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We designed artificial models of biological membranes by deposition of synthetic glycolipid membrane
multilayers on planar silicon substrates. In contrast to commonly used phospholipid membranes, this offers the
unique possibility to study the influence of membrane-bound saccharide chains �cell glycocalix� on the mem-
brane mechanics. Taking advantage of the planar sample geometry, we carried out specular and off-specular
neutron scattering experiments to identify out-of-plane and in-plane scattering vector components. By consid-
ering the effects of finite sample sizes, we were able to simulate the measured two-dimensional reciprocal
space maps within the framework of smectic liquid-crystal theory. The results obtained both at controlled
humidity and in bulk water clearly indicate that a subtle change in the molecular chemistry of the saccharides
strongly influences intermembrane interactions and membrane bending rigidities.
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INTRODUCTION

In nature, contact between cells and their surrounding tis-
sues is mediated by hydrated biopolymers such as extracel-
lular matrix �1� �ECM� and glycocalix �2�, including various
oligo- and polysaccharides. ECM is expressed in the extra-
cellular space and consists mainly of polysaccharide chains
�e.g., glycosaminoglycans, cellulose� and fibrous proteins
�e.g., collagen, laminin�. Glycocalix, which covers cellular
plasma membranes, is composed of oligo- and polysaccha-
ride chains bound to membrane lipids �glycolipids� and
membrane proteins �glycoproteins�. These saccharide layers
act as “repellers” to maintain a certain distance between
neighboring cells, and create hydrodynamic pathways for the
diffusion of ions and molecules �3�. In the case of Gram-
negative bacteria, they can act as protection against the en-
vironment and prevent the permeation of antimicrobial pep-
tides �4�. In order to physically model interactions at soft
biological interfaces �electrostatic interactions, long-range
van der Waals interactions, hydrogen bonding, and entropic
interactions�, it is essential to design well-defined model sys-
tems with a reduced number of components.

To date, the physical characteristics of phospholipid bilay-
ers, the basic structuring component of biological mem-
branes, have been studied intensively using x-ray and neu-
tron scattering. In contrast to commonly used powder
diffraction experiments on lipid suspensions, the planar ge-
ometry of solid-supported multilayers allows for the identi-

fication of in-plane and out-of-plane momentum transfers
�5,6�. Information on the structure normal to the sample
plane can be obtained from specular scattering, whereas in-
formation on the structural ordering parallel to the sample
plane �reflecting the mechanical properties of interacting
model membranes� can be extracted from off-specular sig-
nals. Due to these advantages, solid-supported membrane
multilayers have been widely used to study the behavior of
interacting phospholipid membranes in many aspects �7–11�.
However, phospholipid membranes are only of limited use to
model cell-cell contacts, and thus more realistic model sys-
tems, mimicking the oligosaccharide-rendered surfaces of
cells and bacteria, are required.

In the present paper we studied solid-supported multilay-
ers of synthetic glycolipid membranes by specular and off-
specular neutron scattering to examine the influence of the
saccharide head group conformation on their structural or-
dering and mechanical properties. The samples were placed
either in a temperature-controlled climate chamber for ex-
periments under various relative humidities, or in a liquid
cell for experiments in bulk water to ensure full hydration.

MATERIALS AND METHODS

Chemicals, sample preparation

The structures of the synthetic glycolipids used in this
study are given in Fig. 1. All the lipids consist of two satu-
rated hexadecyl chains and a disaccharide head group, con-
nected to the alkyl chains via a glycerol junction. Gent lipid
has a gentiobiose head group �O-��-D-glucopyranosyl�-�1
→6�-�-D-glucopyranoside�, which is bent with respect to
the molecular axis. On the other hand, Lac1 lipid has a cy-
lindrical mono-lactose �O-��-D-galactopyranosyl�-�1
→4�-�-D-glucopyranoside� head group. For optimizing the
contrast in scattering length density �contrast variation�, we
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used molecules with fully hydrogenated alkyl chains
�Gent-H, Lac1-H� as well as those with fully deuterated
chains �Gent-D, Lac1-D�. The deuterated membrane anchor
was synthesized as described for the nondeuterated deriva-
tive �12� by reaction of 1-O-benzyl-sn-glycerol with excess
1-bromohexadecane-d33 �ABCR, Karlsruhe, Germany� and
subsequent hydrogenolytic O-debenzylation. This deuterated
membrane anchor was coupled to the carbohydrate moiety as
previously described for Lac1-H �13� and Gent-H �14� to
give Lac1-D and Gent-D, respectively. All the other chemi-
cals were purchased from Fluka �Taufkirchen, Germany� and
used without further purification.

