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In any given case it would doubtless prove
possible to carry out the analysis numerically
if not algebraically, but with such matters we
are not here concerned.

David C. Grahame, 1953
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Supervisor’s Foreword

Membranes are key components of all biological systems, defining the boundary
between cytoplasmic (interior) and extracellular (exterior) spaces. In particular,
membrane proteins and carbohydrates attached to the membrane surface (glyc-
ocalix) are important regulators in intercellular communication and transport
across the membrane, so that membranes act as filters and platforms for a variety
of biochemical processes. In nature, cell–cell, and cell–tissue interactions are
mediated via glycocalix and extracellular matrix, which are mainly composed of
oligo- and polysaccharides. Also, saccharides can act as specific ligands for pro-
teins and complementary saccharides. Due to this complexity, it is essential to
design well-defined model systems with a reduced number of components in order
to quantitatively understand the specific and generic roles of saccharides in
modulating interactions at biological interfaces. The main thrust of the Ph.D. thesis
of Emanuel Schneck was to quantitatively investigate the generic and specific
roles of saccharide chains coupled to the membrane surface in the modulation of
interactions between cells/bacteria and their environments. To probe the fine
structures perpendicular and parallel to the membrane surfaces, three sophisticated
models of biomembranes have been designed and subjected to specular- and off-
specular X-ray and neutron scattering experiments. In order to understand the
influence of molecular complexities, a variety of glycolipid molecules have been
investigated, starting from simple synthetic glycolipids to complex lipopolysac-
charides purified from bacteria mutants. Within the framework of this thesis,
E. Schneck has successfully developed several new methods to theoretically model
the measured scattering signals in a quantitative manner. The significant influence
of the saccharide conformation on inter-membrane interactions and membrane
mechanics suggests the crucial role of chemical structures of saccharide head-
groups and mono- and divalent ions in fine-adjustment of interactions at biological
interfaces. In order to obtain the amount and location of individual ion species,
grazing-incidence Xray fluorescence (GIXF) was applied to complex biological
membranes for the first time, demonstrating a clear displacement of monovalent
ions in the core saccharide region by divalent ions. To conclude, the thesis work
includes many interesting results obtained by the combinations of unique X-ray

ix



and neutron scattering techniques and thorough theoretical interpretations, which
opens a new direction in physics of soft interfaces in nature.

Heidelberg, September 2010 Prof. Dr. Motomu Tanaka

x Supervisor’s Foreword
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Chapter 1
Introduction

The cells of all living organisms are confined by biomembranes which are based
on self-assembled lipid bilayers. Among their various functions, membranes
regulate the transport of nutrients and act as platforms for a diversity of metabolic
functions. Together with the cytoskeleton, membranes are also responsible for the
shape and mechanical stability of cells. The contact between the plasma mem-
branes of neighboring cells as well as between cells and their surrounding is
usually mediated by hydrated biopolymers such as extracellular matrix [1] (ECM)
and glycocalix [2], both comprising various membrane-bound and membrane-
associated oligo- and polysaccharides. ECM is expressed in the extracellular 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 membrane-bound oligo- and polysaccharide
chains, chemically bound either to membrane lipids (glycolipids) or to membrane
proteins (glycoproteins). Figure 1.1 (left) shows an electron micrograph of
neighboring plant cells interacting via a thin layer of hydrated saccharides. As
shown schematically in Fig. 1.1 (right), such cell–cell contacts can be generalized
as membrane-membrane interactions, mediated via saccharide-based biopolymers.

Membrane-bound saccharides can mediate membrane-membrane interactions
both in a non-specific as well as a specific manner. Non-specifically, via relatively
weak (generic) forces like electrostatic interactions, hydrogen bonding, long-range
van der Waals interactions, hydration- and polymer-induced forces, these sac-
charides act as ‘‘repellers’’ that maintain a finite distance between neighboring
cells. Moreover, highly hydrated polysaccharides create hydrodynamic pathways
for the transport of ions and molecules [3]. On the other hand, membrane-bound
saccharides are also involved in specific recognition processes that are important in
immune response and receptor-mediated signal transduction [4]. Although most
known receptors for cell-surface carbohydrates are proteins (e.g., lectins [5, 6]),
several studies have postulated that specific carbohydrate-carbohydrate
interactions can be formed between complementary carbohydrate motifs [7, 8].
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For example, the homophilic interactions (i.e., between two identical partners) of
membrane-bound saccharides bearing the neutral LewisX trisaccharide motif were
reported to induce the aggregation of cells [9, 10]. Such carbohydrate interactions
also play an important role in cell adhesion processes during embryonic devel-
opment [10].

Membrane-bound saccharides expressed on Gram-negative bacteria also play a
crucial role in protecting the bacteria from their environment. Figure 1.2 (left)
shows an electron micrograph of the surface of a Gram-negative bacterium.
A schematic illustration is presented on the right side of the figure. The surface of
the outer membrane is decorated with negatively charged saccharides, formed by
lipopolysaccharides (LPSs) [12]. Beyond their structural role in the outer mem-
brane leaflet, LPSs can serve as a barrier against harmful molecules. For instance,

Fig. 1.2 (Left) electron micrograph (from: Beveridge et al. [11]) of a Gram-negative bacteria
surface. (Right) architecture of the saccharide-rendered double membrane of Gram-negative
bacteria. Saccharide units are indicated with hexagons

Fig. 1.1 (Left) electron micrograph (from: Alberts et al. [3]) of neighboring plant cells interacting
via an extracellular saccharide layer. (Right) schematic illustration of a saccharide-mediated cell–
cell contact: The ECM fills the intervening space between the membrane-bound glycocalix
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LPSs are implicated in the resistance of Gram-negative bacteria against cationic
antimicrobial peptides (CAPs) in the presence of divalent cations (e.g., Ca2+,
Mg2+). Since the first report of Brock [13], many in vivo studies [14, 15] have
demonstrated that divalent cations significantly increase the minimum inhibitory
concentration (MIC), i.e., the concentration of CAPs required to inhibit bacterial
growth. The presence of 10 mM MgCl2 was found to increase the MIC of
Pseudomonas aeruginosa PAO1 against protamine, a CAP from sperm cells of
vertebrates, by a factor of five [16]. The detailed investigation of this phenomenon
is of fundamental importance for the understanding of the function of antimicro-
bial peptides as well as for the development of peptide-based antibiotics [17].

There have also been several theoretical approaches to explain this effect of
divalent cations on bacterial resistance against CAPs. Atomic-scale molecular
dynamic (MD) simulations [18–20] suggested that divalent cations condense in the
negatively charged ‘‘core region’’ of the LPS molecules. However, the dimensions
of the simulation box (a few nm) and the time scales (several ns) were insufficient
to monitor conformational changes of the saccharide chains of LPS molecules.
Recently, Pink et al. [16]. introduced a coarse-grained ‘‘minimum computer
model’’ of LPS surfaces that allows for the Monte Carlo (MC) simulation of larger
volumes (more than 100 LPS molecules) over longer time scales (in the order of
ms). This approach seems generally suited to model the conformation of LPS
molecules in the presence and absence of divalent cations as well as the electro-
statics of bacteria surfaces rendered with charged saccharide chains. However,
experimental studies that reveal the detailed structure of such soft, complex
interfaces under biologically relevant conditions are still missing.

In this thesis, three classes of planar models (Fig. 1.3) of saccharide-rendered
cell and bacteria surfaces were prepared using well-defined molecular building
blocks: multilayers of glycolipid membranes supported by solid substrates
(Fig. 1.3a), glycolipid monolayers deposited on hydrophobic substrates
(Fig. 1.3b), and glycolipid monolayers at the air/water interface (Fig. 1.3c). By
taking advantage of the planar sample geometry, the in-plane and out-of-plane
structures of these model systems were investigated using a variety of X-ray and
neutron scattering techniques.

In contrast to other high-resolution probing methods (e.g., scanning tunneling
microscopy, atomic force microscopy, and electron microscopy), scattering tech-
niques do not require direct access to the surfaces, but can also reveal buried
structures. Since the 1970s, small and wide-angle X-ray scattering (SAXS and
WAXS) have commonly been used for the physical characterization of
phospholipid membranes suspensions [21–33]. To date, several groups have used
these methods to determine the structures of isotropic glycolipid membrane sus-
pensions [34, 35], the influence of small water-soluble carbohydrates on
phospholipid membranes [36], the influence of lacitol glycolipids on charged
membranes [37], and the structure of membranes incorporating ganglioside (GM1)
molecules [38]. The same approach could also be used to study suspensions of
more complex molecules, such as bacterial lipopolysaccharides [39–43]. However,
the random orientation of membranes in suspensions generally does not allow for
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the distinct determination of structures perpendicular and parallel to the membrane
planes. This problem can be overcome by the use of planar model systems (see
Fig. 1.3), where specular and off-specular scattering signals can be identified
[23, 24, 32, 33]. Information on the structure normal to the sample plane can be
obtained from specular scattering, whereas information on the structural ordering
parallel to the sample plane, reflecting the mechanical properties of the mem-
branes, can be extracted from off-specular signals. To date, this approach has
mainly been used for synthetic lipid membranes [21, 27, 28, 31], but also for
mixtures of lipids with peptides/proteins [44, 45] or cholesterol [46]. Although
several recent studies dealt with LPS membrane multilayers on solid substrates,
they did not take advantage of the planar geometry, but solely focused on lamellar
periodicities and out-of-plane membrane structures under various conditions
[47–49]. Studies that reveal both in-plane and out-of plane structures of saccha-
ride-rendered cell and bacteria surfaces under biological conditions are still
missing.

In the present work, planar membrane models (Fig. 1.3) are utilized for a
systematic study of membrane-bound saccharides by various X-ray and neutron
scattering techniques. In Chap. 5 the influence of membrane-bound saccharides on
the interactions and mechanical properties of membranes are investigated by
specular and off-specular neutron scattering from synthetic glycolipid membrane
stacks. To highlight the role of the saccharide conformation, two types of glyco-
lipids with a distinct difference in their disaccharide head group are compared
(Sect. 5.1). In Sect. 5.2, synthetic glycolipids bearing the LewisX trisaccharide
motif were incorporated into membrane multilayers to study the influence of
specific saccharide-saccharide interactions on multilayer structure and mechanics.

Fig. 1.3 Planar oriented models of saccharide-rendered cell surfaces used in this study. a Solid-
supported glycolipid membrane multilayers. b Solid-supported glycolipid monolayers. c Glyco-
lipid monolayers at the air/water interface. The model systems are studied using various X-ray
and neutron scattering techniques
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In Chap. 6, the focus is extended towards more complex models of bacterial
surfaces, prepared from lipopolysaccharides of various structural and composi-
tional complexities, ranging from monodisperse rough mutant LPS molecules to
native polydisperse LPS extracts from Pseudomonas aeruginosa [50]. Here, in
particular the influence of divalent cations on the LPS conformation and on the
mechanics of LPS membranes is investigated. The samples are studied using
neutron scattering, high-energy X-ray reflectometry, and grazing-incidence X-ray
fluorescence (GIXF). In Chap. 4, the theoretical methods developed in this thesis
for a quantitative interpretation of specular and off-specular neutron scattering
(Sect. 4.1) and X-ray fluorescence signals (Sect. 4.3) are derived and discussed.
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Chapter 2
Theoretical Background

In this chapter the theoretical concepts and physical principles used in this thesis
are presented. The first part deals with the physical description of the studied
systems, while the second part provides an introduction into the principles of X-ray
and neutron scattering, the primary experimental method applied in this thesis.

2.1 Lipid Membranes

2.1.1 Physics of Lipids and Lipid Membranes

In this thesis, membrane-bound saccharides are studied using model systems
prepared from various types of lipids. In the following, an introduction into the
physics of lipids and lipid membranes is given.

2.1.1.1 Membrane Formation by Lipid Self-Assembling

Lipids are the main structuring component of biological membranes. Despite
their enormous structural variety, all membrane lipids possess amphiphilic
architecture, with one hydrophobic and one hydrophilic building block, essential
for the molecular self-assembling.1 The hydrophobic part is constituted by apolar
hydrocarbon chains, while the hydrophilic part, commonly called head group,
consists of polar moieties. This is illustrated in Fig. 2.1 for DPPC, a commonly
studied lipid with two hydrocarbon chains and a phosphatidylcholine head group.

1 Archaea possess lipids with two hydrophilic moieties, which leads to different molecular
self-assembly.
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Due to the hydrophobic effect [1, 2], lipids exhibit a very low solubility in
water. Isolated lipids dissolved in the aqueous solution are only found in very low
concentrations, while the vast majority of lipids form aggregates whose shapes
depend on the lipid geometry characterized by the lipid packing parameter [2].
Here, we focus on the biologically most relevant cylindrical lipid geometry, which
leads to the formation of bilayer structures (see Fig. 2.2). In the following, the
self-assembling of lipids is discussed under thermodynamic aspects. Biological
processes usually take place at constant temperature T and constant (atmospheric
or hydrostatic) pressure. Under these boundary conditions, the processes are driven
by a minimization of the Gibbs free energy G.

G ¼ H � TS;

where H denotes the enthalpy and S the entropy. The solubility of the lipids can be
quantified in terms of the critical aggregate concentration (CAC), which defines an
upper limit for the concentration of isolated lipids dissolved in the aqueous
solution [1, 3].

CAC ffi c0 exp(� Dg=kBTÞ

Dg ¼ gsol � gagg

Here, kBT denotes the thermal energy and Dg the change in the Gibbs free
energy that would result from the transfer of one lipid from an aggregate into the
solution. c0 denotes the concentration of lipids within the aggregates, usually at

Fig. 2.2 Bilayer formation
due to the hydrophobic effect.
Isolated lipids dissolved in
the aqueous solution are only
found in very low concentra-
tion below the critical aggre-
gate concentration (CAC),
while the vast majority of the
lipids are assembled in
aggregates such as the shown
lipid bilayer

Fig. 2.1 Schematic structure
of a lipid. The amphiphilic
molecules possess a hydro-
phobic part, constituted by
apolar hydrocarbon chains,
and a hydrophilic head group
exhibiting polar moieties
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the order of 1 M. Typical lipids with two hydrocarbon chains have CAC values at
the order of 10-12 M. Dg can be decomposed into an enthalpic contribution
Dh and an entropic contribution TDs:

Dg ¼ Dh� TDs

Dh is determined by the enthalpy of lipid/lipid interactions, water/water interactions,
and lipid/water interactions. Ds is determined by the change in the number of
available system configurations that would result from the transfer of one lipid into
solution. A dissolved lipid exposes its apolar hydrocarbon chains to the adjacent
water molecules, which thus get limited in the choice of H-bonds they can form.
Thus, the number of available system configurations gets reduced if a lipid is brought
into solution. As a consequence, Ds is always negative. Usually the absolute of
TDs is much higher than the absolute of Dh, and Dg is dominated by the entropic
contribution which always favors the formation of aggregates. This phenomenon,
known as hydrophobic effect, is the driving force for the self-assembling of lipids
into aggregates, such as bilayer membranes (see Fig. 2.2) or other structures.

2.1.1.2 Phase Behavior of Lipid Membranes

Depending on the lipid structure, lipid membranes can assume several phase states
in many cases. These phase states are usually classified as follows [4, 5]: The
Lc-phase represents a two-dimensional crystalline arrangement of the lipid
molecules including hydrocarbon chains and head groups. The gel-like Lb-phase
represents a two-dimensional crystalline ordering of the hydrocarbon chains, while
the headgroups have no fixed orientation or position. The hydrocarbon chains are
arranged in a lateral hexagonal-like (generally ‘‘orthorhombic’’) structure with a
fixed, linear configuration, denoted as all-trans configuration. This is illustrated in
Fig. 2.3 (top membrane). Often the chains posses a defined tilt with respect to the
membrane normal, due to a mismatch between the projected area required by the
hydrocarbon chains and that required by the head groups.2 The biologically most
relevant La-phase represents a two-dimensional fluid, where the hydrocarbon
chains can assume a large number of configurations (trans and gauche rotations at
each carbon–carbon bond in the hydrocarbon chains) [6], and the lipids diffuse
along the membrane plane. This is illustrated in Fig. 2.3 (bottom membrane). Due
to the high number of gauche configurations, membranes are significantly thinner
in fluid La-phase than in gel-like Lb-phase [3].

Lipid bilayers can transit from one phase state to another one via thermotropic
phase transitions.3 Here, which phase state is assumed by the bilayer depends on

2 This is the case for lipids with phosphatidylcholine headgroups (such as DPPC), where this
tilted phase is denoted as Lb

0-phase.
3 Phase transitions can also be induced by other thermodynamic parameters, such as pressure or
concentration.
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the temperature T, while other parameters (lipid concentration, pressure) are kept
constant. In the following we consider the biologically very important
thermotropic phase transition from Lb-phase to La-phase. This first order phase
transition is known as chain-melting transition. Let Dg denote the difference in
Gibbs free energy per lipid between the two phase states for a given temperature T.

ga � gb ¼ Dg ¼ Dh� TDs

Dh has a positive value, as the In La-phase gauche configurations with higher
energy levels are occupied, while in the Lb-phase, the hydrocarbon chains mainly
take trans configurations with lowest energy. Hence, the enthalpic contribution of
the Gibbs free energy favors the Lb-phase. On the other hand, the large number of
possible chain configurations in La-phase [6] coincides with a significantly higher
entropy per lipid and results in a positive value of Ds. Thus, the entropic
contribution of the Gibbs free energy favors the La-phase. As a consequence,
the temperature determines which contribution is dominant in this competition.
At the phase transition temperature Tm, where the lipids are found in either phase
with the same probability, Dg is zero, and thus:

Tm ¼ Kh=Ds

The transition temperature is determined by the transition enthalpy Dh and the
transition entropy Ds, which are both encoded in the molecular structure of
the lipids. Conversely, measurements of Tm provide valuable information on the
thermodynamics of the bilayers formed by the studied lipids. Below Tm bilayers
assume Lb-phase and above Tm they assume La-phase. Near Tm, a coexistence of
the two phases is found. The width of this coexistence region depends on the
transition cooperativity, i.e., on the size of the group of lipids that undergo the
transition in a cooperative process [5].

2.1.2 Inter-Membrane Interactions

In this thesis, the influence of membrane-bound saccharides on the interaction of
membranes is investigated. In the following, an introduction into the physics of
inter-membrane interactions is given.

Fig. 2.3 A lipid membrane
in gel-like Lb-phase and in
fluid La-phase
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In general, the physical interaction between biological membranes is the result
of a complex interplay of non-specific and specific interactions. The former
comprise a variety of generic physical forces, while the latter correspond to
specific bonds between motifs (e.g. oligosaccharides) presented by the membranes
and can be treated separately (see Sect. 5.2). For large enough membrane
separations (typically �10 Å), the non-specific interactions can be treated in a
continuum mean-field approximation which neglects the atomic structure of
the matter. Here, the bilayers are considered as plates with in-plane-homogenous
properties (such as charge density, dielectric constant, and bending rigidity).
This is a reasonable assumption for many model membranes. Commonly used
continuum mean-field approaches to describe the interaction of particles
in aqueous media are the Gouy–Chapman ‘‘diffuse double layer’’ theory,
which accounts for electrostatic interactions in electrolytes, and the DLVO theory
[1, 7–10], which additionally accounts for the van der Waals interaction. However,
for the description of the interaction between planar membranes, additional
contributions, not covered by the above mentioned theories, become important,
like hydration or undulation forces.

2.1.2.1 Hardcore Repulsion

Hardcore repulsion between membranes is important for vanishing inter-mem-
brane separations, where the continuum description of most of the other force
contributions fails. However, once hardcore repulsion becomes relevant, it dom-
inates over all the other contributions. Hardcore repulsion originates from an
overlap of orbitals of the adjacent membrane molecules. Empirically, the resulting
potential can be described with a power law:

PHC dWð Þ ¼ d� nþ1ð Þ
W ; 9\n\16

Even though the theoretical basis for this description is very poor, it is com-
monly used because of its mathematical convenience [1, 11].

2.1.2.2 Van der Waals Interaction

The van der Waals interaction accounts for the combination of three contributions
[1]:

1. The interaction arising from the orientation of permanent dipoles, known as
orientation force.

2. The interaction between permanent dipoles with induced dipoles, known as
induction force.

3. The interaction between induced dipoles with induced dipoles, which is always
present and known as dispersion force.
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The Lifshitz theory describes the van der Waals interaction between homogenous
media in a continuum approximation. This description is based on the calculation of
Hamaker constants A, which depend on the dielectric properties of the interacting
media [1, 12, 13]. The interaction can be attractive or repulsive, in general. However,
in case of two identical media (here: lipid membranes) with the same thickness dH,
separated by a third medium (here: water) of thickness dW, the interaction is always
attractive. For lipid membranes several models have been developed [14, 15].
As demonstrated by Demé et al. [16], a double film model with one Hamaker
constant A = 5.1 9 10-21 J is sufficient to account for the van der Waals attraction
between phospholipid membranes in fluid La-phase:

PVDW dWð Þ ¼ � A

6p
1

d3
W

� 2

dW þ dHð Þ3
þ 1

dW þ 2dHð Þ3

" #

Here, the membrane separation dW is defined as the thickness of the aqueous
region separating the hydrophobic membrane regions characterized by the
‘‘hydrophobic thickness’’ dH.

2.1.2.3 Hydration Repulsion

Hydration repulsion between hydrophilic surfaces is believed to result from the
free energy required to modify the H-bonding network of liquid water in
the vicinity of polar, H-bonding surface groups. Empirically, the hydration
interaction obeys an exponential decay [1] characterized by the extrapolated
pressure P0 at dW = 0 and a decay length kHYD:

PHYD dWð Þ ¼ P0 exp (� dW=kHYDÞ

For interacting phosphatidylcholine lipid membranes in fluid La-phase,
P0 = 4.5 9 109 Pa is an established value, if the membrane separation dW is
defined in the same way as for the van der Waals interaction [16]. For kHYD, values
around 2.0 Å were reported [17, 18, 53].

2.1.2.4 Undulation Repulsion

Up to here it was sufficient to treat the interacting lipid membranes as perfectly flat
layers. However, the undulation repulsion can only be understood, if thermal
membrane fluctuations are taken into account. These out-of-plane ‘‘undulations’’
depend on the membrane bending rigidity j. The undulation repulsion between
two membranes originates from the suppression of undulation modes (which
represents a decrease in entropy) as the membrane separation dW decreases.
The strength of the repulsion depends on the geometry in which the membranes are
confined. For a stack of N membranes, an algebraic expression was derived by
Helfrich [19–21],
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PUND dWð Þ ¼ 2N

N þ 1
aN

kBTð Þ2

jd3
W

:

Here, the membrane separation dW is defined as the thickness of the aqueous
region between the ‘‘steric surfaces’’ of the adjacent membranes. In case of
solid-supported membrane multilayers, where N is large enough, this can be
approximated with the limit of N ? ?:

PUND dWð Þ ¼ a1
2 kBTð Þ2

jd3
W

;

with the analytic estimate a? = 3p2/128 & 0.23 provided by Helfrich. More
recent calculations by Bachmann et al. [19] indicate a lower value of a? & 0.104.
Generally, the undulation repulsion becomes important for larger separations,
where the membranes are coupled only weakly by the other force contributions.

2.1.2.5 Electrostatic Interaction

Electrostatic interactions occur if the interacting membranes carry electric charges.
This can be due to charged headgroup residues or due to the adsorption of ions
to the membrane surface (see Sect. 5.2.2.2). In membrane multilayers with
homogenous molecular composition, the membranes are like-charged and the
electrostatic interaction is therefore repulsive. In a continuum approximation
the in-plane distribution of the elementary charges is neglected, and a homogenous
surface charge density r is assumed, which is confined in a defined plane of the
membrane. The electrostatic interaction between adjacent membranes across
the aqueous medium depends in a complicated way on the surface charge and on
the ion concentrations of the buffer solution. Since there are no general algebraic
solutions available, this problem is further developed in Sect. 4.2.

2.1.2.6 The Disjoining Pressure

The disjoining pressure constitutes the net force (per unit area) resulting from all
interactions n between two planes (here: membrane surfaces) and is defined as the
negative derivative of the Gibbs free energy with respect to the plane separation
dW while the chemical potential l for water is kept constant:

P ¼
X

n

Pn ¼
oG

odW

� �
l

A stable equilibrium separation is found wherever:

P ¼ 0 and
oP
odW

\0
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In contrast to the individual force contributions Pn, the disjoining pressure is
accessible to experimental measurements. If sufficient information about the
interacting membranes is available, the experimentally determined disjoining
pressure profile P(dW) can be represented theoretically with a superposition of the
relevant force contributions.

2.1.2.7 Force–Distance Relationships

The disjoining pressure profile can be determined in measurements of the mem-
brane separation dW while various well-known external compressional forces Pext

are exerted to the membranes. In the presence of an external force, the equilibrium
membrane separation is shifted to the value, where P ? Pext = 0. This yields the
identity P(dW) = -Pext(dW).

Typically dW is determined indirectly by measuring the lamellar periodicity
d of membrane multilayers and subsequent subtraction of the membrane thickness.
The so recorded data points provide quantitative relationships between the
membrane separation and the disjoining pressure, referred to as force–distance
relationships. Low compressive forces (P\ 106 Pa) can be applied by adding
impermeable solutes (e.g. water soluble polymers impermeable across the mem-
brane) to the aqueous solution [11, 22]. This approach is known as osmotic stress
method. On the other hand, measurements at controlled relative humidity hrel (i.e.,
in the absence of condensed water) allow for the application of high compressive
forces (P [ 106 Pa) [23]:

Posm ¼ �
kBT

Vwater

ln hrelð Þ

In practice, force–distance relationships are commonly presented as P(d) since
this representation is equivalent and closer to the experimentally accessible
lamellar periodicity d (see Chaps. 5, 6).

2.1.3 Mechanics of Solid-Supported Membrane Multilayers

In this thesis, the influence of membrane-bound saccharides on the mechanical
properties of (interacting) membranes is studied using solid-supported membrane
multilayers as model systems (see Chaps. 5, 6). In the following, an introduction
into the mechanics of planar membrane multilayers is given.

2.1.3.1 The Discrete Smectic Hamiltonian

Within the framework of a continuum model approximation, the total free energy
of a set of oriented membrane multilayers can be described with the discrete
smectic Hamiltonian H, according to Lei et al. [54]:
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H ¼
Z
A

d2r
XN�1

n¼1

B

2d
unþ1 � unð Þ2þ j

2
r2

xyun

� �2
� �

:

N is the total number of membranes, d their equilibrium periodicity, and A the
area occupied by the set of multilayers. At any moment in time, each point of a
membrane, defined by the in-plane coordinates x and y, is displaced from the
average membrane z-position by an increment un(x, y), due to thermal fluctuations.
This is illustrated in Fig. 2.4.

