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Chapter 1

Introduction

Biological membranes, which consist of a lipid bilayer, form the boundary of a cell.
These barriers regulate the transfer of molecules and ions between the intra- and extra-
cellular region. While small non-polar molecules are able to penetrate lipid membranes,
other substances require transport systems to pass them. In addition to the exter-
nal separation by the plasma membrane, eukaryotic cells are segmented by intracellular
membranes into individual organelles, such as mitochondria, chloroplasts and lysosomes.
Biological membranes have functions that are essential for life. These include signal ac-
quisition, recognition, further processing and transmission, as well as energy storage,
conversion and biosynthesis. Charge and concentration gradients across the membrane
drive numerous biochemical processes. These complex functions rely on an efficient and
specific composition of a variety of lipids and proteins and a high mobility of these
components. Ion transport or catalysis of reactions are performed by membrane pro-
teins, whilst lipids establish the environment for the binding of substrates, reactions
and diffusion of proteins and their products.

The natural environment of biomembranes is an electrolyte solution and the in-
teraction between ions and lipids influences the properties of membranes. The polar
headgroups of the lipids can directly interact with the ions in solution, which in turn
can affect the electrostatic membrane potential and lipid phase transitions and modify
the dynamics and fusion affinity of the membrane.

Besides the lipid bilayers that organise the cellular environment, there are also films
of lipids and proteins at the alveolar epithelium which allow animal breathing. The
respiratory pulmonary gas exchange takes place across a complex physical barrier. The
so-called lung surfactant facilitates the gas exchange and is essential for the alveolar sta-
bility. Nowadays, the human lung is exposed to various potentially harmful molecules,
such as solvents and volatile substances used in paints, varnishes, plasticisers, deter-
gents and anaesthetic agents. On the other hand, substances such as perfluorocarbons
(PFCs) have promising properties that might support injured lung surfactants. Perflu-
orocarbons are compounds that contain only carbon and fluorine.

In this work the structural response of biomembranes interacting with gases or va-
porised compounds and ions was studied. The investigations aim on a deeper under-

1



Chapter 1. Introduction

standing of supporting and destructive effects of gaseous substances of different shapes
and sizes on the lung surfactant with a particular focus on PFCs and of the role of ions
in membrane processes.

Well-defined models of complex natural membranes are a powerful tool for the inves-
tigation of membrane-associated interfacial phenomena. In this work, lipid monolayers
were applied to mimic the liquid/gas-interface of the alveoli. Solid-supported mem-
branes produced by spin-coating were used in gaseous and aqueous environment as a
model system for the lung surfactant or cellular membranes. Surface-sensitive x-ray scat-
tering techniques, such as x-ray reflectivity (XRR) and grazing-incidence x-ray diffrac-
tion (GIXD) are well-suited techniques for the investigation of membrane-associated
processes and enable to detect changes of the interfacial structure in-situ with sub-
angstrom resolution. By combining the two techniques, insights into the lateral and
vertical structure of lipid systems can be derived and a more comprehensive knowledge
of the interfacial structure can be obtained.

The lung surfactant facilitates the expansion of the alveoli during inhalation and pre-
vents the collapse of the alveoli during exhalation by reduction of the surface tension.
Any impairment or the absence of the lung surfactant can lead to severe respiratory
dysfunction with fatal consequences. There are numerous respiratory diseases in which
the lung surfactant is either absent or inactivated. An unusually high surface tension
of the alveolar lining fluid is related with serious and potentially lethal conditions, such
as acute respiratory distress syndrome (ARDS). In the course of ARDS, protein-rich
oedema fluid leaks into the alveolar air space as a consequence of the increasing per-
meability of the alveolar-capillary barrier and surface-active serum proteins hinder the
adsorption of lung surfactant at the alveolar lining fluid interface. The neonatal res-
piratory distress syndrome (NRDS) is caused by the lack of surfactant of immature
lungs of preterm birth babies. Both respiratory diseases, ARDS and NRDS, share sim-
ilar symptoms with different underlying pathophysiological origins. A variety of lung
surfactant substitutes consisting of purified and enriched lung extracts from porcine or
bovine tissue have proven to be highly beneficial in the treatment of NRDS. For the
clinical condition of ARDS the treatment is more difficult. The efficacy of surfactant
substitutes has shown limited improvement in human clinical trials and the mortality
remains high. It was recognised that the inactivation of surfactant is an essential mech-
anism in ARDS and that the ineffectiveness of exogenous surfactant preparations is a
consequence of this inactivation. Besides the treatment via mechanical ventilation, the
medical therapy options are limited. However, the oxygenation of patients leads to a
series of pathophysiological mechanisms and causes ventilator-induced injuries. Differ-
ent and novel approaches are thus necessary to induce the reversion of lung surfactant
inactivation and to design more efficient substitute preparations that are not affected by
inactivation in ARDS. A promising approach is the ventilation with aerolised and vapor-
ised perfluorocarbons. Sustainable improvement of gas exchange and lung compliance
has already been shown in ARDS animal models. Perfluorocarbons are being studied for
a wide range of biomedical diagnosis and therapy applications because of their unique
biophysical properties, such as low water solubility, biological and chemical inertness,
high gas-dissolving capacity and low surface tensions. In addition, new alternative syn-
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thetic surfactant replacement compositions are needed to minimise the risks associated
with mixtures of animal origin. These have the inherent disadvantage of contamination,
pathogen transmission and immunological reactions, high costs of preparation and pu-
rification as well as quality variation from batch-to-batch. It has already been shown,
that perfluorocarbons have an effect on the phase behaviour of the primarily compo-
nent of the lung surfactant 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
lung surfactant substitutes [1–4]. An incooperation into DPPC monolayers and an inhi-
bition of the formation of a liquid condensed phase was observed. Nevertheless, studies
that investigate the structural response of monolayers to their interaction with perflu-
orocarbons are rare. The studied perfluorocarbons are shown in the figure 1.1. The
perfluoroalkylated substances (PFAS), here perfluorooctyl bromide (F-octyl bromide),
have to be distinguished from the substance class of perfluorocarbons. For simplicity
it is classified here as perfluorocarbon. In this thesis, gaseous perfluorocarbons are de-
noted as gFCs (C3F8, C4F10) and the vaporised compounds as vFCs (F-decalin and
F-octyl bromide).

The examination of the interaction of PFCs with phospholipids may also have im-
plication for further biomedical applications, including those based on the injection of
PFC-containing phospholipid-based microbubble agents and emulsions. These involve
microbubbles for contrast-enhanced ultrasound and emulsions for intravascular oxygen
delivery (artificial blood substitutes), (targeted) drug and gene delivery, use in oph-
thalmology, organ cell preservations, cell aggregation control, molecular imaging and
diagnostics. The majority of commercially available soft-shelled microbubbles are com-
posed of a fluorine gas core, mostly C3F8 and C4F10. F-octyl bromide is dispersed
in water with a suitable emulsifier used for fluorine-19 magnetic resonance imaging
(19F-MRI). In these systems, phospholipids (DMPC and DPPC) form the shells of the
bubbles and droplet walls. The effect of (gaseous) perfluorocarbons on phospholipid-
based interfaces is relevant for the development of stable microbubbles and the design of
perfluorocarbon-phospholipid emulsions. Studies aiming a better understanding of the
interactions of non-polar, non-amphiphilic perfluorocarbons with phospholipid mono-
layers are very scarce and the interaction of the interfacial film composed of DPPC or
other phospholipids with the gas compounds were not considered so far. The implica-
tions of the fluidising properties of PFCs on phospholipid monolayers have also been
poorly considered in the context of medical microbubbles or emulsions.

The second field of research examined in this thesis is the interaction of mono- and
divalent cations with zwitterionic and anionic membrane systems. Metal ions are ubiq-
uitous entities in cell biology. Since present theories cannot explain the large number
of effects involving ions, they are often referred as “ion-specific”. The Hofmeister or
ion-specific effects in biological and biochemical systems are known since Hofmeister
(1888) published a series of salts according to their ability to precipitate proteins from
whole egg white solutions. The ions that occur most frequently in biologically relevant
electrolytes are Na+, Ca2+, Mg2+ and Cl– . Sodium in the form of the Na+ cation
is the most important extracellular electrolyte in terms of quantity. Among the var-
ious ions found in the cell, calcium is especially important. Calcium is necessary for
a proper cell function, since it acts as a second messenger and its binding to mem-
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Chapter 1. Introduction

Figure 1.1: Illustration of the substances studied in interaction with lipid systems. Left:
Presentation of the cations used in this thesis within the Hofmeister scale. The direction of the
arrow indicates an increase. The van der Waals radii of the cations are shown. Right: Polarity
scale with the relative positions of water, hydrocarbon (HC) and perfluorocarbons (PFCs).
Cavity building due to less cohesive energy and resulting high oxygen solubility of PFC. Water,
a high cohesive material due to the hydrogen bonds, is a poor oxygen solvent. F-octyl bromide
and F-decalin are reversed on the oxygen solubility scale. The molecules are represented in
the space-filling model. Inset, bottom right: Semifluorinated alkane molecule C6F13C8H17 to
emphasise the differences between fluorocarbon and hydrocarbon chains with different cross-
sectional areas. The cations and molecules were visualised using Jmol [5, 6] and ChemDraw
(Chem3D).

branes regulates membrane fusion events, endozytosis and protein signalling. There
is convincing evidence, that ions interact in a very specific way with membrane lipids.
However, the molecular details of the binding, the adsorption sites and binding affinities,
especially of sodium cations to zwitterionic phospholipid bilayer membranes, are highly
under debate. Currently, there is also a lack of consistency in the literature regarding
the binding stoichiometry (Ca2+:lipid) and adsorption sites of the calcium binding to
membranes. Despite the multitude of experimental and theoretical studies on the inter-
action of biological important cations with phospholipid bilayers, there is no consensus
in the scientific literature. In order to shed more light on the structural influence of
the binding of biological important cations to membranes, XRR measurements were
conducted. Besides the physiologically important cations, lithium and caesium were
studied at solid-supported DMPC bilayers. Lithium and caesium have pharmacological
potential and medical significance. Lithium is strongly hydrated and exhibits a high
affinity to zwitterionic membranes. It acts like a polyvalent ion. In contrast, caesium

4



is weakly hydrated and is known to behave as a hydrophobic ion in contact with mem-
branes. The binding patterns of the cations are not entirely known. The physical origin
for diverse effects of ions on lipid bilayers is not well understood.

This thesis is organised in the following way. The first part (chapters 2-4) of this
work describes the biological and scientific background, the theoretical basics of the ap-
plied surface-sensitive x-ray scattering and diffraction techniques and the experimental
procedures, while the second part of this thesis (chapters 5-7) is focused on the results
and interpretation of the different studies performed in this work.

Chapter 2 provides a description of the biological background. Section 2.1 deals
with the lipid classes and phase behaviour of biological and biomimetic membranes
as well as the specification of the used model membrane systems, Langmuir films and
solid-supported bilayers. The section 2.2 explains the lung surfactant complex and the
diseases associated with its absence and inactivation. The unique properties of perfluo-
rocarbons are also explained in this section. The chapter also contains information on
the Hofmeister series and the cellular cationic environment as well as the current state of
research on the cation/membrane-interaction. Finally, the chapter is closed by the brief
description of protein chemistry in section 2.4, where the basics of protein structure,
folding and adsorption are presented.

The description of the theoretical background of the utilised x-ray scattering meth-
ods is summarised in chapter 3. The experimental procedures used in this work are
given in chapter 4. A brief explanation of the beamline end-stations as well as data
treatment is given.

Chapter 5 presents the results of the surface/gas-interaction studies. The first sec-
tion 5.1 discusses the liquid/gas-interfaces. Subsection 5.1.2 deals with the response of
Langmuir films to elevated gas pressures and vaporised F-octyl bromide and F-decalin
at varying lipid surface coverage. The influence of fluorine gas molecules and vaporised
perfluorocarbons on the lateral structure of DPPA Langmuir films were examined by
means of GIXD to obtain additional information on the adsorption sites and influence
on the crystalline lipid film phases. The results are presented in subsection 5.1.3. Gas
pressure-dependent measurements of the surface tension with different initial surface
pressures of the DPPC- and DPPA-films provide further evidence of the co-surfactant
ability and insertion of molecules from the gas phase into the Langmuir films. The chap-
ter carries on with the studies of the influence of gas molecules on solid-supported lipid
mono- and multilayers. The subsequent and last section 5.3 of the chapter deals with
protein-containing systems at liquid/gas-interfaces. Two well-known model proteins,
lysozyme and bovine serum albumin (BSA) were selected for adsorption studies. The
influence of gaseous and vaporised perfluorocarbons on the protein adsorption behaviour
was investigated at a DPPA-film and at the water/gas-interface.

The study of the interaction of cations within the Hofmeister series and model
membranes is summarised in chapter 6. The first section presents the results of the
influence of mono- and divalent cations, namely sodium and calcium cations, on DPPC
and DPPA Langmuir films. The section is closed by the study of the BSA adsorption
in dependence of the pH-value and magnesium chloride addition at DPPA-films. The
electrostatic interaction strength between the surface and proteins can be enhanced or
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Chapter 1. Introduction

suppressed by variation of the pH-value and the ionic strength of the solution. The re-
sults concerning the interaction between mono- and divalent cations and solid-supported
DMPC bilayers are afterwards presented in section 6.2.

Chapter 7 summarises the results obtained in this thesis and gives an outlook for
future studies in the considered research fields, cation/membrane-interactions and the
influence of perfluorocarbon compounds on biological lipid systems.
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Chapter 2

Biological and scientific
background

This chapter summarises biological and scientific background information. The chapter
is subdivided into four sections. At first, section 2.1 introduces biological membranes
and model membranes with regard to lipid classes and the phase behaviour of lipid bi-
layers. A particular focus lies on Langmuir films and solid-supported bilayers. Section
2.2 provides information on the lung surfactant, perfluorocarbons and gas adsorption at
interfaces. On this bases, the current state of research concerning the potential of perflu-
orocarbons for the treatment of lung diseases is discussed. In section 2.3 the Hofmeister
series, the role of ions in the cellular environment and specific effects of cations on mem-
branes are addressed. The last section 2.4 briefly summarises basics about design and
structure of proteins. Subsequently, thermodynamic and kinetic aspects of proteins ad-
sorption at interfaces are described. Finally, the relevance of model proteins in research
is outlined and the model proteins which were applied in the framework of this thesis
are introduced.

2.1 Biological and biomimetic model membranes

Lipids are the structure-making building blocks of membranes in living organisms. Lipid
research has become an increasingly important field, due to the diverse biological roles
that lipids play in cell biology, physiology and pathophysiology. Lipid biology, in the
context of genomics and proteomics, the lipodomics a branch of metabolomics, deals
with the comprehensive analysis of lipid molecules for the understanding of cell biol-
ogy and pathology [7, 8]. Lipids exhibit a remarkable structural diversity driven by a
number of different molecular transformations, such as variable chain length, different
headgroups and connections between head- and tailgroups, as well as a variety of ox-
idative, reductive, substitutive and ring-forming biochemical transitions or modification
with sugar residues [9]. The intrinsic physical phase behaviour of lipids and their inter-
actions with membrane proteins are created through their unique composition. A higher
eukaryotic cell allows the existence of more than 1000 different lipid species [10–12].
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Chapter 2. Biological and scientific background

The membranes of Gram-positive and Gram-negative bacteria differ in composition
and significantly in the structure from mammalian cell membranes [13, 14]. For infor-
mation on Gram-positive, Gram-negative bacterial membranes and archaea membrane
lipids please refer to the literature [14–19]. Further information and differences in mem-
brane structure between animal, bacteria and yeast cells as well as lipid diversity and
functions can be found in Dowhan et al. [20, 21]. This paragraph focuses on eukaryotic
animal cell membranes1.

Lipids fulfil three general functions: First, they are used as efficient energy storage
and source (lipid droplets) [25] and for the membrane biogenesis. Second, they act as
first and second messenger in signal transduction and signal acquisition, further pro-
cessing and signal transmission [12, 26, 27]. Recent studies show a regulatory function
of lipids due to their ability to modulate proteins by specific lipid/protein-interactions
or via membrane-mediated interactions [28–30]. Third, the matrix of cellular mem-
branes is formed by lipids, which consists of a hydrophilic and hydrophobic region. The
tendency of hydrophobic moieties to aggregate and self-associate in an aqueous environ-
ment due to the hydrophobic effect and the tendency of hydrophilic moieties to interact
with water and each other is the physical basis for spontaneous membrane formation.
The amphiphathy of lipids enabled the first cells to segregate their internal constituents
from the external environment. The same principle allows the cell to produce discrete
organelles, such as mitochondria and nucleus (double bilayer), endoplasmic reticulum,
golgi apparatus and lysosomes [12]. This compartmentalisation provides biochemical
efficiency and limited dissemination of reaction products within the cell.

Typically, biological membranes are organised as bilayers that consist of two opposite
leaflets of lipids orienting their hydrophobic moieties towards each other [31]. The first
protein containing “semi-permeable” membrane was introduced by Danielli and Davson
with data from 1935 as the sandwich model [32]. The bilayer structure was soon verified
by electron microscopic images. The two dark lines that enclosed a cell and also cell
compartments in these images led Robertson in 1958 to formulate the unit membrane
model [33]. The famous asymmetric model of the organisation of a biological membrane
was developed in 1972 by Singer and Nicholson and is called the fluid mosaic model [34].
The model was refined in terms of molecular composition and structural organisation
[35–37]. An important step towards an improved understanding of biological membranes
was the discovery of tightly packed aggregates, so-called lipid rafts [38–41].

These about 50 - 70 nm large microdomains exhibit an increased concentration of
sphingolipids and cholesterol and are characterised by high rigidity and order [12, 44–
47]. The function and exact physiological relevance of lipid rafts is controversially dis-
cussed in literature. It is assumed that they play a decisive role, especially in protein
induced signal transduction processes, membrane transport and protein sorting [48–52].
A schematic illustration of a biomembrane, more precisely a plasma membrane, is shown
in figure 2.1.

1One should keep in mind that due to the endosymbiotic theory [22–24], the lipids produced in
mitochondia have “bacterial origin”: some glycerophospholipids (PS, PE, PG) and CL. The organelle
also harbours the bacterial enzyme PS-decarboxylase (half of the cellular PE is synthesised here).

8
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Figure 2.1: Schematic representation of a cell (top) and a cell membrane (center) illustrating
the lipid asymmetry as well as microdomains. The membrane components are very dynamically
and heterogeneously organised in the membrane plane. More or less ordered, sub-micrometer
lipid/protein hot-spots (lipid rafts) coexist with fluid regions. Molecular structure and space-
filling model with polar head- and hydrophobic tailgroup of the phosphatidylcholine DPPC
(bottom center) with different polar headgroup alcohols (bottom right). The blue highlighted
OH groups are able to bind to the phosphate moiety. The phosphoric acid binds to the sn-3
position of the glycerol backbone yielding a phosphatidic acid. Furthermore, the alkyl chains can
vary in length, saturation and branching. Membrane lipids exhibit a cylindrical shape (bottom
left) [12, 42, 43].
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Chapter 2. Biological and scientific background

The plasma membrane contains transport systems to control the uptake and release
of specific molecules by the cell. The transport systems are the basis of the selective
permeability of the plasma membrane which is their key feature. Smaller non-polar
molecules can penetrate the membrane without any further transport system. Apart
from the barrier and separation function, membranes have additional biological roles
that are essential for the function of a cell, e.g., signalling, transport function (budding,
tubulation, fission and fusion) and biosynthesis. These properties are essential for cell
division, biological reproduction and intracellular membrane trafficking. Proteins are
responsible for most biological processes that takes place at or in the near of membranes
and can be regulated via lipid interactions.

The membrane is an asymmetric multicomponent structure and is build up of a
number of different amphiphilic molecules, proteins and carbohydrates [53]. The weight
ratio of proteins and lipids varies depending on the function of the membrane and is
between 1:4 and 4:1 [54, 55]. For example, in the nervous system the myelin sheath
which is a multilayered membrane structure that covers axons and is necessary for
optimal saltatory signal conductivity [56–58], contains 79 % lipids and 18 % proteins.
The ratio can also vary within a membrane, e.g., the inner mitochondrial membrane
exhibits a protein/lipid ration of 32, whereas the outer membrane of mitochondria only
displays a ration of 1.1 [53, 59]. Many integral membrane proteins span the entire
lipid bilayer, some are only partially inserted into the membrane via e.g. lipid anchors
[60, 61]. Integral membrane proteins are involved in numerous biological processes
from signalling to transport [62–65]. Peripheral membrane proteins are bound to the
membrane by electrostatic interactions and hydrogen bonds, also to be seen in the
schematic representation in figure 2.1.

The three main groups of lipids found in mammalian membranes are glycerophospho-
lipids (65 mol%), shingolipids (phospho- and glycosphingolipids, ∼ 10 mol%) and sterols2

(∼ 25 mol%) [34, 41, 68, 69]. Glycerophospholipids, abbreviated as phospholipids, con-
sist of a semi-polar glycerol unit. These are esterified at the sn-1 and sn-2 position at
two hydroxyl groups with fatty acid chains, resulting in a diacylglycerol. The fatty acid
chains can be saturated or cis-unsaturated hydrocarbons of different lengths. The third
carbon atom (sn-3) connects the polar phospholipid headgroup, which is composed of
the phosphate group and an alcohol residue (see also figure 2.1). With the different
headgroups, the phospholipids found in eukaryotic cells and their membranes can be di-
vided into phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylser-
ine (PS), phosphatidylinositol (PI) and phosphatidic acid (PA) [12, 70]. Phosphatidyl-
glycerol (PG) is highly abundant in the monolayer structure of the lung surfactant at
the alveolus/air-interface [71] and in the inner leaflet of mitochondria [72]. The (semi-)
hydrophobic region of the lipid molecules is the diacylglycerol. The polar headgroups
can be zwitterionic or negatively charged. The phospholipids PG, PS, PI, and PA rep-
resent negatively charged lipids. PC and PE have a neutral net charge due to their
zwitterionic nature. The proportion and distribution of charged lipids in both leaflets

2Cholesterol, the main sterol in mammalian cells, is often equimolar with phospholipids in many
membranes,e.g. in erythrocytes [66, 67]. It does not form membranes by itself.
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can induce a surface potential and can dramatically affect biological processes [73–77].
The cylindrical shaped phosphatidylcholines are the most abundant lipids in eu-

karyotic membranes with more than 50 mol% and spontanously self-organise as planar
bilayers [12, 47, 68, 78]. Phosphatidyletholamines occur in concentration of 20 mol% in
most membranes and is crucial for budding, fission and fusion as they induce curvature
stress onto the bilayer [47, 79]. The curvature stress exerted by PEs and PAs can be
modulated due to the interaction with divalent cations [12, 73].

In this thesis the prototypical PCs [12, 80] DPPC (di-palmitoyl PC, 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine) and DMPC (di-myristoyl PC, 1,2-dimyristoyl-sn-glycero-
3-phosphocholine) are investigated.

The phospholipid DMPC is commonly used for monolayer studies, primarily be-
cause of its phase transition properties at physiologically relevant temperatures. It is
further very well-suited for the use in lipid bilayer studies and preparations of stable
solid-supported multilayer systems [81–84]. The di-palmitoyl phospholipid DPPC is
the major lipid present in lung surfactant and is used to reconstruct the alveolus/air-
interface. This is further discussed in section 2.2. Furthermore, the negatively charged
lipid DPPA (1,2-dipalmitoyl-sn-glycero-3-phosphate) was chosen to mimic the anionic
portion of the lung surfactant and study the interaction of salt solutions with anionic in-
terfaces. Phosphatidic acid is the key intermediate in the biosynthesis of main membrane
phospholipids and triglycerides [85] and occurs in eukaryotic cells in minor proportions
(1 - 2 mol % [86]). However, it plays an important role in membrane dynamics, e.g. the
fission and fusion [20, 87–90], and has an unique signalling function [91–93]. The sig-
nalling seems to be pH-value dependent [94, 95]. PA affects lipid-gated ion channels, for
example the TREK-1 potassium channels through a putative site in the transmembrane
domain [96, 97]. Furthermore, PA recruits cytosolic proteins to appropriate membranes
[98]. PA can directly influence the activity of protein kinases. For example, the protein
kinase C-ζ can only be activated in the absence of PA and protein kinase C-α can only
be stimulated by PA in the presence of calcium [98, 99]. PA can be found in the outer
leaflet of the human erythrocyte membrane [100]. Relatively new published reviews
gives a comprehensive overview on the biochemical properties and functions of DPPA
[20, 90, 101–107].

Since DPPA has unique biophysical properties resulting from its molecular shape
and negative headgroup, it can exist in the non-bilayer and bilayer phase, depending on
the microenvironment [20, 102] (pH-value and ionic strength) [89, 108]. Furthermore,
by cations a phase separation [109, 110] and domain building [111–113] of DPPA/DPPC
mixed and DPPA containing membranes can be induced.

In contrast to glycerophospholipids, sphingolipids constitute of a hydrophobic ce-
ramide (Cer) backbone consisting of a sphingoid base which is linked to a fatty acid.
In eukaryotes, the most frequently represented subcategory of this lipid class are sphin-
gomyelins (SMs) and glycosphingolipids (GSLs). These contain mono-, di- or oligosac-
charides as headgroup based on glucosylceramide (GlcCer) and sometimes galactosyl-
ceramide (GalCer) [12, 114]. Sphingolipids may also contain different saturated or un-
saturated hydrocarbon chains [115]. The cholesterol (chol) content in cell membranes
varies according to the membrane under consideration. In the plasma membrane it is
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Figure 2.2: Calotte model represen-
tation of common membrane lipids of
eukaryotic cells. Unsaturated phos-
phatidylcholine (PC) fluidises mem-
branes, phosphatidylethanolamine
(PE) creates stress in the bilayer
and a negative curvature of the PE
containing monolayer due to the small
headgroup. Sphingomyelin (SM) leads
to more ordered, rigid membrane
systems, but is fluidised by cholesterol
(chol), which has a high affinity for
the fatty acid region of SM due to
its flat structure. Modified from van
Meer (2005) [47].

about 20 to 50 %, on the contrary, in the membranes of the organelles less than 10 %.
The major lipids in animal cells are shown in figure 2.2. In a review of van Meer et

al. (2008) the lipid metabolism, composition and distribution of lipids in mammalian
and yeast cells are given [12]. A lipid map of the mammalian cell can be found in
van Meer and de Kroon (2011), describing the different lipid content of organelle mem-
branes, lipid localisations and dynamics [68]. The lipid composition of membranes from
diverse mammalian sources may vary, examples can be found in [30, 116–118]. The
variation in lipid composition between different cells of one mammalian organism, as
well as the organelles of the same cell, even the two leaflets of a bilayer may have a
variable composition [12, 68]. This results in an asymmetrical distribution of the lipids
in the membrane [119–121]. Mitochondria contain a high proportion of charged lipids,
mainly cardiolipin, an organelle-specific lipid and very few sphingolipids [122], while
plasma membranes are high in cholesterol and sphingolipids content. As example for
the asymmetry of the leaflets, the outer leaflet (luminal side) of mammalian plasma
membranes contains predominantly phosphatidylcholine and sphingomyelin as well as
GSLs, whereas the aminophospholipids PS and PE are actively concentrated in the
cytosolic leaflet [68, 123].

The properties of functional membranes, e.g. organisation and curvature are not en-
coded in the genome, they are direct consequences of the chemical structure and of the
collective self-aggregation processes. Depending on their structure and microenviron-
ment membrane lipids can arrange in various phases, such as lamellar phases, micellar
aggregates and non-lamellar mesomorphic phases of different topology [124]. This is
also known as lyothrophic mesomorphism or lipid polymorphism [42, 125–127]. This
supramolecular phase organisation is driven by the shape of the lipids and external
variables such as water content, temperature, pressure and aqueous phase compositions
(pH, ionic strength). The structure is commonly predicted by the surfactant packing
parameter3 p = v/la [128–131]. Here, v is the volume of a single lipid molecule, a is

3In model systems the parameter p works very reasonably, but should be applied with great care in
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Figure 2.3: Transbilayer structure
(left) and schematic illustration of the
lateral pressure profile Π(z). The
repulsive forces between the head-
groups and between the fatty acid
chains generate positive contributions
to the pressure profile. These are
compensated by the interfacial ten-
sion forces which act at the fluid
hydrocarbon/water-interface due to
the exposure of the lipid chains to wa-
ter. The area below the lateral pres-
sure profile curve becomes zero.

the cross-sectional area of the headgroup and l is the maximum (critical) length of the
hydrocarbon chain, see also figure 2.1. It predicts in a simple manner the conditions
for, e.g., micelles (p 6 1/3) and planar bilayers (p ≈ 1). A transition between the
interrelated different types of aggregates and phases is possible and occurs via different
types of phase transitions [132–134]. Non-bilayer lipid phases, like cubic or hexagonal
phases may be related to transient biomembrane events (fussion, budding, fission) [12,
135, 136]. The forces for the self-assembly process and the organisation are weak. The
organisation of the structures reflects the lipid packing at the lowest free energy needed
to balance the repulsive headgroup interactions and the hydrophobic chain effects [137,
138]. The driving force is the exclusion of water molecules, the so-called “hydrophobic
effect” [139–142].

Lipids with two chains and a cylindrical shape are likely to form bilayers, for exam-
ple the phospholipids DPPC and DMPC. Figure 2.3 shows the transversal structure of a
lipid bilayer with the so-called lateral pressure profile on the right. The shape of the lat-
eral pressure profile is highly non-trivial. It is composed of a microscopic tension at the
interface between the hydrophilic and hydrophobic region due to attractive hydrophobic
forces, a positive chain pressure which arises from the entropic interchain repulsion of
the fatty acid chains, and a weakly positive contribution from the hydrophilic headgroup
region [79, 131, 134, 137, 142, 143]. The incorporation of proteins [79, 144] as well as
their conformation [130, 143] and activity [145] can be influenced by the pressure pro-
file, curvature and lipid composition. Furthermore, the linkage with the cytoskeleton
plays an important role for the lateral pressure of biological membranes [146, 147]. As a
domain-forming lipid, cholesterol also contributes significantly to membrane properties
[146, 148, 149].

In its function as a separating layer between two media of different composition, es-
pecially concerning the ion concentrations, the natural membrane plays a decisive role
for the electrostatic and electrodynamic processes in and around cells. In addition to
mechanical properties such as lateral pressure, these functional membranes also have

in-vivo systems.
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electrical properties that determine their function as a barrier between the internal and
external medium. Due to the hydrophobic fatty acid region, the passage of hydrated ions
requires considerable high energy. Therefore a membrane is a very good isolator and in
the hydrophobic region the ion concentration is negligible [150, 151]. For smooth muscle
cells, for example, Tomita (1966) determined membrane resistance densities of 109

Ω cm2

[152], for model membranes, however, values up to maximal 104
Ω cm2 were found [151].

As a charge-separating element especially the hydrophobic area has a capacity. Fetti-
place et al. (1971) compare the specific capacity of cells with model membranes. They
described values of around 1 μF/cm2 for cell membranes and only 0.5 μF/cm2 for the
model membranes [153]. The inner membrane potential is explained in [154, 155]. Cevc
(1999) summarised electrostatic models and the influence of the interfacial structure on
the thermodynamics of charged membranes [156]. Furthermore, it provides information
about ion binding effects on membranes. In section 2.3.3 the electrical double layer as
atomistic model for the interaction of cations with lipid membranes will be explained
in further detail.

The permeation of uncharged molecules and ions between intra- and extracellular
region, which is necessary to maintain the vital cell functions, is controlled by the mem-
brane. Even model membranes composed exclusively of lipids are permeable to a limited
extent for molecules and even for ions and protons. This is called simple diffusion. It
is attributed to transient defects that allow the molecules to enter the headgroup of
lipids. From there they can diffuse through the hydrophobic region [157, 158]. Bi-
ological membranes allow different molecules to pass through by active and passive
transport mechanisms facilitated by specific proteins. Passive transport mechanisms
include highly specific transport mediated by carrier proteins and channel-mediated
diffusion. If the transport is directed against a concentration gradient, energy in the
form of adenosintriphosphat (ATP) is necessary (active transport).

Many physiological processes, such as transport and signal transduction at the mem-
brane depend on its fluidity. The degree of fluidity of a membrane is a function of the
lipid chain length and the ratio of saturation of the lipids and also the cholesterol con-
tent [55, 159]. Depending on their composition and the environmental conditions, such
as temperature, pH-value, ionic strength and pressure, different lamellar phases can
dominate in biomembranes. The fluid or liquid-crystalline phase has the highest lateral
diffusion coefficient and associated mobility of the lipids. By increasing the concentra-
tion of cis-unsaturated alkyl chains or cholesterol, the biological membrane adapt to
changing environmental conditions without losing its physiological functionality. The
main transition temperature from the gel-to-fluid phase thus depends sensitively on the
environment and the lipid composition. The most common lipid bilayer phases in the
order of their occurrence upon increasing the temperature are the crystalline or subgel
phase Lc, a gel phase with tilted chains L

β
′ , the ripple gel phase P

β
′ and the liquid crys-

talline phase Lα, see also figure 2.4. This is the so-called thermotrophic mesomorphism
(thermotrophic phase transitions) [160]. It should be noted that the nomenclature is
not uniform in literature. Within this thesis, the nomenclature introduced by Luzzati
is applied [125]. The phase transitions are first order phase transitions.

For the understanding of the interaction of different molecules with membranes on
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Liquid-crystalline phase - LαRipple gel phase - Pβ′

Gel phase, tilted chains - Lβ′Subgel phase- Lc
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Tp

Main transition
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Figure 2.4: The thermotropic lamellar lipid membrane phases. Lamellar states in which the
headgroups form parallel layers are indicated by L. An undulating super structure is marked
with P. The phases are designated by the indices, where α describes the liquid-crystalline phase,
β gel-like phases and c the solid-crystalline subgel phase. The main phase transition takes
place at Tm. For some lipids there is a preliminary transition to the intermediate phase Pβ′ at
the pretransition temperature Tp. Ts is the subtransition temperature where the subgel phase
transforms into gel phases.

the molecular level the state of the mimicked membrane is relevant. The crystalline Lc
phase is characterised by a crystalline arrangement of the hydrocarbon chains, whereby
the free rotation of the lipids is restricted. The molecules are highly ordered and tightly
packed in a hexagonal lattice with a spacing of roughly 0.4 nm in all-trans configuration
[161]. The lateral lipid diffusion is substantially reduced and the headgroups exhibit a
low hydration level. Upon heating, the Lc phase transforms into a lamellar gel phase Lβ
or L

β
′4 at the subtransition temperature Ts. At high chemical heterogeneity of the fatty

acid chains and low hydration, in the Lβ phase the chains align perpendicular to the
membrane surface without tilting [162]. The molecular area is increased but the lateral
mobility of the lipids is still reduced. The hydrocarbon chains are rigid, extended, and
in all-trans conformation and have some rotational freedom along their chain axis. The
phase is organised on a two-dimensional triangular lattice. PE membranes have no chain
tilt, whereas PCs exhibit tilt angles about 30◦ [133]. With further heating, the gel phase
Lβ undergoes a melting transition into the liquid-crytalline phase Lα at the main phase
transition temperature. The gel to liquid-crystalline (Lβ → Lα) phase transition is also
referred to as (chain-)melting transition. This phase transition is the most important
event in the lipid bilayers, which occurs with a large enthalpy change. It is associated
with a rotameric disorder of hydrocarbon chains, increased headgroup hydration and
increased intermolecular entropy [163]. The energy required to expand the hydrocarbon

4The nomenclature of the two forms is not uniform in the literature. The version without tilting is
partly called Lβ phase and the one with tilting is called Lβ′ phase. However, it is common to subsume
both under the generic term Lβ, which is also done in this work.
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chain region against attractive van der Waals interactions and to increase the bilayer
area (increased hydrophobic exposure at the polar-apolar interface) contributes to the
large transition enthalpy change [163, 164]. The rates and amplitudes of intra- and
intermolecular motion are greatly increased, the phase is characterised by a high mobility
of the hydrocarbon chains due to the formation of gauche isomers [165].

The chain melting process within a membrane is a cooperative process. The ripple
gel phase P

β
′ is a stable intermediate between the tilted gel phase L

β
′ and the liquid-

crystalline phase Lα. If this phase is omitted, the Lα phase is formed directly at Tm.
The ripple phase is constituted by undulation of the L

β
′ phase and is accompanied

by a certain loss of liquid crystalline order [166]. The periodicity of the undulations is
typically around 15 - 30 nm [133]. Because of the formation of rotational isomers and the
resulting reduced chain length, the thickness of the lipid bilayer in the Lα phase is lower
than in the gel phases and the occupied area increases [132, 167]. The bilayer thickness
is a characteristic parameter which is directly accessible in x-ray reflectivity studies.
The model membranes can be designed in such a way that a physiologically relevant
state is represented in order to draw conclusions about possible in-vivo processes. The
phases and phase transitions for lipid monolayers are described in the next subsection
2.1.1.

Through the development of surface-sensitive x-ray scattering techniques, such as x-
ray reflectivity and grazing-incidence x-ray diffraction, studies at various (solid/liquid-,
liquid/liquid- and liquid/gas-) interfaces are possible in order to investigate membranes
in their fluid phase in or on the surface of liquid media. The phase diagram of several
lipids have already been published [133, 168–173]. An extensive review of structural
parameter data of fully hydrated bilayers is given by Nagle (2000, 2001) [167, 174] and
Tristram Nagle (2004) [175]. Information covering all aspects of the physical properties
of lipid bilayers can be found in Phospholipid bilayers by Cevc and Marsh (1987) [176]
and in the CRC Handbook of Lipid Bilayers (Marsh, 1990) [177].

Diffusion coefficients are used to characterise the dynamics within a lipid layer. The
lateral diffusion coefficient DL of a lipid molecule can range from 10−7 to 10−8 cm2 s−1

in a fluid membrane phase and from 10−8 to 10−9 cm2 s−1 in more ordered membrane
structures [178–181]. Concerning rotational movements, two forms are distinguished:
axial rotation around tilted lipid axis and the fluctuating rotation perpendicular to the
membrane axis (wobble rotation). Values of 107 s−1 for the axial rotation frequency
of membrane lipids and 108 s−1 for the wobble rotation are assumed [182, 183]. The
transversal diffusion, i.e. the spontaneous flipping of a lipid molecule from one side of
the membrane to the other, the so-called flip-flop mechanism, is very slow with time
constants of several minutes or even days (10−15 s−1) [142, 184–186]. Nevertheless, some
membrane components, like ceramide, diacylglycerol and cholesterol can flip-flop very
fast since their effective polar headgroup area is very small. For instance cholesterol is
only limited by one hydroxyl group [187–191]. In addition to the spontaneous flip-flop
process, there are translocation enzymes that can move phospholipids actively through
the membrane and thus maintain the asymmetry of the membrane [184, 192–195].

Even if only the lipid species of the cell membrane and its organelles are considered,
the diversity and heterogeneity is very high and it will not be possible or very compli-
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Figure 2.5: Schematic illustration of different model membranes. Top: Solid-supported lipid
layer systems. Center: Langmuir trough with a Langmuir film, Wilhelmy balance and plate
for measuring the surface pressure and surface barrier for compressing the lipid film. Bottom:
Different liposome-derived systems, MLV: multilamellar, LUV: large unilamellar and SUV: small
unilamellar vesicles and micelles can be filled or modified. These structures can be used for
immobilization as well as for the investigation of surface recognition reactions and deposition
on a substrate to create supported lipid layers or for the study in solution.

cated to generate meaningful results with experimental methods that can be interpreted.
Even for single lipid model systems with a defined composition it can be difficult to un-
derstand the interaction of all factors leading to structural changes. Therefore, it is
necessary to reduce and simplify the diversity of natural occurring biological systems to
simple lipid model systems and extend the experiments in the further steps.

Figure 2.5 shows various schematic representations of the frequently used model
systems. References [180, 196–201] review some commonly used systems. In this the-
sis substrate-bound lipid membranes on silicon substrates as well as the well-known
Langmuir films were used as biomimicking model membranes for the investigation of
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interactions with different cations and gases and in the interplay with proteins at the
molecular level.

The coupling of lipid membranes to a surface offers a number of advantages. These
include a high stability, the possibility to study membrane topology and also lateral
properties when the mobility of individual lipids can be preserved [202] and the appli-
cability of surface-sensitive techniques [196, 203]. In most cases the membrane is only
accessible from one side and fluidity and phase behaviour are altered by interactions
with the substrate compared to the natural situation [204–206]. Fluidity and phase be-
haviour are also significantly regulated by the coupling to the cytoskeleton, which none
of these model systems can reproduce adequately [207]. However, the directly coupled or
so-called integrated [199] solid-supported bilayer systems were chosen because they offer
high mechanical stability and can be reliably reproduced with a sufficient homogeneous
morphology.

2.1.1 Langmuir films

In order to investigate adsorption processes at membranes in-vitro with surface-sensitive
methods, reproducible and representative membrane models should be applied. A tech-
nique more than 100 years old for the generation and analysis of molecular lipid mono-
layers is the use of Langmuir films [208–211]. This subsection first introduces the mecha-
nisms that lead to the formation of Langmuir films. A brief explanation of the structural
phase transitions with regard to the surface pressure-area isotherm of Langmuir films
closes the subsection.

Liquid/gas-interfaces play an important role for the human organism, such as the
alveolus/gas-interface, where the gas exchange takes place, or the tear film on the eye for
maintaining a healthy ocular surface. To fulfil their function, these interfaces are covered
with so-called “surfactant” (surface-active agent). Langmuir films are particularly
suitable for studying the processes at the alveolar tissue/- or eye fluid/air-interface
because they perfectly simulate the structure and conditions of these systems.

By definition, a Langmuir film is a monomolecular layer of amphiphilic molecules
which are oriented at a hydrophobic interface, e.g. the water/air-interface. Basic
requirement is that the film-forming component is poorly soluble in the subphase.
The hydrophobic effect essentially determines the formed structures of the amphiphilic
molecules in bulk water. At sufficiently low concentrations of amphiphilic molecules,
however, the formation of a monolayer is preferred at the water/air-interface. Espe-
cially phospholipids do not form micelles due to their two bulky fatty acid chains. The
hydrophobicity and thus the chain length of the tailgroup plays a decisive role. Fatty
acid chain lengths shorter than 12 carbon atoms are more likely to lead to the for-
mation of spherical micelles. If the chains are too long, no monolayer can be formed
because of the crystallisation of the lipids at the water surface. Geometric factors of
the headgroups also influence the structure [212], these are not further discussed. If
lipids are dissolved in non-polar volatile solvents such as isopropanol or chloroform and
are brought to a water surface, the solvent evaporates and the amphiphilic molecules
arrange on the surface as a monomolecular film. This process is called spreading. The
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Figure 2.6: Langmuir trough with a compressed Langmuir film at a balance experiment. The
surface pressure results from the difference between the surface tension of the pure water phase
γ0 and the surface tension γ with spread lipids. The external pressure Πext is generated by the
barriers and is counteracted by an internal pressure composed of πhyd + πint. Redrawn from
Marsh (1996) [215].

solvent acts as a spreading agent and should evaporate leaving no solvent residues that
influence the final monolayer [213, 214].

Due to its high cohesive forces, water has a high surface tension γwater of about
72 N m−1. The surface tension can be understood as the energy required to increase the
surface area and thus can be given in energy per unit area, [γ] = 1 J m−2 = 1 N m−1.
The interfacial tension can thus be reduced by surface-active molecules (surfactants)
like phospholipids. At a water/air-interface, the hydrophilic headgroup remains in the
water phase due to the strong interaction with the water molecules. The water molecules
form an ordered hydrate structure around the polar headgroup and thus produce an
energy gain. The energetically unfavourable contact between the hydrophobic region
and the water is avoided by orienting the hydrophobic tailgroups into the less polar air
phase. Thus, the formation of a monolayer results from the amphiphilic nature of these
molecules.