The molecules were dissolved in 7:3 mixtures �v/v� of
chloroform and methanol at a concentration of 1 mg /mL.
1–2 mL of this solution were deposited onto Si�100�-
substrates with native oxide �Si-Mat, Landsberg/Lech, Ger-
many�, which were cut into a rectangular shape �65 mm
�25 mm� and cleaned by a modified RCA method �15�. Due
to their amphiphilic nature, the glycolipid molecules form
thin films of bilayer membrane stacks, which are aligned
parallel to the substrate surface. Depending on the amount of
solution, the average number of membranes in the stacks
ranges from 500 to 1000. To remove residual solvent, the
coated wafers were stored at 70 °C for 3 h, and subsequently
in a vacuum chamber overnight. At least two heating/cooling
cycles between 20 and 80 °C were performed at a high rela-
tive humidity �hrel�95% � to cancel the thermal history of
the samples prior to the measurements. For maximum scat-
tering contrast, D2O was used to hydrate molecules with hy-
drogenated alkyl chains, while H2O was used for molecules
with deuterated alkyl chains.

Neutron scattering

Neutron scattering experiments were carried out at the
D16 membrane diffractometer of the Institut Laue-Langevin
�ILL, Grenoble, France�. A monochromatic neutron beam
��� /�=1% � of �=4.54 Å reaches the sample through the
aluminum windows of the sample chamber, while the inci-
dent angle � �i.e., the angle between the incident beam and
the sample plane� is adjusted by a rotation stage. The inten-
sity of the beam diffracted from the sample is recorded by a
position sensitive 3He 2D detector with 128�128 channels.
Figure 2 �left� shows the geometry of the experiment �top
view�. � denotes the angle between the scattered and the
incident beam. The sample was rotated stepwise with respect
to the incident beam. The beam width was 2 mm horizon-
tally and 25 mm vertically. For each measurement at an
angle �, the detector readout was normalized to the intensity
of the incident beam �via an in-beam monitor�, the channel
sensitivity, and the illuminated sample area. Subsequently,
the two-dimensional �2D� detector readout was integrated in
the vertical direction, which results in a one-dimensional in-
tensity projection as a function of the horizontal detector
channel position �corresponding to ��. Thus, one � scan
yielded the recorded intensity as a function of � and �.
Figure 2 �inset right� shows a typical rocking scan around the
second Bragg peak. The width of the central specular maxi-
mum is approximately 0.1 degrees and indicates a remark-
able alignment of the multilayers to the flat substrate. The
datasets in angular coordinates can be transformed into re-
ciprocal space maps �Fig. 2, right� by geometrical consider-
ations,
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FIG. 1. �Color online� Chemical structures and space-filling models of the glycolipids used in this study. The Gent lipid �left� has a “bent”
gentiobiose head group, while the Lac1 lipid �right� has a “cylindrical” lactose head group.
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FIG. 2. �Color online� Left: Geometry of the scattering experiments. The reciprocal space coordinates �i.e., the scattering vector
components qz and q�� are functions of � and � �Eqs. �1��. Right: �main panel� Measured reciprocal space map from Gent-D lipid
membranes at 80 °C and relative humidity hrel�95%, plotted as a function of qz and q�. The central vertical line corresponds to a specular
condition ��=2 ��, while the horizontal stripes resulting from the sample periodicity are known as Bragg sheets. �Inset� Typical rocking
scan around the second Bragg peak indicating the high alignment of the membrane multilayers to the substrate.
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qz =
2�

�
�sin�� − �� + sin���� ,

q� =
2�

�
�cos�� − �� − cos���� . �1�

Here, qz and q� denote the scattering vector components per-
pendicular and parallel to the sample plane �see Fig. 2, left�,
i.e., the coordinates of the reciprocal space. It should be
noted that data could be recorded not only in reflection ��
�0 and �−��0� but also in transmission, due to the weak
neutron absorption of silicon.

