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Lipid bilayers immobilized in planar geometries, such as solid-supported or “floating” bilayers, have
enabled detailed studies of biological membranes with numerous experimental techniques, notably X-ray
and neutron reflectometry. However, the presence of a solid support also has disadvantages as it compli-
cates the use of spectroscopic techniques as well as surface rheological measurements that would
require surface deformations. Here, in order to overcome these limitations, we investigate lipid bilayers
adsorbed to inherently soft and experimentally well accessible air/water interfaces that are functionalized
with Langmuir monolayers of amphiphiles. The bilayers are characterized with ellipsometry, X-ray scatter-
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ing, and X-ray fluorescence. Grazing-incidence X-ray diffraction reveals that lipid bilayers in a chain-
ordered state can have significantly different structural features than regular Langmuir monolayers of the
same composition. Our results suggest that bilayers at air/water interfaces may be well suited for funda-
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1. Introduction

Biological membranes are major components of all living
organisms. They form the boundaries between the various
compartments of cells and constitute platforms for essential
biochemical processes like enzymatic reactions, molecular
transport, and signal transduction."” To understand the
details of these processes, structural insight is often a prere-
quisite. Over the last several decades, various experimental
techniques, notably X-ray and neutron reflectometry and scat-
tering, have enabled the structural characterization of lipid
bilayers and more complex models of biological membranes
at sub-nanometer resolution.>® This approach has led to a
considerable progress in our understanding of intramem-
brane molecular distributions,>* interactions of membranes
with drugs, water soluble proteins and other components of
the aqueous medium,”” and inter-leaflet lipid exchange
dynamics.® All of this was only possible with the simul-
taneous development of methods for membrane immobiliz-
ation in planar geometries, such as solid-supported
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mental studies in the field of membrane biophysics.

membranes,”'® or membranes floating on polymers,'"** soft

tethers,”>'* or lipid bilayers."”> However, the presence of a
solid support has a number of disadvantages. At first, it pre-
vents any investigations that involve surface deformations,
such as interfacial dilatational rheology'® which would yield
insights into the viscoelastic and mechanical membrane pro-
perties. Moreover, the presence of condensed bulk media on
both sides of the membrane (the aqueous phase and the
solid) exclude or at least complicate other measurement tech-
niques, such as infrared spectroscopy.'””'® Regarding surface
X-ray diffraction for the study of crystalline ordering in lipid
bilayers,'® the absence of a solid support may widen the
range of applicability towards a controlled variation of the
area per lipid.

In the present work, we investigated lipid bilayers
adsorbed to planar air/water interfaces that are functiona-
lized with Langmuir monolayers of amphiphiles. The for-
mation of these bilayers through the fusion of small unila-
mellar vesicles (SUVs) is promoted by electrostatic attraction.
The interfacial layers were characterized by ellipsometry,
various X-ray scattering techniques, and X-ray fluorescence
which, in combination, provide a comprehensive structural
picture of the surface-adsorbed bilayers. Bilayers in fluid (L)
and in chain-ordered (Lg) phases were studied. The Ly phase
of a lipid bilayer was characterized for the first time by
grazing-incidence X-ray diffraction at the air/water interface
and the chain ordering was found to be significantly different
from that in a regular Langmuir monolayer of the same
composition.

This journal is © The Royal Society of Chemistry 2022
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2. Materials and methods

2.1. Chemicals

The phospholipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), 1,2-dimyristoyl-sn-glycero-3-phospho-1"-rac-glycerol
(DMPG), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine
(DPPE) and the cationic lipids 1,2-dimyristoyl-3-trimethyl-
ammonium-propane (DMTAP) and 1,2-stearoyl-3-trimethyl-
ammonium-propane (DSTAP) were purchased from Sigma-
Aldrich (Merck KGaA, Germany). The fluorinated amphiphile
1H,1H-perfluorooctadecan-1-ol (PFOL) was purchased from
Proactive Molecular Research (USA) and the perfluorooctadeca-
noic acid (PFOA) from Santa Cruz Biotechnology, Inc. (USA).
High purity (99.5-99.9%) NaCl was purchased from Sigma-
Aldrich. Hexane, methanol, and chloroform were of the
highest commercial purity available and were purchased from
Sigma-Aldrich (Merck KGaA, Germany).

2.2. Sample preparation

The lipidic mixture of DPPE-DSTAP (70 : 30 mol%) was spread
onto the air/water interface from a solution of chloroform-
methanol (7:3, v/v) and the mixture of PFOL-PFOA
(70:30 mol%) from a solution of hexane-ethanol (9:1, v/v).
Pressure-area isotherms were recorded with a KSV NIMA
Langmuir trough (KSV, Finland). Multilamellar vesicles (MLVs,
70:30 mol% of DMPC-DMTAP or DMPC-DMPG) were pre-
pared by generating a uniform lipid film on the wall of a glass
test tube by solvent evaporation under an N, stream from a
lipidic solution in chloroform-methanol (7 : 3, v/v). Remaining
traces of solvent were removed with a desiccator under vacuum
for 2 hours. The dried lipids were then hydrated with water
and subjected to three freezing-thawing cycles (—195 °C and
40 °C, respectively) to get MLVs. Finally, SUVs were prepared
by extrusion (20 times, extruder set with holder/heating block
from Avanti Polar Lipids, USA) of MLVs composed by DMPC-
DMTAP or DMPC-DMPG through polycarbonate filters with
50 nm pore size, at room temperature.

