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Abstract

Hypothesis

The attractive interaction between a cationic surfactant monolayer at the
air-water interface and vesicles, incorporating anionic lipids, is sufficient to
drive the adsorption and deformation of the vesicles. Osmotic rupture of the
vesicles produces a continuous lipid bilayer beneath the monolayer.

Experimental

Specular neutron reflectivity has been measured from the surface of a
purpose-built laminar flow trough, which allows for rapid adsorption of vesi-
cles, the changes in salt concentration required for osmotic rupture of the
adsorbed vesicles into a bilayer, and for neutron contrast variation of the
sub-phase without disturbing the monolayer.

Findings

The neutron reflectivity profiles measured after vesicle addition are consis-
tent with the adsorption and flattening of the vesicles beneath the monolayer.
An increase in the buffer salt concentration results in further flattening and
fusion of the adsorbed vesicles, which are ruptured by a subsequent decrease
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in the salt concentration. This process results in a continuous, high cover-
age, bilayer suspended 11 Å beneath the monolayer. As the bilayer is not
constrained by a solid substrate, this new mimetic is well-suited to studying
the structure of lipid bilayers that include transmembrane proteins.
Abbreviations: Neutron Reflectivity, NR; Area Per Molecule, APM; Sup-
ported Lipid Bilayers, SLBs; attenuated total reflectivity infrared spectroscopy,
ATR-IR; Quartz Crystal Microbalance with Dissipation, QCM-D; Langmuir-
Blodgett, LB; Floating Supported Bilayers, FSBs; Self Assembled Mono-
layer, SAM; Dimethyldioctadecylammonium bromide, DODAB; 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine, POPC; 1-palmitoyl-2-oleoyl-sn-glycero-
3-phospho-(1’-rac-glycerol)(sodium salt), POPG); Mechanosensitive Ion Chan-
nel of Large Conductance, MscL.

Keywords: lipid bilayer, interface, membrane, vesicle rupture, neutron
reflectivity keyword one, keyword two

1. Introduction

Planar lipid bilayers are a useful platform to investigate the physical char-
acteristics of biological membranes. They can be used to investigate interac-
tions between membranes and drug molecules and the response of membranes
to physical stimuli [1, 2, 3, 4, 5]. Research into bacterial membranes as drug
targets for antimicrobial treatments has led to the development of several
planar mimetic systems which facilitate investigation by surface sensitive
techniques [6, 7, 8].

Membrane models comprised solely of lipids or lipid mixtures are an im-
portant tool for understanding membrane biophysics [9, 10]. Such systems
are drastically simplified compared to living systems, but they provide good
control and allow detailed structural studies of membrane behaviour and
interactions with relevant agents, such as proteins, peptides, and DNA [11].

Supported lipid bilayers (SLBs) are lipid bilayers formed on a solid sub-
strate, most commonly silicon or quartz. Such supported bilayers provide
a platform that is compatible with investigation using a range of interfa-
cial science techniques including atomic force microscopy, attenuated total
reflection infrared spectroscopy (ATR-IR), quartz crystal microbalance with
dissipation (QCM-D) and neutron/X-ray reflectivity.

Several strategies for forming SLBs exist and have been thoroughly re-
viewed [12, 13, 14, 15]. The main approaches for SLB formation are the
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Langmuir-Blodgett (LB) technique [16] and vesicle deposition [17]. Unlike
the LB process, the formation of SLBs by vesicle deposition does not require
specialist equipment, but vesicle and buffer conditions need to be optimised
to achieve full coverage of the interface [18, 19]. Both techniques can form
close-packed bilayers that are stable for many hours or days, allowing de-
tailed measurements. The major disadvantage of SLBs is the proximity to
the substrate: the lipid bilayers can experience strong interactions (e.g.van-
der-Waals attraction) with the solid surface, restricting the natural bilayer
fluctuations and influencing lipid phase behaviour and dynamics [20]. The
lack of space between the bilayer and the substrate impedes the incorpora-
tion of membrane proteins. To circumvent this, tethered and floating bilayer
approaches have been developed. Both of these approaches allow a fluid
lipid bilayer layer to be formed that is not in direct physical contact with
the underlying solid substrate. In the case of tethered bilayers, the tether
still constrains the bilayer fluctuations. Floating supported lipid bilayers
(FSBs) are typically formed by performing Langmuir-Blodgett (LB) depo-
sition followed by Langmuir-Schaefer (LS) deposition onto a self-assembled
monolayer (SAM)-functionalized solid substrate, although by using a charged
SAM, they can also be formed by vesicle deposition [21]. Out-of-plane bilayer
fluctuations provide an (entropic) steric repulsion which balances the van der
Waals attraction between the bilayer and the substrate, resulting in a water
layer between the SAM and bilayer of thickness that is typically in the range
30-50 Å [22]. The fluctuations mean that floating bilayers more closely re-
semble native biomembranes than supported bilayers [23]. Although recent
work has demonstrated improvements in the stability of floating bilayers [21],
the LB-LS process remains time and labour intensive and still has a relatively
high failure rate.