Figure 2.6 schematically shows a Langmuir film at the water/air-interface. With
one or two Teflon barriers the pressure Πext is generated by an externally applied force,
which acts on the film. In this way, the area available to the monolayer can be reduced.
This increases the surface density of the surfactant molecules and, therefore, the sur-
face tension decreases depending on the intermolecular distances. An internal pressure
created by the internal interaction between the lipids πint and the hydration of the head-
groups πhyd counteracts the externally applied pressure. This internal counterpressure
causes a reduction of the surface tension γ compared to the pure water surface γ0 [176,
215]. The surface tension is then given as the difference between the surface tension of
pure water γ0 and the surface tension with lipid γ by

Π = γ0 − γ. (2.1)

The free energy, Fm, of a monolayer at the water/air-interface can be expressed in a
form equivalent to that of a bilayer [215]

Fm = nmΦm(Am) = nm [Φhyd(Am) + Φint(Am) + Φm-u(Am)] . (2.2)

Here, Am is the occupied area per lipid molecule and nm is the number of lipid molecules
in the monolayer. The contributions of hydration of the headgroups, the interaction
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between the lipids, the degree of interaction between the fatty acid chains of the lipids
and the upper phase are denoted by Φhyd(Am), Φint(Am) and Φm-u(Am). In contrast
to a bilayer, the monolayer is only in equilibrium under the influence of an externally
applied surface pressure Πext, otherwise it can expand indefinitely, see also figure 2.6.
The surface pressure of a monolayer is given by the first derivative of the free energy
Fm with respect to the molecular area Am as

Πm(Am) = −
(
∂Fm(Am)
∂Am

)
nm

= πint(Am) + πhyd(Am)− φ′m-u(Am)

≈ πint(Am) + πhyd(Am).
(2.3)

The equation represents the equilibrium condition for the monolayer. Since the van
der Waals interaction between the hydrophobic lipid tails and the air is very low, the
term φ′m-u(Am) can be neglected for the water/air-interface. A comparison of the deriva-
tion of free energy from lipid monolayers with lipid bilayers reveals the conditions that
cause a monolayer to be in the same state as lipid bilayers. An analysis shows that cor-
responding states are archived when the surface pressure of the monolayer is numerically
equal to the density of the hydrophobic free energy of a lipid bilayer [215]. In the range
of 20 - 40 mN/m the properties of a condensed lipid monolayer are in equivalence to the
lipid packing density of bilayers or cell membranes [79, 176, 215–218]. It should also be
noted that monolayers often exhibit phase transformations similar to those observed in
bulk systems [212, 215, 219, 220]. A film balance is typically used for the continuous
measurement of the surface pressure Π of a Langmuir layer. As shown in figure 2.7 it
consists of a microbalance as force sensor and a sample plate, the so-called Wilhelmy
plate. The determination of the surface tension with the Wilhelmy plate method is
based on the measurement of the force acting on a plate which is brought into contact
with the surface of the liquid. This force is proportional to the surface tension. The
plate can consist of a piece of filter paper and hangs freely movable at the end of the
balance arm of the force sensor. The force Fw measured by the force sensor can be
calculated as [221]

Fw = Fg + Fb + Fγ

= g(ρplpWptp − ρshpWptp) + 2γtpWp cos(θB).
(2.4)

The gravitational force Fg can be determined from the mass of the plate which is given
as the product of its density ρp and its volume Wp · lp · tp. Fg is counteracted by
the buoyancy force Fb which depends on the mass of the displaced subphase which is
obtained as product of the subphase density ρs and the displaced volume Wp · tp · hp.
The last is Fγ , which describes the force due to the interfacial tension and wetting of
the plate. It is a function of the surface tension γ of the subphase and the contact
angle cos(θB). For Wilhelmy plates of platinum or iridium with high surface energies
and paper plates that soak up the subphase one can assume a complete wetting which
results in contact angles of 0◦ (cos(θ = 0) = 1) and the Fγ is a linear function of the
surface tension [222]. The force difference between the force exerted by a subphase in
absence and presence of a Langmuir film provides the surface pressure. After calibrating
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Figure 2.7: (a) Schematic representation of a Langmuir trough with two adjustable barriers
for compression and a balance with a Wilhelmy plate for surface pressure measurements of the
Langmuir layer. (b) Wilhelmy plate. The platelet dimensions are marked as tp, Wp and lp and
reflect the thickness, width and length of the platelet. The rise height of the water lamella is
designated as hp. The contact or wetting angle is given by θB.

the film balance on the empty surface, the surface pressure of a Langmuir film can be
measured. According to Gaines (1966) [223, 224] it is given as

Π = γ0 − γ = ∆Fw
2(tp +Wp) , (2.5)

where ∆Fw is the difference between the occurring surface forces with and without a
Langmuir film on a water subphase.

With successive compression of a Langmuir layer the surface pressure increases. The
compression behaviour of a Langmuir film at constant subphase temperature is described
by the surface pressure-area (Π-A) isotherm, where A is the mean area per molecule.
The Langmuir films exhibit different phases depending on the surface pressure, as shown
schematically in figure 2.8. The shape of a Π-A isotherm is influenced by various
parameters, such as the composition and physicochemical properties of the lipids and
the temperature of the subphase. Before compression, a lipid molecule has an available
area of several hundred square angstroms, in this so-called gaseous phase there are no
interactions between the lipids. Thus, the law for ideal two-dimensional gases, from
the Gibbs adsorption equation, can be assumed for ideal surface film systems and the
surface pressure can be approximated by [213, 226]

ΠAm = kBT. (2.6)

With decreasing area per molecule, the monolayer changes to what is traditionally
referred to as the liquid-expanded phase (LE) and can be described by the van der
Waals equation for a non-ideal gas [215, 227](

Π + aint
A2

m

)
(Am −Ae) = ΠeffAeff = kBT. (2.7)
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Figure 2.8: Top: Sketch of a Langmuir trough with a compressed Langmuir layer. Bottom:
Schematic Π-A isotherm of a Langmuir film with schemes showing the structure of the corre-
sponding phases. Adapted from Kaganer et al. (1999) [225].

By introducing an effective surface pressure Πeff and en effective area per molecule Aeff,
this expression is equivalent to equation (2.6). The correction term for the surface pres-
sure increases upon compression with A−2

m and is due to a weak repulsive interaction
between the lipids. The parameter aint describes the strength of the interaction. The
area per molecule is reduced by the excluded area per lipid Ae [176, 215]. In this state no
long range ordering occurs. The heads of the molecules are translatorically disordered
and the chains are conformationally disordered [225]. A further compression leads to a
coexistence phase of the liquid-condensed and liquid-expanded phase (LC+LE). In this
regime, the isotherm is characterised by a first-order phase transition and has a hor-
izontal course. According to the Gibb’s phase rule, a coexistence of liquid-condensed
and liquid-expanded phase over a wide range of the surface pressure is allowed and
was experimentally confirmed [228, 229]. This course is not observed in reality, most
systems show a minor positive slope, due to contamination or impurities and the forma-
tion of small micelles and aggregates on the surface [230, 231]. With further reduction
of the film area, the coexistence phase is followed by a tilted condensed phase (TC),
which has a compact arrangement of lipids. The hydrocarbon chains of the lipids ex-
hibit a tilt angle with respect to the surface plane. The system reacts to the increasing
repulsive intermolecular interactions by a reorientation of the hydrocarbon chains. Dif-
ferent conformations of the tailgroups can be observed. With further compression, the
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hydrocarbon chains straighten up and the tilt angle reduces. A new phase transition
into an untilted condensed phase (UC) occurs, where the molecules are densely packed
and the surface pressure rises enormously at a low compressibility. This arrangement
is the closest possible packing for aliphatic saturated hydrocarbons. X-ray diffraction
experiments have shown that the tilted and untilted condensed phase can be treated as
two-dimensional crystals [225]. A further surface reduction leads to film collapse.

2.1.2 Spin-coated lipid films on solid substrates

Solid-supported lipid bilayers are popular and commonly used model systems for cell
membranes [206, 232]. A wide range of conceptually different solid-supported systems
has been described and developed (see also figure 2.5) [199, 206, 233]. There is a mul-
titude of experimental methods for the preparation of lipid layers on a solid substrate:
vesicle fusion [232, 234–238], Langmuir-Blodgett [213, 239, 240], Langmuir-Schäffer
[241], drop casting (solvent thinning) [242, 243] and spin-coating [82, 244–246].

For the preparation of bilayers the Langmuir-Schäffer technique or the vesicle spread-
ing method are suitable, whereas for the preparation of multilayers spin-coating can be
used. Monocrystalline silicon wafers are particularly suitable as spin-coating substrates
for x-ray reflectivity studies. To produce a high quality membrane with high homogene-
ity and high lipid mobility, the substrates should be hydrophilic, smooth and clean.

Forces in a multilayer stack can be described at least with two different fundamental
forces, according to the DLVO theory [247, 248]: attractive short-ranged van der Waals
[249] and repulsive electrostatic double layer forces. Also short-ranged hydration forces
[249, 250] as well as thermodynamic fluctuations (Helfrich undulation forces) [251–254]
contribute to the interaction within the bilayers in a multilayer stack. The force con-
tributions were experimentally confirmed in x-ray diffraction experiments with DPPC
[250, 255] and force measurements [256] on PE and PC membranes. An adsorption of
ions to a net neutrally charged membrane leads to an additional repulsive contribution
between individual lipid membranes [250, 255].

The multilayer structure is highly stable at air. Solid-supported multilayer tend to
detach upon hydration and heating [81, 257, 258]. However, the remaining bilayer in
direct contact to the substrate is highly stable and provides a high homogeneity [82,
246, 257, 259]. Therefore, the spin-coating technique with low concentrations of the lipid
solution follow by hydration and tempering of the sample is feasible for the production
of a single bilayer attached to a solid substrate.

An important factor is the influence of the solid support on membrane properties
[257, 260], such as the thermotropic phase behaviour [261, 262], the lateral lipid mobility,
the structural coupling of the interleaflet interaction [263] and the lipid distribution
[264]. So far not all aspects of this interaction are known and understood in detail since
the parameter space of the involved forces is large and effects are difficult to separate
[260, 265].

In this work fully-hydrated DMPC bilayers on silicon substrates were used. There-
fore, a brief introduction to the bilayer/substrate-interaction potential is given. As it
will be demonstrated later, the influence of the substrate could affect the specific ion
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binding characteristics. In the simplified case, the interaction of DMPC and the chem-
ically homogeneous substrate is non-specific. Similar to the forces within a multilayer
stack, the van der Waals force, the electric double layer force and entropic forces act
[249]. A further contribution is the solvation or hydration force that causes a repulsion
between the lipids and substrate. It can be understood as the fore required to displace
water molecules from the space between bilayer and substrate [256, 266, 267]. The Hel-
frich undulation force in comparison to the bilayer/bilayer-interaction potential is often
neglected since solid supports usually suppress undulation fluctuations [268].

The interaction can be simplified to the DLVO theory, as it explains the interaction
of two charged or uncharged surfaces in electrolyte solutions and gives a rough estimate.
Permanent, instantaneous or induced dipoles can correlate and generate attractive forces
between molecules. The attractive van der Waals potential for two planar surfaces is
given as

wvdW(d) = − Heff
12πd2 , (2.8)

with the spacing d and the system specific Hamaker constant Heff, which has a value
around 10−20 J for hydrocarbon material in water [134, 257, 269]. The inner leaflet of
the first lipid bilayer is directly attached to the substrate and acting van der Waals
forces can be varied by using solids of different Hamaker constants [199]. As will be
seen later, the van der Waals interaction can lead to a vertical asymmetry in the lipid
density of the leaflets near the main phase transition temperature [268, 270].

The repulsive electric double layer potential is caused by the counterions and a
diffuse layer outside the surface (double layer). When two similar charged surfaces
approach each other, the ions outside the surfaces are confined to a shrinking space,
thus reducing the entropy of the double layers at the overlap of the electrical double
layer potentials. This yields in a repulsive force. The double layer repulsion for two
charged planar surfaces is

wEDL(d) = zmzs
εεoκ

exp(−dκ), (2.9)

with the charge per unit area of the membrane zm and the surface zs in C/m2. The
surface charge density of a planar silica surface at a pH-value of 7 is around −0.038 C/m2

[271, 272]. The surface charge of the membrane depends on it’s composition and can be
influenced by adsorption of salt ions from the surrounding solution. The Debye length
1/κ is defined by the electrolyte concentration and the ion valency. For sodium chloride,
it is given as 1/κ = 0.304/√cNaCl nm, the concentration [c] is expressed in M [142].

The first atomistic simulation of a solid-supported bilayer studying the substrate
(hydroxylated silicon)/bilayer-interaction revealed distances of around 3.5 nm and adhe-
sion energies of 30 mJ/m2 [273–277]. Equilibrium distances of 0.5 - 2 nm were measured
experimentally between membranes supported on colloidal glass beads and membranes
on glass [278–280]. Membranes produced with the spin-coating process often exhibit
no (detectable) water layer between the substrate and the bilayer in the hydrated state
when tested by x-ray reflectivity experiments [81, 84, 246, 258, 259, 281, 282]. The
adhesion energy for a DPPC-substrate system were reported to be 0.5 mJ/m2 [256].
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2.2 Lung surfactant and diseases

The gas exchange in the lungs takes place as simple diffusion across the very thin
alveolar-capillary membrane (blood-air barrier) according to Fick’s law [283–285]. This
barrier in humans ∼ 0.6 - 2.2 μm thick [286, 287] and is folded into about 300 million
alveoli in a pair of lungs generating a large surface of about 70 - 145 m2 [287–289]. The
alveoli are closely connected to the capillary system of the lung via a surrounding
network (enveloping capillaries). Pulmonary alveoli are the smallest functional unit
of the lower respiratory tract and located in the alveolar sac structures. They are
connected to the air through the airways (by alveolar duct, they connect the respiratory
bronchioles to the alveolar sacs). The diameter of the sac-like structure is between 200
and 500 μm (alveolus: 5 - 10 μm [290, 291]) [292, 293]. They expand and contract during
the respiratory cycle. The inner surface of the alveoli are covered with the alveolar lining
fluid. This is composed of a thin hypophase coated by a phospholipid-rich surfactant
film, the lung surfactant [294–296].

The area between the outer surface of the lungs and the inner thoracic wall is
the pleural space which is usually filled with pleural fluid. This forms a seal which
holds the lungs against the thoracic wall by surface tension. When the thoracic cavity
expands or reduces, the lungs act accordingly. Boyle’s law defines that the gas volume
is inversely proportional to pressure at a constant temperature. The inspiration process
is initiated by the motion of the diaphragm and of the external intercostal muscles. The
flattening of the diaphragm cause an extending of the superior/inferior dimensions of
the thoracic cavity. The elevation of the ribs and sternum generate an extending of the
anterior/posterior dimensions of the thoracic cavity. The increase of the volume of the
thoracic cavity leads to an increase of the lung volume and according to Boyle’s law to
a decrease of the pressure in the lungs. The thoracic cavity which is normally at a slight
negative gauge pressure becomes more negative, the lungs expand into the cavity, and
induce a reduction of pressure on the outside of the alveoli (pout) [297]. The resulting
inflation of the alveoli generates a reduced pressure in the alveolar airspace (palv) in
relation to the outside atmosphere, which leads to the inflow of air into the lung. In
accordance with the Laplace equation, the pressure difference required to inflate an
alveolus with radius R depends on the surface tension γ of the alveolar mucosa fluid
∆p =| pout − palv |= 2γ/R. The surface tension of the alveolar lining fluid is regulated
by a surfactant complex, called lung surfactant, allowing efficient respiratory cycles
[298, 299]. With the reduction of the surface tension of the alveolar lining fluid by the
lung surfactant, it increases the compliance of the lungs and therefore decreases the
work required for (re)inflating of the alveoli. Moreover, the lung surfactant prevents
the collapse of the smaller alveoli by reducing the surface tension to near-zero values
during expiration and very low lung volumes. In such a way that the retractile forces
are similar within separate units as well as between respiratory units5 [294, 305]. The

5The lung stability and the large alveolar surface for efficient gas exchange, even at low lung volumes,
is maintained by this effect, and the alveolar interdependence [300–302]. The alveoli are inter-connected
via the lung parenchyma (alveolar duct and embraced by peripheral and axial connective elastic fibers,
that are connected to the pleura). Important points to consider regarding the application and restriction
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surface tension is reduced by a factor of around 15, so that the pressure difference of
only 1 mmHg is sufficient to inflate the alveoli [306, 307].

The lung surfactant (LS) is an unique and complex multicomponent system of lipids
and proteins forming a monolayer at the liquid/air-interface of the alveolar compart-
ment of the lungs [71, 295, 308, 309]. An alveoli with the alveolar lining fluid and the
life cycle of lung surfactant is shown in figure 2.9. The lung surfactant is synthesised,
secreted and recycled though endo- and exozytosis by the alveolar type II pneumocytes
[307, 310]. The lung surfactant is composed of around 90 % lipids and 8 - 10 % proteins
by mass. The phospholipid fraction of the mammalian lung surfactant include mainly
zwitterionic phosphatidylcholine (70 - 80 % by mass) and phosphadidylethonenolamin
(2 - 3 %), anionic species, such as phosphatidylglycerol (7 - 18 %) and phosphatidylinos-
itol (2 - 4 %) and neutral lipids, mostly cholesterol (3 - 8 % by mass) [311, 312]. The
most abundant and major compartment PC in the phospholipid LS-fraction is DPPC
with about 40 - 70 % [313, 314]. The composition differs depending on the detection
method. The specific surfactant proteins (SP) can be divided into two families. SP-A
and SP-D are hydrophilic surfactant glycoproteins that belong to the Ca2+-dependent
carbohydrate-binding collectin family [313–315]. Contrary to SP-A, SP-D is not asso-
ciated with the the membrane. The proteins SP-B (saposin-like protein family) and
SP-C are hydrophobic proteins that bind to negative charged phospholipids [316, 317].
The most abundant protein SP-A is involved with SP-D in the host defence system
[318, 319]. In addition, it can accelerate the adsorption of surfactant lipids to the
liquid/air-interface. SP-B and SP-C are crucial for lipid packaging, reorganisation and
adsorption at the air-liquid interface during the respiration cycle [310, 320]. For further
information, see [308, 318, 321, 322] and surfactant lipids [311, 323].

Depending on the phase behaviour of the pure component, single LS components
can be characterised either as good stabilisers with low surface tension or as good flu-
idisers [334, 335]. However, these properties are mutually exclusive. Good stabilisers
with low surface tension adsorb poorly from the solution and propagate slowly from a
collapsed state, while good fluidisers cannot achieve low surface tensions [336]. These
conflicting requirements are achieved by the above mentioned combination of special
compounds that act synergistically to enhance adsorption and propagation during the
dynamic compression-expansion cycle. Pure DPPC-films can reduce the surface ten-
sion of an water/air-interface to near-zero values by forming a semi-crystallised liquid-
condensed phase upon compression (core body temperature <Tm of DPPC), but cannot
re-spread efficiently and fast enough during expansion due to the high cohesive lateral
forces within the two-dimensional domains [285, 305, 337]. Therefore, the presence of
unsaturated lipids and the amphiphilic proteins SP-B and SP-C is necessary to main-
tain the proper re-spreading of the monolayer at the interface and fluidise the film. In
turn, to obtain a highly compressed DPPC-enriched monolayer at the interface, the
minor components, pre-dominantly non-phosphatidylcholine compounds are squeezed
out. The interplay between the individual components of this complex lipid-protein
system ensures a rapid adsorption at the interface after secretion, a proper generation

of the law of Laplace in biological systems are presented in Prange’s article from 2003 [303, 304].
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Figure 2.9: Sketch of the life cycle of lung surfactant (a and b) and location of the com-
ponents within an alveolus. Part a) shows the structure of the lipid phases [295, 308] and
membrane-associated proteins in the LS. The LO (in the monolayer structure) or Lo as well as
Ld (in the bilayer structure) phases are additionally formed in the presence of cholesterol. The
phospholipids were synthesised at the smooth endoplasmatic reticulum (sER), the exact trans-
portation mechanism to the lamellar bodies are unknown. In comparison, the low-molecular
weight hydrophobic proteins SP-B and SP-C undergo post-translational processing during traf-
ficking rough ER (rER) to Golgi apparatus and from multivesicular bodies (MVB) to the final
lamellar body (LB) [323–325]. SP-A and SP-D were significantly modified in the rER and Golgi
apparatus and bypass the LB and are constitutively released (non-LB pathway) [324, 326–328].
The LB secretion occurs via exozytosis across the plasma membrane of the alveolar epithe-
lial type II cell into the hypophase. After unravel and swelling of the LB, tubular myelin is
formed consisting lipids and proteins (SP-A and SP-B). Large surface-active aggregates trans-
fers the lipids to the air/liquid-interface (supported by SP-B and -C) as well as to the surfactant
reservoir. Upon compression of the mixed monolayer, some lipids are squeezed out into the
surface-associated phase (multilayer) and the film undergoes a molecular restructuring with the
final capability to reduce the surface tension to near-zero values. By expansion (inspiration), the
lipids re-enter the surface film. After inactivation, the lipids are finally recycled via endocytosis
back into the type II cells or undergo the clearance pathway via alveolar macrophages. c) The
equilibrium surface tension is around 20 - 30 mN/m [329–333].
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of near-zero surface tensions during expiration and a good re-spreading ability of the
surfactant to reduce the surface tension during inspiration [294, 305, 308, 310]. The
concept of “surface-associated phases” or “surfactant reservoirs” was developed to con-
sider the fast phospholipid uptake, that cannot be explained by de-novo adsorption
alone [285, 313, 337]. The anionic phospholipids have a key role for the interaction with
cationic hydrophobic surfactant proteins [295, 308, 336, 338, 339]. Further they are
important for the fluidising due to regulation of the chain melting temperature of the
monolayer [291]. The physiological calcium concentration in the aqueous hypophase
is around 1.5 mM [340, 341] (in the extracellular space of alveoli around 0.2 - 0.5 mM
[342]). The formation of tubular myelin and vesicle aggregation (also in cooperation
with SP-A) and adsorption at the interface among other processes require calcium ions
[291, 340, 342–346]. The concentration of calcium ions are furthermore 5-fold higher
than in the surrounding alveolar environment [347]. There are some challenging general
questions open. For example, the precise mechanism of the surface tension variation
from breath-to-breath. The classical model of the squeeze-out theory [309, 333, 348],
that leads to DPPC-rich LS-films is controversial and some recent studies disprove this
model [291, 336].

Since the lung continuously undergoes compression-expansion cycles and the volume
varies by 20 %, it is obvious that the viscoelastic properties of the pulmonary surfactant
monolayer are a crucial determinant of lung functionality [305, 349]. The absence or
impairment of pulmonary surfactant or a modification of the quantitative or qualitative
composition leads to numerous serious diseases [297, 332]. For example, the deficiency
of an effective surfactant due to the immaturity of the lungs in premature infants leads
to neonatal (infant) respiratory distress syndrome (IRDS or NRDS) [350–352]. About
60 % to 80 % of premature infants (< 28-th week of pregnancy) develop a respiratory
distress syndrome [349, 353]. This is the most frequent cause of death in the neonatal
period. The surfactant absence in NRDS leads to progressive lung failure and it man-
ifests by alveolar collapse (atelectasis), decreased lung compliance, reduced functional
residual capacity, systemic profound hypoxia (largely attributable to shunting of blood
past unventilated lung units) and lung oedema [283, 349, 354, 355]. One therapeutic
approach is the endotracheal or bronchoscopic application of animal or synthetic sur-
factant as LS replacement that significantly reduces mortality rates [285, 294, 305, 356–
359]. Currently, the most effective LS substitution are from animal-derived sources,
for example bovine-derived Survanta (Abbott Laboratories, North Chicago, IL, US)
or porcine-extracted Curosurf (Chiesi Farmaceutici, Parma, Italy). The replacement
surfactants usually contain high amounts of DPPC (> 98 % by weight), fatty acids,
phosphaditylglycerols and small fractions of specific surfactant proteins (6 2 wt%) [309,
340, 360, 361]. As natural preparations, even when they are highly purified, they can
be potentially virus contaminated and have inherent immunological risks that can cause
undesirable immunological reactions. In addition, the purification process is very costly
and batch-to-batch consistency cannot be guaranteed. Hence, there is a obvious need
for alternative synthetic lung surfactant substitutes [287, 337, 349, 362, 363].

Surfactant inactivation in newborns may be caused by meconium inhalation im-
mediately before or during the birth, such as in meconium aspiration syndrome [349,
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364, 365]. The acute respiratory distress syndrome (ARDS) is also attributed to a LS
inactivation and can affect children and adults of all ages. ARDS has a more compli-
cated pathophysiology than NRDS [366–368]. There are direct lung injuries (pneumonia
(bacterial and viral), aspiration, toxic inhalation, lung contusion, thorax trauma or near-
drowning) and indirect lung injuries (sepsis, acute pancreatitis and shock, trauma and
cardiopulmonary bypass (major surgery), transfusion-related acute lung injury, burns)
that may cause ARDS [367, 369–379]. The inactivation of LS can be induced by blood
proteins, like serum albumins which leak into the alveolar air space of the lungs due
to injuries or diseases [380, 381]. The analysis of extracted bronchial fluid of ARDS
patients report a up to 16-fold increase in serum albumin concentrations in the lining
fluid compared to healthy lungs [382–385]. The surface-active serum albumins compete
with the LS for the adsorption at the alveolar/air-interface [386–389]. Upon reaching
the interface, albumin (or the other competitors) forms a steric and electrostatic barrier
that kinetically inhibits the subphase adsorption of LS components and also hinders
the LS re-spreading upon expansion during inspiration [285, 294, 381, 390]. Conse-
quently, ARDS and NRDS share many symptoms [391]. Studies on the interfering and
inhibiting effects of different blood plasma proteins like albumin [392–395], fibrinogen
and also hemoglobin [287, 396, 397] on the surface tension of pulmonary surfactant or
its components by competitive adsorption have been published. Unfortunately, in the
case of ARDS the inactivation mechanism affects endo- and exogenous surfactants. the
usual treatment with LS replacement only leads to a moderate and temporary improve-
ment of lung function in ARDS patients with high concentrated LS replacement therapy
[398–402]. The lethality of ARDS is around 62 % [391], it has a high mortality (≈ 50 %
[403, 404]) for which no satisfactory treatment is available yet.

One potential approach for new lung surfactant replacement preparations for the
treatment of NRDS and promising strategy for the therapy of ARDS/MAS is the venti-
lation of vaporised or gaseous perfluorocarbons (v- and gFCs), which has shown positive
effects in animal models with significant and long-term improvement of gas exchange,
lung compliance and alveolar recruitment (oleic acid injured ARDS sheep [362, 405–
408], piglet models [406, 409–412] and rats [413]). This perfluorocarbon application is
a less invasive mode and may open new strategies. The significantly lower amounts
of liquid applied during evaporation compared to liquid ventilation (total and partial)
represent a significant therapeutic advance [411, 414–416].

In 1966, Clark and Gollan demonstrated the possibility of total immersion of mice
in perfluorocarbon solution equilibrated with oxygen at atmospheric pressure. In some
cases for well over an hour, the mice survived this experiment without visible damage
[417]. Based on the knowledge gained, further studies on liquid ventilation were carried
out. Over the time, two different strategies were development. On the one hand, the
total liquid ventilation in which the airways are completely filled with a perfluorocarbon
solution [418–420]. This technique is not used in clinical routine due to the technically
very complex requirements. On the other hand, the experience was used to develop
partial liquid ventilation as respiratory support. Here, the lung is only partially filled
with liquid perfluorocarbon up to a volume corresponding to the functional residual
capacity. The partial liquid ventilation offers the advantage that it can be performed
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with a conventional ventilator. Thus, it considerably reduces the amount of equipment
required [421]. Experiments [422–424] and first clinical studies [425, 426] showed an
improvement in oxygenation as well as an increase in lung compliance and surfactant
function. The first study with infants were conducted in 1989 [427]. Further studies
followed [428, 429], also in neonates [430], and adults [418, 426, 431]. With regard to the
study endpoint criteria mortality and ventilator free days, partial liquid ventilation could
not prevail in the treatment of ARDS [432–434]. There is no clear recommendation for
partial liquid ventilation in the treatment of adults [435, 436]. Partial liquid ventilation
is used in the USA for the treatment of NRDS (LiquiVent, Alliance Pharm. Corp., San
Diego, USA, F-octyl bromide) [429]). However, some tasks, for example the monitoring,
the regulation of the volume filling of the lungs and evaporation loss are not yet definitely
solved for the partial liquid ventilation. Moreover, the weaning leads to a deterioration
in gas exchange. The ventilation with vaporised or aerolised perfluorocarbons seems to
be a good solution for these problems since it also reduces ventilation-associated lung
failure. Bronchopulmonary dysplasia is a chronic lung disease that occurs primarily
in prematurely born children of low birth weight who are artificially ventilated for
long time periods due to oxygen injury [437], for example to treat NRDS [438, 439].
An association between reduced lysozyme activity and bronchopulmonary dysplasia in
newborns is suspected.

So far, little is known about how v- and gFC influence the properties and struc-
tures of the lung surfactant. Therefore, DPPC- and DPPA-films and the response to
different g- and vFCs were studied in this thesis. Studies on the structural change
and behaviour under elevated gFC and vFC atmosphere of lipid layers in sub-angstrom
resolution are rare. Previous studies reported an effect on the physical properties of a
two-dimensional surfactant film at the liquid/air-interface when perfluorocarbons were
present in the gas phase [1, 440, 441]. There are no reports on structural behaviour
of the DPPC and DPPA monolayers upon elevated gas pressures and treatment with
vaporised perfluorocarbons at constant area and the alteration of the surface tension.

Chapter 5 presents results of the adsorption behaviour of BSA at the water/air-
interface and the interaction with an overlying vFC-(perfluorodecalin) atmosphere to
test the inactivation ability of the perfluorocarbon on the surface-activity of BSA. Since
interaction and displacement studies are available, a mechanism for a possible denat-
uration or alteration can be given [2, 442, 443]. To get further information about the
interaction of perfluorocarbons with DPPA-films in association with lysozyme at the
water/air-interface, this was also investigated. The concentration of the protein is ele-
vated in the bronchoalveolar lavage in patients with chronic bronchitis [444]. Therefore,
an understanding of the effect of gFCs on the adsorption behaviour of lysozyme would
be helpful for the consideration of FCs as aerosol spray ingredient.

2.2.1 Physicochemical properties of perfluorocarbons

Perfluorocarbons (PFCs) or fluorocarbons (FCs) are hydrocarbon compounds in which
all hydrogen atoms are substituted by fluorine atoms. The prefixal symbol “F-” conven-
tionally stands for perfluoro- and is used through this thesis (IUPAC notation) [445–
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447]. Perfluorocarbons have properties that significantly distinguish them from their
alkylated analogues [448–452]. While low-molecular fluorocarbons (less than 5 carbon
atoms) are gaseous at room temperature, high-molecular fluorocarbons (more than 5
carbon atoms) are colourless liquids [453, 454]. The physicochemical PFC properties are
defined by their chain length, the carbon chain branching and the degree of fluorination
and substitution [454–456]. Thus, two gaseous linear and small PFCs, C3F8 and C4F10,
and two further compounds, the bicyclic F-decalin and the linear F-octyl bromide, that
consists of a further halogen atom (bromide), were chosen for this study. These are
the most frequently investigated PFCs for biomedical applications [445, 457]. F-octyl
bromide is more precisely a perfluoroalkyl substance (PFAS).

The differences in comparison with hydrocarbons can be explained mainly by the
properties of fluorine [458]. Fluorine is the element with the highest electronegativity
and has very special properties. It has a high ionisation potential and a very low
polarisability [459, 460]. Nevertheless, the relatively small fluorine atom is much larger
than hydrogen (van der Waals radius of 1.47 Å vs. 1.20 Å) [461]. Perfluoroalkylated
chains are more bulky than their hydrogenated counterparts (cross-sections: 30 Å2 and
20 Å2 [457, 460, 462, 463]) and the average volumes are estimated for CF2 and CF3
groups to be 38 Å3 and 92 Å3 respectively, compared to 27 Å3 and 54 Å3 for the CH2
and CH3 groups [140, 462]. Another consequence of the larger size of the fluorine atom
is the higher rigidity of the perfluorinated chains [464, 465] which is related to the loss
of gauche-trans freedom. The gauche-trans energy difference is approx. 2.0 kJ mol−1

and 4.6 kJ mol−1 for hydrocarbon and fluorocarbon chains, respectively [460, 466]. To
minimise steric hindrance, perfluorinated chains adopt a helical conformation [446, 460].

Primarily due to the extremely strong covalent bonds between fluorine and carbon
atoms (≈ 485 kJ mol−1 compared to ≈ 425 kJ mol−1 for a C-H bonds), PFCs are highly
thermally and chemically stable [416, 446, 448–450]. Furthermore, PFCs are weak
hydrogen-bond acceptor [446, 452] and considerably more hydrophobic than the corre-
sponding H-chains. This effect is due to the larger surface area of the fluorinated chains
(the “hydrophobic” - sometimes refereed as “superhydrophobic” [445, 457] effect of the
chain is approximately proportional to its contact area with water [468, 469]). They are
also biologically inert and cannot be metabolised or undergo enzymatic changes [470].
Thus, the PFCs are not subject to any metabolism after application and are therefore
extremely biocompatible. They are 99 % bronchially eliminated by exhalation [455, 471,
472]. The C-F bond is the most stable single bond found in the organic chemistry [445,
473]. Additionally, the dense electron cloud of fluorine atoms leads to a repulsive and
sterically shell around the “skeletal” C-C bonds and protects it from the approach of
reagents (shielding effect) [446, 457]. The intermolecular forces in PFCs are very weak,
in comparison to their strong intramolecular bonds. The low polarisability of fluorine
leads to low van der Waals interactions between fluorinated chains and low cohesive en-
ergy densities in liquid fluorocarbons. Hence, liquid PFCs act like almost ideal, gas-like
fluids [457, 474, 475]. These low intermolecular forces are responsible for the valuable
characteristic physicochemical properties of fluorinated compounds that are critical for
liquid ventilation and other biomedical applications [457]. Due to the weak van der
Waals forces, PFCs have high vapour pressures relative to their molecular weight, and
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Figure 2.10: (a) Size difference of CF4 and CH4. (b) The sigmoidal binding curve of blood is
shown as well as the direct linear relationship between the partial pressure of oxygen and the
dissolved amount of di-oxygen in PFCs, here Oxygent. (c) Dissolution of oxygen via physically
binding by PFCs and di-oxygen binding via the central iron atom in heme [445, 467].

are quite volatile, the typically used PFCs for liquid ventilation evaporates at or below
physiological temperatures [445–447]. Moreover, PFCs have very low surface tensions
(< 20 mN/m) and therefore an excellent spreadability for lowering the surface tension
at the injured alveolar/air-interface [376, 431, 476]. Perfluorocarbons are about twice
as dense as water and are not soluble in water or lipids. An effective penetration into
the tiny spaces between the small airways and alveoli because of gravity and the denser
nature, furthermore, archives the surfactant-like activities. These are not impaired by
mediators in the alveolar edema fluid. A gently opening of collapsed or atelectatic re-
gions is possible. Finally and most importantly, due to their low cohesive energy, PFCs
are excellent solvents for gases (with similar low cohesivety: O2, CO2, N2, NO). The
gas is physically dissolved by insertion to an intermolecular site (non-directional van
der Waals interactions) within the solvent (PFC) [445, 469, 477]. In addition to oxy-
gen, it is also possible to dissolve other respiratory gases and thus ensure the removal
of physiologically produced carbon dioxide (solubility of ∼ 50 ml O2 and ∼ 140 - 210 ml
CO2 per dl of PFC [478, 479]). The binding of O2 to hemoglobin, which undergoes
conformational changes during this process results in a sigmoidal oxyhemoglobin disso-
ciation curve [480]. In contrast, O2 solubility in PFCs is a linear function of the partial
pressure of the gas [457, 481–483]. Figure 2.10 illustrates this relationship by showing
the oxygen content as a function of the oxygen partial pressure in blood and a PFC so-
lution (Oxygent). PFCs are immiscible with almost all physiological compounds (water
or lipids) except gases [445, 479].

Due to the difference in cohesive energy densities between H- and F-chains, the mix-
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ture of these compounds is highly non-ideal [446, 484–486]. Thus, phase separation and
domain building can be observed in different mixed systems (e.g. solutions, membranes,
colloids).

The relatively homogeneous and unique group of perfluorinated compounds are
hence characterised by biological and chemical inertness (in the kinetic sense), sta-
bility (in the thermodynamic sense), intense hydrophobic and lipophobic effects, a low
water solubility, low surface tension and high gas solubility. In addition to therapeu-
tic applications, PFCs are also used in diagnostic applications (e.g. x-ray tomography,
ultrasound imaging and magnetic resonance imaging [449, 487]).

2.2.2 Perfluorocarbon-based drugs

This subsection briefly presents biomedical application of PFCs beyond the treatment
of lung diseases and the contact of PFCs with biological membranes in-vivo. Many of
these applications are based on the injection of lipid-coated PFC droplet emulsions or
microbubbles. Their further development can benefit from the structural insights into
the lipid/PFC-interaction on a molecular level, which this thesis provides. Therefore,
this subsection offers an overview of this medical field.

Perfluorocarbons are unique substances for the design of a wide range of stable col-
loidal systems. These colloidal systems consists of a dispersions of encapsuled droplets
or bubbles with an internal fluorine core in a distinct external phase. The various
biomedical uses of PFC-based colloids, such as targeted drug and gene delivery, molecu-
lar imaging and in-vivo oxygen delivery (artificial blood substitutes) have been reviewed
in literature [458, 488–496].

Due to the low water solubility and the high volatility PFC gases are suitable for the
design of injectable dispersions, that can served as in-vivo reflectors (micron-size mi-
crobubbles) in contrast-enhanced ultrasound imagining (CEUS) (figure 2.11a) or (sub-
micron size) liquid PFC-based droplet emulsions for oxygen delivery and fluorine-19
magnetic resonance imaging (19F-MRI) [499–502] (figure 2.11b). Gas-filled microbub-
bles, mostly C3F8 and C4F10 (second and third generation agents) [500, 503–505], are
highly echogenic, since the compressibility of the gases are multiple orders of magni-
tude higher than of biological tissue (different acoustic impedance) [498, 506]. Simple air
bubbles dissolve fast within seconds as a result of the blood pressure and surface tension
pressure [469]. The reduction of the partition coefficient prevents this fast dissolution
of the bubbles and increases the lifetime. This can be realised by introducing a voltaire
PFC. The water soluble gases (CO2, N2 and O2) are in equilibrium with the gases
within the plasma whilst the very poorly water-soluble PFCs remain in the bubbles and
balance the blood pressure and Laplace pressure. PFCs are not generally suitable for
intravenous application. Other parameters such as the possibility of forming emulsions
and the organ retention time must also be taken into account [457, 507]. For this reason
and because of the poor solubility of PFCs they must be processed, e.g., emulsified or en-
capsulated [508, 509]. The surface of commercially available microbubbles for CEUS or
droplet emulsions for oxygen delivery and molecular imaging with MRI are mostly com-
posed of denaturated serum albumins, polymers and phospholipid shells (e.g. Sonazoid,
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Figure 2.11: Injectable colloids with a PFC core and lipid shell. (a) Stabilised PFC microbub-
ble for diagnostic ultrasound imaging, with DPPC shell and intercalated PFC molecules [497].
(b) PFC droplet emulsion for intravascular oxygen delivery to tissues [469]. Blue arrows indicate
the gas exchange through the interface, the partial pressure inside the bubble is equal to the
partial blood pressure. The PFC partial pressure is balanced as sum of Laplace pressure and
blood pressure [498].

a contrast agent from GE Healthcare (Amersham, UK): C4F10 and lipids), to produce
biocompatible materials [505, 510, 511]. One interesting approach is the stabilisation of
DPPC or DMPC shells with high molecular weight perfluorocarbons in the outer phase,
see figure 2.11a [497, 510, 512]. Apart from this, the interaction between the fluorine
gas phase and the interfacial phospholipid monolayer has not been considered so far
[4]. Hence, it is crucial to understand the mechanism how the PFC molecules interact
with the DPPC shell and how they affect structure and surface tension. In this work,
the Langmuir monolayer technique which provides a controlled model membrane was
applied in combination with x-ray scattering methods which enable to resolve structures
with sub-angstrom resolution to address these questions.

The knowledge about the interaction of perfluorocarbons with the interfacial phos-
pholipid droplet wall is also important for the design and control of other self-assembled
colloidal systems like liquid PFC droplet emulsions for oxygen supply [4, 469, 497].
Especially F-decalin and F-octyl bromide, are excellent nominees for oxygen carrier
solutions and artificial blood substitutes [469, 513]. An overview of approved other
PFC-based emulsions for different applications can be found in [514].

The perfluorocarbons, especially the gases F-butane, F-propane and the liquid F-
decalin are commonly used in the field of ophthalmology [453, 515–521].
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2.2.3 Gas adsorption at interfaces

Many physical and chemical processes occur at interfaces. Adsorption appears in a wide
range of natural physical, biological and chemical systems and is one of the main basic
surface phenomena. In an adsorption process spontaneous accumulation of a gas takes
place at the solid surface. In the framework of this thesis, the behaviour of different
alkanes, especially perfluoroalkanes, at different lipid layer systems, monolayers on a
buffer subphase or solid-supported lipid systems on silicon wafer is studied in order to
examine their effects on the lung surfactant.

The adsorption process is generally classified either as physisorption or as chemisorp-
tion. The processes which are studied in the framework of this thesis can be categorised
as physissorption since they are reversible, have a low enthalpy of adsorption and the
intermolecular forces are weak (van der Waals forces, hydrogen bonding). They are also
highly non-specific. Different types of adsorption occur depending on the interfacial
tension between the substrate and the adsorbate: complete wetting, partial wetting and
frustrated complete wetting, also known as pseudo-partial wetting [522–524]. Due to
the adsorption the surface energy is reduced.

This subsection takes a brief look at the thermodynamics and basic theory of the
adsorption of gas molecules on solid or liquid surfaces for systems where the adhesive
interactions between the gas molecules and the liquid or solid surface is greater than
the cohesive interactions between the adsorbed molecules. With this condition only the
complete wetting, where a closed layer is formed in the equilibrium state, is considered.
The amount of the adsorbed substance at equilibrium depends on the temperature, the
pressure and the condensation pressure of the gas and the specific surface area of the
interface. The chemical nature of the gas and solid plays also a significant role. The
Keesom interaction, the Debye force and the London dispersion force contribute to the
van der Waals force which is always present between atoms and molecules. The reason
for the adsorption of a gas molecule on a solid or liquid surface is the van der Waals
interaction between the substrate and gas molecule. The van der Waals interaction is
caused by fluctuating dipoles. These can be permanent dipoles or induced dipoles. The
potential energy of the inverse sixth-power attractive van der Waals interaction w(r)vdW
between two atoms or molecules can be described as a function of the distance r

w(r)vdW = −C
r6 . (2.10)

Here C is a substance specific constant. The Lennard-Jones potential w(r)LJ approxi-
mates the total intermolecular interaction potential between a pair of neutral particles
by adding a Pauli repulsion to the attractive van der Waals contribution

w(r)LJ = 4ε
[(

ψ

r

)12
−
(
ψ

r

)6]
. (2.11)

Here, ψ is the finite distance at which the interaction potential is zero, r is the distance
between the particles and ε the depth of the potential. In the following, the system which
is illustrated in figure 2.12a is further considered. Upon increasing the gas pressure in
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the container in figure 2.12a (dotted black arrows), the chemical potential of the gas µg
increases approaching µ0, and a fluid phase µf might be formed. As illustrated in figure
2.12c two different possibilities arise at µg = µf = µ0: first, a closed (macroscopically
thick) layer is formed indicated by the curve CW (complete wetting), and reaches the
adsorbed amount Γ, second, the adsorbed amount reaches a finite limited value (Γ0)
and partial wetting occurs. Therefore, a distinction is made between two phenomena in
the adsorption of gases.

We now assume that the gas phase and the molecular thin film on the substrate
are in a thermodynamically equilibrated state and a complete wetting occurs. The free
energy or Gibbs energy G in its minimum describes a stable thin film on a substrate.
The Gibbs energy includes the interaction energy between the adsorbate and substrate,
and the free energy of the adsorbed film, which is a function of the gas pressure in the
system. The pressure dependence of µg is given by µ = µ0 + RT ln(p/p0) with the gas
constant R = 8.31 J/(K · mol), the gas pressure p and the condensation pressure p0
which is set to the value at the given temperature T . Therefore, µ0 is the chemical
potential of the gas at condensation. Now, it is possible to calculate the Gibbs free
energy with G = n · µ with the amount n in mol. By the particle density difference of
the gas phase and adsorbed liquid ∆ρl with a layer thickness l, it is possible to write
the free energy per unit area as [142, 525]

G =
(
µ0
NA
− µ

NA

)
∆ρll

=
(
µ0
NA
−
(
µ0
NA
− kBT ln

(
p

p0

)))
ρll.

(2.12)

If a adsorbed film is considered on the liquid substrate, with the assumption of van
der Waals interactions, which can be simplified described by two parallel surfaces, see
equation (2.8), the free energy per unit area can be calculated with [526, 527]

F = γs + γf −
Heff

12πl2 + lkBT∆ρlln
(
p

p0

)
. (2.13)

Here, γs and γf are the surface tension of the substrate and the film. Heff is the effective
Hamaker constant. It is assumed, that the interaction is non-retarded and additive
between the two surfaces. It is typically in the order of 10−19 J for interactions of fluids
or solids in vacuum. For most condensed phases it is in the range of (0.4 - 4) ·10−19 J.
It is a key property for determining the wetting behaviour and can be calculated with
regard to the dielectric properties of the three materials. It is a highly system specific
value that depends on the properties of the interaction materials and on the geometry
of the system [142, 528, 529].

