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Abstract

Glycolipids have a considerable influence on the interaction between adjacent biomembranes
and can promote membrane adhesion trough favorable sugar-sugar ”"bonds” even at low
glycolipid fractions. Here, in order to obtain structural insights into this phenomenon, we
utilize neutron reflectometry in combination with a floating lipid bilayer architecture that
brings two glycolipid-loaded lipid bilayers to close proximity. We find that selected glycolipids
with di-, or oligosaccharide headgroups affect the inter-bilayer water layer thickness and

appear to contribute to the stability of the double-bilayer architecture by promoting adhesion



of adjacent bilayers even against induced electrostatic repulsion. However, we do not observe
any redistribution of glycolipids that would maximize the density of sugar-sugar contacts.
Our results point towards possible strategies for the investigation of interactions between

cell surfaces involving specific protein-protein, lipid-lipid, or protein-lipid binding.

Introduction

Glycolipids influence the behavior of lipid bilayers in various ways that have far-reaching
consequences for the functions of biological membranes and cells.’™ Among the important
aspects is the impact of glycolipids on interactions with other bilayers.>% For example, for
high glycolipid fractions, the hydration repulsion governing the thickness of the inter-bilayer
water layer is substantially reduced with respect to commonly studied phosphocholine (PC)
lipid bilayers, such that spontaneous membrane stack formation is promoted.”® But already
low fractions of glycolipids can significantly strengthen membrane adhesion via weak sugar-

sugar “bonds”, as was found in experimental studies utilizing micropipetting, 1%!! the surface
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force apparatus,'? as well as x-ray and neutron scattering techniques, and later on in
a simulation-based study.!'® Recently, additional features of glycolipid-loaded bilayers were
identified that have to do with preferential sugar-sugar interactions. For example, certain
glycolipids with mono-, di-, and oligosaccharide headgroups can enhance the chain order-

1618 and direct carbohydrate-carbohydrate

ing in binary glycolipid/phospholipid mixtures,
interactions can drive the insertion of biosurfactants into lipid membranes.!® While most
of these phenomena have been observed for comparatively simple synthetic glycolipids, one
may expect that the underlying mechanisms apply equally to biological membranes with
their diverse and chemically more complex glycosphingolipids, such as gangliosides with
their numerous functions in protein regulation and lateral segregation.?’?! Among them,

the ganglioside GM1 is particularly abundant in the nervous system and accounts for 80%

of all glycans in the brain.??



So far, structural investigations on the role of glycolipids in membrane adhesion have been

performed mainly with lipid multibilayers, !3:14:23

which are hardly suited to provide suffi-
ciently detailed structural information in the direction perpendicular to the surface. Struc-
tural detail is however required to investigate the distribution of lipid species across the
bilayer or to investigate asymmetrical interaction scenarios with different glycolipid types or
densities in the two opposing lipid surfaces.

Solid supported lipid bilayers are versatile and well established platforms for membrane-
biophysical studies and for the structural characterization of lipid bilayers in the direc-
tion perpendicular to the surface by neutron reflectometry (NR).?* To this end, "floating
lipid bilayers” (FLB), supported by lipid mono- or bilayers and prepared via the Langmuir-
Blodgett/Langmuir-Schaefer (LB/LS) techniques,? 2% are particularly useful because they
avoid perturbation of the bilayer through strong (and non-physiological) interactions with a
bare solid support.

Here we use NR to investigate the influence of glycolipids with the documented ability to
form inter-bilayer sugar-bonds on the structure and stability of FLBs that bring two bilayers
into proximity. The studied glycolipids with di-, tri-, or pentasaccharide headgroups are
found to have impacts on the inter-bilayer water layer thickness, and most of them appear
to contribute to the FLB stability although they do not accumulate on the bilayer face on

which inter-bilayer sugar-bonds can be formed.

Materials and methods

Materials

Chloroform (purity > 99.9% [Warning: toxic on incorporation, inhalation, skin, and eye
contact; use under fume hood and/or with suitable personal protection]), methanol (purity
> 99.9% [Warning: toxic on incorporation, inhalation, skin, and eye contact; use under

fume hood and/or with suitable personal protection]), DoO (isotopic purity > 99.8), NaCl,



and CaCly were purchased from Sigma-Aldrich and used without further purification. GM1
ganglioside was purchased from Merck. Double deionized ultrapure water (resistivity: 18.2
MQ-cm) was obtained from a water purification station (Elga, Purelab classic). Silicon
single crystal blocks, 50 mm x 50 mm x 10 mm in size, polished on one large (111) face
and terminated with a thin layer of native silicon oxide, were purchased from Sil’tronix
(Archamps, France).

The phospholipids 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), both in hydrogenous and chain-perdeuteraded forms,
were purchased from Avanti Polar Lipids (Alabaster, AL). The glycolipids N-hexadecanoyl-
lactosyl-ceramide (LacCer-sat) and N-hexadecanoyl-ceramide-trihexoside (Trihexo-sat) were
purchased from Matreya (State College, PA). The glycolipids were available with C16 and
C18 chains (LacCerC16, LacCerC18, TrihexoC16), TrihexoC18) to be able to match both
the chains of DSPC and DPPC, as detailed in Fig. 1.
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Figure 1: Chemical structures of all lipids investigated: DSPC, DPPC, Lactosyl-Ceramide
(LacCer), Trihexoside-Ceramide (Trihexo), Ganglioside M1 (GM1).

Sample preparation

All glassware and sample vials were washed with chloroform before use. Lipid solutions were
prepared by dissolving lipid powder at a concentration of 1 mg/mL in chloroform or a mixture

of chloroform and methanol (2:1 by volume), for phospholipid or glycolipids, respectively.



Mixed solutions were then obtained by mixing these solutions in suitable volume ratios.
Silicon-matched water (SMW) was obtained by mixing H,O and D50 in the volume ratio
1.63:1. The silicon blocks were first cleaned with the organic solvents chloroform, acetone,
and ethanol and subsequently treated in a plasma cleaner for 10 min.