Sample environments

The main phase transition temperatures of Lac1 lipid
�Tm=74 °C� and Gent lipid �Tm=43 °C� have previously
been measured by differential scanning calorimetry �DSC�
and small- and wide-angle x-ray scattering �SAXS and
WAXS� �16,17�. To study the influence of molecular struc-
tures on structural ordering and mechanical properties of the
stacked membranes, a temperature at which both molecules
are in L	 phase was chosen �T=80 °C�.

Climate chamber

For measurements at controlled relative humidity, the ILL
setup for temperature and humidity control was used �18�.
The climate chamber consists of two cells: a sample chamber
and a chamber containing a reservoir for liquid water. The
cells are thermally isolated but interconnected for vapor ex-
change. Two independent thermostats �Phoenix II, Haake,
Karlsruhe, Germany, �T=0.1 °C�, controlled by the instru-
ment control program, regulate the temperatures in the
sample chamber Ts and the water reservoir Tr, which allows
for the regulation of both sample temperature and relative
humidity �i.e., the osmotic pressure exerted to the sample,
defined by the chemical potential of water vapor in equilib-
rium� in the chamber. The relative humidity in the sample
chamber, hrel, can be given as a function of Tr and Ts,

hrel�Tr� = p�Tr�/p�Ts� . �2�

p�Ts� and p�Tr� denote the saturation water vapor pressures
in the sample and reservoir chambers, respectively. Here, the
osmotic pressure �19� posm exerted to the sample is given by
van t’ Hoff’s law. At thermal equilibrium, the disjoining pres-
sure �20,21� pdis counterbalances the osmotic pressure,

pdis = − posm�Tr� = −
kBTs

Vwater
ln�hrel�Tr�� , �3�

where Vwater denotes the molecular volume of water, and kB
is the Boltzmann constant. To ensure the equilibration, the
sample was kept at each temperature and humidity condition
for at least 30 min before the measurement.

Liquid cell

For experiments in bulk water, a self-built liquid cell was
used �18�: It consists of two rectangular Si wafers �65 mm
�25 mm�, one of which is coated with the membranes. The

wafers are separated by glass slide pieces �thickness:
0.10 mm�. The capillary force confines a thin layer of aque-
ous solution between the two wafers. During measurements,
the entire liquid cell was placed in the climate chamber at
controlled temperature and high relative humidity ��95%� to
avoid the evaporation of water. Owing to the high incoherent
scattering of H2O and the lower transmission of neutrons
through the water, measurements with a liquid cell were car-
ried out on hydrogenated glycolipids in D2O.

THEORY AND DATA MODELING

Discrete smectic hamiltonian

Within the framework of a continuum model approxima-
tion, the total free energy of membrane stacks can be de-
scribed with the discrete smectic Hamiltonian �22� H,

H = �
A

d2r�
n=1

N−1 	 B

2d
�un+1 − un�2 +




2
��xy

2 un�2
 . �4�

N is the total number of membranes, d their equilibrium
distance, A the covered area, and un the local out-of-plane
displacement of the nth membrane from its average vertical
position. Within this framework, vertical compression is
characterized by the compression modulus B, while bending
is characterized by the membrane bending modulus 
. �xy
denotes the two-dimensional Nabla operator in x and y di-
rections.