The following expression for the Hamaker constant is valid for non-retarded van der
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Figure 2.12: (a) Schematic sketch of adsorption-induced wetting, (b) wetting phase diagram
(Tc,bulk is the bulk critical temperature) modified from [523] and (c) adsorption isotherm, re-
drawn from [530].

Waals forces, i.e. for short distances compared to a typical wavelength in the UV [142]

Heff =Aν=0 +Aν>0 ≈
3
4kBT

(
εs − εf
εs + εf

)(
εg − εf
εg + εf

)

+ 3hνe
8
√

2
(n2

s − n2
f )(n2

g − n2
f )

(n2
s + n2

f )1/2(n2
g + n2

f )1/2
(
(n2

s + n2
f )1/2 + (n2

g + n2
f )1/2

) . (2.14)

Here, the indices s (substrate) and g (gas) denote the material in the two halfspaces
and f (film) is the intermediate film. Further, h is the Planck’s constant and νe the
main electronic absorption frequency in the ultraviolet regime (typically ≈ 3 · 1015 s−1).
The refractive index n and the dielectric permittivity ε for the materials are given in
the spectral range of visible light. The Hamaker constant can be approximated from
the surface energy, which is the surface tension for liquids. A stable film is formed when
the free energy of the system is minimal, i.e. by the first derivation of the free energy
with ∂F/∂l != 0. The layer thickness lstable at the potential minimum can subsequently
calculated with [526]

lstable =

 Heff

6π∆ρlkBT ln
(
p
p0

)
 1

3

. (2.15)

At a given temperature in dependence of the condensation pressure the equation de-
scribes a Frenkel-Halsey-Hill isotherm [531–533]. The film thickness increases with in-
creasing gas pressure and diverges as soon as the gas pressure reaches the condensation
pressure, corresponding to macroscopic adsorption. Furthermore, it can be seen from
equation (2.15) that the effective Hamaker constant has to be negative, otherwise no
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stable film can be formed and, thus, no or only partial adsorption occurs. This can be
also seen in figure 2.12b.

A different approach for the determination of the wetting type is given by Young’s
equation. Here, only the interfacial and surface tensions of the involved phases are taken
as basis for the calculation of the wetting behaviour, without considering the Hamaker
constant. Through the Young’s equation, the relations between the equilibrium contact
angle θeq of the drop and the surface as well as the three surface tensions or energies
are given as [142]

γs,g = γs,f + γf cos(θeq). (2.16)

When the three surface tensions are known, the state of wetting follows directly. Com-
plete wetting or spreading occurs, when the contact angle θeq is zero, i.e. for the case
that the inequation γs,g > γs,f +γf,g is valid. On the contrary, for contact angles θeq > 0◦
islands are formed on the substrate, partial wetting results.

Besides the two states of complete and partial wetting, a third wetting state has
been reported. The frustrated-complete wetting (fCW or pseudo-partial wetting) is
characterised by a mesoscopic film of a drop with a finite contact angle, where the
surface free energy is very close to that required for complete wetting [522, 523]. By
changing thermodynamic variables, e.g. the temperature, the surface tensions or the
chemical composition of the adsorbate or of the surface, the sign of the effective Hamaker
constant can change and consequently also the contact angle and wetting transition
can occur [522–524, 528]. Figure 2.12b illustrates a generic phase diagram for wetting
transitions for systems where wetting below the critical bulk temperature occurs [523].
It is depicted here to illustrate temperature and effective Hamaker constant dependent
wetting transitions. The configurations at the partial, complete and frustrated-complete
wetting is also shown.

2.3 The Hofmeister series

Studies and theories dealing with the behaviour of macromolecules in electrolyte so-
lutions date back to the nineteenth century. One of the most important observations
in this respect was made by Hofmeister in 1888, who showed that different salts can
dissolve or precipitate proteins [534, 535]. However, we now tend to discuss specific
ion interactions rather than the influence of salts. It was initially assumed that ions
influence the physical properties of macromolecules in aqueous solution by forming or
breaking up the water bond structures [536, 537]. While so-called kosmotropes (e.g.
small cations with high charge density and anions) were believed to strengthen the
water-hydrogen bonding network, chaotropes (e.g. large cations and anions) have the
opposite effect [538–540]. Indeed, previous studies have shown, that ions do not have
significant effects on the structure of the water and the hydrogen bonding network and
do not offer long-range structural perturbations effects [541–544]. Hence, the current
hypothesis is that direct ion/macromolecule-interactions and also the interaction with
water of the first hydration shell of the macromolecule, are largely responsible for most
aspects of the phenomena associated with the Hofmeister series [541, 545–547]. Despite
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the fact that Hofmeister effects are common to macromolecules in aqueous solution, the
mechanisms by which ions interact with them at the molecular level are still in an early
stage of elucidation [546–550]. The Hofmeister series is not yet fully understood. The
essential effects are based on a very complex interaction between the ions, the solvent
and the dissolved organic molecules [550].

There are many theoretical approaches to explain the Hofmeister series, for example
classical theories as Debye-Hückel theory [551, 552] and the DLVO-theory [553–557],
but also recently developed approaches, as the ion-pairing hypothesis or Collin’s law of
matching water affinities [549, 558–561] and extended Debye-Hückel theory [551, 562–
564] for instance. Furthermore, work on the ion-specific parameters and hydration the
Jones Dole viscosity B coefficient and Setchenow constant, shall be mentioned [558, 560,
565–570]. A recent concept is also the introduction of ionic dispersion and van der Waals
forces acting on ions at the interface [571–573]. In extension to the law of matching
water affinities, Kunz et al. proposed a Hofmeister-like ordering for the binding of ions
to charged surfactant headgroups [574, 575]. The phosphatidic acid for example, is
classified as a “hard” (chaotropic) headgroup that favourably interacts with also hard
ions. As with all concepts, the simplifications should be considered with care. The
choline and phosphate group of phosphatidylcholines can be regarded as chaotrope and
kosmotrope group [574, 576].

A wide range of phenomena related to ions cannot be explained by current theories
and are therefore often referred to as “ion-specific”. However, the Hofmeister series is
proposed for salts and not for specific ions [575]. These specific ion interactions can fol-
low the Hofmeister series or not, and are not restricted to proteins or even biomolecules
[577, 578]. Typically, the polar headgroups of lipid membranes are susceptible for per-
turbations, they can directly interact with the ions in solution [579, 580]. This in turn
can influence the properties of the membrane, for example the lipid phase transitions
[581] modify the membrane surface potential (e.g. nerve cell action potentials) [582,
583], the dipole potential [584], the structure and dynamics of the lipid molecules [585,
586] can change the hydration layer [587] or influence the intermembrane forces [588],
and are essential and able to regulate the protein/membrane-interactions.

Numerous examples of specific ion effects are known and there is a vast majority
of reviews concerning the Hofmeister or lyotrophic series [549, 562, 589–592]. Specific
ion effects can be investigated with a wide number of experimental techniques and can
be further subdivided and categorised in simple solutions, complex mixtures and well-
defined surfaces, the two books of Ninham & Nostro and Kunz gives a further overview
[575, 593]. Two further reviews of Cevc [156] and Eisenberg [583] documented the
consensus until 1990 that multivalent cations interact very strongly with phospholipid
bilayers, while the interaction with monovalent ions, except for lithium, is weak - the
relative binding affinities generally followed the Hofmeister series. The consistency
regarding the relative binding affinities is currently missing, this is further discussed in
section 2.3.2.

The structural response, and also probably possible adsorption sites, of lipid systems
upon salt addition can be studied with surface-sensitive x-ray scattering methods, like
x-ray reflectivity. The structural reorganisation upon salt addition and ion binding does
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not affect only one lipid molecule but often the entire membrane [156].

2.3.1 Cellular cation environment and specific ion effects

The intracellular region of the mammalian cell is a very crowded environment containing
a variety of proteins, RNA (ribonucleic acid) and ions, beside many other solutes [594].
Ions and specific ion effects are ubiquitous in the biology. Metal cations, especially
Ca2+, Mg2+, Na+ and K+ play a vital role in cell function and regulation [55, 595, 596].
They take part in a variety of chemical reactions within the cell.

Since the beginnings of molecular biology it is known, that living cells retain certain
ions, such as potassium, and reject others, such as sodium. In fact, the intracellular
concentration of potassium and sodium are 145 mM and 5 - 10 mM, respectively. In
contrast, the extracellular concentration is higher for sodium with about 145 mM and the
potassium concentration is around 5 mM. This yields an electrochemical gradient across
the membrane which is called the resting potential. The electric potential of an excitable
cell is of fundamental cell physiological importance for the excitation conduction of
the nerves, the control of muscle contraction, as well as the electrophoretic material
transport through the membrane [78, 597]. The concentrations of cations and their
fluxes into and out of the cell are strictly regulated [595].

In contrast to monovalent cations, divalent cations are more scarce in the intracel-
lular milieu [597]. Calcium is involved in many signal transduction pathways (cascades)
and plays a crucial role in cell fusion and endocytosis. The reason why this ion is of-
ten used as an intracellular messenger is due to several properties. Firstly, local and
temporary changes in calcium concentration are detected quickly and easily. Trans-
port systems keep the cytosolic concentration at about 1 - 100 nM, several powers of
ten below the extracellular concentration which is about 1 - 2 mM. Due to the low local
concentrations slight changes can be detected quickly. Another reason why calcium is
so well-suited as a messenger substance is that it is able to bind very tightly to proteins
and can induce substantial restructuring. It can bind coordinatively to up to eight
oxygen atoms [597, 598].

Up to now, we have seen some examples for specific ion effects, such as the calcium
triggered fusion of lamellar bodies with the type II pneumocyte plasma membrane.
This is promoted by extracellular calcium ions [599, 600]. Moreover, the structure of
tubular myelin is maintained by calcium ions. Further, the surfactant protein A binds
calcium-mediated to the phospholipid structures and is important for formation of tubu-
lar myelin [599–601]. The strictly controlled regulation of calcium signals is crucial for
adequate cell function, as shown by the role in cell proliferation, gene transcription and
cell death. Certain specific features of the calcium signalling are also altered in some
cancers [602, 603]. Calcium is also an important cofactor in metallo enzymes, here the
binding is highly specific in the active site of the protein. Further, as second messen-
ger it is crucial for the propagation of neuronal signals. The membrane fusion of the
neurotransmitter-rich vesicles and the neuron synapsis membrane is mediated trough
calcium ions [604, 605]. Due to the modulation of the charge property of the lipids, cal-
cium ions play an important role in the T-cell receptor activation (adaptive immune sys-
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tem) [606]. Another “bridging” role of calcium ions is the protein/membrane-interaction
of the C2 domains and annexins [607, 608]. Unspecific effects of metal ions can lead
to complications, for example the mediation of the interaction of amyloidogenic pep-
tides with membranes [609]. Since Ca2+ is an important signal molecule that causes
many cellular reactions, it is possible that part of its effect is transmitted by changes
in the physical properties of membranes. Indeed, during the phase transition charged
lipid membranes emit interfacial bound ions. This enables the generation of ion pulses
[156]. The local concentration of cations can be temporally enhanced due to transient
signal responses to external stimuli, for example at the signal transmission in neurons
(“synaptic plasticity”) [610, 611].

Magnesium is the second most abundant ion in the interior of a cell and is an
essential element for biological functions [612]. It occurs typically as Mg2+ ion. It is
deeply involved in the cellular metabolism. In fact, Mg2+-dependent enzymes occur
in almost every metabolic pathway. Examples are DNA polymerase and hexokinase.
Further, the main energy source of the cell, ATP, must bind to a magnesium ion to be
active. It stabilise polyphosphate compounds in the cells, including those involved in the
synthesis of DNA and RNA [613, 614]. The magnesium ion tends to sense in the other
direction as calcium. For example, magnesium binds weakly to proteins and the cell can
regulate the enzymatic activity through a local change of the magnesium concentration.
Further, the two cations (magnesium and calcium) cannot be exchanged in biologically
complex processes. For example, the sugar/lipid-interactions mediated by Ca2+ which
regulates the presentation of sugars present in PI(4,5)P2 lipid and finally modulates the
phospholipase C delta 1 pleckstrin homology domain (PLC δ1-PH) cannot performed
by magnesium ions [615]. This is an example for the high selectivity of the present
ions. The total concentration of magnesium ions in a mammalian cell is about 30 mM,
the free cytoplasmatic Mg2+ concentration is in the range of 1.5 mM. The latter pool
is stored in intracellular compartments or bound to chelators, e.g. ATP [613, 614, 616,
617].

Beside the effects of the global change of the ionic distributions trough cell home-
ostasis, stronger localised alterations of the cation distributions are important, e.g. in
membrane fusion events and signal transmission. Furthermore, the selective accumula-
tion of cations at the surface of a membrane can effectively modify its interaction with
the environment and modulate its physical properties [618–620]. Indeed, magnesium
and calcium ions can catalyse the membrane fusion (or endocytosis/exocytosis) and
are able to bind to multi-anionic sites of the membrane and due to the cross-linking
membrane stabilisation can be enhanced [577, 621, 622].

In the last few decades, considerable progress has been made in elucidating the
role of ions in signal transmission [623, 624] and in cell membrane-related processes.
Yet, there is strong evidence that ions interact in a very specific way with membranes
[620, 625–627]. However, the experimental description of the direct and specific effects
between ions and zwitterionic membranes is still lacking and the quantitative aspects
as well as the underlying molecular details are still under debate [626, 628]. In order
to obtain more information, in this work different ions were used to investigate the
structural response upon membrane binding. Due to the selection of various ion sizes,
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properties (e.g. polarisability), hydration states and concentrations different features
can be screened.

2.3.2 Specific ion effects on membrane systems

This subsection briefly summarises previous studies and the current status of the re-
search field of the interaction of ions or salt-induced effects on membranes, especially
work conducted with solid-supported membranes. As already described, the environ-
ment of biological membranes is rich in ionic species, and the physicochemical mech-
anism for the multiple effects of ions that were observed at lipid bilayers is generally
not well understood. The ionic distribution of the aqueous environment is particularly
important, since it directly controls and regulates the properties of a lipid membrane.
The lipid bilayer as biological interface is sensitive to the interference by ions which
typically bind to the polar headgroup [579, 580, 588, 629]. The direct measurement
of ion/membrane-interactions in the complex biological system is not possible or very
difficult. Therefore, simplified lipid bilayers are often used as mimicry model system to
shed light on the role of ions in complex biological systems [156, 630, 631].

The interest in understanding the effects of various ions on biological systems has
led to intensive studies on the interactions between ions and phospholipid membranes.
Salt effects has been widely studied in order to obtain more knowledge. A number of
model systems were used: monolayers [632–635], bilayers [583, 588, 636], micelles and
liposomes [637–640]. The book from Kunz [575] summarises specific ionic effects divided
into different model systems. The reviews from Friedman (2018) [577] and Leontidid
(2017) [591] give an overview of current experimental and computational methods that
are used to investigate ion/membrane-interactions with corresponding results.

Since biological membranes constitute more than 50 % of zwitterionic lipid species,
DPPC and DMPC were used to investigate effects upon salt addition. Any adsorption
of cations onto a zwitterionic membrane leads to a positive net charge, this can be
measured via zeta-potential measurements and the electrophoretic mobilities [637, 641,
642]. Further, to change the electrostatics of the system, DPPA, an anionic lipid with
unique biophysical properties that is important in signalling and promotes curvature in
bilayer membranes, was chosen.

As already mentioned, until 1990 the consensus was that multivalent cations (and
lithium) interact strongly with zwitterionic phospholipid bilayers, whereas monovalent
cations only display weak affinities. The relative binding affinities were generally in
agreement with the Hofmeister series [156, 576, 579, 583, 643–647]. These findings
have been confirmed and supported by further studies that show that bilayer proper-
ties are unaltered upon addition of sub-molar concentrations of monovalent ions like
sodium chloride [644, 648, 649]. Since 2000, a different view has evolved indicating
much stronger interactions between phospholipids and monovalent cations, especially a
strong binding of sodium cations [54, 579, 580, 645–647, 650–654].

At sub-molar concentrations of NaCl in different experimental setups [54, 646, 647,
650–654] and molecular dynamics (MD) simulations [54, 580, 585, 655–659] indications
were found, that a strong binding of sodium occurs at phospholipid bilayers. The

42



2.3. The Hofmeister series

publication of Catte et al. clearly shows these discrepancies and attempts to solve the
obvious inconsistencies [626]. It was concluded that the current MD simulations are not
sufficient for the interpretation of cation/membrane-interactions [626, 628]. Currently,
however, there is no consensus in the literature.

Indeed, non-invasive spectroscopic methods generally indicate that Na+ ions have
negligible binding to PC lipid bilayers. In comparison, Ca2+ is observed to bind specif-
ically phosphate groups of a few PC molecules [644, 648, 649, 660–664]. A stronger
membrane binding of cations is predicted by MD simulations with atomistic resolution
[626, 628]. These simulations show varying Na+ accumulation at the lipid interface [54].
For Ca2+ strong bonds with up to four PC lipids at once are reported [580], whereby
these interactions are not only limited to the phosphate group [580, 620, 625]. So far,
the significant binding of calcium cations to PC bilayer membranes at sub-molar concen-
trations is agreed in literature [156, 584, 643, 661]. The interpretation of NMR (nuclear
magnetic resonance) spectroscopy and scattering experiments, on the contrary, reveal
that one calcium cation interacts with two PC headgroups [661, 663–665]. However,
the molecular details of the calcium/membrane-interactions are still under debate and
despite the previous studies, an understanding on a molecular- or atomistic level is still
lacking.

In order to shed more light on the binding of biological important cations, in partic-
ular sodium and calcium were investigated with XRR at fully hydrated DMPC bilayers.
This study was conducted in cooperation with the University of Helsinki and the experi-
mental results will be combined with state-of-the-art molecular dynamics (MD) simula-
tions. The experimental findings and the development of force fields goes hand-in-hand
[666] and further information can help to validate molecular dynamic simulations with
improved parameters for the binding of cations. For recent reviews that compare ex-
perimental findings and bilayer simulations, see [667, 668] and current state-of-the-art
biomembrane simulations and discussion of limitations, see [666, 669].

Calcium and magnesium cations were further shown to enhance the permeability
and fusion of lipid membranes [576, 638, 639, 670–672]. Moreover, the main transition
temperature increases in dependence of the ion type and concentration of the solution
in lamellar model systems [627, 673] as well as in monolayer systems [674]. Frequently
also domain formation, phase separation and transient poration of membrane systems
upon alkaline and alkaline earth cation addition was reported [117, 674–678].

The binding of ions to lipid membranes seems to be entropy driven due to the
expel of hydration shell water molecules of the ions and PC headgroups, since the
process is endothermic [579]. Klasczyk et al. used zeta potential measurements and
isothermal titration calorimetry (ITC) as well as differential scanning calorimetry (DSC)
with PC vesicles and found that the molar enthalpies follow the Hofmeister series. The
greatest gain in entropy was facilitated by the smallest ion under consideration. They
explained the mechanism of cation/membrane-interaction as “binding-by-dehydration”.
Furthermore, various studies have shown that metal cations can cause dehydration of
the headgroup and increase the chain melting temperature through ion bridge formation
[676, 679–681]. It was reported, that monovalent alkali cations inefficently adsorb at
a zwitterionic membrane but adsorb more strongly when negatively charged lipids are
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present [620, 636]. Calcium ions have also an affinity to interact with neutral lipids
[625].

Le et al. (2019) [627] studied the distribution of Na+, Ca2+, Mg2+ ions in single
DMPC model membranes on quartz chips using differential scanning calorimetry, quartz
crystal microbalance and computer simulations. Beside the observation of the absence
of water molecules in the hydrophobic core of the bilayer, they found an accumulation
of ions in the headgroup region indicated by an increased phase transition temperature
of the supported membrane. It is believed that this explains the effect of ions on the size
of liposomes [576, 648, 682, 683]. An association with Cl– was not found. The preferred
binding sites of the ions regarding to their MD simulations are: Na+ and Ca2+ both
bind to the ester moiety, while Mg2+ (hydrated) bind to the phosphate. The results for
NaCl, however, contradict the assumption of a negligible sodium binding affinity.

Metal ions can also affect the interlamellar water layer in bilayer stacks or multil-
amellar membranes. A swelling of the interlamellar water layer thickness was observed
[588, 648, 684–687]. This effect is curvature independent [688]. Alsop et al. (2016) [689]
investigated the effect of the ions of the Hofmeister series on solid-supported DMPC
multilayer stacks with x-ray diffraction. They found a swelling of the bilayers that was
differently pronounced following the sequence: Fe2+>Mg2+>Ca2+>Zn2+. In the used
dehydrated gel phase the thermal fluctuations of the bilayer are suppressed, but sensi-
tivity to subtle hydration events caused by ions is enhanced. However, an increase of
the water layer thickness, i.e., an increase in the number of water molecules bound per
lipid molecule is explained by the positioning and hydration strength of the present ion.
The exact mechanism is not known and different possibilities are proposed by the group.
The observation of the increased interlamellar water thicknesses in oriented bilayers and
multilamellar vesicles by monovalent ions is explained by a shielding effect of the van
der Waals attraction [588, 648, 687].

Garcia-Celma et al. (2007) [576] used for the measurements of currents and the esti-
mation of ion binding a special solid-supported membrane - a hybrid bilayer, consisting
of an alkanethiol bound to a gold electrode and a terminating lipid layer. Different
lipids were examined. The results showed that cation binding to PC was related to its
hydration-free energies (Ghyd). They found a reversed Hofmeister-like series [574, 575].

Solid-supported DMPC bilayers prepared via Langmuir-Blodgett were also used in
FRAP analysis to reveal the effect and influence of NaCl ionic strength on substrate/bi-
layer-interactions [647]. However, these effects are highly under debate since an inter-
action of sodium with the fluorescent dye is suspected [626, 649]. Therefore, surface-
sensitive tracer- and dye-free methods with sub-angstrom resolution such as XRR are
highly suitable for the investigation of details without side-effects.

Beside Ca2+, Mg2+ and Na+ the monovalent cations Li+ and Cs+ were chosen in
the framework of this thesis. Lithium, a less common ion, may have significant and
important effects on membranes. It is biological very important [690–692]. Lithium has
a pharmacological potential in the treatment of maniac-depression and bipolar illnesses
[693, 694]. Roux and Bloom found in a deuterium NMR study with POPS and POPC
membranes that lithium penetrates the membrane more deeply and changes the struc-
ture in a higher degree than sodium, but less pronounced than divalent cations [695].
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In a microelectrophoresis study and studies based on zeta potential it was found that
lithium has the highest affinity of alkali metals for mixed PC-PG membranes and the
highest overall membrane affinity [696, 697]. More information on the interaction of
lithium with membranes and the biological significance in several different contexts can
be found in Jakobsson et al. [698].

Caesium cations which are weakly hydrated have medical significance. The chem-
ical properties of potassium and caesium are very similar. Caesium ions are slightly
hydrophobic compared to potassium ions. A biodistribution of Cs+ can be observed in
the regions of high potassium concentrations (e.g. muscle cells, interior of cells). Potas-
sium channels can serve as entrance to cells, whereas it was also reported that caesium
ions inhibit these channels. Therefore, the uptake in cells or even in living bodies has
not been resolved and a permeability of Cs+ across the membrane is assumed [699, 700].

Solid-supported membranes are a convenient model system for biological membranes
and are proven in the study of the Hofmeister series. The research performed with solid-
supported lipid membranes has given insights into the ion-specific effects and mechanism
of the Hofmeister series and are increasingly used in biophysics to study specific ion ef-
fects. However, high precision measurements of the structure of bilayers interacting
with ions, like it is provided by x-ray reflectivity, is still missing. Accurate and careful
measurements between ions and lipid bilayers are also urgently needed for the develop-
ment and validation of more accurate molecular dynamic simulation starting models.
Since the binding mode for calcium ions depends on the concentration [625], different
sub-molar and higher concentrations of the salt solutions were applied. In addition,
the collected data could be helpful in evaluating the inconsistencies regarding sodium
binding to zwitterionic phospholipid bilayers.

2.3.3 The electrical double layer

To understand the ion binding at membranes or surfaces in general, an atomistic picture
of the underlying conditions should be considered since the distribution of ions near the
solid/liquid-interface is different to that in the bulk phase. Sufficiently far away from
the interface in the volume phase, the anions and cations of the electrolyte solution
are more or less uniformly distributed. The ions are differently hydrated depending on
their nature and charge density. The attractive and repulsive interaction forces of every
single charged species are balanced, and the sum of the forces exerted on a particle
across space is zero.

In the proximity of the solid/liquid-interface this equilibrium is disturbed in a sen-
sitive manner since the properties of the charged surface are entirely distinct from the
bulk. In 1853 Helmholtz developed the first simple model to describe the distribution
of near-surface ions and proposed the term electric double layer [701]. He assumed
that the surface charge is compensated by the redistribution of attracted near-surface
counterions and that the interface therefore remains neutral. These counterions build
a defined layer. The Helmholtz double layer consists of the aforementioned Helmholtz
layer and the oppositely charged surface. It is assumed that the spatial proximity is
limited to the ion radius and one single hydration shell. Gouy and Chapman stud-
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ied the thermal motion of ions and they introduced the concept of a diffuse region
determined by a Boltzmann distribution, the so-called diffuse double layer [702, 703].
They considered the ions to be point charges that could reach infinitely close to the
substrate. Therefore, the Gouy-Chapman model predicts very high unrealistic surface
concentrations. These two models were then further combined by Stern to explain the
near-surface ion distribution in a two-layer model. The presented concept also takes
the limitation of the Gouy-Chapman model into account by positioning the center of
the first ion layer at an average distance from the solid surface [704]. The last compact
layer is the Stern layer, which is adjacent to the surface and screens most of the surface
charge. The Stern layer in the case of a mixture of ions is divided into the inner and
the outer Helmholtz layer with specifically adsorbed ions (inner) and counterions to
these inner layer. The potential within this layer is linearly reduced and drops from
the Nernst potential Ψ0 of the charged surface to the Stern potential Ψs. Beyond this,
the ion distribution based on the Gouy-Chapman picture of the diffuse layer and is
determined by the Poisson-Boltzmann equation. These two layers form the two main
regions. Further, in an aqueous system water molecules adopt a preferred orientation
at the Helmholtz plane, this results in a reduced dielectric permittivity [705].

In the diffuse layer region, the excess ion concentration decays exponentially and
asymptotically approaching zero at infinite distance. To eliminate an infinite thickness,
the thickness of the electric double layer is defined as the point at which the potential
reaches 1/e. It can be calculated with the reciprocal Debye parameter κ of the electrolyte
solution [142]

1/κ =

 εRT

F 2∑
i
ciz2

i


1/2

. (2.17)

Here, ε is the dielectric constant of the solution, F the Faraday constant, ci the con-
centration and zi the valence of the ions. Figure 2.13 illustrates the electrical double
layer with the used notations. In this case, a negatively charged surface and a NaCl
solution was used as an example to represent the double layer structure. For the De-
bye length, see subsection 2.1.2. The adsorption and binding of ions at phospholipid
membranes is mostly described by the Gouy-Chapman theory [591, 637, 697, 706]. As
already mentioned, the electrochemical potential of the ions in the diffuse layer of the
Gouy-Chapman model is described by the Poisson-Boltzmann equation. This mean-field
theory operates well at low electrolyte concentrations, but fails above a certain value
depending on the electrolyte (∼ 100 mM). The Poisson-Boltzmann theory has further
limitations: finite sizes and discrete nature of the ions are neglected, the surface charge
density is assumed to be homogeneous and flat on the molecular scale, to give some
examples [142, 707].

The adsorption or binding process is highly complex. Beside the electrostatic forces
for a sufficiently description additional repulsion forces due to steric hydration (of the
membrane and ions), van der Waals forces and thermodynamic contributions should be
considered. In addition, the phase of the membrane and ion key properties for example,
should not be neglected. A further important issue is that this model does not consider
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Figure 2.13: Sketch of an electric double layer of a negatively charged surface with adsorbed
Na+ and Cl– ions with the potential course.

the penetration of ions.

2.4 Proteins

This section describes details of the protein structure and folding. Moreover, the ad-
sorption of proteins at interfaces will be discussed and insights into the mechanistic
descriptions will be given. The last part is dedicated to the model proteins applied in
this work, lysozyme and bovine serum albumin.

Among the macromolecules of living systems proteins are the most versatile. They
have a decisive function in almost all biological processes [708]. An understanding
of protein chemistry is of fundamental importance for the entire biochemistry. The
elucidation of the structure/function-relationship of proteins is the subject of current
research. The primary sequence (amino acid sequence) is encoded as a sequence of
the base pairs of DNA (deoxyribonucleic acid) in the genes. Many proteins are further
modified co- or posttranslationally. This is the key mechanism to create and to increase
the proteomic diversity. The precise amino acid sequence allows the protein to fold
into a well-defined three-dimensional structure or conformation. This three-dimensional
structure determines their function and specific activity [78, 708]. Proteins perform
their functions mainly through protein/protein-interactions, which can also occur in
the vicinity of membranes. Despite the variety of tasks, they consist of only 20 different
building blocks, the proteinogenic amino acids, which are linked by peptide bonds. A
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linear polypeptide chain consisting of less than 100 amino acids is called a polypeptide.

Some proteins primarily have the function of forming defined structures and give
the cell form and shape. Further, proteins can be peripherally attached to or integrated
in the different membranes of the cell [62, 63]. They form channels and ion pumps
with which the flow of nutrients, information and the regulation of these in and out of
the cell and the various organelles can be controlled. In addition, specialised proteins
act as receptors, antibodies, toxins, hormones, growth factors, enzymes and control
cell differentiation. Structural proteins are proteins that primarily serve as scaffolds in
tissues or cells. Besides globular proteins and membrane proteins, they form a main
class of proteins. These proteins often have no catalytic function, i.e. they do not
act as enzymes, but are significantly involved in the formation of fibres, giving cells
their shape and tissues their rigidity and elasticity. Enzymes perform almost all of
the chemical reactions that occur in cells. They are also involved in translation and
transcription processes (DNA/RNA processing). Peptide or protein hormones transmit
signals to coordinate biological processes. They are very specific and act on their certain
target organ via receptor mediated binding (in or outside the cell). Storage or ligand
binding proteins carry atoms and small molecules through cells or the whole organism.
Antibodies are large Y-shaped proteins used by the immune system to identify and
neutralise pathogens (or antigens).

Before the explanation of the classical theory, the following passage first summarises
the recently gained knowledge of protein structure and folding. Over the last two
decades, progress in biochemistry, biophysical and molecular dynamic techniques has
revealed a multitude of deviations from the “one sequence→ one structure→ one func-
tion” paradigm [709]. In terms of structure, there are indications of so-called meta-
morphic proteins. These are single amino acid sequences, which can occupy different
folded conformations with similar Gibbs energies in the native environment and changes
(rate of ∼ 1 s−1) reversibly between these structures [709–713]. The term was coined
by Murzin in 2008 to describe this findings [714]. Furthermore, a structural plasticity
of protein sequences could be shown in NMR-based and molecular modelling studies.
Indeed, this intrinsic flexibility is necessary to accomplish the protein’s function [715,
716]. The description of the native conformation, therefore, also contains the internal
dynamics and a certain flexibility. So-called “intrinsically unstructured or disordered
regions” in proteins or peptides are surprisingly common, especially in functional pro-
teins [717–720]. These unordered structures gives the proteins the ability to interact
with many different targets, and to adopt multiple conformations upon binding in de-
pendence of the binding event [721, 722]. Furthermore, it becomes clear that so-called
“molten globules”, a term commonly used in the context of protein folding [723, 724], are
important for some vital cell functions [725–727]. Hence it is not absolutely necessary
for a protein to adopt an overall defined structure in order to perform its function(s)
[721]. It can be stated, that these two basic principles, spontaneously folded domains
and intrinsically disordered regions, represent the two functional building blocks [709,
720].

48



2.4. Proteins

2.4.1 Protein structure and folding

As discussed above, a protein does not have a statically fixed form. It is conformationally
flexible. A rigid form would impede different active states, the regulatory function and
the substrate conversion. Protein structures can be regarded on four organisation levels
and are divided into primary, secondary, tertiary and quaternary structures.

The primary structure is the amino acid sequence of a polypeptide chain. Usually
there are 20 types of amino acid side chains in proteins, which differ in size, shape,
ability to form hydrogen bridge bonds, hydrophobic character and chemical reactivity.
They determine the physicochemical properties of the protein. The amino acids have a
central carbon atom (α-carbon). The amine (-NH2) and carboxyl (-COOH) functional
groups accompanied by a side chain (-R) unique to each amino acid, are bound to the
α-carbon. The carbon atom is thus chiral. A peptide bond, or amide bond, is formed by
the reaction of the carboxyl group of one amino acid with the amino group of another,
causing the release of water. Peptide bonds have a planar trans-configuration due to
their double bond character, thus, the number of conformations is limited [598]. The N-
Cα and Cα-C bonds can rotate, the resulting bond angles are called Φ and Ψ. The spatial
arrangement of a protein or peptide is created by interactions between the individual
atoms of the polypeptide scaffold and bonds between the amino acid side chains.

The secondary structure is the composition of the protein from particularly fre-
quently occurring motives for the spatial arrangement of the amino acids, without con-
sidering the side groups. The structures are stabilised by hydrogen bonds. Since the
secondary structures are local, different secondary structures can be present in the same
protein molecule. A distinction is made between the following structure types: α-helix,
β-sheet (parallel or anti-parallel) and turns. By turns and loops (ω-loops, hairpin-bend,
multiple turns, linker) the secondary structure elements are connected and a direction
change of the polypeptide chain can be induced.

In contrast to the α-helix structure the β-sheet structure is flat and the polypeptide
chain is almost stretched. There are also mixed β-sheets with parallel and antiparallel
sequences. Proteins that play a role in lipid metabolism are almost exclusively com-
posed of this structural motif. The tertiary structure is the overall arrangement of a
protein. The tertiary structure is stabilised by non-covalent interactions, mainly by the
formation of a hydrophobic core. Disulfide bridges connect areas of the sequence cova-
lently that are distant from each other and give the structure additional stability. In
addition, hydrogen bonds, salt bridges, van der Waals and ionic interactions play an im-
portant role. The protein continues to fold through these bonds and interactions. The
quaternary structure is constituted by several polypeptide chains or protein molecules,
usually referred to in this context as subunits, which operate as a single protein complex
[78, 598].

Despite their molecular diversity, all proteins have the same ability to quickly and
spontaneously fold into a well-defined spatial structure that is crucial for their specific
function. Protein folding is a highly cooperative process. Other temporary thermo-
dynamically unstable transition states exist between the stable native state and the
unfolded state. The determination and existence of the transitions as well as their in-
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termediates with respect to the structure and the conditions under which they occur
is an intensive research field. Protein folding is achieved by progressive stabilisation of
the intermediate products. The basic principle is therefore a cumulative selection in
which partially correctly folded intermediates are retained, and not a random testing
(Levinthal’s paradoxon) [728, 729]).

In-vitro studies showed that protein folding takes place within milliseconds [730].
The development of novel experimental techniques for measuring in the ms to ns range
and with higher resolution enabled to obtain more detailed information about the vari-
ous intermediates, their conformations and kinetics [731–736]. Furthermore, molecular
dynamic simulations allowed better interpretation of the experimentally obtained data
[737, 738]. With the obtained data, different mechanistic models for protein folding
[739–741] and also mixed models [742–744] were postulated. The protein folding pro-
cess can be illustrated using a funnel-shaped potential energy surface, a so-called folding
funnel [729]. The driving force in this process is the decrease of free enthalpy. The height
of the folding funnel reflects the energy of the folding protein, while the lateral expansion
at this energy level indicates the entropy of the system [729, 745]. The unfolded states
are characterised by a high degree of conformational entropy and a high free enthalpy.
Pits at the edge of the folding funnel represent metastable intermediate products. On
the way along the funnel the protein can adopt less and less alternative conformations
and the entropy of the system reduces. The correct native structure is formed at the
lowest point of the funnel. The native state of proteins can be determined well by
high-resolution methods such as x-ray crystallography or NMR spectroscopy [746–749].

The metastable intermediate structures on the way to the correct native conforma-
tion can also initiate protein aggregation [729, 750, 751]. The folding intermediates
expose hydrophobic regions. Through intermolecular interactions, which compete with
intramolecular interactions, insoluble protein aggregates [729, 752, 753] are formed via
different intermediate stages. Similar to the intramolecular folding, the aggregation
pathway is driven by hydrophobic forces. Amyloid fibrils are the most thermodynam-
ically stable form [729, 753]. In-vivo, these anomalies and the loss of the functional
structure can cause protein misfolding diseases, so-called amyloidosis.

2.4.2 Protein adsorption at interfaces

Almost two decades ago, Nakanishi et al. has described the phenomena when a protein
adsorbs to a solid interface as “[...] a common but very complicated phenomenon”
[754]. Proteins and polypeptides are intrinsically surface-active and tend to adsorb
and accumulate at interfaces. The understanding of protein/interface-interactions is
fundamental for a broad spectrum of research areas, such as biology, biotechnology,
pharmacology and medicine. The process of the protein adsorption has implications
in diverse fields, for example in the design of biocomparable medical implants and
surgical tools, tissue engineering, drug discovery and delivery, biofouling, biosensors,
food industry and immunological assays [755, 756]. It also plays an important role in
the economic field [757].

In-vivo, proteins interact with lipid membranes of different compartments, these
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interactions are highly specific and relevant for the proper performance of biological
processes. Complex interactions between proteins and membranes or protein/protein-
interactions can take place at membranes. For example, blood coagulation or energy
conversion as well as signal transmission events are membrane-associated processes.
Another important aspect of protein adsorption is the aggregation of proteins. They
can aggregate at the membrane and thus hinder signal transduction [758, 759] and other
important cellular processes [760–762].

By diffusion, Brown molecular motion and far-reaching interaction forces the protein
approaches the surface [763]. Adsorption of proteins results in a concentration gradi-
ent. According to Fick’s first law, the particle current density J is proportional to the
concentration gradient against the diffusion direction. The proportional constant is the
diffusion coefficient D

J = −D∂c

∂z
. (2.18)

According to the Stokes-Einstein relation, D is proportional to the root mean square
velocity µ of the particles, which depends on the temperature T , the viscosity of the
fluid η and the size of the particles R0

D = kBT

6πηR0
. (2.19)

The diffusion coefficient for biological materials normally ranges from 10−11 to 10−10 m2/s.
For example, lysozyme and BSA have diffusion coefficients in water (T = 298.15 K) of
about 1.28 · 10−10 m2/s and 0.72 · 10−10 m2/s [764].

Different types of interactions and factors can result in an attraction or repulsion of
the protein from the surface. The interactions and driving forces that facilitate protein
adsorption have been discussed by many authors [765–769].

Thermodynamic approach According to the current state of research, surface
activity and, thus, protein adsorption results from a variety of direct and indirect causes
and cannot be determined by a structural element of the protein. Independent of the
mechanism and kinetics of the adsorption process, protein adsorption can only occur
when the free Gibbs energy ∆Gads of the system decreases, provided that temperature
and pressure are constant [765]. This includes enthalpic (∆Hads) and entropic (∆Sads)
contributions. The relationship is given by

∆Gads = ∆Hads − T ·∆Sads < 0. (2.20)

The lower the free Gibbs energy ∆Gads is, the more stable is the system and the more
likely a protein adsorbed at the interface. In addition, entropy (∆Sads > 0) can be
increased or enthalpy (∆Hads < 0) reduced at constant pressure and temperature.

Protein adsorption relies on different intermolecular surface interaction forces acting
between the surface and the proteins. In a simplified approach, the energetic contri-
butions consist of enthalpic effects of protein/protein-interaction and protein/surface-
interactions as well as the entropic contribution of adsorption with respect to the

51



Chapter 2. Biological and scientific background

(de)solvation entropy. For example, adsorption results in entropy loss due to loss of
the translational and rotational degree of freedom of the protein; conformational en-
tropy can also be considered here. The desolvation enthalpy of protein and surface as
well as the corresponding entropies and the entropy contribution of the released water
are also considered. During the adsorption process, the free Gibbs energy is composed
of a multitude of interactions. Interactions that can lead to a reduction in enthalpy
and, thus, to adsorption are the van der Waals interaction and the electrostatic inter-
action between the proteins and between the proteins and the surface [769]. The most
important interaction forces are the hydrophobic interaction, electrostatic or Coloumb
interactions and van der Waals interactions. The actual binding energies of the inter-
actions mentioned above vary strongly.

Due to the amphoteric character of the proteins, the electrostatic interaction depends
sensitively on the charge distribution of the protein surface, which in turn depends on
the pH-value. Furthermore, there may be a shielding effect by counterions which causes
a repulsion. In fact, an entropy gain from the detachment of adsorbed water molecules
and ions from the surface, which is due to the hydrophobic effect and the conformational
change during adsorption of the protein [769–771], is often described as the driving force
of protein adsorption. The Gibbs fundamental equation considers the system in a state
of equilibrium. By calculating the energy minimum of the free energy, equilibrium mod-
els of adsorption can be assumed taking into account conditions, such as pH-value, ionic
strength, temperature, surface condition and protein structure. The result is the access
to adsorption isotherms or other specific information [772, 773].

Kinetic approach Kinetic models consider the process of adsorption and desorp-
tion of a protein at an interface. It is assumed that a thermodynamic equilibrium
between free and bound phase is established. The models are determined partly on the
basis of physical considerations, but also empirically. The aim of the models is to find
a relationship between the concentration of the respective component in the bulk and
adsorbed phase. The simplest and yet most common model was designed by Langmuir
in 1918 [774]. The Langmuir model is based on the basic assumption that equivalent
and equidistant adsorption sites are present on the surface, that there is no interaction
potential between the proteins and that the adsorbed proteins are laterally immobile
but can desorb again. The change of the surface coverage Γ over time t depends on the
kinetic rate constants of the adsorption kad and the desorption kde, the concentration
at the interface cg and the maximum coverage Γmax

∂Γ
∂t

= kad · cg

(
1− Γ

Γmax

)
− kde · Γ. (2.21)

The degree of coverage at Γ=Γmax = 1 reaches a saturation value corresponding to a
completely filled monomolecular adsorption layer. For spherical objects in a hexagonal
densest package, this value is about 91 % [763].

One of the major weaknesses of the Langmuir model was overcome with the devel-
opment of the random sequential adsorption (RSA) model. In this model, the proteins
can adsorb to any random site on the surface. The maximum possible coverage of the
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Figure 2.14: Schematic representation of protein adsorption. Shown is the Langmuir model (1,
2a), the two-state model (1, 2a, 3, excl. red arrow) and the multiple-state model (1, 2a, 2b, 2c,
incl. red arrows). Structural arrangements through increased interaction points and alterations
of protein’s secondary and tertiary structure. This occurs frequently at hydrophobic interfaces.
Adapted from Norde et al. [777].

RSA model is 55 % [775]. Further extensions of the model, considering different desorb-
tion events, diffusion and structural rearrangements can be found in Schaaf et al. [776].
Another model, the two-state model, takes into account the observation that proteins
only desorb apparently from the surface after rinsing with protein-free buffer solution.
The model is shown in figure 2.14. Since proteins are flexible macromolecules that can
undergo conformational changes intrinsically or by influencing interaction potentials,
the inclusion of different conformational states in an adsorption model is realistic. The
model indicates two possible reaction pathways, whereby the protein can either adsorb
in the native conformation (2a) and a conformational change follows (2b) or it carries
out the structural transformation directly during adsorption (3) [777]. The ability of
desorption is almost lost after structural transformation, since the protein can dena-
ture on the surface and is thus irreversibly bound. For unfolded proteins this is less
probable than for native state conformations due to a high number of interaction sites
with the surface and a higher binding stability after protein unfolding. An extension of
this kinetic model is the multiple-state model, where several conformations are possible
depending on the surface affinity. This is illustrated in the figure by the pathway (2c)
[778].

A large number of models have been postulated for the adsorption kinetics of pro-
teins. Different factors were taken into account and various assumptions were used,
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e.g., overshoot phenomena, different conformational states that can be occupied during
or before the adsorption process, the interaction of proteins with each other and the
formation of clusters on the surface [779]. Each model describes with its characteristic
adsorption curve the degree of coverage as a function of time, taking into account the
adsorption and desorption rate. The review article by Rabe et al. provides an overview
of the generally used models [763].

The adsorption kinetic is often measured by the amount of adsorbed protein per
surface area Γ, as a measure for the strength of adsorption over the time t. Popular
methods are SPR-(surface plasmon resonance) ([780]), CD-(circular dichroism) [781]
and ATR-IR-(attenuated total reflection infrared) spectroscopy [782, 783], as these can
be used label-free. As a surface-sensitive method, x-ray reflectivity provides insights to
the adopted surface structure of the protein at the binding process and access to the
mass density.

2.4.3 Model proteins

This paragraph gives a brief overview of the proteins, that served as model proteins in
this thesis. Further details on the structural properties which are relevant for the data
interpretation are summarised in chapter 4.1.