Here, we describe the development of a suspended bilayer approach, which
removes the presence of a solid substrate, and the concomitant constraint on
membrane fluctuation, but retains the convenience of preparation by vesicle
rupture [24]. In the suspended bilayer approach presented here, a cationic
surfactant (DODAB) monolayer is spread at the air-water interface and vesi-
cles comprising a mixture of zwitterionic (POPC) and anionic (POPG) lipids
are osmotically ruptured beneath the monolayer to form planar bilayers. We
use a 3:1 mixture of POPC:POPG in order to form a bilayer that has a
comparable charge density to that of the inner membrane of Gram negative
bacteria, using POPC rather than POPE to obtain a bilayer with an intrin-
sic curvature of zero [25, 26]. Separately, we found that we could perform
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cell-free expression of the bacterial ion channel MscL into vesicles of this
composition and the resulting proteoliposomes can be used to form similar
suspended bilayers that incorporate the protein [27].

Vesicle adsorption is initiated from a buffer containing 150 mM NaCl.
This concentration is sufficiently high to screen vesicle-vesicle repulsion dur-
ing assembly at the interface, whilst being low enough to allow for small
(100 nm diameter) unilamellar vesicles to remain suspended in solution. It
is comparable to the concentrations (100 mM and 150 mM) used in other
studies involving vesicle rupture [28, 29, 30].

Formation of a high coverage lipid bilayer is dependent on vesicle rupture.
On solid substrates, vesicle rupture is driven by a balance between the vesicle-
to-substrate adhesion energy, the bending energy of the lipid bilayer and an
energy associated with the osmotic stress across the bilayer [31, 28, 32]. Each
of these energies is impacted by lipid composition, vesicle diameter, ionic con-
centration, temperature, nature of the substrate and the specific adsorption
of cations [33]. In the case of the suspended bilayer system presented here,
the attractive interaction between the monolayer and the vesicle is likely
driven by counterion release [34, 35].

We found the monolayer-vesicle attraction to be insufficient for complete
rupture of the vesicles on adsorption at this interface and use changes in the
salt concentration of the sub-phase buffer to osmotically rupture adsorbed
vesicles. Exchanging the sub-phase such that the concentration of NaCl
outside the adsorbed vesicles is higher than that inside the vesicles provides
a driving force for vesicle rupture. As the vesicle bilayer is more permeable to
water than to salt, the osmotic imbalance leads to an efflux of water from the
vesicles. The accompanying decrease in vesicle volume results in a membrane
tension causing deformation and vesicle fusion [36, 37, 38]. A second change
in salt concentration, returning to a lower salt concentration, was required for
vesicle rupture at the air-water interface. Reduction of the salt concentration
decreased the distance between the larger fused vesicles (with larger contact
area than the original vesicles) and the monolayer and increased the internal
volume of the fused vesicles resulting in vesicle rupture to a planar bilayer.

The suspended bilayer model presented here is a membrane architecture
which employs a surfactant monolayer at the air-water interface. The mono-
layer takes the role of the self-assembled monolayer in floating supported
bilayers and contributes to the balance of forces that allows a lipid bilayer to
be suspended underneath the monolayer.
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2. Materials & methods

2.1. Materials

DODAB (Dimethyldioctadecylammonium bromide) was obtained from
Sigma Aldrich; POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) and
POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium
salt)) were obtained from Avanti Polar lipids as powders and used with-
out further purification. Components for buffer solution and ethanol were
purchased from Sigma Aldrich.