Membrane displacement correlation functions

For stacks of membranes that are infinitely expanded in
all directions, the out-of-plane membrane displacement cor-
relation function gk�r� between a membrane and its kth near-
est neighbor can be expressed with the Caillé parameter �
and the de Gennes parameter � of smectic liquid crystals
�22�,

gk�r� ª ��un�k�r�0 + r�� − un�r�0��2�r�0
=

d2

�2��
0




fkdq� , �5�

with

fk =
�1 − Jo�q�r�exp�− �kq�

2d��

q�
1 +
�2d2

4
q�

4

, � =
�kBT

2d2

B/d
,

� =
 


Bd
, r = �r�� .

Here, q� denotes the reciprocal space coordinate parallel to
the membrane plane �see also Eqs. �1��. In the case of infi-
nitely expanded membrane stacks, the displacement correla-
tion functions diverge with increasing lateral distance r, re-
sulting in an infinite root-mean-square �rms� roughness.
However, this is not realistic for membrane multilayers on
planar solid substrates, where fluctuations of long wave-
lengths are suppressed due to the finite sample size. Thus, to
model a system with finite rms roughness, we introduced a
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lower integration limit, 2� /R, in the displacement correla-
tion functions,

gk�r� =
d2

�2��
2�/R




fkdq� . �6�

Previously, Lei et al. used an upper integration limit in the
scattering intensity calculation to model specular scattering
signals from surfactant multilayers �22�, which is mathemati-
cally analogous to our approach. Here, the free parameter R,
the effective cutoff radius, accounts for two effects: �i� The
finite lateral size of the membrane patches acts as an upper
limit for the wavelength at which the membranes can fluctu-
ate. �ii� Long-wavelength membrane fluctuations are more
collective �i.e., they involve more layers� and are therefore
damped more strongly by the flat solid support in samples
with a finite number of layers �23�. The consequence of the
cutoff radius is illustrated in Fig. 3 �inset�, where g0�r� is
shown for given � and � in the infinite case �R=
� and in
the finite case �R=1 �m�, where the curve saturates to the
finite value 2�2. Only by introducing the lower integration
limit 2� /R are we able to compute the full set of correlation
functions necessary for the simulation of the measured two-
dimensional reciprocal space maps including specular and
off-specular parts in a quantitative manner. This is thus ad-
vantageous over previous approaches, where mechanical
properties were calculated either from the power-law decays
or from the numerical back-transformations of integrated
Bragg sheet intensities �7�. The method we present allows for
the full description of the measured scattering signals with
the continuum-mechanical parameters B and 
.

To model the scattering signals, the displacement correla-
tion functions can be rewritten in another form, Ck�r�, based
on the finite rms roughness �,

Ck�r� ª �un�k�r�0 + r�� · un�r�0��r�0
= �2 − gk�r�/2. �7�

Such a set of correlation functions �k=0,1 ,10,100� for
given, �, �, and R is also shown in Fig. 3 �main panel�.

Simulation of the scattering signals

To simulate the scattering signals, we use the first Born
approximation, which assumes that scattering is weak com-
pared to the incident illumination. In the following, we there-
fore consider only the second Bragg sheets, where the valid-
ity of the first Born approximation is guaranteed. In this
approximation, the scattering from a set of stratified inter-
faces with correlated roughness is given by �24�

S�qz,q�� �
1

qz
2 �

n,m=0

N

e−�1/2�qz
2��n

2+�m
2 ���n��me−iqz�zn−zm�

��
−





eqz
2Cnm�r�e−iq�rdr . �8�

N denotes the total number of stratified interfaces, ��n is the
step in scattering length density across the nth interface, and
Cnm is the cross-correlation function between the nth and the
mth interface. In the case of membrane multilayers with con-
stant membrane periodicity, Eq. �8� can be simplified: �zn
−zm�=kd, and ��n→��. It is also plausible to ignore the
different behavior of the layers close to the upper and bottom
boundaries, since the scattering signals are vastly dominated
by the bulk membrane stacks �7�, i.e., Cnm�r�→Ck�r� and
�n→�. Thus, we can directly use the displacement correla-
tion functions derived in Eqs. �6� and �7� for further consid-
erations,