Lysozyme, muramidase Lysozyme, a well-known single-chain protein (129 aa)
has emerged as a model for investigations on protein structure and function since its
discovery by Fleming in 1922 [771, 784].

Figure 2.15: Hen egg-white
lysozyme structure at ambient
pressure. PDB entry 1GXV
[785].

In mammals, the antimicrobial enzyme occurs in
many secretions, such as tear fluid, saliva, respiratory
secretions, blood serum, cerebrospinal fluid, amniotic
fluid, cervical mucus, milk and in professional phago-
cytes, including macrophages, neutrophils and dendric
cells. At mucosal surfaces it can reach concentra-
tions of 1 mg/ml [786–788]. Lysozyme is also found in
phagocyte-like cells in non-mammalian organisms indi-
cating that lysozyme plays a conserved role in host de-
fence throughout the animal kingdom [786, 788, 789].
All lysozymes have a similar overall structure (figure
2.15) and share the ability to hydrolyse the bacterial
wall consisting of peptidoglycan. The tertiary struc-
ture, the protein folding and the function of hen egg-
white lysozyme are nearly identical to those of human
lysozyme [790]. Hen egg-white lysozyme can therefore
serve as suitable model protein for the study of protein
aggregation in the context of developing a deeper un-
derstanding of lysozyme amyloidosis. The adsorption
of lysozyme onto liquid or solid interfaces and the for-
mation into amyloid fibrils is in the focus of current research.
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In-vitro, different conditions were studied which induce the fibrillation of hen egg-
white lysozyme. Due to the abundant knowledge about lysozyme and its in-vitro ag-
gregation behaviour it is an ideal model protein for the study of amyloidogenesis [790–
792]. An aggregation of lysozyme at anionic and neutral phospholipid membranes was
observed. In-vitro the protein clustering close to membranes can lead to (proto)fibrillar
structures [793–795]. On the contrary, the function of lysozyme, including its antimicro-
bial, antitumor and immunemodulatory activities, has been suggested to be linked with
its lipid binding properties [793, 796, 797]. Since lysozyme bears positive charges over a
broad range of pH-values, it has an intrinsic affinity for anionic phospholipids [798, 799].
Further investigations of partially unfolded states and native conformations are also of
interest, since protein-rich clusters may act as precursors of amyloid fibrils [800–802].
Apart of the aggregation of lysozyme in solution or at membranes, a mutation in the
LYZ gene leads to a rare hereditary form of amyloidosis in humans [803, 804]. Human
lysozyme has semi-disordered regions (residues 39-52 and 67-75) [805] which were also
detected in a partially unfolded state via H/D exchange (residues 36-102) [806] and
within the cross-β-sheet fibril core (residues 32-108) [807]. The adsorption behaviour
in contact with perfluorocarbons under lipid monolayers or at the bare water interface
was not investigated so far. It might be possible to influence the protein adsorption by
perfluorocarbon treatment and prevent self-aggregation.

A low surface tension of the tear film of the eye is essential for its function. It
consists of salts, lysozyme, mucins and other proteins [808]. At high surface tensions,
the clinical condition called “dry eye” can occur [809]. The interaction and penetration
behaviour of lysozyme and other proteins of the tear fluid, mucin and lactoferrin, at
the meibomian phospholipid monolayer causes this condition which is not completely
understood [810–814]. Other causes, in particular evaporation and dysfunction of the
meibomian gland are intensively discussed [815]. In addition to the perfluorocarbons
used in ophthalmology, there are freely available semifluorinated eye drops [816]. An
entirely perfluorocarbon-based drug for the treatment of dry eye is currently in phase
III clinical trials (May 2020) [817, 818].

Although lysozyme is one of the best studied proteins, its adsorption behaviour and
the resulting structures at hydrophobic liquid/gas-interfaces is still controversial.

Serum albumins (BSA and HSA) Further, serum albumin protein of cows and
humans were used as model proteins. Serum albumins are the most abundant blood
proteins of mammals and were recognised as a major component already in 1839 [819].
In healthy humans, the protein contributes to approx. 50 % to the total plasma protein
pool (0.6 mM or 5 g/ml [820, 821]). Serum albumins are large globular proteins with a
high α-helical content. They are the smallest, water soluble monomeric blood proteins.
They contribute to the colloid osmotic pressure (80 %), regulate the pH-value of the
blood, and operate as plasma carrier for different substances by non-specific reversible
binding. It has binding capacity for substances as water, Ca2+, Na+, K+, and for less
polar substances, such as fatty acids, several hydrophobic steroid hormones, bilirubin
and various drugs. It plays an important role for the transport and deposition of
endogenous and exogenous substances [820, 822–827]. Moreover, serum album catalyses
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a variety of different reactions [828–831]. It is also able to bind free radicals via the free
Cys-34 thiol group, this is characterised by a high antioxidant activity [832–834].

Another novel function is the chaperon-like activity (anti-aggregatory and anti-
amyloid properties) of BSA at physiological levels and conditions and in the presence
of divalent cations (Ca2+, Cu2+). It inhibits the aggregation and amyloid formation of
wild-type and (mutation variant) of L55P transthyretin [835], but also the fibril forma-
tion and aggregation of amyloid-β by binding [836–838] and insulin [839]. Further, under
non-physiological conditions BSA and HSA are able to form well-ordered β-sheet rich
aggregate structures which do not correspond to the common cross-β structures. BSA
still has a α-helical core and lack of cytotoxicity [840, 841]. The fibrillation of HSA was
also observed [842]. The polymorphism and the universality of the fibrillation mech-
anism are also underlined by the mosaic structures of well-known aggregation-prone
peptides [843–845].

Serum albumin is the most known multifunctional transport protein and performs
multiple functional roles that seem otherwise unrelated. It is a so-called moonlighting
protein [709, 846]. Therefore, it is difficult to categorise albumins. They seem to be
proteins with “catalytic promiscuity” [847]. A large majority of the known binding
sites of serum albumin are characterised by a “dual personality” with ordered and flex-
ible/unordered residues. The intrinsic disordered regions are related to the functions of
this important serum protein [848]. Further information of the gene locus, the expres-
sion rate, lifetime in the blood, related diseases, processing and degradation are found
in references [821, 849, 850].

The serum albumin molecule is structured in three homologous domains I-III, see
figure 2.16. Each domain consists of two subdomains (A and B). The domains are not
topologically identical, but have very similar 3D structures. The disulfid bonds stabilise
the domain structures. The secondary structure of HSA and BSA is mainly α-helical
(67 %), where the remaining polypeptide chain occurs alternately and in extended or
flexible regions between the subdomains. Thereby, β-sheets are not described. Fur-
thermore, HSA and BSA are the only plasma proteins that are not glycosylated under
physiological conditions, due to the absence of the tripeptide Asn-X-Ser/Thr (X: any
amino acid except proline) which is necessary for recognition by an oligosaccharyltrans-
ferase, and it further does not carry any prosthetic groups.

The primary sequence of the serum albumins is well-known [851, 852]. Akdogan et
al. quantitatively compare structural identities in the crystal state of BSA and HSA in
their ligand-free form (PDB entry (BSA) 3V03 [851] and PDB entry (HSA) 1BM0 [853])
[854]. The structures were aligned with the MUSTANG algorithm. The results show a
root mean square of 1.361 Å and a sequence identity of 75.52 % over 572 aligned residues
(76 % for the whole primary sequence [820, 821]). There are two regions showing the
significant differences between HSA and BSA both localised on the subdomain IB. BSA
thus serves as good model for the human variant since it has similar biological functions
and structure. Further, due to the lack of prosthetic groups or carbohydrates it is very
stable and can be produced at low costs.

The ability of albumin to undergo major reversible conformational changes or iso-
merisation processes upon changing the microenvironment, for example the pH-value.
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Figure 2.16: Crystal structure of ligand-free HSA, PDB entry 1UOR [855] with the repre-
sentation of domains, subdomains and Sudlow’s binding sites I and II. Albumin has two major
binding sites (drug binding via Sudlow I and II [856–858]) and other sites like Cys-34 (free thiol)
and metal ion binding sites [856, 859]. The binding sites for metal ions are isolated from the
Sudlow sites [860, 861]; fatty acid binding sites may overlap with the Sudlow sites [862, 863].
Examples of the binding sites for endogenous and exogenous ligands for which crystal structures
have been solved and predicted binding is summarised in [864] and [827].

This was first demonstrated by Luetscher in 1939 [865]. The transitions occur at pH
2.7, 4.3, 8 and 10. Early works describe the conformational structure of albumin in
solutions with neutral pH based on a variety of experimental methods [866–873] as a
prolate ellipsoid or partially expanded cigar-shaped structure (later referred to “F”-
isoform). Foster characterised the different forms [874, 875]. With the designation
“N” for a normal form, which is predominately at a neutral pH-value. Later, this
conformation was also called the heart-shaped form. The dimensions are commonly
approximated as 30 Å thick equilateral triangle with an edge length of 80 Å [855, 859,
876]. The cigar-shaped model is still commonly used and persisted as occupied form
at neutral pH-values [877–879]. The majority of the contemporary evidence pointed to
the heart-shaped structure and several research groups demonstrated that the spherical
molecule has the dimensions of around 80 Å [880–883]. These observations could only
be interpreted by the heart-shaped structure, which was determined from x-ray crys-
tallographic data of HSA [820, 855]. In the meantime, x-ray structure data are also
available for BSA and a heart-shaped structure has been demonstrated for example in
PDB file 3V03 [851].

Two additional conformations can be observed with decreasing pH-value of the so-
lution, the N-form at neutral pH is followed by the “F”-(fast migrating) form, this
cigar-shaped structure (140 x 40 x 35 Å3 [821, 866, 884]) is produced abruptly in aque-
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Figure 2.17: Diagram of the five conformational forms of the BSA molecule. The (confirmed)
crystal structure of the N-conformer and the proposed configurations, as ribbon diagrams of the
F- and E-forms, from [820, 882, 898, 899] are shown. The well-known structural transitions are
reversible.

ous environment with pH-values below 4. The “E”-(expanded) form occurs at pH-values
less than 2.7 with the dimensions 250 x 21 x 21 Å3. The “B”-(basic) form occurs at pH-
values above 8 and an “A”-(aged) form is present with time at pH-values higher than 8.0
[874]. The five forms adopt different content of α-helices, β-sheets and other structural
motifs. The expanded form (35 % - 50 % α-helix content) of BSA corresponds to the fully
extended dimensions of the protein allowed by the disulfid bonds [820, 885]. The multi-
ple conformations of BSA are shown in figure 2.17. During the N→F-isoform transition
BSA and HSA pass the isoelectric point. The net charge of BSA changes from -18 to
+100 from pH-value of 7.4 to 3.5 [885–889]. The transition is associated with unfolding
of domain III (C-terminus) with remaining intact domains I and II [876, 890–892]. This
F-form is less compact, longer and coupled with a decrease in helical content [893, 894].
During the F→E transition all six subdomains separate from the compact structure and
the protein denaturates and changes into the fully extended E-isoform. A high α-helical
content could be still observed [892]. The described transformations also occur for HSA
[885, 895, 896]. Moreover, conformational changes occur within the adsorption of BSA
to surfaces. This can be explained by the low conformational stability [897].

As mentioned above, the folding of BSA and HSA is very sensitive to the microen-
vironment. Therefore, pH-value dependent experiments in the range of pH 3 - 9 of the
adsorption behaviour to DPPA-films were conducted. Furthermore, the influence of the
BSA ligand MgCl2 was examined. Since DPPA’s protonation state is sensitive to the
pH-value, the change of the electrostatic properties of the monolayer has to be consid-
ered. Serum albumin is the major circulatory protein involved in the handling of Ca2+

and Mg2+ in mammals controlling the “biologically active” levels of these metals in the
blood [821, 851, 885]. The interactions between metal complexes with serum albumin
can result in disrupting the disulfide bonds which can lead to a partial loss of α-helix
conformation with the subsequent unfolding of the protein [900–903].
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The interaction of metal ions with serum albumins is of biomedical and physiological
importance and have been intensely studied [861, 904–906]. They are still under debate.
However, the study of the adsorption behaviour of BSA at different pH-values on DPPA-
films with the influence of ions is still lacking.
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Chapter 3

Basic principles of experimental
methods: Surface-sensitive x-ray
scattering

The aim of this thesis is to resolve molecular processes at interfaces, in particular, the
interaction of thin lipid films with gases, ions and proteins. This is realised by the
application of x-ray scattering techniques. Hard x-ray radiation has a wavelength of
∼ 1 Å, therefore it is suited to resolve objects at an atomic length scale. Due to its
high transmission through, e.g., aqueous environments it is able to provide insight into
the structure of buried interfaces. Moreover, the occurrence of external total reflection
enables to achieve low penetration depth and, thus, high surface-sensitivity.

In the following chapter the theoretical background of the most common in-situ
surface-sensitive x-ray scattering and diffraction techniques are presented. X-ray reflec-
tivity (XRR) and grazing-incidence x-ray diffraction (GIXD) became essential character-
isation working tools for determining structures, properties and processes at interfaces
on the atomic length scale. GIXD provides information on the lateral organisation, in-
cluding lattice constants, mean crystallite size, length of the lipid molecules, molecular
tilt angles, and tilt directions. XRR yields a laterally averaged electron density profile
along the surface normal. The electron density profile can subsequently be interpreted to
acquire information about interfacial structure, including molecular arrangements and
ionic distributions. By combining XRR and GIXD it is possible to obtain a complete
molecular picture of the sample system in-situ under near physiological conditions.

First, in section 3.1 the scattering geometry for XRR and GIXD will be introduced.
The basic principles of the methods are discussed in section 3.2 and 3.3. The theory
of the x-ray reflectivity technique is based on the textbooks: X-Ray Scattering from
Soft-Matter Thin Films, Materials Science Basic Research by Metin Tolan [907] and
Elements of modern X-ray physics of J. Als-Nielsen and D. McMorrow [908]. For a
detailed and complete description of the surface-sensitive x-ray scattering techniques,
the reader is referred to the textbooks and literature [909–914].
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3.1 Scattering geometry

The following section deals with the geometry of XRR and GIXD. A sketch of the
scattering layout is shown in figure 3.1.
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Figure 3.1: Geometry for XRR (αi = αf, 2θ = 0) and GIXD (αi < αc, 2θ 6= 0) experiments.

An incoming x-ray beam hits the sample surface under an angle αi and is scattered
under a vertical angle αf and a horizontal angle 2θ into the volume above the surface. A
part of the x-ray beam is refracted into the medium under an angle αt. The incoming,
scattered and transmitted components are described by plane waves ~Ei(~ki), ~Ef(~kf),
~Et(~kt) with the wave vectors ~ki, ~kf and ~kt, respectively. In the following only the elastic
scattering is considered, meaning that the wavelength λ is preserved. Therefore, the
absolute value of the wave vectors |~ki| = |~kf| = k = 2π/λ is constant, only the direction
of the radiation changes. In x-ray scattering experiments the scattered intensity is
detected as a function of the wave vector transfer ~q = ~kf − ~ki.

From the scattering geometry sketched in figure 3.1, the wave vector transfer can be
written as

~q = 2π
λ

 cos(αf) cos(2θ)− cos(αi)
sin(αf) sin(2θ)

sin(αi) + sin(αf)

 . (3.1)

In XRR experiments, the specular reflected intensity is detected. Therefore, the incident
angle αi, and the vertical exit angle αf are equal while the horizontal angle of deflection
2θ is zero (αi = αf and 2θ = 0). The expression 3.1 simplifies to

~qXRR =

 qx
qy
qz

 = 4π
λ

 0
0

sin(αi)

 . (3.2)

Only the wave vector transfer perpendicular to the sample surface is not equal to zero
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and consequently, XRR measurements only give information about the vertical electron
density distribution.

In GIXD experiments, the x-ray beam hits the surface under grazing incidence with
a shallow incidence angle αi (see figure 3.1). The horizontal angle of deflection 2θ differs
from zero. If for a first approximation αi = αf ≈ 0 is assumed, the wave vector transfer
has only lateral components

~qGIXD =

 qx
qy
0

 ≈ 2π
λ

 cos(2θ)− 1
sin(2θ)

0

 (3.3)

which can be summarised as

|~q‖| = |~qGIXD| =
√
q2
x + q2

y

= 2π
λ

√
(cos(αf) cos(2θ)− cos(αi))2 + (cos(αi) sin(2θ))2

≈ 4π
λ

sin(θ).

(3.4)

Therefore, GIXD probes the lateral structure of the sample. The incident beam in
GIXD experiments is kept below the critical angle for total reflection to enhance the
sensitivity to surface scattering. In case of lipid samples, many crystallites with statisti-
cally distributed orientations contribute to the scattering pattern and can be considered
as 2D powder samples.

Depending on the interest of information, the optimal scattering geometry must be
selected. By combining the GIXD and XRR methods, the structure of Langmuir films
can be precisely characterised1.

3.2 X-ray reflectivity (XRR)

In the following, the theoretical basics of XRR are briefly explained. Starting from the
Fresnel reflectivity of ideally smooth surfaces the reflectivity of multilayer systems will be
discussed, the so-called “effective-density model”. In an x-ray reflectivity measurement
one significant parameter is the index of refraction n of the sample. The medium
composed of N atoms per unit volume can be described as harmonic oscillators which
are stimulated by an electromagnetic wave with the frequency ω and the respective
resonance frequencies ωj , the refractive index is then calculated by the Drude-Lorentz
model as

n2(~r) = 1 +N
e2

ε0me

N∑
j=1

fj
ω2
j − ω2 − 2iωηj

, (3.5)

the factors fi describe the forced oscillation strength of each single atom and ηj are
damping factors. The elementary charge is denoted as e, the electron mass as me and

1Grazing incidence x-ray diffraction experiments have also been successfully performed at solid-
supported lipid systems [915–918].
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the electric field constant is ε0. The oscillation strength fj is essentially a complex
expression

fj = f0
j + f ′j(ω) + if ′′j (ω). (3.6)

The energy-dependent dispersion and absorption correction are taken into account by
the f ′j(ω) and f ′′j (ω). In the hard x-ray regime, the frequencies of the radiation are much
larger than the resonance frequencies of the system (ω � ωj). By taking the scattering
geometry into account, i.e. shallow incidence angles, equation (3.6) simplifies to

n = 1− δ + iβ. (3.7)

The real part describes the dispersion δ = λ2

2π reρ, with the classical electron radius re and
the electron density ρ, while the imaginary part represents the absorption β = λ

4πµ with
the energy- and material-dependent linear absorption coefficient µ. The dispersion is
in a range of 10−5 - 10−7 for the discussed systems. Since the real part of the refractive
index <(n) is smaller than one for x-rays, the refractive index n is smaller than the
refractive index of vacuum, implying that x-rays undergo total external reflection. This
is a peculiarity of x-rays, compared to visible light.

Total external reflection occurs below a critical angle (αi ≤ αc). For the relationship
between incident and transmitted beam the Snell’s law of refraction applies. Since
the absorption β is typically much smaller than δ (β � δ), the critical angle can be
approximated as

αc ∼=
√

2δ = λ

√
reρ

λ
. (3.8)

For αi < αc the wave field penetrates only a few nm into the sample and an exponentially
decaying wave, a so-called evanescent wave propagates parallel to the surface. With a
penetration depth of

Λ = λ√
2π

{√
(α2

i − α2
c)2 + 4β2 − (α2

i − α2
c)
}−1/2

= 1
2ki=(αt)

(3.9)

the wave field inflates into the medium. The penetration depth of x-rays with incident
angles αi → 0 tends to Λ0 = λ/(2παc) = 1/

√
4πreρ and gets independent of the

wavelength. For the most materials Λ0 is around 50 Å, the scattering derives with this
very shallow angles from the near-surface area of the sample.

3.2.1 Smooth surfaces and multiple interfaces

The scattering at smooth surfaces can be described by the Fresnel formulas2

r = ki,z − kt,z
ki,z + kt,z

, t = 2ki,z
ki,z + kt,z

, (3.10)

with ki,z = k sin(αi) and kt,z = kn sin(αt).
2In the case of x-rays, p- and s- polarised waves differ only by the factor n2 and are practically the

same. Therefore, no distinction is made in this thesis.
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(a) Fresnel reflectivity RF. (b) Fresnel transmission TF.

Figure 3.2: Fresnel reflectivity (a) and Fresnel transmission (b) of a silicon/vacuum-interface
with different absorption/dispersion (β/δ) ratios with λ = 1.54 Å.

Considering Snell’s law kt,z = k
√
n2

2 − cos2(αi) follows. The z component of the
corresponding wave vector is described by the index z. The Fresnel reflectivity results
from the square of the reflection coefficient as RF = |r2|. Figure 3.2a and 3.2b shows
the Fresnel reflectivity (RF) and the square of the transmission function (|t|2, Fresnel
transmission TF), respectively.

The incident angle αi is normalised by the critical angle αc. The Fresnel transmission
function 3.2b shows a maximum at αi ≈ αc (depending on the absorption β), which
can be explained by constructive interference of the reflected and transmitted waves
increasing the amplitude by a factor of two. It approaches unity for higher angles. The
figure 3.2a shows that the reflected intensity below the critical angle is equal to one
(plateau of total external reflection). Above the critical angle the intensity decreases
strongly (see also figure 3.4b). For αi > 3αc the Fresnel reflectivity can be approximated
by RF ≈ (qc,z/2qi,z)4, or RF ≈ (αc/2αi)4. X-ray reflectivity measurements therefore
are generally shown on logarithmic scales. The recorded reflectivity data are often
normalised to RF in order to highlight even small changes (compare figure 3.4a and
3.4b).

So far, only the reflectivity of an single surface has been considered. However, sample
systems usually consist of a substrate and one or more additional layers. In this case,
multiple scattering of the electromagnetic wave at the different interfaces occurs. The
components interfere and, thus, modulate the reflected signal. From the scattering of
two interfaces in a distance d oscillations arise in the reflectivity curve, the so-called
“Kiessig-Fringes” [919], also to be seen in figure 3.4a and 3.4b. The thickness d of the
included layer can be calculated considering the oscillation period via

d = 2π
∆qz

≈ λ

2∆αi
, (3.11)

here ∆qz and ∆αi are the distances of two subsequent minima.
Parratt published a method in 1954 which is commonly known as recursive Parratt’s

algorithm to describe the reflectivity of a system consisting of arbitrary number of layers
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Figure 3.3: Sketch of a multilayer stack with N + 1 layer and N interfaces. Each layer has
a thickness of dj and a refractive index of nj . The incident radiation is reflected (R1) and
transmitted (T1) at the first interface. This applies analogously to all other transmitted beams
at the lower layers, except for TN+1. Picture based on Tolan (1999) [907].

[920]. The basic situation is shown in figure 3.3.
The vacuum counts as “layer 1”, the semi-infinite substrate counts as “layer N + 1”

with an overlying layer with the last interface at z = zN . Every layer has a different
refractive index nj with the thickness dj . The reflectivity of a multilayer system thus
can be computed via

Xj = Rj
Tj

= exp(−2ikz,jzj)
rj,j+1 +Xj+1 exp(2ikz,j+1zj)
1 + rj,j+1Xj+1 exp(2ikz,j+1zj)

(3.12)

for the Xj-th layer, when Xj+1 is known.
The Fresnel coefficient of layer j is given as (compare with equation (3.10))

rj,j+1 = kz,j − kz,j+1
kz,j + kz,j+1

, (3.13)

where kz,j = k(n2
j − cos2 αi)1/2 is the z component in the layer j. The substrate is
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(a) Normalised R. (b) Fresnel normalised R. (c) Electron density profiles.

Figure 3.4: X-ray reflectivity curves (a) calculated from the corresponding electron density
profiles (c) with the additional Fresnel normalised representation (b) for a better visualisation
of small changes. The black curve represents the Fresnel reflectivity of a silicon/air-interface.
The same interface with roughness (5 Å) is shown in green. An extra layer with a thickness of
30 Å is added on top and shown in red.

assumed to be much thicker than the penetration depth of x-rays (see equation (3.9)),
consequently there is no reflected component in the substrate, i.e. it is possible to begin
the recursion at the bottom with the starting conditions: RN+1 = XN+1 = 0.

3.2.2 Real interfaces and Effective-density model

Up to this point, the reflectivity of ideally sharp and smooth interfaces has been dis-
cussed. In reality, especially in biological systems, the assumption of ideally smooth
boundaries is not appropriate. Instead, every interface has a finite roughness σ. There-
fore, the specular reflected intensity is damped in comparison to the Fresnel reflectivity.
The difference of the Fresnel reflectivity and the reflectivity of a rough interface can be
seen in figure 3.4a.

Since, the wave vector transfer ~q has only a component in z direction, the refractive
index of a rough surface is laterally averaged over (x, y) as nj(z) =

∫ ∫
nj(x, y, z)dy dx

yielding a continuous variation of the refractive index n(z) . To describe the refractive
index transition of a rough layer at position zj , the mean height function at the coordi-
nates zj+z is weighted with a probability density function Pj(z). This results in a rms
(“root-mean-square”) roughness of the boundary of

σ2
j =

∫
(z − µj)2Pj(z)dz (3.14)

with the mean value of the probability distribution µj =
∫
z Pj(z)dz.

Taking the roughness into account, a layer system can be described by using Parratt
formalism under consideration of modified Fresnel coefficients

r̃j+1,j = fj(kz,j+1 + kz,j)
fj(kz,j+1 − kz,j)

rj+1,j (3.15)
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Figure 3.5: Sketch of a rough surface. The average height is zj . The height function z(x,y)
describes the fluctuations around zj . The interface is substituted by a set of smooth surfaces
with the probability density function Pj(z) at coordinates zj +z. Picture is redrawn from Tolan
(1999) [907].

t̃j+1,j = 1
fj(kz,j+1 − kz,j)

tj+1,j , (3.16)

with the expected value3 fj(k) of the rms roughness regarding to Pj(z)

fj(k) =
〈

exp
{
− ik(z − µj)

}〉
Pj(z)

= exp(ikµj)
∫

exp(ikz) Pj(z)dz.
(3.17)

The choice of the probability density Pj(z) determines the course of the refractive index
at an interface, for example between the layer j and j+ 1, a continuous refractive index
nj(z)

nj(z) = nj + nj+1
2 − nj − nj+1

2 erf
(
z − zj√

2σj

)
(3.18)

with the error-function erf(z) = 2√
2πσj

∫ z

0
exp(−t2)dt corresponds to a Gaussian proba-

bility distribution, see also figure 3.5,

Pj(z) = 1√
2πσj

exp
(
− z2

2σ2
j

)
(3.19)

and finally resulting in the modified Fresnel coefficients

r̃j+1,j = rj,j+1exp(−2 kz,jkz,j+1σ
2
j ), (3.20)

t̃j+1,j = tj,j+1exp
{

(kz,j − kz,j+1)2σ2
j /2

}
. (3.21)

Since |r|2 is the Fresnel reflectivity of a smooth surface, equation (3.20) describes
the reflectivity of a rough surface with

R(qz) = RF(qz) exp{−q2
zσ

2}. (3.22)
3The function fj(k) for real k-values is the Fourier transform of Pj(z).
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Roughness thus causes an exponential decrease in reflectivity. The exponential decrease
of the reflected intensity with −q2

z on a rough surface is the result of the special case
of the erf function profile, as represented in equation (3.18). In many cases equation
(3.18) can be successfully applied further to describe a refractive index transition at a
rough interface.

There are functions beside the erf function described in the literature that work
well with other systems. In the case of liquid/vapour-interfaces [921] and a component
between two immiscible polymers [922, 923] the refractive index follows a hyperbolic tan-
gent function. An improvement is to replace tanh(z) by

√
2tanh(z/2)/[3−tanh2(z/2)]1/2

[924]. Some soft-matter interfaces, especially vapour/liquid-interfaces, seem to be asym-
metric and can be described with modified tanh profile [925, 926]. The refractive index
profiles of the erf and tanh function and the respective probability densities are very
similar and the differences are always being less than 5 %.

Using the Parratt algorithm with the modified Fresnel coefficients the dispersion
profiles for multilayer systems with rough interfaces can be calculated for the measured
reflectivity curve. However, it only applies for the conditions σj � dj , i.e. otherwise
the transitions regions of the refractive index at different heights overlap and the layers
cannot be treated as independent. For systems with the conditions σj ≈ dj , for example
oxide layers or complex biological systems such as peptide adsorbate at membranes, the
Parratt algorithm leads to discontinuous dispersion profiles, also shown in figure 3.6a.
Within the j-th layer, the assigned refractive index nj is not reached, the density profile
becomes discontinuous. The assumption of independent layers is invalid. Nevertheless,
a simple parametrisation of the complete dispersion profile, which is still based on the
layer structure, is possible through the introduction of the so-called “effective-density
model”. In the first step, an initial continuous density profile based on freely adjustable
parameters, the thickness, the roughness and the dispersion, that have to be refined later
is guessed. By an odd function Yj(z) which is ±1 for z → ±∞ a continuous transition

between the layers is implemented. In this thesis Yj(z) = erf
(

z√
2σj

)
is utilised. Using

the connection points

ζj = σjzj−1 + σj−1zj
σj + σj−1

(3.23)

the fraction of material j at position z can be determined as

Wj(z) =
{1

2 (1 + Yj(z − zj)) for z ≤ ζj ,
1
2 (1− Yj(z − zj−1)) for z > ζj .

(3.24)

This produces the dispersion profile

δ(z) =

N+1∑
j=1

δjWj(z)

/N+1∑
j=1

Wj(z)

 . (3.25)

In the following the “primary-profile” is subdivided into many very thin discrete layers
with the thickness εj and the uniform density δj with sharp interfaces, as sketched in
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(a) Layer stack with large roughnesses, dj ≈
σj , and associated discontinuous dispersion
profile. The layers were treated independently
with approximation of tanh functions and in-
dividual rms roughnesses.

(b) Initial guessed continuous dispersion pro-
file is (dashed line) sliced into thin layers ε
with the thickness d, sharp interfaces and con-
stant δj . The Parratt formalism is applicable
with δ(z) ≈

∑
j

(δj − δj−1).

Figure 3.6: (a) Layer stack with large roughnesses dj ≈ σj and associated dispersion profile.
(b) The density profile in the effective-density model, which assures a continuous density profile,
also with large interface roughnesses. Based on Tolan (1999) [907].

figure 3.6b. The Parratt algorithm can be applied to the resulting layer system. In the
context of the effective-density model the density profile at a selected depth z is to be
understood as the “effective density at depth z”. More information and mathematical
details can be found in [907]. The program LSFit [927] was utilised to evaluate the data
in this thesis, it uses the recursive Parratt algorithm in association with the ”effective-
density model”.

A more comprehensive approach for the calculation of reflectivities is offered by the
kinematical or (first-order) Born approximation [907, 910]. The kinematic approxima-
tion is valid for the range where the scattering cross section for the scattered radiation
is small. Here, only single scattering processes are considered and multiple scattering
events can be neglected. Therefore, the approximation is not exact near the critical
angle and is sufficiently well at angles αi > 3αc. Since the qz range in an experiment
is limited, the resulting electron density profile is not unambiguous. By using the kine-
matic approximation, the reflectivity can be expressed as the Fourier transformed of the
change of the electron density profile with

R(qz) = RF(qz)
∣∣∣∣ 1
∆ρ

∫ dρ(z)
dz exp(iqzz)dz

∣∣∣∣2. (3.26)

Equation (3.26) contains the Fresnel reflectivity RF for an ideally smooth substrate, the
electron density contrast ∆ρ between the substrate and the surrounding medium, and
the changes in electron density ρ(z) perpendicular to the surface.

As seen in this section, laterally averaged electron density profiles, with roughnesses,
thicknesses and electron density differences of samples, i.e. multilayer and buried in-
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terfaces can be determined by means of XRR without any tracer or marker with sub-
angstrom resolution. In order to obtain a comprehensive molecular picture of the sam-
ples, it is necessary to combine different techniques to gain detailed insights, e.g. into
the lateral structure. One method to receive information about the sample’s lateral
structure is the GIXD technique, which is discussed in the next section.

3.3 Grazing-incidence x-ray diffraction (GIXD)

The following section briefly describes the grazing-incidence x-ray diffraction (GIXD)
technique, used in this work as the second surface-sensitive x-ray scattering method for
the investigation of the influence of gas molecules on the structural behaviour of in-vitro
biomimetic membranes. The first GIXD measurements of compressed lipid monolayers
at liquid/vapour-interfaces were carried out by two research groups in 1987 [928, 929]. It
is a well-suited tool for the structural investigation of soft thin films on liquid subphases
and solid surfaces.

Grazing-incidence x-ray diffraction relies on combining Bragg scattering with the
surface-sensitivity of using very small incident angles in the region of the critical angle
[930, 931]. The incident angle is adjusted in the range of 60 % - 80 % of the value of the
critical angle. With equation (3.9), a typically penetration depth of about 50 Å results,
which is close to the thickness of a lipid monolayer [907, 932].

Compressed lipid Langmuir films form two-dimensional crystals (see section 2.1.1).
They are composed of randomly oriented crystallites, hence they can be treated as a
“2D powder”. This implies, that the Bragg condition is always fulfilled. Due to the lack
of vertical containment Bragg reflections occur as Bragg rods. The scattering of a lipid
film arranged as a 2D lattice, that is defined by ~rG = m1~r1 + m2~r2, with m1,2 ∈ Z, is
given by two key factors: the geometrical structure factor [172]

SG(q‖) =
∑
~rG

exp(−i~q · ~rG) (3.27)

which contains the information of the 2D lattice structure and the molecular form factor

f(q‖, qz) =
∫
Lipid

d3rρe(~rG + ~r) exp(−i~q · ~r) (3.28)

which describes the scattering of a single lipid based on its electron density distribution.
The geometrical structure factor depends only on q‖. This does not apply for the

molecular form factor, as the alignment of the lipids modulates also the vertical scat-
tering intensity.

In this thesis the response of DPPA-films to g- and vFCs was investigated with
GIXD. Special attention was paid to the influence of the gas on the formation and
destruction of the crystalline structures of the Langmuir film. Due to the small head-
groups of this lipid, no tilting of the alkyl chains above surface pressures of 15 mN/m is
observed [109, 933]. Moreover, the dense gas phase decreased the signal-to-noise ratio.
Therefore, it was not possible to resolve the qz dependence of the Bragg rods. Hence,
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the further explanations focus on the determination of lattice parameters and not of
the alignment of the lipid molecules in the unit cell. The extraction of the 2D unit cell
parameter and the 2D crystallite size are considered separately in the following subsec-
tions. The observed intensity distributions are derived from the periodic formation of
the tailgroups. Until now no diffraction pattern has been observed by the headgroup
itself [928, 934]. For further descriptions, including detailed discussion of the influence
of the molecular form factor, please refer to the following literature [229, 911, 913, 914,
935–943] and detailed reviews [944–947].

3.3.1 2D unit cell of a Langmuir film

Equation (3.27) shows, that the geometrical structure factor becomes maximal and
reflexes in the scattering patterns appears if the argument of the exponential function
corresponds to a multiple of 2π. This is the case for wave vector transfers that are integer
linear combinations of vectors ~gi that are defined by ~ri · ~gj = 2πδij . This is equivalent
to the Laue condition ~q = ~Ghk [948] with the reciprocal lattice vector ~Ghk = h~g1 + k~g2
(h, k ∈ Z) and the Miller indices h and k. The geometric structure factor, equation
(3.27), is then given by

SGhk
=

∑
m1,m2

exp(−i2π(hm1 + km2)). (3.29)

A simple geometric approach which yields the same scattering angles for constructive
interference as the Laue condition is provided by the Bragg condition mλ = 2d sin(θ)
with m ∈ Z [949]. The situation is illustrated in figure 3.7a.

(a) Bragg reflection at a surface.
(b) Bravais lattices: oblique (1), unit cell (1b), rectan-
gular (2), centered rectangular (3), hexagonal (4), square
(5).

Figure 3.7: Scattering at a two-dimensional lattice under Bragg conditions with a position
sensitive detector (PSD). Scheme of the five two-dimensional Bravais lattices and the primitive
unit cell of an oblique lattice (1b).
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Taking equation (3.4) into account, the wave vector transfer q‖ can be directly linked
to the spacings d of the lattice planes involved in the scattering process

d = mλ

2 sin(θ) ≈
2π
q‖
. (3.30)

The lattices that fill a two-dimensional space with periodically recurring units without
leaving gaps or overlaps are called Bravais lattices. There are five of them in two
dimension, see also 3.7b. The square, rectangular, oblique and hexagonal lattice are
primitive ones, the centered rectangular is the only not primitive.

The unit cell can be described geometrically by a parallelogram spanned by the
lattice vectors ~a and ~b. The sketch 3.7b shows the primitive unit cell of an oblique
cell (blue) which has the lowest symmetry and is the most universal one, because it is
defined by a 6= b and γ 6= 90◦ and is therefore not subject to any restriction of the grid
vectors ~a, ~b and the grid angle γ. As a consequence of the limited number of grid types,
it is possible to calculate the parameters of the unit cell using only the lowest order
Bragg peak positions. These corresponds to a spacing that is given by heights ha, hb
and hc (green) of the triangle spanned from sides a and b, with

hi = 2π
q‖,i

. (3.31)

With the relationships between the edges and heights

sin(αD) = hc
b

= hb
c

(3.32)

sin(βD) = ha
c

= hc
a

(3.33)

sin(γD) = hb
a

= ha
b

(3.34)

and the crystallographic conventions q‖,a 6 q‖,b 6 q‖,c it is possible to calculate the
angle αD

αD =arccos
[
hc
2hb

+ hb
2hc
− hbhc

2h2
a

]

⇔ αD =arccos
[ 1
q‖,b

(q2
‖,b
2 +

q2
‖,c
2 −

q2
‖,a
2

)] (3.35)

as a function of the horizontal components of the wave vector transfers ~q of the Bragg
reflexes in the scattering pattern. The angle between the vectors ~a and ~b are further
connected by

γ = αD + βD = 180− γD. (3.36)
Moreover, it is possible to calculate the area A of the two-dimensional unit cell via

A = aha = 4π2

q‖,bq‖,c sin(αD) . (3.37)

and thus determine the area per lipid molecule.
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3.3.2 2D crystallite size of a Langmuir film

In the previous section it was shown that information about the shape of the unit cell
can be obtained from the positions of the Bragg reflexes. The intensity distribution
along q‖, i.e. the shape of the Bragg reflexes will be investigated in more detail.

In the experiment, reflections with small wave vector transfers are investigated. The
potentially observable reflexes are therefore the reflexes with large distances between
the lattice planes with the Miller indices for the oblique lattice (the low order reflections
are) (0,1), (0,1̄) (first reflection), (1,0),(1̄,0) (second reflection) and (1,1̄), (1̄,1) (third
reflection).

If one consider the geometrical structure factor, see equation (3.29), for the reflection
at the net plane set (1̄,0),

SG1,0
=

∑
m1,m2

exp(−i2π(−1m1 + 0m2)) =
∑
m1

exp(i2πm1) (3.38)

it depends only on the lattice vectors ~rG = m1~r1 in the direction of the primitive
lattice vector ~r1. The intensity distribution of the (1̄,0) reflection can be analysed in
dependence of the parallel component of the wave vector transfer q‖ using equation
(3.27)

SG1,0
=
∑
rG

exp(−i~q · ~rG) =
M1−1∑
m1

exp(−im1q‖hb) (3.39)

with the lattice spacing hb. Thus, the geometrical structure factor becomes dependent
from the number of lattice planes which are involved in the scattering M1. When
scattered at M1 lattice planes for small-size crystallites as they appear in polycrystalline
Langmuir films the structure factor results in

SG1,0
=

1− exp(−ihbM1q‖)
1− exp(−ihbq‖)

(3.40)

and the scattered intensity using equation (3.4) yields in

IG1,0
(θ) ∝

∣∣∣SG1,0

∣∣∣2 =
sin2

(
M1

hbq‖
2

)
sin2

(
hbq‖

2

)
=

sin2(M1hb
2π
λ sin θ)

sin2(hb 2π
λ sin θ)

.

(3.41)

This function becomes maximal for hb 2π
λ sin θ1,0 = nπ with nπ ∈ Z with respect to the

Bragg condition. By developing around the maximal value θ1,0 with sin(θ1,0 + ϑ) =
sin(θ1,0 + ϑ cos(θ1,0) the following intensity distribution around the maxima results

I(θ1,0 + ϑ) ∝
sin2[M1hb

2π
λ (sin(θ1,0) + ϑ cos(θ1,0))]

sin2[hb 2π
λ (sin(θ1,0) + cos(θ1,0))]

∝
sin2[M1hb

2π
λ ϑ cos(θ1,0)]

sin2[hb 2π
λ ϑ cos(θ1,0)]

(3.42)
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with the full width at half maximum (FWHM)

2ϑ1/2 = 0.444λ
M1hb cos(θ1,0) . (3.43)

At the experiment, the angle is defined with respect to the incident beam and not to
the lattice plane. Therefore, the intensity maxima are found at 2θ1,0 and the intensity
fall by half at 2ϑ1/2. For the measured half width of the (1̄,0)-reflex in the experiment
thus results in

FWHM1,0 = 4ϑ1/2 = 0.888λ
M1hb cos(θ1,0) . (3.44)

Thus, the half width FWHM1,0 provides information about the size L1,0 of the crystal-
lites perpendicular to the (1,0)-lattice planes

L1,0 = M1hb = 0.888λ
FWHM1,0 cos(θ1,0) . (3.45)

Similarly, the dimensions L0,1 of the crystallites vertical to the (0,1)-lattice planes can
be calculated with

L0,1 = M2ha = 0.888λ
FWHM0,1 cos(θ0,1) . (3.46)

This is the Scherrer formula [950]. According to the Scherrer equation, the dimensionless
shape factor K includes several contributions and can vary [951, 952]. The width of the
Bragg reflexes provides details about the number of lattice planes which contribute to
the scattering and thus the average size of the crystallites of the polycrystalline structure
in a Langmuir layer.
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Chapter 4

Experimental setup and data
processing

The aim of this thesis is to explore interaction mechanisms of biological membranes
with different molecules. As the thickness of the lipid membranes is typically a few
nanometres, x-ray scattering techniques are ideally suited to study their structure. By
preparing lipid layers at interfaces between two media with a proper electron density
contrast, it is possible to resolve the structure of a single membrane in detail. The exper-
iments were performed at various synchrotron radiation facilities and at the laboratory
diffractometer D8. In the following, the applied samples (section 4.1) and sample cells
(section 4.2) are described and the different experimental end-stations are introduced
(section 4.3). Then, the preparation of the lipid surfaces is explained (section 4.4) and
a general description of the data processing is given (section 4.5).

Figure 4.1 shows an outline of the different model systems used to mimic natural
biomembranes (center), in order to obtain deeper insights into the interaction with
different gases and vFCs (chapter 5) and with different physiological important ions
(chapter 6).
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Figure 4.1: Graphical representation of a complex biological membrane (plasma membrane)
based on the fluid mosaic model consisting of different proteins and lipids (center). In chapter
5 (top) the interaction between different gases or vaporised FC molecules at the liquid/- and
solid/gas-interface is examined. For this purpose, Langmuir films (left) and solid-supported
lipid layers on silicon substrates (center) are applied. The influence of gFCs and vFCs on
proteins and protein/lipid-interactions is studied at the liquid/gas-interface (right) (lysozyme,
PDB entry 1GXV [785], BSA, PDB entry 3V03 [851]). In chapter 6 (bottom) the interaction
between DPPA and DPPC Langmuir films (left) or solid-supported DMPC bilayers (right) with
different physiological important ions is studied. To test the influence of the microenvironment
on protein adsorption, the effect of MgCl2 has been examined in pH-dependent measurements
of DPPA/BSA- and DPPA/HSA-systems, respectively. By substituting the lipids, e.g. DPPC
with DPPA, it is possible to analyse the influence of electrostatic interactions, since DPPA has
pH-dependent switchable charges and DPPC is zwitterionic in a wide pH-range.
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4.1 Sample systems

Well-defined in-vitro models of complex in-vivo membranes allow the investigation of
membrane-associated interfacial phenomena in controlled environment. This section
describes the components used to create in-vitro biomimicry model systems, such as
Langmuir films on water or buffer subphases and solid-supported lipid layers on silicon
wafers.

Lipids Two different phosphatidylcholines (PCs) and a phosphatidic acid (PA) were
investigated. In total, the most remarkable characteristic of the lung surfactant formu-
lation compared to other mammalian membranes is the high DPPC level (∼ 50 %) and
the presence of anionic phospholipids (∼ 8 - 15 % PG and/or PI) [311, 312]. PCs have
the highest fraction in cell membranes, especially in the extracellular outer leaflet, and
are the most important membrane-structuring components [12, 953–956]. The PCs
DPPC and DMPC are highly suitable model lipids and are widely studied. All lipids
were purchased from Avanti Polar Lipids (Alabaster, USA).