2.2. Methods

2.2.1. Vesicle preparation

3:1 POPC:POPG vesicles were prepared by dissolving a 3:1 mixture of
POPC and POPG lipids in the minimum amount of chloroform, evaporating
the chloroform under a steady stream of nitrogen and rehydrating the lipid
film in HEPES buffer (20 mM HEPES, pH 7.4, 150 mM NaCl). To ensure
unilamellar vesicles of diameter ∼100 nm, the lipid solution was then son-
icated at room temperature for 30 minutes before being extruded through
100 nm filters using the Avanti mini-extruder, a minimum of 11 times, after
which the vesicle solution became transparent and opalescent. At this stage
the concentration of NaCl is 150 mM both inside and outside the vesicles.

2.2.2. Neutron Reflectivity (NR)

Neutron reflectivity measurements were carried out using the INTER re-
flectometer at the ISIS spallation source, Rutherford Appleton Laboratory
(Oxfordshire, UK). A broad band neutron beam with wavelengths from 1.5
to 15 Å was used. The reflected intensity is measured as a function of the
momentum transfer Qz = 4π

λ
sin θ, where λ is wavelength and θ is the inci-

dent angle. The collimated neutron beam was reflected from the air-liquid
interface at glancing angles of θ = 0.8 and 2.3◦ in order to cover the de-
sired Q range, from the total reflection edge to where the reflectivity falls
to the background. The total illuminated area was 15 by 65 mm, allowing
the reflectivity to be measured for 0.011 ≤ Qz ≤ 0.29 Å−1 at a resolution
∆Qz/Qz = 5%. All neutron reflectivity measurements were conducted at
21◦C.
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Figure 1: Drawing of the laminar flow trough design. Red arrows indicate the inlets
through which liquids are pushed in and blue arrows indicate inlets through which liquid
is pulled out through PTFE Omnifit tubing using a syringe pump in push-pull mode.
Large black arrow indicates the direction of the laminar flow across the trough.

2.2.3. Trough Design

A specifically designed PTFE laminar flow trough, a drawing of which
is shown in Figure 1, was used for the formation of the suspended bilayers.
The trough has dimensions 24 mm by 160 mm and a depth of 0.5 mm. The
volume of the trough is 10 mL, which includes the liquid contained in the
meniscus. The Supplementary Information contains a technical drawing of
the trough. The trough design has been subsequently modified to include a
barrier to allow for monolayer compression and the capability for temperature
control [39].

A syringe pump (World Precision Instrument, model SP210CZ) was used
in push-pull mode to simultaneously inject liquid into an inlet channel (in-
dicated by the red arrows in Figure 1) connected to the sub-phase by 32 ×
2 mm diameter holes running along the length of one edge of the base of
the trough, whilst withdrawing liquid through 32 × 2 mm diameter holes
along the opposite edge of the base of the trough, connected to an outlet
channel (indicated by blue arrows in Figure 1). At a flow rate of 2 mL min−1

the sub-phase can be exchanged without disturbing a surfactant monolayer
adsorbed at the interface, as illustrated schematically in Figure 2.

2.2.4. Formation of Suspended Bilayers

The trough was cleaned with ethanol, Milli-Q water and finally with
chloroform prior to the experiment. The trough was first filled with the
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buffer (20 mM HEPES, 150 mM NaCl in D2O at pD 7). A solution of
2 mg mL−1 DODAB in chloroform was spread on an aspirated buffer surface
to a surface pressure of 27–28 mN m−1 measured using a Wilhelmy plate.

The sub-phase was exchanged by passing fresh D2O buffer through the
laminar trough, underneath the monolayer, to remove any surfactant that
had entered the sub-phase during the spreading of the monolayer, before
measuring the specular neutron reflectivity. To form the suspended bilayer,
20 mL of a 1 mg mL−1 vesicle solution was flowed through the trough, un-
derneath the surfactant monolayer, at a flow rate of 2 mL min−1 using two
coupled syringes in a syringe pump in push-pull mode. To allow for diffusion
of vesicles across the stagnation layer beneath the monolayer, the vesicle so-
lution was left for 2 hours (in the first bilayer formation protocol) and 1 hour
(in the second bilayer formation protocol) after vesicle injection before flow-
ing solutions of 300 and then 150 mM NaCl in 20 mM HEPES buffer in D2O
at pD 7 through the trough, to trigger rupture of vesicles by osmotic shock.