2.3. Ellipsometry

A null ellipsometer (Multiskop, Optrel GbR, Germany) with a
He-Ne laser (4 = 632.8 nm) was used to monitor lipid layer
thicknesses at the air/water interface. The incident angle was
set to 57°. The DPPE-DSTAP monolayer was analyzed at a
surface pressure of 7 = 30 mN m~"' using a home-made Teflon
trough of dimensions 70 mm x 70 mm x 4 mm covered by a
lid to prevent evaporation. The DMPC-DMPG SUVs were
injected with a syringe directly into the subphase through a
thin side channel. The ratio of the complex reflection coeffi-
cients for p-polarized and s-polarized light, r;, and r;, can be
described by the two ellipsometric angles ¥ and 4:*°

7 .
L —tan e 4. (1)
Ts

These two angles depend on the refractive indices of the
two bulk media and the refractive index and thickness of the
lipid film. Within the framework of a specific layer model (soft-
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ware Elli70 by Optrel) and with fixed refractive indices for all
components, the lipid layer thickness can thus be recon-
structed from the measurements.>"

2.4. X-ray reflectometry (XRR)

XRR measurements were performed using a D8 Advance
reflectometer (Bruker AXS, Karlsruhe, Germany) featuring a
vertical goniometer and horizontal sample geometry, allowing
the liquid surface to be studied without being disturbed
during the measurements. A Langmuir trough (KSV 1000,
Helsinki, Finland) with one Teflon barrier for asymmetric film
compression was enclosed in a box with Kapton windows
through which the incident and reflected X-ray beams pass.
The dimensions of the trough were 85 mm x 320 mm x 4 mm
for a total subphase volume of ~#110 mL when filled to a posi-
tive meniscus.

Reflectivity curves were measured in the 6-26 geometry,
where 0 is the incident angle. A conventional X-ray tube with a
Cu anode (Cu Ko, wavelength A = 1.54 A) was used to generate
an X-ray beam with a line focus. The beam was monochro-
mized by a Gobel mirror (W/Si multilayer mirror) and colli-
mated through two narrow horizontal slits of 0.1 mm with a
switchable absorber (calibrated Cu attenuator) in between.
Soller slits (A6, = 25 mrad) were placed after the last horizontal
slit and directly in front of the detector. The intensity was
recorded with a Vantec-1 line detector (Bruker AXS, Germany).
Data were corrected using the known attenuation factors.
Finally, the angular reflectivity scans were transformed to
reflectivity curves as a function of the perpendicular scattering
vector component, Q, = 4nsin 6/A.>*> For analysis, the experi-
mental data were compared with theoretically modeled XRR
curves based on a slab-model representation of the electron
density profiles of the interfacial lipid layers. These profiles
were discretized into 1 A-thin sub-slabs of constant electron
density, and the corresponding Q.,-dependent reflectivities,
R(Q,), were then calculated from the Fresnel reflection laws at
each slab-slab interface using the iterative recipe of Parratt.”?
Finally, all model parameters (electron densities, layer thick-
nesses, and roughness) were varied until the best agreement
with the experimental data was reached via y* minimization.

2.5. Grazing-incidence X-ray scattering techniques

Grazing-incidence X-ray scattering experiments (GIXOS, GIXD,
and TRXF, see below) were carried out at the beamline P08 at
storage ring PETRA III of Deutsches Elektronen-Synchrotron
(DESY, Hamburg, Germany). The Langmuir trough (Riegler &
Kirstein, Potsdam, Germany) was located in a hermetically
sealed container with Kapton windows, and the temperature
was kept at 27 °C by a thermostat. The container was con-
stantly flushed with a stream of humidified helium (He) to
prevent air scattering and the generation of reactive oxygen
species. The synchrotron X-ray beam was monochromatized to
a photon energy of 15 keV, corresponding to a wavelength of A
= 0.827 A. The incident angle was adjusted to ¢; = 0.07°,
slightly below the critical angle of total reflection, 6. = 0.082°.
A ground glass plate was placed approximately 0.3 - 1 mm
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beneath the illuminated area of the monolayer in order to
reduce mechanically excited surface waves.

Under total-reflection conditions, an X-ray standing wave
(SW) is formed at the air/water interface. The penetration
depth A of its evanescent tail into the aqueous hemispace is a
function of the angle of incidence 6;:>*

A l L (2)
N Qc acz - aiz

where Q. = 4n sin 6./ is the momentum transfer at the critical
angle, such that A »# 8 nm. The exact shape &(z) of the SW
intensity along the vertical position z for a given incident angle
follows from the interfacial electron density profile p(z) and
can be computed via the phase-correct summation of all
reflected and transmitted partial waves occurring at the
density gradients, as has been described previously.>**® For
lipid layers immobilized at the air/water interface, the profile
p(z) can be described conveniently with a slab model,”” where
the parameters of individual slabs in terms of thickness, elec-
tron density, and roughness can be obtained by XRR**™° or
GIXO0S,*'*? see further below. Note that roughness can be neg-
lected for the computation of &(z) when Q, is low, as is the
case under total reflection.””