FLBs were prepared at 20 °C by the sequential deposition of individual lipid monolayers
onto the surfaces of the blocks with the Langmuir-Blodgett (LB) / Langmuir-Schaefer (LS)
techniques. Teflon Langmuir troughs were used for this purpose, either by Nima Technology
(Coventry, UK) or by Riegler & Kirstein (Potsdam, Germany). Starting with the bare block
inside the aqueous medium, the first three transfers were performed with LB, by moving the
block first out, then in, and then out again, at a speed of 6 mm/min. Only the last transfer
was performed with LS, and the block then remained inside the NR measurement cell. Before
each transfer, a lipid monolayer at the air/water was prepared by spreading a suitable amount
of lipid solution, allowing 10 min for complete evaporation, and compressing the monolayer to
the desired pressure of 7 = 40 mN/m, which was kept constant during the transfers through
barrier movements. Ellipsometry experiments were carried out on independent samples after

the first and the third transfer step.

Ellipsometry

As described in an earlier publication,3® from which the following paragraph is partially re-
produced, ellipsometry enables the characterization of interfacial layers in terms of refractive
indices and thicknesses. The method is based on the change in the polarization state of light
upon reflection from the surface. For a given refractive index n, the change depends on the
layer thickness and is quantified in terms of the phase difference A and the amplitude ratio
U encoded in the ratio between the complex reflection coefficients Ry and R, for s and p

polarizations, respectively:3!

R,/R, = tan We ™4 (1)



Ellipsometry measurements were carried out with the same silicon blocks which where
later used for the NR. experiments and have a thin (= 10 A) layer of native oxide on their
surface. The measurements were performed at an incident angle of 70° with an Optrel
Multiskop ellipsometer working with a wavelength Aoy = 632.8 nm. Silicon has the complex
refractive index ng; = 3.885-0.018i.3? As refractive index of the silicon oxide we assumed the
Noxi = 1.47 as determined earlier.®® For the hydrated organic layers we assume ng, = 1.5,

consistent with earlier reports on organic materials. 3334

NR experiments

NR was performed with the reflectometer FIGARO? of Institut Laue-Langevin (ILL, Greno-
ble, France) as generally described in our earlier work3¢ from which the following paragraph
is partially reproduced. All measurements were carried out using “solid/liquid cells”. After
passing through the silicon block, the incident beam hits the solid-liquid interface with an
angle 6 and the beam portion reflected at the same angle is collected. The reflectivity, that
is, the intensity ratio R between reflected and incident beams, with wave vectors l% and Ef,
respectively, is recorded as a function of ¢, = |kt — k| = (47/)\)sin 6, the scattering vec-
tor component perpendicular to the interface (see Figure 1B). Here, A denotes the neutron
wavelength. The measurements were conducted in the time-of-flight mode using two fixed
incident angles #; = 1.0° and 0y = 3.5°. The wavelength range was 2 A <A< 20A. The
¢.-resolution in terms of the relative width Ag./q, corresponds to the finite angular and
wavelength resolutions, is ¢.-dependent, and varied between 7% and 10%. While modeling
experimental reflectivity curves, the finite experimental resolution was taken into account
by convoluting the initial reflectivity curves, calculated for the case of infinite resolution,
with Gaussian functions representing the resolution function of the experiments. The curves

R(q.) depend on the interfacial scattering length density (SLD) distribution of all chemical



components j having their characteristic and known SLDs p;:
1 j
pi= > Nib (2)
Tk

, where b, is the coherent scattering length of an atomic nucleus of type k£ and V; ,ﬁ is the
number of such nuclei in component j per volume v;. The SLD strictly refers to the anhydrous
chemical components and their solvent-excluded volume. With that, the zy-averaged volume
fraction profiles of all components in the direction (z) perpendicular to the surface can be
reconstructed from R(q,). To avoid ambiguities in this procedure, and to enhance sensitivity
to the chemical components of interest, a technique called contrast variation is applied, which
is possible because of the large difference of the scattering length of the hydrogen isotopes
H and D. The SLD of the aqueous medium is varied by replacing H,O with D,O or defined
H50 /D50 mixtures with a desired SLD. To this end, we use three HoO/DyO mixtures, pure
H>O (pw = -0.56 - 1075 A=2), pure DO (pw = 6.35 - 1075 A=2), and a mixture matching
the SLD of the silicon substrate (SMW, pw = 2.07 - 1076 A=2). Minor deviations in py
can occur because of incomplete exchange of the aqueous medium inside the cell during the
rinsing procedure. This was accounted for by allowing for small variations in pw in the
data analysis. Moreover, in certain samples, phospholipids with deuterated hydrocarbon
chains (d-phospholipids) were introduced to enhance the SLD contrast against glycolipids
with unmodified (hydrogenous) hydrocarbon chains. Most of the chemical components of
which the samples are composed have constant SLDs. This applies to crystalline silicon (ps; =
2.07 - 107% A=2), silicon oxide (pex = 3.47 - 1075 A=2), hydrogenous lipid hydrocarbon chains
(puc = -0.4 - 1078 A=2), deuterated lipid hydrocarbon chains (pauc = 7.1 - 1076 A=2), and
phospholipid headgroups (ppug = 1.75 - 1076 A~2), as was established earlier.?*37 Because

of the dynamic H/D exchange of “labile” hydrogens, however, the SLD of the glycolipids’



saccharide headgroups, pgug, depends on the SLD pw of the aqueous medium:3®

pcuc = A+ Bpw (3)

, where A = 2.10 - 107 A~2 and B = 0.258 for LacCer, A = 2.22 - 107 A2 and
B = 0.270 for Trihexo, and A = 2.09 - 107 A=2 and B = 0.258 for GMI (see Supporting

Information).