Within the continuum framework, vertical compression is characterized by the
compression modulus B, while bending is characterized by the membrane bending
modulus j. rxy denotes the two-dimensional Nabla operator in x and y directions.
In a harmonic approximation, B can also be expressed in terms of the derivative of
the disjoining pressure with respect to the membrane separation dW at the
equilibrium lamellar periodicity d:

B ¼ �d
oP
odW

� �
d

The properties of the membrane fluctuations represent the underlying
mechanical parameters, which are commonly characterized by the Caillé param-
eter g and the de Gennes parameter k of smectic liquid crystals, as these quantities
are more directly accessible to experiments (see Sect. 4.1).

g ¼ pkBT

2d2
ffiffiffiffiffiffiffiffiffiffiffi
jB=d

p Caille parameter

k ¼
ffiffiffiffiffiffi
j

Bd

r
de Gennes parameter

For a given Temperature T, a high g value corresponds to a ‘‘soft’’ system and
leads to strong fluctuations with a high amplitude, while a low value corresponds to a
‘‘stiff’’ system with weak fluctuations. On the other hand, the de Gennes parameter
indicates if the stiffness of a system is rather dominated by the compression modulus
(for low k values) or rather dominated by the bending modulus (for high k values).
The de Gennes parameter also determines how strongly the fluctuations of

Fig. 2.4 Parameterization of
a set of rough layers or
interfaces
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a membrane are correlated with those of its neighbors, depending on the fluctuation
wavelength. This is qualitatively illustrated in Fig. 2.5, where the local
displacements of a membrane and the resulting displacements of its neighbors
are depicted for different displacement wavelengths and de Gennes parameters.
In case of a low k value the transmission depth of the displacement is only weakly
dependent on the wavelength, whereas in case of a high k value a displacement of
short wavelength is damped much more strongly than that of long wavelength.
In other words, long-wavelength membrane fluctuations have a stronger
inter-membrane correlation than short wavelength fluctuations.4

2.1.3.2 Height–Height Correlation Functions

Correlation functions provide a model-independent statistical description of the
height profile of rough layers or interfaces (see Fig. 2.4). A single rough layer or
interface is described the height–height correlation function.

C x; yð Þ :¼ u x0 � x; y0 � yð Þ � u x0; y0ð Þh ix0;y0

The topological root mean square (rms) roughness r of a layer or an interface is
also defined via the height–height correlation function:

r :¼
ffiffiffiffiffiffiffiffiffi
u2h i

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C 0; 0ð Þ

p
For stratified systems, the correlation functions include self-correlation

functions (n = m) within a layer or an interface and cross-correlation functions
(n = m) between a layer or interface and its kth neighbor.

Fig. 2.5 Influence of the de
Gennes parameter k on the
inter-membrane correlation
of fluctuations at different
wavelength

4 This is the reason why the extent, to which the width of a Bragg sheet increases with qjj (the
reciprocal space analogue to an in-plane wavelength), increases along with the de Gennes
parameter.
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Cnm x; yð Þ :¼ un x0 � x; y0 � yð Þ � um x0; y0ð Þh ix0;y0

For laterally isotropic systems the correlation functions possess radial
symmetry:

C x; yð Þ ! C rð Þ :¼ u r0
!� r!
� �

� u r0
!� �	 


r0
!

Cnm x; yð Þ ! Cnm rð Þ :¼ un r0
!� r!
� �

� um r0
!� �	 


r0
!

with r ¼ j r!j
An example of such a radial symmetric height–height correlation function is

shown in Fig. 4.2.

2.1.3.3 Membrane Displacement Correlation Functions

In analogy, a statistical, time-averaged description of the fluctuations of interacting
membranes is provided by the membrane displacement correlation functions

gnm rð Þ :¼ un r0
!� r!
� �

� um r0
!� �� �2D E

r0
!:

Lei et al. have derived an expression [54] which is valid in the special case of
oriented multilayers that are infinitely expanded in all directions. However, this
case does not apply to solid-supported membrane multilayers used for experi-
ments. In Sect. 4.1 of this work a way to overcome this issue is presented.

2.1.4 Membrane Models

This thesis deals with several types of planar model systems of membranes and
cell surfaces. Here, an introduction into selected oriented membrane models is
given. Other commonly used, but non-oriented membrane models, such as
unilamellar or multilamellar lipid vesicles are not discussed. Membrane models
serve as simplified, well-defined models of biological membranes and allow for
the detailed investigation of selected physical membrane properties. The choice of
the membrane model determines which aspects of biological membranes can be
studied.

2.1.4.1 Langmuir Lipid Monolayers

Langmuir lipid monolayers are insoluble monomolecular lipid films at the air/
water interface [24, 25]. Here, as a consequence of the hydrophobic effect,
the amphiphilic lipid molecules expose their hydrophobic tails to the gas phase.
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This is illustrated in Fig. 2.6. The surface area available per lipid molecule, A, is
controlled with a movable barrier.

By monitoring the surface pressure of the lipid film, p, as a function of A, the
in-plane interaction of the molecules, confined in two dimensions, can be studied.
Often, the lipid monolayer undergoes a phase transition as the A decreases, from a
more disordered, liquid expanded (Le, Fig. 2.6 top) phase to an ordered,
liquid condensed (Lc, Fig. 2.6 bottom) phase, where the ordering refers to the
hydrocarbon chains. This phase transition can be described with the two-dimen-
sional analogue of the three-dimensional van-der-Waals (or Dieterici) equation,
which accounts for the two phases and for a coexistence regime. An idealized
Langmuir isotherm, i.e., a p versus A plot, recorded at a constant temperature, is
schematically shown in Fig. 2.7. The curve shows the regimes of Le and Lc phases,
as well as a plateau region corresponding to the phase coexistence. As the surface
area per molecule approaches to the minimum molecular are, denoted by A0, the
surface pressure diverges. The maximum achievable surface pressure is limited by
the surface tension of the air/water interface (r % 72 mN/m), but usually the
monolayer collapses far below that value in practice. Often no phase transition is
observed, due to the molecule-intrinsic incapability to form ordered structures of
their hydrocarbon chains (e.g., double bonds in the hydrocarbon chains or bulky
head groups), and the monolayer remains in Le-phase throughout the isotherm.

When a lipid monolayer is compressed to a surface area per molecule, which is
representative for the molecular area found in biological membranes, the
hydrophilic monolayer surface exposed to the aqueous bulk phase constitutes a
well-defined model of a membrane surface. This surface can be characterized by
various (surface-sensitive) techniques (such as fluorescence microscopy, Brewster
angle microscopy, X-ray and neutron scattering, Kelvin probe, ellipsometry, and
interfacial shear rheometry) in terms of structural, dynamical, mechanical, and
dielectric properties. The surface is accessible from the aqueous side and can be
the starting point for studies on the interaction of various solutes (ions, proteins,
drug molecules) with the membrane surface [26, 27].

Fig. 2.6 Sketch of a
Langmuir film balance. In
many cases, lipids undergo a
transition from disordered
Le-phase to ordered Lc-phase
upon compression
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2.1.4.2 Solid-Supported Lipid Monolayers

Solid-supported lipid monolayers constitute models of biological membrane
surfaces at the interface between a solid substrate and the aqueous phase [28].
This is illustrated in Fig. 2.8. Solid-supported lipid monolayers can be created by
spreading small unilamellar lipid vesicles (SUVs) onto hydrophobic solid
substrates under bulk buffer. The formation of the monolayer is driven by the
hydrophobic effect. The resulting in-plane density of lipid molecules is very
similar to that found in lipid bilayer membranes. Alternative methods for
the deposition of lipid monolayers onto hydrophobic substrates are the Langmuir–
Blodgett or Langmuir–Schaefer transfer [29], which enable the control of the
in-plane density of the lipids. In contrast to Langmuir lipid monolayers,
solid-supported lipid monolayers can be rotated in space, and therefore lend
themselves towards scattering experiments, which often require sample rotations
(see Sect. 3.3.1.1).

2.1.4.3 Solid-Supported Lipid Bilayers

Solid-supported lipid bilayers constitute well-defined models of biological lipid
membranes confined in two dimensions [30]. This is illustrated in Fig. 2.9 (left).

Fig. 2.7 Idealized Langmuir
isotherm showing an Le

regime for large molecular
areas, an Lc regime for small
molecular areas, and a pla-
teau region corresponding to
the phase coexistence for
intermediate molecular areas

Fig. 2.8 Sketch of
solid-supported monolayer
deposited onto a flat
hydrophobic solid substrate
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They are well suited to study the diffusion of lipids and membrane-associated
proteins [31]. Solid-supported lipid bilayers can be created by the fusion of SUVs,
or by Langmuir–Blodgett/Langmuir–Schaefer transfers. The bilayer is confined at
the solid surface due to strong van der Waals attraction. To reduce the influence of
this strong interaction with the substrate on the bilayer behavior, and to create a
more physiological environment for the bilayer, soft polymer interlayers between
solid support and bilayer (see Fig. 2.9 right) have gained importance in recent
years [32, 33].

2.1.4.4 Solid-Supported Membrane Multilayers

Solid-supported membrane multilayers constitute model systems of interacting
biological membranes. This is illustrated in Fig. 2.10. These systems, which can be
prepared either by evaporating organic lipid solutions on the solid surface or by
multiple Langmuir–Blodgett transfers, can be studied in humidified air but also
under bulk buffer solution, if they retain their oriented lamellar structure under
these conditions. This is the case if a finite equilibrium membrane separation is
established by the inter-membrane interactions (see Sect. 2.1.2). To investigate
structure and mechanics of interacting lipid membranes, the samples can be
studied by X-ray and neutron scattering techniques (see Chaps. 5, 6).

Fig. 2.9 Sketch of a solid-supported (left) and a polymer-supported (right) lipid bilayer

Fig. 2.10 Sketch of solid-
supported multilayers aligned
parallel with the flat substrate
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2.2 Principles of X-Ray and Neutron Scattering

X-ray and neutron scattering techniques are the principal experimental methods
applied in this thesis. In the following, the common theoretical concepts of the
used scattering techniques are introduced. Since this thesis deals with oriented
membrane models, the main focus is put on specular and off-specular scattering
from planar, oriented systems.

2.2.1 Basic Principles

X-ray and neutron scattering techniques are ideal for the structural characterization
of a sample at molecular length scales. They provide structural information with
high spatial resolution in a non-destructive manner and have access to buried
structures in contrast to other techniques. A good introduction to X-ray and neu-
tron scattering is given in the following references [34–37]. When probing a
sample at length scales which are large compared to atomic structures (&1 Å), the
description of the sample in terms of continuous media has proven very powerful.
Here, the atomic structure of the sample is neglected and the sample is parame-
terized with a refractive index nð r!Þ, which is a complex function of the spatial
coordinates r!:

n ¼ 1� dþ ib

d ¼ k2

2p
q

b ¼ k
4p

l

k denotes the wavelength of the X-ray or neutron beam, q the scattering length
density (SLD) of the medium, and l the absorption coefficient of the medium
for the beam. In case of X-rays, l mainly accounts for the photoelectric con-
sumption of X-ray photons, while the SLD is proportional to the electron
density q = r0qel, where r0 denotes the classical electron radius (or Thomson
scattering length). In case of cold or thermal neutrons, l accounts for neutron
capture processes, while the SLD depends on the nuclear composition of the
medium:

q ¼
X

j

qjbj

Here, qj denotes the volume density of the nuclide species j, and bj its coherent
scattering length, which is tabulated for the vast majority of nuclides [38].
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2.2.1.1 X-Ray versus Neutrons

Commonly used X-ray and neutron beams have comparable wavelengths in the
Armstrong range. However, the ways X-rays and neutrons interact with matter are
fundamentally different. While X-rays are scattered by the electron shells of atoms
and molecules via electromagnetic interactions, neutrons are scattered by the
atomic nuclei via strong interaction and the interaction between the magnetic
dipole moments of the nucleus and the neutron [39]. Fortunately, despite these
differences, the essentially same mathematical formalism can be used for both
radiation types if the scattering signals are interpreted using the before mentioned
continuum description. Besides these fundamental differences there are quite a few
practical differences which become important in an experiment. Currently, the
photon flux provided by modern X-ray sources (e.g., synchrotrons) is by orders of
magnitude higher than the neutron flux provided by the most powerful neutron
sources (nuclear reactors and spallation sources). For this reason, to record
scattering signals with a desired signal to noise ratio typically takes much longer
with neutrons, and, as a consequence, the spatial resolution achieved with X-rays
is generally higher. On the other hand, the absorption coefficients of the matter are
typically much lower for neutrons than for X-rays. This renders neutrons superior
for the investigation of deeply buried structures. Moreover, the fact that the
neutron scattering length can strongly differ between two isotopes of the same
chemical element offers the unique possibility to manipulate the scattering contrast
within the sample. This method is known as ‘‘contrast variation’’, and is partic-
ularly powerful for soft-matter samples and biological samples. Here, molecules or
parts of molecules can be highlighted by isotopic labeling without significantly
influencing their chemical behavior. This works particularly well when hydrogen
is replaced by deuterium (called deuteration), as these nuclides possess extremely
different scattering lengths. Generally, whether X-rays or neutrons are more suited
for an experiment depends on the sample and on the experimental conditions, and
in many cases it is desirable to investigate a sample with both methods.

2.2.1.2 Scattering from Oriented Planar Samples

Oriented planar samples (e.g., thin films on a flat substrate) offer the possibility to
distinguish between out-of-plane (z) and in-plane (x and y) directions. Here, the
scattering signals contain structural information simultaneously for both out-of-
plane and in-plane directions. The former can be extracted from the specular
scattering intensity, while the latter is contained in the off-specular (diffuse)
scattering intensity [34, 40–43].

Oriented samples are commonly modeled with ‘‘slab models’’ [44–47], where
each slab represents a layer of constant refractive index n. Such a slab model is
illustrated in Fig. 2.11. Since, for X-rays and thermal neutrons all materials pos-
sess refractive indices close to unity and, in thin layers, absorption can be
neglected, the sample structure is typically described in terms of SLD profiles
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rather than in terms of refractive index profiles. The continuous transition of q at
the interface between a slab and its neighbors is typically accounted for with an
error function (characterized by transition width r). Figure 2.12 shows the
geometry considered in the following for a scattering experiment with an oriented
sample.

Let a monochromatic beam with wave vector ki
!

impinge to an oriented sample

with the incident angle hi. The plane of incidence is defined by ki
!

and the normal
to the sample. We further consider that the beam is scattered into a direction which
is part of the plane of incidence5 and has an angle hf with the sample surface as

indicated in Fig. 2.12. kf
!

denotes the wave vector of the scattered beam. In the
here considered elastic scattering processes the length of the wave vector is
conserved:

kf
!


 


 ¼ ki

!


 


 ¼ 2p
k

The momentum transfer corresponding to the scattering process is characterized
by the scattering vector q!:

q!¼ kf
!� ki

!
;

Fig. 2.11 (Left) schematic slab model illustration of an oriented sample. (Right) corresponding
SLD profile, parameterized by the constant SLDs q of the stratified media and the SLD gradients
across the interfaces (characterized by the width r)

5 Within the frame of this thesis and for the explanations below it is not necessary to consider the
scattering into directions which are not part of the plane of incidence.
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which can be decomposed into an out-of-plane component qz, and a in-plane
component q||. These two components are the reciprocal space coordinates and can
be expressed in terms of the scattering angles hi and hf:

qz ¼ kz
f � kz

i ¼
2p
k

sinhf þ sinhi

� �
;

qjj ¼ kjjf � kjji ¼
2p
k

coshf � coshi

� �

2.2.2 Specular Scattering

The (in-plane averaged) out-of-plane structure of an oriented sample can be extracted
from the specular scattering intensity, where only the intensity of the mirror-like
reflection is considered (i.e., hf = hi =: h). In this case q|| = 0 and qz simplifies to:

qz ¼
4p
k

sinh

2.2.2.1 Specular Reflectivity from a Single Ideal Interface

We consider an ideal (i.e., perfectly smooth) planar interface between two
homogenous media denoted with 0 and 1, and a beam impinging onto the interface
coming from medium 0. The out-of-plane component kj

z of the wave vector in each
medium depends on qz and on the refractive indices of the media, n0 and n1:

kz
j ¼

2p
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qzk
4p

� �2

þn2
j � 1

s

This can be simplified if absorption is neglected:

kz
j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qz

2

� �2
�4pqj

r

Fig. 2.12 Sketch of the
scattering geometry
considered in this thesis
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The complex amplitudes of the reflected and transmitted waves are given as the
Fresnel amplitude reflection and transmission coefficient:

rF
0;1 ¼

kz
0 � kz

1

kz
0 þ kz

1

and tF
0;1 ¼ 1þ rF

0;1:

In contrast to the case of visible light, these coefficients do not depend
significantly on the polarization of the X-ray or neutron beam [34]. The specular
reflectivity R, defined as the ratio between the reflected intensity Ir and the incident
intensity Ii, is the absolute square of the complex Fresnel amplitude reflection
coefficient:

R qzð Þ :¼ If =Ii ¼ rF
0;1




 


2
If the refractive index of medium 1 is lower than that of medium 0, the beam is

totally reflected (R = 1) below a critical qz value, denoted with qz
c. This value can

be approximated in terms of the SLDs of the media:

qc
z ffi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16p q1 � q0ð Þ

p
Below qz

c, medium 1 is illuminated only in close vicinity of the interface is by
an evanescent field of qz-dependent intensity decay length K.

K ¼ K0 1� qz

�
qc

z

� �2
� ��1=2

; with K0 ¼ 1
�

qc
z

This dependency is shown in Fig. 2.13, and it is seen that the decay length
diverges as qz approaches qz

c. Above qz
c the beam propagates into medium 1.

In Fig. 2.14 (left) the reflectivity of an ideal interface (q0 = 0, q1 = 20 9

10-6 Å-2, n0 [ n1) is plotted as a function of qz. For high qz values (qz � qz
c), the

reflected intensity is weak. In this limit the reflectivity decays as qz
-4, see dashed

Fig. 2.13 Intensity decay
length of the evanescent field
as a function of qz. The decay
length diverges as qz

approaches qz
c
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line in Fig. 2.14 (left). In the regime of weak reflection the kinematic
approximation, also known as First Born Approximation is valid. In this
approximation, the incident beam is assumed to be ‘‘inexhaustible’’ and the
reduction of the transmitted intensity due to reflections is neglected. Within
the range of its validity, the kinematic approximation is very powerful, as it
enables the treatment of many scattering problems in terms of simple algebraic
expressions. However, the so calculated scattering intensities cannot be scaled
with respect to the incident beam intensity.

2.2.2.2 Interfacial Roughness

Realistic (non-ideal) interfaces between two homogenous media do not possess a
sharp jump in the SLD (and thus, in the refractive index) but a gradual transition
(see Fig. 2.11). To describe this transition, error functions characterized by the
transition width r are typically used. For this case, Nevot and Croce [48] have
derived how the amplitude reflection coefficient for an interface should be
modified:

rF
0;1 ! rF

0;1 � exp � 1
2

q2
z r

2
0;1

� �

The effect of the interfacial roughness is shown in Fig. 2.14 (right) for
r = 3 Å. It should be pointed out that the specular intensity contains informa-
tion only on the in-plane averaged sample structure. This averaged structure
does not distinguish between an SLD gradient across the interface (i.e., an
identical z-dependence of the SLD for all x and y) and topological roughness
(i.e., the in-plane heterogeneity of the z-position of the interface). Only the
interpretation of off-specular (diffuse) scattering intensities enables this distinction
(see Sect. 2.2.3).

Fig. 2.14 (Left) Fresnel reflectivity from a single ideal interface. (Right) influence of interfacial
roughness
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2.2.2.3 Stratified Interfaces

The reflectivity signals from N stratified interfaces (see Fig. 2.11) can be calcu-
lated using the formalisms introduced by Parratt [34, 49]. Based on the Fresnel
amplitude reflection coefficients,

rF
j; jþ1 ¼

kz
j � kz

jþ1

kz
j þ kz

jþ1

� exp � 1
2

q2
z r

2
j; jþ1

� �

the effective amplitude reflection coefficient of the stratified system r0,N is cal-
culated recursively starting from the last interface (between medium N - 1 and
medium N):

rN�1;N ¼ rF
N�1;N

rj;N ¼
rF

j; jþ1 þ rjþ1;N � e2ikz
jþ1djþ1

1þ rF
j; jþ1 � rjþ1;N � e2ikz

jþ1djþ1

j counting downwards from N - 2 to 0, dj = zj+1 - zj denotes the thickness of
medium j.

The reflectivity is then given as: RðqzÞ ¼ jr0;N j2.
A calculated reflectivity signal from 3 stratified interfaces (q0 = 0,

q1 = 10 9 10-6 Å-2, q2 = 25 9 10-6 Å-2, q2 = 20 9 10-6 Å-2, d1 = 35 Å,
d2 = 25 Å, r0,1 = r1,2 = r2,3 = 3 Å) is presented in Fig. 2.15. In contrast to the
signal from a single interface, the shown curve possesses various features like
oscillations and deep minima (known as Kiessig fringes), caused by the interfer-
ence of the waves reflected at different interfaces. The Parratt formalism consti-
tutes a fully dynamical description of the scattering process where the intensity of
the incident beam is conserved, and the reflections from each interface (including
multiple back- and forth reflections within the slabs) as well as the interference of

Fig. 2.15 Specular reflectiv-
ity from a set stratified rough
interfaces
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all reflected and transmitted waves are considered. An equivalent formalism was
presented by Abeles, based on layer matrices [50]. In the regime of weak reflection
(qz � qz

c), the reflectivity signals from stratified interfaces can be expressed in the
kinematical approximation using the Master Formula [34]. Here, the signal is
described with the asymptotic scaling of the reflectivity of a single, ideal interface,
and with the Fourier-transformed SLD gradient.6

R qzð Þ /
1
q4

z

Z1
�1

dq
dz

exp �iqzzð Þdz















2

ð2:1Þ

In case of slab models, this expression can be calculated very efficiently, as the
derivatives of error functions are Gaussian functions that can be Fourier-trans-
formed analytically. The resulting signal is also shown in Fig. 2.15. As the signal
possesses no absolute scale, it was multiplied by a pre-factor such that it coincides
with the dynamically calculated curve in the valid range.

2.2.2.4 Periodic Multilayers

In case many interfaces are arranged periodically (zj+1 - zj = d for all j), the
interference of the waves reflected from the interfaces results in peaks of high
reflection intensity, known as Bragg peaks. The positions of the peaks maxima,
qz

max, are located periodically along qz:

qmax
z ¼ 2mp=d; m ¼ 1; 2; . . . ð2:2Þ

This is shown in Fig. 2.16 (solid black line) for a periodic system of 100 double
layers (qA = 20 9 10-6 Å-2, qB = 0, dA = 35 Å, dB = 25 Å) between two
semi-infinite media (q0 = 0, q1 = 20 9 10-6 Å-2) and r = 3 Å for all inter-
faces. The intensity of the Bragg peaks (especially of the first Bragg peak with
m = 1) often becomes comparable to that of the incident beam. In this case the
kinematic approximation fails even for qz � qz

c, as it predicts too high intensities
(see dashed red line in Fig. 2.16).

2.2.3 Off-Specular (Diffuse) Scattering

Real interfaces always possess topological roughness, which leads non-mirror-like
scattering (hf = hi, q|| = 0, see Fig. 2.12), called off-specular or diffuse scatter-
ing. To consider diffuse scattering, the intensity has to be described as a function
of qz and q||. Like the reflectivity R(qz), the (more general) scattering intensity

6 Often the asymptotic qz
-4 factor is replaced by the reflectivity curve of an ideal interface

between the semi-infinite media. The results of this ‘‘hybrid’’ description come close to those of
the full dynamical treatment in some cases.
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I(qz, q||) is defined in terms of total intensity in the following. It can be expressed
with the scattering function S(qz, q||), which is defined in terms of incident flux and
the solid angle of detection [43]:

I qz; qjj
� �

/ 1
q2

z

S qz; qjj
� �

2.2.3.1 Scattering from a Single, Topologically Rough Interface

The topological roughness of an interface can be parameterized with the local out-
of-plane displacement u(x, y): = z(x, y) - hzi, were z(x, y) denotes the height of
the interface at the point (x, y) and hzi its average height. The diffuse scattering
from an interface is determined by the characteristics of the topological roughness.
The scattering function can be expressed [34, 40, 42, 43] in terms of the height–
height correlation C(r) of the interface (see Sect. 2.1.3.2). In Kinematical
approximation, the scattering function is given as:

S qz; qjj
� �

/ e�q2
z r

2

q2
z

Z1
�1

eq2
z C rð Þ e�iqjjr dr

The expression comprises a Fourier-transformation which has to be evaluated
numerically in general. Figure 2.17 (left) shows the calculated total (specular and
diffuse) scattering intensity I(qz, q||) from a single topologically rough interface
(q0 = 0, q1 = 20 9 10-6 Å-2) in color coded logarithmic scale. Here, the height–
height correlation function was parameterized7 as C(r) = r2 exp (-(r/n)2h), with

Fig. 2.16 Specular reflectiv-
ity from a multilayered
system. The signal exhibits
Bragg maxima periodic in qz.
The breakdown of the
kinematic approximation at
the first (m = 1) Bragg peak
is highlighted with a blue
circle

7 Such a parameterization is commonly used to describe interfaces with self-affine roughness
[40], but cannot describe all types of surface topologies (see Sect. 4.1.1).
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the topological rms roughness r = 3 Å, the decay length n = 500 Å, and the
stretching exponent h = 0.5. The top right panel shows the intensity along the
specular line as a function of qz. The bottom right panel of the figure (solid black line)
shows a cut through intensity map along q|| at qz = 0.2 Å-1, indicated by the hori-
zontal dashed line in the left panel. The central maximum represents the specular
peak, where the intensity is dominated by the specular contribution. Except for the
peak region, the intensity corresponds to the diffuse contribution. For practical
reasons, the width of the specular peak (ideally a Dirac delta function of q||) was
broadened by convoluting I(qz, q||) with an artificial point-spread function in q||. The
dashed red line represents the diffuse intensity alone.