2.2.5. Neutron Reflectivity Data Analysis

The structure of the suspended bilayer was determined by finding the
parameters that minimized the χ2 calculated between the measured reflec-
tivity and that calculated for a model, based on Figure 2. The minimum
χ2 was found using the differential evolution algorithm within the Rascal
2.0 MatLab package.[40] From the air-water interface into the sub-phase,
the model (fit parameters given in parentheses) comprises: a single layer de-
scription of the DODAB monolayer (monolayer hydration, DODAB area per
molecule, monolayer roughness); a water layer (water gap thickness); a four
layer description of the lipid bilayer, comprising lipid head group/tail layers
for symmetrical outer and inner leaflets. The details of the calculation of the
layer thicknesses and scattering length densities are given in the Supplemen-
tary Information. The monolayer is close to being contrast-matched to air,
making the fit insensitive to the structural details of this layer. The mea-
sured surface pressure of of 27–28 mN m−1 provides strong evidence for the
presence of the monolayer, so we include it in the model, but with the APM
of the DODAB molecules constrained to the range 65 to 95 Å2molecule−1,
as determined from the amount of DODAB spread in the monolayer. In the
Supplementary Information (SI section V.A.) we show that the inclusion of
this layer only affects the best fit value determined for the number of water
molecules per lipid head.

To fit the data measured during the formation of the lipid bilayer shown
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Figure 2: Schematic of the suspended lipid bilayer geometry illustrating key structural
parameters used in the model to fit the measured neutron reflectivity and how the buffer
sub-phase is exchanged by laminar flow. Note that bilayer and trough relative dimensions
are not to scale.

in Figure 4, rather than allowing only the head-group layer to incorporate
water (characterized as nw water molecules per lipid head group), we allow
for the whole bilayer to incorporate water (characterizing the hydration as a
percentage of the volume of the bilayer occupied by water). As we demon-
strate in the Supplementary Information (SI section V.B) it is necessary to
include a second bilayer separated from that directly beneath the DODAB
monolayer for the model to be able to describe the reflectivity measurements
shown in the middle 3 panels of Figure 4, which were measured at inter-
mediate stages of bilayer formation protocol 1. To describe the reflectivity
measured in stage 4 of the formation process, this second bilayer is replaced
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by a highly hydrated diffuse lipid layer.

3. Results & discussion

3.1. Results

Our aim was to form a phospholipid bilayer underneath a surfactant
monolayer by exploiting the driving force for vesicle adsorption and rup-
ture associated with counterion release arising from the difference in the sign
of the charge associated with the positively charged DODAB molecules in
the monolayer and the negatively charged (3:1 POPC:POPG) vesicles. The
requirement for a difference in the sign of the charge between the monolayer
and the vesicles was confirmed by the reflection-absorption infrared spec-
troscopy (RAIRS) measurements shown in the Supplementary Information.
These measurements indicated that the adsorption of vesicles comprising only
zwitterionic POPC was substantially less than for the 3:1 POPC:POPG vesi-
cles that form the basis of our bacterial membrane mimetic.

The assembly of a vesicle layer and subsequent rearrangement into a
bilayer structure underneath the surfactant monolayer was investigated with
neutron reflectivity.

3.1.1. Structures determined during bilayer formation protocol 1

Neutron reflectivity was measured for 0.01 ≤ Q ≤ 0.11 Å−1 for 45 minutes
starting from the start of an injection of 20 mL of a 1 mg mL−1 dispersion
of vesicles at a rate of 1 mL min−1. This data was time-sliced into 3 minute
segments as shown in Figure 3. Eighteen minutes after the start of the vesicle
injection, the neutron reflectivity profile began to change drastically with the
emergence of two clear minima at 0.023 and 0.055 Å−1. After ∼ 36 minutes,
the rate of change in the reflectivity profile decreases, corresponding to a
decrease in the rate at which the interfacial structure is changing.

The material is not initially distributed as a single bilayer, and a highly
hydrated double bilayer model provides the best fit to the measured reflec-
tivity. This model is constructed from 9 layers arranged from the air-water
interface into the sub-phase as: a DODAB layer, a water layer (W1); head
group, tail and head group layers for the first bilayer (B1); a second water-
rich layer (W2); and another sequence of head group, tail and head group
layers forming a second bilayer layer (B2). The best fit area per molecule
(APM) values from which the bilayer thicknesses (TB1 and TB2) were calcu-
lated and the best fit water layer thicknesses (TW1 and TW2) and hydration
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Figure 3: Neutron reflectivity measured during the assembly of 3:1 POPC:POPG vesicles
underneath a DODAB surfactant monolayer. Injection of 20 mL of a dispersion of vesicles
at a rate of 1 mL min−1 starts at 0 minutes and is sufficient to replace the sub-phase
volume twice over. The inset plot shows the reflectivity measured at Q=0.023 Å−1 as a
function of time; this value of Q is indicated on the main plot by the arrow.