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, CAS number 63-89-8) Fig-
ure 4.2 shows the molecule structure of the lipid. This lipid consists of two satu-
rated palmitic acids (C16:0). The chains are attached to the zwitterionic phosphatidyl-
choline headgroup. The molecular formula is C40H80NO8P. The molecular weight is
734.053 g·mol−1.

The main phase transition temperature of DPPC in the lyotropic system lies be-
tween 313.65 K and 314.95 K (40.5 ◦C - 41.8 ◦C) [164, 957, 958]. DPPC membranes are a
perfectly fitting in-vitro biomimetic model to study the lipid fraction of the pulmonary
surfactant (see section 2.2), because about ∼ 70 - 80 % of the lung surfactant molecules
are phosphatidylcholines and about ∼ 40 - 55 % are DPPC [295, 311, 959, 960]. The
main element responsible for the near-zero surface tension of lung surfactant is DPPC
[310, 961, 962]. The saturated nature of the alkyl chains in DPPC allows a high packing
density causing an effective exclusion of water molecules [306, 332]. Furthermore, the
DPPC content is high in brain myelin and erythrocyte membranes with about 10 - 20 %
[963, 964].

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, CAS number 18194-24-6)
The molecular formula for DMPC is C36H72NO8P, the molecular weight is 677.95 g·mol−1.

Figure 4.2: Molecule structure (left) with marked components and 3D structure (right) of the
zwitterionic 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC).
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Figure 4.3: Structural formula (left) and 3D structure (right) of the singly negatively charged
1,2-dipalmitoyl-sn-glycero-3-phosphate (sodium salt) (DPPA).

This lipid is also a saturated phosphatidylcholine containing two myristoyl groups
(C14:0). The main phase transition temperature of DMPC in lyotropic systems is
298.15 K (24 ◦C) [132, 164]. The phospholipid DMPC is often used for monolayer stud-
ies, primarily because of its low main phase transition temperature below physiologically
relevant temperatures. It is very well-suited for the use in lipid bilayer studies and the
preparations of stable solid-supported multilayer systems [81–84].

1,2-dipalmitoyl-sn-glycero-3-phosphate (sodium salt) (DPPA, CAS number 1690
51-60-9) Figure 4.3 shows the structure of DPPA. The molecular formula of the phospho-
lipid is C35H68O8PNa and the molecular weight is 670.87 g·mol−1. The lipid contains two
saturated palmitic acids attached to a phosphoglycerol headgroup (C16:0). Pulmonary
surfactant contains variable amounts of anionic acidic phospholipids, for example phos-
phatidylglycerol (7 - 18 %, PG) and phosphatidylinositol (2 - 4 %, PI) in adults [311, 349,
965]. To address and mimic this system DPPA was used, as it provides a corresponding
negative charge.

Phosphatidic acid is a minor but important bioactive lipid. Some functions are
discussed in chapter 2. The glycerophospholipid DPPA can exist as neutral, singly neg-
atively and doubly negatively charged molecule. The two pKa values are pKa,1 = 3.2 -
3.8 and pKa,2 = 10.5 for the first and second dissociation step [218, 966]. The PA
recognition by proteins and substances can be described as electrostatic/hydrogen bond
switch. The “switch” represents the ability of DPPA to be present in various protona-
tion states (0, -1, -2) in dependence of the binding of positively charged residues [90,
101, 102, 967, 968] or divalent cations, such Ca2+ or Mg2+ [969–974]. This can shift
the second pKa to neutral pH-values (pKa,2 = 7.1 - 8.5). The ionisation properties of
the phosphomonoester headgroup is influenced by the competition of proton bonding
and formation of an intermolecular hydrogen bond (-1 → -2) [975]. This also leads to
a stronger electrostatic interaction between DPPA and its interaction partners. The
switch mechanism is illustrated in figure 4.4. The main phase transition temperature
(Tm) and the structure of DPPA containing membrane is strongly dependent on the de-
gree of dissociation (α). The main phase transition temperature in the singly negatively
state (DPPA−, α = 1) is 71 ◦C, this is high in contrast to other negatively charged
lipids, like DPPS− which has a main phase transition temperature of 54 ◦C. This is
explained by the intermolecular phosphate-phosphate hydrogen bonds of DPPA. The
main phase transition temperature, when the membrane is completely deprotonated

80



4.1. Sample systems

Figure 4.4: Schematic representation of the electrostatic/hydrogen bond switch of a truncated
DPPA molecule (energy minimum calculated with MM2 force field using Chem3D). The green
dashed line represents the intramolecular hydrogen bond of the phosphomonoester headgroup.
The deprotonation is induced in the presence of divalent cations, amine or hydroxyl groups
increasing its negatively charge and lowering its pKa,2.

(DPPA2−, α = 2), is 46 ◦C due to the increased electrostatic repulsion, the loss of the
ability to form hydrogen bonds and an increased hydration of the headgroups. As a
consequence of the higher hydrodynamic radii of the headgroups, the alkyl chains tilts.
This additionally reduces the van der Waals interactions. In a fully protonated state
(α = 0), the phase transition temperature Tm is approx. 62 ◦C. This can be attributed
to the inability to form intermolecular hydrogen bonds. The addition of divalent cations
generally increases the Tm due to a shielding effect [66, 133, 976, 977].

Gases Isobutane with the IUPAC name 2-methylpropane (R600a, CAS number 75-
28-5, C4H10) and perfluoropropane with the preferred IUPAC name octafluoropropane
(F-propane, R610, CAS number 76-19-7, C3F8) were purchased from Air Liquide S.A.
(Paris, France). Perfluorobutane with the IUPAC name decafluorobutane (F-butane,
R218, CAS: 355-25-9, C4F10) was acquired from Chemos GmbH (Altendorf, Germany).
The manufacturers stated that the purities of the gases were better than 99.9 mass%.
The molecular formula and some physicochemical properties are summarised in tables
4.1 and 4.7 top. The octanol-water coefficient, logP or logKow, is a measure of a
compound’s lipophilicity/hydrophilicity [993–996]. LogP values range typically from
-3 (very hydrophilic) to +10 (extremely hydrophobic). The logP value often acts as
a key descriptor for evaluating ADMET (absorption, distribution, metabolism, excre-
tion) properties or “druglikeness”, that are deduced from the chemical structure. A
reliable calculation of logP is the xlogP3-AA method [990]. Perfluorination of organic
compounds influences the lipophilicity (compare C4H10 and C4F10). With aromatic
fluorination or with perfluorination of the alkyl chains the lipophilicity increases. But
it decreases with an ω-alkyl fluorination (mono fluorination) or α-fluorination (trifluo-
romethyl group) [997, 998].
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Table 4.1: The surface tension and molecular weight are indicated with γ and Mw, respectively.
Data sets for the surface tension at 294.15 K and the dipole moment (µ) are available and
calculated via NIST [978, 979]. The calculated xlogP3-AA values are selected from the Pubchem
database [980]. The experimental logP value for isobutane is 2.78 [981, 982]. The molecular
volumes for the gFCs are extracted from Hall et al. [983]. The water solubility is selected for
F-propane (at T = 288.15 K) from [984, 985] and F-butane (at T = 298.15 K) from the Pubchem
database [980]. The vapour/liquid interfacial tensions (different temperature data sets) of the
gFCs can be found in [986]. Water solubilities for the perfluorocarbon compounds can also be
found in [987]: F-propane: 0.19 mol/m3, F-butane: 0.021 mol/m3 .

gas formula Mw γa µ V xlogP3-AA
b solubility

/ g·mol−1 / mN·m−1 / D / Å3 / mg·ml−1

isobutane C4H10 58.12 10.563 0.132 83c 2.1 48.9
F-propane C3F8 188.02 4.1676 0.014 418 3.1 5.7
F-butane C4F10 238.03 7.5882 - 492.9 3.8 10.56
a Further temperature data sets are available in Lin et al. [988] for isobutane and orthobaric surface

tensions for F-propane and -butane in McLure et al. [989].
b The calculation of the xlogP3-AA octanol-water partition coefficient is based on [990].
c The molecular volume is extracted from [991, 992] and calculated using Schrödinger Release 2020-1:

QikProp, Schrödinger, LLC, New York, NY, 2020.

Table 4.2: The condensation pressures (p0) at various temperatures are available via NIST
[978, 979].

gas p0 in [bar] at T in [K]
288.15 294.15 297.15 309.15 313.15 323.15

isobutane 2.589 3.115 3.405 4.775 5.312 6.849
F-propane 6.562 7.779 8.443 11.545 12.748 16.18
F-butane 1.92 2.354 2.597 3.766 4.233 5.588

The perfluorocarbons display lower surface tensions in comparison to their corre-
sponding hydrocarbon compounds. The van der Waals interaction between the fluori-
nated molecules are smaller than between the non-fluorinated molecules [999].

Beside measurements at N2 atmosphere, isobutane is used as a non-perfluorinated
reference. It has a globular shape and is gaseous at ambient temperature. The conden-
sation pressures for the applied temperatures are collected in table 4.2.

Figure 4.5 shows the molecule structure as a computed 3D structure, the radius of
gyration [1000, 1001] and the molecule structure of the studied gases. To study the
behaviour and impact of fluorine gases at lipid monolayers, F-propane and F-butane
have been selected. The fluorine gases provide a high contrast in comparison to the
lipids which is essential for a detailed analysis of the structural behaviour.

vaporised perfluorocarbons (vFCs) Perfluanfene with the IUPAC name oc-
tadecafluorodecalin (F-decalin, C10F18) and perfluorooctyl bromide (F-octyl bromide,
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Figure 4.5: Structural formula and computed 3D molecule structures of isobutane (left), per-
fluoropropane (center) and perfluorobutane (right). Energy minimum calculated with MM2
force field using Chem3D. Rg indicates the gyration radius.

C8F17Br) were purchased from Alfa-Aeser (Haverhill, USA). F-decalin (CAS number
306-94-5) was obtained in a 50:50 cis:trans-mixture with a purity of < 95 %. The cis-
and trans-isomers of F-decalin are very similar in their physicochemical properties. F-
octyl bromide (CAS number 423-55-2) was received with a purity of < 98+ %. In the
continuation of this work, the substances are termed F-decalin and F-octyl bromide.
Some physicochemical properties are summarised and compared to water in table 4.3.
The spreading coefficient s is a useful parameter for gauging wetting. For s > 0 the
liquid wets the surface completely, for s < 0 partial wetting occurs1.

The chosen gaseous and vaporised perfluorocarbons are used in medicine for various
applications, frequently in combinations with lipids. Some of the specific application
and the chemical nature of the substances are described in chapter 2. The calcu-
lated molecular volumes for the compounds are 204.15 Å3 for F-decalin and 187.78 Å3

for F-octyl bromide [1003]. They are extremely hydrophobic. The water solubility for
F-decalin is about 5 · 10−9 M and 1 · 10−8 M for F-octyl bromide [457]. This behaviour
is also reflected in the logP values. Therefore, it is expected that they insert into the
hydrophobic core of a bilayer [1012–1015].

Model proteins At this point the examined model proteins, lysozyme of hen egg-
white and the serum albumins of cows and humans, will be described. An overview of
some structural and physicochemical properties will be given. These information are
important for the data evaluation and the interpretation of the experimentally obtained
results. Some physicochemical properties and structural information of the two globular
model proteins are summarised in table 4.4. The adsorption behaviour will be intensely
discussed in the corresponding result chapter. Detailed information and current findings
in connection with these proteins are found in chapter 2 in subsection 2.4.3.

Globular proteins with a high degree of conformational stability and less flexibil-

1The spreading coefficient is s = γs,g − (γs,l + γl,g). In combination with the Young relation, it yields
the Young-Dupré equation: s = γl,g(cos(θ) − 1).
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Table 4.3: Physicochemical properties of the investigated vFCs compared to water. The surface
tension is indicated by γ. The vapour pressure (v.p. at T = 310.15 K) and oxygen solubility
([O2] /vol% at T = 298.15 K) were taken from Meinhardt et al. [456] and Krafft [460]. The
spreading coefficients (s) are from Riess [457]. LogP values (e: experimental, c: calculated) for
F-decalin are from [981, 1002], other values can be found in [1003] with empirical values of 7.97.
The xlogP3-AA value is 5.6 [980]. Calculated logP for F-octyl bromide is an ACD/logP value.
The method description is given in [1004]. The xlogP3-AA reveals a value of 6.9 [980]. The
experimental value is extracted from [1005]. A further empirical value is 7.87 and can be found
in [1003, 1006].

formula Mw γ v.p. s [O2] logP/ g·mol−1 / mN·m−1 / mbar / mN·m−1 /vol%

H2O 18 72 47 - 3 -
C10F18 462.08 19.85a 18.74 -1.5 24-44 6c, 6.69e

C8F17Br 498.96 18.2b 13.88 +2.7 49 8.62c, 8.82e

a The surface tension is extracted from Freire et al. [999] and
b from Meinhardt et al. [456], both given for T = 293.15 K. Surface tension at 298.15 K are

15 and 18 mN/m for a and b, respectively [479, 1007], information on the v.p can be also
found there and in [1003]. Further surface tensions in dependence of the temperature can
be found in the SpringerMaterials database [1008]. The interfacial tension γi versus saline
is listed in Riess [457].

ity are regarded as rigid, or so-called “hard” proteins; they resist larger irreversible
conformational changes upon adsorption at the interface. “Soft” globular proteins on
the other hand are proteins with a high degree of structural flexibility and have the
ability to arrange their tertiary structures upon adsorption. The foamability is a phys-
ical property indicative of protein hardness. It also correlates directly with the affinity
of globular proteins for the water/air-interface. The retention time in a hydrophobic
chromatography (HIC) column is an indicator for the effective surface hydrophobicity
of a protein - long retention times in a HIC column indicates a high effective surface
hydrophobicity (non-polar surface regions) and high affinity for amphiphilic interfaces
[1016, 1017].

Lysozyme, muramidase The well-known single-chain model polypeptide lysozyme
from hen egg-white consists of 129 amino acids and has a molecular mass of Mw =
14.307 kDa. It is cross-linked with four disulfide bridges and has a high conformational
stability. It is a hard protein [771, 784]. The protein was purchased from VWR Inter-
national GmbH (Darmstadt, Germany) and Merck KGaA (Darmstadt, Germany).

The hen egg-white lysozyme is homologous to human lysozyme [1022–1024] and
provides a convenient proxy for investigations of the protein. The tertiary structure,
the protein folding pathway and the function of hen lysozyme are nearly identical to
those of human lysozyme [790].

Figure 4.7 shows the solution NMR structure as ribbon diagram and the molecular
surface of hen egg-white lysozyme at ambient pressures. Animal lysozymes are divided
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Figure 4.6: Structural formula (top) and computed 3D molecule structure (bottom) of trans-F-
decalin (left) and F-octyl bromide (right). The sizes (l x h x d) are validated with Jmol [5, 6] and
Chem3D. The specified depth value (�) was calculated in [1009, 1010]. End-to-end length (•)
in an extended conformation is extracted from [1011] and as bulk F-octyl bromide the molecule
has a length of ∼ 9.99 Å.

into two domains by a large substrate-binding cleft, a larger α-helical domain containing
the amino and carboxy terminus of the protein, and a smaller β-folded domain (so-called
lysozyme-like folding [1025]). Since the IEP of lysozyme lies at 11.35, it is net positively
charged (+7) at a pH-value of 7 with a uniform surface charge (compare figure 4.7b).
Lysozyme is a small ellipsoid shaped protein with the dimensions of 30 x 30 x 45 Å3. The
protein data bank [1021] in combination with eF-site (electrostatic-surface of functional
site [1026, 1027]) was used to identify the hydrophobic and hydrophilic domains. As
discussed in chapter 2, lysozyme is connected to a variety of diseases that are associated
with interfaces, mainly the liquid/air-interface. Hence, to obtain further information
about the interaction of perfluorocarbons with lysozyme at the water/air-interface in
the presence and absence of lipids, experiments at different interfaces were conducted.
Studies on the adsorption behaviour of lysozyme in contact with g- and vFCs under
lipid monolayers or at the water surface have not yet been reported.

Serum Albumins Bovine and human serum albumin, BSA and HSA, with a molecular
mass of 66.46 kDa and 66.47 kDa, respectively, were obtained from Merck KGaA (Darm-
stadt, Germany) with a purity of > 97 %. Serum albumin is a monomeric water-soluble
and surface-active protein. It is the most abundant protein in the circulatory system.

The mature bovine serum albumin contains 583 amino acids in the primary struc-
ture, HSA contains two amino acids more. They are monomeric proteins with 35 cys-
teine residues, 17 internal disulfid bridges and one free thiol (-SH) group. The serum
albumin molecule is structured in three homologous domains (noted as I-III). Each do-
main consists of two subdomains (A and B). Figure 4.8 shows a ribbon diagram of BSA
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Table 4.4: Physicochemical properties of lysozyme and BSA. The IEP [821, 868, 1018–1020]
and HIC [1016] indicates the isoelectric point and the experimental retention time of proteins
in a hydrophobic chromatography column. The foam height is an indicator for protein hardness
(5 ml protein solution shaken for 30 s) and number of S-S gives the value of disulfid bridges
[1016].

protein Mw IEP net charge HIC foam no. sec.1 PDB
[kDa] at pH 7 [min.] [mm] S-S entry ID

lysozyme 14.307 11.35 +7 18 0.1 4 4-α/5-β 1GXV [785]
1VDQ [1021]

BSA 66.46 4.8-5.6 -18 6.7 15 17 α(3D) 3V03 [851]
1 Number of secondary structures determined by x-ray crystal structures. 3D = three domains.
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Figure 4.7: Solution NMR structure of ligand-free lysozyme from hen egg-white at ambient
pressure (PDB entry 1GXV [785]) as (a) ribbon diagram with the active-site cleft (binding and
catalysis) between the catalytic residues Glu-35 (highly conserved) and Asp-52 and (b) molecular
surface of lysozyme, coloured according to the electrostatic potential (using eF-site [1026]).

with marked Mg2+ and Ca2+ binding sites and the molecular surface. The domains
are not topologically identical, but have very similar 3D structures. The disulfid bonds
stabilise the domain structures. The secondary structure of HSA and BSA is mainly
α-helical (67 %). The remaining polypeptide chain occurs alternately and in extended
or flexible regions between the subdomains.

The isoelectric point of the ampholytes HSA and BSA lies between the pH-values
4.6 and 5.1 [1028–1030]. BSA and HSA have an uniformly negatively charged surface
at physiological pH-values (-18, -16 for BSA [821, 882] and -19 for HSA).

The conformational changes or isomerisations of BSA and HSA upon changes of
the microenvironment, for example the pH-value, is described in chapter 2, subsection
2.4.3 [865]. BSA is not considered to have a high degree of structural stability and is
described as a “soft” protein [821]. Due to this lack of stability, conformational changes
occur upon adsorption to a surface [897]. Since the conformations of BSA and HSA are
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Figure 4.8: Domain and secondary structure element assignment for the crystal structure of
BSA (PDB entry 3V03 [851]) as (a) ribbon diagram with bound Ca2+ ions, and the molecular
surface (b), coloured according to the electrostatic potential (using eF-site [1026]). The zoom
in (a) shows a representative binding site for a Mg2+ (light pink) chelate between Asp-13 and
Asp-254 obtained from MD simulations [1031]. Two bound calcium ions are marked in green.

very sensitive to the microenvironment, pH-value dependent experiments in a range of
3 - 9 of the adsorption behaviour at an anionic DPPA-film with addition of MgCl2 were
conducted. Serum albumin is the major circulatory protein involved in the handling of
Ca2+ and Mg2+ in mammals, controlling the “biologically active” levels of these met-
als in the blood [851]. The magnesium concentration in the blood plasma is around
1.2 mM, like Ca2+ around 45 % are bound to albumin. Therefore, 0.5 mM Mg2+ are
bound to 0.6 mM circulating albumin [821, 851, 885]. The interactions between metal
complexes with serum albumin can result in a disruption of the disulfide bonds, which
can lead to a partial loss of α-helix conformation with the subsequent unfolding of the
protein [900–903]. BSA has two metal binding sites - the N-terminal site, for example
for Ni2+ and Cu2+ binding, which is marked with a red square in figure 4.8 [1032] and
the multi-metal binding site that is located at the interface of domain I and domain II.

Silicon wafers The monocrystalline silicon wafers which were used as solid-support
for lipid layers were purchased from Wacker Siltronic (Burghausen, Germany). The
native silicon oxide layer on top with a thickness of about 10 Å reveals a roughness
of 2± 0.5 Å. The wafers were used in combination with the well-known spin-coating
technique to generate mono-, bi- and multilayers. It is possible to prepare a certain
number of very homogeneous lipid bilayers and, thus, obtain multilayers. In order to
produce a high quality membrane, the substrates should be hydrophilic and very smooth.
To produce DMPC monolayers on the solid substrate, Langmuir-Blodgett technique was
applied whereas for DPPC monolayers the spin-coating method was used.

The surface energy of the SiO2 material is around 64 mJ/m2. The degree of hy-
drophilicity and accordingly the isoelectric point depends on the number of hydroxyl
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Table 4.5: Properties of the applied cations. Empirical atomic radii [1043] and calculated
atomic radii in brackets [1044, 1045], ionic radii [1046], van der Waals radii [1047], hydrated
radii, hydration number (number of water molecules) and the molar Gibbs energies of hydration
(∆Ghyd) of ions [1046].

ion atomic ionic van der Waals hydrated hydration ∆Ghyd
radius [Å] radius [Å] radius [Å] radius [Å] number1 [kJ mol−1]

Cs+ 2.6 (2.98) 1.7 3.43 3.29 2.1 -250
Na+ 1.8 (1.9) 1.02 2.27 3.58 3.5 -365
Li+ 1.45 (1.67) 0.69 1.82 3.82 5.2 -475

Ca2+ 1.8 (1.94) 1 2.31 4.12 7.2 -1505
Mg2+ 1.5 (1.45) 0.72 1.73 4.28 10.6 -1830
1 It should be noted that different measuring methods give different hydration numbers, but the trend

is the same [142].

groups (silanol groups) on the surface and is around 1.9± 2 [1033–1036]. The ζ-potential
tends to 0 below pH 3 [1037]. The Hamaker constant for silicon dioxide in water is
1.9 kBT (at room temperature 10−20 J = 2.4 kBT ) [1038].

Salts and buffer For all experiments involving proteins, 10 mM Sørensen buffer
with a pH-value of around 7.2 was used, which is composed of sodium hydrogen phos-
phate (Na2HPO4) and potassium dihydrogenphosphate (KH2PO4) [1039, 1040]. The
buffer was adjusted by tuning the compound ratios and addition of phosphate acid
(50 wt%) or sodium hydroxide (60 wt%). The buffer ingredients were purchased from
Merck KGaA (Darmstadt, Germany). The Sørensen buffer is frequently used to achieve
physiological conditions and mimics the extracellular fluid very well.

Under physiological conditions lipids in biological membranes interact with a so-
lution of salt ions, where the exact composition depends on the respective membrane
region. To study the influence, adsorption and structural response of lipid bilayers and
monolayers upon salt addition at the solid/liquid- and liquid/gas-interface NaCl (CAS
7647-14-5), CsCl (CAS 7647-17-8), CaCl2 (CAS 10043-52-4), MgCl2 (CAS 7786-30-3)
and LiCl (CAS 16712-20-2) were purchased with a purity of < 99.9 % from Merck KGaA
(Darmstadt, Germany). Lithium was chosen because of its anomalous behaviour. In
fact, Li+ is the most charge-dense cation of the Group I metals, but does not exhibit
the expected salting-out effect. Lithium behave more like a large metal cation [1041,
1042]. Moreover, the effect of Li+ has not been studied widely in this research field.
Some properties of the used ions are given in table 4.5.

The biological relevance and further information on the current state of research in
this field can be found in chapter 2 in the subsection 2.3. The Hofmeister classification
of the cations used in the framework of this thesis is:

Cs+ > Na+ > Li+ > Mg2+ > Ca2+.
kosmotrope chaotrope
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4.2 Sample cells

Liquid/gas-interfaces The custom-build stainless steel cell shown in figure 4.9 is
certified for pressures up to 5 bar (tested by TÜV Germany) with an appropriate safety
factor [1048, 1049].

The components mentioned in the following are sketch in figure 4.9. The L-shaped
Kapton windows allow XRR and GIXD measurements. A Wilhelmy balance with a
customised control unit was used to measure the surface pressure. Both were purchased
from Riegler & Kirstein GmbH (Potsdam, Germany). The sensitivity of the balance is
< 0.1 mN·m−1, the stability is better than 0.2 mN·m−1. The microbalance allows the
monitoring of the preparation process and the stability during the measurements. The
gas pressure of the sample cell can be regulated by a gas in- and outlet system. The
pressure is maintained by two shut-off valves and measured by a LEO 3 manometer
from Keller AG (Winterthur, Switzerland) with an error of 0.05 % FullScale [1050]. The
sample temperature can be controlled by a system consisting of a water cooling and a
Minco heating foil (Minneapolis, USA) below the cell. Two Pt100 sensors measure the
temperature (∆T = ± 0.02 K) in the liquid and in the gaseous phase. The heating foil
and the Pt100 sensors can be connected to a Lakeshore (Westerville, USA) tempera-
ture controller. The used circular sample plate (PTFE (polytetrafluorethylene)) has a
diameter of 120 mm to minimise the influence of the meniscus, which is formed at the
edge. The sample plate can be filled with maximum 40 ml buffer volume. The pressure
cell was used for the measurements where g- and vFCs were analysed at liquid surfaces
and for the investigation of proteins in interaction with membranes under FC saturated
atmosphere.

Further experiments were conducted utilising a Langmuir through with one motor-
driven moveable barrier, a Wilhelmy balance and control segments for XRR measure-
ments purchased from Riegler & Kirstein GmbH (Potsdam, Germany). The Langmuir
through can be filled with a maximum water volume of 250 ml. This setup was ap-
plied to investigate the behaviour of ions in contact with charged and zwitterionic lipid
monolayers and BSA or HSA adsorption on DPPA-films. The Langmuir through can

b

Chiller 
connection

PTFE plate

Wilhelmy 
balance

Heat foil 
connection

Pt100
elements

L-shaped
windows

Barrier

Overflow
prevention

Injection of 
protein or peptides 

Figure 4.9: Custom-made stainless
steel sample cell for in-situ XRR and
GIXD measurements under elevated
gas pressures. Open sample cell from
above with marked modules and circu-
lar PTFE sample plate.
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Figure 4.10: (a) Custom-made stainless steel gas pressure sample cell mounted in the labo-
ratory diffractometer D8 for temperature-dependent measurements at the solid/gas-interface.
Various components used for temperature and gas pressure control are marked. (b) Opened
pressure cell with a coated wafer in the middle. (c) Side view of the sample cell with inner wafer
holder.

be covered with a Kapton spanned box to prevent contaminations and evaporation.
The sample plates were successively cleaned with ether and ultra-pure Milli-Q water at
each use to prevent contamination of the sample system. The purity of the subphase
(buffer or water) in the Langmuir through which can hold 250 ml sample volume can
be checked by a Π-A isotherm. The surface pressure should not change by more than
2 mN·m−1 for reliably cleaned components. The compression speed for a monolayer can
be adjusted. A speed of 5 mm per minute was chosen. The Wilhelmy plate and the
Langmuir film were freshly prepared for each surface pressure and protein measurement.

Solid/gas-interfaces For measurements at the solid/gas-interface a new gas pres-
sure sample cell, shown in figure 4.10, with a wafer holder was designed and built. The
sample cell was built as part of Christian Albers’ master thesis [1051]. The pressure cell
is certified for pressures up to 5 bar. The technical drawings are shown in the appendix
B. The inner wafer holder has a diameter of 34 mm. The cell allows angles of incidence
of more than 10◦, which is sufficient for XRR measurements. The cell can be tempered
with a Minco heating foil or a recirculating chiller.
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Figure 4.11: Custom-made PTFE sample cells for in-situ XRR measurements at solid/liquid-
interfaces. From left to right: Sample cells with PTFE body and different windows (PTFE left
and steel on the right), heating plate with PTFE adapter plate for installation at beamline 9 at
DELTA. Inner sample holder with a silicon wafer and the individual components of the wafer
holder.

Solid/liquid-interfaces The sample cell for measurements at solid/liquid-interfaces
is pictured in figure 4.11. In experiments involving salt solutions, the sample cell pre-
sented by Forov [1052] was applied. This sample cell consists mostly of PTFE parts.
The chemical inertness of this material is important for the suppression of undesired
interactions of salt ions and the sample cell. The sample cell consists of a PTFE cell
body, Kapton spanned stainless steel windows and a PTFE wafer holder. The wafer can
be placed and fixed under PTFE plates which are tightened with small screws. With a
fitting pin inside the PTFE sample cell, the sample holder can be fixed inside the cell
to avoid movements. The sample cell can be filled with a maximum volume of 10 ml.
To perform XRR experiments 4 ml sample volume is sufficient. If required, a heat ex-
change plate can be mounted below the sample cell. For the presented measurements a
recirculating chiller was used to perform XRR measurements at a temperature of 36 ◦C
(309.15 K).

4.3 Experimental Facilities

In this subsection the different experimental end-stations are introduced. As previously
discussed in chapter 3.1, the experiments had to be implemented under shallow an-
gles for the incoming x-ray beam to archive surface-sensitivity [930, 931]. For GIXD
measurements, a constant incidence angle is utilised, while for XRR measurements the
incident angle has to be changed steadily to fulfil the conditions for specular reflection.
For the detection of x-rays, different two-dimensional position sensitive detectors (PSD)
were used. For the liquid/gas-measurements a liquid surface reflectometer is needed
to bend the x-ray beam down on the surface [1053–1056]. The experiments shown in
the framework of this thesis were performed at third generation synchrotron radiation
facilities since high brilliance and high photon flux even through aqueous and dense
gas phases is needed. XRR experiments were also performed at the D8 laboratory
diffractometer.
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Figure 4.12: Schematic sketch of the setup and the components at beamline BL9 at DELTA
based on [1057]. a: source SAW; b: Si-(311) double-crystal monochromator; c, d, f, i, j: slit
systems; g, h: flux detector before and behind e: auto-absorber and fast-shutter system with
absorber foils. k: detector, here a Pilatus 100K area detector. The star ∗ indicates the sample
cell.

Beamline BL9, DELTA At the beamline BL9 [1057] located at the synchrotron
light source DELTA (Dortmund ELectron Accelerator) in Dortmund (Germany), XRR
experiments have been performed with a photon energy of 27 keV at solid/gas- and
solid/liquid-interfaces. This beamline is described in more detail, since most of the data
presented in this thesis were collected at this synchrotron light source. The storage
ring operates with an electron energy of 1.5 GeV and the electrons are stored with a
maximal electron current of 130 mA with an averaged lifetime of around 10 h [1058,
1059]. A schematic sketch of the components of the beamline is given in figure 4.12.
For further information see also [1060–1062]. The photon source of beamline BL9 is
a superconducting asymmetric wiggler (SAW, a). The wiggler has a critical energy
of 7.9 keV. The beamline BL9 possesses optical elements optimised to operate up to a
photon energy of 27 keV. A silicon-(311) double-crystal monochromator is applied to
obtain monochromatic x-ray radiation (4.12 b). Energies from 7 up to 30 keV with an
energy resolution of ∆E/E ' 10−4 can be used. The lateral focusing is achieved by
the second monochromator crystal. Two of the three slit systems (c, d) collimate the
beam and the third (f ) defines the vertically beam size. It was adjusted for solid/liquid-
interfaces to 0.2 mm and for solid/gas-interfaces to 0.1 mm, while the horizontally beam
width was approximately 1 mm. The auto-absorber (e) limits the photon flux. The NaI
detectors (g, h), which enclose the auto-absorber, monitors the incoming photon flux.
The sample cell is located at (∗). For high-energy x-ray reflectivity measurements at
27 keV with a wavelength of λ = 0.459 Å a photon flux of 7 · 108 photons s−1 mm−2 is
received at 100 mA storage ring current. The energy range around 25 keV represents an
optimum compromise between photon flux, sample transmission and radiation damage
[1063, 1064]. Radiation damage to biological materials is caused by incoherent scattering
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processes. Thus, the coherent scattering cross section of the sample should be high. To
avoid radiation damage, the sample was continuously shifted between the scans and
the reproducibility of the measured data was routinely verified. The Huber six-circle
diffractometer for the adjustment of the sample cell (θ = αi) and the detector (2θ = 2αf)
was used as end-station [1061]. A Pilatus 100K area detector (k) was used to capture the
reflectivity. Behind the sample, the x-ray beam passes the slit system i which reduces
the background radiation and the detector slit j which determines the angular resolution
of the detector.

Incident angles of up to 1.2◦ were used with an angular resolution of 0.002◦. To
test the stability of the solid-supported lipid stacks, consecutive measurements of the
reference were recorded. A reflectivity measurement took around 35 min. The temper-
ature was set to 309.15 K for the solid/liquid-interfaces and to 294.15 K, 313.15 K and
328.15 K for the measurements at solid/gas-interfaces.

Beamline P08, PETRA III, DESY Some of the presented experiments at
the liquid/gas-interface were performed at the high resolution diffraction beamline
P08 of PETRA III (Positron-Electron-Tandem-Ring-Accelerator) located at DESY
(Deutsches Elektronen-SYnchrotron) in Hamburg (Germany) utilising the Liquid Inter-
face Scattering Apparatus LISA as end-station and the Dectris Eiger-1M pixel detector
to measure the scattered intensity [1065]. The beamline P08 uses x-rays emitted by two
2 m long undulators. The liquid diffractometer LISA was constructed for reflectivity
and grazing-incidence diffraction measurements and it operates by means of an asym-
metric tilting Si-(111) Si-(220) double-crystal monochromator in Bragg geometry [1056,
1066]. The maximal flux on the sample is 2· 1012 photons s−1 at 8.4 keV and a spot
size of 30 x 2 μm2. An incident photon energy of 25 keV was used to obtain a sufficient
scattering intensity at the detector after passing the absorbing gas phase. The beam
size was adjusted by a slit system to 0.05 x 0.1 mm2 (v x h). The temperature was set to
297.8 K and stabilised via a Lakeshore temperature controller. Here, the custom-made
stainless steel gas pressure cell was applied with a Wilhelmy balance [1048].

Laboratory diffractometer D8 Further x-ray reflectivity measurements at the
liquid/gas-interface and solid/gas-interface were performed using the x-ray diffractome-
ter D8 Advanced (Bruker-AXS, Karlsruhe, Germany) specialised for XRR measure-
ments. The laboratory diffractometer generates x-rays via a copper anode with a
photon energy of 8.048 keV which corresponds to a wavelength of 1.54 Å (Cu–Kα).
The x-ray tube operates with a voltage of 40 kV and a current of 40 mA. No radiation
damage is expected at a quite low photon intensity at the sample location of around
5 · 105 photons s−1 and a large beam size that is defined by a slit system to a spot size
of 0.1 x 10 mm2 (v x h). This was proven by control measurements. A Göbel mirror
with parabolic curved layers is utilised for monochromatisation and parallelisation of
the x-ray beam. The diffractometer is equipped with a NaI(Ti) scintillation detector,
whereby a slit defines the diffractometer resolution with a vertical opening of 0.2 mm.
The absorber with a maximum attenuation factor of 10450 protects the detector from
excessive exposure. A reflectivity scan including a longitudinal diffuse scan for back-
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Figure 4.13: Custom-made stainless steel gas pressure cell mounted on a hexapod at I07 at
DIAMOND. The DCD (Double-Crystal-Deflector) and some components of the beamline are
shown. The x-ray beam path is marked in red and is detected by a Pilatus 100K (P100K)
detector. The surface pressure control unit and the gas cylinder are placed behind and are not
shown in the picture.

ground determination (offset scan) takes about 90 min.

Beamline I07, DIAMOND Light Source At the beamline I07 of the synchrotron
radiation source DIAMOND Light Source (DLS) in Oxfordshire (England) the GIXD
data were collected. The light source operates at a ring energy of 3 GeV and a current of
300 mA. The hard x-ray (8 - 30 keV) high-resolution diffraction beamline I07 is sourced
by a 2 m long undulator (U23) as insertion device [1067]. Figure 4.13 shows the gas
pressure cell mounted on the hexapod at beamline I07 at DIAMOND.

The Double-Crystal Deflector (DCD) end-station in hutch EH1 was used to perform
experiments at the liquid surface. The system is similar to LISA at DESY. It uses two
different crystals, InSb(111) and InSb(220), to reach an overall beam deflection [1055,
1068]. The photon flux at the sample with a spot size of 100 x 300 μm2 at 10 keV is
roughly 1014 photons s−1. A photon energy of 24 keV with a corresponding wavelength
of 0.516 Å was applied to ensure, that the perfluorocarbon atmosphere can be passed.
The vertical beam size was adjusted to 0.15 mm. The beam size was finally set to
0.15 x 0.5 mm2 (v x h). A Pilatus 100K area detector was used as detector. The beamline
is equipped with a fast-shutter to reduce beam damage through unnecessary exposure
during motor movements.
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4.4 Surface preparation

In this section the preparation of stable Langmuir films and substrate-bound lipid mem-
branes via spin-coating and Langmuir-Blodgett technique is presented. Additionally, the
preparation and performance of the Π-A isotherms are explained.

All glassware and tools for the preparation of the samples were cleaned with ether
and water. For all preparations with water, ultra-pure Milli-Q water with a specific
resistance of 18.2 M Ω · cm−1 and a pH-value of 6.99 were used.

Langmuir films The Langmuir films, which were used as biomimetic system for
lung surfactant or as a mimicry for bilayers, were produced using two different tech-
niques. The compression method and the dropping method. Both sample cells utilised,
the custom-build gas pressure cell and the Langmuir through, are equipped with a
Wilhelmy balance to measure the surface pressure during the measurements.

For every measurement a small stripe of filter paper was applied as Wilhelmy plate.
To obtain reliable data, contamination of all used materials in monolayer experiments
have to be avoided, especially by surface-active substances. It is important to clean the
PTFE sample plate, the Langmuir trough with its barrier and the working tools with
ether and ultra-pure water in order to remove organic and water soluble impurities. The
lipid stock solutions were prepared freshly right before each measurement. The interfaces
were created by using ultra-pure Milli-Q water (18.2 M Ω · cm−1, specific resistivity) or
phosphate buffer solution (Sørensen buffer). The Wilhelmy balance was calibrated to
the water surface tension at air (72 mN/m). The lipids were dissolved in appropriate
solvents. DPPC and DMPC were dissolved in chloroform or isopropanol yielding a
concentration of c = 1 mg/ml, respectively. A 9:1 chloroform:methanol (v:v) mixture
was used for the production of the DPPA solution, yielding a concentration of c =
1 mg/ml. Before spreading of the lipids, the through was checked for cleanliness by a
compression-expansion cycle. The lipids were then spread by dispensing the lipid stock
solution with a microliter syringe (Hamilton Bonaduz) onto the subphase. To prevent
injection into the volume and, thus, the formation of micelles and aggregates in or on the
subphase, it is necessary to apply the lipid solution gently and slowly. The sample cell
was closed to exclude impurities. The system was left for around 20 min. to evaporate the
solvent and reach equilibrium. Thereby, the amphiphilic molecules orient to minimise
the contact of non-polar regions with water and to maximise the water contact of polar
regions. Different surface pressures can be reached by compression of the Langmuir film
with a moveable barrier. The speed of the barrier was set to 5 mm/min. After reaching
the target pressure a constant regulation of the surface pressure was executed with a
maximum barrier speed of 1 mm/min. This guarantees a stable film with a maximum
deviation of ∆Π = 2 mN/m from the desired surface pressure. This conditions were
used for conducting the reference measurements. All subsequent measurements were
performed with a constant area with the feedback control switched off yielding a constant
surface coverage.

The PTFE sample plate was filled with 35 ml of subphase solution. Lipid solution
was added drop wise on the subphase until the final surface pressure was reached. This
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must be conducted slowly as the surface pressure changes in time while the solvent
evaporates and the lipids arrange at the surface.

For the biomimicry of lung surfactant different surface pressures were generated in
order to model various deficiency stages. A surface pressure of 25 mN/m was chosen for
the measurements of BSA and HSA at DPPA-films. For the measurements of lysozyme
at the DPPA-film, a surface pressure of 5 mN/m was chosen. The concentration in
the sample cells were adjusted by addition of corresponding volumes of an immedi-
ately before prepared low concentrated protein stock solution in phosphate buffer to
prevent aggregation processes. For lysozyme the concentration in the subphase was set
to 0.22 mg/ml (15.29 μM) and for BSA to 0.5 mg/ml (7.52 μM). It is important to keep
the influence of the monolayer to a minimum, otherwise the result can be distorted by
stabbing the monolayer for adding the proteins under the Langmuir layer.

Gas washing bottles from Lenz Laborglas GmbH & Co. KG (Wertheim, Germany),
so-called “bubblers” were connected to the valves of the sample system in order to
vaporise the perfluorocarbons for the adsorption at the Langmuir film. Nitrogen or
helium gas were saturated with the perfluorocarbons and transferred to the sample
environment which is located in a gas-tight box to perform experiments under vFC
atmosphere. The flow rates of the gas phase was set to approx. 1.2 L/min. The resulting
evaporation rates of the FCs are around 6 ml per hour.

The salts were dissolved in ultra-pure Milli-Q water to prepare salts stock solutions.
The required amount of stock solution was then incrementally added to the sample so-
lution reaching the selected concentration without exchanging the whole sample system.

Π-A isotherms The Π-A isotherms were recorded using the KSV-NIMA KN1003
(KSV-Nima, Bioloin Scientific, Stockholm, Sweden) Langmuir trough from the CCB
chair at TU Dortmund at a temperature of 294.15 K. A volume of 200 ml ultra-pure
water was used as subphase. Around 20 μl of lipid solution was spread onto the water
subphase and after a waiting time of 20 min. the barrier speed was set to 3 mm/min.,
and the isotherm was recorded.

Spin-coating Spin-coating was used as a simple and fast preparation technique to
produce highly ordered lipid bilayer stacks suitable for x-ray diffraction experiments.
In the following, the process for the production of substrate-bound membranes by spin-
coating is explained [1069–1072]. As a first step, the wafers were cut in 10 x 10 mm2,
10 x 18 mm2 or 7.8 x 7.8 mm2 for different setups. Table 4.6 gives an overview of the
wafer usage. The wafers were cleaned successively for 15 min. in acetone, isopropanol
and chloroform in a supersonic bath at room temperature to remove organic impurities
and other contaminations. The solvents were purchased from Merck KGaA (Darmstadt,
Germany) in analytical grade. Commercially available silicon wafers might have phase
boundary defects or their atoms can be substituted [1073]. In the next step, organic
matter was removed from the silicon substrate and the surface was hydrophilised us-
ing the Piranha etch procedure. Polar -OH groups form at the surface on which the
headgroups of the lipids attach by a self-assembly processes and multilayer formation is
subsequently possible. The Piranha solution is a strong oxidising agent. When treat-
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Figure 4.14: (a) Schematic representation of the spin-coating process: A lipid solution is
dropped onto a freshly cleaned and hydrophilisied silicon wafer. The wafer is positioned on
the moveable part of the spin-coater device. (b) Graphically abstracted spin-coating parameters
used in this thesis. After placement of a defined volume of lipid solution, the wafer is accelerated
for the displayed ramp. For t < 3 s the solution is distributed uniformly on the wafer. For t > 3 s
the solvent is evaporated and the self-assembly process at a rotation speed of ω= 4020 rpm takes
place and highly ordered bilayer stacks are build. At t = 33 s a second ramp of 3 s to a rotation
speed of 60 rpm that runs for the next 3 s follows. The figure is inspired by Reich [1077].

ing silicon surfaces with Piranha solution, covalently bonded oxygen atoms and other
phase boundary defects are dissolved and replaced by hydrophilic hydroxyl groups in
an acid-catalysed hydroxylation reaction [1074–1076]. The oxidation of silicon is a
diffusion-dependent solid state reaction and takes place at room temperature. After the
treatment in Piranha solution (1:3, H2O2 (J. T. Baker, USA) and H2SO4 (CHEMSO-
LUTE, Th. Geyer, Berlin, Germany) 1:3) for 40 min., the wafers were cleaned in three
ultra-pure water baths to remove acid residues and are stored in ultra-pure water to
avoid contamination and further chemical reactions. The sample surface always has to
be covered with water to preserve the silanol groups.

To coat the hydrophilised wafers with lipid layers, lipids were dissolved in a solvent
(see table 4.6). After the cleaning and subsequently piranha etch precess, the wafers
were placed in the SCC-200 spin-coater from Novocontrol Technologies (Montabauer,
Germany). The device was coupled with a small vacuum pump to generate a vacuum
below the wafer which prevents its moving. The wafers are removed from the water
bath and dried in a high purity nitrogen stream. This step should be processed rapidly.
A defined volume of lipid solution is then applied onto the wafer and the spin-coater
rotates at a defined speed. The spin-coating parameters were set to 67 rps (rounds per
second) for 30 s with a 3 s ramp-up and 1 rps for 3 s with a ramp-down with 3 s. The
preparation process with the spin-coating technique is depicted in figure 4.14.