2.5.1. Grazing incidence X-ray off-specular scattering
(GIXOS). Analogous to conventional X-ray reflectometry, GIXOS
allows reconstructing the interfacial electron density profile
(i.e., the laterally-averaged structure of the surfactant layer in
the direction perpendicular to the surface) from the Q,-depen-
dent scattering intensity, however at fixed incident angle. The
details of this technique are described elsewhere.>*?*?> As
explained more briefly in Kandué et al.,*® the Q,-dependence
of the diffuse scattering intensity I(Q,, # 0, Q) recorded at
low-enough yet finite Q,, (“out of the specular plane”) with the
help of a narrow slit contains information equivalent to that of
the conventional reflectivity R(Q,) and can be transformed as
I(Qy # 0, Q;) = V(Q,)R(Q,)/Rr(Q;) to good approximation, where
V(Q) is the Vineyard function and Ry(Q.) the Fresnel reflectiv-
ity of an ideal surface between the two bulk media. The
approximation is based on the assumption of conformal topo-
graphic roughness of all surfaces, which is justified for mole-
cular surface layers subject to capillary wave roughness. In the
present work, the GIXOS signal was measured at Q, =
0.04 A™'. The experimental data were analyzed with slab
models as described above for XRR, but in this case the calcu-
lated reflectivities R(Q,) were multiplied with V(Q,)/Re(Q;) to
obtain the theoretical GIXOS signal.

2.5.2. Grazing incidence X-ray diffraction (GIXD). The diffr-
action signal was measured with a vertically-oriented position-
sensitive detector (PSD, Mythen2 1K, Dectris AG, Baden-
Daettwil, Switzerland) scanning the azimuthal angle A and,
with that, the in-plane component Q,, = 4n/Asin(4/2) of the
scattering vector Q. The in-plane divergence of the diffracted
beam was restricted to 0.09° with a Soller collimator (JJ X-ray,
Denmark). The out-of-plane component Q, of the scattering
vector is encoded in the vertical position of the PSD channels
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and covered the range from 0.0 to 1.2 A™". The diffraction data
consist of Bragg peaks in the 2-dimensional (Q,,/Q;) space.
The diffraction peaks were fitted with a self-written python
macro yielding their Q,, and Q, positions and the full width at
half maximum (FWHM, see ref. 37 for the details). The in-
plane lattice repeat distances ¢ of the ordered structures then
follow from Bragg’s law as t = 2m/Q,,. The lattice parameters
such as the chain tilt with respect to the vertical direction and
the cross-sectional area per chain were obtained from the
peaks’ Qy, and Q, positions as described elsewhere.””™°

2.5.3. Total-reflection X-ray fluorescence (TRXF). The fluo-
rescence signal induced via photoelectric ionization by the
X-ray beam under total reflection conditions was recorded
with an Amptek X-123SDD detector (Amptek, Bedford, USA).
The detector was placed almost parallel to the water surface
and perpendicular to the X-ray beam axis, in order to keep
elastic and Compton scattering into the detector as low as
possible. The center of the detector view angle was set to
coincide with the beam footprint position on the water
surface.

The fluorescence intensity I» emitted by the phosphorus (P)
atoms contained in the interfacial lipid layer is determined by
their interfacial depth profile cp(z).”” On a quantitative level, I
is proportional to the spatial integral over the product of c¢p(z)
and the known SW intensity profile @(z) introduced above,

L =A Jio cp(2)P(2)dz (3)

where the prefactor A can be calibrated with a suitable refer-
ence measurement for which c¢p(z) is known. Experimentally, Ip
was obtained by fitting the intensity peak associated with the
P K, emission line (at ~2.05 keV) in the recorded fluorescence
spectra with a Gaussian function.

2.5.4. Determination of the DMPC-DMPG bilayer coverage
by TRXF. The P fluorescence intensity after bilayer adsorption
was interpreted on a quantitative level by considering the
initial intensity originating solely from the P atoms in the
DPPE-DSTAP monolayer. Their in-plane density I'}' is deter-
mined by the GIXD measurements, yielding the area per lipid
in the monolayer A™ = 41.2 A” (see Section 3.1.1) and thus the
P-coverage in the monolayer,

Iy =f/A (4)

where fi' = 0.7 is the fraction of lipids carrying a P atom. The
depth distribution of P along z can be well approximated with
a narrow region of extension [ analogous to the headgroup
slab of the monolayer, such that the P concentration in this
region is ¢’ = I'p'/l. With that, cp(2) is fully determined and,
together with the known SW intensity profile @, yields an
absolute calibration of the prefactor A in eqn (3). It should be
noted however that the precise value of [ has negligible influ-
ence on the final result.

After adsorption of the DMPC-DMPG bilayer, two
additional P-accommodating regions are considered,
coinciding with the phospholipid headgroup slabs at the two

This journal is © The Royal Society of Chemistry 2022
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bilayer surfaces. The P coverage in each of these regions is
determined by the coverage fraction x,, (see Results section)
and the average lipid area A? = 59.9 A> in a DMPC-DMPG
bilayer in the L, phase,*

T'p = Xufp/A7 (5)

where f5 = 1 because every lipid carries a P atom. The coverage
fraction can thus be expressed in terms of the ratio between
the coverages of P atoms in the monolayer and bilayer
surfaces.

AT
APy

b
FP

~092 -2
ry

Xo =fp"

(6)

This coverage ratio, in turn, can be deduced from the ratio
Ip/Ig between the measured fluorescence intensities before and
after bilayer adsorption (see Section 3.1.4).

2.5.5. Determination of the DMPC-DMTAP bilayer cover-
age by TXRF. The coverage of a DMPC-DMTAP bilayer
adsorbed to a PFOL-PFOA monolayer was determined in the
same way, but with a suitably adapted slab model which con-
siders that the perfluorinated monolayer is P-free. As a
P-containing calibration reference, the DPPE-DSTAP mono-
layer was again used.