of the bilayers (HB1 and HB2) are summarised in Table 1. See the Sup-
plementary Information for details on the calculation of layer thicknesses
and scattering length densities from the model parameters. The best fits
to the reflectivity profiles measured for the D2O based buffer during the 4
stages of bilayer formation are shown as the left column in Figure 4, with the
corresponding scattering length density (SLD) profiles shown in the middle
column, and a schematic interpretation of the structure shown in the right
column. The best fit model parameters for these fits are displayed in the Sup-
plementary Information. In Figure 4 and Table 1, stages 1 and 2 correspond
to 1 hour and 1.5 hours after the start of the vesicle injection respectively,
stage 3 is after stepping the NaCl concentration up to 300 mM and stage
4 is after the NaCl concentration has been stepped back down to 150 mM.
As we show in the Supplementary Information (SI section V.B.), to fit the
reflectivity shown in the middle three rows of Figure 4 requires a double
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Table 1: Summary of the key best fit parameters used to fit the neutron reflectometry
profiles measured during different stages of the formation of a suspended lipid bilayer,
with the upper and lower bounds of the 65% confidence interval given in square brackets.
Stages 1 and 2 correspond to 1 hour and 1.5 hours after the start of the vesicle injection,
respectively; stage 3 is after stepping the NaCl concentration up to 300 mM; stage 4 is after
the NaCl concentration has been stepped back down to 150 mM. ∗Note that in stage 4,
TB2 and HB2 denote the thickness and hydration of the diffuse layer depicted in Figure 4.
A full listing of the best fit parameters, confidence intervals and the bounds used in the
fitting procedure can be found in Tables S3 to S6 in the Supplementary Information.

Formation TW1 TB1 HB1 TW2 TB2 HB2

Stage (Å) (Å) (%) (Å) (Å) (%)
1 26[24 28] 17[15 23] 21[17 40] 66[65 70] 28[26 39] 30[24 39]
2 27[25 30] 31[28 45] 21[2 29] 45[42 54] 31[28 45] 23[1 30]
3 37[34 38] 19[18 20] 10[2 14] 30[26 36] 27[23 34] 47[39 49]
4 10[8 12] 44[42 46] 5[0 6] 52[31 64] 146[124 165]∗ 90[89 92]∗

bilayer structure, which we attribute to vesicles flattened into pancake-like
structures by strong adhesion. During these intermediate stages, the SLD
profile in the W2 layer, between the bilayers, remains below the SLD of the
sub-phase. This is likely due to the presence of some lipid from the rims
of the pancake-like structures, adding a contribution to the bilayer rough-
nesses. The reflectivity in the bottom row of Figure 4, has been fit to a
single well-defined bilayer, plus a thicker, highly hydrated diffuse lipid layer.
In the Discussion (section 3.2.2) we discuss a possible mechanism for the
development of the structures depicted schematically in Figure 4.

3.1.2. Structure of final suspended bilayer formed by protocol 2

In a second bilayer formation protocol, we reduced the time between
starting vesicle injection (stage 1) and the step up in NaCl concentration to
300 mM (stage 3) from 2 hours to 1 hour. The reflectivity profiles measured
in both D2O and a 35% D2O/65% H2O mixture buffer (SLD = 2.8 × 10−6

Å−2) at the end of stage 4 of this modified procedure is shown in Figure 5.
The best fit to the reflectivity is provided by a single high coverage bilayer
beneath the DODAB monolayer. This means that initiating the final rupture
of the vesicles earlier than in protocol 1 had the desired effect of allowing a
complete bilayer to form, without the excess unruptured vesicles. Table 2
gives the best fit parameters determined by co-refining the two profiles to
the single bilayer model, which was constrained according to the parameter
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Figure 4: Fitted neutron reflectivity profiles, corresponding SLD profiles and schematic
representations of the interfacial structures for: a DODAB monolayer (top); stages of vesi-
cle adsorption and deformation (middle three panels); and vesicle rupture after stepping
the NaCl concentration back down to 150 mM (bottom). The reflectivity data points are
depicted by the error bars (black) denoting the measurement uncertainty. The χ2 best
fits are shown as red lines with red shading, denoting 65% confidence interval bands cal-
culated from Bayesian analysis. H = head group layers of the lipid bilayers. D= DODAB
monolayer. We emphasize that the cartoon representations shown in the right panel, do
not attempt to accurately depict the in-plane extent of the pancake-like structures in the
middle 3 rows or the the coverage of the intact vesicles that we suggest are responsible for
the diffuse layer.
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bounds also given in Table 2 . An MCMC analysis was applied to determine
the 65% confidence intervals for the parameters of the model, which are
shown in Table 2 . The fit to the data and corresponding scattering length
density profiles are shown in Figure 5.