NR data analysis

The reflectivity curves obtained with samples of the same kind but under different SLD
contrast conditions (HyO/DyO mixtures and lipid deuteration schemes) were simultaneously
described with a common model. This model (see Fig. 2) is based on the volume fraction
profiles, ¢;(z), of all chemical components perpendicular to the interface and simultane-
ously describes the reflectivity curves of a sample for all measurement conditions (Fig. 3),
that is, for all HoO/DyO mixtures and for samples based on h-phospholipids and on d-
phospholipids. The chemical components are silicon (Si), silicon oxide (oxi), phospholipid
hydrocarbon chains (PHC), phospholipid headgroups (PHG), glycolipid hydrocarbon chains
(GHC), glycolipid headgroups (GHG), and water (W). The SLD profile p(z) for each condi-

tion then follows as:

p(2) = psitsi(2)+poxiPoxitPxucPruc (2)+pnucdenc (2)+prucdruc (2)+pencdcnc (2)+pwow(2)
(4)
, where pyuc = pnuc for h-phospholipids and pwgc = pauc for d-phospholipids. The
distance measured perpendicular to the surface is denoted with z, where z = 0 is arbitrarily

defined as the interface between the silicon and the oxide layer. By construction, the sum of



all volume fractions in the model amounts to unity at each z-position:
D o) =1 (5)
J

For the volume fraction profiles we use a layer description determined by a set of ad-
justable parameters and in the spirit of our earlier work.3%3¢ Silicon oxide, lipid HC and
HG, as well as the water layers below and between the lipid bilayers are described as ho-
mogeneous layers with adjustable thickness (d) and roughness (o) parameters. Here, dyi"
is the thickness of the thin hydration layer between the silicon oxide and the headgroups
of the proximal bilayer and dy is the thickness of the water layer between the headgroup
regions of the two bilayers. An idealized (roughness-free), schematic illustration of the model
is shown in Fig. 2 A. The addition of a distinct layer for the "methyl dip”, which is essential

9 was found to be unnecessary, in line with

to model x-ray reflectivity from lipid bilayers,?
earlier reports.?® The oxide layer is allowed to have a finite water fraction ¢%', which rep-
resents both internal hydration and silanols.?® In order to reduce the number of adjustable

model parameters it is convenient to quantify the amount per area of each component by its

equivalent thickness

D= [ o ©)

, which coincides with the thickness of an equivalent layer entirely composed of that compo-
nent. For a monolayer with glycolipid fraction zqy, and phospholipid fraction xp;, = 1 — zqp,
we obtain Dgyc = g, Duc and Dpyc = (1 — xgr)Duc, when the HC of glycolipids and
phospholipids are of the same type and volume. Here, the chain volumes are vye = 980 A3
for a pair of C18 chains and vye = 870 A3 for a pair of C16 chains. Moreover, HGs and
pairs of HCs always occur in a 1:1 stoichiometry, requiring that the respective equivalent
thicknesses are coupled, Dpyc = Dpucvpnc/vnc and Deguc = Dancvene/vnc. Here, the
volume of the phospholipid headgroup is vpug = 340 A3 and that of the glycolipid headgroup

is vgne = 419 A3 for LacCer, vgne = 551 A3 for Trihexo (see Supporting Information and
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Figure 2: (A) Roughness-free description of the distributions of all chemical components
in terms of the thickness and volume fraction parameters of defined layers. The indicated
parameters are defined in the text. (B) Resulting volume fraction profiles for a parameter
set that describes a PC/Trihexo FLB at 50°C simultaneously in all HyO /DO mixtures and
with both phospholipid deuteration schemes. PHC: phospholipid hydrocarbon chains, PHG:
phospholipid headgroups, GHC: glycolipid hydrocarbon chains, GHG: glycolipid headgroups.
(C) Corresponding SLD profiles for the h-phospholipid-based PC/Trihexo FLB in three
different H,O/D5O mixtures (DO, SMW, and H,0).

10



ref.4!), and vgug = 1000 A3 for GM1.42

The HC chains are hydrophobic and therefore the HC layers are safely assumed to be free
of water (see Fig. 2 A), in which case the equivalent thickness simply coincides with the
layer thickness, Dyc = duyc. In contrast, the equivalent thickness of headgroups is smaller
than the thickness of the hydrated HG layer, Dug = dug(1 — ¢i¢), where ¢t is the water
fraction of the HG layer (Fig. 2 A). For a given set of parameters Dyc, gL, and dyc, the
water fraction thus follows as ¢i¥ = 1 — [Dyc/(ducvac)] - [(1 — zaL)vpne + TaLvenc).

In the model, PHGs and GHGs are pooled in a single layer of thickness dyg. This sim-
plification is practicable because the SLD contrast between water and the GHGs, due to
the pronounced H/D exchange, is quite weak and because xgy, is comparatively low. As a
consequence, the reflectivity curves are not very sensitive to the GHG distribution. Indeed,
as shown in the Supporting Information (Fig. S7), the fit remains virtually unchanged when
an extra parameter for the GHG layer extension is introduced and varied within a plausible
range. To further reduce the number of free model parameters, the distal bilayer is assumed
to be symmetrical with regard to the HC and HG thickness and roughness parameters of the
constituting monolayers, but not with regard to the glycolipid fraction in each monolayer.
The two HG layers of the proximal bilayer have independent thickness parameters because
their environment is strongly asymmetrical and because they have very different composition
as imposed by the composition of the sequentially transferred monolayers.

Turning to the distribution of glycolipids over the two monolayers of a bilayer, we generally
account for the possibility of an exchange between the two monolayers of a fluid bilayer
through lipid flip-flop or other mechanisms to the same effect. The glycolipid fractions xzqr,
in the two monolayers, termed x{%; and 2, are therefore assumed as variable but mutually

coupled as imposed by the known total glycolipid fraction z2Y in the bilayer,

xi(rzlL = 2 finTqpr (7)

11



x‘éuﬁ =2(1 — fin)wgee (8)

, such that we are left with only one independent parameter fi, € (0,1) for the glycolipid
distribution in the distal bilayer when it is in the fluid state.

