurements verified
- that MBCD treatment removes cholesterol from both the phospholipid-rich phase and the
cholesterol bilayer domains, and the desorption kinetics show first-order features.
Radhakrishnan et al. previously showed that the mono-exponential decay is related to
the chemical aétivity of cholésterol and the stoichiometric composition of condensed
complexes of cholesterol and phospholipid (Biochem 2000,39, (28), 8119-8124). After
MBCD treatment, the residual lipid bilayers had a nearly consistent rate of lateral lipid
diffusion, which agrees well with recent work. Furthermore, MBCD treatment had no

effect on DOPC lipid bilayers, fhus confirming its specific removal of cholesterol.

[00138] Importantly, this approach allows determlnatuon that the fractlon of
cholesterol which can be incorporated into the supported bllayer is more than 5 times
greater than that permissible with conventional techniques for supported bilayer
formation (e.g., vesicle fusion). The molar fraction of cholesterol in supported bilayers
formed by the vesicle fusion method was appreciably lower than that of the precursor
vesicles, although the molar fraction of the sUpported bilayer and precursor vesicles are
typically assumed to be equivalent. Interestingly, peptide-induced rupture of Cholesterol-
containing bilayers, formed by adsorbed vesicles yielded supported lipid bilayers that
were intractable to MBCD treatment. This evidence suggests one of two possibilities.
First, the vesicles may not have contained cholesterol due to mixing heterogeneities,
hoWeVer, the complete absence of cholesterol is unlikely and also the vesicles did not
rupture spontaneously on silicon oxide. Second, the peptide may not be completely
removed from the bilayer or sorhehow induce cholesterol in the bilayer to assume a

highly ordéred, functionally inactive state.
' Examplé 9: Formation of phosphatidylinositol supported membranes for enzyme
mont;toring

- [00139] The SALB method was used to rapidly assemble biomembranes for
characterizing membrane-associated drug ‘targets and inhibitor screening. A key

example is phosphatidylinositol-related enzymes. Typically, these enzymes are very
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hard to study because phosphatidylinositols are difficult to incorporate in lipid bilayers.
The method was used to reconstitute phosphatidylinositol-related enzymes in a solid
supported bilayer (SLB) as a platform. A QCM-D based assay was developed in which
SLB containing phosphoinositol (Pl) éerved as a substrate for the kinase and the
enzymatic activity was characterized by in situ antibody binding.

Formation of supported lipid bilayers containing Phosphatidylinositol 4-

phosphate (PI4P) and phosphatidylinosito! 4,5-biphosphate [P1(4,5)P2] using the
method '

[00140] SLB containing Pl was prepared by the solvent-assisted lipid bilayer (SALB)
method and used as a substrate for PI4Kllla and 8.

[00141] A typical SALB experihent included the following steps (Figure 21): first,
aqueous buffer (10 mM Tris, 150 mM NaCl, pH 7.5) was injected into the QCM-D
measurement chamber in order to establish the baseline for the frequency and energy
dissipation signals (arrow 1). After 5 min stabilization, the organic solution (i.e.,
isopropanol) was injected (arrow 2), which leads to a dramatic shift in the baseline within
a short transient period. During this stage, the solution does not contain lipid and the
observed large shift in the baseline is solely due to the density and viscosity difference
between isopropanol and the aqueous buffer. After 10 min additional stabilization, an
isopropanol solution containing DOPC and PI4P (10%) [grey curve in Figure 21A] or
pure DOPC [black curve in Figure 1A} lipid was injected (arrow 3), which led to a
decrease in the frequency due to adsorptioh of lipid at the surface. No changes in the
energy dissipation were observed during this stage. At the final stage (arfow 4), the lipid
solution (isopropanol + lipid) was replaced by aqueous buffer solution (no lipid). Once
the SALB procedure was finished (t= 25 min), the Af and AD values were consistent with -
a planar bilayer (Af ahd AD shifts of -26 Hz and 0.3 x 107°, respectively). To evaluate
the homogeneity of SALB-formed biléyers, the adsorption of proteins at SLB's was
examined. Planar bilayers are highly resistant tb adsorption of proteins‘ such as, e.g.,
bovine serum albumin (BSA). By cohtrast, nonspecific protein adsorption on silicon
dioxide is generally appreciable. Hence, in princyiple, protein adsorption on a ‘defect-free
bilayer would be negligible and an increasing amount of bou_nd protein suggests the
presence of defects, e.g., availability of hydrophilic substrate sites for protein attachment.
BSA (0.05 mg/ml) adsarptions on both bilayers resulted in a frequency shift of < -1 Hz,
which is negligible. Finally to verify successful incorporation of P14P, anti-P14P (4(5 MM)
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antibodies were injected. Anti-PI4P adsarption at the PI4P containing bilayer resulted in
a dramatic frequency shift of ~-70 Hz. In contrast, injection of the sahe antibody to 100
- mol% DOPC bilayer resulted in almost no frequency shift indicating no mass increase on
the DOPC bilayer. Therefore, frequency shift ‘'upon injection of anti-P14P to PI4P
containing bilayer was exclusively-attributed to the specific binding between anti-P14P
and PI4P in the bilayer. '