A dynamical treatment of the scattering from a topologically rough interface
requires taking refraction effects and strong scattering into account. This is
achieved by the Distorted Wave Born Approximation (DWBA) [40, 42], at the
cost of a much higher numerical effort. In DWBA, the scattering function is given
as:

S qz; qjj
� �

/ tF;i
0;1




 


2 tF;f
0;1




 


2 1
q2

z

exp � 1
2
r2 q1ð Þ2þ q�1

� �2
� �� �

�
Z1
�1

e q1j j2C rð Þe�iqjjrdr

t0,1
F,i and t0,1

F,f denote the Fresnel amplitude transmission coefficients for the incident
and scattered beam, respectively:

Fig. 2.17 (Left) simulated scattering intensity from a single rough interface in kinematic
approximation. (Top right) central cut through the intensity map along the specular line (vertical
broken line in the left panel). (Bottom right)(solid black line) intensity as a function of q||

(horizontal dashed line in the left panel). (Dashed red line) diffuse intensity alone
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tF;i
0;1 ¼ 1þ

kz
i;0 � kz

i;1

kz
i;0 þ kz

i;1

; tF;f
0;1 ¼ 1þ

kz
f ;0 � kz

f ;1

kz
f ;0 þ kz

f ;1

q1 = kf,1
z - ki,1

z denotes the momentum transfer in medium 1.
These quantities are defined via the out-of-plane components of the incident

and scattered wave vectors in medium 1, ki,1
z and kf,1

z , which can be calculated by
mathematically inverting the scattering geometry:

kz
i;1 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kz

ið Þ
2�4pq1

q
; kz

f ;1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kz
f

� �2
�4pq1

r

kz
i ¼ k0sinhi; kz

f ¼ k0sinhf

hi ¼
1
2

arccos 1� q2
x þ q2

z

2k2
0

� �
þ arctan

qx

qz

� �
; hf

¼ 1
2

arccos 1� q2
x þ q2

z

2k2
0

� �
� arctan

qx

qz

� �

k0 ¼ 2p=k

Figure 2.18 (left) shows the total scattering intensity I(qz, q||) from a single
topologically rough interface (same parameters as before) calculated in DWBA.

Fig. 2.18 (Left) simulated scattering intensity from a single rough interface in DWBA. (Top
right) Central cut through the intensity map along the specular line (vertical broken line in the left
panel). (Bottom right solid black line) intensity as a function of q|| (horizontal dashed line in the
left panel). Dashed red line: kinematic approximation
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The top right panel shows the intensity along the specular line as a function of qz,
which exhibits the total reflection regime in the dynamic treatment. The reciprocal
space map contains additional features, most prominently the Yoneda-wings along
the sample horizons (hi = 0, hf = 0) as indicated in the figure. They are results of
the refraction effects which become important at grazing incidences near the
sample horizons. Again, the right panel of the figure (solid black line) shows a cut
through intensity map along q|| at qz = 0.2 Å-1, indicated by the horizontal dashed
line in the left panel. In this representation, the Yoneda wings are seen as dips in
the intensity. For comparison, the result of the kinematic approximation is
superimposed to the graph (dashed red line).

2.2.3.2 Scattering from Stratified Interfaces with Correlated Topological
Roughness

In kinematic approximation, the scattering function of a set of N stratified inter-
faces with correlated topological roughness is given as:

S qz; qjj
� �

/ 1
q2

z

XN

n¼1

XN

m¼1

e�
1
2 q2

z r2
nþr2

mð ÞDqn Dqm e�iqz zn�zmð Þ
Z1
�1

eq2
z Cnm rð Þ e�iqjjr dr

with Cnm rð Þ ¼ un r0
!� r!
� �

� um r0
!� �	 


r0
! and r ¼ j r!j (see Sect. 2.1.3)

Dqn denotes the SLD jump across the nth interface and rn its topological rms
roughness. In the following, the slab model introduced for the calculation of the
specular reflectivity is used (see Sect. 2.2.2.3). Further, we assume that each
interface possesses the height–height self-correlation Cn=m(r) = r2 exp (-(r/n)2h)
with the identical parameters r = 3 Å, n = 500 Å, and h = 0.5 (like the single
topologically rough interface discussed before). To highlight the role of the cross-
correlation terms Cn=m(r), two extreme scenarios are considered: (1) Full
correlation between all interfaces. The calculated scattering intensity I(qz, q||) for
this scenario is shown in the top left panel of Fig. 2.19. (2) Two interfaces possess
fully correlated roughness, while there is no correlation between these two inter-
faces and the third one. The corresponding scattering intensity is shown in the top
right panel of Fig. 2.19. Mathematically this can be expressed using the correlation
matrices:

Cnm ¼ Cn¼m

1 1 1
1 1 1
1 1 1

0
@

1
A ð1Þ

Cnm ¼ Cn¼m

1 0 0
0 1 1
0 1 1

0
@

1
A ð2Þ
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As can be seen in the figure, there are distinct differences in the diffuse scat-
tering intensity. These differences can be highlighted by plotting the scattering
intensity as a function of qz for various q|| values. This is shown in the bottom
panels of Fig. 2.19, where the scattering intensity along qz is plotted for q|| % 0
(central cut, see dashed white lines in top panels) and q|| = 0 (diffuse cut, see
broken white lines in top panels). In the fully correlated case 1 (bottom left panel),
all features (minima and maxima) seen in the central cut (where the intensity is
dominated by the specular contribution) are also reflected in the diffuse cut, which
is constituted by the diffuse intensity. In contrast, in the partially correlated case 2
(bottom right panel), only the minimum at around qz = 0.27 Å-1 of the central cut

Fig. 2.19 (Top) simulated scattering intensity from a set of interfaces with correlated topological
roughness in kinematic approximation. The vertical dashed lines indicate the ‘‘central cut’’, while
the vertical broken lines indicate the ‘‘diffuse cut’’. (bottom) ‘‘Central cuts’’ and ‘‘diffuse cuts’’
through the intensity maps. (left) Case 1 with full correlation between all interfaces. (right)
Case 2 with only partial correlation
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is also seen in the diffuse cut, and this minimum corresponds to the interference
between the two correlated interfaces. Generally, the way how the features of the
diffuse scattering intensity relate to those of the specular scattering intensity is
determined by the cross-correlation functions.

The dynamical treatment of the scattering from stratified interfaces with cor-
related topological roughness requires the use of the DWBA. This enables the
correct description of strong scattering intensities and features which are charac-
teristic for multiple scattering. However, the numerical effort for the computations
is enormous and the corresponding equations are not presented in this work. For
further reading the following literature can be consulted [40, 42, 51, 52].
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Chapter 3
Materials and Methods

In this chapter, the technical details of the materials, preparation methods, and
scattering techniques utilized for the study of membrane-bound saccharides are
presented.

3.1 Materials

3.1.1 DPPC and Synthetic Glycolipids

3.1.1.1 DPPC

The structure of chain-deuterated DPPC (1,2-Dipalmitoyl-D62-sn-Glycero-3-
Phosphatidylcholine, DPPC-D) is shown in Fig. 3.1. The molecule consists of two
fully deuterated all-saturated hexadecyl chains connected via ester bonds and a
glycerol junction to a zwitterionic phosphatidylcholine head group. DPPC-D was
purchased from Avanti Polar Lipids (Alabaster, USA).

3.1.1.2 Gentiobiose lipid and Lac1 lipid

The structures of the synthetic glycolipids Gent and Lac1 are shown in Fig. 3.2.
Both molecules consist of two all-saturated hexadecyl chains and a neutral
disaccharide head group, connected to the hydrocarbon chains via a glycerol
junction. Gent possesses a gentiobiose head group (O-(b-D-glucopyranosyl)-
(1?6)-b-D-glucopyranoside), which is bent with respect to the molecular axis. In
contrast, Lac1 has a cylindrical mono-lactose (O-(b-D-galactopyranosyl)-(1?4)-
b-D-glucopyranoside) head group. To optimize the scattering length density

E. Schneck, Generic and Specific Roles of Saccharides at Cell and
Bacteria Surfaces, Springer Theses, DOI: 10.1007/978-3-642-15450-8_3,
� Springer-Verlag Berlin Heidelberg 2011
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contrast in neutron scattering experiments, molecules with fully hydrogenated
hydrocarbon chains (Gent-H, Lac1-H) and with fully deuterated hydrocarbon
chains (Gent-D, Lac1-D) were used. The glycolipids were synthesized by C. Gege
(University of Konstanz, Konstanz, Germany). Details of the syntheses are given
elsewhere [1–3].

3.1.1.3 LeX lipid

The structure of the synthetic LeX lipid is shown in Fig. 3.3. The molecule consists
of two fully deuterated all-saturated hexadecyl chains and a neutral pentasaccha-
ride head group which comprises the LewisX trisaccharide D-Galb(1?4)

Fig. 3.2 Chemical structures of the synthetic Gentiobiose lipid and Lac1 lipid

Fig. 3.1 Chemical structure of the chain-deuterated deuterated DPPC-D molecule

Fig. 3.3 Chemical structure of the synthetic LeX lipid
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[L-Fuca(1?3)]D-GlcNAcb(1?R) connected to the hydrocarbon chains via a
mono-lactose unit and a glycerol junction. LeX lipid was synthesized by C. Gege
(University of Konstanz, Konstanz, Germany). Details of the synthesis are given
elsewhere [1, 4, 5].

3.1.2 Lipopolysaccharides

The structure of the here studied Lipopolysaccharides is presented in Fig. 3.4.
Lipid A is the fundamental building block of all LPS molecules. It consists of two
negatively charged phosphorylated glucosamines, bound to six hydrocarbon
chains. A certain fraction contains further substitutions, such as an extra palmitoyl
chain, a 4-amino-deoxyarabinose, and a phosphatidylethanolamine [6] (Fig. 3.4,
indicated in dark grey). The rough mutant LPS Re possesses two more negatively
charged 2-keto-3-deoxyoctonoic acid (KDO) units, constituting the ‘‘inner core’’.
In addition to that, the rough mutant LPS Ra possesses eight more saccharide units,
two of which are phosphorylated [7]. This moiety is known as ‘‘outer core’’. The
previously reported values [8] of molecular weight, maximum number of negative
charges, and chain melting temperature Tm of Lipid A and the rough mutants
LPS Re and LPS Ra are summarized in Table 3.1.

In addition to the largely invariant rough mutant structure, a variable fraction of
LPS molecules possesses O-polysaccharides (O-sidechains) in form of repetitive
oligosaccharide motives [9]. P. aeruginosa produces two different types of O-
sidechains: The A-band polysaccharide is a polymer of uncharged D-rhamnose
trisaccharides [10], while the B-band is generally built from charged di- to
pentasaccharide units. The strain dps 89 (A-B+ mutant of PAO1 LPS) [11, 12]
lacks the A-band, and its negatively charged B-band polysaccharide is a polymer
of trisaccharide repeat units: (2-acetamido-2,6-dideoxy-D-galactose (N-acetyl-D-
fucosamine), 2,3-diacetamido-2,3-dideoxy-D-mannuronic acid, and 3-acetamidi-
no-2acetamido-2,3-dideoxy-D-mannuronic acid) [13]. Each repeat unit carries two

Fig. 3.4 Schematic structures of the studied LPS molecules. Saccharide units are indicated by
hexagons and N, P, and C denote amino, phosphate and carboxylate groups, respectively
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negative charges at environmental pH. The length of the B-band polysaccharide
can reach beyond 50 repeat units [14, 15] but ranges typically from 20 to 50 repeat
units [16]. However, the main fraction of molecules carries either no O-sidechain
or only one repeat unit (called ‘‘semi-rough’’ LPS). Pseudomonas aeruginosa is
involved in respiratory tract infections and is often associated with chronic
infections in cystic fibrosis patients [17].

Lipid A and rough mutant LPS (LPS Re and LPS Ra) were kindly provided
by U. Seydel and K. Brandenburg (Forschungszentrum Borstel, Borstel, Ger-
many): LPS Re was purified from the bacterial strain R595 of Salmonella ent-
erica sv. Minnesota, or from the strain F515 of E. coli. LPS Ra was purified
from the bacterial strain R60 of Salmonella enterica sv. Minnesota. Lipid A is a
hydrolysis product of LPS Re F515. Details of the purification are given else-
where [18].

LPS from P.aeruginosa dps 89 was isolated and Characterized by E. Papp-
Szabo. The isolation was performed using the hot phenol-water method [19] with
several modifications [20]. The samples were characterized with SDS-PAGE,
Western immunoblotting (developed with monoclonal antibodies specific to
A-band and B-band), 1H NMR spectroscopy, and sugar composition analysis.
The protein contamination of the material was checked by BCA protein assay
(PIERCE, Rockford, USA) and Lowry total protein assay (Peterson’s modifi-
cation, Sigma-Aldrich, Saint Louis, USA) and found to be below 1% w/w. There
was no detectable DNA and RNA contamination in the LPS sample. The
characterization results [20] suggested that, apart from the fact that A-band O-
sidechains are missing, the composition the studied A-B+ LPS is comparable to
that of PAO LPS [21]: About 10% of the LPS molecules possess an B-band O-
sidechain with 20–50 repeating units, about 70% are rough, and about 20% are
semi-rough LPSs.

3.1.3 Chemicals and Buffers

H20 was double de-ionized with a specific resistance greater than 18 MXcm
(MilliQ, Molsheim, France). D2O was purchased from Euriso-Top (Saint-Aubin,
France). All other chemicals were purchased from Fluka (Taufkirchen, Germany)
and used without further purification.

Table 3.1 Physical characteristics (molecular weight, maximum number of negative charges,
and chain melting temperature) of Lipid A the rough mutants LPS Re and LPS Ra

Molecule Molecular weight
(g / mol)

Maximum number of
negative charges

Bilayer chain melting
temperature (�C)

Lipid A 1797 2 46
LPS Re 2237 4 30
LPS Ra 3835 6 36
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Throughout this study several buffers were used, prepared either from 100%
H2O or from 100% D2O. All buffers contained 5 mM Hepes and were titrated to a
pH value of 7.4.

3.1.3.1 Calcium-Free Buffers

‘‘Ca-free NaCl buffer’’ additionally contained 100 mM NaCl.
‘‘Ca-free KCl buffer’’ additionally contained 100 mM KCl.

3.1.3.2 Calcium-Loaded Buffers

‘‘Ca01 NaCl buffer’’ additionally contained 100 mM NaCl and 1 mM CaCl2.
‘‘Ca02 NaCl buffer’’ additionally contained 100 mM NaCl and 2 mM CaCl2.
‘‘Ca05 NaCl buffer’’ additionally contained 100 mM NaCl and 5 mM CaCl2.
‘‘Ca50 NaCl buffer’’ additionally contained 100 mM NaCl and 50 mM CaCl2.
‘‘Ca50 KCl buffer’’ additionally contained 100 mM KCl and 50 mM CaCl2.

For neutron scattering experiments both H2O-based and D2O-based buffers
were used, depending on the sample, to achieve the maximum contrast in
scattering length density. For all other experiments the H2O buffers were
used.

3.2 Preparation Methods

3.2.1 Preparation of Solutions/Suspensions

3.2.1.1 DPPC and Synthetic Glycolipids

DPPC-D and synthetic glycolipids (Gent-H, Gent-D, Lac1-H, Lac1-D, and LeX

lipid) were dissolved in 7:3 mixtures (v/v) of chloroform and methanol at con-
centrations of 1 or 2 mg/mL. DPPC-D/LeX lipid mixtures were prepared by
mixing the pure solutions corresponding to defined molar fractions of LeX lipid
(2 mol%, 10 mol%, 25 mol% LeX lipid).

3.2.1.2 Lipid A and Rough Mutant LPS

Lipid A and LPS Re were dissolved in 7:3 mixtures (v/v) of chloroform and
methanol at a concentration of 2 mg/mL. Since LPS Ra cannot easily be dissolved
in organic solvents, it was suspended in pure D2O at a concentration of 2 mg/mL
and sonified with a tip sonifier (Misonix, Newtown, USA) under mild conditions
(interval mode: 0.5 s/0.5 s on/off, constant cooling to T \ 50 �C).
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3.2.1.3 PAOLPS

PAO1 LPS dps 89 was suspended in Ca-free KCl buffer at a concentration of
5 mg/mL. After sonication with a tip sonifier (Misonix, Newtown, USA) under
mild conditions (interval mode: 0.5 s/0.5 s on/off, constant cooling to T \ 50 �C),
the LPS suspension was diluted with Ca-free KCl buffer to a final concentration of
1 mg/mL.

3.2.2 Preparation of Solid-Supported Membrane Multilayers

A 0.5 or 1 mL portion of solution / suspension was deposited onto a rectangular
(55 mm 9 25 mm) Si(100)-substrate with native oxide (Si-Mat, Landsberg am
Lech, Germany), which was cleaned by a modified RCA method [22]. During the
process of solvent evaporation the amphiphilic molecules self-assemble into planar
membrane stacks, aligned parallel with the substrate surface (Fig. 3.5).

To remove residual solvent, the wafers were stored at 70 �C for 3 h, and
subsequently in a vacuum chamber overnight. The average number of membranes

Fig. 3.5 Sketch of a silicon
chip coated with membrane
multilayers

Fig. 3.6 Height profile (left) of solid-supported Gent-D membrane multilayers under ambient
conditions and original atomic force microscopy (AFM) image (right). The straight line
corresponds to the profile
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in the stacks was at the order of several hundred, as can be calculated from the
amount of solution and the coated area. Figure 3.6 shows the height profile of
solid-supported Gent-D multilayers measured by atomic force microscopy (AFM)
under ambient conditions. The profile suggests an estimated in-plane length scale
of the solid-supported multilayer patches at the order of several micrometers. To
cancel the thermal history of the samples, at least two heating/cooling cycles
between 20 and 70 �C were repeated at a high relative humidity (hrel [ 95 %) and
the samples were stored at 4 �C overnight prior to the measurements.

3.2.3 Preparation of Rough Mutant LPS Monolayers at the Air/
Water Interface

To create monolayers at the air/water interface, organic LPS rough mutant solution
was droplet-wise deposited onto the buffer surface in a Langmuir trough. Ca-free
NaCl buffer or Ca50 NaCl buffer was used for GIXOS measurements, while
Ca-free KCl buffer or Ca50 KCl buffer was used for X-ray fluorescence mea-
surements. Prior to compression, 20 min time were allowed for the complete
evaporation of the solvent. For X-ray measurements the film was compressed to a
lateral pressure of 20 mN/m using the home-made Langmuir film balance pro-
vided by the beamline ID10B (ESRF, Grenoble, France). Pressure-area isotherms
were recorded by monitoring the lateral pressure while compressing the mono-
layers at a constant rate of 10 Å [2] per molecule per minute using a commercial
Langmuir film balance (Kibron, Espoo, Finland).

3.2.4 Preparation of Solid-Supported PAOLPS Monolayers

A rectangular (25 mm 9 20 mm) Si(100)-substrate with native oxide (Si-Mat,
Landsberg/Lech, Germany), was cleaned by a modified RCA method [22].
A self-assembled monolayer of octadecyltrimethoxysilane (ODTMS, purchased
from ABCR, Karlsruhe, Germany) was covalently grafted onto the substrate
according to Hillebrandt and Tanaka [23]. Subsequently, the substrate was
stored at 70 �C for 3 h and in a vacuum chamber overnight to remove residual
solvent molecules. Finally, the functionalized substrate was inserted into a self-
built liquid cell for under-water X-ray measurements (see Sect. 3.3.3.3).
The LPS suspension was injected into the liquid cell and incubated at 50 �C for
1 h. After extensive rinsing, the sample was subjected to the reflectivity
measurement in Ca-free KCl buffer. In the next step, the liquid cell was rinsed
with an excess of Ca50 KCl buffer for the reflectivity measurements in the
presence of Ca2+ ions.
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3.3 Scattering Techniques

3.3.1 X-Ray Scattering

3.3.1.1 Specular X-Ray Reflectivity Experiments

Specular X-ray reflectivity experiments were carried out at the ID10B beamline at
ESRF, (Grenoble, France). The scattering geometry is illustrated in Fig. 3.7. A
monochromatic beam with a photon energy of 22 keV (k = 0.56 Å) was colli-
mated to a vertical beam aperture of 20 lm. At each angle of incidence ai, cor-
responding to the momentum transfer perpendicular to the interface qz = (4p/k)
sin ai, the reflectivity was corrected for the beam footprint and for the beam
intensity (via an in-beam monitor).

3.3.1.2 GIXOS Experiments at the Air/Water Interface

GIXOS experiments were carried out at the ID10B beamline at ESRF (Grenoble,
France). The scattering geometry is illustrated in Fig. 3.8. A monochromatic beam

Fig. 3.7 Scattering geometry
for specular X-ray reflectivity
experiments at the beamline
ID10B (ESRF, Grenoble,
France)

Fig. 3.8 Scattering Geometry for GIXOS experiments at the beamline ID10B (ESRF, Grenoble,
France)
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(8 keV, k = 1.55 Å) illuminates the monolayer at an incident angle (ai = 0.119�)
slightly below the critical angle of the air/water interface ac.

In the GIXOS (Grazing Incidence X-ray scattering Out of the Specular plane)
measurements, the intensity of the scattered beam is collected with a position
sensitive linear detector perpendicular to the monolayer surface at an azimuth
angle d near the incidence plane (qk = 0.029 Å-1). In case the in-plane
momentum transfer qk is very small and the topological interface roughnesses are
conformal (i.e., fully correlated, see Sect. 2.2.3), the measured diffuse intensity is
connected to the corresponding reflectivity curve [24, 25]:

IðqzÞ / jTðkoutÞj2
RðqzÞ
RFðqzÞ

;

qz ¼
2p
k
½sinðC� aiÞ þ sin ai�:

Here, I(qz) denotes the intensity measured in a GIXOS experiment, R(qz) is the
corresponding specular reflectivity (see Sect. 2.2.2) as measured in a ‘‘h - 2h’’
scan, RF(qz) denotes the Fresnel reflectivity from an ideal surface and T(kout)
represents the transmission function for the grazing incidence configuration.
GIXOS data were fitted using slab models for the vertical electron density profile
q(z). The calculations were based on the Master-Formula for specular reflectivity
(see Sect. 2.2.2):

RðqzÞ / RFðqzÞ
Z

dqðzÞ
dz

expðiqzzÞdz

����
����
2

During X-ray irradiation the monolayer was kept in helium atmosphere to avoid
undesirable scattering in air.

3.3.1.3 X-Ray Fluorescence Experiments

X-ray fluorescence experiments were carried out at the ID10B beamline at ESRF,
(Grenoble, France). The scattering geometry is illustrated in Fig. 3.9. A mono-
chromatic X-ray beam (8 keV, k = 1.55 Å) hits the air/water interface at incident
angles ai below and above the critical angle of total reflection of the air/water

Fig. 3.9 Scattering Geome-
try for X-ray fluorescence
experiments at the beamline
ID10B (ESRF, Grenoble,
France). Fluorescence radia-
tion is indicated with arrows
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interface ac. At each angle, the fluorescence radiation emitted by the ions was
recorded with an energy sensitive detector.

The signals were normalized with respect to detector counting efficiency. The
resulting spectra (see Fig. 3.10 left) were fitted with multiple Gaussian profiles to
extract the total fluorescence intensity of each element. ai values were transformed
into qz values (i.e., the component of the scattering vector normal to the interface
qz = (4p/k)sin ai) for direct comparison with modeled fluorescence signals. The
recorded fluorescence intensities were normalized on the elastically scattered
intensity (i.e. divided by the 8 keV peak intensity) to compensate for any sys-
tematic differences between the experiments, such as absorption by the sample
environment and illumination properties. In the last step the fluorescence signals
from the monolayer systems were normalized through dividing them by the cor-
responding signals recorded from blank buffer. This procedure avoids all diffi-
culties that may arise when dealing with the exact description of the experimental
geometry, such as footprint size and fluorescence aperture considerations, as well
as with the absorption of the illumination and the fluorescence emission in the bulk
media, as these effects apply equally to all experiments (see Sect. 4.3). During X-
ray irradiation the monolayer was kept in helium atmosphere to avoid undesirable
scattering from air molecules and to minimize the undesired X-ray fluorescence of
argon.

3.3.2 Neutron Scattering

Neutron scattering experiments were carried out at the D16 membrane diffrac-
tometer of the Institut Laue-Langevin (ILL, Grenoble, France). Figure 3.11 shows
the geometry of the experiment (top view). A monochromatic neutron beam
(Dk/k = 1%) of k = 4.54 Å or k = 4.73 Å reaches the sample through the

Fig. 3.10 (left) X-ray fluo-
rescence spectra from an LPS
Re monolayer on Ca50 KCl
buffer recorded at two differ-
ent angles of incidence ai,
below and above the critical
angle of total reflection
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aluminum windows of the sample chamber, while the incident angle X (i.e., the
angle between the incident beam and the sample plane) is adjusted by a rotation
stage.

The intensity of the beam diffracted from the sample is recorded by a position
sensitive 3He 2D detector with 128 9 128 channels. C 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 horizontally and 25 mm verti-
cally. For each measurement at an angle X, the detector readout was normalized to
the intensity of the incident beam (via an in-beam monitor), the channel sensi-
tivity, and the illuminated sample area.

Subsequently, each 2D detector readout was integrated in the vertical direction,
resulting in a one-dimensional intensity projection as a function of the horizontal
detector channel position (corresponding to a C value). This is shown in Fig. 3.12
for X = 1.6�. Thus, one X-scan yielded the recorded intensity as a function of X
and C (see Fig. 3.13 left). The datasets in angular coordinates can be transformed
into reciprocal space maps (Fig. 3.13 right) by geometrical considerations:

Fig. 3.11 Scattering geome-
try for specular and off-
specular neutron scattering
experiments at the instrument
D16 (ILL, Grenoble, France)

Fig. 3.12 (left) D16 detector readout for X = 1.6�. Horizontal white lines indicate the
integration range. (right) Integrated intensity plotted as a function of C showing the specular
reflection and two Bragg sheets
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qz ¼
2p
k
½sinðC� XÞ þ sinðXÞ�;

qjj ¼
2p
k
½cosðC� XÞ � cosðXÞ�:

Here, qz and qk denote the scattering vector components perpendicular and parallel
to the sample plane (see Figs. 3.11 and 2.12).

3.3.3 Sample Environments

3.3.3.1 Humidity Chamber for Neutron Scattering under
Vapor Conditions

For measurements at controlled temperature and relative humidity, the humidity
chamber provided by the ILL was used. A sketch is presented in Fig. 3.14. The
humidity chamber consists of two cells: a sample chamber and a chamber con-
taining a reservoir for liquid water (H2O or D2O). The cells are thermally isolated
but interconnected for vapor exchange. Two independent thermostats (Phoenix II,
Haake, Karlsruhe, Germany, DT = 0.1 �C), controlled by the instrument control
program, regulate the temperatures in the sample chamber Ts and the water res-
ervoir 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 equilibrium) in the chamber. The relative humidity in
the sample chamber, hrel, is determined by Tr and Ts:

hrelðTrÞ ¼ pðTrÞ=pðTsÞ

p(T) denotes the saturation water vapor pressures as can be calculated from a
Taylor series with the known parameters for H2O and D2O. To ensure equilibra-
tion, the samples were kept at each temperature and humidity condition for at least
30 min prior to the measurement.

Fig. 3.13 (left) Angular intensity map and (right) corresponding reciprocal space map (RSM)
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To achieve the maximum contrast in scattering length density between hydrated
head groups and hydrocarbon chains, chain-deuterated samples were hydrated by
H2O vapor, while hydrogenated samples were hydrated by D2O vapor.