3. Results and discussion

3.1. DMPC-DMPG bilayer supported by a DPPE-DSTAP
monolayer

The preparation of conventional floating lipid bilayers"’ is typi-
cally based on the Langmuir-Blodgett (LB) and/or Langmuir
Schaefer (LS) techniques.”*' This approach obviously cannot
be taken for the deposition of lipid bilayers onto fluid inter-
faces and the vesicle fusion technique**** has to be employed
instead. Although its effectiveness depends on many para-
meters, notably on a suitable functionalization of the inter-
face, vesicle fusion has an overall greater potential to be used
also for native membrane systems.**

As in the case of solid-supported floating bilayers, a phos-
pholipid surface is initially used as support for the bilayer
deposition in the present work. For this purpose, a monolayer
of DPPE-DSTAP (70:30 mol%) was chosen. The zwitterionic
phospholipid DPPE has fully saturated C16 hydrocarbon
chains and adopts a liquid-condensed (LC) state at 27 °C,*
the temperature at which this study was carried out. In order
to promote the fusion of negatively charged vesicles we added
to the monolayer 30 mol% of the positively charged lipid
DSTAP, which has fully saturated C18 hydrocarbon chains and
also forms a considerably rigid film.*® The lipids were spread
onto an air-water interface from a chloroform-methanol (7: 3
v/v) solution and then compressed until reaching a final lateral
pressure of # = 30 mN m™', a representative value of the
packing in lipid bilayers.”” Fig. 1 shows compression iso-
therms for the monolayers of the different lipidic mixtures
employed during this work. The isotherm of the DPPE-DSTAP

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Compression isotherms (lateral pressure = vs. available area per
molecule A?) for DPPE-DSTAP (red), PFOL-PFOA (blue) and DMPC-
DMTAP (green) mixed monolayers at 27 °C. A} was calibrated with the
crystallographic area AC for each mixture at 7 = 30 mN m~' (DPPE-
DSTAP: AC = 41.2 A%, PFOL-PFOA: AC = 29.1 A%, DMPC-DMTAP: A{ =
44.6 A2).

monolayer (red solid line) shows that the film transitions into
an ordered LC phase already at very low pressures and is very
stable up to =55 mN m ™.

Our purpose was to study bilayers in a fluid-like L, phase.
Therefore, the choice of a monolayer in an ordered LC phase
was intended to minimize undesired lipid exchange between
the adjacent mono- and bilayers. The SUVs for vesicle fusion
were prepared using a 70:30 mol% mixture of DMPC and
DMPG, a system that is negatively charged and assumes a fluid
L, phase at 27 °C, the temperature at which the measurements
were conducted. The SUVs were slowly injected into the sub-
phase under the pre-formed monolayer film (z = 30 mN m™)
with a syringe and from the opposite side of the compression
barriers until reaching a final lipid concentration of 0.1 mg
ml™" in the subphase.

3.1.1. In-plane structure of the DPPE-DSTAP monolayer:
GIXD. To obtain information on the in-plane lattice structure
of the DPPE-DSTAP monolayer, GIXD experiments were per-
formed. The GIXD pattern obtained at # = 30 mN m™" is
shown in Fig. S1 in the ESIL.{ Two distinct Bragg peaks indicate
the formation of a rectangular lattice structure with tilted
chains (tilt angle 14.5°) in the nearest neighbor (NN) direc-
tion.*® The crystallographic area per lipid, AS = A™ = 41.2 A%
demonstrates tight lipid packing. The chain cross-sectional
area (4, = 20.0 A?) is typical of a free rotator phase.*®

3.1.2. Bilayer formation kinetics: ellipsometry.
Ellipsometry was used to monitor the total lipid layer thick-
ness D (monolayer + bilayer) as a function of time after the
injection of DMPC-DMPG SUVs. The thickness was deduced
from the ellipsometric angles (see Section 2.3) with an
assumed refractive index for lipids, n = 1.46, which is an
approximate mean value between the reported refractive
indices of DPPE*® and DMPC.* For air and water, refractive
indices of 1.00 and 1.33 were assumed. Fig. 2 shows the evol-
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Fig. 2 Total lipid layer thickness D obtained by ellipsometry as a func-
tion of time after the injection of DMPC-DMPG SUVs underneath a pre-
formed DPPE-DSTAP monolayer at 7 = 30 mN m™% The error bars
correspond to the standard deviation of 4 independent experiments.

ution of the total thickness D. The initial thickness corres-
ponding to the monolayer is obtained as 2.6 nm, which meets
the expectation for a monolayer well. Upon vesicle fusion, D
increases gradually until it saturated to a value of 7.3 nm after
about 8 h. The difference between the final and initial values,
AD = 4.7 nm, is a reasonable value for the thickness of a fluid
bilayer containing DMPC.?® The intermediate thickness values
obtained during the bilayer formation process can be under-
stood in terms of a gradually increasing bilayer coverage frac-
tion until full coverage is reached eventually.

3.1.3. Vertical sample structure: GIXOS and XRR. GIXOS
and XRR experiments were carried out to determine the inter-
facial layer structures in terms of the interfacial electron
density profiles. Fig. 3A presents the GIXOS curve for the
DPPE-DSTAP monolayer at # = 30 mN m™". The data were ana-
lyzed by describing the monolayer film with two homogeneous
slabs or boxes of adjustable thickness d and electron density
p, which physically represent different portions of the lipid

>
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04 06 08
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monolayers, namely headgroups and hydrocarbon tails. The
interfaces between slabs are subject to interfacial roughness to
an adjustable extent encoded in the roughness parameters o.
In Fig. 3A, the solid red line superimposed to the experimental
data points is a theoretically modeled GIXOS signal based on
such a two-layer description after optimization of the para-
meters d and p of both slabs and of the ¢ parameters for the
three interfaces.