S�qz,q�� �
e−qz

2�2

qz
2 �N + 2�

k=1

N

�N − k�cos�kqzd�

��
−





eqz
2Ck�r�e−iq�rdr� . �9�

To maintain a uniform grid of points in experimental and
simulated datasets, the scattering signals were modeled in the
angular coordinates of the experiment. It should be noted
that the data measured at very small angles near the critical
angle of incidence �Yoneda wings �25�� cannot be used when
we compare the theoretical models and the scattering signals,
because Eqs. �1� become erroneous due to refraction. For the
calculations in Eq. �9� we used N=100, which was found to
be sufficient to generate model signals much sharper than the
instrumental resolution. Figure 4 presents the comparison of
a measured �left� and the corresponding simulated �right�
second Bragg sheet. Instrumental resolution was included by
convolution of the signal in the � and � directions with a
Gaussian function, representing the point spread function of
the measurement as it results from the finite angular width
and the wavelength spread of the neutron beam: the convo-
lution in the � direction was achieved using the Fourier
convolution theorem in the computation of the Fourier inte-
grals in Eq. �9�, while the convolution in the � direction was
applied to the simulated intensity maps. In the simulations,
the parameters �, �, and R were varied to find the best ac-
cordance with the experimental data. Moreover, the impor-
tance of the correct choice of the effective cutoff radius R is
illustrated in Fig. 6 �inset, top right panel�, where simulations

2σ2

∞

FIG. 3. �Color online� Membrane displacement correlation func-
tions Ck�r�, plotted for a given set of parameters: �=0.04, �
=20 Å, R=1 �m. Inset: g0�r� for the same values of � and �, in the
infinite case �R=
�, and in the finite case �R=1 �m�, where the
curve saturates to the finite value 2�2.
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based on three different values of R are compared to the
experimental scattering intensities.

RESULTS AND DISCUSSION

Intermembrane interactions

The lamellar periodicity d of the glycolipid multilayers
can be calculated from the positions of the Bragg peaks un-
der defined temperature and humidity conditions. At 80 °C
and high relative humidity ��95% �, the periodicity of
Gent-D multilayers is d=50.1 Å, while the corresponding
value for Lac1-D is d=56.5 Å. The difference in membrane
periodicity seems to reflect the difference in the projected
length of the carbohydrate head groups normal to the mem-
brane plane. Measurements of the lamellar periodicity d at
various osmotic pressures �in this study, posm=5
�106 Pa–3�108 Pa, corresponding to hrel=97–15 %� en-
abled the determination of quantitative relationships between
the membrane periodicity and the disjoining pressure �i.e.,
the net interfacial force per unit area�, referred to as force-
distance relationships. In contrast to the so-called osmotic
stress method, where impermeable solutes �e.g., water
soluble polymers impermeable across the membrane� are uti-
lized to create a low external osmotic pressure �pdis

�106 Pa� in bulk solvents �26,27�, measurements at vapor
pressures �i.e., in the absence of condensed water� allow for
the precise control of the disjoining pressure at high values
�pdis�106 Pa�, without the risk of sample contamination by
additional solutes. Force-distance relationships indeed en-
abled the identification of interaction regimes governed by
different dominant force contributions. The forces applied in
this study covered a high-pressure regime ���5�107 Pa�
dominated by steric forces, which can be described by a
power law �psteric�d��d−�n+1�, 9�n�16�, and a regime
dominated by hydration forces �28�, following an exponen-
tial decay at lower pressures ���5�107 Pa�,

phydr�d� � e−d/�hydr. �10�

The force-distance relationships �pdis vs d� of Gent-H and
Lac1-H multilayers at 80 °C are presented in a semilogarith-
mic plot in Fig. 5. Here, the horizontal error bars correspond
to the experimental errors of the periodicity measurement
from the instrumental resolution, while the vertical ones co-
incide with the uncertainties of the relative humidity in the
climate chamber. The dashed and solid lines show the mod-
els fitted to the data points within the two pressure regimes.
Note that the shape of the power law is almost indistinguish-
able from a straight line in the semilogarithmic presentation