The wafers were stored in cleaned plastic sample containers after production and
were kept in a vacuum desiccator until use. The used lipids, solvents, wafer sizes and
amount of dropped lipid solution are given in table 4.6. A certain number of layers
remain on the surface due to the self-assembly processes of the lipids. There is an
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Table 4.6: Overview of the used lipids, solvents, wafer sizes, lipid concentrations and solution
volumes as well as the resulting solid-supported lipid membrane systems (ssm) and the final
sample environment for the measurement.

lipid solvent wafer size c amount ssm sample
/ mm2 / mg

ml / μl environment

DPPC chloroform 10 x 10 1 70 monolayer dry
DPPC chloroform 7.8 x 7.8 10 40 multilayer dry
DMPC isopropanol 7.8 x 7.8 10 40 multilayer dry
DMPC isopropanol 10 x 18 1 100 monolayera dry
DMPC isopropanol 10 x 10 1 70 bilayerb hydrated
a Prepared with the Langmuir-Blodgett technique at a surface pressure of 35 mN/m on a

water surface.
b This is the state at fully hydration conditions. At dry conditions, the solid-supported lipid

system consists of a bilayer and a terminating monolayer.

approximately linear relationship between the concentration of dissolved lipid and the
number of layers [82, 1078]. By varying the production parameters the system can be
adapted to the specific requirements. The spin-coating procedure offers the advantage
that the high lipid density prevents the formation of defects and holes and achieves a
homogeneous morphology [82, 83, 246, 259, 1078–1080]. A semi-empirical quantitative
description for the final film thickness is given by Meyerhofer (1978) [1072, 1081].

Langmuir-Blodgett films Since it was not possible to prepare DMPC monolayers
on the solid substrate by the spin-coating procedure, the Langmuir-Blodgett method was
applied. With the Langmuir-Blodgett technique, molecular films from the liquid/air-
interface can be transferred to a solid support [208, 213, 240, 1082–1084]. For this pur-
pose, the KSV-NIMA KN1003 Langmuir trough with a deep basin from the chair CCB
at the TU Dortmund was used. The Langmuir through was filled with 200 ml ultra-pure
Milli-Q water. The clean hydrophilic substrates were attached to a motorised sample
holder clip which allows to move the wafer vertically with a defined speed. The wafer
were then transferred in the water subphase. Subsequently, the DMPC lipid solution
were spread drop wise onto the water surface and after a waiting period of around
20 min., the lipid monolayer was compressed with a speed of 3 mm/min. until a surface
pressure of 35 mN/m was reached. The wafers were vertically pulled out of the water
with a speed of 1 mm/min. allowing the formation of the monolayer on the silicon wafer.
During this process, the surface pressure was kept constant, the feedback regulation of
the barrier was set to a maximum speed of 10 mm/min. The freshly prepared films were
stored in a vacuum desiccator for 12 hours and afterwards in cleaned sample boxes until
usage. For further information on Langmuir-Blodgett films, see [213, 1083–1086].
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4.5 Data handling

XRR data First, a background is subtracted from the captured XRR raw data
and the measured intensity is normalised to the incoming intensity. A high background
originates from the scattering of the compressed gases in these experiments. In the
case of laboratory diffractometer data, the intensity of the diffuse longitudinal scan was
subtracted from the specular scan. In the case of 2D detectors, the lateral background
scattering was measured simultaneously and can be subtracted directly. For the analysis
of the obtained XRR data the program LSFit [927] was applied which uses the Parratt
algorithm [920] in combination with the effective-density model [907] to account for
interfacial roughness (see section 3.2).

The reflectivity curves in this thesis will be shown in the Fresnel normalised repre-
sentation to take the strong intensity decay into account and to highlight slight changes
in the data. Moreover, the reflectivity curves were shifted vertically for a better graph-
ical visibility. The increase of intensity before reaching the critical angle (αc) which
typically occurs in the reflectivity curves can be attributed to the geometry angle. The
geometry angle (αga) describes the smallest angle at which the whole footprint of the
incoming beam hits the sample surface. Below the angle primary beam only partially
reaches the sample surface. The geometric angle can be calculated by

sin(αga) = h

l
(4.1)

with the beam height h and the sample length l. For angles αi < αga the reflected
intensity reduces by the factor l sin(αga)/h.

To gain information about the present sample system, an initial guess of the electron
density profile is assumed. The model of the electron density profile is determined by
variable parameters and can, therefore, be further adapted to the measured data in
an iterative process. Each layer contains a set of three changeable parameters, the
dispersion δ, the thickness of the layer d and the roughness σ. These “box models”
provide a simple, intuitive approach to data analysis and interpretation [335, 911, 940].
One further parameter that is not varied during the fitting procedure is the absorption
β.

In the refinement process, the parameter set is optimised by applying the Levenberg-
Marquardt algorithm. The deviation between theoretical and measured reflectivity
curves can be used as a quality feature of the adaptation of an assumed model with

χ2 = 1
N

N∑
i=1

(logR(qcal,i)− log(R(qexp,i))2. (4.2)

Here, N is the sum of the data points and R(qcal,i) and R(qexp,i) the calculated and
experimental measured data at the i-th data point.

In the framework of this thesis different systems were used. The Langmuir monolay-
ers can be modelled sufficiently by a two-layer parameter set, see figure 4.15a. The first
layer represents the headgroup and the second the tailgroup. If adsorption is observed
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Figure 4.15: Sketch of normalised electron density profiles originating from a Langmuir layer
on a subphase (a), from a solid-supported lipid monolayer in air or gFC atmosphere (b) and a
lipid bilayer on silicon wafer in a subphase, e.g. salt solution or water (c).

at the film, the system is expanded by an additional layer on top (g- or vFC adsorption)
or underneath the headgroup (e.g. protein or ion adsorption). Furthermore, penetra-
tion and insertion into the films (head- or tailgroup) are expected. These effects can be
modelled by changing the present layers. The dispersion is proportional to the electron
density and adsorbed amount of matter.

In the fitting routine, first, the layer thicknesses and dispersions were adjusted and,
in the next step, the roughnesses and the whole layer system were optimised. For the
samples, where adsorbate layers are expected, the results of the corresponding reference
measurements were used as initial guess. For the substrate (water or buffer) the param-
eter δ were calculated via Davis et al. [1087]. According to the capillary wave model,
the roughness of the water surface was set to approx. σD8 = 3.2 Å [907].

The mass densities, electron densities and absorption values for the gaseous and fluid
phase of the used gases and the vFCs are given in table 4.7. The electron densities can
be calculated from the mass density in the table, the molecular weight which are listed
in table 4.1 and table 4.3 and the Avogadro constant. The gyration radii of the gases
are summarised in figure 4.5 and size information for the vFCs are given in figure 4.6.

In the last decade, studies on silicon and silicon dioxide interfaces were in the focus
of research, see also [1036, 1090–1094]. For the fitting routine of SiO2 layers the model
of Tidswell et al. [1090] was selected. A bulk silicon layer and a homogeneous layer with
reduced electron density for the silicon dioxide layer is presumed, the thickness of the
dioxide layer is around 10 - 15 Å.

The values for the dispersion and absorption of silicon, silicon dioxide and water
were calculated via Davis et al. [1087] and are summarised in table 4.8. The solid-
supported monolayers were fitted as two-layer systems (see figure 4.15b) and as systems
with five layers in the bilayer case (figure 4.15c). The multilayer stacks were refined
using six sublayers, consisting of periodically arranged bilayer stacks as shown in figure
4.15c and an additional gap that was postulated between the headgroups. Furthermore,
to compensate and consider the substrate influence, a supplementary layer was inserted
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Table 4.7: The gaseous phase densities, the values for the (liquid) FC-vapour components
(vFCs) and the absorption values are calculated for ambient pressure at 293.15 K via [978, 979]
and [1087]. The fluid gaseous phases are listed for 293.15 K [1088, 1089].

gas density / g · cm−3 electron density / e− · Å−3 absorption /β · 106

gaseous fluid gaseous fluid 8.048 keV 27 keV

C4H10 2.705·10−3 0.559 9.529·10−4 0.2092 9.762·10−3 2.076·10−4

C3F8 7.89·10−3 1.35 2.3·10−3 0.3891 3.543·10−2 3.415·10−4

C4F10 0.0123 1.517 3.5·10−3 0.4375 3.513·10−2 3.396·10−4

vFC density / g · cm−3 electron density / e− · Å−3 absorption /β · 106

fluid fluid 8.048 keV

C10F18 1.916 0.554 3.342·10−2

C8F17Br 1.931 0.571 6.308·10−2

Table 4.8: Constants of different elements and molecules at different energies. The dispersion
and absorption constants were calculated via [1087]. ∗Depends on the modification [1095].

compound density / g · cm−3 dispersion / δ · 106 absorption /β · 106

293.15 K 8.048 keV 27 keV 8.048 keV 27 keV

H2O 0.998 3.57 0.316 0.0121 1.385 ·10−4

Si 2.336 7.581 0.663 0.173 1.473·10−3

SiO2 2.19-2.66∗ 7.12 0.6264 0.0923 8.14·10−4

Br 3.12 8.591 0.785 0.332 0.268
F 1.695·10−3 5.193·10−3 0.457·10−3 3.167·10−5 2.908·10−7

between the SiO2 layer and the first headgroup.
The solid-supported multilayer systems were only used in the non-hydrated state.

The multilayer thickness can be estimated via the minima of the Kiessig fringes between
the Bragg reflections. A remarkable feature of XRR curves for lipid multilayers is the
occurrence of sharp Bragg reflections up to the fourth order. These peaks are caused
by the highly oriented multilayers parallel to the substrate. A way to calculate the
layer thickness and number of bilayers in the multilayer system is fitting a Gaussian
distribution to the first Bragg reflection of the Fresnel normalised curve. The total
multilayer thickness La is inversely proportional to the peak width ∆qz and can be
calculated using the Scherrer equation

La = 2πK
∆qz

= 2πK
FWHM . (4.3)

The Scherrer constant again is denoted as K. This constant is a shape factor and
common values in literature are between 0.88 and 1 depending on the lipid systems [82,
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243]. The multilayer spacing d can be calculated via

d = 2π
qz,Bragg

. (4.4)

The number of bilayers m in a multilayer system can then be estimated with m = La/d.
For the analysis of the protein adsorption at Langmuir films and at water/air-

interfaces, some important data of the proteins are presented in table 4.9. The mo-
lar volume can be calculated using the mass density and the molecular weight of the
considered protein. The molecular volume for lysozyme is 10075 cm3/mol, for BSA a
value of 50616 cm3/mol or 48724 cm3/mol is reached depending on the two different
electron densities given in table 4.9. From the x-ray reflectivity data and the obtained
electron density profiles, the volume fraction profile φ(z) along the surface normal can
be calculated [1036, 1096, 1097]. The volume fraction profile is defined by subtracting
the electron density profile without protein adsorbate, ρref(z), from the electron density
profile with protein adsorbate, ρ(z), and dividing this difference by the contrast between
protein and reference medium

φ(z) = ρ(z)− ρref(z)
ρprotein − ρref(z)

. (4.5)

Here, ρprotein is the electron density of the protein (see table 4.9). The total adsorbed
amount (or surface excess) of proteins Γ can be found with2

Γ = m

v

∫
φ(z)dz (4.6)

with the molar mass m and the molar volume v. This approach can only be applied
if the protein is completely embedded in the homogeneous subphase ρ(z) [1036, 1096,
1097]. For more complex systems, for example proteins that partially penetrate the
Langmuir film or break through the liquid/gas-interface, ρref is non-determinable and
the integration on equation (4.6) can solely be used for the region where the protein is
embedded in the subphase.

For HSA, the electron density of BSA is used. The human serum albumin consti-
tutes of 35510 electrons (C2936H4624N786O889S41).

GIXD data For the GIXD measurements an incident angle smaller than the critical
angle is used. The incident angle was set to αi = 0.036◦ (70 % of the critical angle
αc = 0.051◦). The GIXD pattern were collected via a position-sensitive detector. The
intensity distributions of the GIXD scans were further integrated vertically in a small
qz range to determine the position and width of the lateral Bragg reflections. The
data was corrected by subtracting a linear background which was scaled based on the
intensity distribution in an area of the pattern where no reflection was observed. For
the analysis, the measured data are plotted as a function of the wave vector transfer (see

2The total adsorbed amount can also be calculated with the reciprocal value of the mass density, the
specific volume vspez in cm3/g with Γ = 1

vspez

∫
φ(z)dz.
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Table 4.9: Summarised key properties for lysozyme and BSA. Conformational stability, size,
number of electrons (Ne), mass density (of dry protein) and electron density. 1[1097–1099],
calculated with the mass density from 2[1100, 1101] and 3[1036, 1098, 1099, 1102, 1103].

protein conformational size
Ne

mass density electron density
stability [Å3] [g/cm3] [e−/Å3]

lysozyme “hard” 30 x 30 x 45 7628a 1.42 0.45581

BSA “soft” 80 x 80 x 30b 35486a 1.313 0.42282

1.364 0.43873

a Calculated using the FASTA sequence P00698 for lysozyme, the molecular formula
C613H959N193O185S10 and the FASTA sequence P02769 for BSA with the molecular formula
C2934H4615N781O897S39, with Protpi.ch. Both without the signal sequence (129 aa and 583 aa).

b Depends intensely on the microenvironment.

Table 4.10: Formulas for the calculation of the unit cell size and lattice constant of a hexagonal
lattice.

hexagonal lattice parameter formula

lattice constant a 2√
3d

unit cell size Axy
√

3
2 a

2

molecules per unit cell - 1

area per molecule A0
√

3
2 a

2

equation (3.4)). For a quantitative analysis Voigt profiles were fitted to the detected
Bragg reflections. These profiles are obtained by convolution of a Gaussian profile and
a Lorentzian profile. In a GIXD experiment, different effects can cause a broadening of
the Bragg reflections. A broadening due to the experimental resolution has a Gaussian
nature, on the contrary, the widening due to a finite crystalline domain size has a
Lorentzian shape [1104]. Consequently, by applying the Voigt function, the effects
can be distinguished from each other. There is no analytical expression for the Voigt
profile which requires the utilisation of numerical or analytical approximations [1105].
In the beginning of the experiment the primary beam was scanned parallel to the sample
surface. Thus, a Gaussian function can be fitted to the obtained beam profile to estimate
the peak broadening which originates from the instrumental resolution. The calculated
width defines the parameter of the Gaussian function in the Voigt profile. At high
surface pressures one single Bragg reflection is expected, indicating a hexagonal packing
with the unit cell parameters a = b, γ = 120◦ of the aliphatic chains. From the position
of q‖ of the Bragg reflection the lattice plane distances dh,k, lattice constant a and unit
cell area A0 can be calculated under consideration of equation (3.30) and (3.37). The
size of the crystalline domains L can be determined with the equations (3.45) and (3.46).
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Since no tilt of the lipid tails is detectable due to the resolution of the apparatus
(qz dependency of the Bragg rods), an analysis of Bragg rods and, therefore, tilt an-
gles in the framework of this thesis is not possible. Above surface pressures of around
15 mN/m DPPA-films on water have tilt angles of nearly zero [109, 933, 1106]. Isotherm
experiments reveal similar results [635, 933, 1107].

Error analysis The error handling especially of XRR data evaluated with the
effective-density model is not trivial. It is possible to estimate errors by reproduced
measurements. Depending on the data quality and the complexity of the sample system
different error ranges can be determined. The errors can further be calculated by the
variation of refinement parameters around the best fit with the lowest χ2. It seems to
be common, to allow a variation of around 5 % from χ2 of the best fit [1036, 1096, 1099].
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Chapter 5

Surface/gas-interactions

The following chapter presents the results of the investigation of the interaction of
perfluorocarbons (g- and vFCs) with different lipid layer systems.

The linear perfluorocarbon gases were examined systematically in terms of size and
shape. They are devoid of amphiphilicy and are highly hydrophobic. Perfluorocarbon-
containing microbubbles and droplet emulsions have various biomedical applications,
such as in molecular imaging and diagnostics, as artificial blood substitutes and in (tar-
geted) drug and gene delivery. The bubble and droplet walls are in general monolayers
composed of phospholipids that, thus, interact with the gaseous or liquid perfluoro-
carbon phase. This interaction has so far not been studied in detail [4]. Moreover,
two perfluorocarbons for vaporisation that were selected are promising candidates for
biomedical usage, especially for in-vivo oxygen delivery and ventilation (F-decalin and
F-octyl bromide) and also for synthetic lung surfactant compositions. In ventilation with
perfluorocarbons, the lung surfactant or alveolar lining fluid comes into direct contact
with the substances. They have different molecular structures. F-decalin is a bicyclic
molecule with a globular shape. In contrast, F-octyl bromide is linear with an exposed
and polariseable bromide atom. It is slightly more lipophilic than F-decalin. In order to
learn more about their influence on lipid phases, different initial surface pressures were
used. These can also be seen as models for different degrees of lung surfactant absence,
impairment and damage in respiratory diseases.

In the light of the aforementioned, it is crucial to understand the effect of perfluoro-
carbon-enriched gases on lipid systems. Thus, the fundamental aim of this study is to
gain knowledge on the structural response of lipid model systems induced by gaseous
and vaporised perfluorocarbons from the gas phase.

This chapter is subdivided into three sections. In the first section (5.1) of this
chapter the XRR and GIXD results of the influence of gFCs and vFCs on DPPC- and
DPPA-films with various initial surface pressures are presented. In the next section
(5.2), the solid/gas-interface is discussed, where the influence of gases on spin-coated
solid-supported lipid layer systems was studied. These systems offer the possibility
to investigate whether the gas molecules penetrate a dense multilayer layer. The last
section (5.3) deals with protein-containing systems at liquid/gas-interfaces. First, the
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adsorption of lysozyme at DPPA-films under a vFC atmosphere is investigated. Then
the interaction of lysozyme with g- and vFCs at the bare water/air-interface is consid-
ered. The chapter is closed with the study on the interaction between BSA and vFCs
at a water surface. The serum protein is a surface-active protein which can compete
with lung surfactant lipids for the adsorption at the alveolus/air-interface. With the
saturation of the gaseous phase with vFCs a promotion of the re-spreading of DPPC
monolayers at the interface in the presence of BSA were reported [2, 305, 442, 443, 1108].
However, not much is known about how g- and vFCs influence the protein adsorption
process and resulting protein layers at the interface.

The effect of the selected g- and vFCs on the lipid systems with the chosen exper-
imental setup and surface-sensitive x-ray scattering techniques has not been studied
yet. Especially the effect of gFCs, such as C3F8 and C4F10 on Langmuir monolayers
composed of DPPC and DPPA has not been elucidated. In general, studies aiming a
better understanding of the impact of non-polar and non-amphiphilic fluorocarbons on
the structure of phospholipid systems are scarce [4, 497].

5.1 Liquid/gas-interfaces

This section presents the results of the interaction studies of perfluorocarbons (g- and
vFCs) and an alkane with DPPC- and DPPA-films on water surfaces at different surface
pressures. From XRR, GIXD and surface tension measurements the accumulation and
adsorption of perfluorocarbon molecules at the liquid/gas-interface was examined.

Previous studies show that incooperated FC molecules from the gas phase drastically
change the phase behaviour of lipid monolayers and lead to a fluidisation of Langmuir
films. The fluorocarbon gases inhibit the formation of the liquid-condensed phase in
Langmuir monolayers of DPPC or lung surfactant substitutes that instead remain in
the liquid-expanded phase [1, 440, 441, 1108]. Moreover, the lipid shell can be stabilised
externally via vFCs of higher molecular weight [4, 497, 505, 1109]. However, these
experiments were performed at constant surface pressure meaning that the surface area
increases once molecules penetrate the lipid film from the gas phase. If a fluidisation and
reduction of the crystalline order also occurs at limited space is not known. Therefore,
the experiments in this thesis were conducted at constant surface area. It was found,
that alkane gases (n-butane and isobutane) significantly affect stearic acid monolayers
on water [1048]. The effect of isobutane is studied on DPPA and DPPC Langmuir films
with different surface pressures.

5.1.1 Experimental details

The XRR experiments were performed mainly at the laboratory diffractometer D8 of the
chair E1a at TU Dortmund and P08 at PETRA III utilising the end-station LISA [1056,
1065, 1066]. The GIXD measurements were performed at beamline I07 of DLS using
the DCD end-station [1055, 1067, 1068]. The two surface-sensitive techniques reveal a
comprehensive picture of the sample system. Apart from the measurements at PETRA
III, where the temperature was set to 297.8 K, data were collected at a temperature of
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294.15 K. The samples were prepared as explained in chapter 4. For the measurements
under elevated pressure with the gaseous perfluorocarbons and the alkane isobutane, the
custom-build gas pressure cell in combination with the round PTFE plate (see section
4.1) equipped with an installed Wilhelmy balance was applied. The gas pressures of
C4H10, C3F8 and C4F10 were varied between 1 bar and the condensation pressure or
the maximum pressure the custom-made pressure cell (5 bar) is certified for. The scans
were performed 5 min. after filling the gas into the cell or increasing the pressure. The
first measurement at ambient pressure was conducted after flushing the cell with the
selected gas. In addition, scans at air before and after gas treatment were recorded to get
references of the system and to test the stability of the film after it was exposed to gas
for a longer period. And to study the reversibility of the observed effects. The applied
gas pressures are given as dimensionless value p/p0, normalised to the condensation
pressure of the considered gas.

The accuracy of the parameters extracted from the XRR experiments is estimated
to be about 0.5 - 1 Å for the thickness of the head- and tailgroups and 0.3 - 0.5 Å for the
roughness.

5.1.2 gFC and vFC adsorption on Langmuir films

Lipid bilayers of biological membranes consists of two weakly coupled lipid monolayers.
Langmuir layers therefore represent an interesting, simple and proofed model system
mimicking a membrane interface [215, 225, 1110, 1111]. Especially adsorption phenom-
ena have been studied successfully based on these systems. Since monolayers reflect
half of a membrane, they are rather restricted for the analysis of transmembrane pro-
cesses, but they are well-suited models for the analysis of processes at the membrane
surface [1112]. Since the native lung surfactant is a complex mixture of lipids and pro-
teins which form a monolayer at the alveolus/air-interface of mammalian species, the
Langmuir film model is highly suitable to mimic these systems accurately [337]. The
major components of lung surfactant are mostly saturated phosphatidylcholines, DPPC
is present with around 40 %. For further information on lung surfactant and DPPC,
please refer to chapter 2 section 2.2. An important role of lung surfactant is to reduce
surface tension upon compression (= while expiration, γ < 2 mN/m) and to rapidly
re-spread again on expansion (= while inspiration, γ ≈ 20 mN/m) [1, 331, 332, 1113].

Figure 5.1 shows the Π-A isotherms of DPPA and DPPC on a water surface at a
temperature of 294.15 K. The red arrows indicate the initial surface pressures where
XRR measurements were conducted. The measured Π-A isotherms are similar to those
presented in the literature [635, 933, 1114, 1115]. The course of the DPPA isotherm
is typical for lipids with small headgroups with strong van der Waals attractions and
hydrogen bonding of the phosphate headgroups. When the cross-sectional area of the
polar head is small, the interaction of the lipids is dominated by van der Waals forces
and hydrophobic interactions of the alkyl chains. Therefore, DPPA forms highly ordered
structures already at low surface pressures and no distinct liquid-expanded regime is
observed at room temperature [1116, 1117]. The lift-off area on a water subphase
is at around 48 Å2/molecule. A phase transition is indicated by a slight kink of the
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Figure 5.1: Π-A isotherms of DPPC
and DPPA on a ultra-pure water sub-
phase a pH-value of 7 at T = 294.15 K.
G: gaseous, LE: liquid-expanded, LC:
liquid-condensed, TC: tilted-LC, UC:
untilted-LC phase. The red arrows indi-
cate the initial surface pressures where
XRR measurements were performed.

isotherm at a surface pressure of around 15 mN/m (41 Å2/molecule) from the tilted-
condensed to the untilted-condensed phase. The constant pressure regime at 52 mN/m
(35 Å2/molecule) indicates a film collapse. Similar values can be found in literature [635].
X-ray diffraction studies show that DPPA changes with increasing surface pressure from
an oblique to rectangular to hexagonal packing lattice [933, 1118].

For DPPC a lift-off area of around 100 Å2/molecule and collapse area of 34 Å2/mole-
cule at a surface pressure of 60 mN/m was observed in good agreement with the literature
[1115, 1119]. The liquid-expanded to liquid-condensed phase transition occurs between
3.6 mN/m and 5.6 mN/m. This is not a real first-order transition as the surface pressure
is not entirely constant in the coexistence region. Neither can it be interpreted as a
second-order phase transition which is characterised by a kink in the Π-A isotherm.
The slight pressure increase during the transition may result from a not sufficiently
slow compression to guarantee equilibrium at any point. The surface pressure change
during the transition agrees with values found in literature (Πt = 3.5− 3.7 mN/m and
Πt = 4.3− 5.6 mN/m) [1120, 1121].

The XRR and GIXD measurements were recorded with monolayers that were pre-
pared by the dropping method. The dropping method reveals isotherms that are slightly
shifted in horizontal direction to higher area per molecule (take-off at higher A) and
a vertical shift to higher surface pressures (higher Π at the same A). Furthermore,
they show a gradual transition compared to the sharp transitions in the compression
isotherms [1122, 1123]. However, the reference measurements and the corresponding
structural parameters within the refinements (thickness, roughness and electron densi-
ties) of DPPA and DPPC reveal similar results for dropped and compressed Langmuir
films. Therefore, the results determined with the different preparation methods can be
compared to each other.

The experimentally obtained XRR results on the response of DPPC- and DPPA-
films under increasing gas pressure are presented in the following. First, Langmuir layers
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composed of DPPC and then DPPA-films with different initial surface pressures are
discussed. The notation “N2” means measurements at air atmosphere after flushing the
sample with nitrogen. The gaseous compounds can be classified in the following series:

log P, V and Rg : C4H10 < C3F8 < C4F10 and
cohesivity, hydrophilicity, γ : C4H10 > C3F8 > C4F10.

Here, V , Rg and logP are the volume, the gyration radius and the logarithm of the
partition coefficient, respectively. The used hydrocarbon and gaseous perfluorinated
compounds are non-polar. The fluorocarbon liquids have low cohesive energy densi-
ties in comparison to hydrocarbons and, therefore, exhibit lower surface energies than
the corresponding hydrocarbon. Moreover, perfluorocarbons are significantly more hy-
drophobic than hydrocarbons in aqueous medium. This is also reflected in lower water
solubility of fluorocarbon gases compared to hydrocarbon gases [1124].

DPPC-films in interaction with different gases First, the effects of isobutane
on DPPC Langmuir films with different initial surface pressures are shown. At a temper-
ature of 294.15 K, isobutane has a condensation pressure of p0 = 3.115 bar. The electron
density of the non-polar hydrocarbon in its fluid phase is 0.2092 e−/Å3 (0.622 · ρH2O).
Isobutane has a globular shape with a gyration radius of 2.948 Å. It is the smallest gas
molecule that was applied to the Langmuir films.

Figure 5.2 shows the Fresnel normalised XRR curves of DPPC-films on a water sub-
phase under increasing isobutane gas pressures on the left-hand side. The solid black
lines represent the refinements to the data. The corresponding normalised electron
density profiles are presented on the right-hand side of the figure. The initial surface
pressures of the DPPC Langmuir films are Πini = 5, 10 and 30 mN/m. The x-ray reflec-
tivity curves were measured at the laboratory diffractometer D8 up to a wave vector
transfer of qz = 0.45 Å−1. As explained in the section 4.5 the data were background
corrected and refined by using a two-layer model applying the Parratt algorithm in com-
bination with the effective-density model. The polar headgroups and the alkyl chains
of the DPPC molecules can be well distinguished at every reference measurement. A
reflectivity of the bare water/air-interface is also given in grey. The obtained electron
density of the water subphase (ρH2O) was calculated to 0.3359 e−/Å3 with a roughness
of around σH2O = 3.48 Å. These values are in accordance with the literature data [907,
1125]. The calculated reference values of the lipid monolayer at the given initial surface
pressure were used for the subsequent fits. The best-fit values of the reference measure-
ments at air are given in table 5.1. The obtained reference profiles are in accordance to
the values found in literature [1126–1128].

The selected surface pressures of 5, 10 and 30 mN/m correspond to the liquid-
expanded and liquid-condensed co-existence phase, the tilted liquid-condensed and a
less tilted liquid-condensed phase of the DPPC Langmuir film. As can be seen on the
left-hand side of the figure, the minimum of the oscillation of the reference measure-
ments at air shifts to the left, towards smaller qz values, with increased Πini indicating
a higher DPPC layer thickness due to the higher compression. At an initial surface
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Figure 5.2: Left: Fresnel normalised XRR data of DPPC on a water subphase with different
initial surface pressures and successively increasing isobutane gas pressures. Diamonds: data,
solid lines: fits, squares: decreasing gas pressure, grey: water/air-interface. From top to bottom:
5, 10 and 30 mN/m. Right: Electron density profiles obtained from the refinement of the
reflectivity data on the left. The density profiles are normalised to the bulk water density. The
reflectivity curves and electron density profiles are shifted vertically for better visibility.

pressure Πini = 10 mN/m, the DPPC-film already passed the co-existence region and
is in a liquid-condensed phase. However, the liquid-condensed domains are still em-
bedded in liquid-expanded-like areas due to packing defects and finite crystalline sizes.
At an initial surface pressure of Πini = 30 mN/m, the DPPC-film is denser packed and
the tilt angle is reduced indicated by an increase of the thickness and electron den-
sities. The tail chain length of 16.3 Å is in accordance with [1129]. The headgroups
can adopt different configurations depending on the surface pressure (5 - 12.7 Å). The
observed values are in accordance with literature data [1128–1131]. The maximal tail
length of an alipathic chain with n CH2 groups (n = 14) in an all-trans configuration is
dmax = 1.5 +n · 1.265 Å = 19.2 Å for DPPC [1130]. With no water molecules intercalat-
ing to the headgroups of the monolayer, the Tanford length is calculated to 20.5 Å [140,
1129]. It is commonly observed, that the lipid tail thickness of lipid monolayers at
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Table 5.1: The best-fit parameters of the reference measurements at air for different initial
surface pressures of a DPPC-film. The water roughness was set to 3.48 Å. The water density is
0.3359 e−/Å3. The tilt angle is calculated via cos(β) = dt,max/19.2 Å. ρnorm is the normalised
electron density to the water electron density.

5 mN/m 10 mN/m 30 mN/m
parameter head tail head tail head tail

ρnorm 1.345 0.965 1.359 0.967 1.373 0.941
σ / Å 3.538 3.148 5.715 3.229 5.678 3.761
d / Å 9.42 14.24 10 15.64 10.18 16.33

tilt angle / ◦ - 42.13 - 35.45 - 31.73

the water/air-interface increases as a result of an increase of the surface pressure. It
is known, that the phosphatidylcholine moiety of the polar headgroup of DPPC can
adopt different configurations and thus exhibits different thicknesses and an “untilting”
at higher surface pressures [1130]. Furthermore, it is known, that the headgroup of
DPPC is oriented horizontally to the water interface at low surface pressures.

Previous experiments at the water/gas-interface showed a complete wetting adsorp-
tion for isobutane with a negative effective Hamaker constant [526, 527]. Isobutane has
a very low water solubility at 293.15 K with about 49 mg/l and is practically insoluble in
water. The measurements of DPPC at different initial surface pressures show a similar
behaviour at increasing isobutane gas pressures. As it can be seen in the XRR curves in
figure 5.2, by increasing the gas pressure the minimum of the oscillation shifts to lower
qz values, indicating an increasing layer thickness. At pressures near to the condensation
pressure of isobutane, the shift of the oscillation becomes more pronounced.

Replacing air by isobutane causes an increased tailgroup thickness and roughness
and, moreover, an increased roughness between the head- and tailgroups. This can
be observed for all investigated initial surface pressures. At a low surface pressure
of 5 mN/m a surface pressure increase to around 19.8 mN/m at p/p0 = 0.96 is ob-
served. At initial surface pressures of 10 mN/m and 30 mN/m an increase to 29.6 mN/m
and 35.9 mN/m were observed at p/p0 = 0.96, respectively. The surface pressure in-
creases mostly due to the adsorption of gas molecules at the free water surface. The
gas molecules presumably cluster at the interface and form islands between the lipid
molecules, this leads to a compression of the film and a reduction of the tilt angle of
the alkyl chains.

The lipid tails are not fully stretched at the highest gas pressure applied at the lowest
initial surface pressure of 5 mN/m. In contrast, at the highest initial surface pressure
of 30 mN/m, the thickness of the tailgroup at the highest gas pressure is about 21.4 Å.
This value is slightly higher than the maximum tail length of DPPC. This could be due
to a vertical displacement of the lipids or adsorption of gas molecules on top of the lipid
chains. However, no improvement of the fit was reached by adding a third layer to the
model which represents an adsorbate layer with a freely adjustable electron density.

Since isobutane has the smallest gyration radius, it can penetrate the alkyl chains
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at some places and cause a compression even at high lipid coverage of the surface. The
gas molecules adsorb via van der Waals interactions at the bare water surface and can
interact via hydrophobic forces with the lipid tailgroups. It seems that the hydropho-
bic region of the lipid layer is packed with gas molecules at high gas pressures. The
headgroups are also affected. They expand upon adsorption of gas molecules and the
electron density decreases. This may indicate a change of the headgroup configuration.

The re-spreading ability after compression via the gas molecules and the de-lipidation
of the surface were tested by reducing the gas pressure after a measurement series and
replacing the gas atmosphere by air. The re-spreading ability of DPPC is generally
not very good after a compression-cycle. After releasing gas from the pressure cell to
p/p0 = 0.32 the Langmuir layer structure remains stable. But after flushing the cell
with nitrogen, the averaged over-all electron density decreases. This can be explained
by dissolution of lipid molecules in the adsorbed alkane layer. This is most likely due
to the higher alkane to lipid molecule ratio at the interface at high gas pressures. The
effect becomes less pronounced at higher initial surface pressures of the Langmuir layer.

Giebel et al. found for stearic acid films a deep penetration of butane molecules
and a preferred adsorption site near the headgroups [1048]. This is in good agreement
with the observation that the roughness between the head- and tailgroups of DPPC are
increased with increasing gas pressure at all initial surface pressures. However, while the
stearic acid films were totally dissolved, for DPPC the monolayer structure consisting
of a distinctive head- and tailgroup maintained at all pressures and a total dissolution
did not occur.

The Langmuir film consisting of DPPC molecules is more stable than the Langmuir
films of single chain fatty acids. The stability results from the enhanced hydrophilic/hy-
drophilic-interaction of the headgroups but also from the hydrophobic/hydrophobic-
interaction of the tailgroups. These stabilise the Langmuir film against dissolution by
isobutane, even near the condensation pressure. It is known that monolayers which
exhibit co-existing phases have significantly different physical properties compared to
single-phase lipids like stearic acid [336, 362, 1132].

In the following the results of the response of DPPC-films at different initial surface
pressures under increasing F-propane gas pressures are presented. At a temperature of
294.15 K, F-propane has a condensation pressure of p0 = 7.779 bar. It has a stretched
shape. It exhibits a lower water solubility with about 5.7 mg/l at 15 ◦C and has a
larger gyration radius of 3.736 Åcompared to isobutane. The electron density of fluid F-
propane is 0.3891 e−/Å3 (1.1583 · ρH2O). Figure 5.3 illustrates the XRR data of DPPC-
films under elevated gas pressures of F-propane. The Fresnel normalised XRR curves
of the data series are shown on the left-hand side of the figure. The black solid lines are
the refinements to the measured XRR curves. The right-hand side depicts the obtained
electron density profiles normalised to the bulk water electron density. Here, also the
gaseous phase of DPPC was investigated at a surface pressure of 2 mN/m and an area
of 95 Å2 per molecule. It was possible to refine the data with a one-layer model with
a layer thickness of 16 Å, where head- and tailgroups are not separated. This model
is in accordance with literature data [109, 1133]. The measurements were conducted
at initial surfaces pressures of 2, 10, 18 and 30 mN/m. The best-fit values for the
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Figure 5.3: Left: Fresnel normalised XRR data of DPPC on a water subphase with different
initial surface pressures and successively increasing F-propane gas pressures. From top to bot-
tom: 2, 10, 18 and 30 mN/m. Diamonds: data, solid lines: fits, squares: decreasing gas pressure,
grey: water/air-interface. Right: Electron density profiles obtained from the refinement of the
reflectivity data on the left. The density profiles are normalised to the bulk water density. The
reflectivity curves and electron density profiles are shifted vertically for better visibility.

reference measurements are summarised in table 5.2. By increasing the gas pressure,
the detectable qz range decreases due to a strong absorption of the incoming x-ray beam
by the dense gas atmosphere, this is accompanied by an increased background.

For all initial surface pressures, an accumulation of the gas molecules at the water
interface between the transition from head- to tailgroup can be observed. Furthermore,
it was necessary to apply a two-layer model to refine the data of the 2 mN/m measure-
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Table 5.2: The best-fit parameters of the reference measurements at air for different initial
surface pressures of the DPPC-film. The water roughness was set between 3.48 and 3.8 Å. The
water density is 0.3359 e−/Å3. The tilt angle is calculated via cos(β) = dt,max/19.2 Å. ρnorm is
the normalised electron density to the water electron density.

2 mN/m 10 mN/m 18 mN/m 30 mN/m
parameter layer head tail head tail head tail

ρnorm 1.313 1.38 1.0 1.392 1.07 1.4062 1.08
σ / Å 6.933 3.31 3.197 3.591 4.281 2.932 4.408
d / Å 16.1 10.08 14.88 8.91 15.02 9.10 16.09

tilt angle / ◦ - - 39.19 - 38.53 - 33.07

ment after increasing the gas pressure to about p/p0 = 0.13. A reduction of the gas
pressure leads to a substantial change of the lipid film at the low initial surface pres-
sure and seems to destroy the vertical lipid structure. The surface pressures increase at
p/p0 = 0.39 to 13.2, 18.5, 26.3 and 36.3 mN/m for the initial surface pressures of 2, 10,
18 and 30 mN/m, respectively.

Figure 5.4 presents the results of the measurements of DPPC-films in contact with
F-butane. The Fresnel normalised XRR curves are shown on the left-hand side. The
solid black lines are the refinements to the data. The right-hand side of the figure depicts
the corresponding electron density profiles. At the applied temperature of 297.8 K F-
butane has a condensation pressure of 2.652 bar. The water solubility of F-butane is
10.56 mg/ml at 298.15 K. The data were collected at the beamline P08 at PETRA III
with the LISA end-station.

The best-fit parameters are given in table 5.3. The surface pressures increase at
p/p0 = 0.93 to 17.2, 17.7, 25.2, 32.6 and 36 mN/m for the initial surface pressures of 2,
5, 10, 18 and 30 mN/m, respectively.

The film with the lowest surface pressure of 2 mN/m can again be fitted by a one-
layer model. In contact with F-butane a two-layer model is needed, similar to the case
of a 2 mN/m DPPC-film under a F-propane atmosphere. After formation of the two
separated layers, the electron density and thickness of the tailgroups increase. This
can be explained by a gas pressure-dependent untilting of the alkyl chains due to a
compression of the film by adsorbed gas molecules.

At the initial surface pressures of 5 and 10 mN/m the layer is separated into two well
distinguishable layers. The headgroups seem to change their conformation during the
treatment with F-butane. The tailgroups are compressed by F-butane and the thickness
increases. The electron density increase indicates a gas molecule penetration into the
alkyl chains, which becomes more intense with increasing gas pressures. The roughness
of the tailgroups and between the head- and tailgroups is also increased.

A completely different behaviour is found at the initial surface pressures of 18 and
30 mN/m. At these surface pressures the DPPC-films are in a tilted liquid-condensed
phase. Already at the lowest gas pressure the headgroup thickness increases to over
13 Å and 15.3 Å at an initial surface pressure of 18 mN/m and 30 mN/m at p/p0 = 0.38,
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Figure 5.4: Left: Fresnel normalised XRR data of DPPC on a water subphase with different
initial surface pressures and successively increasing F-butane gas pressures. From top to bottom:
2, 5, 10, 18 and 30 mN/m. Diamonds: data, solid lines: fits, squares: decreasing gas pressure,
grey: water/air-interface. Right: Electron density profiles obtained from the refinement of the
reflectivity data on the left. The density profiles are normalised to the bulk water density. The
reflectivity curves and electron density profiles are shifted horizontally or vertically for better
visibility.
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Table 5.3: The best-fit parameters of the reference measurements at air for different initial
surface pressures of the DPPC-film. The water roughness was set between 3.3 and 3.48 Å. The
water density is 0.3359 e−/Å3. The tilt angle is calculated via cos(β) = dt,max/19.2 Å. ρnorm is
the normalised electron density to the water electron density.

2 mN/m 5 mN/m 10 mN/m
parameter layer head tail head tail

ρnorm 1.2013 1.2021 0.5741 1.2387 0.8091
σ / Å 8 7.112 2.569 8.644 3.572
d / Å 17.01 10.21 7.76 7.35 9.51

tilt angle / ◦ - - 66 - 60

18 mN/m 30 mN/m
parameter head tail head tail

ρnorm 1.3232 0.8405 1.3235 0.889
σ / Å 9.038 3.66 6.019 3.806
d / Å 8.47 15.52 7.4 16.90

tilt angle / ◦ - 36.1 - 28.33

respectively. At the highest gas pressure of p/p0 = 0.90 the headgroup layer thickness
increases to 27.7 Å at 18 mN/m and 17.1 Å at 30 mN/m. The tailgroup thickness of lipids
also increases steadily, but the maximum increase is only 2.5 Å for both surface pressures.
The contrast between head- and tailgroup is reduced. The total layer thickness is
drastically increased, which is particularly noticeable at an initial surface pressure of
18 mN/m. The resulting layer thicknesses exceed the length of fully stretched DPPC
molecules and, therefore, the formation of a broad film of adsorbed gas molecules at the
interface can be concluded. The headgroups cannot be distinguished from the water/F-
butane film, whilst the tailgroups are still visible. The lipid molecules are probably
located on a water/F-butane mixture. It was not possible to improve the fit by applying
a three-layer model with an adsorbate layer on top of the tails. However, a complete
dissolution of the lipids in the adsorbed gas film is not observed, the tailgroups of the
lipids are still clearly visible and after gas release the surface pressure assumes slightly
lower values than the initial value. Although F-butane is strongly non-polar, it adsorbs
via van der Waals interactions at the water interface and between the lipid headgroups.
The thermodynamically favoured and stable structure of the Langmuir film is affected
but not completely destroyed. The more densely packed film at 30 mN/m seems to
suppress the penetration of high amounts of gas molecules as the expansion of the layer
system is less pronounced compared to the 18 mN/m measurement.

DPPC Langmuir films appear to be stable enough not to be dissolved by isobutane
molecules, but it is possible to damage the Langmuir film with larger gas molecules, such
as F-butane. In order to compare the adsorption effects of different gases on DPPC-
films, the total layer thicknesses were determined as: dt + dh + σ0 + σt. Here, dt is
the layer thickness of the tailgroup and dh is the layer thickness of the headgroup. The
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Figure 5.5: Gas pressure-dependent change of the total DPPC Langmuir layer thickness. The
gas pressure is normalised to the condensation pressure. From left to right: C4H10, C3F8 and
C4F10. The open empty markers represent the values after reduction of the gas pressure.

roughness of the substrate and the tailgroup are σ0 and σt. Figure 5.5 shows the gas
pressure-dependent changes of the total thickness of DPPC-films. The diagrams are
sorted in ascending order from left to right according to the size of the gas molecules. It
can be seen, larger gas molecules have a stronger influence on the total layer thickness.

At low initial surface pressures of DPPC-films, the gases can penetrate the layer
more easily and also accumulate at the water surface. This causes a compression of the
film. At high initial surface pressures an incorporation into the film is also observed.
This leads to a substantial change of the Langmuir layer in case of F-butane.

DPPA-films in interaction with different gases The phospholipids DPPA and
DPPC share the same alkyl chain configuration and length. But they exhibit different
packing parameter p [137]. For the PC p is smaller or close to one, since the headgroup is
relatively large with a slightly conical or nearly cylindrical shape. The DPPA headgroup
is small and the packing parameter is higher than one [137, 1134]. DPPA has a small
headgroup with a phosphatidic acid moiety. Several studies have shown, that DPPA is
sensitive to hydrogen bonding, electrostatic interactions and the pH-value. DPPA can
vary its phosphate group protonation from neutral to a doubly negative ionisation state
in dependence of the pH-value and interaction partners. At a pH-value of 7, DPPA
is singly negatively charged and can form intermolecular hydrogen bonds (phosphate-
phosphate). The maximal chain thickness is the same as for DPPC. DPPA-films are
more densely packed and have higher condensed order. The hydrophilic phosphate
headgroup, which bears no further moieties, has smaller cross-sectional area than DPPC.
Due to the smaller headgroup, the DPPA alkyl chains are oriented nearly perpendicular
to the water/air-interface [1134, 1135]. In the following, the results of the adsorption of
isobutane on DPPA-films will be presented.
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Figure 5.6: Left: Fresnel normalised XRR data of DPPA on a water subphase with different
initial surface pressures and successively increasing isobutane gas pressures. From top to bottom:
5, 20 mN/m. Diamonds: data, solid lines: fits, squares: decreasing gas pressure. Right: Electron
density profiles obtained from the refinement of the reflectivity data on the left. The density
profiles are normalised to the bulk water electron density. The reflectivity curves and electron
density profiles are shifted vertically for better visibility.