Fig. 2 B shows the volume fraction profiles of all chemical components resulting from this
modeling approach for a suitable set of parameters and after application of all interfacial
roughnesses regarding the oxide and lipid layers. Following previous work*? the thermal

fluctuations of the two bilayers were considered by convolution of the corresponding volume

prox
fluc

dist

and og

fractions with Gaussian functions of widths o for the proximal and distal bilay-
ers, respectively, in addition to bilayer-internal roughness parameters, which were all fixed at
Ot = 2 A. The consequence of this convolution for the volume fraction profiles is illustrated
in Fig. S1 of the Supporting Information. While fixing o, at a finite value does not actually
improve the model, it does reduce the number of free parameters for the fit. Here, a value
of 2 A was primarily chosen to realistically reflect the SLD gradient due to variations of the
chemical composition along the molecular structure. A less realistic choice of oy, would have

dist

resulted in the same fit quality, albeit in under- or overestimated values of o and og.

Fig. 2 C shows the resulting SLD profiles according to Eq. 4 for a sample with all hydro-
genated hydrocarbon chains in three different HoO/D2O mixtures, D,O, SMW, and H,O.

The final aspect to be considered is the surface coverage. The most common approach to
modeling incomplete bilayer coverage is to multiply all lipid-related volume fractions with
a coverage fraction fg, € (0,1) and filling up the rest with water, that is, replacing ¢;(z)
with ¢%(2) = ferg;(2) and ¢w(z) with ¢y (2) = dw(z) + (1 — fer) >_; ¢;(2) in Eq. 4 for
j € {PHC, GHC, PHG, GHG}. This treatment, termed coherent treatment in the follow-
ing, is valid when bilayer heterogeneities are on length scales much smaller than the in-plane
coherence length of the probing neutron beam. Another way of dealing with incomplete
bilayer coverage is to model the SLD profiles and reflectivity curves of covered and uncov-
ered surface regions independently and then represent the experimental reflectivity curves

as weighted sum of the model reflectivities from the covered and uncovered regions. This
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treatment is called incoherent treatment in the following because it is valid when bilayer
heterogeneities are on length scales much larger than the in-plane coherence length of the

probing neutron beam. In this case, the reflectivity is modeled as

R(q:) = for' Remu(a:) + (FB — for' ) R (g:) + (1 = fR0) Roare(2:) (9)

, where fh” and fgi* are the coverage fractions of the proximal and distal bilayer, respec-
tively, with f51™ > f35t and Rpae, Ripr, and Ropy, are the reflectivities from the uncovered
(bare) regions of the sample, from the regions covered with only the proximal bilayer, and
from the regions covered with both bilayers, respectively. Note that Eq. 9 by construction
fulfills the normalization condition, far® + (fB™ — fast) + (1 — fB1™) = 1.

To simultaneously fit the adjustable parameters of the common model to a set of experi-
mental reflectivity curves (see Figs. 3 and 6), we started from an ”educated guess” of initial
parameter values and first calculated the interfacial SLD profiles corresponding to each con-
dition. In the next step, we calculated the corresponding reflectivity curves using dynamical
reflection theory. To this end, the profiles were discretized into hundreds of thin slabs of
1 A thickness and of constant SLD. The ¢,-dependent intensities were then calculated via ap-
plication of Fresnel’s reflection laws at each slab/slab interface using the iterative procedure
of Parratt.** The best-matching parameters stated in the text and summarized in Tables 2
and 3 correspond to the minimal y2-deviation between simulated and experimental intensi-
ties. Estimates of the statistical parameter errors, e.g. corresponding to the 95% (two-sigma)
confidence interval, are valid only within the framework of a ”perfect model”, characterized
by a reduced x? close to unity®® and typically greatly underestimate the real uncertainty.
In view of significant additional contributions due to systematic errors, much larger error
estimates are therefore provided instead in the tables next to the parameter values. They
approximately reflect the variation of the obtained parameters throughout the evolution and
refinement of the above-described model description, i.e., they reflect the robustness of the

parameters with respect to the model, and we therefore consider them more meaningful.®°
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Results and discussion

The floating lipid bilayer samples were prepared through a combination of the LB and LS
transfer techniques to sequentially deposit four lipid monolayers onto the initially bare silicon
substrates (see Methods section for further details). While the first monolayer was always

14,46 oither Lac-

of pure phospholipid, layers 2-4 contained defined fractions of glycolipids,
Cer, Trihexo, or GM1 (see Fig. 1). LacCer and Trihexo were previously shown to stabilize
bilayer adhesion even against induced electrostatic repulsion.* The glycolipid fractions in
layers 2-4 were zgr = 0.2 (20 mol%) for LacCer and Trihexo and 5 mol% or 10 mol% for
GM1. Layers 1-2 were based on DSPC (forming densely-packed and chain-ordered layers
up to 55 °C), while layers 3-4 were based on DPPC (chain melting temperature 41 °C). In
order to match the chain lengths of the matrix phospholipids, Cig-glycolipids (LacCerCyg or
TrihexoCyg) were used for layer 2 and Cig-glycolipids (LacCerCyg or TrihexoCig) for layers
3 and 4. In the following, PC-based FLBs containing LacCer, Trihexo, or GM1 glycolipids
will be referred to as "PC/LacCer FLB”, ”PC/Trihexo FLB”, and "PC/GM1 FLB”, respec-
tively. The glycolipid-free reference system will be simply called ”"PC FLB”.