3.3.3.2 Liquid Cell for Neutron Scattering under Bulk Water Conditions

For neutron scattering experiments under bulk water conditions a self-built liquid
cell as shown in Fig. 3.15 was used. The liquid cell consists of two rectangular Si-
wafers (55 mm 9 25 mm), one of which is coated with the membrane multilayers.
The wafers are separated by glass slide pieces (thickness: 0.10 mm), and the
capillary force confines a thin layer of water or aqueous buffer between the two
wafers. During measurements, the entire liquid cell is placed in the climate
chamber at controlled temperature and high relative humidity ([95%) to minimize
the evaporation of water. To achieve the maximum contrast in scattering length
density between hydrated head groups and hydrocarbon chains, chain-deuterated
samples were hydrated by H2O or H2O-based buffers, while hydrogenated samples
were hydrated by D2O or buffers containing 100% D2O.

Fig. 3.14 Sketch of the ILL
setup for temperature and
humidity control used for
neutron scattering
experiments
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3.3.3.3 Liquid Cell for High-Energy X-Ray Reflectivity Measurements

For high-energy X-ray reflectivity measurements a self-built liquid cell was used.
Its design was inspired by the work of Miller et al. [26, 27]. Figure 3.16 shows a
sketch of the cell. It consists of a PTFE main body, into which a silicon chip
(24 mm 9 20 mm) can be placed. The X-ray beam reaches the sample through
Kapton windows. Two holes in the top side allow for the in situ buffer exchange.
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Chapter 4
Theoretical Modeling

This chapter contains theoretical considerations going beyond the established
theory and newly developed for this thesis. The results constitute the basis for the
interpretation of the experimental results presented in Chaps. 5 and 6. If not stated
otherwise, all numerical calculations were performed using the IDL software
package (ITT Visual Information Solutions).

4.1 Determination of Mechanical Properties of Interacting
Membranes

In Chaps. 5 and 6, the mechanical properties (i.e., the compression modulus B and
the membrane bending rigidity j) of interacting membranes are determined by
analyzing specular and off-specular neutron scattering intensities. The procedure
developed in this thesis is presented and discussed in the following.

In the first step, realistic membrane displacement correlation functions based on
the mechanical parameters are generated. In the second step, the correlation
functions are used to model the experimentally obtained two-dimensional scat-
tering intensity maps including specular and off-specular contributions. The
combination of these two steps provides a direct connection between the experi-
mentally observed scattering intensities and the underlying mechanical parameters
B and j of the interacting membranes.

4.1.1 Membrane Displacement Correlation Functions

According to Lei et al. [1] in an infinitely expanded set of oriented multilayers the

membrane displacement correlation functions gkðrÞ :¼ ½un�kðr0
!� r~Þ � unðr0

!Þ�2
D E

r0
!

E. Schneck, Generic and Specific Roles of Saccharides at Cell and
Bacteria Surfaces, Springer Theses, DOI: 10.1007/978-3-642-15450-8_4,
� Springer-Verlag Berlin Heidelberg 2011
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can be expressed with the Caillé parameter g and the de Gennes parameter k, both
determined by the mechanical parameters B and j (see Sect. 2.1.3):

gkðrÞ ¼
d2

p2
g
Z1
0

fkdqjj; with: fk ¼
1� Jo qjjr

� �
exp �kkq2

jjd
� �h i

qjj
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ k2d2

4 q4
jj

q ; r ¼ r!
�� ��

Here, qjj is inversely proportional to the fluctuation wavelength and denotes the
reciprocal space coordinate parallel to the membrane plane. Figure 4.1 (left panel)
shows gk(r) for various values of k. For the calculations, g = 0.04 and k = 20 Å
was used. It is seen that gk(r) diverges with increasing lateral distance r, coinciding
with an infinite root mean square (RMS) roughness r. This is not realistic for
membrane multilayers on planar solid substrates, where fluctuations of long
wavelengths are suppressed due to the finite sample size. In this thesis, a lower
integration limit, 2p/R, is introduced for the calculation of displacement correla-
tion functions, in order to model a system with finite RMS roughness:

gkðrÞ ¼
d2

p2
g
Z1

2p=R

fkdqjj ð4:1Þ

Lei et al. [1] used an upper integration limit in the scattering intensity calcu-
lation to model specular scattering signals from surfactant multilayers, which is
mathematically equivalent to the approach shown in this thesis.

Here, the free parameter R, the effective cut-off radius, accounts for two effects:

1. The finite lateral size of the membrane patches acts as an upper limit for the
wavelength at which the membranes can fluctuate.

2. Long wavelength membrane fluctuations are more collective (i.e., they involve
more membranes, see Sect. 2.1.3) and are therefore damped more strongly by
the flat solid support in samples with a finite number of layers [2].

The consequence of the cut-off radius (here: R = 1 lm) is illustrated in Fig. 4.1
(right panel), where the curves saturate to the finite value gkðr !1Þ ! 2r2. Only
this lower integration limit 2p/R enables to model the full set of realistic
membrane displacement correlation functions, necessary for the simulation of two-
dimensional reciprocal space maps including specular and off-specular parts. Note
that the membrane displacement correlation functions are fully determined by the
three free parameters g, k, and R.

Based on the finite RMS roughness r, the membrane displacement correlation
functions gk(r) are translated into the corresponding height-height correlation
functions Ck(r) (see Sect. 2.1.3):

CkðrÞ :¼ un�kðr0
!� r!Þ � unðr0

!Þ
� 	

r0
!¼ r2 � gkðrÞ=2; r ¼ r!

�� ��
The height–height correlation functions are shown in Fig. 4.2.
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4.1.2 Calculation of Specular and Off-Specular Scattering Signals

In kinematic approximation, the scattering function from a set of stratified inter-
faces with correlated roughness is given by Sinha [3] (see Sect. 2.2.3):

Sðqz; qjjÞ /
1
q2

z

XN

n¼1

XN

m¼1

e�
1
2 q2

z r2
nþr2

mð ÞDqn Dqm e�iqz zn�zmð Þ
Z1
�1

eq2
z Cnm rð Þ e�iqjjr dr ð4:2Þ

N denotes the total number of stratified interfaces, Dqn the step in scattering length
density across the nth interface, and Cnm the cross-correlation function between the
nth and the mth interface (see Sect. 2.1.3). In case of membrane multilayers,
Eq. 4.2 can be simplified according to their periodicity:

Fig. 4.2 Height–height
correlation functions
Ck(r) corresponding to the
membrane displacement
correlation functions
(g = 0.04, k = 20 Å, and
R = 1 lm) presented in
Fig. 4.1 (left panel)

Fig. 4.1 Membrane displacement correlation functions gk(r) calculated according to Eq. 4.1 for
R = ? (left) and R = 1 lm (right). The finite cut-off radius R = 1 lm results in a saturation
value of the correlations for large r, gkðr !1Þ ! 2r2. In the calculations, g = 0.04 and
k = 20 Å was used
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Dqn ¼ Dqm ¼ Dq; zn � zm ¼ ðn� mÞd

It is further 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 [4, 5]. It can therefore be assumed that all membranes
possess the same RMS roughness, and that the correlation functions only depend
on the distance between two considered membranes:

rn ¼ rm ¼ r; CnmðrÞ ¼ CmnðrÞ ¼ C n�mj jðrÞ

such that the scattering function simplifies to

S qz; qjj
� �

/ e�q2
z r

2

q2
z

XN

n¼1

XN

m¼1

e�i n�mð Þqzd
Z1
�1

eq2
z C n�mj j rð Þe�iqjjrdr:

As the addends of the double summation only depend on (n - m), the
expression can be rewritten into a single summation with the index j: = n - m,

S qz; qjj
� �

/ e�q2
z r

2

q2
z

XN�1

j¼� N�1ð Þ
N � jj jð Þe�ijqzd

Z1
�1

eq2
z C jj j rð Þ e�iqjjr dr

2
4

3
5:

Here, the identity
PN
n¼1

PN
m¼1

f ðn� mÞ ¼
PN�1

n�m¼� N�1ð Þ
ðN � n� mj jÞ � f ðn� mÞ was

used.
By introducing k :¼ jj j, the expression can be further simplified:

S qz;qjj
� �

/ e�q2
z r

2

q2
z

N

Z1
�1

eq2
z C0 rð Þ e�iqjjr drþ 2

XN�1

k¼1

N� kð Þcos kqzdð Þ
Z1
�1

eq2
z Ck rð Þ e�iqjjr dr

2
4

3
5

ð4:3Þ

Here,
PN�1

j¼�ðN�1Þ ðN � jj jÞ � f ðjÞ ¼ N � f ð jj j ¼ 0Þ þ
PN�1

jj j¼1 ðN � jj jÞ � ½ f ð jj jÞþ
f ð� jj jÞ� was used.

The scattering function (see Eq. 4.3) is fully determined by the above derived
correlation functions Ck(r), and therefore by the three free parameters g, k, and
R. In contrast to previous approaches, where mechanical properties were calcu-
lated either from the power-law decays or from the numerical back-transforma-
tions of integrated Bragg sheet intensities [4], the here presented method allows for
the complete description of reciprocal space maps by the underlying continuum-
mechanical parameters B and j, and thus for the global comparison with experi-
mentally measured intensities.

The reciprocal space maps (RSMs) described by Eq. 4.3 comprise the specular
axis (along qjj ffi 0), and the Bragg sheets whose shape is characteristic for the
correlation functions Ck(r). The Bragg sheets possess intensity maxima where they
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intersect with the specular axis (called ‘‘specular Bragg peaks’’). These features
are schematically illustrated in Fig. 4.3. However, in experiments additional fea-
tures are observed, which are not captured by the kinematic approximation. They
are indicated in red, and comprise the ‘‘Yoneda wings’’ (where refraction effects
become relevant) and the region of total reflection. The vicinity of these features
and, more generally, regions where strong scattering occurs, has to be omitted
while comparing experimental data with simulations in kinematic approximation
(see Sect. 2.2). These regions are indicated in yellow, and typically include the first
order specular Bragg peak, as shown in the figure. In this work, simulated scat-
tering intensities are compared with experimental data in the vicinity of the second
Bragg sheet, roughly as indicated with a blue rectangle. Here, the validity of the
kinematic approximation is ensured, except for the close vicinity of the Yoneda
wings, which is omitted from the comparison.

To maintain a uniform grid in experimental and simulated data sets, and to be
able to perform a proper calculation of measurement error propagation, the sim-
ulated and measured scattering intensities are compared in the angular coordinates
of the neutron scattering experiments, C and X (see Sect. 3.3.2, the scattering
geometry is shown in Fig. 3.11):

SðC;XÞ ¼ S qz C;Xð Þ; qjjðC;XÞ
� �

For the calculations N = 100 was used, sufficient to generate model signals
much sharper than the instrumental resolution. The latter was included by con-
voluting the signal in C and X directions with Gaussian functions, representing the
point spread function of the measurement as it results from the finite angular width
and the wavelength spread of the neutron beam.

Fig. 4.3 Sketch of a reciprocal space map from solid supported membrane multilayers recorded
in the geometry used for neutron scattering experiments (see Sect. 3.3.2 and Fig. 3.11). Features
not captured by the used kinematic approximation are highlighted in red. In the vicinity of these
features (indicated in yellow) the approximation fails

4.1 Determination of Mechanical Properties of Interacting Membranes 59

http://dx.doi.org/10.1007/978-3-642-15450-8_2#Sec22
http://dx.doi.org/10.1007/978-3-642-15450-8_3#Sec23
http://dx.doi.org/10.1007/978-3-642-15450-8_3#Fig11
http://dx.doi.org/10.1007/978-3-642-15450-8_3#Sec23
http://dx.doi.org/10.1007/978-3-642-15450-8_3#Fig11


SCðC;XÞ ¼ AðC;XÞ � SðC;XÞ

In practice, the convolution in the X direction was achieved using the Fourier
convolution theorem in the computation of the Fourier integrals in Eq. 4.3, while
the convolution in the C direction was applied to the simulated intensity maps.
Figure 4.4 presents the comparison of a measured (left) and the corresponding
simulated (right) second Bragg sheet in angular coordinates. X and C ranges
roughly correspond to the blue rectangle in Fig. 4.3. The parameters g, k, and
R were chosen such that the best agreement between experimental data and sim-
ulation is achieved. It is seen that the global shape of the experimental Bragg sheet
is well captured by the simulation. However, for a better visual comparability the
following two representations are used in Chaps. 5 and 6 (e.g., Figs. 5.6, 5.13):

1. The C-integrated Bragg sheet intensity as a function of qjj.
2. The fitted C-width of the Bragg sheet as a function of qjj.

While the first representation is characteristic for the membrane displacement
self-correlation function C0(r), the second one is characteristic for the de Gennes
parameter k of a system.1 Moreover, the two representations are complementary
for the description of the Bragg sheets and therefore their combination is well
suited to visualize the global agreement between experimental data and simulation.

The accuracy with which the parameters g, k, and R can be determined from the
measured scattering intensities depends on the experimental errors. This is illus-
trated in Fig. 4.5 for Gent-D in H2O atmosphere at T = 80 �C and hrel & 95 %
(see Chap. 5), where the influence of a variation of the parameters from the
optimum on the match with the experimental data points is shown. It is seen that
for all three parameters, a slight deviation from the optimum results in a significant
mismatch with the experimental data points. Furthermore, the nature of the mis-
match is seen to be parameter-characteristic, which proves the uniqueness of the
parameter set that results in a good match. In the shown case, excellent accuracy is
achieved for g and R, while k is determined to a lesser extent (see Fig. 4.5).
However, scattering signals that allow for a precise determination of k are pre-
sented in 5.2.3 (see Fig. 5.13, right column).

1 Salditt et al. [5] have shown that, if the scattering function Sðqz; qjjÞ is integrated over one
‘‘Brillouin zone’’ (i.e., from qz ¼ ð2n� 1Þp=d to qz ¼ ð2nþ 1Þp=d), the contribution of the
cross-correlation functions Ck=0(r) to the integrated intensity vanishes in good approximation.
Furthermore they have shown that the integration range can be narrowed to cover one
Bragg sheet. Iqz�int

sheet ðqjjÞ :¼
R

sheet
Sðqz; qjjÞdqz ffi

R 2nþ1ð Þp=d
2n�1ð Þp=d Sðqz; qjjÞdqz /

R1
�1 eq2

z C0ðrÞe�iqjjrdr:
Although several assumptions and approximations have to be taken for this conclusion, the
integrated intensity is seen to be surprisingly independent of the cross correlation terms
Ck=0(r) and can be well represented by solely the self correlation function C0(r). Due to the
tight connection between C and qz, not only Iqz�int

sheet ðqjjÞ, but also IC�int
sheet ðqjjÞ is dominated by

C0(r). On the other hand, the qz-width of the Bragg sheets, Wqz
sheetðqjjÞ, depends only on the de

Gennes parameter k and is independent of g and R. As motivated above, the same holds for the
C-width of the Bragg sheets, WC

sheetðqjjÞ, in good approximation.
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Fig. 4.5 Comparison of experimental data and simulation subject to variations of the model
parameters. Slight deviations of each of the parameters result in a significant mismatch
(characteristic for the parameter) between simulation and experimental data. System: Gent-D in
H2O atmosphere at T = 80 �C and hrel & 95% (see Sect. 5.1.3). (a) Variation of the Caillé
parameter g. (b) Variation of the de Gennes parameter k. (c) Variation of the cut-off radius R

Fig. 4.4 Scattering intensity of the second Bragg sheet as a function of the angles X and C.
System: Gent-D in H2O atmosphere at T = 80 �C and hrel & 95% (see Chap. 5). X and C ranges
roughly correspond to the blue rectangle in Fig. 4.3. (Left) experimental data. (Right) simulation
according to Eq. 4.3
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4.1.2.1 Beyond the Kinematic Approximation

To expand the range, where experimental data and simulations can be compared,
the scattering intensities could be simulated in the dynamical DWBA in principle
(see Sect. 2.2.3). However, detailed knowledge about the mesoscopic sample
structure would have to be available. This includes the number of membrane layers
N and their lateral distribution into domains, as well as a detailed model for the
scattering length density profile of the membranes at each measurement condition.
Moreover, DWBA simulations are numerically more costly by at least an order of
magnitude, and the optimization of the free parameters requires an extremely high
effort. In contrast, the approach taken in this thesis using kinematic approximation
and the cut-off radius R is very robust and gives reliable results for a wide range of
sample types as demonstrated in Chaps. 5 and 6.

4.1.2.2 Multiple Scattering

Multiple scattering, which denotes the scattering of an already scattered beam, was
observed previously for multilayers of hard-matter [3, 6]. This phenomenon is also
observed for the (soft-matter) membrane multilayers studied in this work (see
Sect. 5.2.3 and Fig. 5.13). Multiple scattering can be quantitatively accounted for
using DWBA. For a more intuitive understanding of this process, the positions of
the double-scattering peaks observed in experiments are geometrically derived in
the following.

Let the angle of incidence X, at which a beam impinges to a set of oriented
rough multilayers, coincide with the first order Bragg angle hB ¼ arcsin(k=2dÞ:
This scenario is depicted in Fig. 4.6 (top). The specularly reflected beam with
the intensity SðC ¼ 2hB;X ¼ hBÞ may be scattered for a second time in a
diffuse manner. The angle of incidence for this second process is -hB, as
determined by the preceding specular Bragg reflection. Under this condition the
scattering function SðC;X ¼ �hBÞ possesses an intensity peak for C = 2hB, and
therefore the intensity of this secondary scattering process is proportional to
SðX ¼ �hB;C ¼ 2hBÞ. The resulting scattering angle (i.e., the detection angle
C) for this double scattering process is C ¼ 4hB, as shown in the figure. Thus,
a peak in the double scattering intensity IDS is found for X = hB and C ¼ 4hB,
with:

IDS X ¼ hB;C ¼ 4hBð Þ / S X ¼ hB;C ¼ 2hBð Þ � S X ¼ �hB;C ¼ 2hBð Þ

This peak represents a specular first order Bragg reflection followed by a diffuse
first order Bragg reflection. An analogous double scattering process is depicted in
the same figure (bottom) and represents the reverse sequence of single scattering
processes, with the intensity:

IDS X ¼ 3hB;C ¼ 4hBð Þ / S X ¼ 3hB;C ¼ 2hBð Þ � S X ¼ hB;C ¼ 2hBð Þ
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For reason of symmetry:

IDS X ¼ hB; C ¼ 4hBð Þ ¼ IDS X ¼ 3hB; C ¼ 4hBð Þ

The corresponding double scattering peaks are found at the following reciprocal
space coordinates (see Fig. 4.7):

qz ¼
2p
k

sinhB þ sin3hBð Þ ffi 4p
d
; qjj ¼ �

2p
k

coshB � cos3hBð Þ ffi �2p
k

k
d


 �2

These peaks possess a high intensity only if sufficiently strong out-of-plane
multilayer ordering gives rise to a strong first order specular reflection and at the
same time the topological roughness of the multilayers is sufficiently high to give
rise to strong diffuse Bragg sheets (see Sect. 5.2.3).

Fig. 4.6 Geometrical description of double scattering in multilayer systems. hB denotes the
Bragg angle of the multilayers. (Top) specular Bragg reflection ðq1

!Þ followed by diffuse Bragg
reflection ðq2

!Þ. A peak is observed at X ¼ hB and C ¼ 4hB. (Bottom) diffuse Bragg reflection
ðq1
!Þ followed by specular Bragg reflection ðq2

!Þ. A peak is observed at X ¼ 3hB and C ¼ 4hB
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4.1.3 Summary of Sect. 4.1

A method for the determination of the mechanical properties of interacting membranes
from specular and off-specular neutron scattering was developed. This required the
calculation of membrane displacement correlation functions based on the compression
modulus B and the membrane bending rigidity j. To generate realistic sets of corre-
lation functions, a ‘‘cut-off radius’’ was introduced as a free parameter that successfully
accounts for the mesoscopic sample structure in a phenomenological manner. In order
to theoretically model the experimentally obtained two-dimensional scattering
intensity datasets using membrane displacement correlation functions, the kinematic
description of scattering from stratified interfaces was theoretically adapted for the
case of periodic membrane multilayers. The limitations of the kinematic approxima-
tion were explored and scattering features not captured by this approximation, such as
double scattering peaks, were derived from geometrical considerations. The presented
method enables the comprehensive and accurate description of experimentally
obtained two-dimensional scattering intensity datasets by the underlying continuum
mechanical model, and thus the reliable determination of mechanical parameters of
interacting membranes (see Chaps. 5 and 6).

4.2 Electrostatic Interactions between Charged
Lipid Membranes

In the experimental results part of this thesis, the interaction of charged phos-
pholipid membranes in various buffers is quantitatively modeled (see Sect. 5.2).

Fig. 4.7 Position of the
double scattering peaks in the
reciprocal space. Blue and
red arrows coincide with
those depicted in Fig. 4.6
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This requires the accurate consideration of electrostatic interactions in mixed
electrolytes (i.e., cations and anions of different valences dissolved in water). Since
there are no general algebraic solutions to this problem, the numerical approach
taken in this thesis is developed in the following.

In a continuum approximation the charged surface of a lipid membrane can be
considered as a plane surface with a homogenous charge density (see Sect. 2.1.2).
The electrostatic interaction of such a surface with its environment strongly
depends on the ion concentration of the aqueous environment. This is discussed for
a single charged surface and for two interacting charged surfaces, representing two
charged lipid membranes.

4.2.1 A Single Charged Surface in an Electrolyte

According to Grahame [7], the electric potential w(x) at distance x from a charged
surface in an electrolyte is described by the differential equation

dw
dx
¼ 2ee0kBT

X
m

q0m exp �zmew=kBTð Þ � 1½ �
 !1

2

; ð4:4Þ

with the boundary condition

wðx ¼ 0Þ ¼ w0:

Here, kBT denotes the thermal energy, e0 (e) the (relative) dielectric constant, q0m

and zm the bulk density and charge number of ion species m, and e the elementary
charge. The electric potential at the surface, w0, is determined [8] by the surface
charge density r:

r2 ¼ 2ee0kBT
X

m

q0m exp �zmew0=kBTð Þ � 1½ � ð4:5Þ

w0 can be calculated by numerically inverting Eq. 4.5. Near the surface the ion
density profiles follow the Boltzmann distribution.

qmðxÞ ¼ q0mexp �zmewðxÞ=kBTð Þ:

Algebraic solutions to Eq. 4.4 are only available for few simple types of
electrolytes [7, 8], and not applicable to mixed electrolytes. Therefore, Eq. 4.4 was
solved numerically with the Maple software package (Maplesoft) using a Runge–
Kutta Fehlberg method [9] to obtain the x-dependence of the electric potential and
the ion densities. Figure 4.8 (left panel) shows the electric potential calculated for
r = -10 mC/m2. The electrolyte solution contains 30 mM monovalent chloride
anions, 10 mM monovalent sodium cations, and 10 mM divalent calcium cations
(corresponding to [NaCl] = [CaCl2] = 10 mM). The right panel of the figure
shows the resulting concentration profiles of Cl-, Na+, and Ca2+.
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An important feature of the ion density profiles is that the surface charge is fully
compensated by the ion enrichment/depletion:

X
m

zme

Z1
0

qm � q0mð Þdx ¼ �r

In practice, this is valid if the upper integration boundary is large compared to
the Debye screening length j-1.

j�1 ¼
X

m

q0me2z2
m

�
ee0kBTð Þ

 !�1=2

:

As discussed in Sect. 2.1.2, the here presented treatment of screened elec-
trostatics relies on a continuum assumption, which loses its validity at length
scales comparable to the atomic structure of the media. Moreover, great care has
to be taken while dealing with the combination of high charge densities and high
salt concentrations, where the continuum description breaks down. Within limits,
this problem can be solved by taking a layer of strongly bound ions, called
Helmholtz or Stern layer, into account [8]. A more realistic description is pro-
vided by computer simulations that explicitly account for discrete ions [10–12]
(see Chap. 6), at the cost of much higher numerical effort.

4.2.2 Two Charged Surfaces in an Electrolyte

The electric potential w(x) between two surfaces with identical charge density in
an electrolyte can be calculated by numerically integrating the Poisson-Boltzmann
equation.

Fig. 4.8 Calculated electric potential (left) and concentrations of monovalent and divalent ions
(right) near a single charged surface
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d2w
dx2
¼ � q

ee0
¼ � 1

ee0

X
m

zmeq0mexp �zmew=kBTð Þ: ð4:6Þ

The boundary conditions [13] depend on the separation of the surfaces, dW.

1.
dw
dx

����
x¼0

¼ 0:

2.
dw
dx

����
x¼dW=2

¼ � r
ee0
:

Here, x = 0 coincides with the ‘‘midplane’’ (i.e., the center between the two
surfaces). Boundary condition 1 accounts for the symmetry requirement, while
boundary condition 2 accounts for the electric potential gradient at the surfaces,
which is proportional to their charge density r. This boundary value problem was
solved numerically with the Maple software package (Maplesoft) using a finite
difference technique with Richardson extrapolation [9]. Figure 4.9 shows the
calculated electric potential w(x) between the charged surfaces for two different
surface separations dW. Again, r = -10 mC/m2 and [NaCl] = [CaCl2] = 10 mM
was used for the calculations. Note that for the smaller surface separation
(dW = 50 Å), the ‘‘midplane potential’’ wmp (i.e., the electric potential at x = 0)
has a higher absolute value than for the larger separation (dW = 100 Å). With
increasing separations the midplane potential decays to zero. The right panel of the
figure shows the corresponding ion concentration profiles of Cl-, Na+, and Ca2+

for dW = 50 Å.
The repulsive pressure PES resulting from the electrostatic interaction between

two charged surfaces in an electrolyte is given by [8]:

PES ¼ kBT
X

i

q0;i exp �ziewmp

.
kBT

� �
� 1

� �
; ð4:7Þ

Fig. 4.9 (Left) calculated electric potential between two charged surfaces for two different
surface separations dW. The midplane potential wmp depends on dW. (Right) calculated
concentrations of monovalent and divalent ions between two charged surfaces for dW = 50 Å
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meaning that the repulsion can be expressed with the osmotic pressure created by
the ion enrichment at the midplane, which is determined by the midplane potential
wmp. To compute the dependence of the electrostatic repulsion on the surface
separation, wmp was calculated as a function of dW, which required each time the
integration of Eq. 4.6. Figure 4.10 (left panel) shows wmp in a wide range of dW for
the above mentioned charge density and electrolyte. The right panel shows the
corresponding repulsive pressure PES. In both panels the dW-axis starts at 10 Å,
as the continuum approximation loses its validity for small surface separations
(see Sect. 2.1.2).