Table 2: Best fit model parameters used to fit neutron reflectivity profiles measured from
a 3:1 POPC:POPG lipid bilayer suspended underneath a surfactant monolayer, with the
lower and upper bounds on the 65% confidence intervals calculated from Bayesian analysis
shown in square brackets.

Parameter Parameter Fitted 65% Confidence
Bounds Value Interval

Bilayer roughness(Å) [2 10] 9 [8.4 9.7]
APM of bilayer(Å2 molecule−1) [50 120] 58 [56.0 59.5]
Water Gap (Å) [0 40] 11 [9.3 14.7]
Water per lipid head [0 18] 8 [0 10]
Surface roughness(Å) [2 7] 5 [4.3 6.6]
APM of monolayer(Å2 molecule−1) [65 95] 83 [65.4 88.6]
Monolayer hydration (%) [0 15] 7 [0.0 8.9]

The best-fit bilayer structure has a roughness of 9 Å, which is larger than
is typically observed for solid-supported bilayers [41]. This is consistent with
the suspended bilayers exhibiting larger amplitude out-of-plane fluctuations
than solid-supported bilayers. The separation between the monolayer and
the bilayer is determined by the balance between the attractive interaction,
associated with counterion release, and steric repulsions associated with the
out-of-plane fluctuations [42], and hydration repulsion [43]. We note that in
the analysis of the grazing incidence X-ray scattering from a DMPC-DMPG
bilayer adsorbed beneath a Langmuir monolayer at the air-water interface,
Pusterla et al. convolute the electron density profile with a Gaussian of width
10 Å, to account for the roughness of the bilayer associated with such out-of-
plane fluctuations [44]. The 10 Å thickness for the water layer between the
bilayer and the monolayer at the air-water interface they observe is also very
similar to the 11 Å gap we observe, although their measurements are from a
bilayer with a coverage of 50%.
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Figure 5: Left panel: Neutron reflectivity profiles measured (data points shown as black
error bars) from the final suspended lipid bilayer resulting from formation protocol 2 in
D2O buffer shown in red and 35% D2O buffer shown in green (offset on vertical axis for
clarity); the best fits to the data are shown as solid lines and the shaded band gives the
65% confidence interval. Top right: scattering length density profiles corresponding to the
fits in left panel. Bottom right: schematic representation of the structure corresponding
to the scattering length density profile of the suspended bilayer.
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3.2. Discussion

3.2.1. Characterisation of the final suspended bilayer

The model we use to fit the reflectivity profiles measured in two contrasts
from the final bilayer structure formed by protocol 2 contains the seven pa-
rameters listed in Table 2. The posterior probability distributions given in
Figure S4 of the Supplementary Information, show that the fit is most sensi-
tive to the area per lipid molecule (APM) in the bilayer and the thickness of
the water layer between the monolayer and the bilayer, whereas it is less sen-
sitive to the hydration and hence thickness of the bilayer head group layer.
These relative parameter sensitivities, suggest that the suspended bilayer ap-
proach should be well-suited to investigating either changes in lipid packing
density or the insertion of membrane-spanning proteins, such as ion channels.
Conversely, it might be less well-suited to investigating insertion of molecules
into the lipid head group region.

Experimentally determined values for the APM of POPC in bilayers range
from 62.7± 1.3 Å2, determined using small-angle scattering from ∼ 600 Å
diameter unilamellar vesicles [45], to 85 ± 23 Å2, determined using neutron
reflectivity from floating bilayers [46]. For POPG, an APM of 64.4 ± 0.2 Å2

has been determined using small-angle scattering [47]. Molecular dynamics
simulations, suggest that at 150 mM NaCl the APM for a POPG bilayer is
54.8±0.4 Å whilst a POPC bilayer would have an APM of 64.1± 0.6 Å2 [48].
Using these values, and assuming ideal mixing of POPC and POPG in the
3:1 ratio we use to form the suspended bilayers, one might predict an average
APM for a 3:1 POPC/POPG bilayer of 62 Å2, which is close to the best fit
value we determine of 58 ± 2 Å2. As the bilayer is unconstrained by any
interaction with a solid substrate, the suspended bilayer system provides an
ideal experimental system with which to compare the results from molecular
dynamics simulations.