We were primarily interested in the stability of glycolipid-containing FLB samples, in the
influence of glycolipids on the thickness of the water layer between the two bilayers when
linked together trough attractive sugar-sugar interactions, and on the amplitude of the ther-
mal fluctuations as manifested in the associated roughness parameter. Moreover, we were
interested in whether preferential sugar-sugar interactions would accumulate glycolipids at
the inner leaflet of the outer bilayer, via flip-flop mechanisms known for sterols and phos-
pholipids?” or other mechanisms to the same effect, e.g., diffusion through defects. In the
following we will present our results on the above-mentioned aspects by describing the sam-

ples first on a macroscopic scale by ellipsometry and then on a detailed structural level by

NR.
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Ellipsometry

Ellipsometry experiments allowed us to identify conditions under which the sequential trans-
fer of the lipid monolayers onto the silicon surfaces was most successful. Reproducibly excel-
lent bilayer coverage was only achieved when completely dipping the solid substrates under
water during LB transfers, which was achieved with a modified holder for the solid substrate.
Table 1 exemplarily summarizes the ellipsometric angles A and ¥ obtained with a bare sili-
con surface, the surface after the first LB transfer, and the surface after the third and last LB
transfer, together with the corresponding overall lipid layer thicknesses Dy, determined in
the modeling procedure (see Methods section). Note that the second and third transfers are
the critical steps in the sample preparation and that the samples are stable in air only after
uneven transfer numbers, that is, when lipid hydrophobic portions are exposed to air. It is
seen that Dy, is approximately proportional to the number of monolayers transferred and
an absolute value of &~ 90 A for the whole architecture is realistic when assuming roughly
25 A per monolayer plus the hydration water. Moreover, the thickness variation over the sur-
face is remarkably small (see Supporting Information Table S2), indicating excellent surface
coverage with three monolayers. However, when incomplete coverage occurred nonetheless,
then distinct mm-sized regions covered with only one transferred monolayer were found (as
seen from the ellipsometric angles), such that only one bilayer would result after the final
(non-critical) LS transfer. This observation is in contrast to the usual picture of having

continuous bilayers with water-filled nanoscale defects.

Table 1: Ellipsometric angles A and ¥ (average + standard deviation over the sample
surface) and corresponding overall lipid layer thickness Dy,. System: Pure PC lipids in all
monolayers. *Values assuming D ~ 10 A (see NR results below).

sample | A[] | WPl | Dy [A
bare block 176.4* 10.62 -
after 1% transfer 166.0 10.8 35

after 3'4 transfer | 150.7 £ 0.2 | 11.51 £ 0.06 | 92 £+ 1
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Neutron reflectometry

The samples were first characterized at a controlled temperature of 25°C and then heated
to 50°C such that the proximal (supporting) bilayer remained in the chain-crystalline state
while the distal bilayer assumes the biologically most relevant fluid phase. This can be safely
assumed because even for directly solid-supported bilayers, where interactions with the sur-
face are strong, the transition temperature is shifted only by few degrees upwards.*® For the
distal bilayer, which is separated from the proximal bilayer by a considerable water layer,
the transition temperature has been reported to be even slightly lower than in multilamellar
bulk phases.*® Indeed, as presented further below, the NR data confirmed the intended phase
states for both bilayers at both temperatures. Fig. 3 shows an exemplary set of reflectivity
curves obtained at 50°C with a PC/Trihexo FLB. The figure contains data from samples with
chain-hydrogenous (panel A) and chain-deuterated (panel B) phospholipids (h-phospholipids
and d-phospholipids, respectively) and from three HoO/DyO mixtures (HoO, SMW, D50).
Note that the samples with h- and d-phospholipids were prepared independently but oth-
erwise can be considered to be of the same kind. The solid lines indicate the simulated
reflectivity curves corresponding to a common model described in the Methods section and
illustrated in Fig. 2. All system-intrinsic parameters like membrane and water layer thick-
nesses, roughnesses, and parameters specifying the distribution of glycolipids over membrane
leaflets are assumed to be identical for all six curves obtained with two samples and three
H;0 /D50 mixtures. In fact, they correspond to the set of volume fraction profiles presented
in Fig. 2 B and simultaneously reproduce all six reflectivity curves remarkably well. The
only parameters that were allowed to vary between the two samples are those related to the
transfer (fpL1, fer2) and to the oxide layer on the solid substrate (doxi, %, Osioxis Toxi,W),
as these cannot be expected to be identical. It should be noted that two separate yet incon-
sistent fits of the two samples with h- and d-phospholipids would reproduce the data even
slightly better, however at the cost of greater ambiguity. Moreover, the chosen "log (R - ¢?)

vs. log(q.)” representation highlights deviations between fit and experimental data more
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than the more commonly used "log (R) vs. ¢.”

representation. One possible reason for the
remaining deviations between the global fits and the experimental data could be progressive
variations of certain sample parameters (such as bilayer coverage) associated with slow defect
healing between the measurements with different H,O/DyO mixtures. Additional data and
fits for PC FLBs, PC/Trihexo FLBs, PC/LacCer FLBs and PC/GM1 FLBs are presented
in the Supporting Information (Figs. S2-S5).

In most cases, the bilayer coverages after annealing by heating to 50°C were found to be
excellent (fh" 2 0.96, fast > (.90, see Table 2). In these cases, differences between the
coherent and incoherent treatments of heterogeneities in the reflectivity modeling are small.
We emphasize, however, that the treatment becomes important when the bilayer coverage
is incomplete, as frequently observed for samples at 25°C prior to annealing (Table 3). In
these cases, good agreement between experimental and modeled reflectivity curves was only
achieved with the incoherent treatment, in line with the ellipsometry measurements, which
suggest that heterogeneities are laterally macroscopic when occurring. By contrast, poor
agreement was observed with the coherent treatment (see Supporting Information, Fig. S6).
Based on the combined interpretation of ellipsometry and NR results we conclude that het-
erogeneities occurring during the LB/LS transfer of lipid bilayers onto solid surfaces may
typically have macroscopic length scales and therefore may often have to be handled with an
incoherent treatment, in contrast to the typical implementation in commonly used NR fitting
packages. Note, however, that generality with regard to this conclusion cannot be claimed,
although support can also be found in earlier reports with a more general perspective on
deposition techniques and parameters.®’

FLBs containing GM1 were found to be unstable, i.e., to lose their distal bilayers, even at the
lowest glycolipid content (z8Y = 0.05), even before heating the samples to 50°C (Tables 2
and 3), and even when their preparation was attempted in the presence of 100 mM NaCl.
We attribute this result to the negative charge that GM1 is bearing in contrast to the other

glycolipids investigated and that leads to electrostatic repulsion. In fact, a 5 mol% content of
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negative lipids was previously reported to suppress multilamellar states of lipid membranes
even in the presence of 100 mM salt.'* We emphasize that this result is not in contradiction
to earlier reports of attractive interactions between fully charged lipid bilayers?® because
the much lower charge densities relevant in the present work do not fall into the "strong
coupling” regime in which attraction is expected.!