4.2.3 The Weak-Overlap Approximation

The numerical effort for the calculation of PESðdWÞ can be dramatically reduced if
the electrostatic interaction of the surfaces is assumed to be weak. In this case the
midplane potential can be approximated as twice the (undisturbed) electric
potential w in a distance of x = dW/2 form an isolated charged surface [8] (see
above):

wmp dWð Þ ffi 2w x ¼ dW=2ð Þ:

While for the exact solution it is required to integrate Eq. 4.6 for each value of
dW, Eq. 4.4 only needs to be integrated once if the weak-overlap approximation is
taken. Figure 4.11 shows a comparison of the approximation with the results of the
exact calculation for r = -10 mC/m2 at various electrolyte conditions. Generally,
the overlap is weak for surface separation much larger than the Debye screening
length (dW [[j-1). However, the approximation appears surprisingly good
throughout the probed range (10 Å \ dW \ 200 Å) at sufficiently high salt
concentrations (here, [NaCl] = [CaCl2] = 10 mM). In contrast, at low salt con-
centrations the approximation is seen to be rather poor for small surface separa-
tions. Throughout this thesis the exact calculation is used.

Fig. 4.10 Midplane potential wmp (left) and repulsive electrostatic pressure PES (right) as a
function of dW
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4.2.4 Summary of Sect. 4.2

A method for the numerical calculation of electric potentials and ion density
distributions near a single charged surface and between two equally charged
surfaces in mixed electrolytes was developed. It allows for the calculation of
repulsive interactions between two surfaces as a function of their separation.
Furthermore, the range of validity of the commonly used ‘‘weak-overlap’’
approximation was explored and discussed. The here presented method enables the
quantitative description of the electrostatic repulsion between charged membranes
in mixed electrolytes (see Sect. 5.2).

4.3 Interpretation of X-Ray Fluorescence Signals

In the experimental results part of this thesis, a recently introduced technique
called grazing-incidence X-ray fluorescence (GIXF) is used. The interpretation of
the fluorescence signals requires a considerable mathematical effort. However,
despite quite a few articles on GIXF [14–18] literature lacks a comprehensive
description of this new technique. In the following a method for the interpretation
of X-ray fluorescence signals is developed and practical aspects are discussed. The
experimental setup is illustrated in the Sect. 3.3.1.3 (Fig. 3.9).

The fluorescence intensity emitted in an GIXF experiment at the air/water
interface by an ion species of interest depends on the angle of incidence of the
X-ray beam. This dependency is given as follows [18]:

Ifluo
m qzð Þ ¼

Z1
0

Iillu
qz

zð Þ � cm zð Þ � exp �lmzð Þdz ð4:8Þ

Fig. 4.11 Midplane potential
wmp in weak-overlap
approximation (solid lines)
and exact result (dashed
lines) as a function of the
surface separation dW for
various ionic strengths. For
low salt concentrations, the
approximation only holds at
large separations
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Here, qz ¼ 4p
k sinai (see Sect. 3.3.1.3), m indicates the ion species (or, more

generally, a chemical element), cm(z) denotes its vertical concentration profile, lm

the absorption coefficient of the bulk buffer for the fluorescence radiation emitted
by species m, and Iillu

qz
ðzÞ the vertical intensity profile of the incident illumination,

which depends on the electronic structure of the monolayer. Once this illumination
profile is known, the ion concentration profiles can be reconstructed from the
measured fluorescence intensities. The electronic structure of a monolayer at the
air/water interface can be parameterized using slab models, where each slab
represents a layer of constant electron density within the monolayer (see
Sect. 2.2.1.2). For low qz (not much larger than qc

z) the interfacial roughness
between the slabs can be neglected, as the Névot-Croce factors, exp(� q2

z r
2Þ, are

close to unity (see Sect. 2.2.2.2).

4.3.1 Calculation of Illumination Profiles

The calculation of the illumination intensity profile Iillu
qz
ðzÞ is non-trivial and is

explained in the following. An illustration is given in Fig. 4.12. A good starting
point for this type of calculations is the book of Born and Wolf [19].

Be E0 the amplitude at z = 0 of an electromagnetic wave impinging from
medium 0 to a set of N - 1 stratified slabs. Media 0 and N are semi-infinite bulk
media. The z-components (perpendicular to the interfaces) of the wave vectors in
each medium, kj, depend on qz and on the refractive indices nj of the media, and
thus on the electron densities qj (see Sect. 2.2.2):

kz
j ¼

2p
k

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qzk
4p


 �2

þn2
j � 1

s

In each medium j ranging from zj to zj+1, the vertical intensity profile is the
absolute square of the sum of the electromagnetic waves E+ and E-, propagating in
positive and negative z directions, respectively.

Iillu
qz

zð Þ ¼ Eþ qz; zð Þ þ E� qz; zð Þj j2

In the first medium (j = 0):

E0
þ qz; zð Þ ¼ E0 eikz

0 z�z1ð Þ

E0
� qz; zð Þ ¼ E0 r0;N � eikz

0 z1�zð Þ

Iillu
qz

z\z1ð Þ ¼ eikz
0 z�z1ð Þ þ r0;N eikz

0 z1�zð Þ
� �

� E0

��� ���2
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E+
0(qz, z) coincides with the amplitude of the incident wave, while E0

�ðqz; zÞ
represents the amplitude of the wave reflected by the layered system and r0, N

denotes the Parratt amplitude reflection coefficient (see Sect. 2.2.2.3) for a beam
traveling from medium 0 to medium N.

In the last medium (j = N):

EN
þ qz; zð Þ ¼ E0 t0;N � eikz

N z�zNð Þ

EN
� qz; zð Þ ¼ 0

Iillu
qz

z� zNð Þ ¼ E0 t0;N eikz
N z�zNð Þ�� ��2

EN
þðqz; zÞ represents the amplitude of the wave transmitted through the entire

layered system and t0,N denotes the Parratt amplitude transmission coefficient (see
Sect. 2.2.2.3) for a beam traveling from medium 0 to medium N. EN

�ðqz; zÞ van-
ishes, as there is no more reflected wave in the last medium.

Within the slabs ð1	 j	N � 1Þ multiple reflections have to be considered.
This is illustrated in Fig. 4.12, and requires an infinite summation to obtain

E j
þðqz; zÞ and E j

þðqz; zÞ:

Fig. 4.12 Sketch of the electromagnetic waves propagating in positive (green arrows) and
negative (red arrows) z-directions in a stratified system of homogenous slabs that is illuminated
with the incident wave E0
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E j
þ qz; zð Þ ¼ E0 � t0; j þ t0; j rj;N rj;0 e2ikz

j dj þ t0; j r2
j;N r2

j;0 e4ikz
j dj þ . . .

� �
� eikz

j z�zjð Þ

¼ E0 t0; j � 1þ rj;N rj;0 e2ikz
j dj þ rj;N rj;0 e2ikz

j dj

� �2
þ. . .


 �
� eikz

j z�zjð Þ

¼ E0 t0; j � eikz
j z�zjð Þ �

X1
l¼0

rj;N rj;0 e2ikz
j dj

� �l

¼ t0; j

1� rj;N rj;0 e2ikz
j dj
� E0 � eikz

j z�zjð Þ

And similarly:

Ej
� qz; zð Þ ¼ E0 � t0; j rj;N eikz

j dj þ t0; j r
2
j;N rj;0 e3ikz

j dj þ t0; j r
3
j;N r2

j;0 e5ikz
j dj þ . . .

� �
� eikz

j zjþ1�zð Þ

¼ t0; j rj;N eikz
j dj

1� rj;N rj;0 e2ikz
j dj
�E0 � eikz

j zjþ1�zð Þ

Finally:

Iillu
qz

zj	 z\zjþ1
� �

¼ t0; j

1� rj;N rj;0 e2ikz
j dj

eikz
j z�zjð Þ þ rj;N eikz

j dj eikz
j zjþ1�zð Þ

� �
� E0

�����
�����
2

Here, dj = zj+1 - zj denotes the thickness of the jth medium (see Fig. 4.12),
and rx,y and tx,y the Parratt amplitude reflection and transmission coefficients for a
beam traveling from medium x to medium y. In practice, this means that an
N 9 N matrix of Parratt coefficients has to be calculated before calculating an
illumination intensity profile. For a beam traveling in positive z-direction the
commonly used recursion formula for the reflection coefficients can be used (see
Sect. 2.2.2.3), together with the corresponding formulae for the transmission
coefficients [20, 21].

rj;N ¼
rF

j; jþ1 þ rjþ1;N � e2ikz
jþ1djþ1

1þ rF
j; jþ1 � rjþ1;N � e2ikz

jþ1djþ1
; rN�1;N ¼ rF

N�1;N

tj;N ¼
tF
j; jþ1 � tjþ1;N � eikz

jþ1djþ1

1þ rF
j; jþ1 � rjþ1;N � e2ikz

jþ1djþ1
; tN�1;N ¼ tF

N�1;N :

For a beam traveling in negative z-direction the inverse problem has to be
solved:

rj;0 ¼
rF

j; j�1 þ rj�1;0 � e2ikz
j�1dj�1

1þ rF
j; j�1 � rj�1;0 � e2ikz

j�1dj�1
; r1;0 ¼ rF

1;0
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tj;0 ¼
tF
j; j�1 � tj�1;0 � eikz

j�1dj�1

1þ rF
j; j�1 � rj�1;0 � e2ikz

j�1dj�1
; t1;0 ¼ tF

1;0:

Similarly, Ohta and Ishida [22] have presented a method to calculate the illu-
mination profile intensity in stratified media for a light beam using a matrix
formalism.

4.3.2 Calculation of X-Ray Fluorescence Intensities

In the following, X-ray fluorescence signals are modeled for two example systems
that are closely related to the experimental system discussed in Sect. 6.3.

1. The blank interface between air and an aqueous buffer with a homogenous ion
concentration c0. This is illustrated in Fig. 4.13 (left).

2. A thin film at the interface between air and an aqueous buffer with bulk ion
concentration c0. This is illustrated in Fig. 4.13 (right).

The film is composed of two slab media, one of which (slab 1) has a thickness
of 20 Å and is hydrophobic, while the other one (slab 2) has a thickness of 30 Å
and is hydrophilic. X-ray absorption in both thin slabs is neglected (b1 = b2 = 0)
and slab 1 possesses an electron density similar to that of water, while the electron
density of slab 2 is about 50 % higher. Further, there are no ions in slab 1, but ions
are enriched in slab 2.

In the first step, the illumination intensity profiles are calculated. The results are
shown in Fig. 4.14, where Iillu

qz
is plotted as a function of z for both systems at three

different qz values (qz ¼ 0:70qc
z : green line, qz ¼ 0:99qc

z : blue line, qz ¼ 1:03qc
z :

red line). Below qc
z (green and blue lines) the intensity decays inside the aqueous

buffer and only the vicinity of the interface is illuminated by an evanescent field
(see Sect. 2.2.2). In contrast, above qc

z (red line) the intensity propagates into the

Fig. 4.13 Example slab models (black lines) and ion concentration profiles (red lines) of a blank
buffer surface (left) and a monolayer film deposited at the air/buffer interface (right). The
monolayer is composed of two slabs in one of which the ion concentration has a peak
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bulk and the beam is only damped due to the absorption by the bulk medium (here,
bb = 10-8).

The comparison between the illumination profiles of both systems (without and
with the monolayer film) yields significant differences. These reflect the influence
(refraction and interference) of the electron density variation due to presence of the
film. The deformation of Iillu

qz
is highlighted in Fig. 4.15, where the profiles for both

systems at qz ¼ 0:99qc
z are superimposed. This demonstrates that correct

accounting for the electronic film structure is essential for the accurate modeling of
X-ray fluorescence signals. This becomes even more important for thicker films.

In the next step, fluorescence signals are computed for both systems by eval-
uating Eq. 4.8 as a function of qz. This is numerically very costly, as a high
z-resolution (at the Å scale) is required while at the same time the integration has
to cover a large z-range (up to the 100 lm scale) before absorption has sufficiently
damped the integrand (see Eq. 4.8). The resulting signals are shown in Fig. 4.16.

Fig. 4.14 X-ray illumination profiles Iillu
qz
ðzÞ for various qz values (qz ¼ 0:70qc

z : green line,
qz ¼ 0:99qc

z : blue line, qz ¼ 1:03qc
z : red line). (Left) blank buffer surface. (Right) monolayer film

deposited at the air/buffer interface

Fig. 4.15 X-ray illumination
profile deformed at according
to the electronic structure of
the monolayer film (solid
line) and corresponding
illumination profile near the
blank buffer surface (dashed
line)
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For the calculations l-1 = 100 lm and bb = 10-8 was used, where bb represents
the absorption of the aqueous buffer for the illuminating X-ray beam and l-1 the
decay length of the fluorescence radiation in the buffer. Both curves increase
monotonically with qz and show a massive increase around qz

c. Below qz
c, the signal

in the presence of the film is significantly higher than that of the blank interface.
This difference can be highlighted by dividing the film signal by the blank
interface signal (Fig. 4.16, right panel), and reflects the enrichment of ions in slab
2 (Fig. 4.13). This representation will be referred to as ‘‘buffer-normalized’’
intensity in the following.

4.3.2.1 Absorption and Buffer-Normalized Fluorescence Intensities

The global shape of the fluorescence signal depends on the choice of the
absorption parameters bb and l-1. This is illustrated in Fig. 4.17, where modeled
X-ray fluorescence signals from the blank interface and from the film are presented
for various parameter sets. For weak absorption (here: bb = 10-10), the signals
show a maximum (closely related to the Vineyard transmission function [23]) at
qz ¼ qc

z , and the signal intensities above qc
z scale with l-1.

On the other hand, for stronger absorption (here: bb = 10-8), the signal
intensities are largely independent of l-1, provided l-1 is large enough. In fact, in
the shown case the curves are practically identical as soon as l-1 exceeds 20 lm
(see Fig. 4.17 bottom right panel), and the re-absorption of fluorescence radiation
(characterized by l-1) can be neglected. In practice, bb depends on the photon
energy used in the experiment, and various global shapes have been experimen-
tally observed [16, 17].

As seen in Fig. 4.17, bb and l-1 influence the signal from the blank interface in
the virtually identical way as they influence the signal from the film. As a
consequence, the buffer-normalized fluorescence intensities are essentially iden-
tical for all sets of parameters bb and l-1. This is shown in Fig. 4.18, where all

Fig. 4.16 (Left) calculated fluorescence intensities without (solid line) and with (dashed line)
monolayer. (Right) ‘‘Buffer-normalized’’ fluorescence intensity of the monolayer system. Vertical
dashed lines indicate the position of qc

z ffi 0:022 Å-1
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buffer-normalized intensities are superimposed and the curves are seen to be
practically undistinguishable. This conclusion is valuable for the interpretation of
GIXF signals: Although great care has to be taken while globally modeling the
fluorescence signals from blank buffer and from the film individually, absorption

Fig. 4.17 X-ray fluorescence intensities calculated for various fluorescence radiation decay
lengths l-1 in case of weak (top, bb = 10-10) and strong (bottom, bb = 10-8) absorption of the
illuminating X-ray beam by the bulk buffer. Left blank buffer surface. Right monolayer film

Fig. 4.18 Superimposed
buffer normalized X-ray
fluorescence intensities of the
monolayer film calculated for
various sets of absorption
parameters (bb and l-1, see
Fig. 4.17). All the curves are
virtually identical
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aspects may be neglected while modeling the buffer normalized intensities. This
makes the buffer-normalized fluorescence signals very reliable and resistant
against possible absorption parameter uncertainties. Furthermore, other difficul-
ties, such as the correct consideration of footprint size and fluorescence detector
aperture, can be avoided in this way, as they again apply equally to the signal from
blank buffer and from the film.

4.3.3 Summary of Sect. 4.3

A method for the interpretation of GIXF measurements with biological model
systems at the air/water interface was developed. The calculation of X-ray
illumination profiles from a slab model representation of the model systems
was mathematically derived. X-ray fluorescence signals were modeled and
discussed for two example systems that are closely related to the samples studied
in Sect. 6.3: the blank air/buffer interface and a thin, layered film at the air/buffer
interface. The implications of X-ray absorption were systematically investigated.
It was concluded, that these issues can be avoided by interpreting ‘‘buffer-nor-
malized’’ X-ray fluorescence intensities of the film. The presented method enables
the accurate determination of ion density profiles near biological model systems at
the air/water interface (see Sect. 6.3).
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Chapter 5
Inter-Membrane Interactions
and Mechanical Properties of Membranes
Composed of Synthetic Glycolipids

In this chapter, well-defined model systems prepared from synthetic glycolipids
with known structures are studied using specular and off-specular neutron
scattering in order to quantify the influence of generic and specific saccharide-
saccharide interactions on the structure and mechanics of membrane multilayers.

5.1 Influence of Molecular Structure: Cylindrical and Bent
Saccharides

In the first step, two types of glycolipids with a distinct difference in their
disaccharide headgroup are compared to investigate the influence of the chemical
structure on the generic saccharide-saccharide interactions. Solid-supported
multilayers (see Sect. 2.1.4.4) of synthetic glycolipid membranes, prepared from
100% gentiobiose lipid or 100% Lac1 lipid (see Sects. 3.1.1 and 3.2.2), were
studied by specular and off-specular neutron scattering to examine the influence
of the saccharide head group structure on their structural ordering and
mechanical properties. The gentiobiose lipid possesses a ‘‘bent’’ disaccharide
headgroup, while that of the Lac1 lipid is ‘‘cylindrical’’. In order to optimize the
neutron scattering length density contrast, both chain-hydrogenated (Gent-H and
Lac1-H) and chain-deuterated (Gent-D and Lac1-D) glycolipids were used for
experiments. The samples were kept either in a temperature-controlled climate
chamber for experiments under defined osmotic pressures, or in a liquid cell for
experiments in bulk water. The model system is schematically illustrated in
Fig. 5.1 (left). The right panel of the figure shows a reciprocal space map (i.e.,
scattering intensity as a function of the reciprocal space coordinates, see
Sect. 4.1.2) recorded from gentiobiose lipid membrane multilayers at 80 �C and
high relative humidity (&95%).
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5.1.1 Phase Transitions of Glycolipid Membranes

The comprehensive investigation of structure and mechanics of glycolipid mem-
brane multilayers requires knowledge on the phase behavior of the studied
membrane systems. Only in this way can it be ensured, that the membranes assume
the biologically relevant fluid La-phase throughout all measurement conditions.

Prior to this thesis, the thermotropic phase behavior (see Sect. 2.1.1.2) of
gentiobiose lipid and Lac1 lipid suspended in excess amount of water were
determined [1, 2] using small-angle X-ray scattering (SAXS) and differential
scanning calorimetry (DSC). It was found that the phase transition temperature of
these glycolipids strongly depends on length and conformation of the carbohydrate
head groups: the gentiobiose lipid shows a thermotropic phase transition from gel
(Lb) to fluid (La) phase at around Tm = 43 �C, while the Lac1 lipid undergoes a
direct phase transition from crystalline (Lc) to fluid (La) phase (i.e., not mediated
by Lb phase) at Tm = 74 �C. The ‘‘bent’’ gentiobiose headgroup of gentiobiose
lipid shows no remarkable influence on the main phase transition temperature.
In contrast, the phase transition enthalpy (30 kcal/mol) of Lac1 lipid is signifi-
cantly higher than that of a phospholipid with the same chain length (15 kcal/mol
for DPPC) [3]. This indicates that the ‘‘cylindrical’’ lactose headgroup has a
significant influence on the phase transition enthalpy due to intra-membrane
carbohydrate–carbohydrate interactions.

In this thesis the phase states of gentiobiose lipid and Lac1 lipid membranes
were determined by neutron scattering under controlled humidity, to investigate
the lyotropic phase behavior (i.e., the influence of the lipid/water ratio on the phase
state) for a variety of temperatures, which enables the establishment of two-
dimensional phase diagrams as a function of temperature and osmotic pressure
(see Sect. 3.3.3.1).

Fig. 5.1 Sketch of interacting glycolipid membrane membranes. Saccharide units are indicated
with hexagons (left). Reciprocal space map recorded by specular and off-specular neutron
scattering from gentiobiose lipid at 80 �C and high relative humidity (&95%) (right)
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The average length of a carbon bond in the hydrocarbon chains projected onto
the normal to the membrane plane differs significantly [4] between the phase state
of a membrane (see Sect. 2.1.1.2). This enables the identification of different
phases from the lamellar periodicity of the membrane multilayers. The lamellar
periodicity d of the stacks was calculated from the qz positions of the Bragg peaks
(see Eq. 2.2). Figure 5.2 shows the scattering intensities along the specular line
(q|| % 0) of solid-supported gentiobiose lipid membrane multilayers at 30 �C (top
left) and 80 �C (top right), where the membranes take gel-like Lb- and fluid La-
phase, respectively. In the vicinity of the melting transition temperature, phase
coexistence can be observed. This is shown in the bottom left panel of the figure
for gentiobiose lipid membrane multilayers at 55 �C and low relative humidity
(corresponding to a high osmotic pressure & 108 Pa). Here, the sets of Bragg
peaks characteristic to both phase states are found. The phase diagram of genti-
obiose lipid was determined (Fig. 5.2 bottom right panel) from the lamellar
periodicities measured at various temperatures and osmotic pressures.

The transition temperature of the highly hydrated samples (Tm & 45 �C)
obtained in this thesis is in good agreement with the corresponding values from

Fig. 5.2 Scattering intensities along the specular line (qz % 0) of solid-supported gentiobiose
lipid multilayers at 30 �C (top left panel) and at 80 �C (top right panel), where the membranes
assume Lb- and La-phase, respectively. At 55 �C and low relative humidity (bottom left panel),
the system exhibits phase coexistence. (Bottom right panel) Phase diagram of gentiobiose lipid
membranes. La-phase is indicated by squares, Lb-phase by crosses, and phase coexistence by both
symbols
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DSC and X-ray measurements in the presence of excess water (Tm = 43 �C). In
addition, at 55 �C, increasing the disjoining pressure over P % 4 9 107 Pa
induces a lyotropic transition from La-phase to phase coexistence. Similarly, at
45 �C an increase of the disjoining pressure over P %[7 9 107 Pa is accom-
panied by a transition from phase coexistence to Lb-phase. Such pressure-induced
phase transitions can be understood from a gain in chain ordering by exclusion of
water molecules from the headgroup region.

Similarly, the phase diagram of Lac1 lipid was recorded but with less data
points (not shown). The phase behavior of chain-hydrogenated and chain-deuter-
ated molecules did not show significant differences. According to the high chain
melting transition temperature of Lac1 lipid (Tm = 74 �C at full hydration),
T = 80 �C was chosen for a systematic study of the influence of molecular
structures on structural ordering and mechanical properties of the interacting
membranes. At this temperature both Lac1 lipid and gentiobiose lipid are in fluid
La-phase.

5.1.2 Modulation of Inter-Membrane Interactions via Saccharide
Conformation

Due to the numerous relevant force contributions (see Sect. 2.1.2) a quantitative
theoretical description of inter-membrane interactions is very difficult, especially
for membranes composed of new types of molecules like gentiobiose lipid and
Lac1 lipid. However, experimental force–distance relationships (see Sect. 2.1.2.7)
enable the determination of quantitative relationships between the lamellar
membrane periodicity d and the disjoining pressure P (see Sect. 2.1.2.6) and can
be interpreted to identify regimes of dominant force contributions. In this thesis,
measurements of the lamellar periodicity at various osmotic pressures
(Posm = 5 9 106–3 9 108 Pa, corresponding to hrel = 97–15%) were conducted.
The forces covered a high pressure regime (Z5 9 107 Pa) dominated by steric
forces, typically modeled by a power law and a regime dominated by hydration
forces, which are expected to follow an exponential decay at lower pressures
([5 9 107 Pa, see Sect. 2.1.2).

The force–distance relationships (P vs. d) of gentiobiose lipid and Lac1 lipid
multilayers at 80 �C are presented in a semi-logarithmic plot in Fig. 5.3. Here, the
horizontal error bars correspond to the experimental errors of the periodicity
measurement from the instrumental resolution, while the vertical ones coincide
with the uncertainties of the relative humidity in the climate chamber. The solid
lines show the decay models fitted to the data points within the two regimes (Note
that, due to the limited range of the d-axis, the shape of the power law is almost
undistinguishable from a straight line in the semi-logarithmic presentation.). In the
high pressure regime, gentiobiose lipid membranes exhibit a characteristic expo-
nent of n = 13.9 ± 1.7, which is within the typical range to describe steric forces
(see Sect. 2.1.2). In contrast, the value of Lac1 lipid membranes (n = 7.0 ± 1.7) is
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much smaller, indicating that the steric repulsion between the opposing mem-
branes is weaker, possibly due to the flexibility of the head groups. This can be
attributed to the difference 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 hydration decay lengths
obtained for both glycolipids [gentiobiose lipid: khydr = (0.35 ± 0.07) Å and
Lac1 lipid: khydr = (0.60 ± 0.05) Å] are significantly lower than those reported
for phosphatidylcholine lipid membranes (khydr % 2.0 Å, see Sect. 2.1.2.3). This
indicates that neighboring glycolipid membranes are coupled more strongly than
commonly studied phospholipid membranes in this pressure range, possibly due to
additional attractive force contributions (such as ‘‘zipper’’ forces between carbo-
hydrates) that compete with the hydration repulsion. Therefore, to gain insight into
the force interplay at zero osmotic pressure, experiments in bulk water were
conducted (see Sect. 5.1.3).

5.1.3 Influence of Saccharide Conformation on Membrane
Mechanics

To reveal the influence of the saccharide structure on the mechanical properties of
interacting glycolipid membranes, the off-specular scattering signals from solid-
supported gentiobiose lipid and Lac1 lipid membrane multilayers were analyzed.
For comparison, the same was done with membrane multilayers prepared from
DPPC, a commonly studied phospholipid with the same type of all-saturated
hexadecyl hydrocarbon chains (see Sect. 3.1.1). In order to optimize the scattering
length density contrast, chain-deuterated DPPC (DPPC-D) was used. In the
analysis of the scattering signals, the parameters g, k, and R were varied to achieve

Fig. 5.3 Force–distance relationships of gentiobiose lipid (left) and Lac1 lipid (right), obtained
from measurements of the lamellar periodicity at various relative humidities at 80 �C. Two
different swelling regimes can be identified: steric repulsion at higher pressures (Z5 9 107 Pa)
and hydration repulsion at lower pressures ([5 9 107 Pa). The solid lines correspond to the
models fitted to the data points within the two pressure regimes
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the best match between simulations and experimental data, which allowed for the
calculation of the compression modulus B and the bending modulus j of each
system (see Sect. 4.1). While B is determined by the saccharide-mediated inter-
membrane interactions, j depends on the interactions of the molecules in the
membrane plane, which are influenced by the saccharide headgroup structure. This
is illustrated in Fig. 5.4.