Figure 5.6 visualises the results of the isobutane pressure-dependent measurements
on the behaviour of DPPA-films at two different initial surface pressures Πini. The data
were recorded at a pH-value of 7. As can be seen on the left side of the figure, the
reflectivity curves shift to smaller qz values with increasing gas pressure indicating an
increasing thickness of the film. Moreover, the oscillations become more pronounced.
Table 5.4 summarises the results of the reference measurements at the different initial
surface pressures. The reference values are in accordance to values found in literature
[1136]. The effects of isobutane on the DPPA-film are similar for both investigated initial
surface pressures. The initial surface pressures of 5 mN/m and 20 mN/m reflects the
tilted and untilted liquid-condensed phase of DPPA, respectively. After the exchange of
air by isobutane, it can be observed that especially the roughness of the headgroups and
the electron density between head- and tailgroup increase. This indicates an adsorption
of gas molecules at this location. At higher gas pressures the electron density increase
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Table 5.4: The best-fit parameters of the reference measurements at air for different initial
surface pressures of a DPPA-film. The water roughness was set to 3.4 Å for all reference mea-
surements. The water density is 0.3359 e−/Å3. Tilt angle calculated via cos(β) = dt,max/19.2 Å.
ρnorm is the electron density normalised to the water electron density.

5 mN/m 20 mN/m
parameter head tail head tail

ρnorm 0.4811 0.308 0.498 0.4082
σ / Å 4.381 3.920 3.215 3.884
d / Å 7.73 17.52 7.11 18.71

tilt angle / ◦ - 24.15 - 12.97

Figure 5.7: Isobutane gas pressure-dependent change of the tailgroup thickness dt, the electron
density ρt and the roughness σt of DPPA-films with initial surface pressures of 5 and 20 mN/m.
The open empty markers represent the values after reduction of the gas pressure.

of the tailgroups shows that this region is filled with isobutane molecules. Even at
high pressures, close to the condensation pressure, the Langmuir layer seems to be
intact. Furthermore, in contrast to DPPC, the headgroups are not influenced by the
gas molecules. The tailgroups are stretched during gas treatment, so that the monolayer
can transform into a more compressed state. In contrast to DPPC, after reduction of the
gas pressure and subsequent flushing with nitrogen the initial film structure is restored.

Since only the tailgroups of DPPA are affected by isobutane, the layer thicknesses,
roughnesses and electron densities can be compared to analyse the adsorption process.
Figure 5.7 shows the gas pressure-dependent change of these values. As can be seen,
the thickness, electron density and roughness increase with gas pressure. Since the
maximum value of the tailgroup layer thickness is exceeded, one could assume an accu-
mulation above the Langmuir film. However, it was not possible to refine the system
with a three-layer model. The response to the increased gas pressures is higher at
low initial surface pressures. At a surface pressure of 5 mN/m the DPPA-film is in a
tilted liquid-condensed phase. This Langmuir film structure and phase is comparable
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Table 5.5: The best-fit parameters of the reference measurements at air for different initial
surface pressures of a DPPA-film. The water roughness was set to 3.4 Å for all reference mea-
surements. The water density is 0.3359 e−/Å3. Tilt angle calculated via cos(β) = dt,max/19.2 Å.
ρnorm is the electron density normalised to the water electron density.

5 mN/m 15 mN/m 28 mN/m
parameter head tail head tail head tail

ρnorm 1.4324 0.919 1.4482 0.98 1.3819 1.0137
σ / Å 4.381 3.92 3.22 4.033 2.637 4.542
d / Å 7.73 17.52 7.59 19.14 6.75 19.64

tilt angle / ◦ - 24.15 - 4.53 - 0

to stearic acid at a surface pressure of 15 mN/m and, thus, the results can be compared
with those of Giebel et al. [1048]. Stearic acid has a small headgroup, which can form
hydrogen bonds such as DPPA. The stability of the Langmuir layers containing DPPA
or DPPC can be traced back to the higher alkyl chain content. Stearic acid has only
one 17-carbon chain which is bonded to a carboxylic acid, so that the van der Waals
attraction between the molecules is less pronounced. The number of alkyl chains of the
lipid, therefore, seems to have a great influence on the dissolving effect. The surface
pressure at p/p0 = 0.96 increase to 21 and 34 mN/m for the initial surface pressures of
5 and 20 mN/m, respectively. The values are restored after the gas is released.

Figure 5.8 shows the results of the gas pressure-dependent measurements of F-
propane on DPPA-films at initial surface pressures of Πini = 5, 15 and 28 mN/m. The
Fresnel normalised XRR curves are shown on the left-hand side of the figure. The solid
black lines represent the refinements to the data. The corresponding electron density
profiles are given on the right-hand side. At an initial surface pressure of 5 mN/m
the DPPA-film is in the tilted liquid-condensed phase, the initial surface pressure of
15 mN/m reflects the transition point from tilted to untilted liquid-condensed phase
and at 20 mN/m the untilted liquid-condensed phase of DPPA is reached. The best-fit
values of the reference measurements are given in table 5.5. As can be seen, by re-
placing nitrogen by F-propane, the minimum of the oscillation shifts to lower qz values
indicating a thickening of the layer. Again, the changes in the lipid films are similar
for different initial surface pressures. The DPPA headgroup is not strongly influenced
by the gas. The roughness and also the electron density of the tailgroup and between
head- and tailgroup increase with gas pressure. This indicates a penetration of the
gas molecules between the head- and tailgroups on the water surface and between the
chains. Figure 5.9 shows the gas pressure-dependent change of the layer thickness, the
electron density and the roughness of the tailgroups. The reduction of the gas pres-
sure and measurement under nitrogen atmosphere reveal a stable and defined Langmuir
layer. The re-spreading ability is better than detected for DPPC. The headgroup of
DPPA seems to stabilise the structure of the Langmuir layer. This can be explained
by the intermolecular bonds of DPPA. Furthermore, DPPA-films offer less accessible
free water surface for the gas molecules, since it is tightly packed, even at low surface
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Figure 5.8: Left: Fresnel normalised XRR data of DPPA on a water subphase with different
initial surface pressures and successively increasing F-propane gas pressures. From top to bot-
tom: 5, 15 and 28 mN/m. Diamonds: data, solid lines: fits, squares: decreasing gas pressure.
Right: Electron density profiles obtained from the refinement of the reflectivity data on the
left. The density profiles are normalised to the bulk water density. The reflectivity curves and
electron density profiles are shifted vertically for better visibility.

pressures.
In the following, the largest gas molecule with a gyration radius of 4.368 Å, F-butane,

and its influence on DPPA-films will be presented. Figure 5.10 illustrates the Fresnel
normalised XRR curves and the refinement to the data on the left-hand side. The
right-hand side shows the corresponding electron density profiles. In this case, initial
surface pressures of 5, 15 and 26 mN/m were examined. By replacing air with F-butane,
the XRR curves constantly shifts to lower qz values, indicating a thickening of the film.
The best-fit parameters are summarised in table 5.6. For each surface pressure studied,
it can be seen that the electron density profiles change in the same way, the electron
density between head- and tailgroup and of the tailgroup increases. The roughness
increases as well. The gas molecules still seem to penetrate the Langmuir layer even at
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Figure 5.9: F-propane gas pressure-dependent change of the tailgroup thickness dt, the electron
density ρt and the roughness σt of DPPA-films with different initial surface pressures. The open
empty markers represent the values after reduction of the gas pressure.

Table 5.6: The best-fit parameters of the reference measurements at air for different initial
surface pressures of a DPPA-film. The water roughness was set to 3.4 Å for all reference mea-
surements. The water density is 0.3359 e−/Å3. Tilt angle calculated via cos(β) = dt,max/19.2 Å.
ρnorm is the electron density normalised to the water electron density.

5 mN/m 15 mN/m 26 mN/m
parameter head tail head tail head tail

ρnorm 1.4551 1.0325 1.4306 0.9964 1.4572 1.0169
σ / Å 3.375 3.943 3.39 4.451 3.407 4.51
d / Å 7 17.36 7.78 18.53 7 19.41

tilt angle / ◦ - 25.29 - 15.18 - 0

the highest surface pressure.
In contrast to DPPC-films, no F-butane adsorbate layer can be observed. The

DPPA-film structure is stable and very densely packed, so that it is not possible to
dissolve large amounts of F-butane at the interface. Again, the headgroups of the
DPPA-film are not affected. The subsequent reduction of the gas pressure was also
studied. It can be observed that gas molecules still remain in the layer. After flushing
with nitrogen the profiles do not return to the initial structure. The effect becomes
less pronounced the higher the initial surface pressure of the DPPA-film is. Figure
5.11 illustrates the variation of the tailgroups of DPPA-films at different initial surface
pressures as a function of the reduced gas pressure. As observed with the other gases,
the tailgroup expands continuously as a function of the gas pressure. It is remarkable
that the tailgroup exceeds the value of maximum extension of DPPA. Since no three-
layer system could be fitted to these curves, a layer with similar electron density seems
to form above the Langmuir film. The deposition of perfluorocarbon molecules above a
Langmuir film was also observed in other studies [1, 1048].
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Figure 5.10: Left: Fresnel normalised XRR data of DPPA on a water subphase with different
initial surface pressures and successively increasing F-butane gas pressures. Diamonds: data,
solid lines: fits, squares: decreasing gas pressure. From top to bottom: 5, 18 and 26 mN/m.
Right: Electron density profiles obtained from the refinement of the reflectivity data on the
left. The density profiles are normalised to the bulk water density. The reflectivity curves and
electron density profiles are shifted vertically for better visibility.

For DPPA it can be assumed that the adsorbed mass is proportional to Δ(ρt · dt) =
ρt,x · dt,x− ρt,ini · dt,ini at each surface pressure. Here, dt,x describes the thickness of the
tailgroup and ρt,x the electron density of the tailgroup at a corresponding gas pressure
x. The index “ini” indicates the values of the reference measurement. In order to ob-
tain comparable data, the values for the calculation were selected at approx. 40 % of
the condensation pressure for each gas. For isobutane, the values for the calculation
were taken at p/p0 = 0.4, for F-propane the values were taken at p/p0 = 0.38 and for F-
butane the values were taken at p/p0 = 0.42. According to the figure 5.12, the increase
is particularly high at low surface pressures, i.e. lower surface coverage. This is espe-
cially the case for F-propane and isobutane. The molecules possess different numbers of
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Figure 5.11: F-butane gas pressure-dependent change of the tailgroup thickness dt, the electron
density ρt and the roughness σt of DPPA-films with different initial surface pressures. The open
empty markers represent the values after reduction of the gas pressure.

Figure 5.12: Variation of Δ(ρt · dt) of the investigated
gases in dependence of the initial surface pressure. The
values for the calculation were selected at approx. p/p0 =
0.4 for the gases. Isobutane (C4H10, blue): p/p0 = 0.4, F-
propane (C3F8, red): p/p0 = 0.38 and F-butane (C4F10,
green): p/p0 = 0.42.

electrons. For comparison: isobutane contains 34 electrons, F-propane 90 electrons and
F-butane 114 electrons. The gas molecules adsorb via van der Waals interactions at the
water surface, but also penetrate and accumulate within the layer at the tailgroups and
interact via hydrophobic interactions.

vFC adsorption on Langmuir films In the following the interaction of vaporised
perfluorocarbons with Langmuir films composed of DPPC and DPPA will be discussed.
The experiments were performed with a Langmuir trough and a gas-tight box for ex-
periments in vaporised FC atmosphere. The measurements with F-octyl bromide and
F-decalin were performed with GIXD applying the gas pressure cell. Figure 5.13 shows
XRR data of a DPPC-film spread on a water subphase with an initial surface pressure of
5 mN/m before, while and after flushing the cell with F-decalin saturated nitrogen. The
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Figure 5.13: Left: Variation of the surface pressure Π of a DPPC monolayer at an initial
surface pressure of 5 mN/m during flushing the Langmuir trough box with F-decalin saturated
nitrogen with time t. Right: Electron density profiles obtained from the refinement of the XRR
data which are shown in the inset as Fresnel normalised curves. Nitrogen flow: 1.2 L per minutes.

experiments were conducted at constant surface area. By replacing air with F-decalin
saturated nitrogen, the surface pressure increases to 13 mN/m after 1.5 h of flushing.
F-decalin interacts with the free water surface. As it can be seen, the electron density
profile does not change immediately when flushing the cell (blue). After reaching the
highest surface pressure of 13.1 mN/m (after 5 hours, purple) and detection of a plateau
of the surface pressure, the second measurement reveals an increase of the electron
density between the head- and tailgroups and in the tailgroups. These observations in-
dicate an insertion of F-decalin into the alkyl chains and an adsorption at the free water
surface. It seems to be a cooperative adsorption, since the surface pressure increases
very fast. The flushing with F-decalin saturated nitrogen was stopped and a further
measurement was conducted after reaching a second plateau-like pressure of 9 mN/m.
After 24 hours the Langmuir layer reaches equilibrium. F-decalin molecules seem to
desorb from the surface (pink profile). The surface pressure does not reach the initial
surface pressure of 5 mN/m indicating that F-decalin molecules remain in the tailgroup
area. Probably the F-decalin molecules adsorb with the shorter side pointing toward the
water. The F-decalin molecules most likely accumulate in less dense liquid-expanded
areas. The headgroups slightly enlarge due to the F-decalin treatment. Since the water
solubility is not zero, some molecules can be dissolved in the subphase and remain at
the interface. The alkyl chains of DPPC seem to be further compressed. The electron
density of fluid F-decalin is not reached. The desorption is slow with 4.1 mN/m over a
time span of 16.4 hours.

To study the insertion and penetration ability of F-decalin into more densely packed
DPPC-films, an initial surface pressure of 10 mN/m and 20 mN/m was applied. The
results are depicted in figure 5.14 and 5.15. In the liquid-condensed phase of the DPPC-
films an insertion of F-decalin is monitored with XRR over different states of the flushing
activity. As can be seen on the left of the figure 5.14, the flushing with F-decalin satu-
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Figure 5.14: Left: Variation of the surface pressure Π of a DPPC monolayer at an initial
surface pressure of 10 mN/m during flushing the Langmuir trough box with F-decalin saturated
nitrogen with time t. Right: Electron density profiles obtained from the refinement of the XRR
data which are shown in the inset as Fresnel normalised curves. Nitrogen flow: 1.2 L per minutes.

rated nitrogen over a time of around 1.5 h leads to an increase of the surface pressure to
16.9 mN/m. The first measurement (dark green) during the flushing, shows no change of
the monolayer. The second and third measurement, shown in blue and dark blue, were
taken after 1 and 2 hours. Here, the electron density of the headgroup remains the same
while the thickness, the roughness and the electron density of the tailgroups as well as
the area between the headgroups and alkyl chains increase. The F-decalin molecules
tend to minimise the contact zone with the water and to persist in the hydrophobic
alkyl chains due to their hydrophobicity. After reaching 17 mN/m, the nitrogen flow
was stopped. Here, the surface seems to be in an equilibrium. The surface pressure is
stable at 17.2 mN/m. The electron density profiles only change in the region between
the head- and tailgroups. One can assume that this results from a reorganisation pro-
cess within the layer. The XRR curve of the measurement at air after the F-decalin
treatment reveals a reduction of the tailgroup thickness and an increase of the electron
density compared to the reference measurement of DPPC at 10 mN/m. This might be
an evidence for a conformational rearrangement of the Langmuir layer, including an
increase of the tilt angle. The fluidisation effect described in chapter 2 is attributed to a
reduction of the repulsive interaction between the tailgroups and allows denser packing.

Figure 5.15 shows the XRR data of the interaction between F-decalin and a DPPC-
film at an initial surface pressure of 20 mN/m on the left and at a water surface on the
right side of the figure. As can be seen, the insertion ability of F-decalin is reduced at
films with higher surface coverage and less expanded areas. Through the globular shape
it is not possible for F-decalin to penetrate in high quantities into the layer. However,
an insertion can be monitored via XRR as a slight increase of the electron density and
thickness of the tails is observed. Interestingly, an in- and decrease of around 2.5 mN/m
of the surface pressure was observed in several measurements.

The right side of the figure 5.15 shows the XRR data of the adsorption of F-decalin
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Figure 5.15: Left: Electron density profiles of a DPPC-film with an initial surface pressure of
20 mN/m, while flushing and under F-decalin atmosphere, obtained from the refinement of the
XRR data which is shown in the inset as Fresnel normalised curves. Right: Electron density
profiles of the adsorption of F-decalin on a bare water subphase, obtained from the refinement
of the XRR data. The XRR data is shown as Fresnel normalised curves in the inset. Nitrogen
flow: 1.2 L per minutes.

on a free water surface. The electron density of F-decalin which is 1.65 · ρH2O is not
reached. It can be concluded, that F-decalin adsorbed during flushing. The thickness
increase from 5.2 Å to around 11.6 Å after 1 hour of constant flushing with F-decalin sat-
urated nitrogen. The dimensions of one F-decalin molecule is about 7.3 x 5.4 x 3.5 Å3.
Moreover, with the calculated volume fraction profiles and extracted excess electrons per
area it is possible to compute the area density of F-decalin molecules on the water sur-
face. This yields 0.2 molecules/nm2 during flushing with F-decalin saturated nitrogen,
1.2 molecules/nm2 after 0.5 hours and 1.5 molecules/nm2 after 1 hour of flushing.

The adsorption and insertion ability of F-decalin at DPPA-films at different surface
pressures were also investigated. F-decalin saturated nitrogen was flushed over a DPPA-
film with initial surface pressures of 5 mN/m and 20 mN/m. The results are shown in
the appendix A, figure A.1 and figure A.2. No significant influence or penetration of
F-decalin into the DPPA-layer was observed. In contrast to the penetration ability of
F-decalin into a DPPC Langmuir film at sufficiently low surface coverage and surface
pressure, it is not possible for F-decalin to insert into a tighter packed Langmuir film
composed of DPPA.

F-decalin is lipophobic and hydrophobic as well and the observed intercalating pro-
cess and adsorption is intuitively contradictory. Moreover, it displays a negative spread-
ing coefficient. The results in general show an interaction of FCs with the tailgroups of
the lipids. Linear g- and vFCs induce stronger changes of the lipid monolayer suggesting
a penetration between the alkyl chains.

The interaction of DPPC and DPPA Langmuir films with gaseous perfluorocarbons
was investigated with XRR. The gas molecules, including isobutane, cause strong al-
terations of the lipid films, even at low percentages of the condensation pressure. The
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initial surface pressure plays a key role, since the penetration is hindered at high sur-
face coverage. Moreover, the effect is smaller in the case of DPPA, as DPPA is more
stable due to the hydrogen bonds that stabilise the headgroups. Since DPPA creates
more compact layers even at low surface pressures compared to DPPC, the insertion of
bicyclic globular shaped F-decalin is more hindered. Furthermore, the larger the gas
molecule, the stronger the effect on the tailgroups. The boundary between head- and
tailgroup seems to be a favourable adsorption site.

It is remarkable that the gaseous perfluorocarbons and the vaporised F-decalin can
cause such a significant change of surface pressure, since the molecules are not am-
phiphilic but behave like co-surfactants.

To study the effect on crystalline domains of a Langmuir film composed of DPPA, the
interaction at different surface pressures and, hence, coverage with the gFCs F-propane
(C3F8) and F-butane (C4F10) and with the vFCs F-octyl bromide and F-decalin was
investigated with GIXD. The results are presented in the following section.

5.1.3 GIXD data of DPPA-films under gFCs and vFCs

The GIXD data provide information about the change of the crystalline structure of the
DPPA Langmuir layers caused by gas treatment. The experiments were performed at
beamline I07 of the DLS. As previously described, the raw GIXD data were integrated
along the qz direction and refined with a Voigt function. The Gaussian contribution
was kept constant through all measurements, since it considers the apparatus resolution.
From the position of the maxima of the Bragg reflection it is possible to calculate the
lattice constant a. The in-plane coherence length L, which represents the size of the
crystalline domains, can be calculated from the full width at half maximum (FWHM)
value of the refined Lorentzian part of the Voigt function. Unfortunately, due to the
resolution of the apparatus, the tilt angle cannot be determined.

The GIXD data for a DPPA-film with an initial surface pressure of 5 mN/m with
elevated gas pressures of F-propane (C3F8) up to p/p0 = 0.26 is shown in figure 5.16 as
a function of the wave vector transfer parallel to the surface q‖. The plot on the right of
the figure shows the determined parameters L and a. The data were collected after the
surface pressure had reached equilibrium, typically, after 5 min. waiting time. Table 5.7
summarises the parameters from the fitted Voigt functions. The parameter Πmax gives
the maximum measured surface pressure at the corresponding C3F8 gas pressure. The
reference measurements at air reveals no detectable lateral order of the DPPA Langmuir
film. The surface pressure rises from 5 mN/m up to 7.5 mN/m during the gas pressure
increase. A Bragg reflection was formed and vanished again at the highest gas pressure.

The treatment of a disordered DPPA Langmuir layer with F-propane leads to a
higher ordered structure. With rising gas pressure, the lattice constant increases. The
appearance of the Bragg reflection leads to the assumption that the DPPA-film is com-
pressed due to the adsorption of gas molecules between the alkyl chains at the water
surface. At higher pressures the lateral crystalline domain size decreases whilst the lat-
tice constant increases, indicating a looser structure of the Langmuir film. A dissolution
is not probable since the XRR data do not indicate a significant loss of matter from
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Figure 5.16: Left: GIXD scans of a DPPA monolayer at 5 mN/m under different C3F8 pres-
sures up to p/p0 = 0.26. The refinements of the data are shown as black solid lines. The scans
are shifted vertically for clarity. Right: Crystalline domain size L (orange) and lattice constant
a (blue) as a function of the reduced gas pressure. The arrows indicate the temporal sequence.

Table 5.7: Crystallographic data of a DPPA Langmuir film with an initial surface pressure
of 5 mN/m. Calculated parameters by evaluation of the GIXD data of DPPA-films under dif-
ferent pressures of F-propane with a condensation pressure of p0 = 7.779 bar at 294.15 K. The
development of the surface pressure is also given.

Πini / mN
m

C3F8 / p
p0

N2 0.13 0.19 0.26 N2

5

a/Å - 4.8872 4.8962 4.9236 -
q‖/Å−1 - 1.4845 1.4818 1.4735 -
L/Å - 521 431 242 -

Πmax/mN
m 5 5.8 6.3 7.5 -

the surface. The XRR data of DPPA-films with C3F8 revealed an untilting and density
increase of the tailgroups. This is in contrast to the results obtained with stearic acid
and butane [1048].

Another indication for a C3F8 induced compression is that the XRR data of DPPC-
film measurements at a surface pressure of 2 mN/m at which the Langmuir layer is in
the gaseous phase could be fitted with a two-layer model after treatment with 1 bar
F-propane. Moreover, the lattice constant a at p/p0 = 0.13 is similar to the values of
the reference measurements at an initial surface pressure of 15 mN/m. After removing
the gas and replacing it by air, a displacement of the gas molecules from the monolayer
occurs and the Bragg reflection vanishes again.

Figure 5.17 and figure 5.18 show on the left the development of a DPPA-film under
increasing F-propane (C3F8) gas pressures starting from different initial surface pres-
sures of 15 mN/m and 30 mN/m, respectively. The measurements were conducted up to

129



Chapter 5. Surface/gas-interactions

Figure 5.17: Left: GIXD scans of a DPPA monolayer at 15 mN/m under different C3F8
gas pressures up to p/p0 = 0.39. The refinements of the data are shown as black solid lines.
The scans are shifted vertically for clarity. Right: Crystalline domain size L (orange) and the
corresponding lattice constant a (blue) in dependence of the reduced gas pressure. The blue
and the red dot mark the parameters subsequent to the gas pressure increase after opening the
cell. The arrows indicate the temporal sequence.

a maximum pressure of p/p0 = 0.39. At 15 mN/m, after the final measurement at air,
the cell was closed again and an additional measurement at p/p0 = 0.26 was performed.
The GIXD scans at higher initial surface pressures reveal higher scattered intensity due
to the more ordered lipid phase. The reference measurements are in accordance with the
literature [109, 933] and the data is consistent throughout the individual measurement
series (higher surface pressure leads to smaller a and higher L). As can be seen in the
figures 5.17 and 5.18, the Bragg reflections shift to lower angles which results in higher
lattice constants. DPPA has only one reflection, indicating a hexagonal packing of the
tails. Table 5.8 summarises the parameters obtained from the refinement of the GIXD
scans (top: Πini = 15 mN/m, bottom: Πini = 30 mN/m). Both data series show a sim-
ilar behaviour. The lattice constant a and the crystalline domain size L increase after
rise of the gas pressure. It is possible that adsorbed F-propane molecules form small
clusters or islets which compress the layer. Presumably, this occurs at more expanded
areas, where the gas molecules can penetrate the monolayer. Due to the larger lat-
tice constant also a penetration into the crystalline (liquid-condensed) domains occurs.
Since the F-propane molecules are hydrophobic and lipophobic as well, they penetrate
the hydrophobic alkyl chains of the lipids and can accumulate at a free water surface.
The surface pressure which was measured separately also increases. This also suggests
an incooperaton of gas molecules into the layer and an adsorption at the water interface.

After removing the gas phase, the measurements at air reveal values of a and L
that are different from the initial ones. The lattice constants are higher than the initial
values, which means that the lipid film is in a looser state. Moreover, also the surface
pressures are lower after the treatment with gas. A repeated increase of the gas pres-
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Figure 5.18: Left: GIXD scans of a DPPA monolayer at 30 mN/m under different C3F8
gas pressures up to p/p0 = 0.39. The refinements of the data are shown as black solid lines.
The scans are shifted vertically for clarity. Right: Crystalline domain size L (orange) and the
corresponding lattice constant a (blue) as a function of the reduced gas pressure. The arrows
indicate the temporal sequence.

sure to about p/p0 = 0.26 has no significant effect (compare figure 5.17). The Bragg
reflection vanishes gradually with increasing gas pressure. As can be seen in the XRR
measurements even the highest pressure (p/p0 = 0.45 at Πini = 15 mN/m or p/p0 = 0.38
at Πini = 5 mN/m, compare figure 5.8) the Langmuir layer has a vertical order and is
not destroyed. Meaning that the intensity loss is not caused by the dissolution of lipids
in F-propane islets.

The GIXD scans of a measurement series with DPPA Langmuir films at an initial
surface pressure of 20 mN/m under increasing gas pressures of F-butane (C4F10) are
shown in figure 5.19. The parameters of the Voigt functions are summarised in table
5.9. The refinement of the reference measurement is in accordance with the literature.
As can be seen, the Bragg reflection shifts to lower q‖ at p/p0 = 0.42 indicating a higher
lattice constant. The crystalline domain size also increases. This effect may suggest
penetration into the liquid-condensed (crystalline) domains as well as compression of
the layer via interaction with the liquid-expanded lipid phases.

The position of the Bragg reflection at p/p0 = 0.85 remains nearly the same. With
reducing the gas pressure again to p/p0 = 0.42, the Bragg reflection is not observable.
But by replacing the gas phase with nitrogen again, the Langmuir layer seems to be
stable again with a broader Bragg reflection at smaller q‖ indicating a larger lattice
constant and a smaller domain size. Comparing the change of the lattice constant and
crystalline domain size with F-propane, the smaller F-propane with a gyration radius of
3.736 Å has a stronger influence on the Langmuir layer than the larger F-butane with a
gyration radius of 4.368 Å. The smaller F-propane molecules can penetrate the denser
packed layer easier at higher surface pressures.

To study the response of a DPPA-film to vFCs, GIXD experiments were performed
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Table 5.8: Crystallographic data of the DPPA Langmuir films. Calculated parameters of the
GIXD data of DPPA-films with an initial surface pressure of 15 mN/m (top) and 30 mN/m
(bottom) under different pressures of F-propane. The development of the surface pressure is
also given.

C3F8 / p
p0

C3F8 / p
p0

N2 0.13 0.19 0.26 0.39 0.13 N2 0.26
a/Å 4.8587 4.8689 4.8685 4.8689 4.8752 4.8593 4.8772 4.8769

q‖/Å−1 1.4932 1.4901 1.4902 1.4901 1.4882 1.4931 1.4876 1.4877
L/Å 413.1 408.1 463.4 461.7 750∗ 627 550 512

Πmax/mN
m 15 15.6 17.1 17.6 18.3 15 13.5 16

a/Å 4.8336 4.8370 4.8410 4.8502 4.8472 4.8391 4.8483 -
q‖/Å−1 1.5010 1.4999 1.4987 1.4958 1.4968 1.4993 1.4964 -
L/Å 487.07 557.48 621.56 643.47 679.03 398.52 389.21 -

Πmax/mN
m 30.5 31.5 32.8 34.2 36.1 32 29.8 -

Table 5.9: Crystallographic data of the DPPA Langmuir films. Calculated parameters of
the Voigt functions fitted to the GIXD data of DPPA-films with an initial surface pressure of
20 mN/m under different pressures of F-butane with a condensation pressure of p0 = 2.345 bar
at 294.15 K.

Πini / mN
m

C4F10 / p
p0

N2 0.42 0.85 0.42 N2

20

a/Å 4.8407 4.825 4.8495 - 4.8851
q‖/Å−1 1.4988 1.4952 1.4961 - 1.4852
L/Å 410 332 750 - 684

Πmax/mN
m 20 20.8 22.2 17 15.4

at perfluorodecalin (F-decalin, C10F18) and perfluorooctyl bromide (F-octyl bromide,
C8F17Br) atmosphere. For this purpose, helium was flushed through a gas washing
bottle and the F-decalin or F-octyl bromide saturated helium was then passed to the
sample cell. The gas pressure cell was flushed with F-decalin saturated helium with
a flow rate of approx. 1.2 L/minutes. Figure 5.20 shows the background subtracted,
normalised and with Voigt functions refined GIXD data at N2 atmosphere and under
F-decalin saturated helium atmosphere. The experiments were performed at an initial
surface pressure of 10 mN/m. The DPPA-film is then in the tilted phase, which was
chosen to investigate the insertion of the vFCs and to produce a lower coverage of
surfactant to simulate the situation of a lung surfactant failure or absence. After flushing
the sample cell for 200 minutes the scans were started. The Bragg reflection of the
crystalline domains does not change significantly when vaporised F-decalin is introduced
into the sample cell. This indicates a stable DPPA monolayer with a high lateral order.
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Figure 5.19: Left: Integrated GIXD scans of a DPPA monolayer at 20 mN/m under different
C4F10 gas pressures up p/p0 = 0.85. The refinements of the data are shown as black solid lines.
The scans are shifted vertically for clarity. Right: Crystalline domain size L (orange) and the
corresponding lattice constant a (blue) in dependence of the reduced gas pressure.

As already mentioned, the low interactions between F-decalin and DPPA-films can be
explained by the globular shape of F-decalin. It is not possible to incooperate into the
monolayer and an insertion is more unfavourable than for linear shaped perfluorocarbon
molecules of e.g F-octyl bromide. Also no effect has been observed by XRR, shown in
the appendix A (compare figures A.1 and A.2).

Figure 5.21 shows the same DPPA-film as in figure 5.20. However, at t2 the F-decalin
atmosphere was replaced by F-octyl bromide. The parameters of the refinements are
given in table 5.10. As can be seen in the figure, the vFC F-octyl bromide has a
significant effect on the DPPA Langmuir film. Compared to the globular shaped F-
decalin, F-octyl bromide has a linear shape and an exposed hydrophilic and terminal
bromide entity, so that intercalation into the lipid layer is easier and more favourable.
Moreover, the molecule has a positive spreading coefficient and is more lipophilic than
F-decalin. F-octyl bromide shifts the Bragg reflections into the direction of higher angles
which indicates a smaller lattice constant a. The lattice constant at t3 is nearly similar
to those of a DPPA-film which is compressed to 30 mN/m. At t3 the Bragg reflection
widens, indicating a decrease of the crystalline domain size L. Since the lattice constant
is smaller at t3, the smaller crystalline domains which are spread over the area are
more tighten or denser. From t2 to t3 the lattice constant of the Langmuir layer with
incooperated F-octyl bromide does not change significantly but the crystalline domain
size is drastically reduced.

The influence of F-octyl bromide on a freshly prepared Langmuir layer was tested
afterwards. Figure 5.22 illustrates the results of the refinement of the GIXD scans. The
evaluated parameters of the film are summarised in table 5.11.

As can be seen, flushing the sample with F-octyl bromide, the Bragg reflections shift
to higher q‖ and widen. In comparison to the results with F-decalin, the decrease of the
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Figure 5.20: Integrated GIXD scans of a DPPA monolayer at 10 mN/m under N2 atmosphere
and while flushing the sample cell with F-decalin saturated helium. The refinements of the data
are shown as black solid lines. The scans are shifted vertically for clarity, t1 = 200 min.

Table 5.10: Properties of the DPPA Langmuir film at an initial surface pressure of 10 mN/m
and treatment with F-decalin (PFD) and F-octyl bromide (PFOB) saturated helium.

Πini / mN
m

PFD PFOB
N2 t1 t2 t3

10

a/Å 4.8667 4.8726 4.8407 4.8356
q‖/Å−1 1.4908 1.4890 1.4988 1.5004
L/Å 576.5 464 620.29 229.05

Πmax/mN
m 10 11.2 13.5 14.8

lattice vector length begins immediately. It seems, that the insertion of F-octyl bromide
into the DPPA-layer is reaching a maximum at t2. The decrease of the lattice constant
and the crystalline domain size indicates the formation of tightly packed lipid patches
in the shrinking crystalline domains.

Based on the GIXD data it can be summarised that the gFCs (F-propane and F-
butane) increase the lattice constant and thus the distance between the lipids within
the crystalline domains. This remains when the gas is replaced by air. Interestingly,
the crystalline domains also increase in size, which suggests that there is a compression
effect by the gases that accumulate on the surface. Compression occurs due to the
adsorption into less condensed lipid phases (liquid-expanded), because at low surface
pressures the gases can trigger the formation of Bragg reflections. In general, it can be
stated that the perfluorocarbon gases loosen the crystalline structures of the film and
at the same time increase their long-range order. A penetration into crystalline and
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Figure 5.21: Left: GIXD scans of a DPPA monolayer at 10 mN/m under N2 atmosphere
and while flushing the sample cell with F-decalin saturated helium and afterwards with F-octyl
bromide. The refinements of the data are shown as black solid lines. The scans are shifted
vertically for better visualisation. t0 = 50, t1 = 200, t2 = 320, t3 = 520 min. Right: Changes of
the crystalline domain size L (orange) and the corresponding lattice constant a (blue) in time.
Additional parameters of a DPPA-film at 15 mN/m (triangles) and 30 mN/m (star) are given
for comparison.

expanded regions can therefore be assumed.
When vaporised F-decalin and F-octyl bromide were used, it was shown that F-

decalin has no effect on the DPPA monolayers even at low surface pressures. This can
be attributed to its bicyclic, globular structure and very high lipophobicity. It also has a
negative spreading coefficient in contrast to F-octyl bromide. F-octyl bromide primarily
causes a decrease in both, crystalline domain size and lattice constant, which suggests
that it is deposited in the less crystalline regions of the lipid phase. As the crystalline
domains also become smaller, fluidisation seems to occur. Thus, F-octyl bromide has
the ability to compress the liquid-condensed regions while reducing the crystallinity of
the DPPA-film.

At a constant surface pressure of 20 mN/m of DPPC, it was observed by Gerber et

Table 5.11: Properties of the DPPA Langmuir film at an initial surface pressure of 10 mN/m
and treatment with F-octyl bromide (PFOB) saturated helium.

Πini / mN
m

PFOB
N2 t1 t2 t3

10

a/Å 4.8604 4.8486 4.8383 4.8419
q‖/Å−1 1.4927 1.4964 1.4995 1.4984
L/Å 566.37 582.12 604.6 404

Πmax/mN
m 10 12.2 15.7 16.6
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Figure 5.22: Left: GIXD scans of a DPPA monolayer at 10 mN/m under N2 atmosphere and
while flushing the sample cell with F-octyl bromide saturated helium. The refinements of the
data are shown as black solid lines. The scans are shifted vertically for better visualisation.
t0 = 50, t1 = 200, t2 = 320, t3 = 520 min., t0 indicates the DPPA-film under air atmosphere.
Right: Changes of the crystalline domain size L (orange) and the corresponding lattice constant
a (blue) in time.

al. that F-octyl bromide caused a loss of crystallinity [1, 441]. The differences in the
results of the work compared to the referenced work can be explained by the fact that
the experiments were conducted at constant surface area and not at constant surface
pressure. Therefore, the lateral displacement of lipids is limited. The structure and the
physicochemical properties of the perfluorocarbons but also the lipid phase seems to
play a key role for the effect on a Langmuir film.

In summary, the GIXD experiments demonstrate that FC molecules interact with
different lipid phases of the Langmuir film and induce the formation of looser and smaller
crystalline domains at constant area of the DPPA Langmuir film. The lateral and the
vertical structure of the Langmuir films are affected by the treatment with FCs due to
the incoopertaion and penetration between the tailgroups. Although these molecules
have no amphiphilic character, the studied perfluorocarbons act like pseudo-surfactants
or co-surfactants without destroying the DPPA Langmuir film. The observations re-
ported here are significant, as they suggest that the mixture of gFCs and phospholipids
could be a synthetic new approach for the treatment of lung diseases, since the fluidisa-
tion effect can also be observed at constant area of the Langmuir film. The fluidisation
effect of the FCs on DPPC Langmuir films is explained by the reduction of the mutual
van der Waals interaction energy between the lipid molecules upon FC adsorption [3,
305, 1137]. This was primarily theoretically modelled and calculated for DPPC and
may also apply for DPPA.

In all cases, the investigated gFCs and the vFCs generate higher surface pressures
and consequently lower the surface tension of the Langmuir films, which is important for
the design of replacement formulas for the treatment of lung diseases which are related
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to lung surfactant failure. Moreover, the surface tension lowering is most pronounced
for DPPC, which is one of the most used phospholipids for microbubble or droplet
shell composition used in CEUS and 19F-MRI, and is the main component of lung
surfactant. The results obtained might be useful for the development and construction
of emulsions and microbubbles with FC compounds, for example for microbubbles which
are composed of a phospholipid shell structure and additional fluorocarbon vapour,
which increase the shell resistance and stabilises the surrounding medium [4, 497, 511,
1138]. Beside molecular imaging and lung surfactant replacement compositions, the
results may be useful for the design of lipid-PFC emulsions for in-vivo oxygen delivery
(artificial blood replacements) [469] or organ and cell preservation [1139].

5.2 Solid/gas-interfaces

So far, only aqueous subphases have been applied as substrates. In order to obtain
information, the next step will be the investigation of gFCs at solid-supported lipid
systems such as mono- and multilayers on silicon/silicon dioxide substrates.

5.2.1 Experimental details

This section deals with solid-supported lipid systems under elevated gas pressures. For
this purpose, DPPC and DMPC mono- and multilayers were examined. DPPC mono-
layers and DMPC multilayers were produced via spin-coating. To obtain reproducible
solid-supported DMPC monolayers the Langmuir Blodgett technique was applied. It is
not possible to obtain DMPC monolayer with the spin-coating method.

The DPPC monolayers were investigated exclusively with the laboratory diffrac-
tometer D8 of the E1a chair at TU Dortmund. The DMPC mono- and multilayers
were examined at beamline 9 of DELTA. The gases were tested for penetration into
multilayers. The multilayers were measured at room temperature. For the monolayers
the temperature was varied to investigate the influence of the lipid phase.

To suppress radiation damage at BL9, the sample was shifted laterally after each
scan. Stability was nevertheless ensured by repeated measurements at one position.
Table 5.12 provides an overview of the investigated sample systems. One XRR scan at
the laboratory diffractometer D8 took about 2.5 hours including the diffuse scan and
45 minutes at DELTA. Further information on setup and experimental procedure as well
as sample preparation is given in section 4.2 and 4.4.

5.2.2 gFC adsorption on solid-supported lipid mono- and multilayers

Under quasi-physiological conditions it is possible to determine different parameters
associated with the structure and function of membranes with biomimicking solid-
supported lipid bilayer systems [199, 1080].

In contrast to the finding that the selected gases do not penetrate hydrophobic
OTS- (octadecyltrichlorosilane) layer systems [1051], they induce a significant change
at solid-supported lipid layer systems. Figure 5.23 shows the electron density profiles
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Table 5.12: Overview of the investigated lipid systems with applied gases and thermodynamic
parameters.

lipid system T gas p0 pmax lipid/ [K] / [bar]

monolayer

323.15 C3F8 16.18 4.5 DPPC
323.15 C4F10 5.588 2.3 DPPC
313.15 C4F10 4.233 2.3 DPPC
294.15 C4F10 2.354 2.0 DMPC

multilayer
294.15 C4F10 2.354 2.3 DMPC
294.15 C4F10 2.354 2.3 DPPC
294.15 C4H10 3.115 3 DMPC

with a schematic sketch of the model system (left) and the Fresnel normalised XRR
curves (right) of a solid-supported DPPC monolayer on a silicon/silicon dioxide wafer at
T = 323.15 K under F-propane. Although the temperature is higher than the main phase
transition temperature of DPPC, the monolayer might not be fully in the fluid phase,
since the substrate has a significant influence on Tm. The Lα phase is the biological
relevant phase. Biological membranes are usually fully hydrated. This is neglected
here, since a controlled humidity degree in the pressure cell is not possible so far. The
dispersion values for the silicon substrate and the silicon dioxide layer was assigned to
the theoretical values, taken from [1087], see section 4.5. The silicon substrates were
refined with a roughness of around 1 Å and the native silicon dioxide layer with a layer
thickness between 10 and 15 Å. It is possible to calculate the area per lipid molecule
from the difference of the lipid electron density profile and the bare silicon/silicon dioxide
substrate. The integration over the resulting volume fraction profile yields the number
of electrons per area. Considering the number of electrons of DPPC the area per lipid
molecule can be determined. One DPPC lipid contains 406 electrons. This yields an
area per lipid of 60.9± 0.25 Å2. The value is in accordance with fluid phase data found in
the literature [1140–1142]. The temperature seems sufficient to overcome the influence
of the substrate, in this regard.

The phospholipid DPPC is a zwitterionic molecule with a phosphatidyl group. The
headgroup is attached in an extended conformation on the silicon wafer with a layer
thickness of 9.85± 0.2 Å. This is presumably due to the repulsion forces between the
negatively charged silicon dioxide surface and the equally charged phosphate group.
The thickness of the tailgroup is 12± 0.3 Å. This value is smaller than observed in
the Lα phase in lipid bilayers. This might be caused by a restricted mobility of the
substrate-bound lipids.

In contrast to the liquid/gas-interface at low initial surface pressures, the measure-
ments after removing the gas reveal that the adsorbed gas does not cause a loss of
lipid material due to a dissolving processes. Here, the C3F8 molecules penetrate the
solid-supported monolayer and adsorb between the head- and tailgroups during pressure
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Figure 5.23: Left: Electron density profiles corresponding to the refinements with a sketch
of the underlying model. Right: Fresnel normalised XRR curves of the measurement of a
solid-supported DPPC monolayer at a temperature of 323.15 K and at increasing F-propane gas
pressures. Diamonds: data, solid lines: fits, squares: decreasing gas pressure.

Figure 5.24: Left: Volume fraction profiles after subtraction of the F-propane treated solid-
supported monolayer system and the reference system. Dotted lines: decreasing pressure. Right:
Excess electrons per area as a function of the reduced gas pressure. Grey squares: decreasing
pressure. Temperature was 323.15 K.

increase as the electron density increases in both sublayers and remain in the monolayer
after pressure release. Beside the electron density also the thickness of the monolayer and
the roughness of the tailgroup increases. This could be due to a stretching of the alkyl
chains or the formation of an adsorbate on top of the lipids. The adsorbed electrons per
volume can be determined from volume fraction profiles (ρ(z)gas treated − ρ(z)reference).
The extracted volume fraction profiles φ(z) are shown in figure 5.24 on the left side.
The right side of the figure depicts the integration of φ(z) and therefore the excess
electrons per area. The error bars are obtained via the variation of the refinement pa-
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Figure 5.25: Left: Electron density profiles corresponding to the refinements with a sketch
of the underlying model. Right: Fresnel normalised XRR curves of the measurement of a
solid-supported DPPC monolayer at a temperature of 323.15 K and at increasing F-butane gas
pressures. Diamonds: data, solid lines: fits, squares: decreasing gas pressure.