A 7 h-phospholipids B 1 d-phospholipids
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Figure 3: NR curves obtained at 50°C with a PC/Trihexo FLB. (A) Sample with chain-
hydrogenous phospholipids. (B) Sample with chain-deuterated phospholipids. Solid lines:
simulated reflectivity curves corresponding to a common volume fraction model reproducing
all six reflectivity curves in panels A and B. This model is shown in Fig. 2 B.

Having assessed that PC FLBs, PC/Trihexo FLBs and PC/LacCer FLBs are stable
even at high temperatures, we turn to the structural parameters obtained in the reflectivity
analysis. The oxide layer parameters (mean + standard deviation over all samples) were
obtained as do; = 9 £ 1 A, ¢% = 0.08 + 0.06, 0gi0a = 3 + 1.5 A, and opqw = 3 + 1 A,
which is consistent with earlier works.3"26 The water layer below the proximal bilayer was
found to have a thickness of dytl < 5 A and an effective thickness including phospholipid
headgroup hydration of DJIPY = diiPl + dygoii® = 4 £ 1 A, With 2422 = 39 + 1 A
for both temperatures investigated, the hydrophobic thickness of the proximal bilayer is
in good agreement with an earlier study,®? but somewhat thinner than what was reported
3

in two other studies.?”?® In any case, it exactly matches the geometrical expectation:®

2dyc = 2 - [1.54 A+17-1.27 A} -cost & 39 A for phospholipids with Cig chains in a gel
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phase with the reported tilt angle of ¢ ~ 33°.°* The roughness parameter characterizing

prox

e — 41 A, which is comparable to earlier

its fluctuation amplitude was obtained as o
reports. 27

In the following we will focus the discussion on the results obtained at 50°C, where the distal
bilayer is in the fluid phase. The most important parameters are summarized in Table 2.
Selected parameters at 50°C are visualized in Fig. 4 for a comparison between the reference
sample and samples containing the two glycolipid types that led to stable FLBs. A first
observation is that the the hydrophobic thickness of the distal bilayer, 2d{t ~ 31 A, agrees
well with earlier studies on fluid DPPC?" and is almost unaffected by the glycolipids, in
agreement with previous results on FLBs containing gangliosides.? Comparing 2d3s of the
distal bilayer at 25°C and 50°C reveals a difference of about 4 A on average (see Tables 2 and
3), confirming the occurrence of a phase transition between these temperatures. In contrast,
no such thickness change occurs for the proximal bilayer (see Table S1 in the Supporting
Information), in line with the expectation of a persistent chain-crystalline state. The pres-
ence of glycolipids does not have a significant influence on the hydrophobic thickness either,
despite reports that glycolipids can affect the degree of ordering in lipid layers close to a
phase transition.!'® Apparently, the temperatures chosen here are sufficiently far away from
such a transition, so that the glycolipids have no significant effect. This result also confirms
that the chain lengths of the glycolipids and the matrix phospholipids indeed match well
and indicates that the glycolipids do not significantly alter the lipid packing of the bilayer in
the fluid state. No significant influence of the glycolipids is observed for the headgroup layer
thickness di! either. These results also serve as a-posteriori justification of the assumption
of an approximately constant bilayer thickness that was made previously.

Apart from the bilayer structure, the present work is also focused on the interactions occur-
ring between the adjacent bilayers. These are reflected by the inter-bilayer distance and by
the undulations of the fluid distal bilayer. For PC lipid bilayers, the equilibrium water layer

thickness is largely governed by long-range van der Waals attraction and by what is com-
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monly referred to as hydration repulsion.!3°%°¢ The strength of the hydration repulsion is
known to depend on the bilayer phase,” although its mechanisms it still under debate? and
it is difficult to disentangle it from other (usually less dominant) repulsive contributions such
as the undulation repulsion,®® which depends on the bilayers’ bending rigidity. The most
robust quantity to look at for comparison with earlier studies is the effective water layer
thickness including the headgroup hydration, Dy = dw + 2dag@ic, because it is invariant
to (sometimes ambiguous) details of the headgroup layer description. With Dy ~ 21 A
(Table 2), the water layer between the bilayers of the PC FLB (one in the gel and one in
the fluid state) is thinner than what was reported for two PC lipid bilayers in the fluid
state (25-30 A)%*% but also thicker than what was reported for two PC lipid bilayers in
the gel state (15-20 A)5%%0 in line with our result at 25°C, Dw =~ 18 A (Table 3). This
finding may suggest that the hydration repulsion is of intermediate range and strength in
non-symmetrical interaction scenarios, but more systematic investigations will be required
to test this hypothesis.

Importantly, the water layer thickness (in terms of both dw and Dy) exhibits a consider-
able response to the incorporation of 20 mol% Trihexo or LacCer (Fig. 4). While Trihexo
increases Dy by about 1 A, LacCer has the opposite effect and reduces Dy by about 2 A,
in good agreement with the trends observed previously with membrane multilayers.* The
agreement also persists in a quantitative comparison on the level of lamellar periods d, which
include the small contribution of bilayer thickness variations and can be constructed in the
present study as d = dw + 2(duc + dug). We obtain Ad ~ +3 A for Trihexo and Ad ~ -1 A
for LacCer (see inset in Fig. 4), compared to Ad ~ +2 A for Trihexo and Ad ~ -3 A for
LacCer in the multilayer study. A similar trend is also observed at 25°C (Table 3). Here,
we recall that the incorporation of glycolipids does not affect the bilayer thickness (Tables 2
and 3), so that a significant change in the bilayer bending is not expected. In fact, earlier
neutron scattering experiments have shown that the addition of up to 25 % glycolipids even

with pentasaccharide headgroups did not affect the bending modulus of fluid bilayers.!® A
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significant role of a change in the strength of the undulation repulsion for the equilibrium
water layer thickness is therefore unlikely.