Since refraction and absorption effects, which are not considered in the first
Born approximation, become important in the vicinity of the sample horizons
(Yoneda wings, see Sect. 2.2.3), these regions were excluded from the comparison
of experimental data and simulations. Figure 5.5 shows the integrated intensity
(left) and the width (right) of the second Bragg sheet measured from DPPC
membrane multilayers at 60 �C and 95% relative humidity, where the multilayers
exhibit a lamellar periodicity of d = 50.9 Å. As motivated in Sect. 4.1, these
representations enable a meaningful comparison between experimental data and
simulations based on the free parameters g, k, and R. In Fig. 5.6, the same is shown

Fig. 5.4 Influence of inter-membrane saccharide interactions on the compression modulus
B (left). Influence of the in-plane interactions of membrane-bound saccharides on the membrane
bending rigidity j (right)

Fig. 5.5 Measured (data points) and simulated (solid line) second Bragg sheets of DPPC
membrane multilayers at 60�C and hrel & 95%. (Left column) intensity integrated along C
plotted as a function of q||. The vertical dashed line indicates the position of the sample horizon.
(Right column) width of the sheet along C plotted as a function of q||
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for gentiobiose lipid (top) and Lac1 lipid (bottom) membrane multilayers at 80 �C
and 95% relative humidity. At these conditions the gentiobiose lipid and Lac1 lipid
multilayers assume lamellar periodicities of d = 50.1 Å and d = 56.5 Å,
respectively. The difference in membrane periodicity seems to reflect the differ-
ence in the projected length of ‘‘bent’’ and ‘‘cylindrical’’ head groups normal to the
membrane plane. It should be noted that data could be recorded not only in
reflection but also in transmission (see Sect. 3.3.2), due to the weak neutron
absorption of silicon, which enhances the range in which experiments and models
can be compared.

DPPC and glycolipid multilayers exhibit a very high alignment with the planar
substrate, as can be seen in Figs. 5.5 and 5.6 (left panels) from the sharpness of the
central specular maximum (angular width & 0.1�). The modeled signals (solid red
lines) corresponding to the best matching parameters are superimposed on the
experimental data points. The best matching model parameters are summarized in
Tables 5.1 and 5.2. For all systems the simulations based on the corresponding
parameter sets agree well with experimental results in both representations (see
Figs. 5.5, 5.6). To highlight the excellent agreement over several orders of

Fig. 5.6 Measured (data points) and simulated (solid line) second Bragg sheets of gentiobiose
lipid (top) and Lac1 lipid (bottom) membrane multilayers at 80�C and hrel & 95%. (Left column)
intensity integrated along C plotted as a function of q|| (inset log/log plot). Vertical dashed lines
indicate the position of the sample horizons. (Right column) width of the sheet along C plotted as
a function of q||
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magnitude in intensity and q||, Fig. 5.6 additionally shows the double-logarithmic
presentations of the integrated Bragg sheet intensities as insets.

The obtained R values are in the range of 1 lm, in reasonable agreement with
the actual size of the multilayer domains determined by AFM measurements (see
Sect. 3.2.2). The obtained bending modulus of DPPC membranes (j & 18 kBT) is
in excellent agreement with literature on the mechanical properties of commonly
studied phospholipids in fluid La-phase [4, 5]. The values obtained for gentiobiose
lipid (j & 8 kBT) and Lac1 lipid (j & 32 kBT) have the same order of magni-
tude, but show a significant difference as a result of the difference in the saccharide
headgroup structure. The much higher bending rigidity of Lac1 indicates that the
‘‘cylindrical’’ lactose head groups resist the bending of the membranes much more
than ‘‘bent’’ gentiobiose head groups. This seems to coincide with previous
studies, which reported that Lac1 lipids form physical gels of ordered head groups
[2, 6, 7]. The obtained inter-membrane compression modulus of gentiobiose lipid
membranes, B & 21 MPa, is slightly higher than that of Lac1 lipid membranes
(B & 17 MPa), indicating that the inter-membrane confinement of Lac1 lipid
membranes is softer than that of gentiobiose lipid membranes. More strikingly,
both values are significantly lower than that obtained for interacting DPPC at the
same humidity (B & 46 MPa), which demonstrates that the disaccharide head-
groups lead to much softer inter-membrane interactions than zwitterionic phos-
phatidylcholine headgroups.

5.1.3.1 Glycolipid Multilayers under Bulk Water

To study the inter-membrane interaction and bending rigidity of the glycolipid
membranes in the absence of external osmotic pressures, experiments on gentio-
biose lipid membranes in bulk D2O at 60 �C were carried out using a self
developed-liquid cell (see Sect. 3.3.3.2). The thermal stability of the sample during
the measurement in bulk water was verified from the symmetry of the Bragg sheets
in X-direction, since the X-axis is proportional to the time axis in a rocking scan.
From the Bragg peak positions the periodicity of the gentiobiose lipid membrane
multilayers was determined to be d = 56.8 Å, which is in good agreement with the

Table 5.1 Parameters of the best matching model for DPPC membrane multilayers at T = 60 �C
and hrel & 95%

System r (Å) g k (Å) R (lm) j (J) j (kBT) B (MPa)

DPPC-D 2.2 0.010 6 0.5 9 9 10-20 18 46

Table 5.2 Parameters of the best matching models for gentiobiose lipid and Lac1 lipid mem-
brane multilayers at T = 80 �C and hrel & 95%

System r (Å) g k (Å) R (lm) j (J) j (kBT) B (MPa)

Gent-D 3.5 0.023 6 0.8 4 9 10-20 8 21
Lac1-D 2.6 0.011 13 0.5 16 9 10-20 32 17
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value obtained by SAXS at 70 �C, d = 58 Å [8]. This value is rather small
compared to the bulk water spacing of DPPC multilayers, which is around 65 Å
(see Sect. 5.2.1). The difference can be understood from the short characteristic
hydration decay length found for gentiobiose lipid (see Sect. 5.1.2). Figure 5.7
shows the measured and simulated second Bragg sheet of gentiobiose lipid in bulk
water. The parameters corresponding to the best matching model (red solid line in
Fig. 5.7) are presented in Table 5.3.

Interestingly, the obtained bending modulus (jbulk & 7 kBT) is similar to that
obtained at high humidity (jvapor & 8 kBT), indicating that the work required for
bending the membranes is not influenced significantly by the presence of bulk
water between the neighboring membranes. On the other hand, the inter-membrane
compression modulus, Bbulk & 0.9 MPa, is 20-fold lower than the corresponding
value under osmotic stress, Bvapor & 21 MPa and seems to reflect the softer inter-
membrane confinement in the presence of a water interlayer. Both tendencies are
in good agreement with previous studies on neutral and charged phospholipid
membranes [9, 10].

5.1.4 Summary of Sect. 5.1

It was demonstrated that solid-supported glycolipid membrane multilayers con-
stitute a well-defined model system for the study of the mechanical properties of

Fig. 5.7 Measured (data points) and simulated (solid line) second Bragg sheets of gentiobiose
lipid membrane multilayers at 60�C in bulk water. (Left column) intensity integrated along C
plotted as a function of q||. The vertical dashed line indicates the position of the sample horizon.
(Right column) width of the sheet along C plotted as a function of q||

Table 5.3 Parameters of the best matching model for gentiobiose lipid membrane multilayers at
T = 60 �C under bulk water

System r (Å) g k (Å) R (lm) j (J) j (kBT) B (MPa)

Gent-H 8.4 0.10 24 1.4 3.2 9 10-20 7 0.9
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interacting glycolipid membranes by specular and off-specular neutron scattering.
The influence of a distinct difference in the saccharide structure on inter-mem-
brane interactions and membrane mechanics was investigated. Force–distance
relationships recorded in scattering experiments under various defined osmotic
pressures revealed a clear difference in the steric compressibilities of the mem-
brane-bound gentiobiose and lactose layers at high osmotic pressures. At lower
osmotic pressures membrane multilayers of both glycolipids exhibited a much
weaker swelling than typical for commonly studied phospholipid systems. This
finding suggests that attraction between saccharide headgroups contributes to the
inter-membrane interactions. The bending rigidities of gentiobiose lipid and Lac1
lipid membranes, determined from the off-specular scattering signals, were found
to be significantly different, which indicates that in contrast to ‘‘bent’’ gentiobiose
headgroups, ‘‘cylindrical’’ lactose headgroups have a considerable contribution to
the overall bending rigidity of the membranes. Measurements of gentiobiose lipid
membrane multilayers in bulk water showed that the water layer between the
membranes has no significant influence of the bending rigidity but strongly softens
the inter-membrane confinement.

5.2 Role of Specific Saccharide–Saccharide Interactions
in Membrane–Membrane Contacts

The homophilic interaction of LewisX saccharide motifs is involved in the early
embryonic development [11] and has been studied extensively using a variety of
techniques, such as NMR spectroscopy [12–15] and atomic force microscopy [16]
(AFM). In this thesis, glycolipids bearing the LewisX trisaccharide (LeX lipid, see
Sect. 3.1.1) were incorporated at defined molar fractions into solid-supported
multilayers (see Sect. 2.1.4.4) of phospholipid membranes, in order to study the
specific homophilic interactions of the LewisX motifs. DPPC was chosen as matrix
lipid, as it possesses the same type of all-saturated hexadecyl chains as the LeX

lipid. All measurements were carried out at T = 60 �C, a temperature where
matrix lipids are in fluid La-phase and thus the lateral mobility of the LeX lipid is
guaranteed. The model system is schematically illustrated in Fig. 5.8 (left) and
was studied using specular and off-specular neutron scattering under various buffer
conditions. The right panel of the figure shows a reciprocal space map recorded
with DPPC membrane multilayers doped with 25 mol% LeX lipid in Ca-free NaCl
buffer. To gain maximum contrast in scattering length density, chain deuterated
LeX lipid was used in combination with chain-deuterated DPPC (see Sect. 3.1),
and all buffers were based on pure H2O. Although during the measurements the
samples were immersed in bulk buffer for several hours at high temperature
(60 �C), they showed excellent stability (verified from the symmetry of the Bragg
sheets, see Sect. 5.1.3) and the scattering signals were remarkably strong (with
excellent statistics and signal/noise ratio, see Fig. 5.8, right).
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5.2.1 Influence of LewisX Trisaccharides on Inter-Membrane
Interactions

Solid-supported membranes multilayers of DPPC, either pure or doped with
defined molar fractions of LeX lipid were investigated in buffers with various
concentrations of CaCl2. The equilibrium lamellar periodicities d were calculated
from the qz-positions of the Bragg peaks in the scattering signals. The obtained
values are summarized in Fig. 5.9 (left). It is seen that calcium ions have a

Fig. 5.8 : (left) Sketch of the studied oriented DPPC membrane multilayers doped with LeX

lipid. Phosphatidylcholine headgroups are indicated with ellipses and saccharide units with
hexagons. (right) Reciprocal space map recorded by specular and off-specular neutron scattering
from DPPC doped with 25 mol% LeX lipid at 60 �C in Ca-free NaCl buffer

Fig. 5.9 Lamellar periodicities d of DPPC membrane multilayers doped with various molar
fractions of LeX lipid at various calcium concentrations (left). Sketch of interacting phospholipid
membranes with the definitions of d and dW (right)
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substantial influence on the periodicity of pure DPPC membrane multilayers.
The values range from d = 66.1 Å in the absence of calcium to 90.0 Å at 5 mM
CaCl2. This well-understandable effect has its origin in electrostatics and is dis-
cussed in detail in Sect. 5.2.2.2. Interestingly, at all studied calcium concentrations
(0, 1, and 5 mM), the incorporation of LeX lipid significantly alters the multilayer
periodicity. Most prominently, the values converge with increasing LeX lipid
concentration to a saturation periodicity of about dLeX & 78 Å (indicated with a
dashed line in Fig. 5.9, left), which seems to correspond to the favored membrane
separation for the specific trans-homophilic LewisX–LewisX interaction. In fact,
this periodicity appears very reasonable considering the thickness of the hydro-
carbon chain region (&40 Å) plus the length of two saccharide headgroups
(&22 Å each) that slightly interdigitate when they form a pair. While at the highest
studied LeX lipid concentration (25 mol%) the influence of calcium on the lamellar
periodicity almost disappears (&1 Å), at the lowest studied finite LeX lipid con-
centration (2 mol%) the spacing deviates from dLeX by up to 5 Å to both directions
depending on the calcium concentration. This can be well understood from the
conformational flexibility of the LeX lipid molecules with pentasaccharide head-
groups. Nonetheless, the multilayer periodicity is substantially influenced even by
this low LeX lipid fraction, suggesting that the membranes are cross-linked by the
trans-homophilic saccharide–saccharide interactions.

5.2.2 Specific Saccharide–Saccharide Interactions
under Compressional or Tensile Stress

At low calcium concentrations (0 mM, 1 mM), where the periodicities favored
by the DPPC matrix (d = 66.1 Å and d = 67.9 Å, respectively) are smaller than
dLeX, LewisX pairs are subject to compressional forces. Conversely, LewisX
pairs are subject to tensile forces at 5 mM calcium, where pure DPPC mem-
branes exhibit a spacing of d = 90.0 Å [ dLeX. Regarding this fact, the use of
calcium offers the unique possibility to study the specific LewisX–LewisX
interaction under defined forces. For a quantitative discussion of the compres-
sional and tensile forces exerted to the LewisX pairs under given buffer
conditions, the interaction potential of the membranes is modeled in the
following.

5.2.2.1 Interactions of the Matrix (DPPC) Membranes

In the first step, the inter-membrane interactions of the matrix lipid (DPPC)
membranes are quantified. This is a prerequisite for the detailed investigation of
the specific inter-membrane interactions of the LewisX saccharide motifs. As
motivated in Sect. 5.1.2, the comprehensive theoretical description of all relevant
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inter-membrane interactions is very challenging in general. However, DPPC
membranes are commonly studied model systems, which have been characterized
with high detail [17, 18]. From this starting point, a quantitative description of the
inter-membrane interactions is feasible (see Sect. 2.1.2). The interaction of charge-
neutral DPPC membranes in La-phase in bulk water (i.e., in the absence of calcium
ions) can be modeled in good approximation with a suited definition of the
membrane separation dW (see Fig. 5.9) and considering three force contributions:

1. Van de Waals (vdW) attraction According to Sect. 2.1.2.2, dW is defined as the
lamellar periodicity d minus the ‘‘hydrophobic membrane thickness’’ dH. This
approach has been previously used successfully for DMPC [19]. In this thesis,
dH = 38.7 Å was used, calculated from the value reported by Janiak [20, 21]
for DMPC (with tetradecyl chains) in La-phase (dH = 35.5 Å) by correcting for
the longer hydrocarbon chains of DPPC (with hexadecyl chains). The correc-
tion corresponds to four times the average projected length of a hydrocarbon
C–C bond in La-phase membranes [4] (0.8 Å).

2. Hydration repulsiondW is used in the same definition as for the vdW attraction,
together with the parameters khyd = 2.0 Å, and P0 = 4.5 9 109 Pa (see
Sect. 2.1.2.3).

3. Undulation repulsiondW was defined as d minus the ‘‘steric thickness’’ dS of
DPPC membranes in La-phase. dS = 45.9 Å was used, as reported by Kucerka
and Nagle [17]. In the calculations the prefactor a = 0.104 (see Sect. 2.1.2.4)
was taken from Bachmann [22], together with the above presented result for the
bending rigidity of DPPC at 60�C in La-phase, j = 18 kBT (see Sect. 5.1.3).

In Fig. 5.10 (left), the modeled interaction contributions are plotted as a
function of the lamellar periodicity d. As can be seen, for low d-values, corre-
sponding to short inter-membrane separations, the interaction is dominated by
hydration repulsion, while for larger separation the vdW attraction is dominant.
The right panel of the figure shows the absolute of the modeled disjoining pressure
P (i.e., the sum of all three force contributions, see Sect. 2.1.2.6). P is zero at
d = 66.0 Å (see Fig. 5.10, right). This spacing corresponds to the equilibrium
separation of DPPC membranes predicted by the model for the absence of calcium
ions. Lower separations lead to repulsion, while larger separations lead to
attraction. In other words, the membranes are confined at d = 66.0 Å in a stable
potential minimum with oP

odW
\0 (see Sect. 2.1.2.6). In Ca-free NaCl buffer the

experimentally obtained lamellar periodicity of the DPPC membranes is
d = 66.1 Å (see also Fig. 5.9), which is in excellent agreement with the value of
d = 66.0 Å theoretically derived above.1

1 In pure H2O, d & 65 Å is observed. The influence of monovalent salt (Dd & 1 Å for 100 mM
NaCl) follows the trend predicted by Petrache et al. [27], but is very weak. Therefore, this effect
is neglected in the following considerations.
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5.2.2.2 Modification of Matrix Membrane Interactions with Calcium Ions

Several studies have reported that calcium ions have a strong influence on the
equilibrium separation of phospholipid membranes. It was found in diffraction
experiments that the lamellar periodicity of the membranes increases dramatically
upon the addition of calcium [23, 24]. Deuterium magnetic resonance experiments
have evidenced the adsorption of calcium to phosphatidylcholine headgroups [25].
Based on these results, a scenario where the membrane surfaces become positively
charged due to the adsorption of divalent cations resulting in an electrostatic
repulsion has become consensus view. As shown above (Fig. 5.9), a major
influence of calcium on DPPC multilayers is observed in this thesis: Already the
addition of 1 mM CaCl2 causes an increase in lamellar spacing by Dd = 1.8 Å
(d = 67.9 Å). At 5 mM CaCl2 the spacing is increased by as much as
Dd = 23.9 Å (d = 90.0 Å). An overview is given in Table 5.4. In the following,
the effect of calcium is quantified with Dd by subtracting the reference value
(d = 66.1 Å) obtained in Ca-free NaCl buffer.

To account theoretically for the effect of calcium, electrostatic repulsion has to
be included into the force balance that determines the predicted equilibrium
periodicity. For this purpose the calcium ions adsorbed to the membranes were
represented as homogeneously charged plates located at the center of the PC
headgroup. Accordingly, dW was defined as d minus the headgroup–headgroup
distance dHH of DPPC for the description of the electrostatic interaction. Here,

Table 5.4 Lamellar
periodicities of DPPC
multilayers subject to various
calcium concentrations

Medium Calcium
concentration (mM)

d (Å) Dd (Å)

Ca-free NaCl buffer 0 66.1 0.0
Ca01 NaCl buffer 1 67.9 1.8
Ca02 NaCl buffer 2 69.1 3.0
Ca05 NaCl buffer 5 90.0 23.9

Fig. 5.10 Modeled interactions of pure DPPC membranes in water. individual force contribu-
tions (vdW attraction, hydration repulsion, and undulation repulsion) (left). Absolute of the net
interaction P which vanishes at the predicted equilibrium lamellar periodicity (right)
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dHH = 37.8 Å was used, according to the results of Kucerka and Nagle [17]. As
discussed in Sect. 2.1.2, the correct description of electrostatic interactions in
mixed electrolytes (here NaCl and CaCl2) is non-trivial. The numerical calcula-
tions involved are discussed in Sect. 4.2. The positive membrane surface charge
density r was used as a free parameter which was adjusted such that the predicted
shifts in lamellar spacing matched the experimentally observed values of
Dd. Figure 5.11 (left) shows the strength of the modeled electrostatic repulsion
according to the r-values obtained to match Dd for 1, 2, and 5 mM CaCl2. The
right panel of the figure shows the absolute of the disjoining pressures as they
result from the summation of all modeled force contributions. According to the
choice of r, the curves exhibit zero-crossings at Dd values matching the experi-
mental results.

A clear trend of increasing charge density with increasing calcium concentration
is observed (from r & 39 mC/m2 at 1 mM CaCl2 to &84 mC/m2 at 5 mM CaCl2).
This is summarized in Table 5.5. For each calcium concentration, the corresponding
numbers of DPPC molecules per adsorbed calcium ion were calculated from the
charge densities with the assumption that one DPPC molecule covers a membrane
area of 65 Å2 in fluid La-phase [26]. Following the recipe of Petrache et al. [27]., the
binding constant K of the DPPC / Ca2+ interaction was estimated:

Fig. 5.11 Modeled electrostatic interactions in calcium-loaded buffers. The other force
contributions are shown in the same plot in light grey (left). The points of vanishing disjoining
pressure represent the resulting change Dd in equilibrium lamellar periodicity (right)

Table 5.5 Characteristics of DPPC membranes subject to various calcium concentrations:
charge densities, number of DPPC molecules per adsorbed calcium ion, and calcium-DPPC
binding affinity constants

Calcium
concentration (mM)

Charge
density, r (mC/m2)

# DPPC per
calcium ion

Affinity,
K (M-1)

1 39 126 7.9
2 46 107 4.6
5 84 59 3.3
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K ¼ DPPC � Ca2þ� ��
DPPC½ � Ca2þ� �� �

;

where [DPPC � Ca2+] denotes the molar fraction of DPPC molecules with a
bound calcium ion, [DPPC] the molar fraction of un-complexed DPPC molecules,
and [Ca2+] the calcium concentration in M. The calculated values are summarized
in Table 5.5. The binding affinities are seen to be quite weak, at the order of
several M-1. Furthermore, a clear trend of decreasing affinity with increasing
calcium concentration is observed. This decrease can be understood considering
the higher charge density of the membrane surface at higher calcium concentra-
tions, which would render the adsorption of Ca2+ less favorable.

5.2.2.3 Cross-Linking the Membranes: Forces and Energies

To estimate the forces and energies involved in the coupling of neighboring
membranes by specific carbohydrate–carbohydrate interactions, DPPC membranes
doped with 2 mol% LeX lipid at 5 mM CaCl2 are discussed in detail. Here, the
presence of 2 mol% LeX lipid causes a reduction in multilayer periodicity from
d0% (5 mM) = 90.0 Å to d2% (5 mM) = 83.0 Å [ dLeX & 78 Å. The LewisX
pairs are subject to tensile forces, and thus any effects of steric repulsion, origi-
nating from the LewisX headgroups, can be excluded. Due to the low molar
fraction of LeX lipid, the non-specific inter-membrane interactions are dominated
by the matrix lipids in this system and can be approximated by the disjoining
pressure profile modeled for pure DPPC membranes at 5 mM CaCl2, as shown in
Fig. 5.11. This curve is evaluated at d = d2%(5 mM) = 83.0 Å, in order to
quantify the repulsive pressure P2% (5 mM) that has to be compensated by the
specific LewisX–LewisX coupling at 5 mM CaCl2. P2% (5 mM) is found to be
351 Pa (see Fig. 5.12). Along the same line, the mechanical work per unit area,
x2% (5 mM) that has to be performed by the specific LewisX–LewisX interactions

Fig. 5.12 Modeled pressure
P2%(5 mM) and mechanical
work x2%(5 mM) to be
overcome by the specific
LewisX interactions at
2 mol% LeX lipid and 5 mM
CaCl2 in order to decrease the
lamellar periodicity by the
experimentally observed
increment [from
d0%(5 mM) = 90.0 Å to
d2%(5 mM) = 83.0 Å]. The
solid curve represents the
disjoining pressure profile
modeled for pure DPPC
membranes at 5 mM CaCl2
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in order to decrease the lamellar spacing from d = d0%(5 mM) = 90.0 Å to
d = d2%(5 mM) = 83.0 Å can be estimated by integrating the curve in Fig. 5.12
between these spacings (see shaded area), which yields x2% (5 mM) = 110 nJ/m2.
By assuming that all available LewisX motifs are involved in the membrane cross-
linking, a lower estimate of the force and energy per pair can be given as
F & 10 fN and E & 0.001 kBT, respectively. However, it is likely that in average
only a sub-fraction of LewisX motifs is coupled in pairs, and thus typical forces
and energies per pair are higher.

The binding energy of LewisX pairs was reported [16, 28] to be at the order of
several kBT. Rupture forces at the order of 10 pN were reported by Tromas et al.
[16]. Considering the low energies and forces obtained in this thesis, very low
densities of LewisX pairs (corresponding to one pair per 1,000 s of square
nanometers) are expected to be sufficient for the cross-linking of phospholipid
membranes under physiological conditions. There are several studies [12–15]
suggesting that the LewisX–LewisX interaction is mediated by divalent cations—
preferably Ca2+. In contrast to these findings, there is evidence that homophilic
LewisX interaction occurs also without complexing Ca2+. For example, in an AFM
experiment the presence of Ca2+ did not contribute significantly to the binding
forces [15]. It was speculated that in nature Ca2+ may only be responsible for the
approach and organization of the carbohydrates in the cell membrane. In further
experiments, LewisX aggregates were detected in the absence of Ca2+ by cold
spray ionization [29], and molecular dynamics simulations [28] suggested that the
LewisX dimer is stable with or without Ca2+, but that the dimers are strengthened
by Ca2+. In this thesis, it was seen that Ca2+ is not required for the formation of
trans-homophilic LewisX pairs. However, the here presented experimental results
cannot exclude a strengthening of the specific interaction, as the tensile forces
exerted to the pairs in this study are likely too low to resolve the possible
difference.

5.2.3 Influence of LewisX on the Mechanics of Membrane
Multilayers

To reveal the influence of trans-homophilic LewisX pairs on the mechanical
properties of interacting DPPC membranes, the off-specular scattering signals
were analyzed (see Sect. 4.1). Here, a comparison between DPPC multilayers
doped with 10 and 25 mol% LeX lipid in Ca-free NaCl buffer is shown. Both
systems exhibit lamellar spacings very close to the ‘‘saturation value’’ of
dLeX & 78 Å. Thus, differences in the obtained mechanical parameters can be
directly related to the different lateral densities of LeX lipid molecules, while
avoiding influences borne from a difference in the membrane separation.
Figure 5.13 shows the integrated intensities (left) and the widths (right) of the
second Bragg sheets measured from DPPC multilayers doped with 10 mol% (top)
and 25 mol% (bottom) LeX lipid. The modeled signals (solid red lines)
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corresponding to the best matching parameters are superimposed on the experi-
mental data points. Here, the rather thick (0.1 mm) layer of H2O-based buffers in
the liquid cell leads to strong incoherent scattering by 1H and results in a high
absorption of the neutron beam in the transmission regime. Therefore, only the
reflection regime (between the vertical dashed lines in Fig. 5.13, left panels) was
used for the comparison between experimental and modeled signals. Another
feature of the scattering signals not captured by the models is the existence of
satellite peaks (indicated in the bottom left panel). From their position in qz and q||,
they can be clearly identified as results of double scattering processes located at

qz ffi
4p
d

and qjj ffi �
2p
k

k
d

� �2

:

Therefore experimental and modeled signals are not compared in the close
vicinity of the satellite peaks. Despite these well-understood and predictable dis-
crepancies, the models are in excellent agreement with the experimental data in the
valid range. Most strikingly, the almost perfect parabolic shapes of the sheet

Fig. 5.13 Measured (data points) and simulated (solid line) second Bragg sheets of DPPC
membrane multilayers doped with 10 mol% (top) and 25 mol% (bottom) LeX lipid at 60�C in Ca-
free NaCl buffer. (Left column) intensity integrated along C plotted as a function of q||. Vertical
dashed lines indicate the position of the sample horizons, separating the reflection regime (center)
from the transmission regimes. (Right column) width of the sheet along C plotted as a function of q||
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widths (right panels) enable the precise experimental determination of the de
Gennes parameter k, which significantly improves the accuracy with which the
mechanical parameters B and j can be measured.