FIG. 4. �Color online� Scattering intensity of the second Bragg sheet as a function of the angles � and �. Left: experimental data; right:
simulation. System: Gent-D in H2O atmosphere at T=80 °C and hrel�95%.

n = 14 2

λhydr = (0.35 0.07) Å

Gent-H Lac1-H

( ) ( )n = 7 2

λhydr = (0.60 0.05) Å

FIG. 5. �Color online� Force-distance curves of Gent-H �left� and Lac1-H �right�, obtained from measurements of the lamellar periodicity
at different relative humidities at 80 °C. Two different regimes can be identified: Steric repulsion at higher pressures ���5�107 Pa� and
a second regime �see text for details� at lower pressures ���5�107 Pa�. The dashed and solid lines correspond to the models fitted to the
data points within the two pressure regimes.
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due to the limited range of the d axis. In the high-pressure
regime, Gent-H exhibits a characteristic exponent of n
=14�2, which is within the typical range to describe steric
forces. In contrast, the value of Lac1-H �n=7�2� is smaller,
indicating that the steric repulsion between the opposing
head groups is weaker. This can be attributed to the differ-
ence in the finite compressibility of cylindrical lactose head
groups and bent gentiobiose head groups in the direction
normal to the membrane surface. At lower pressures, the
characteristic decay lengths obtained for both glycolipids
�Gent-H: �hydr= �0.35�0.07� Å and Lac1-H: �hydr
= �0.60�0.05� Å� are significantly lower than those reported
for phosphocholine membranes ��2 Å �27,29��, indicating
that neighboring glycolipid membranes are coupled more

strongly than phospholipid membranes, possibly due to ad-
ditional attractive force contributions �such as “zipper”
forces between carbohydrates� that compete with the hydra-
tion repulsion.

A recent account reported that specular neutron scattering
measurements at several osmotic pressures are possible for
stacks of bacterial lipids �30�. However, to gain insight into
the force interplay at zero osmotic pressure �27,31�, experi-
ments in bulk water are desirable.

Mechanical properties

As described in the Theory section, the parameters �, �,
and R are varied in the simulations to achieve the best match

TABLE I. Parameters of the best matching simulations for Gent-D and Lac1-D membranes at T
=80 °C and hrel�95%.

System d �Å� � �Å� � � �Å� R ��m� 
 �J� 
 �kBT� B �MPa�

Gent-D 50.1 3.5 0.023 6 0.8 3.9�10−20 8 21

Lac1-D 56.5 2.6 0.011 13 0.5 1.6�10−19 32 17
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FIG. 6. �Color online� Measured �data points� and simulated �solid line� second Bragg sheets of Gent-D �top� and Lac1-D �bottom�
membrane multilayers at 80 °C and hrel�95%. Left column: Intensity integrated along � plotted as a function of q� �inset: log/log plot�.
Right column: width of the sheet along � as a function of q�. Inset top right panel: Comparison of experiment �data points� and simulation
�lines� for three different values of the cutoff radius R.
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to the experimental data, which enables us to calculate the
compression modulus B and the bending modulus 
. To
compare the measured datasets with the simulations, two
representations are selected: �i� measured and simulated in-
tensity of the second Bragg sheet integrated along � plotted
as a function of q�. �ii� Measured and simulated width of the
Bragg sheet along � presented as a function of q�.