As suggested earlier,'® one may expect that the length of two trans-engaged saccharide head-
groups dictates the water layer thickness between bilayers displaying adhesion-promoting
glycolipids. However, as shown more recently with the help of atomistic molecular dynamics
simulations,'® the formation of such trans-bonds requires significant overlap of the interact-
ing saccharides and thus much smaller membrane separations that locally arise from thermal
undulations of adjacent bilayers. In fact, in Fig. 2 B the volume fraction profiles of the head-
groups belonging to the opposing bilayer surfaces exhibit a significant overlap despite the
thick effective water layer. Note that the headgroup profiles reconstructed from the NR data
only demonstrate that the headgroup layers as such overlap, which illustrates how close the
proximity of the adjacent bilayers can locally be, a requirement for trans-engagement of sac-
charide headgroups. Due to the unified layer description of all headgroups in the NR data
analysis (see Methods section), the profiles do not provide any information on the actual
overlap of specifically the glycolipid headgroups.

In summary, what governs the change in the water layer thickness in the presence of the gly-
colipids must be considered the result of an antagonism between the steric repulsion induced
by non-trans-engaged saccharide headgroups on thermally undulating bilayer surfaces and
the effective attraction induced by the trans-engaged saccharide headgroups. The amplitude
of the membrane roughness associated with the thermal undulations, o35, is related to the

25,61 For oriented multibilayers® the amplitude

membrane-membrane interaction potential.
of collective fluctuations was previously reported to decrease with increasing density of gly-
colipids with adhesion-promoting saccharide headgroups.'® Here, the presence of Trihexo or
LacCer on the surfaces of the two interacting bilayers, despite the clear influence on Dy,
does not seem to have any significant influence on o8 (see Fig. 4 and Table 2).

Whether or not the presence of Trihexo or LacCer results in more stable FLLBs cannot be

judged on the basis of the water layer thickness and roughness parameters alone. Alterna-
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Figure 4: Parameters of the distal bilayer obtained in the analysis of NR curves measured
with FLB samples at 50°C. Hydrophobic thickness: 2d{st, headgroup layer thickness: dgist
water layer thickness: dy, effective water layer thickness: Dy, amplitude of thermal un-
dulations: odt. Inset: Change Ad in the lamellar spacing induced by the presence of the
glycolipids.

tively, the adhesion strength can be assessed by inducing an additional repulsive contribution
to the interaction potential between the adjacent bilayers, in the spirit of earlier studies. '3
In the present work, we explored this possibility by rinsing the PC/Trihexo and PC/LacCer
FLBs at 50°C with a salt solution (100 mN NaCl) loaded with 5 mM CaCly (without chang-
ing pH). The reflectivity curves together with the fits are shown in Fig. 5 A. Fluid PC
lipid bilayers are known to react to small calcium concentrations with a substantial water
layer thickening® and were reported to react to 5 mM CaCl, in 100 mN NaCl with a water
layer thickness increase by as much as 25 A.13%* The reason is a preferential interaction of
Ca?* with the bilayer surfaces, which results in an effective surface charge and, in turn, in
electric repulsion. Strikingly, the response of the water layer thickness to the addition of
5 mM CaCly; was found to be much smaller in the presence of adhesion-promoting glycol-
ipids,® which was interpreted as result of the trans-engaged saccharide bonds. Here, the
same concentration of CaCly only leads to a moderate change (Adw =~ 7 A, see Fig. 5 B)
for the PC/LacCer FLB and has almost no effect on the PC/Trihexo FLB (Adw < 1 A,

see Fig. 5 B), which is comparable to earlier observations!® made with the same CaCl, con-

centration with glycolipids bearing the adhesion-promoting Lewis® trisaccharide at similar
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glycolipid densities (Adw =~ 1 A at 8t = 0.25). The present results thus suggest that
similar sugar-induced adhesion-strengthening also occurs in the glycolipid-containing FLBs
investigated here. With that, we not only confirm the results of our previous work but also
provide indications that LacCer and Trihexo glycolipids promote the adhesion between facing
bilayers, even against imposed electrostatic repulsion. The role of sugars on the surfaces of
biological membranes for cell adhesion is well known but direct quantitative investigations
of their action is not straightforward. Here, we show that deeper insights can be gained
from the impacts of temperature changes and salt addition. Moreover, by including selected
glycolipids into FLBs and by exploiting the influences of temperature and salts, one can
tune and stabilize the distance between adjacent bilayers, which opens up opportunities to
investigate specific inter-membrane protein-protein, lipid-lipid, or protein-lipid binding at

varying membrane separation.
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Figure 5: (A) NR curves after rinsing PC/Trihexo and PC/LacCer FLBs (all based on h-
phospholipids) at 50°C with a salt solution loaded with 5 mM CaCly. Solid lines are fits to

these data in which only dy, di&!, and coverages were allowed to vary with regard to the

original model (indicated with dashed lines). (B) Calcium-induced change Ady in the water
layer thickness for FLBs containing glycolipids (this work) and in pure PC lipid multilayers
(ref!3).

Another interesting aspect that can be profitably investigated with NR from FLBs is
the distribution of glycolipids between the two leaflets of the interacting bilayers. Since the

proximal bilayer remains in the chain-ordered gel phase at all times, exchange of glycolipids

between its two leaflets can be safely neglected and the glycolipid fraction remains at the
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Table 2: Best-matching model parameters obtained in the analysis of neutron reflectivity
curves measured with FLB samples at 50°C. *Data range insufficient for full analysis because
only small ¢.-range was measured when absence of second bilayer ways obvious.

FLB sample | a8 | T PC] | b/d | f5% fdt | 205 dit (A] | dws Dy (A] | o2 (]| i
(£0.05) (£1) (£1) (£1) (£0.05)
PC 0.20 50 h | 0.96; 0.96 31; 7 20; 22 4 -
PC/Trihexo | 0.20 50 h 1.00; 0.98 31; 9 20; 23 5 0.46
d | 1.00,0.92
PC/LacCer | 0.20 50 h | 1.00; 0.96 31; 9 16; 19 4 0.40
d | 0.99; 0.90
PC/GM1 0.10 50 h -2y - - - - - - -
0.05 50 h S - - - - - -

)

Table 3: Best-matching model parameters obtained in the analysis of neutron reflectivity
curves measured with FLB samples at 25°C. PFixed as imposed by the preparation.