The associated best-matching electron density profile is
shown in Fig. 3B. The first layer has a comparatively low elec-
tron density and represents the tails of the monolayer (“tm”),
while the second layer has a higher electron density and rep-
resents the headgroups of the monolayer (“hm”). The best-
matching parameters are summarized in Table 1 and are
similar to those reported earlier for a pure DPPE monolayer.*
The provided error estimates include systematic uncertainties,
which are typically the dominant contribution as discussed
previously.**

Note that the electron density in the headgroup is some-
what lower than in usual phospholipid layers, because here
30% of the lipids (DSTAP) do not have electron-rich P atoms in
their headgroups. The comparatively high electron density of
the tail layer is consistent with the reported structures of
densely packed monolayers of lipids with saturated tails.>* The
obtained roughness values are comparatively low, which can
be attributed to the fact that GIXOS measures the scattering
signal at finite Q>

Table 1 Parameters of the best-matching model for a DPPE-DSTAP
monolayer at 7 = 30 mN m™ as obtained by GIXOS. The labels “hm"” and
“tm” stand for monolayer headgroups and monolayer tails, respectively.
Error estimates include systematic uncertainties

d(A) pleh) o (A)
hm 8.1+0.5 0.42 £ 0.01 o, (air/tm) 2.2+0.5
tm 16.8 + 0.5 0.34+0.01 6, (tm/hm) 2.6+0.5
o3 (hm/water) 24+0.5
B
0.5 air tm hm water
0.4-
% 0.3
=
R)
Q 0.2
0.1
0.0-— T . . .
-15 0 15 30 45
z(A)

Fig. 3 (A) GIXOS signal (symbols) from a DPPE—DSTAP monolayer at 7 = 30 mN m™. The solid red line is the theoretical curve corresponding to the
best-matching model parameters. (B) Reconstructed electron density profile of the monolayer at the air/water interface. The colored regions labeled
with “tm” and “hm” represent the tail and headgroup sections, respectively, of the monolayer.
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(A and C) GIXOS data (symbols) and the corresponding fits (solid lines) for the trilayer system (DPPE-DSTAP monolayer + adsorbed DMPC-

DMPG bilayer) 6 hours after SUVs injection (A) without and (C) with added NaCl. (B and D) Reconstructed electron density profiles (solid lines) for
the trilayer (B) without and (D) with added NaCl. The different colors represent the sections with different electron density values. The plots with
dashed lines represent non-convolved electron density profiles, when setting scony = O A. All profiles represent the regions covered by a bilayer, i.e.,

for x, = 1.

Fig. 4A shows the GIXOS curve measured 6 h after the injec-
tion of DMPC-DMPG SUVs underneath the DPPE-DSTAP
monolayer. The solid line indicates the theoretical curve
corresponding to the best-matching parameters of the slab
model. This time, a more complex slab model was used to
describe a bilayer adsorbed underneath the monolayer. In
addition to the “tm” and “hm” slabs introduced before, slabs
for the headgroups, tails, and the central methyl dip of the
bilayer (“hb”, “tb”, and “mb”, respectively) as well as a water
layer “w” between monolayer and bilayer were considered.
Note that the “hb” and “tb” layers appear twice in the bilayer
for reason of symmetry (see Fig. 4B). In order to minimize the
number of free parameters in the model, the monolayer-
related features were kept at the values obtained prior to
vesicle fusion (Table 1). All bilayer-internal parameters were
fixed such that they exactly reproduced (see Fig. S2 in ESIT) a
previously published electron density profile of a DMPC
bilayer in the fluid L, phase.*® These fixed bilayer values are
presented in Table 2. However, in order to realistically model
an imperfect, fluctuating bilayer adsorbed to a monolayer, we
further considered a global bilayer roughness, achieved by con-
volution of the bilayer profile with a Gaussian function of
width ocony (see Table 3, 1st column). This was achieved ana-
lytically by correcting all bilayer-related slab roughness para-
meters as oeorr = V02 + 0conv2. Moreover, we allowed for scen-

This journal is © The Royal Society of Chemistry 2022

Table 2 Fixed parameters used for the GIXOS, XRR and TRXF fitting of
the trilayer architecture formed by a DPPE-DSTAP monolayer and
DMPC-DMPG bilayers. The monolayer parameters were extracted from
the fitting of Fig. 3, and the bilayer parameters were taken from the ref.
54

d(A p(eA™) o (A)
hm 8.1 0.42 o, (air/tm) 2.2
tm 16.8 0.34 6, (tm/hm) 2.6
hb 6.7 0.50 o3 (hm/water) 2.4
th 10.9 0.30 64 (water/hb) 1.8
mb 7.0 0.17 o5 (hb/tb) 2.4
o6 (tb/mb) 2.4

Table 3 Parameters of the best GIXOS matching model for the trilayer
system (DPPE-DSTAP monolayer + DMPC-DMPG vesicles) 6 hours after
SUVs injection with and without NaCl

Trilayer Trilayer + salt
Xy 0.50° 0.50°
dy (A) 10.3 +0.5 16.6 + 0.5
Geonv (A) 10.2 + 0.5 13.3 £ 0.5

“Known from TRXF measurement and therefore fixed. Error estimates
include systematic uncertainties.
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arios of incomplete bilayer coverage by introducing the cover-
age fraction x,€[0, 1]. The latter was implemented through
weighted averaging of the electron density profile of the bilayer
(with weight x;,) and of the constant electron density of water
(with weight 1 — x3,). The remaining free model parameters to
fit the GIXOS intensity curve in Fig. 4A are only the thickness
d,, of the interstitial water layer, the global bilayer roughness
Ocony, and the bilayer coverage fraction xy,.