1 The first
representation reflects the displacement self-correlation C0�r�
of the stacked membranes, while the second one reflects the
value of the de Gennes parameter �. Figure 6 shows the
measured �black data points� and simulated �solid red line�
second Bragg sheets of Gent-D and Lac1-D membranes. For
both systems, the experiments were carried out at 80 °C and
at high relative humidity �hrel�95% �. Note that the simula-
tions based on parameter sets summarized in Table I agree
well with experimental results in both representations.2 The
optimal R values are in the range of 1 �m, which shows
reasonable agreement with the actual size of the multilayer
domains determined by AFM measurements �18�. The ob-
tained bending moduli have the same order of magnitude as
those reported �32,33� for phospholipids with similar chain
lengths in the L	 phase. However, the bending modulus we
found for Lac1-D membranes �
�32kBT� is significantly
higher than that for Gent-D membranes �
�8kBT�, suggest-
ing that cylindrical lactose head groups resist the bending of
the membranes much more than “bent” gentiobiose head
groups. This seems to coincide with our previous studies,
where we found that Lac1 lipids even form physical gels of
ordered head groups �14,34,35�. The obtained intermem-

brane compression modulus of Gent-D membranes, B
=21 MPa, is slightly higher than that of Lac1-D membranes
�B=17 MPa�, indicating that the intermembrane confinement
of Lac1-D membranes is softer than that of Gent-D mem-
branes. The obtained results demonstrate that the approach
taken in this study offers a powerful tool to identify the ef-
fects of subtle changes in molecular structures on the inter-
membrane interactions and mechanical properties of
biomembrane models.

Measurements in bulk water

To study the intermembrane interaction and bending rigid-
ity of the glycolipid membranes in the absence of external
osmotic pressures, we carried out experiments on Gent-H
membranes in bulk D2O at 60 °C using a self developed-
liquid cell. The thermal stability of the sample in bulk D2O
during the measurement can be verified by the symmetry of
the Bragg sheets in the � direction, since the � axis is pro-
portional to the time axis in a rocking scan. From the Bragg
peak positions, the periodicity of the Gent-H membrane mul-
tilayers was determined to be d=56.8 Å, which is in good
agreement with the value obtained by SAXS at 70 °C, d
=58 Å �16�. Figure 7 shows the measured and simulated
second Bragg sheet and the parameters corresponding to the
best model are presented in Table II.

Interestingly, the obtained bending modulus �
bulk
=7kBT� is similar to that obtained at hrel�95%, 
vapor
=8kBT, indicating that the work required to bend the mem-
brane is not influenced significantly by the presence of bulk
water between the neighboring membranes. This is in good
agreement with a recent study on DOPC multilayers, where
the membrane bending rigidity was reported to be largely
independent of the degree of hydration �37�. On the other
hand, the intermembrane compression modulus, Bbulk
=0.9 MPa, is 20-fold lower than the corresponding value un-
der osmotic stress, Bvapor=21 MPa, which can be attributed
to the softer intermembrane confinement in the presence of a
water interlayer.

Although it is not a universal feature among all glycolip-
ids, it should be noted that similar sample stabilities in bulk
water can be achieved with many synthetic and natural gly-

1It can be shown �36� that the intensity of the Bragg sheets, inte-
grated along qz, depends only on the displacement self-correlation
function C0�r�. Furthermore, the width in qz of the Bragg sheets
scales with q�

2 with a prefactor proportional to the de Gennes pa-
rameter �. To avoid integrations and peak fitting in the nonuniform
grid of data points in the reciprocal space coordinates �Fig. 2, right�,
we calculate integrated intensities and sheet widths in angular co-
ordinates and present them as a function of q� �Fig. 6�.

2The relative accuracies of the three parameters are discussed in
the EPAPS material �18�. The uncertainties of B and 
 follow from
the uncertainties of � and � according to Gaussian error
propagation.

FIG. 7. �Color online� Measured �data points� and simulated �solid line� second Bragg sheet of Gent-H membrane multilayers at 60 °C
in bulk D2O. Left: intensity integrated along � plotted as a function of q�. Right: width of the sheet along � as a function of q�.
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colipids. This will enable us not only to physically model
biological membranes under physiological conditions but
also to study the influence of ions and charged molecules that
play key roles in many membrane-associated processes, such
as ion-induced cell agglutination �38�.

The approach chosen in this study offers a large potential
to unravel the unique roles of saccharides in the physical
fine-adjustment of interactions at cell-cell contacts, which is
complementary to other approaches such as membranes on
polymers �39� and membranes on membranes �33�.
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