We emphasize that the model that provides the best fit to the reflectivity
profiles shown in Figure 5 corresponds to a 100% coverage bilayer, with no
water incorporated into the tail region, and that this high coverage bilayer
covers the large area beneath the air-water interface of the trough.

3.2.2. Vesicle adhesion and rupture

The data we measured during formation protocol 1 (Figure 4) shows
sufficiently well-defined changes in the reflectivity for us to be able to discuss
a possible mechanism of bilayer formation. As is depicted schematically
in Figure 6, adsorption of vesicles is driven by the attractive counterion
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release interaction between the vesicles and the surfactant monolayer. The
sequence of neutron reflectivity profiles shown in Figure 4 is consistent with a
combination of the deformation and fusion mechanism described by Revikane
& Brisson [49], which follows the physics described by Seifert [50], and the
role for osmotic pressure described by Jackman et al. [28].

We suggest that the strong adhesion energy between the DODAB mono-
layer and the POPC:POPG vesicles, mediated by counterion release, is suf-
ficient to flatten the adsorbed vesicles into the pancake-like structures pre-
dicted theoretically by Lipowsky & Seifert [51, 52] and by coarse-grained
models [53]. In stage 1, the height of such a flattened vesicle would be
TB1 + TW2 + TB2 = 113 Å. Using our estimate for the adhesion energy of
Wad = 2.8 mJ m−2 and a value for the bending rigidity κb = 25 kBT , we can
use the expression derived by Seifert & Lipowsky [50] to predict the height
of flattened POPC:POPG vesicles in 150 mM NaCl adsorbed underneath a
DODAB covered air-water interface to be ∼ 100 Å (see Supplementary In-
formation for justification). This contrasts with the conclusion reached by
Koutsiobas et al. that the interaction of headgroups of POPC vesicles with
a silica surface (which will likely be weaker than in our system due to an ab-
sence of counterion-release) is insufficient to deform the vesicles enough for
the double bilayer structure they infer from their reflectivity profiles to be be
associated with opposing flattened faces of the same vesicle [54]. Instead they
describe an interface that is decorated by patches of bilayer from ruptured
vesicles, with intact vesicles adsorbing at the edges of these patches, resulting
in a sigmoidal bilayer that conforms over the patch, like a rug covering a step
(see Figure 10 of [54]).

The APM we determine for the first bilayer in stages 1-3, suggest that
vesicle adhesion is accompanied by a lateral expansion (areal strain), visible
as a thinning of the bilayer, which will promote fusion of the adsorbed vesi-
cles. The decrease in the second water layer thickness from 45 Å to 30 Å on
stepping up the salt concentration from 150 to 300 mM NaCl (stage 2→3)
is consistent with the decrease in internal volume of the vesicles expected to
accompany the efflux of water from the vesicles in response to the osmotic
upshock. As the vesicles continue to flatten and spread laterally, further
fusion of interacting vesicles will be promoted [49, 28]. The low thickness
of the first bilayer (TB1=19 Å) suggests that the bilayer is under a tension,
which is relieved by osmotic rupture of any remaining curved interfaces at
the perimeters of the pancake-like structures following the influx of water on
stepping the salt concentration back down to 150 mM (stage 4). This results
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in a well-defined bilayer separated from the monolayer by a 11 Å water layer.
The structural signature of the formation of a complete suspended bilayer
in the first bilayer formation protocol is the increase in the bilayer thickness
from 19 to 44 Å which indicates a release of areal strain. The accompa-
nying decrease in the thickness of the water layer between the surfactant
monolayer and the first bilayer (TW1) that occurs between stages 3 and 4
in Table 1 is consistent with an increase in the strength of the attractive
interaction caused by a decrease in the electrostatic screening when the salt
concentration is stepped down. This effect has been observed in other bilayer
systems [21, 55] and, following the work of Jackman et al. [28], the increase
in interaction strength would also be expected to contribute to the final rup-
turing any remaining curved interfaces at the perimeters of the pancake-like
structures adsorbed beneath the monolayer.