The good agreement between the theoretical GIXOS curve
and the experimental data demonstrates the validity of the
employed model upon optimization of these three parameters.
In this case, the overall architecture of the trilayer can be
roughly described as a 5 nm thick bilayer floating at a separ-
ation of ~1 nm below a 2.5 nm thick monolayer, which is in
good agreement with the ellipsometry results discussed
before. Alternative sample architectures like multilayer for-
mation can be excluded, as this would result in very different
XRR and GIXOS curves and is also not expected in view of sub-
stantial electrostatic repulsion between like-charged bilayers.

The main obstacle to an unambiguous determination of
the parameter values is a strong covariance between oo,y and
xp in the fit. Namely, a theoretical GIXOS or XRR curve under-
goes similar changes when increasing x,, or when decreasing
oconv-i This undesirable ambiguity can however be circum-
vented through an independent determination of x;, by TRXF
measurements, as explained in Section 2.5.4.

An equivalent experiment on a monolayer/bilayer system of
the same composition was performed by XRR with the same
model-based analysis procedure. The XRR fitting curve (Fig. S3
and Table S1 in ESIY), like the GIXOS curve, is well reproduced
by the model and the sample is clearly found to have the
expected trilayer architecture. In fact, the agreement is satisfac-
tory even when modelling the XRR experimental data with the
model parameters found for in the GIXOS measurements (see
again Fig. S3 in ESIf). While the main structural character-
istics obtained by GIXOS and XRR are generally consistent,
eventual differences can be attributed to the different rough-
ness bias of the two techniques®® but also to the coverages that
can be slightly different in two different experiments.

As stated above, our system was designed to minimize lipid
exchange between the monolayer and the adsorbed bilayer, by
working with a combination of long-chain lipids for the mono-
layer and short-chain lipids for the vesicles, which are rather
immiscible at the imposed temperature. Nevertheless, we
cannot exclude the possibility of some lipid exchange. The
details of such exchange processes are best addressed by
neutron reflectometry with selective deuteration, as was
demonstrated for solid-supported bilayers exposed to vesicles®
and for lipid nanodiscs adsorbed to Langmuir monolayers.>®
These works show that there can indeed be considerable lipid
exchange between the interacting systems.

1This is the case for X-rays, because bilayers on average have similar p as water
and contrast therefore mainly arises from bilayer internal p variations which
vanish when getting smeared out by convolution. For neutrons, the situation is
different.
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3.1.4. Bilayer coverage fraction: TRXF. TRXF experiments
were carried out simultaneously with GIXOS and GIXD, in
order to quantify the bilayer coverage fraction x;,, introduced
above. Since this fraction is proportional to the interfacial
density of P atoms belonging to the bilayer, it is possible to
deduce x}, from measurements of the P fluorescence intensity
Ip. Fig. 5A shows this intensity as a function of time after injec-
tion of DMPC-DMPG SUVs underneath the DPPE-DSTAP
monolayer. The intensity is normalized by its value Ig prior to
SUVs injection. After injection the intensity increases systema-
tically as the bilayer is formed and reaches a value of IP/IIOJ =
1.77 at the end of the measurement after 6 h, when GIXOS was
measured. Note that the intensity has not yet saturated at that
point.

As described in the Methods section, the bilayer coverage
was deduced from the increase in the P fluorescence based on
the interfacial SW profile and the distribution of P atoms.
Fig. 5B shows the structure of the air/water interface after the
bilayer adsorption in terms of the electron density slab model
and the P distribution. The grey solid line indicates the SW
intensity profile at the relevant incidence angle, which was
found to be practically identical before and after bilayer
adsorption. The profile was calculated with the monolayer and
bilayer parameters summarized in Tables 1 and 2.>*
Importantly, the SW intensity is higher at the monolayer
surface than at the bilayer surfaces, which is why the bilayer
contributes less to the P fluorescence intensity than the mono-
layer. Rigorous application of eqn (3) for both scenarios repro-
duces the observed intensity ratio Ip/Ig = 1.77 when I'Y/rm =
0.54, such that the coverage fraction is obtained as x, = 0.50
according to eqn (6).

In other words, no full bilayer coverage was achieved after
6 h, which is consistent with the non-saturated P intensity in
Fig. 5A and with the ellipsometry results which show that full
coverage can take more than 8 h. By analyzing the ellipsometry
results (Fig. 2), it can even be seen that the apparent bilayer
thickness 6 hours after the vesicle injection represents a 59%
fraction of the final stable bilayer thickness after 8 hours, in sat-
isfactory agreement with the value x;, = 0.50 obtained by TRXF.

3.1.5. Final structural modeling and the effect of added
salt. With x;,, at hand, a final fitting of the GIXOS data on the
DMPC-DMPG bilayer supported by the DPPE-DSTAP-functio-
nalized air/water interface was performed. By fixing all the
structural parameters summarized in the Table 2 as well as x;,
= 0.50, reliable values for the water layer thickness and the
global roughness were obtained (Table 3). The solid line in
Fig. 4A corresponds to this final fit result, and the corres-
ponding electron density profile is shown in Fig. 4B as a solid
line. For better illustration this profile represents the regions
effectively covered by a bilayer, i.e., when assuming x;, = 1.