BL

prox, dist

FLB sample | 2B | 7 [°C] | h/d | f52% fdt | 248 diiet [A] | dws Dw [A] | ofist (A] | fin
(£0.05) (£1) (£1) (£1)

PC 0 25 h 0.98; 0.74 34; 8 15; 18 5 -

PC/Trihexo | 0.20 | 25 h | 0.88; 0.88 36; 10 17; 20 4 0.5
d 0.89; 0.50

PC/LacCer | 0.20 25 h 0.92; 0.91 36; 9 13; 16 3 0.5P
d 1.00; 0.67

PC/GM1 0.10 25 h 0.93; - - - - - - -

0.05 25 h 0.90; - - - - - - -
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initial value of x2F in the outer leaflet. In contrast, when the sample is heated to 50°C
across the distal bilayer’s melting temperature, the glycolipids in this bilayer may have the
possibility to change leaflet through flip-flop or other processes to the same effect. One may
expect, for example, that favorable interactions between the glycolipids on the surfaces of the
two adjacent bilayers promote glycolipid enrichment on the inner leaflet of the distal bilayer.
As described in the Methods section, one fit parameter (fi,) was the glycolipid distribution
over the two leaflets. The reflectivity curves of the samples prepared with d-phospholipids are
very sensitive to this parameter because the deuterated phospholipid tails have an enormous
SLD contrast against the non-deuterated (”hydrogenous”) glycolipid tails. Fig. 6 A shows
these reflectivity curves for a d-phospholipid-based PC/Trihexo FLB measured at 50°C,
together with the simulated curves for different values of f;,. The best match (solid lines) is
obtained for f;, = 0.46 (see Table 2), which means that, within the experimental uncertainty,
the glycolipids remain evenly distributed over the two leaflets. The dashed lines indicate the
simulated curves for f;, = 1, a hypothetical scenario in which all glycolipids accumulate in
the inner leaflet. The SLD profiles corresponding to the two scenarios for all three HoO/D5O
mixtures are shown in Fig. 6 B. Clearly, any substantial accumulation in the inner leaflet is
ruled out by the strong deviation of the corresponding simulated reflectivity curves from the
experimental ones (Fig. 6 A). A similar result is also obtained for the PC/LacCer FLB (see
Table 2). Here, the fit result of f;, = 0.40 even seems to indicate a tendency for glycolipid
accumulation in the outer (non-interacting) leaflet, however the observed deviation from an
even distribution (fi, = 0.5) appears to be at the limit of statistical significance.

We consider two reasons for the glycolipids to remain evenly distributed over the two leaflets.
The first is that the glycolipids are unable to undergo flip-flop on the time scale of the
experiment. Indeed, while phospholipids can be subject to rapid flip-flop in fluid bilayers,*”
flip-flop of charged glycolipids with large headgroups was reported not to occur.*® However,
LacCer and Trihexo are much more compact and uncharged, so that the barrier to undergo

flip-flop can be considered much lower. The factors relevant for flip-flop rates have previously
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been addressed with coarse-grained molecular dynamics simulations.% The second potential
reason for evenly distributed glycolipids could be the absence of a sufficiently strong driving
force for redistribution. If, for example, only a small fraction of the glycolipids were engaged
in a trans-bond of low binding free energy, as suggested earlier,'® then likely no significant
redistribution will occur. Finally, if the slight accumulation on the outer surface were real,
it would require that there is a certain driving force for this process, such as steric exclusion
of the glycolipid headgroups from the thin water layer. In this case, the driving force should
be stronger for the bulkier Trihexo headgroup, but at the same time this molecule likely has

the higher barrier to flip-flop.
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Figure 6: (A) NR curves for a d-phospholipid-based PC/Trihexo FLB measured at 50°C,
together with the simulated curves for f;, = 0.46 (approximately even glycolipid distribution)
and for fi, = 1 (glycolipid accumulation in the inner leaflet). (B) SLD profiles corresponding
to these two scenarios.

Conclusions

FLBs containing defined fractions of various types of glycolipids were prepared through the
sequential deposition of four lipid monolayers onto initially bare silicon surfaces. In most
cases, the bilayer coverages after heating to 50°C were found to be excellent. For the other

cases, the ellipsometry and NR results indicate that heterogeneities have macroscopic length
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scales and therefore should be handled with an incoherent treatment of the NR data. The
studied glycolipids have a distinct influence on the inter-bilayer water layer thickness, in line
with the results of earlier studies on lipid-multibilayers. In tendency, the addition of suitable
glycolipids seems to contribute to the stability of the FLBs: the layers have excellent cover-
age, remain highly organized also above the melting transition, and do not exhibit much of
a calcium-induced water-layer thickening, which is in contrast to pure PC lipid membranes.
Despite the well-documented preferential interactions between their saccharide headgroups
across the water layer, the glycolipids do not accumulate on the face of the bilayer that is
in contact with the saccharide-bearing supporting bilayer. This may have to do with their
inability to perform flip-flop or with an insufficient driving force for such a redistribution.

The possibility of creating stable FLBs mimicking two interacting sugar-exposing plasma
membranes enables one to investigate a variety of interesting phenomena occurring at cell
surfaces. One could, for example, study the role of free macromolecules in cell adhesion. Tun-
ing the inter-bilayers distance with small fractions of suitable glycolipids may further allow to
investigate direct interactions among molecules included in the two facing membranes, such
as specific lipid and protein interactions. Indeed, investigating direct interactions among
membrane components has remained challenging despite existing protocols for the study of
protein-ligand interactions.®® Deviations in the distance between plasma membranes have
also been associated with the health state of cells, for example in breast cancer.%” The sam-
ple architectures and analysis methods described in the present work may be suitable for the

study of such phenomena.
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