The best-matching model parameters are summarized in Table 5.6. The
obtained cut-off radii R are in the range of 1 lm, consistent with those found for
other studied multilayer systems (see Sect. 5.1.3). Interestingly, the bending
rigidities obtained with both LeX lipid fractions (j & 16 kBT for 10 mol% and
j & 17 kBT for 25 mol%) are almost identical to the one determined for pure
DPPC membranes (j & 18 kBT, see Sect. 5.1.3). This indicates that the lateral
density of membrane-anchored pentasaccharides is not high enough to contribute
significantly to the membrane bending rigidity via in-plane steric interactions,
even at the highest studied LeX lipid density (25 mol%). On the other hand, the
compression moduli obtained for 10 mol% (B = 0.22 MPa) and 25 mol%
(B = 0.70 MPa) LeX lipid show a clear difference: the higher density of LewisX
results in a much stronger confinement of the membranes between their neighbors.
This behavior supports the interpretation that the membranes are cross-linked with
trans-homophilic LewisX pairs, where an increase in the number of cross-links is
expected to result in a stronger confinement. This result is analogous to the above
discussed influence of calcium on the lamellar spacing of DPPC membrane
multilayers doped with LeX lipid: For higher LewisX densities, the lamellar
spacing is kept closer to the optimum value (dLeX = 78 Å), despite the com-
pressional or tensile forces exerted by the DPPC matrix under various calcium
concentrations.

5.2.4 Summary of Sect. 5.2

It was demonstrated that solid-supported membrane multilayers doped with
membrane-anchored carbohydrates serve as a unique platform for the study of
specific carbohydrate–carbohydrate interactions under biological conditions.
Calcium ions were utilized to exert defined compressional or tensile forces to the
systems, while specular and off-specular neutron scattering provided the simul-
taneous determination of structure and mechanics. It was shown that LewisX
forms specific homophilic pairs that cross-link adjacent membranes. The lamellar
periodicity of the multilayers was found to approach to the value preferred by the
specific pairs with increasing LeX lipid density. A theoretical estimation of forces
and energies required to cross-link the neighboring membranes was conducted and

Table 5.6 Parameters of the best matching models for DPPC membrane multilayers doped with
10 mol% and 25 mol% LeX lipid at 60 �C in Ca-free NaCl buffer

LeX lipid fraction (mol%) r (Å) g k (Å) R (lm) j (J) j (kBT) B (MPa)

10 9.6 0.085 65 0.8 8 9 10-20 16 0.22
25 7.1 0.046 38 0.7 8 9 10-20 17 0.70
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indicated that the membranes are cross-linked even at the lowest studied LeX lipid
density, consistently with the experimental results. The mechanical parameters
extracted from the off-specular scattering signals showed that LewisX has no
significant influence on the bending rigidity of the matrix membrane throughout
the studied LeX lipid densities. In contrast, the inter-membrane confinement was
found to increase with increasing density of cross-linking LeX lipid.
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Chapter 6
Structure and Mechanical Properties
of Bacteria Surfaces

In this chapter, model systems of bacteria surfaces, prepared from lipopolysac-
charides (LPSs) of various structural complexities, are investigated using neutron
scattering, high-energy X-ray reflectometry, and grazing-incidence X-ray fluo-
rescence (GIXF). In particular, the influence of divalent cations on the confor-
mation of LPSs and on the mechanics of LPS membranes is studied. As motivated
in Chap.1, these effects are considered crucial for the resistance of Gram-negative
bacteria against cationic antimicrobial peptides (CAPs), but experimental evidence
on the molecular level is still missing.

Since the mechanics of complex LPS membranes and their response to divalent
cations can be best understood if the mechanical properties of their basic building
blocks are known, interacting membranes of Lipid A and rough mutant LPSs (see
Sect. 3.1.2) are investigated in the first part. Their structure and mechanics is
determined by specular and off-specular neutron scattering. The influence of
saccharide structure, sample hydration, and divalent calcium ions is studied.

In the second part, the impact of divalent ions on the conformation of complex
wild-type LPSs with long O-sidechains is investigated by high-energy X-ray
reflectivity measurements from a solid-supported LPS monolayer in bulk buffer.

In the third part, GIXF measurements from rough mutant LPS monolayers at
the air/water interface are carried out in order to reconstruct the density profiles of
ions at LPS surfaces, since the influence of ions on saccharide conformation and
membrane mechanics is closely related to their spatial distribution.

6.1 Influence of Lipopolysaccharide Structure and Divalent
Cations on the Mechanics of LPS Multilayers

As demonstrated in Chap.5, the study of solid-supported membrane multilayers
under controlled osmotic pressures and under bulk buffers by specular and off-
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specular neutron scattering enables comprehensive insight into structure and
mechanics of the interacting membranes. Thus, the same method was applied to
Lipid A and rough mutant LPS membranes. A sketch of interacting LPS mem-
brane in a multilayer stack is shown in Fig. 6.1 (left). The right panel of the figure
shows a reciprocal space map recorded with solid-supported LPS Ra membrane
multilayers at 60�C and high relative humidity (&95%). The scattering signals
shown in this thesis represent the first specular and off-specular neutron scattering
experiments with complex and realistic bacteria membrane models.

To ensure that all systems are in fluid La-phase throughout the experiments, all
measurements were conducted at 60�C, which is more than 10�C above the chain
melting temperature of all studied molecules (see Table 3.1). To investigate the
influence of molecular chemistry (length and charge of oligosaccharide head
groups) on the vertical/lateral structural ordering and mechanical properties of
Lipid A and mutant LPS membranes, the scattering experiments were carried out
under the following four conditions: (1) at low (&20%) relative humidity (cor-
responding to an osmotic pressure of &2.5 9 108 Pa), (2) at high (&95%) rela-
tive humidity (&8 9 106 Pa), (3) in Ca-free NaCl buffer, and (4) in Ca05 NaCl
buffer. For some special cases, experiments were carried out with Ca50 NaCl
buffer.

6.1.1 Influence on Inter-Membrane Interactions

As discussed in Sect. 2.1.2, the interactions between neighboring LPS membranes
are result of a complex interplay of various generic interactions. Neutron scattering

Fig. 6.1 (Left) Sketch of oriented rough mutant LPS membrane multilayers. Saccharide units are
indicated with hexagons. (Right) Reciprocal space map recorded by specular and off-specular
neutron scattering from LPS Ra at 60�C and high relative humidity (&95%)
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from the samples subject to various relative humidities and under bulk buffers
yields insight of the inter-membrane interactions at various osmotic pressures and
ion concentrations. The lamellar periodicities d of Lipid A and LPS membrane
multilayers, calculated from the qz positions of the Bragg peaks (see Fig. 6.1 right)
at various conditions, are summarized in Table 6.1. As a clear tendency, molecules
with longer saccharide headgroups exhibit larger lamellar periodicity d under all
experimental conditions, which shows a reasonable agreement with previous
reports [1, 2]. Moreover, changes in the periodicity d between low and high
humidity become more pronounced for the molecules with longer saccharide head
groups (Dd &1 Å for Lipid A, Dd & 4.5 Å for LPS Re and LPS Ra), reflecting
their higher compressibility, since the longer and more complex headgroups
possess a higher degree of conformational freedom.

It is notable that only Lipid A forms stable multilayers in calcium-free buffer,
with a finite spacing of d = 53.5 Å. This implies that the attractive interactions (v.
d. Waals, carbohydrate-mediated hydrogen bonds) between Lipid A membranes
can overcome the electrostatic repulsion, since Lipid A membranes have the
lowest density of negatively charged groups among the studied systems (see
Sect. 3.1; Table 3.1).

On the other hand, LPS Re and LPS Ra membranes are not able to form stable
lamellae in the absence of calcium ions, due to stronger electrostatic repulsion and
due to the steric repulsion of the bulkier saccharide headgroups. This finding is
consistent with a previous diffraction study on LPSs [1], where no periodic
ordering was found for LPS Re and LPS Ra membranes in the absence of divalent
cations.

Lipid A and both types of mutant LPSs form stable, well ordered multilayers in
Ca05 NaCl buffer, which is in contrast to the significant weakening of inter-
membrane confinement in Ca-free NaCl buffer. This shows that divalent calcium
ions tighten the inter-membrane contacts. In fact, the lamellar spacings of Lipid A
(d = 47.6 Å) and LPS Re (d = 50.5 Å) are almost identical or even smaller than
those at &95% relative humidity, which corresponds to an osmotic pressure of
almost 107 Pa. This tendency becomes even more prominent at a high Ca2+

concentration (50 mM, in Ca50 NaCl buffer), where the spacings of Lipid A
(d = 46.9 Å) and LPS Re (d = 50.2 Å) get close to those at 20% relative
humidity, corresponding to an osmotic pressure of over 108 Pa. On the other hand,
LPS Ra multilayers show a spacing of d = 90 Å in Ca5 NaCl buffer, which
is significantly larger (Dd & 7 Å) than that at &95% relative humidity.

Table 6.1 Lamellar spacings d of Lipid A and rough mutant LPS multilayers subject to various
osmotic pressures and buffer conditions at T = 60�C

Environmental conditions d of Lipid A [Å] d of LPS Re [Å] d of LPS Ra [Å]

Low relative humidity (&20%) 46.4 49.4 78.9
High relative humidity (&95%) 47.5 53.9 83.2
Ca-free NaCl buffer 53.5 Unstable Unstable
Ca05 NaCl buffer 47.6 50.5 90.5
Ca50 NaCl buffer 46.9 50.2 90.4
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This indicates that the longer and partially uncharged oligosaccharide moieties of
LPS Ra resist to a certain extent the tightening of the inter-membrane contact by
Ca2+ ions, due to their steric contribution.

6.1.2 Influence on Mechanical Properties

The mechanics of Lipid A and rough mutant LPS multilayers were investigated
with a focus on two thermodynamic conditions: (1) at high humidity, where very
strong scattering signals can be recorded, and (2) in Ca5 NaCl buffer, which
provides the biologically most relevant environment for all the studied systems
to form stable multilayers. As discussed in Sect. 5.1.3, the sample stability was
verified from the symmetry of the Bragg sheets in X-direction. The multilayers

Fig. 6.2 Measured (data points) and simulated (solid line) second Bragg sheets of Lipid A (top)
and LPS Ra (bottom) membrane multilayers at 60�C and &95% relative humidity. (Left column)
intensity integrated along C plotted as a function of q||. Vertical dashed lines indicate the positions
of the sample horizons. (Right column) width of the sheet along C plotted as a function of q||
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exhibited a high alignment with the planar substrate, as can be seen in Figs. 6.2
and 6.3 (left panels) from the narrow central specular maximum (angular
width & 0.15�). As described in Sect. 4.1, the scattering signals were analyzed
by varying the model parameters g, k, and R in order to achieve the best match
between simulations and experimental data. This allowed for the calculation of
the compression modulus B and the bending modulus j of each system.
Figure 6.2 shows the integrated intensity (left) and the width (right) of the
second Bragg sheet measured from Lipid A (top) and LPS Ra (bottom) mem-
brane multilayers at 60�C and &95% relative humidity. As motivated in
Sect. 4.1, these representations enable a meaningful comparison between
experimental data and simulations based on the free parameters g, k, and
R. Lipid A and LPS Ra both show pronounced second Bragg sheets. This can be
attributed to the strong scattering length density contrast according to the uptake
of D2O by the head groups.

The parameters of the best matching model (solid lines in Fig. 6.2) are sum-
marized in Table 6.2. The intensity of the second Bragg sheet of LPS Re (data not
shown) is strongly suppressed due to the form factor corresponding to the scat-
tering length density profile across the membranes, which prevents a quantitative
analysis of the off-specular signals. The same problem occurs with Lipid A in Ca-
free NaCl buffer, where the lamellar periodicity d is similar to that of LPS Re in
high humidity (see Table 6.1).

The best matching values for the cut-off radius R (see Sect. 4.1) are at the order
of 1 lm and similar to those found for synthetic glycolipids (see Chap. 5). First,
the obtained bending rigidity of LPS Ra (j = 1.4 kBT) is more than two times
higher than that of Lipid A (j = 0.6 kBT), indicating that the bulkier head groups
significantly rigidify the membranes. On the other hand, both values are by an
order of magnitude smaller than those obtained with DPPC and synthetic glyco-
lipids with all-saturated C16 hydrocarbon chains (see Chap. 5). This finding can be
attributed to the molecular structure of Lipid A and LPSs: bacterial lipids and
LPSs have relatively short hydrocarbon chains (C10 and C12) and thus form
bilayers with thinner hydrocarbon core. This can be assumed to result in signifi-
cantly lower bending rigidities [3]. Furthermore, due to their higher packing
parameter (i.e., the ratio between the cross-sectional areas occupied by hydro-
carbon chains and saccharide head groups) [4], LPS membranes are expected to
experience less steric strain while accommodating their head groups than phos-
phatidylcholine lipid membranes [5]. As a result, the bending rigidity of LPS
membranes would be further reduced as there is only little contribution from the
headgroups.

The obtained vertical compression moduli of Lipid A (B = 9 MPa) and LPS
Ra (B = 2.1 MPa) seem to reflect the influence of the oligosaccharide head
group structure on the inter-membrane potential. The observed tendency clearly
indicates that the inter-membrane confinement of LPS Ra membranes is much
softer than that of Lipid A membranes. This finding seems also plausible from
the molecular structures, since the longer saccharide head groups of LPS Ra with
their greater water uptake capability should possess a much higher compressional
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flexibility than the compact head groups of Lipid A. Figure 6.3 shows the
scattering signals of Lipid A (top) and LPS Ra (bottom) in Ca05 NaCl buffer.
The parameters corresponding to the best matching model signals (solid lines)
are summarized in Table 6.3. The bending rigidity of Lipid A (j = 0.8 kBT) is
about two times lower than that of LPS Ra (j = 1.7 kBT), which follows the
tendency observed at high humidity (j = 0.6 kBT and j = 1.4 kBT, respec-
tively). Moreover, the bending rigidity values are very similar to the corre-
sponding values at high humidity. This suggests that the lateral interactions of
the saccharide head groups in Ca2+-loaded buffer are similar to those in the
absence of liquid water. However, it is not possible to extract the bending
rigidity in calcium-free buffer due to the loss of ordering of LPS Ra and due to
the before mentioned suppression of the second Bragg sheet in the case of Lipid
A. On the other hand, the obtained compression moduli in Ca5 NaCl buffer
show clear differences from those at high humidity. As presented in Table 6.3,
the values in bulk buffer (B = 5 MPa for Lipid A and B = 1.1 MPa for LPS Ra)
are approximately by a factor of two smaller than those at high humidity (see
Table 6.2).

Fig. 6.3 Measured (data points) and simulated (solid line) second Bragg sheets of Lipid A (top)
and LPS Ra (bottom) membrane multilayers at 60�C in Ca05 NaCl buffer. (Left column) intensity
integrated along C plotted as a function of q||. Vertical dashed lines indicate the positions of the
sample horizons. (Right column) width of the sheet along C plotted as a function of q||
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6.1.3 Summary of Sect. 6.1

Solid-supported multilayers of Lipid A and rough mutant LPS membranes were
shown to constitute a well-defined model system of interacting bacteria mem-
branes, which can investigated by specular and off-specular neutron scattering for
the quantitative determination of mechanical parameters. With increasing com-
plexity of the studied molecules, clear tendencies were found in the mechanical
properties: Longer and more flexible saccharide head groups coincide with a
significantly softer inter-membrane confinement but at the same time with a higher
membrane bending rigidity. Generally, the bending rigidities of Lipid A and
mutant LPS membranes were found to be much lower than those of commonly
studied phospholipid membranes. The compression modulus of LPS Ra mem-
branes in Ca5 NaCl buffer was found to be comparable to that of interacting
Gentiobiose lipid membranes with neutral gentiobiose head groups in pure water
(B = 0.9 MPa, see Sect. 5.1.3), which also swell by about 7 Å upon addition of
bulk water. However, in that case the decrease in the compression modulus is
much more significant (by a factor of 20). This indicates that the presence of Ca2+

between the charged carbohydrates of Lipid A and mutant LPS molecules
enhances the inter-membrane confinement, which is consistent with the fact that
these systems are stabilized in the presence of Ca2+.

6.2 Influence of Divalent Cations on the Conformation
of Wild-Type Lipopolysaccharides

To investigate the influence of divalent cations on the conformation of the charged
saccharides at the outer surface of Gram-negative bacteria, a single solid-
supported monolayer (see Sect. 2.1.4.2) of lipopolysaccharides purified from
Pseudomonas aeruginosa strain dps 89 was created (see Sects. 3.1.2 and 3.2.4).

Table 6.2 Parameters of the best matching models for Lipid A and LPS Ra membrane multi-
layers at T = 60�C and &95% relative humidity

Molecule d [Å] g k [Å] R [lm] j [kBT] B [MPa]

Lipid A 47.5 0.135 2.5 0.8 0.6 9
LPS Ra 83.2 0.08 6 0.8 1.4 2.1

Table 6.3 Parameters corresponding to the best matching models for Lipid A and LPS Ra
membrane multilayers at T = 60�C in Ca05 NaCl buffer

Molecule d [Å] g k [Å] R [lm] j [kBT] B [MPa]

Lipid A 47.6 0.17 4 1.0 0.8 5
LPS Ra 90.5 0.09 9 1.2 1.7 1.1
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The LPS monolayer (Fig. 6.4) was deposited by vesicle fusion onto a silicon
substrate coated with an alkylsilane monolayer which mimics the inner leaflet of
the outer bacteria membrane and studied by high-energy specular X-ray reflec-
tivity. The use of high X-ray energies (here 22 keV) was established only recently
[6, 7] and allows for the high-resolution structural analysis of thin films at the
solid/liquid interface. The measured reflectivity signals were modeled using ana-
lytically parameterized electron density profiles, which were compared with
Monte Carlo (MC) simulations based on a minimal computer model of LPS sur-
faces. Details of the experimental setup are presented in Sect. 3.3.1.1.

6.2.1 Effect of Divalent Cations: Electron Density Profile of LPS
Monolayers

Figure 6.5 (left panel) presents the reflectivity curves R 9 qz
4 measured in Ca-free

KCl buffer (open circles) and Ca50 KCl buffer (filled circles), showing a clear
difference in the global shape of the reflectivity curves.1 The measured reflectivity
signals from the stratified system (Fig. 6.4) were represented with the following
simplified model: First, the silicon substrate was treated as a semi-infinite medium
with a constant electron density qSi = 0.713 e-/Å3. For simplicity, the native
silicon oxide layer that has almost identical electron density was considered as part

Fig. 6.4 Sketch of the
studied solid-supported LPS
monolayer under bulk buffer.
A hydrocarbon chain layer,
B dense core saccharide
layer, C sparse O-side chain
region

1 Here, 50 mM CaCl2 was used for the direct comparison to the MC simulations where a high
calcium concentration was assumed. However, regarding the only small differences in structure
and mechanical properties of interacting mutant LPS membrane multilayers found with 5 mM
and 50 mM CaCl2 (see Sect. 6.1), much lower calcium concentrations are likely sufficient to
induce the conformational changes observed here.
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of the silicon medium. The hydrocarbon chain region, composed of the substrate-
bound ODTMS layer and the LPS hydrocarbon chain layer, was considered as one
single slab with constant electron density qHC and thickness dHC. The saccharide
headgroups were represented by two sections; one slab with constant electron
density qS and thickness dS, and the other section where the electron density
continuously decays towards that of bulk buffer qB = qH2O = 0.336 e-/Å3.
The former corresponds to the compact invariant part constituted by the core
saccharides, while the latter represents the sparse and polydisperse O-sidechains.
The roughnesses at the silicon/hydrocarbon and hydrocarbon/core saccharide
interfaces were accounted for by modeling the electron density gradients as error
functions, characterized by the RMS roughness rSi?HC and rHC?S, respectively
(see Sect. 2.2.2). However, since the O-sidechains are expressed at a low surface
density (&10%) and polydisperse (see Sect. 3.1.2), a slab model definition is not
suited to describe the electron density profile of the O-sidechains in buffer. Instead,
a continuous decay of the electron density towards bulk buffer was assumed and
modeled using a stretched exponential decay function, characterized by the decay
length K, and the stretching exponent h. To achieve a common parameter set for
z \ 0, the thickness and electron density of the hydrocarbon region (qHC, and dHC,
respectively) as well as the roughness of the Si/hydrocarbon interface (rSi?HC)
were simultaneously fitted to the reflectivity signals measured in the presence and
absence of Ca2+ ions. This simplification is justified as the reflectivity measure-
ments were successively carried out with the same sample in Ca-free KCl buffer
and Ca50 KCl buffer, and reduces the number of fitting parameters. In the left
panel of Fig. 6.5, the best fits are superimposed to the reflectivity curves in Ca-free
KCl buffer and Ca50 KCl buffer, and corresponding model parameters are sum-
marized in Table 6.4. The electron density profiles reconstructed from the models

Fig. 6.5 (Left) Reflectivity curves of solid-supported LPS monolayer in Ca-free KCl buffer
(open circles) and Ca50 KCl buffer (filled circles). Solid and dashed lines represent the fits
corresponding to the best-matching model parameters. (Right) Electron density profiles
corresponding to the best-matching model parameters. The interface between hydrocarbon slab
and core saccharide slab coincides with z = 0. The core saccharides and O-side chains exhibit a
significant difference in the conformation in the absence (dashed line) and presence (dotted line)
of Ca2+. Solid line common model
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are shown in the right panel of Fig. 6.5. Although the five free fitting parameters
imply a certain ambiguity, only the presented model fulfills the requirement of
electron number conservation. Other models with a comparably low fit mean
square deviation (MSD) had to be discarded, as the integrated electron density was
significantly altered by the presence of calcium ions.

The obtained thickness (dHC = 26.9 Å) of the ‘‘unified’’ hydrocarbon slab
(chains from LPS and silane) seems very reasonable regarding the length of the
ODTMS molecules and that of the LPS hydrocarbon chains. The electron density
of this slab, qHC = 0.19 e-/Å3, is smaller than the value previously reported for
rough mutant LPS monolayers (q % 0.3 e-/Å3) at the air/water interface [8].
This can be attributed to the lower lateral density of chains in ODTMS and LPS
monolayers, and to the local density minimum between two opposing hydrocarbon
chains (called ‘‘methyl dip’’), which was not explicitly included in the model in
order to minimize the number of parameters.

The reconstructed electron density profiles (Fig. 6.5 right) indicate that Ca2+

ions induce two prominent differences. First, the electron density in the core
saccharide slab is significantly higher (&20%) in the presence of Ca2+ ions
(qS = 0.57 e-/Å3) than in the absence (qS = 0.47 e-/Å3). Second, in the presence
of Ca2+, the electron density of the O-sidechain region decays much steeper to the
level of bulk buffer (at z [ 10 Å), which corresponds to an increase in the
stretching exponent (from h = 0.30 in the absence to h = 0.68 in the presence of
Ca2+ ions) and a decrease in the decay length (from K = 34.4 Å in the absence to
K = 15.6 Å in the presence of Ca2+ ions).

6.2.2 Modeling of LPS Saccharide Conformation
by Coarse-Grained Monte Carlo Simulations

To simulate the conformation of LPS molecules in the absence and presence of Ca2+

ions, coarse-grained MC simulations were carried out by D. A. Pink and B. E. Quinn

Table 6.4 Best matching model parameters used to represent the reflectivity curves measured in
the presence and absence of 50 mM CaCl2

Common parameters Ca-free KCl buffer and Ca50 KCl buffer

rSi?HC [Å] 2.3
qHC [e-/Å3] 0.19
dHC [Å] 26.9

Free parameters Ca-free KCl buffer Ca50 KCl buffer

rHC?S [Å] 2.9 2.6
qS [e-/Å3] 0.47 0.57
dS [Å] 10.7 7.8
K [Å] 34.4 15.6
h 0.30 0.68
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(St Francis Xavier University, Antigonish, Canada). The simulation volume
contained 100 LPS molecules based on a ‘‘minimal computer model’’ of lipopoly-
saccharides. It was assumed that 10% of the LPS molecules possess an O-sidechain,
while 90% of the molecules (including 70% rough and 20% semi-rough LPSs) are all
rough LPSs (see Sect. 3.1.2). Accordingly, 10 randomly chosen LPS molecules
possessed O-sidechains. In order to minimize the simulation volume the length
of the O-sidechains was set to be 20 repeat units (60 saccharides), which is sufficient
to describe natural B-band polysaccharides with 20–50 repeating units (see
Sect. 3.1.2).The bulk densities of monovalent and divalent ions in the simulation
volume were consistent with the experimental buffer conditions (100 mM KCl and
0 mM or 50 mM CaCl2). Details of the MC simulations are given elsewhere [8–10].
Figure 6.6 shows instantaneous pictures of the simulation volume after equilibration
in the absence (a) and in the presence (b) of divalent cations. The pictures show a
significant change in the conformation of LPS molecules: the long O-sidechains
collapse towards the core saccharide region in the presence of divalent cations. This
effect was quantified by calculating the time-averaged vertical number density
profiles of the saccharide moieties (Fig. 6.6c). The profiles show that divalent cat-
ions induce a clear increase of the saccharide density in the core saccharide region,
while the tail of the distribution decays to zero at much lower z in the presence of
divalent cations. It should be noted that the simulations showed no clear sign of
aggregation of the O-sidechains in the absence of divalent cations, despite of
significant electrostatic screening. In contrast, in the presence of divalent cations, the
O-sidechains are bound together via dynamic bridging by divalent cations
(Fig. 6.6b). As a result, the O-sidechains undergo a massive collapse towards the
surface of dense core saccharides. Previous, though less realistic, computer

Fig. 6.6 Instantaneous pictures of the MC simulation after equilibration in the absence (a) and
presence (b) of divalent cations (Ca2+). The simulations were carried out by D.A. Pink and B.E.
Quinn. Hydrocarbon moieties are indicated by open large circles, saccharide groups by small
filled black circles and divalent cations by small filled grey circles. Monovalent ions (K+ and Cl-)
are not shown. (c) Time-averaged number density profiles of saccharide groups in the aqueous
region (z [ 0) calculated from the MC simulations in the absence (broken line) and presence
(dashed line) of divalent cations
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simulations showing similar conformational changes, suggested that these changes
result in a barrier against the intrusion of antimicrobial peptides into the membrane
core [9], but were not yet verified by experiments.