[00142] The same protocol was used to form DOPC bilayer containing P1(4,5)P2
(Figure 21B). To verify incorporation of the phosphoinositols into the bilayers, specific
binding of the corresponding antibedies were examined. Subsequent injection of anti-
PI4P and anti-PI(4,5)P2 (5 wg/ml) antibodies to the bilayer containing PI4P and
P1(4,5)P2 led to further decrease of around 70 Hz in Af. In contrast, u‘pon injection of
antibodies no change in the Af of pure DOPC bilayers were observed, indicating specific
binding of antibodies to the phosphoinositols. | ’

In situ detection of PI4P generated by lipid kinase

[00143] . Kinase activity was determined by treating Pl containing bilayer with
Pl4Kllla and 8 enzymes. Briefly, after bilayer formation the temperature was raised to 30
C° as the maximum kinase activity has been reported at this temperature. Next the
buffer was exchanged to kinase buffer [20 mM Tris (pH 7.5), 5 mM MgCl,, 2 mM DTT,
0.5 mM EGTA, 100 uM ATP] followed by injection of kinase (5 ug/ml). Almost 1mi of
enzyme solution was injected in the course of around 2 hours (Figure 22). Next the
buffer was exchanged to the original buffer and the temperature was set to 23 C° (the
temperature at which the bilayer was formed). To detect PI4P generation, anti-Pi4P (5
ug/ml) was injected.-Antibody binding to bilayers treated with Pl4Kllla and g led to a
decrease in Af until it reached a final value of -50 Hz and -90 Hz respectively. A control
experiment was also done in which no enzyme included in the kinase buffer. In that case
" no antibody binding was observed indicating the antibody. ‘binding was specific;
Co_mparing the extent of decrease in the Af reveals that more Pl14P Were generated
when P14K]Il-8 was used, thus this isoform is more active than PI4KiIll-a.

Effects of PI4K inhibitors on generation of PI4P

[00144] = After establishment of the assay, the effect of inhibitors on lipid kinase
mediated generation of PI14P was determined. The same experimental procedure and

condition as before‘wae repeated but in this case the enzymes were first pre-incubated

45



WO 2015/112089 PCT/SG2015/000014

with inhibitors for 30 min at room temperature. The QCM-D frequency shift was then
normalized with AFrequency = 0 Hz corresponding to the supported-lipid bilayer in each
experiment. A solution of 5 yg/ml antibody was next added [see arrow ih Figure 23(A, C,
E, and G)] in order to detect the generation of PI4P.I The binding curves monitored by
changes in Af are shown in Figure 23(A, C, E, and G). For each isoform, two inhibitor
compounds (AB 41 64 and AB 4785) were tested at varying concentrations. The kihetics
of antibody bindings shows significant reduction in the presence of inhibitors. The
change in Af upon antibody binding are summarized in Figure 23(B, D, F, and H).
Antibody bindingj in case of Pl4Kllla and g in the absence of inhibitors led to a decrease
in Af of 25 £ 2 and 64 + 4 Hz respectively. In the presence of inhibitors in all cases, the
decrease in the Af were below or around 5 Hz.
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Claims -

A method for forming a hydration layer/lipid bilayer structure on a solid support
comprising: ' o

contacting a solution comprising at least one polar lipid and a water-miscible
alcohol as a solvent with the solid support; and |

adding water to said solution at a predetermined rate, thus inducing formation of
a hydration layer on the solid support surface and formation of a planar lipid bilayer
on the hyd}‘ation Iayér, wherein the hydration layer has an average thickness of at
least 2 nm.

" The method of claim 1, wherein the hydration layer has a thickness between 2 nm

and 4 nm.