The water layer thickness d,, was found to be around 10 A,
in line with the picture that hydration repulsion prevents a
direct surface contact despite the electrostatic attraction.>®
With 6eony & 10 A, the global bilayer roughness was found to
be larger than that of conventional solid-supported lipid
bilayers and comparable to that of floating lipid bilayers,*®

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (A) Relative intensity Ip/lg as a function of time after SUVs injection. (B) Schematic illustration of the lipid layers with a slab description of the
electron density profiles (red solid line), P distributions (black dashed line) and calculated SW X-ray intensity (grey solid line).

reflecting the soft overall bilayer confinement at the functiona-
lized air/water interface. To illustrate the influence of bilayer
roughness, the non-convolved electron density profile (i.e., when
assuming ocony = 0 A) is also shown in Fig. 4B as a dashed line.
We further investigated the electrostatic effect of salt
addition on the interaction of the DMPC-DMPG bilayer with
the supporting DPPE-DSTAP monolayer. For this purpose, NaCl
was added to a final concentration of 50 mM and another
GIXOS measurement was carried out only 15 min later. The
most remarkable effect caused by the salt addition is a water
layer thickening (Table 3 and Fig. 4C, D) by around 7 A (from d,,
~ 10 A to d,, ~ 17 A) which could be explained due to the
screening of ions and the resulting weaker attraction between
the oppositely charged layers. In fact, a similar value of d,, (~
20 A) has been previously reported for the separation between
uncharged DPPC bilayers at full hydration,”” suggesting that
hydration repulsion becomes the dominant short-range force
contribution for sufficiently high ionic strength. The weaker
adhesion strength in the presence of salt appears to correlate
also with an increase in the bilayer roughness (see Table 3), as
was previously discussed for solid-supported floating bilayers."
In a related work by Wadsiter et al.,”® self-assembled lipid
nanodiscs with an amphipathic protein belt were let adsorb to an
oppositely charged surfactant monolayer at the air-water inter-
face. Their results were similar to ours regarding the thickness of
the intermediate water layer (15 A in 100 mM NaCl). Regarding
the surface coverage, which was reported to be around 66%, it
must be noted that there exists an upper limit imposed by the
optimal packing of spherical discs. Current work on bilayers sus-
pended below functionalized air/water interfaces revealed a value
of 11 A for the water layer thickness in the presence of salts.®®*”

3.2. DMPC-DMTAP bilayer supported by a PFOL-PFOA
monolayer

The combination of GIXOS, TRXF, and ellipsometry allowed us
to characterize the vertical sample architecture, i.e., perpen-
dicular to the interface. In contrast, GIXD allows for the inves-
tigation of lipid layers in the in-plane direction and can resolve
the details of the molecular arrangements in lipid phases with

This journal is © The Royal Society of Chemistry 2022

crystalline ordering.’”*° The technique is largely limited to

air/water interfaces and has therefore been used almost exclu-
sively for the study of lipid monolayers.>*>® However, having at
hand lipid bilayers immobilized at air/water interfaces, we are
in the unique position to exploit the power of GIXD for the
study of lipid bilayers featuring phases with crystalline order-
ing, such as the chain-ordered Lg phase.

In order to distinguish the diffraction peaks from the
monolayer and the bilayer, any overlap between the associated
peak positions should be avoided, which is difficult when the
monolayer is formed by conventional membrane lipids able to
form ordered LC phases. To overcome this issue, a second
experiment was performed in which the air/water interface was
functionalized with a negatively charged monolayer formed by
the perfluorinated amphiphiles 1H,1H-perfluorooctadecan-1-ol
(PFOL) and perfluorooctadecanoic acid (PFOA), also in the
molar proportion 70:30. The PFOL-PFOA isotherm (Fig. 1,
blue solid line) was found to be featureless, steep, and stable
up to 7 = 65 mN m™ ", indicating densely arranged perfluoro-
carbon chain domains at all conditions. The SUVs were pre-
pared from a positively charged mixture of DMPC-DMTAP
(70:30 mol%). At 27 °C, an ordered Ly structure is expected
for this mixture, for which an Lg to L, phase transition temp-
erature of ~36 °C was reported by Zantl et al.®

The GIXOS curves of the compressed PFOL-PFOA mono-
layer (z = 30 mN m™") prior to and after the injection of
DMPC-DMTAP SUVs, clearly reveal the formation of a bilayer
adsorbed to the monolayer (Fig. 6A and B). The fluorinated
molecules of the monomolecular film were described as a
single slab (labeled as “f”) with an adjusted thickness d; ~
21 A and an electron density p¢ = 0.66 e A= (Table 4) which
agree well with those previously reported by Sperati®* and by
Jacquemain®” for similar fluorinated compounds. The DMPC-
DMTAP bilayer was modeled in the same way as the DMPC-
DMPG bilayer discussed above, based on reference.’* Based on
Xp = 0.55, obtained by TRXF (see Methods section), the best-
matching values for the two remaining parameters were
obtained as dy, ~ 5 A and 6.opy < 2 A (see also Table 4). As can
be seen, the interstitial water layer is significantly thinner than

Nanoscale, 2022, 14,15048-15059 | 15055
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Fig. 6 (A) GIXOS data (symbols) and the corresponding fits (solid lines) for the PFOL—PFOA (70 : 30 mol%) monolayer at 7 = 30 mN m~ (black) and
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line). The different colours represent the sections with different electron density values. All profiles represent the regions covered by a bilayer, i.e.,

for x, = 1.