For the direct comparison to the experimental results presented in Fig. 6.5,
time-averaged electron density profiles were calculated from the MC simulations
in the absence and in the presence of divalent cations (Fig. 6.7). The calculated
profiles show the same tendency as those reconstructed from the measured
reflectivity curves (Fig. 6.5 right): Divalent cations induce a significant increase in
electron density in the core saccharide region and a steep decay of the electron
density to the bulk level. The differences in absolute electron density values and
the detailed shape of the electron density profiles between experiments and
computer simulations can be attributed to the uncertainty (&15%) in the lateral
density of the LPS monolayer as well as to the lack of semi-rough LPSs (see
Sect. 3.1.2) in the computer simulation.

6.2.3 Summary of Sect. 6.2

A realistic model of outer bacteria membranes was created by the deposition of a
monolayer of purified lipopolysaccharides onto a planar substrate functionalized
with a hydrophobic alkyl silane monolayer. This model system was structurally
characterized using high-energy specular X-ray reflectometry in bulk buffer
solution. The influence of divalent calcium ions on the conformation of the
charged LPS O-sidechains was investigated. The electron density profiles of the
monolayer, reconstructed from the reflectivity measurements in the absence
and presence of Ca2+ ions, indicated that calcium induces a collapse of the
O-sidechains towards the core saccharide region. The same tendency was observed
in MC simulations carried out by collaboration partners, where the simulated
system represented the experimental sample composition. The obtained results

Fig. 6.7 Time-averaged
electron density profiles in
the aqueous region (z [ 0)
calculated from the MC
simulations in the absence
(broken line) and presence
(dashed line) of divalent
cations. The simulations were
carried out by D.A. Pink and
B.E. Quinn
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constitute the first experimental demonstration that divalent cations induce the
conformational changes which were previously suggested to lead to a barrier
against the intrusion of cationic antimicrobial peptides into the outer membranes
of Gram-negative bacteria.

6.3 Concentration Profiles of Monovalent and Divalent
Cations at Bacteria Surfaces

As motivated in Chap.1, the molecular conformation of LPS surfaces and the
resistance of Gram-negative bacteria against antimicrobial peptides are intimately
linked to the distribution of ions. Thus, it can be considered eminently important to
gain information not only on the LPS conformation under various conditions (see
Sect. 6.2), but also on the associated ion distributions. Grazing incidence X-ray
fluorescence (GIXF) allows for the localisation of chemical elements near an
interface. The sensitivity of the method has been recently exploited to resolve the
weak depletion of ions in the vicinity of the water surface [11]. To date, GIXF has
been established for solid-supported thin films [12] and surfactant monolayers at
the air/water interface [13, 14]. If detailed information on the electronic structure
of the system is available, the method can be readily extended to localize elements
in layered organic systems [15]. However, the evanescent X-ray field required for
GIXF measurements can only be established at the air/water interface, which
renders solid-supported model systems inadequate.2 Instead, the model of a
bacteria surface was established by the preparation of an LPS Re monolayer at
the air/water interface (Fig. 6.8) using a Langmuir trough (see Sects. 3.1.2 and
3.2.1.3). This approach, where macroscopic areas of oriented monolayers can be
studied (see Sect. 2.2.1.2), has been widely used to investigate phospholipid
systems. Among many other techniques, X-ray scattering has been shown to have
a large potential to examine the monolayer structure with great detail [8, 16–18].
Here, the LPS Re monolayers at the air/water interface were studied by grazing
incidence X-ray scattering and X-ray fluorescence to examine monolayer structure
and ion distributions in the absence and presence of divalent cations.

6.3.1 Influence of Divalent Cations on Molecular Interactions
in Langmuir Monolayers of LPS Re

Prior to the X-ray experiments, pressure-area isotherms were recorded. Figure 6.8
(right) shows the pressure-area isotherms of LPS Re monolayers on Ca-free NaCl

2 For X-rays, total reflection can only occur if the beam travels from a medium with lower
electron density to a medium with higher electron density (see Sect. 2.2). In contrast to all
commonly used solid substrate materials, the gas phase has a lower electron density than water.
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buffer (blue) and Ca50 NaCl buffer (red) at 20�C. In the presence of calcium, the
onset of pressure increase appears at A & 185 Å2. This value is smaller than that
obtained in the absence of calcium (A & 215 Å2), suggesting that Ca2+ ions
decrease the range of lateral repulsive interactions of the headgroups. On the other
hand, when the monolayer is compressed to a liquid-condensed phase
(A \ 140 Å2), the lateral compressibilities (proportional to the slope of the iso-
therms) on both buffers become comparable, implying that here the area per
molecule of the monolayer is governed by the hard repulsion of hydrocarbon
chains. The plateau-like regimes observed on both buffers can be interpreted as the
coexistence of fluid (liquid-expanded) and solid (liquid-condensed) phases (see
Sect. 2.1.4.1). The shoulder regime appeared at p = 25–30 mN/m in the absence
of calcium, while the corresponding feature is observed at much lower surface
pressure (p = 15 & 20 mN/m) in the presence of calcium. The observed differ-
ences in the isotherms suggest that lateral interactions between LPS molecules are
significantly altered by Ca2+ ions.

6.3.2 Influence of Divalent Cations on Electron Density Profiles
of LPS Re Monolayers

The LPS Re monolayers were studied at 20�C and p = 20 mN/m, a lateral
pressure which reproduces conditions equivalent to those in live bacterial
membranes. According to the isotherms (Fig. 6.8) this corresponds to molecular
areas of about 166 Å2 and 140 Å2 on Ca-free NaCl buffer and on Ca50 NaCl

Fig. 6.8 (Left) Sketch of the studied LPS Re monolayer at the air/water interface. Ions of various
types are indicated with dots of various colors. (Right) Pressure-area isotherms of LPS Re
monolayers on Ca-free NaCl buffer (blue) and Ca50 NaCl buffer (red). X-ray experiments were
carried out at a surface pressure of p = 20 mN/m (horizontal dashed line), where the areas per
molecule are A & 166 Ǻ2 and A & 140 Ǻ2 in the absence and in the presence of calcium,
respectively
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buffer, respectively. In the first step the electron density profiles of the mon-
olayers in the presence and absence of calcium was characterized. To obtain
vertical electron density profiles, GIXOS measurements were carried out (see
Sect. 3.1.2). As described in previous studies [8, 19], a two-slab model
including interfacial roughness (see Sect. 2.2.1.2) was used to fit the measured
GIXOS curves: the first slab represents hydrocarbon chains and the second one
the saccharide headgroups.

Measured GIXOS signals and modeled signals corresponding to the best fitting
parameters are shown in Fig. 6.9 (left panels). The corresponding electron density
profiles and slab models are shown in the right panels of the figure. The model
parameters are summarized in Table 6.5. The obtained electronic structures are in
good agreement with previous structural studies on LPS mutant membranes [1, 8,
20–22]. The generally lower electron densities found on Ca-free NaCl buffer seem
to reflect the larger average molecular area compared to that on Ca50 NaCl buffer
(see Fig. 6.8).

Fig. 6.9 GIXOS signals and reconstructed electron density profile of LPS Re monolayers at a
surface pressure of p = 20 mN/m on Ca-free NaCl buffer (top) and on Ca50 NaCl buffer
(bottom). (Left column) data points from GIXOS experiments (open circles) and best matching
models (solid lines). (Right column) reconstructed electron density profiles (solid curve) and
underlying slab model (black straight lines)
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6.3.3 Ion Concentration Profiles at LPS Re Monolayers

To determine the vertical profiles of monovalent and divalent cations near the LPS
Re monolayers, GIXF measurements were carried out. This provides information
on an absolute scale on the ionic concentration profile normal to the interface.
Together with the known area per molecule, the number of ions enriched per LPS
Re molecule can be quantitatively ‘‘counted’’. In order to fully explore this
potential, the fluorescence signals were theoretically modeled. The taken approach
for the simulation and interpretation of GIXF signals is developed and discussed in
detail in Sect. 4.3. For the calculations, the slab models obtained from GIXOS
experiments were used.3 As motivated in Sect. 4.3, interfacial roughness does not
have to be considered. The difference between the monovalent salts used for the
two techniques (see Sect. 3.1.2) is negligible.4 For the blank buffer a constant ion
concentration was assumed (c0 = 0.1 M for K+, c0 = 0.05 M for Ca2+) starting at
the first interface (i.e., the air/water interface), since the influence of ion depletion
near the water surface [11] was negligibly smaller than the significant

Table 6.5 Best matching model parameters used to represent the GIXOS signals measured with
LPS Re monolayers at a surface pressure of p = 20 mN/m on Ca-free NaCl buffer and Ca50
NaCl buffer

Ca-free NaCl buffer, A = 166 Å2 q [e-/Å3] d [Å] r [Å]

Air 0.00 N/A N/A
Hydrocarbon chains 0.27 12 2.9
Head group 0.51 11 3.8
Water 0.33 N/A 3.6

Ca50 NaCl buffer, A = 140 Å2 q [e-/Å3] d [Å] r [Å]

Air 0.00 N/A N/A
Hydrocarbon chains 0.33 13 3.9
Head group 0.54 11 3.2
Water 0.33 N/A 2.4

3 The LPS Re molecules used for GIXOS experiments on the one hand and for X-ray
fluorescence measurements on the other hand originate from different biological sources (from
the strain F515 of E. coli. and from the strain R595 of Salmonella enterica sv. Minnesota,
respectively, see Sect. 3.1.2). However, the ensuing small deviations of the electron density
profile employed for X-ray fluorescence analysis have no significant influence on the data
interpretation.
4 The number of electrons per LPS Re molecule in the headgroup slab (N = qAd) is at the order
of 1,000, while the numbers of electrons per K+ and Na+ differ only by 8. Considering the number
of excess K+ ions per LPS Re molecule (N = 2.32) observed on Ca-free KCl buffer, the
difference in electron density resulting from the different choice of monovalent salt can be
neglected (\2%). On Ca50 KCl buffer, where there is only a very slight enrichment of
monovalent ions in the headgroup slab, the effect is even weaker.
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accumulation of ions in the presence of LPS monolayers. The excess concentration
profile of cations condensed near the charged LPS Re monolayer was parame-
terized as:

cex zð Þ / cmax � z � exp �z2=2z2
max

� �
;

with a vanishing ion density at the chain/carbohydrate interface, cex(z = 0) = 0,
and the requirement ‘imz??cex(z) = 0. This allows modeling ion distributions that
possess a concentration maximum with a smooth decay to the bulk concentration
with only two free parameters: 1) the concentration maximum cmax and 2) the
z-position zmax of this maximum. Figure 6.10 shows the measured K+ fluorescence
signals from Ca-free KCl buffer without (squares) and with (triangles) an LPS Re
monolayer as a function of qz. For better visibility the two curves are offset by one
order of magnitude. The modeled signals (solid lines) are superimposed to the
experimental data points. X-ray absorption by water was accounted for by using
the absorption coefficient of pure water at the used X-ray energy (8 keV), cor-
rected for the bulk ion concentrations. The effect of fluorescence re-absorption is
small compared to that of the illumination absorption in the given qz-range, and
was thus ignored in the simulations (see Sect. 4.3.2.1). Obviously the global shape
of the experimental curves is well captured by the modeled curves over several
orders of magnitude in intensity. The remaining deviations can be attributed to
non-considered geometrical effects. Therefore, the following interpretation is
based on the buffer-normalized signals (fluorescence signals recorded with LPS
monolayer are divided by the corresponding signals recorded without monolayer).
In this way possible error sources originating from geometrical corrections and
absorption effects are avoided (see Sect. 4.3.2.1).

Figure 6.11 (left panel) shows the measured buffer-normalized K+ fluorescence
signal (open circles) from an LPS Re monolayer on Ca-free KCl buffer. Some
qualitative conclusions can be drawn immediately: The data points are found
significantly above unity for qz-values below the critical angle of total reflection.

Fig. 6.10 Fluorescence
intensity as a function of qz.
Experimental (open symbols)
and modeled (solid lines) K+

fluorescence from an LPS Re
monolayer (triangles) and
from a blank buffer (squares).
For better visibility the two
curves are shifted vertically
in the plot. The qz value
corresponding to the critical
angle of total reflection (qz

c) is
indicated with a vertical
dashed line
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This indicates a surface-near enrichment of K+ ions compared to the blank buffer
(without LPS monolayer). The signal was fitted with the two free parameters cmax

and zmax. For this purpose, zmaxwas varied stepwise while a least-square fit of the
peak concentration cmax was performed for each step. This is shown in Fig. 6.11
(right panel), where the mean square deviation (MSD) of the fit is plotted as a
function of zmax. Best accordance is found for small values of zmax (zmax \ 10 Å),
while for higher zmax values the MSD starts increasing significantly. Regarding the
saccharide headgroup thickness of 11 Å (see Table 6.5), it can be concluded that
the K+ concentration peak is localized within the headgroup region of the LPS Re
monolayer. For comparison, the best fits achieved with zmax = 5 Å (center of the
saccharide slab) and with zmax = 20 Å (outside the saccharide slab) are super-
imposed to the experimental data points in Fig. 6.11 (left panel). Obviously,
zmax = 20 Å is incompatible with the measured signals, while for zmax = 5 Å the
data points are well represented by the modeled signal. In fact, the same model
was used to reproduce the non-normalized K+ fluorescence signals in Fig. 6.10.
For zmax = 5 Å, best accordance is found for cmax & 3 M, corresponding to the
solid blue line in Fig. 6.11 (left). The integrated K+ excess concentration corre-
sponds to a number of about 2.3 K+ ions per LPS Re molecule. Although this
value depends on the exact choice of zmax, it changes only by a few percent within
the determined zmax range (zmax \ 10 Å).

Figure 6.12 shows the measured buffer-normalized K+ (open circles) and Ca2+

(filled circles) fluorescence signals from an LPS Re monolayer on Ca50 KCl
buffer. The Ca2+ fluorescence signal is significantly elevated above unity below
qz

c, indicating a strong enrichment of Ca2+ ions near the LPS Re surface. The Ca2+

data points are well represented by a concentration profile with a maximum at

Fig. 6.11 (Left): Buffer-normalized K+ fluorescence intensity on Ca-free KCl buffer as a
function of qz. Measured data points (open circles) and best matching model signals for
zmax = 5 Å (solid line) and zmax = 20 Å (dashed line). The qz value corresponding to the critical
angle of total reflection (qz

c) is indicated with a vertical dashed line. Vertical error bars were
obtained via Gaussian error propagation from the parameters used to fit the fluorescence spectra.
Horizontal error bars reflect the finite angular resolution. (Right): Mean square deviation (MSD)
of the fit as a function of zmax
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zmax = 5 Å. The corresponding modeled Ca2+ signal (solid red line) is superim-
posed to the data points. Here, a best match is found for cmax & 1.5 M, coinciding
with about 1.05 Ca2+ ions per LPS Re molecule.

Below the critical angle of total reflection, the buffer-normalized K+ fluores-
cence signal is significantly lower in the presence (Fig. 6.12) than in the absence
(Fig. 6.11) of calcium, which clearly demonstrates that monovalent K+ ions are
displaced by the divalent Ca2+ ions near the LPS monolayer. Moreover, below K+

data points below qz
c even fall below unity in the presence of calcium. This appears

to suggest a surface-near depletion of K+ below the bulk concentration, but great
care must be taken while interpreting this effect. For a correct conclusion, quan-
titative modeling of the fluorescence signal is essential. In fact, the K+ signal on
Ca50 KCl buffer (solid blue line in Fig. 6.12) was modeled with a constant K+

concentration profile (c0 = 0.1 M) starting from the chain/saccharide interface.
Obviously the corresponding modeled signal shows the same trend as the exper-
imental data points with a reasonable match within the experimental error.
Accordingly, there are two causes for the weaker K+ fluorescence signal from the
monolayer system compared to the blank buffer below qz

c:

(1) There are no ions within the alkyl chain layer, suppressing the fluorescence
from the first illuminated 13 Å.

(2) To a lesser extent, the higher electron density of the saccharide region com-
pared to water (see Table 6.5) reduces the effective penetration depth of the
evanescent field into the bulk buffer and hence the illuminated volume.

In this light, it can be concluded that neither significant enrichment nor
depletion of K+ near the monolayer in presence of 50 mM CaCl2 is found within

Fig. 6.12 Buffer-normalized K+ (open circles) and Ca2+ (filled circles) fluorescence intensity on
Ca50 KCl buffer as a function of qz. The best matching Ca2+ model signal for zmax = 5 Å is
indicated with a solid line. The solid line superimposed to the K+ data points corresponds to a
constant K+ concentration starting from the chain/saccharide interface. The qz value correspond-
ing to the critical angle of total reflection (qz

c) is indicated with a vertical dashed line. Vertical
error bars were obtained via Gaussian error propagation from the parameters used to fit the
fluorescence spectra. Horizontal error bars reflect the finite angular resolution
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the given accuracy. On the other hand, any substantial contribution of K+ to the
compensation of the negative charge of the LPS Re monolayer can be excluded.
Gouy-Chapman theory [23–25] qualitatively predicts the same tendency in an
analytical continuum description of ion distributions near charged surfaces (see
Sect. 4.2). Another important conclusion of this description is that for large enough
length scales the charge of the interface is completely compensated.5

Because the contribution of Cl- to the charge compensation at the interface is
negligibly small, the surface charge compensation is dominated by K+ in the
absence of Ca2+ ions, whereas it is vastly dominated by Ca2+ ions if they are
present in sufficient amount. This indicates that the effective charge of LPS Re is
Q & -2.3e in the absence and Q & -2.1e in the presence of 50 mM CaCl2,
respectively. If one considers the uncertainty in the area per molecule (*10%), the
net charge per LPS Re molecule predicted from two independent subphase con-
ditions seem to achieve good quantitative agreement.

The charge of LPS molecules at environmental buffer conditions is still
under debate [26]. Hagge et al. [27]. deduced the charge per LPS Re molecule,
Q & -3.6e, from the average molecular structure. However, it is difficult to
determine and predict the degree of ionization of lipids on membrane surfaces solely
from molecular structures, since the deprotonation of the phosphate and carboxyl
groups depends via the local pH on the electric potential at the surface [28, 29].
Generally, the remaining polydispersity of purified biological materials can limit the
accuracy with which the average number of chargeable groups per molecule is
known. In this thesis, a strategy for the precise determination of the actual charge
density of biological surfaces under environmental conditions is shown.

6.3.4 Modeling of Ion Concentration Profiles at LPS Re
Monolayers by Coarse-Grained Monte Carlo Simulations

To simulate the concentration profiles of monovalent and divalent ions near the
LPS Re monolayers, coarse-grained MC simulations were carried out by D.
A. Pink and B. E. Quinn (St Francis Xavier University, Antigonish, Canada). The
simulation volume contained 100 LPS Re molecules based on ‘‘minimal computer
models’’ of LPS Re. The bulk density of monovalent and divalent ions in the
simulation volume was consistent with the experimental buffer conditions
(100 mM KCl and 0 mM or 50 mM CaCl2). Details of the MC simulations are
given elsewhere [8, 10, 16]. The ion density profiles of K+ and Ca2+ predicted by
the MC simulations for the absence and the presence of 50 mM CaCl2 are

5 Beyond these qualitative predictions the continuum description is not employed here.
Especially it should not be used for the microscopic description, as it loses its validity for the high
charge densities and ion strengths at play (see Sect. 4.2). Moreover, this description does not take
the z-extension of the charged saccharides and the volume occupied by the headgroups into
account.
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presented in Fig. 6.13. In the absence of calcium the K+ concentration (dashed
blue line) peaks right at the center of the saccharide slab at around 5 Å from the
chain/saccharide interface, which is consistent with the experimental finding
(zmax \ 10 Å). In the presence of 50 mM CaCl2, the Ca2+ concentration (solid red
line) has a peak at the same position, while the monovalent K+ ions (solid blue
line) are almost completely displaced from the headgroup region. This is in
excellent agreement with the presented experimental observations. Moreover, the
MC simulations fully support the assumption that negative Cl- ions do not sig-
nificantly contribute to the charge compensation, and that the above presented
calculation of effective charge densities is valid.

6.3.5 Summary of Sect. 6.3

A model of the outer bacteria membrane was created by the preparation of a
monolayer of purified rough mutant lipopolysaccharides (LPS Re) on buffers with
and without calcium ions. The electronic structure of the monolayer was charac-
terized using GIXOS. The vertical density profiles of monovalent (K+) and
divalent (Ca2+) cations at the LPS monolayers in the absence and in the presence
of 50 mM Ca2+ were quantitatively investigated using grazing incidence X-ray
fluorescence. In the absence of calcium ions, the K+ concentration peak was
localized in the negatively charged LPS headgroup region. It was found that in
sufficient amount (here 50 mM), divalent Ca2+ ions vastly replace the monovalent
K+ ions from the headgroup region. These observations were found to be in
excellent agreement with the predictions of coarse-grained MC simulations of the
ion density profiles near LPS Re monolayers, which were carried out by collab-
oration partners. Moreover, the vertical integration of the experimentally recon-
structed excess ion density profiles provided the accurate measurement of the
effective charge of the LPS Re molecules in the monolayer.

Fig. 6.13 Ion density
distributions as they result
from the MC simulations
carried out by D.A. Pink and
B.E. Quinn. Dashed line K+

ions in the absence of
calcium. Solid lines Ion
density distributions (K+ and
Ca2+) in the presence of
50 mM CaCl2
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Chapter 7
Conclusions

In this thesis, the structure of membrane-bound saccharides and their influence on
the mechanical properties of membranes were studied using planar membrane
models in combination with various X-ray and neutron scattering techniques.

In the first step, multilayer stacks of glycolipid membranes deposited on solid
substrates were used as well-defined model systems to investigate the influence of
membrane-bound saccharides on the mechanical properties of interacting mem-
branes using specular and off-specular neutron scattering (Sect. 5.1). In order to
quantitatively determine the compression and bending moduli of the interacting
membranes from the experimental reciprocal space maps, a new modeling
approach that accounts for the finite sample size was developed. A cut-off
parameter that defines an integration limit for the calculation of membrane dis-
placement correlation functions allows for comprehensive modeling of the scat-
tering signals from membrane stacks, which is in contrast to previous approaches
based on power-law decays or numerical back-transformations of integrated Bragg
sheet intensities. The experimental results clearly indicated a significant influence
of the saccharide headgroup structure on inter-membrane interactions and mem-
brane mechanics. Furthermore, the glycolipid membranes exhibited a much
weaker swelling than commonly studied phospholipid systems, suggesting an
important role of attractive interactions mediated by the saccharide headgroups in
fine-adjusting inter-membrane contacts.

In order to study specific saccharide–saccharide interactions important in cell
recognition processes, glycolipids with LewisX groups were incorporated into
phospholipid membrane stacks (Sect. 5.2). Specular and off-specular neutron
scattering demonstrated that LewisX forms homophilic pairs that cross-link
adjacent membranes and mechanically rigidify the membrane multilayers. A
numerical calculation of the subtle balance of attractive and repulsive inter-
membrane interactions (Sects. 5.2 and 4.2) yielded a lower limit of the forces and
energies required to cross-link the membranes.
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Based on the results obtained with synthetic model systems, the strategy
established above was further extended to more complex membranes of bacterial
lipopolysaccharides. The mechanical properties of LPS membrane multilayers
were for the first time determined by specular and off-specular neutron scattering
(Sect. 6.1). The experiments showed that the bending rigidities of the LPS mem-
branes (of the order of 1 kBT) are much lower than those of commonly studied
phospholipid membranes. Longer, more flexible saccharide headgroups resulted in
a significantly softer inter-membrane confinement but at the same time with to a
higher membrane bending rigidity. Moreover, the inter-membrane confinement and
the stability of the multilayers were significantly enhanced by calcium ions.

To further investigate the influence of divalent cations on the conformation of
LPS molecules, a realistic model of outer bacteria membranes was created by the
deposition of monolayers of complex and polydisperse lipopolysaccharides
extracted from Pseudomonas aeruginosa PAO1 onto a planar substrate function-
alized with a hydrophobic alkyl silane monolayer. This model system was struc-
turally characterized using specular X-ray reflectometry with high energy
(22 keV) that provides for high transmittance through the bulk buffer solution. For
the first time it was experimentally proven that Ca2+ ions induce a collapse of the
negatively charged LPS O-sidechains towards the core saccharide region
(Sect. 6.2). The conformational change is in excellent agreement with the
predictions of coarse-grained Monte Carlo simulations that postulate a key role of
divalent cations in the defense mechanism of Gram-negative bacteria against
antimicrobial peptides.

In order to determine the amount and location of divalent cations at bacterial
surfaces, grazing-incidence X-ray fluorescence (GIXF) was applied to mutant LPS
monolayers deposited at the air/water interface (Sect. 6.3). For this purpose, a
method for the interpretation of X-ray fluorescence intensities from biological
model systems at the air/water interface was developed (Sect. 4.3). An algorithm
for the calculation of X-ray illumination profiles from a slab model representation
of the studied systems was theoretically derived and the implications of X-ray
absorption were systematically investigated. In the absence of divalent Ca2+ ions, a
concentration peak of the monovalent K+ ions was found in the negatively charged
LPS headgroup region. In the presence of divalent Ca2+ ions, monovalent K+ ions
are displaced from this region. Moreover, the experiments provided the accurate
measurement of the average number of monovalent and divalent cations associated
with one LPS Re molecule.

The results presented in this thesis demonstrate that specular and off-specular
X-ray and neutron scattering from well-defined planar model systems provides
quantitative insight into the structure and mechanics of complex biological
surfaces.
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Chapter 8
Outlook

The presented combination of various X-ray and neutron scattering techniques on
the one hand together with the use of oriented model systems on the other hand
holds much promise for the systematic study of complex biological surfaces.

From a fundamental viewpoint, the shown strategy can be readily extended in
order to study structure, mechanics, and dynamics of a broad variety of biological
surfaces. This will allow for the systematic investigation of biologically highly
relevant processes taking place at cell and bacteria surfaces, such as the mode of
action of membrane-active drugs.

From the application side, the presented approach will for instance enable the
comprehensive out-of-plane and in-plane characterization of wet electrochemical
biosensors, where solid-supported membranes allow integration of biological soft
matter functionality with hard semiconductor or metal devices.

Generally, in order to fully explore the potential of scattering experiments,
modeling the measured scattering signals in DWBA can be used to extract structural
information from the entire range of the recorded reciprocal space maps. This will be
particularly important for the study of samples with weaker scattering length density
contrast and/or weaker structural ordering (such as planar, supported membranes
interacting with soft polymer interlayers), where relevant scattering features may be
only located in the regions that cannot be treated in a kinematic approximation. Such
scattering signals will be even more valuable if they are integrated with real-space
computer simulations of the studied biological surfaces. Continuum-mechanical
models as well as coarse-grained Monte Carlo simulations and atomistic molecular
dynamics simulations provide a valuable estimate for the model parameterization of
the scattering signals. Here, especially multi-scale approaches, where simulations
representing molecular details are utilized to establish a coarse-grained or contin-
uum-mechanical description of the systems, will have a great potential. Conversely,
the computer models themselves can be continuously improved through detailed
comparison with the experimental results.
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