The method of claim 1 or 2, wherein the SOIId support has a Hamaker constant in

water of at least 3 x 10° 20,

The method of any one of claims 1 to 3, wherein the solid support is selected from
the group consisting of silver, goljd, aluminum oxide, barium titanate, beryllium
oxide, diamond,'cadmium sulfide, copper, magnesium aluminate, magnesium
oxide, lead sulfide, silicon carbide, silicon nitride, strontium titanate, titanium

dioxide, yttrium oxide, zinc sulfide, and zirconium oxide.

The method of any one of claims 1 to 4, wherein the solution comprises the polar

lipid at a concentration of 0.1 to 0.75 mg/ml, preferably 0.1 to 0.5 mg/ml.

The method of any one of claims 1 to 5, wherein the at least one polar lipid -
comprises at least two different polar I|p|ds

The method of any one of claims 1 to 6, wherein the at least one polar lipid is

selected from the group consisting of. phospholipids, sphingolipids, fatty acids,

. derivatives thereof,>and combinations thereof..
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10.

11.

12.

13.

14.

15.

16.

17.

18.

The method of claim 7, wherein the at least one polar lipid comprises at least one
phosphoglyceride, preferably a phosphatidyicholine.

The method of any one of claims 1 to 8, wherein the solution further comprises
another lipid or lipid-like component selected from the group consisting of

triacylglycerides and isoprenoids, preferably sterols, more preferably cholesterol.

The method of claims 9, wherein the solution comprises up to 60% by weight
sterols, preferably cholesterol, relative to the total lipid content.

‘The method of any one of claims 1 to 10, wherein the solution further comprises

peptides or proteins that can associate with or insert into the formed lipid bilayer.

The method of any one of claims 1 to 11, wherein the alcohol is selected from

isopropanol, n-propanol and methanol.

The method of any one of claims 1 to 12, wherein the alcohol comprises

isopropanol.

The method of any one of. claims 1 to 13, wherein the solution is essentially non-

agueous.

The method of claim 14, wherein the water content of the _soIUtion before the steb
of adding the water is below 40 % by weight, preferably below 25 % by weight,
more preferably below 10 % by weight, most preferably below 2 % by weight.

The methdd of ahy one of claims 1 to 15, wherein the water is added in form of an

aqueous solution, preferably a bljffe_red aqueous solution.

The method of claim 16, wherein the pH of the aqueous solution is in the range of
between 7.0 and 7.8, preferably about 7.4.

Solid supp_ortbomprising a hydration layer/lipid bilayer structure, wherein the

hydration layer has an avérage thickness of at least 2 nm and wherein said solid

support is obtainable according to the method of any one of claims 1 to 17.
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19.
20.

21.

22.

23.

24,

25.

26.

The solid support of claim 18, wherein the hydration layer has a thickness between
2nm and 4nm.

The solid support of claim 18 or 19, wherein the solid support comprises a material

having a Hamaker constant in water of at least 3 x 10%°J.

The solid support of any one of claims 18 to 20, w_ﬁerein the solid support is
selected from the grdup consisting of silver, gold, aluminum oxide, barium titanate,
beryllium oxide, diamond, cadmium sulfide, copper, magnesium aluminate,
magnesium oxide, lead sulfide, siliéon carbide, silicon nitridé, strontium titanate,

titanium dioxide; yttrium oxide, zinc sulfide, and zirconium oxide.

The solid support of any one of claims 18 to 21, wherein the lipid bilayer comprises
at least one polar lipid selected from the group consisting of phospholipids,

sphingolipids, fatty acids, derivatives thereof, and combinations thereof.

The solid support of claim 22, wherein the at least one polar lipid comprises at

least one phosphoglyceride,'prreferably a phosphatidylcholine.

The solid support of any one of claims 18 to 23, wherein the lipid bilayer comprises
another lipid or lipid-like component selected from the group consisting of

triacylglycerides and isoprenoids, preferably sterols, more preferably cholesterol.

The solid support of claim 24, wherein the lipid bilayer comprises at least 60 mol%
sterols, preferably cholesterol.

The solid support of any one of claims 18 to 25, wherein the lipid bilayer further

comprises peptides or proteins that can associate with or insert into the formed

lipid bilayer.
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Figure 7
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Figure 9
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Figure 9 continued
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Figure 10 (continued)
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Figure 11 (continued)
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Figure 13
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Figure 15
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Figure 18
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Figure 21
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Figure 23
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