Table 4 Parameters of the best GIXOS matching model for the trilayer
system (PFOL—PFOA monolayer + DMPC—-DMTAP vesicles) 6 hours after
the vesicles spreading. The superscript “a” refers to those values fixed
prior to the fitting, in this case from TRXF. The DMPC-DMTAP bilayer
was modeled in the same way as the DMPC-DMPG bilayer discussed

above, based on ref. 54. Error estimates include systematic uncertainties

Parameters

dr 21.4+0.5A

dy, 49+0.5A

or 0.66 + 0.01 e A~®
Xp 0.55%

Geony 1.3+0.5A

o, (air/f) 32+05A

o, (flwater) 1.8+0.5A

that of the DPPE-DSTAP-DMPC-DMPG system, which can be
explained due to a much weaker hydration repulsion. In fact, it
has been already reported that hydration repulsion is of much
longer range for zwitterionic phospholipid surfaces than for
surfaces bearing OH-groups.®® Besides, a stronger charge
attraction can be attributed to a higher charge density in the
monolayer. Regarding o..,, We can assume that its remarkably
low value is likely a consequence of the stronger adhesion and
the overall higher rigidity of the perfluorinated monolayer.

Fig. 7A shows the GIXD pattern of the PFOL-PFOA mono-
layer prior to injection of DMPC-DMTAP SUVs. It exhibits a
single sharp diffraction peak with the maximum at Q, = 0, indi-
cating that the fluorocarbon chains assume an upright (un-
tilted) hexagonal lattice. From the peak position Q,, = 1.268 At
(Fig. 7A, inset), the corresponding lattice spacing between fluor-
ocarbon chains of 5.72 A can be calculated, which agrees well
with the value reported earlier.®* Also for the shorter perfluoro-
dodecanoic acid (C;,F,3COOH) the same non-tilted phase has
been observed between 15 and 50 mN m™" with lattice-spacings
decreasing from 5.83 A to 5.77 A on compression.®®

The GIXD pattern recorded 6 hours after the injection of
DMPC/DMTAP SUVs features additional diffraction intensity

15056 | Nanoscale, 2022, 14,15048-15059

around Q,, = 1.49 A™', which can safely be attributed to the
adsorbed bilayer (Fig. 7B). It should be noted that the
measurements do not enable us to distinguish between the
two bilayer leaflets with regard to their structural ordering. In
other words, we cannot exclude a possible asymmetry in the
chain ordering across the bilayer. The intensity of the diffrac-
tion signal coming from the bilayer is weaker compared to the
one that would originate from a Langmuir monolayer with the
same structure because the X-ray illumination profile decays
exponentially with depth (see grey line in Fig. 5B). However,
this effect is rather weak, with a relative reduction by a factor
of less than 2.

The first impression is that this additional intensity is from
a single diffraction peak centered at Q, ~ 0, which would indi-
cate a fully upright hexagonal packing of the lipid tails in the
bilayer. However, the width of the peak in Q,-direction (FWHM
=0.41 A™") according to the Scherrer equation®**” corresponds
to an alkyl chain layer thickness of only 14 A, which is clearly
too thin for a layer of stretched upright C14 tails. When a rea-
listic value of L = 17 A (corresponding to FWHM = 0.34 A™%) is
imposed in a suitable model with two closely overlapping
peaks, then fitting yields Qyy; = 1.485 A™", Qy = 1.494 A™, Qyy
=0.12 A™" and Q,, = 0 A" (see Fig. 7C and D), which corres-
ponds to a chain tilt of ~5.3° and an area per molecule of AP =
41.2 A% Note that in the work by Zantl et al. on the same lipid
composition,”® the single intensity maximum observed in
wide-angle X-ray scattering (WAXS) at Q,, ~ 1.48 A™" has also
been interpreted as a superposition by powder averaging of the
two separate peaks associated with a tilted chain lattice.

In contrast, in the monolayer of the DMPC-DMTAP
(70: 30 mol%) mixture, for which the isotherm is also shown
in Fig. 1 (green solid line), three diffraction peaks are observed
at high lateral pressures (see Fig. S4 in ESI}). They correspond
to an LC phase with a crystallographic area per molecule of AT
= 44.6 A% and a chain tilt angle of a = 21.8°. Interestingly, the
bilayer behaves differently than the monolayer of the same
mixture, for which the tilt is much larger. As was already

This journal is © The Royal Society of Chemistry 2022
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modeled individual Gaussian peaks used for the model with fixed FWHM. The blue dashed curve indicates the tail of the mirror image of the blue
curve, which also contributes to the intensity. The green line is the total model intensity.

pointed out earlier, this result demonstrates the usefulness of
GIXD experiments on lipid bilayers immobilized at air/water
interfaces, as they allow for the investigation of bilayer struc-
tures that do not necessarily occur in the corresponding
monolayers."’

Upon bilayer formation, also a slight lateral contraction in
the fluorinated monolayer structure occurs, as manifested in a
shift in the diffraction peak from Q,, = 1.268 Al to Qxy =1.273
A™'. This molecular area decrease by roughly 1% could be
related to an effective charge screening by the presence of the
oppositely charged bilayer.

4. Conclusion

In this work we have successfully formed and characterized
lipid bilayers adsorbed to functionalized air/water interfaces.
Ellipsometry was proven to be a suitable technique to monitor
the lipid layer total thickness and thus to follow the bilayer
adsorption kinetics. GIXOS and XRR provide structural details
of the layer architecture, while TRXF is a powerful complemen-

This journal is © The Royal Society of Chemistry 2022

tary method to deduce the bilayer coverage fraction from the P
fluorescence intensity. Finally, we demonstrated that the
adsorbed bilayers can be structurally characterized in in-plane
direction by GIXD, which opens new possibilities for future
studies, for example on the formation of glycolipid-enriched
functional domains.*”
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