A second lipid layer remained at this stage, but instead of a well-defined
second bilayer it was necessary to include a diffuse lipid layer of thickness
146 Å, which we speculate can be ascribed to a low coverage of intact vesicles.
We note that a scenario for stage 4 in which a single suspended bilayer
covering most of the sub-phase face of the DODAB monolayer coexists with
unruptured vesicles adsorbed directly beneath a small fraction of the DODAB
monolayer, cannot be ruled out on the basis of fits to the specular reflectivity.
The insensitivity of specular reflectivity to lateral structure and the fact that
adhesion promotes fusion of the adsorbed vesicles [49, 28], also means that
we are not able to determine the lateral size of the flattened vesicles at the
various stages (1-3) of the formation protocol 1.

3.2.3. Comparing suspended bilayers to nanodisc assembly at the air-water
interface

Previously Wadsäter et al. observed the formation of DMPC:DMPG
SMALP nanodiscs underneath a DODAB monolayer at the air-water inter-
face, also observing that a difference in charge is needed between the nanodisc
lipids and the monolayer [56]. Our continuous suspended bilayer has the ad-
vantage of removing the need for any polymer in the bilayer region and still
holds the potential of protein-incorporation into the lipid bilayer through
proteoliposome rupture.
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Figure 6: Proposed mechanism of vesicle rupture in the formation of a suspended lipid
bilayer. i) Prior to the adsorption of vesicles under the monolayer, a charge gradient exists
underneath the cationic surfactant monolayer with a higher concentration of anions asso-
ciated at the air-water interface. ii) Vesicles adsorb underneath the monolayer and flatten
to maximize the adhesive contribution to the free energy arising from counterion release.
iii) After adding 300 mM NaCl buffer the decrease in internal volume that accompanies
efflux of water promotes further flattening and fusion resulting in a decrease in the height
of the pancake-like structure. iv) After returning to 150 mM NaCl buffer a single lipid
bilayer suspended underneath the monolayer remains.
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3.2.4. Suitability of suspended bilayer system to study inserted membrane
proteins

We have found that the relatively unconstrained nature of the suspended
bilayer and the presence of a water layer between the surfactant monolayer
and the bilayer makes this a suitable platform with which to investigate bi-
layers incorporating membrane proteins [27]. The water layer provides the
space to accommodate domains that protrude out from the membrane. In
this context, we speculate that it should be possible to control the thickness
of the water layer, by controlling the salt concentration, as has been found
using floating bilayers [21, 55], enabling inclusion of proteins with large trans-
membrane domains.

3.3. Conclusions

Neutron reflectivity measurements have been used to show that vesicles
comprising a 3:1 mixture of POPC:POPG adsorb beneath a DODAB mono-
layer spread at the air-water interface of a laminar flow trough. The attractive
interaction, which is likely driven by counterion release, results in a flattening
of the vesicles. The purpose-built laminar flow trough allows for a sequence
of changes in the salt concentration of the buffer, which drive the complete
rupture of the flattened vesicles resulting in the formation of a continuous
bilayer suspended beneath the monolayer at 100% coverage.

The requirement for a difference in the sign of the charge associated with
the monolayer and the lipid bilayer, that we confirmed by RAIRS, has also
been noted by Wadsäter et al. in their study of DMPC:DMPG SMALP
nanodiscs beneath a DODAB monolayer [56]. Pusterla et al. also make
use of the attractive interaction between a monolayer containing cationic
lipids and vesicles containing anionic lipids in forming bilayers adsorbed at
functionalized air-water interfaces [44].

The measured neutron reflectivity profiles are easy to interpret, as the
interfacial region does not feature any of the superfluous layers such as silicon,
silicon dioxide or gold that are typically present for floating bilayers formed
on solid substrates. The profiles are particularly sensitive to the thickness of
the water layer between the monolayer and the bilayer and the APM of the
lipids in the bilayer.

The location of the bilayer, 11 Å beneath the surfactant monolayer at the
air-water interface, means that it can be conveniently be probed by a vari-
ety of surface science techniques, such as X-ray reflectivity, Brewster angle
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microscopy, ellipsometry and RAIRS, in addition to neutron reflectivity, as
well as providing the space to incorporate transmembrane proteins.

As the bilayer is not constrained by a solid substrate it is able to fluctu-
ate more freely than solid-supported bilayers, resulting in a broader bilayer
SLD profile than is typically determined for such supported bilayers. The
absence of of a solid substrate and the relative ease of preparation makes the
suspended bilayer an exciting new membrane mimetic, which is well-suited
to investigating systems that incorporate transmembrane proteins.
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