Figure 5.26: Left: Volume fraction profiles after subtraction of the F-butane treated solid-
supported monolayer system and the reference system. Dotted lines: decreasing pressure. Right:
Excess electrons per area as a function of the reduced gas pressure. Grey squares: decreasing
pressure. Temperature was 323.15 K.

rameters. The persistence of the gas molecules, which remain in the layer even after the
gas pressure has been reduced, is shown in grey on the right and as dashed lines on the
left.

Further experiments with DPPC monolayers were conducted to investigate the in-
fluence of F-butane. The results are presented in figure 5.25. The area per DPPC lipid
molecule is 63.4± 0.2 Å2. The lipid layer can be refined with similar fitting parameters
as before. This confirms the reproducibility of the solid-supported membranes by spin-
coating. The electron density profiles change in the same way as before with F-propane.
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Figure 5.27: Left: Electron density profiles corresponding to the refinements with a sketch
of the underlying model. Right: Fresnel normalised XRR curves of the measurement of a
solid-supported DPPC monolayer at a temperature of 313.15 K and at increasing F-butane gas
pressures. Diamonds: data, solid lines: fits, squares: decreasing gas pressure.

Figure 5.28: Left: Volume fraction profiles after subtraction of the F-butane treated solid-
supported monolayer system and the reference system. Dotted lines: decreasing pressure. Right:
Excess electrons per area as a function of the reduced gas pressure. Grey squares: decreasing
pressure. Temperature was 313.15 K.

F-butane also inserts deep into the monolayer and remains in it after the gas is replaced
by nitrogen. Figure 5.26 depicts the volume fraction profiles and the excess electrons
per area. The adsorbed amount of F-butane seems to be lower than for the smaller
F-propane gas molecule. The large molecular volume seems to cause a faster saturation
in the lipid layer.

In order to investigate the influence of the lipid phase on the F-butane intercalation,
the temperature of the system was reduced to 315.15 K, closely below the main phase
transition of DPPC. The electron density profiles are shown on the left of figure 5.27
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Figure 5.29: Surface density of the adsorbed molecules as a function of the reduced gas pressure
on DPPC (filled symbols) and DMPC (open symbols) monolayers. The molecules of C3F8 (on
the left) and C4F10 (on the right) were visualised via Jmol [5, 6].

and the Fresnel normalised XRR curves and refinements are depicted on the right.
The gel phase of the DPPC monolayer hinders the gas molecules from penetrating the
headgroups (see also the volume fraction profiles in figure 5.28). At these temperatures
the lipid system is less flexible. It can be seen that the amount of electrons per area
is lower even at high F-butane gas pressures. The volume fraction profiles reveal a
penetration and adsorption of the gas molecules mainly between the tailgroups. In every
case, the gas molecules cause a higher thickness and electron density of the tailgroups.
This consequently leads to the assumption that the gas molecules intercalate between
the lipid molecules and cause an untilting of the tailgroups.

Considering the number of electrons per molecule it is possible to calculate the num-
ber of adsorbed gas molecules per area (ρ [e−/nm2]). F-propane possesses 90 electrons
and F-butane 114 electrons. Figure 5.29 gives an overview of the adsorbed gas molecules.
The solid support seems to influence the release of the gas molecules from the lipid layer,
especially in the region of the tailgroups. It can be concluded that smaller gas molecules,
like F-propane can penetrate and accumulate easier in the lipid layer. Furthermore, the
lipid phase is important for the incooperation of the gas molecules. The rigidity of the
lipid tails prevents the penetration of the molecules from the gas phase below the main
phase transition temperature. To test a different phosphatidylcholine, DMPC with a
C14:0 configuration was prepared by the Langmuir-Blodgett technique. The measure-
ments were conducted at a temperature of 294.15 K and the response to F-butane has
been examined. The calculated additional molecules per area are also implemented in
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the figure 5.29 as open symbols. The XRR curves, electron density profiles and volume
fraction profiles as well as the excess electrons per area are shown in the appendix A in
figure A.3 and A.4.

gFC adsorption on solid-supported DMPC multilayers To investigate the
influence of the solid substrate on the adsorption behaviour of the gases on the lipid
films, solid-supported multilayers were prepared by spin-coating. It is known that the
influence of the substrate becomes weaker with increasing distance between the solid
support and the lipid layers. Above 10 bilayers the interaction between the substrate
and the lipid film can be neglected.

Figure 5.30 top shows the collected XRR curves of a DMPC multilayer on a sili-
con/silicon dioxide solid support at air and with increasing gas pressures of F-butane.
For the refinement of the reference XRR curve at ambient environment a three-box
model was used. The silicon dioxide (σ = 1.84 Å, d = 14 Å) is the first layer. The
second layer is used to simulate the transition between the first lipid layer and the solid
support (σ = 5.79 Å). The last box contains a periodically repeating set of six sublayers.
Each set represents one bilayer. The system is sketched schematically in the bottom
of figure 5.30. A remarkable feature of the XRR curves of the DMPC multilayer is
the occurrence of sharp Bragg reflections up to the fourth order of diffraction. These
reflections are due to the diffraction by the highly ordered bilayers forming periodically
arranged planes parallel to the substrate. The refinement of the reference measurement
with the Parratt algorithm in combination with the effective-density model yields 13.5
bilayers and a total multilayer thickness La of 705.64 Å.

As can be seen in the XRR curves, the Bragg reflections do not shift upon gas
treatment indicating that no structural changes occur that affect the entire multilayer.
However, modification of the upper layer cannot be excluded. The calculation of the
bilayer thickness for the measurement at air yields a thickness of 54.28 Å. This is in
accordance with the literature for non-hydrated DMPC multilayers on a solid substrate
[81, 82, 84, 1079, 1143]. The obtained headgroup thickness of 9.8 Å and tailgroup
thickness of 15.35 Å are also in accordance with reported values.

A significant feature in the XRR curve of the measurement of the solid-supported
multilayer stacks at air are the “negative” peaks. These are marked with black arrows
in figure 5.30 and are shown magnified in figure 5.31 top. These negative peaks are due
to the relaxation of the terminating monolayer at the lipid film/air-interface [243, 1078].
Salditt et al. observed this effect also for OPPC [1078], the negative peak vanishes by
hydrating the stacks. With hydrating the solid-supported multilayer, the terminating
monolayer disappears and the bilayers within the multilayer swells due to the hydration
process. The total thickness of the multilayer increases and the negative peak disappears
[243, 1079, 1144]. In figure 5.31 top it can be seen, that the negative peak decreases
and disappears with the application of the gas and appears again after removing the
gas out of the sample cell. This implies that, like in the hydration process, structural
changes occur at the terminal monolayer. Unfortunately, it is difficult to model uneven
changes in individual layers of a multilayer, because the results become less distinct
as the number of independent parameters increases. Therefore, the data will only be
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Figure 5.30: Top: Fresnel normalised XRR curves, shifted vertically for clarity, of solid-
supported DMPC multilayers on previously hydrophilised silicon/silicon dioxide wafers collected
at a temperature of 294.15 K at air and with increasing F-butane gas pressures. Squares: mea-
surement at air after gas release, red solid line: fit. The black dotted lines highlight the un-
changed Bragg reflection positions. The arrows indicate the negative peaks. Bottom: Reference
electron density profile. The inset shows a zoom on the first 95 Å of the profile and the un-
derlying six-sublayer system of the model. The additional layer that considers the influence of
the substrate on the first lipid layer is marked by a star (*). The sketch on the right shows
a schematic depiction of a DMPC multilayer film consisting of stacked DMPC bilayers with a
spacing d. The coherence length La is calculated from the analysis of the broadening of the
Bragg peaks (FWHM, ∆qz) considering the Scherrer equation.
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Figure 5.31: Top: Region around the first order Bragg reflection of the XRR curves from
figure 5.30 to highlight the modification of the negative peak of the reference XRR curve by
applying F-butane gas into the sample cell. The arrow marks the disappearance of the negative
peak. Bottom: The first order Bragg maxima and the fitted Gaussian curves (black solid lines).
The colours corresponds to the top plot.

discussed with regard to the Bragg reflection positions and widths and the vanishing of
the negative peak.

The Bragg reflections were analysed by fitting a Gaussian to the first order maxi-
mum. With the resulting value for the reference measurement and the La from LSFit
it is possible to calculate the Scherrer constant K via equation (4.3). However, it must
be emphasised, that no resolution effects were taken into account and, therefore, the
calculated factor is not a universally valid but suitable to compare the data from this
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Figure 5.32: Left: Extracted bilayer thicknesses of the DMPC multilayers (via equation (4.4))
in dependence of the reduced F-butane gas pressure. The error bars are calculated from the
Gaussian fit to the Bragg reflex position and are smaller than the marker size. The bilayer
thickness as a function of the reduced condensation pressure was fitted by a constant (red line)
resulting in a mean thickness of 54.35 Å. Right: Extracted multilayer thicknesses La of the
system using equation (4.3). The error bars are calculated from the error of the Gaussian fit of
the Bragg maxima.

experiment. The calculated value of 0.96 is used for the further calculations. The deter-
mined value is in the range of the Scherrer constants described in the literature (0.88 - 1
[82, 243]).

The Bragg reflection positions of the measurements at air and during gas application
do not change. The Gaussian fits can be seen in figure 5.31 bottom. It is likely, that the
gas molecules penetrate the terminating monolayer and adsorbs on top of it, similar to
the solid-supported DMPC monolayer systems as the negative peak disappears. How-
ever, since no shift of the Bragg peaks is visible, a penetration deep into the multilayer
stack is not probable. After removing the gas, the negative peak is not as deep as in the
reference measurement at air. Some molecules seem to persist in the terminating layer.
It can therefore be assumed that like in case of solid-supported monolayers molecules
remain in the layer after removing the gas. The calculated multilayer and bilayer thick-
nesses in dependence of the reduced gas pressure p/p0 of F-butane is shown in figure
5.32. As can be seen in the figure the bilayer thickness remains the same during gas
application, while the multilayer thickness seems to decrease. This effect is, however,
smaller than the thickness of one single bilayer and also small against the error bars.
The slight decrease is most likely caused by the changes of the top layer that reduce the
coherence of the stack but not the actual thickness. Similar observations were obtained
when examining DPPC solid-supported multilayers under F-butane. The results are
depicted in the appendix A in figure A.5 and A.6. The detected bilayer and multilayer
thicknesses are plotted against the reduced gas pressure in figure A.7.

Since the melting point of DPPC is higher than for DMPC, the disappearance of
the negative peak can be observed with DPPC only at higher gas pressures near to
the condensation pressure. This is due to the lower flexibility of DPPC at the same
temperature. The gas molecules cannot penetrate the terminating DPPC monolayer
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as effectively as at the DMPC monolayer structure. The measurements with isobutane
at solid-supported DMPC multilayers reveal no changes of the Bragg peak positions or
broadening of the maxima. The XRR curves at air and under isobutane in comparison
remain the same and can be seen in figure A.8. The fitted Gaussians are shown in figure
A.9. The negative peak also persists. The fluorinated compounds have the advantage
that they have a higher electron density contrast and, therefore, the adsorption can be
detected more accurately.

To gain further insight into the influence of a smaller gFC, additional experiments
with F-propane were conducted with DPPC and DMPC solid-supported multilayers at
room temperature and at a temperature of 313.15 K for DMPC and 328.15 K for DPPC.
The analysis of the results has shown that the curves do not change significantly (data
not shown).

5.3 Liquid/gas-interfaces: protein-containing systems

In order to investigate the influence of perfluorinated molecules on the adsorption be-
haviour of proteins, several studies were carried out and are presented in the following.
Two well-known globular and surface-active proteins, lysozyme and BSA, were investi-
gated.

In the first section 5.3.2 the influence of F-decalin on the adsorption behaviour of
lysozyme at DPPA-films is presented, the following section 5.3.3 deals with the lysozyme
adsorption at the water/gFC-interface. The last section 5.3.4 discusses the results of
BSA measurements at the water interface and the influence of F-decalin.

5.3.1 Experimental details

The studies presented in subsection 5.3.3 and 5.3.4 were conducted in the framework of
the bachelor’s theses by Isabel Maria Gernhold and Canan Orak [1145, 1146].

The measurements of lysozyme at a DPPA monolayer were performed with the
injection method, where the protein is introduced underneath the Langmuir film. The
required amount was taken from a stock solution and the volume necessary to achieve
a final concentration of 0.22 mg/ml (15.29 μM) in the sample system was added. The
surface pressure of the Langmuir film was initially set to 5 mN/m. This corresponds to
the tilted liquid-condensed phase of the lipid. Rinsing with F-decalin was performed
using a gas washing bottle and a nitrogen stream and started 2 hours after injecting
lysozyme.

The measurements under elevated gas pressures at the water/air-interface were per-
formed with identical lysozyme concentrations. The temperature was set to 294.15 K for
the measurements with F-propane and 288.15 K for the measurements with isobutane.
For the investigation of the BSA adsorption at the water surface, a protein concentra-
tion of 0.5 mg/ml (7.52 μM) was chosen. The flushing with F-decalin was started at
different times after the injection of BSA into the subphase. For all measurements a
10 mM phosphate buffer at pH 7 was applied. The experiments were performed at a
constant area in the gas pressure sample cell with the circular PTFE sample plate.
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5.3.2 Lysozyme adsorption at the DPPA-film/vFC-interface

The lipid DPPA carries one negative charge at physiological pH-value in the absence of
divalent cations [102, 967, 1147]. By the binding of proteins with basic amino residues,
like arginine or lysine, the negative charge increases by switching to the doubly deproto-
nation state. Lysozyme is an ellipsoidal shaped protein with an isoelectric point at pH
11.35. Therefore, it is positively charged at pH 7. It has furthermore an uniform surface
charge. Investigations of the influence of vFC and gFC atmospheres on the adsorption
and penetration behaviour of lysozyme at lipid films but also at water/gas-interfaces are
not available. Although the F-decalin molecule itself cannot penetrate and incooperate
into DPPA-films (compare results of the GIXD and XRR experiments), an interaction
between F-decalin and a lysozyme adsorbate at a DPPA monolayer could be triggered
by a lysozyme-induced loosening of the film structure. The adsorption, insertion and
penetration of lysozyme into lipid films was shown in several studies [1097, 1126, 1148,
1149]. Lysozyme is an amyloidogenic and aggregation-prone protein, which can form
insoluble amyloid fibrils [801, 1150]. The fibril formation can often be promoted by
lipids under certain conditions [795]. The mechanism of membrane interaction and pen-
etration into lipid membranes is not fully understood. For example, the clinical dry
eye condition is caused by lysozyme penetration into the outer layer of the tear lipid
film (ocular surface tear film). The necessary low surface tension is disturbed by this
process.

Figure 5.33 and figure 5.35 show the electron density profiles of DPPA-films at an ini-
tial surface pressure of 5 mN/m and further measurements of the adsorption of lysozyme
under the influence of a F-decalin flow. Due to the large number of profiles, the results
are subdivided in two figures. Figure 5.33 depicts the behaviour of the lysozyme ad-
sorption under a F-decalin atmosphere. Figure 5.35 presents the results after replacing
F-decalin with a nitrogen atmosphere. The colours of the density profiles corresponds
to the Fresnel normalised XRR curves shown on the right side of each figure. Before
flushing F-decalin saturated nitrogen into the sample cell, the reflectivity exhibits a
single oscillation, even after lysozyme was added to the subphase. The protein adsorbs
by penetrating into the monolayer headgroups. That can be seen in the correspond-
ing electron density profiles (solid and dotted black line) on the left-hand side of the
figure. The surface pressure increases due to the penetration of the protein. The thick-
ness of the protein layer underneath the lipid film is around dlys = 28 ± 0.5 Å. The
adsorption of lysozyme is time-dependent. Since it is a hard protein, the arrangement
processes at the surface require a certain time until a stable adsorbate film is devel-
oped. However, the second measurement after a waiting time of 2 h shows no changes
of the electron density profile. The protein and the DPPA-film are oppositely charged
at these conditions. Thus, the main driving force of the interaction are of electrostatic
nature. Lysozyme prefers probably a special orientation, since it is relative high neg-
atively charged on one side of the surface, in fact at the substrate-binding cleft. The
surface properties of the protein is illustrated in figure 5.34 in different orientations.
The hydrophilic positively and negatively charged domains are coloured in blue and
red, respectively. The hydrophobic residues are shown in green to yellow. The ratio
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Figure 5.33: Left: Electron density profiles of lysozyme adsorption (c = 15.29 μM) to a DPPA-
film (5 mN/m) before, while and after flushing F-decalin into the sample cell. Right: Vertically
shifted Fresnel normalised reflectivity curves. The refinements are shown as solid black lines.

Figure 5.34: Lysozyme in different orientations (PDB file 1VDQ [1152]). The hydrophobic,
positively, and negatively charged regions are coloured in green (to yellow), blue and red, respec-
tively. The protein data bank [1021] using eF-site (electrostatic-surface of functional site [1026,
1027]) were utilised to identify the hydrophobic and hydrophilic domains. The hydrophobic-
ity/hydrophilicity ratio that corresponds to the shown coloured areas are adapted from [1151].

of hydrophobicity/hydrophilicity of lysozyme in the different orientations are also given
in the figure and were selected from [1151]. They corresponds to the shown coloured
regions. The surface is to a large extend hydrophobic. The negative charges are pri-
marily located at the side which is shown in part a) of the figure. This cannot be
the initial adsorption site of lysozyme to the DPPA-film. The protein seems to ad-
sorb with the long axis parallel to the DPPA surface, since the thickness of the layer
matches this dimensions. The globular dimensions of lysozyme in the crystalline state
are 30 x 30 x 45 Å3. A sideways-on orientation with a slight denaturation of the structure
due to the water/air-interface contact is likely. The lysozyme adsorbate seems to be
structurally stable up to the point where F-decalin saturated nitrogen is flushed over
the protein/lipid-interface. Upon flushing with F-decalin, the reflectivity curves show a
superposition of several oscillations.
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Figure 5.35: Left: Electron density profiles of lysozyme adsorption (c = 15.29 μM) to a DPPA-
film (5 mN/m) showing the structural changes after the release of F-decalin from the sample
cell. Right: Vertically shifted Fresnel normalised reflectivity curves. The refinements are shown
as solid black lines.

The electron density profiles change during the F-decalin flow. Although the tail-
groups are barely affected. The electron density of the protein adsorbate increases indi-
cating that more proteins attach to the surface. Moreover, the protein layer thickness
ranges from 24.35 Å at the beginning of the flushing, up to 30.5 Å after 3 h of F-decalin
flow. Since the roughness also increases strongly (up to 15 Å), the actual adsorbate is
expected to be even thicker. It can be concluded that an additional protein adsorbate,
which is presumably in a non-native partially unfolded or denaturated state, attached
to the initial protein layer. Since it was not necessary to use an additional layer to fit
the data resulting in a levelly electron density profile of the adsorbate, a reorientation
of the protein film is also possible. Besides changes of the orientation and amount of
lysozyme, also an insertion of F-decalin into the protein layer might contribute to the
resulting electron density profiles. Figure 5.35 shows on the left-hand side the electron
density profiles obtained from the refinements of the reflectivity curves which are shown
on the right-hand side. After stopping the F-decalin flow and measuring at a saturated
F-decalin atmosphere, the profiles reveal a slightly decreased electron density accompa-
nied with a reduction of the thickness of the adsorbed protein layer (grey dashed and
solid line). When replacing the F-decalin atmosphere with nitrogen, shown as light blue
dashed and dotted lines, the electron density of the protein film still decreases indicating
a desorption of lysozyme from the DPPA-film. Only the adsorbed amount changes, not
the thickness of the protein layer.

Additional time-dependent measurements of the development of the surface pressure
of the DPPA-film with lysozyme were recorded. The Π-t curve is shown in figure
5.36. The first lysozyme measurement was conducted at a surface pressure of around
10 mN/m, the second measurement at a surface pressure of 15 mN/m. The sample was
left over night and the surface pressure did not change significantly and remained at
approx. 30 mN/m. By opening the sample cell and flushing gently with pure nitrogen,

150



5.3. Liquid/gas-interfaces: protein-containing systems

Figure 5.36: Time-dependent
change of the surface pressure (Π-t
curve) while flushing the sample cell
with F-decalin saturated nitrogen.
The colours correspond to those from
figures 5.33 and 5.35.

the surface pressure decreased in the first 30 min. to around 25.8 mN/m and in the
further hour to 23 mN/m and stayed stable for the last two hours.

A desorption process of adsorbed lysozyme like it was observed after F-decalin
treatment in the present experiments is very unusual. The molecular reorganisation
of lysozyme at a surface after adsorption is not reversible and insoluble aggregates form
[794, 1017, 1148, 1151, 1153]. This seems to be inhibited by F-decalin. How F-decalin
manages to interact with lysozyme despite the presence of a condensed DPPA-film at
the interface remains unclear as there are no indications of a lysozyme-induced incoop-
eration of F-decalin into the lipid layer. Nevertheless, F-decalin seems to have a unique
effect on the desorption ability and thus the folding of the protein film. Presumably
F-decalin inserts through loosely packed areas of the DPPA-film into the hydrophobic
sites of the protein layer, which results in a merged lysozyme-F-decalin layer at the
interface. F-decalin promotes to the hydrophobicity of the interface. This could ex-
plain the progressive accumulation of lysozyme at the interface and the increase of the
surface pressure as well. Since the protein desorption is associated with the removal of
F-decalin, an interaction cannot be excluded.

Effects on the protein/lipid-interaction by perfluorocarbons were also observed for
serum albumins and DPPC in presence of F-octyl bromide and F-hexane [305, 440]. It
is assumed that hydrophobic patches of the protein interact with the perfluorocarbons
and that unfolding of the protein leads to an expulsion into the subphase [442, 443].

5.3.3 Lysozyme adsorption at the water/gFC-interface

The adsorption of lysozyme and the influence of the gFC C3F8 at different gas pressures
are shown in figure 5.37. Since a very low concentrated buffer solution (10 mM) was
used, the water electron density was utilised to refine the data [1154].

The surface of lysozyme is widely hydrophobic (see illustration of the protein sur-
face in figure 5.34). If lysozyme is present in the buffer subphase, a protein film at the
interface can be observed. The interfacial structure of the lysozyme adsorbate can be
refined by a two-layer model: a more diffuse lower layer and a denser layer which is
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Figure 5.37: Left: Electron density profiles of the bare water interface, the adsorbed lysozyme
layer and the influence of F-propane on the structure. The dashed lines highlight the measure-
ments when the gas pressure is lowered or the measurement after gas treatment at air (N2).
Right: Fresnel normalised XRR curves shifted vertically for better visibility. The colours in the
left plot correspond to those from right. Measurements were taken at a temperature of 294.15 K,
[cprotein] = 15.29 μM.

directly attached to the interface. The over-all thickness of the protein adsorbate can
be calculated via: dlys = d1 +d2 +σ0 +σ2 [1096]. The thickness of the initially adsorbed
lysozyme without gas treatment is between 19.5 - 20.5 Å for each shown measurement.
This thickness does not match any dimension of lysozyme in a native state. The values
are lower than the dimensions of the crystalline state. It can be assumed that two differ-
ent volume fractions are formed by a partial unfolding of the protein [1155–1158]. The
partial unfolding occurs since disulfid bridges and β-sheet (5 folds) secondary structures
are still present and prevent a complete unfolding at the surface [1156].

The treatment of the lysozyme adsorbate with increasing F-propane gas pressures
at the water interface cause changes in the electron density profiles and, thus, influences
the adsorption process of the protein. The protein film thickness and electron density
increase constantly with rising gas pressure. After replacing the air atmosphere with
the gFC, the electron density profiles have to be modelled by a three-box model. The
gas adsorbs at the surface and with increasing gas pressure the layer on top growth and
simultaneously the lysozyme film changes. Especially the part which is directly affiliated
to the water surface expands. This can be induced by insertion of gas molecules and
further unfolding of the protein. Presumably also more protein adsorbs at the surface.

The lysozyme adsorbate transform into a different structure after the gas pressure
treatment. The thickness of the resulting layer is with about 42.3 Å much larger as the
reference value. The very high hydrophobicity of the gas should be taken into account.
It can be expected that the gas increases the probability of hydrophobic interactions at
the interface and thus contributes to further unfolding of the protein. Since it is not
possible to determine the exact position of the water surface, a calculation of volume
fraction profiles is not possible. The electron densities of the gas layers are much higher
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Figure 5.38: Left: Electron density profiles of the bare water interface, the adsorbed lysozyme
layer and the influence of a strong gas pressure increase of F-propane to the structure. The
dashed lines highlight the measurements when the gas pressure is lowered or the measurement
after gas treatment at air (N2). Right: Fresnel normalised XRR curves shifted vertically for
better visibility. The colours in the left plot correspond to those from right. Measurements were
taken at a temperature of 294.15 K, [cprotein] = 15.29 μM.

than those of the reference system without protein [1049]. This indicates an affinity of
F-propane to the protein-rich surface. Presumably, some of the adsorbed gas molecules
also merge with the protein adsorbate at the interface.

To test a strong gas pressure increase onto the protein adsorbate, further measure-
ments were performed on a freshly prepared sample system. The results are shown in
figure 5.38. The initial electron density profile of the lysozyme film is similar to those
from figure 5.37. By increasing the gas pressure rapidly to p/p0 = 0.5, the structure at
the interface changes significantly. The results show a gas film with a thickness of 7.5 Å.
Unfortunately, due to the increased x-ray absorption by the denser gas phase, it is not
possible to completely resolve the oscillation of the XRR curve. By decreasing the gas
pressure again to about p/p0 = 0.13, the obtained density profile is similar, but not
identical to the above measured. A strong increase of the gas pressure leads to different
electron density profiles of the remaining protein adsorbate after opening and flushing
the cell with nitrogen. However, the effects are similar. In general, the interaction of F-
propane (C3F8) and the surface system leads to a non-reversible increase of the protein
adsorption at the interface.

Figure 5.39 shows the results of isobutane (C4H10) gas pressure-dependent measure-
ments of the adsorption of lysozyme at a temperature of 288.15 K. At this tempera-
ture, the condensation pressure of isobutane is 2.589 bar. A comparison of the initially
adsorbed lysozyme film with the before shown measurements reveals a quite similar
interfacial structure as the electron density profiles are almost identical. The thickness
of the protein layer is about 19.5 Å.

At low gas pressures, isobutane has almost no effect on the interfacial structure and
no gas adsorbate layer form. This changes with increasing pressures as the electron
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Figure 5.39: Left: Electron density profiles of the bare water interface, the adsorbed lysozyme
layer and the influence of increasing isobutane gas pressure to the structure. The dashed lines
highlight the measurements when the gas pressure is lowered or the measurement after gas
treatment at air (N2). Right: Fresnel normalised XRR curves shifted vertically for better
visibility. The colours in the left plot correspond to those from right. Measurements were
performed at a temperature of 288.15 K, [cprotein] = 15.29 μM.

density of the protein layer increases and an additional layer above the surface forms.
However, the thickness of the protein film is almost constant, in contrast to the effect
of F-propane. The increase of the electron density and thickness of the additional layer
with increasing gas pressure can be attributed to the accumulation of isobutane at
the surface. The increase of the density of the protein layer might be caused by the
adsorption of more lysozyme or by the penetration of gas molecules.

In contrast to the results of the gFC treatment, isobutane does not change the struc-
tural conformation of the lysozyme adsorbate at the surface. The lysozyme film can be
modelled with similar parameters at higher gas pressures, only the gas layer changed
progressively. To further study the influence of a strong increase of the isobutane gas
pressure on the lysozyme film, a data series with freshly prepared samples were mea-
sured. Figure 5.40 shows the obtained XRR data. As can be seen in the figure, by
increasing the gas pressure immediately to p/p0 = 0.58, the refinement of the XRR
curves reveals similar electron density profiles as observed before (compare figure 5.39).
The gas pressure decrease and the replacement of the isobutane gas phase with nitrogen
yield also very similar profiles as obtained during the measurements where the gas pres-
sure was slowly increased. In comparison to the reference measurement of lysozyme,
the adsorbed amount at the surface is increased, but the thickness remains the same.

In order to be able to correctly classify the results shown above, additional time-
dependent experiments on the adsorption of the protein were conducted under the same
experimental conditions, but without the influence of the gases.

The first presented measurements of the time-dependent adsorption process of lyso-
zyme at the water/air-interface were recorded within 22 hours. Figure 5.41 shows the
electron density profiles on the left and the Fresnel normalised XRR curves on the right.
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Figure 5.40: Left: Electron density profiles of the bare water interface, the adsorbed lysozyme
layer and the influence of a sharp increase of isobutane gas pressure to the structure. The
dashed lines highlight the measurements when the gas pressure is lowered or the measurement
after gas treatment at air (N2). Right: Fresnel normalised XRR curves shifted vertically for
better visibility. The colours in the left plot correspond to those from right. Measurements were
performed at a temperature of 288.15 K, [cprotein] = 15.29 μM.

The data set was recorded at 288.15 K. As the temperature can alter and modify the
adsorption behaviour of lysozyme [1159], additional experiments at a temperature of
294.15 K were conducted, these are shown hereafter. As can be seen, the electron
density changes over time. The initial total layer thickness of around 20.5 Å, which is
a value less than the minimal size of the protein, indicates again an altered lysozyme
structure at the surface. The initial maximum electron density is 0.41 e−/Å3. The ad-
sorbed amount of lysozyme increases accompanied by a rearrangement of the adsorbate,
which is most pronounced after the 6 h measurement. The total layer thickness then
rises up to 31.5 Å with a maximum electron density of 0.46 e−/Å3. This values match
the dimensions of the lysozyme molecule in a sideways-on orientation. It seems, that
the native globular structure unfolds at the interface with time.

For comparison of the data set with the gFC, the measurements of lysozyme at
the water/air-interface were conducted additionally at a temperature of 294.15 K. Here,
lysozyme from the company Merck KGaA were purchased and used for the measure-
ments. The right-hand side of the figure 5.42 shows the obtained XRR curves in Fresnel
normalised illustration and the refinements to the data as solid lines. The corresponding
electron density profiles are shown on the left-hand side of the figure. As can be seen,
a similar behaviour and electron density profiles can be observed. After 19 h, the tem-
perature was changed to 288.15 K in order to test the structural rearrangement upon
temperature change of the non-native species at the interface. The temperature has no
effect on the lysozyme adsorbate.

By the calculation of the volume fraction profiles and consideration of the protein
electron density, it is possible to obtain the adsorbed amount of protein (Γ) at the
interface by integration of the resulting volume fraction profiles. The time-dependence
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Figure 5.41: Left: Electron density profiles obtained from the refinements. Right: Fresnel
normalised XRR curves of the time-dependent adsorption process of lysozyme at a temperature
of 288.15 K. The initial protein concentration was 0.22 mg/ml (15.29 μM) in 10 mM phosphate
buffer. The solid lines are the fits to the data.

Figure 5.42: Left: Electron density profiles obtained from the refinements. The temperature
was changed at 22 h to 288.15 K. Right: Fresnel normalised XRR curves of the time-dependent
adsorption process of lysozyme at a temperature of 294.15 K. The initial protein concentration
was 0.22 mg/ml (15.29 μM) in 10 mM phosphate buffer. The solid lines are the fits to the data.

of the adsorbed amount of lysozyme as a function of time is shown in figure 5.43 on
the right for both temperatures. The surface pressure was recorded during the XRR
measurements (see figure 5.42). The coloured regions corresponds to the XRR data.

With the assumption that lysozyme forms a monolayer, the corresponding occupied
area per molecule can be calculated. The results are plotted as asterisks in the figure
5.43. The molar mass of lysozyme is 14307 g/mol, the area per molecule ranges over
time between ≈ 19 nm2 (non-saturated conditions, averaged value over the first 7 h) and
≈ 12 nm2 (constant region). The area of a natively folded lysozyme protein is 13.5 nm2

and 9 nm2 in a sideways-on (adsorption with the long axis parallel to the surface) or
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Figure 5.43: Left: Time-dependence of the surface pressure for lysozyme at a pH-value of
7.2 and a concentration of 0.22 mg/ml (15.29 μM) in a 10 mM phosphate buffer. The coloured
regions correspond to those from figure 5.42. Right: Adsorbed mass per area as a function of
time. Black dot symbols correspond to the data shown in 5.41, red square markers correspond to
the data shown in 5.42. The area occupied per molecule is given in the same colours by asterisks.
The error of the adsorbed mass is between 0.11 and 0.25 mg/m2, estimated via variation of the
refinement parameter.

headways-on (adsorption with the short axis parallel to the surface) orientation, respec-
tively. The area of 12 mm2 is little below the required area in the sideways-on orienta-
tion. The structural rearrangements lead in particular to a higher adsorbed amount and
a thicker adsorbate layer with a more compact conformation of the lyosozyme molecules
at the interface.

Possibly, a two-step surface-induced denaturation process occurs. First, the lysozyme
adsorbs via van der Waals interaction at the surface and, then, denatures with time due
to the additional hydrophobic patches which are exposed to the water/gas-interface.
Hydrophobic residues are commonly buried in the core of a protein. A structural rear-
rangement and due to the newly created interaction sites of the proteins at the interface
itself, it is possible, that more protein from the bulk solution can interact with the hy-
drophobic regions as interaction sites. Partially unfolding occurs already at the initial
adsorption process by hydrophobic interactions at the water/air-interface which yields
in the observed partially unfolded state.

The effects observed in the measurements of lysozyme adsorption under gas pressure
cannot be attributed to a time effect. Surprisingly, the solvent isobutane seems to
have a stabilising effect on the initial conformation of the lysozyme at the interface and
inhibits the further rearrangements which occur over time. The perfluorinated gas in the
atmosphere, on the other hand, has an “attracting” effect on the protein molecules and
the adsorbed amount but also the thickness of the layer increases. However, the resulting
layers seem to differ significantly from those observed in time-dependent measurements.
In general, the affinity of the examined gases are high for protein-rich surfaces.
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5.3.4 Bovine serum albumin adsorption at the water/vFC-interface

In order to investigate another well-established model protein under a vFC atmosphere,
bovine serum albumin (BSA) was selected and its adsorption behaviour as well as its
interaction with F-decalin at the water/air-interface was studied.

The pulmonary surfactant or lung surfactant is a complex mixture of proteins and
lipids at the alveolar-interface and stabilises the lungs by reducing the surface tension
at the alveolar lining fluid. Blood proteins such as serum albumins which leak into
the lungs due to injuries or diseases are capable to inactivate the lung surfactant and
have the ability to disturb the surface tension and proper function of the surfactant
at the alveolus/air-interface. In 1965 Tierney and Johnson found that the pulmonary
surfactant can be inhibited by blood plasma leakage in the alveolar lining layer [380].

The soluble proteins interfere with surfactant and prevent the de-novo surfactant
phospholipid adsorption. The (insoluble) phospholipids of the native lung surfactant
are present in large aggregate structures. The large molecular structures reach the
surface via cooperative diffusion, adsorb and spread slowly at the alveolar lining fluid
interface by unzipping mechanisms. The proteins which leak into the alveolar space are
surface-active. The large amphiphilic proteins reach the surface rapidly via molecular
diffusion processes and adsorb spontaneously at the surface. Consequently, the proteins
can adsorb faster at the alveolar/gas-interface than the surfactant aggregates. The
proteins hinder the access of lung surfactant to the alveolar interface by competitive
adsorption. After adsorption, the protein film prevents the lipids from penetrating the
interface by generating a steric and/or electrostatic energy barrier [285, 1160, 1161].
The exogenous surfactant preparations are inhibited by the proteins, alternative and
novel approaches for the treatment are necessary. A more recent approach is the use
of perfluorocarbons that were investigated for partial liquid ventilation and ventilation
of aerolised and vaporised perfluorocarbons. A perfluorocarbon that was intensively
studied for biomedical applications is F-decalin (C10F18). It was selected to investigate
the interaction of PFCs and bovine serum albumin at the buffer/air-interface and their
influence on the adsorption behaviour of the proteins.

The adsorption of BSA and the effect of F-decalin were investigated time-dependently
in three different experimental procedures. The time of the addition, respectively the
starting point of the flushing with F-decalin saturated nitrogen was varied. At higher
concentrations of around 1 mg/ml it took about one hour to reach adsorption equilib-
rium [1162]. For lower concentrations, which were also used in this work, the equilibrium
is reached after 5 hours [1163–1165]. Based on this, different times were chosen to in-
vestigate the various stages of the adsorption path and the influence of F-decalin on the
adsorption behaviour. For this purpose, also faster XRR measurements were conducted,
where one measurement took about 30 minutes.

Figure 5.44 shows schematically the design of the experiment. To exclude a time
effect of the adsorption process of BSA, XRR curves were also recorded 12 hours after
addition of the protein. First, the reference measurements of F-decalin at the free water
surface are presented. Figure 5.45 shows the electron density profiles on the left obtained
from the refinements of the XRR curves shown right. The spreading coefficient of F-
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Figure 5.44: Schematic illustration of the sample system.

decalin is negative and it is a highly hydrophobic and non-polar molecule. However,
an adsorption of the perfluorocarbon compound can be observed. As can be seen in
the figure, by replacing air with F-decalin saturated nitrogen, the XRR curves develop
a slight oscillation. The maximal surface pressure during the flow of the vapour was
2.5 mN/m. The thickness of the adsorbed F-dacalin layer increases during the flow of
the vFC from 15.8 Å to about 20 Å. Also, the electron density in the near-surface region
increases. The bulk electron density of fluid F-decalin (ρ = 0.554 e−/Å3) is not reached.
The measurements under vFC atmosphere without gas flow reveal a decreasing electron
density and thickness of the layer in time (labelled as “PFD atm” in the figure). The
surface pressure decreases to 1.3 mN/m indicating a desorption of molecules from the
interface. When the sample cell is opened, the electron density profile does not change
to the profile expected for a free water surface. Some adsorbed molecules are detectable
on the surface within the timescale of the experiment. The surface pressure is around
1 mN/m.

The reduction of the surface tension in the presence of the vFC is explained by the
formation of a thin PFC layer on the free water surface. Since F-decalin in general has
a low water solubility, it is a reasonable approach to calculate volume fraction profiles
assuming adsorbate layer consists exclusively of F-decalin and incooperates no water
molecules. The volume fraction profiles are shown in figure 5.46 with the corresponding
calculated molecules per area in e−/nm2 and the thicknesses of the observed F-decalin
layer. The layer thicknesses were determined by taking the roughness of the substrate
and of the adsorbed layer into account.

Figure 5.47 presents the results of the measurements of the adsorption of BSA in a
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Figure 5.45: XRR data of F-decalin adsorption at the water surface. Left: Electron density
profiles. The continuous flow of the vFC is labelled as “PFD”, the measurements at F-decalin
atmosphere without gas flow as “PFD atm”. Right: Fresnel normalised XRR curves vertically
shifted for clarity. The fits to the data are shown as solid black lines.

Figure 5.46: Left: Volume fraction profiles for F-deaclin at the water/air-interface. Right:
Variation of the adsorbed molecules per area, coloured in the same code as shown in the volume
fraction profiles. The first measurement of one condition (“PFD, PFD atm, open box”) is
marked as square and the following one as diamond. The thicknesses are shown as black circles.

phosphate buffer solution with a pH-value of 7 at a concentration of 0.5 mg/ml (7.52 μM).
The flushing with F-decalin was started immediately after the first reflectivity curve with
protein-containing subphase was taken. At the applied concentration and pH-value BSA
(IEP∼ 4.5 - 51) is monomeric [1016] and negatively charged with -10 in the N-terminal

1The isoelectric point is calculated by using the FASTA sequence of BSA (P02769 Bos taurus
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Figure 5.47: XRR data of the measurements of the adsorption of BSA at the water/air-
interface before, while and after flushing with F-decalin saturated nitrogen. Left: Electron
density profiles. “+ BSA” marks the measurement immediately after preparation. The continu-
ous flow of the vFC is labelled as “PFD”, the measurements at F-decalin atmosphere, without
gas flow as “PFD atm”. Right: Fresnel normalised XRR curves vertically shifted for clarity. The
fits to the data are shown as solid black lines.

domain I, -8 in the middle domain II and 0 in the C-terminal domain III. The net charge
is -10 [887, 888, 1162, 1169]. The maximum electron density of the BSA adsorbate layer
that form before F-decalin is introduced is 0.39 e−/Å3. This value is less than the elec-
tron density of the protein in the native conformation. The thickness of the BSA layer
is 22.2 Å. After replacing the air by F-decalin saturated nitrogen the oscillation of the
XRR curve is more pronounced. The precise measurement of the adsorbed amount and
layer thickness together with the known dimensions of the spherical structure of BSA
allow to derive information about the adsorption state of the protein within the film.
The protein BSA is in its N-form at these microenvironment and experimental condi-
tions. The triangular shaped conformer has dimensions of 80 Å x 80 Å x 80 Å x 30 Å. It is
described as an equilateral triangle with a side length of 80 Å. The obtained thickness of
the protein film is lower than the dimensions for the short side of the crystalline state.
It seems, that the protein unfolds by adsorption at the extreme hydrophobic water/air-
interface. BSA has a high conformational flexibility and the structure is intensively
altered upon adsorption at the water/air-interface [1017, 1151, 1170]. However, it is
known that the α-helical secondary structure is only lost under high concentrations of
denaturants in the solution [1170]. Moreover, the numerous disulfid bridges stabilise
the structure and limit the maximum elongation of BSA. Thus, the protein film can

(Bovine)) without the signal sequence and the PepCalc.com - Innovagen peptide property calculator
[1166]. Note, that the calculated isoelectric point differs from the experimental obtained. There is no
consensus about the correct isoelectric point of BSA [1019, 1167, 1168].
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be composed of alternated and unfolded N-forms of BSA with hydrophobic regions and
residues oriented to the interface. The so-called E-(extended) shape, which is usually
present at pH-values lower than 4, is the most elongated structure and nevertheless
exhibits a high content of α-helical regions. The elongated structure dimensions are
250 x 21 x 21 Å3 (crystallography study [875]). The short side matches to the thickness
which is observed here. The attachment takes place with the hydrophobic residues of
the α-sheets which are usually buried in and folded towards the core of the protein.

Figure 5.48: Different orien-
tations of the molecular sur-
face of the heart-shaped struc-
ture (N-form) of BSA of the
PDB file 3V03. The hydropho-
bic, positively, and negatively
charged regions are coloured
in green, blue and red, re-
spectively. The hydrophobic-
ity/hydrophilicity ratio that cor-
responds to the shown coloured
areas are adapted from [1151].

The aliphatic α-helices can be displaced with the hy-
drophobic side chains towards the interface. Unfolding
does not necessarily mean that the protein is denatured,
the secondary structure can remain unchanged. There-
fore, an adsorption of BSA at the interface can be ex-
plained by a spreading of the homologous three-domain
structure, while retaining the secondary structure. The
globular BSA has a low effective surface hydropho-
bicity, the HIC retention time is around 6.7 minutes
[1016, 1151]. Figure 5.48 shows the molecular sur-
face of BSA in three different orientations. The colour
code is the same as before, green to yellow indicates
the hydrophobic patches, the positively and negatively
charged residues are shown in blue and red, respectively.
The hydrophobic area of BSA is much lower than those
of lysozyme (compare figure 5.34).

As can be seen, the thickness and electron density
first increase with replacing nitrogen with vaporised F-
decalin. It was not necessary to refine the data with
an additional layer for F-decalin. The exact position of
the water surface of the complex is therefore not exactly
known and it is not possible to calculate the volume
fraction profiles. Nevertheless, the adsorbed mass can
be determined for the system in absence of F-decalin.
The electron density of BSA can be computed with the
number of 35486 electrons (estimated via the primary
sequence of the protein and the amino acids2). The
bulk density of BSA at pH 7 is 1.313 g/cm3 [1100, 1101]
(calculated with the partial specific, molar volume) and
the molecular mass is 66.463 kDa (66463 g/mol). By
considering the Avogadro constant it is possible to cal-
culate the electron density yielding 0.4228 e−/Å3. The
surface excess Γ [mg/m2] can be calculated by integration of the volume fraction pro-
files. The corresponding volume fraction profiles which are used to calculate the surface

2The molecular formula (C2934H4615N781O897S39) is calculated via the FASTA sequence of BSA
(P02769) without the signal sequence yielding 583 aa and computed using Protpi.ch.
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Figure 5.49: Top: Maximum electron densities and thicknesses of the interfacial film over time
and in the presence and absence of F-decalin. The grey box highlights the presence of F-decalin.
Bottom: Variation of the surface pressure over time and calculated adsorbed amount of BSA in
the absence of F-decalin. The errors are estimated via variation of the refinement parameters.

excess are shown in the appendix A in figure A.10. The corresponding area of the ad-
sorbed mass at the initial stage (first measurement) is 88.5 Å2. The required area for
one BSA molecule in a native state is about 27.7 Å2. This suggests also an unfolding
at the water/air-interface. The figure 5.49 bottom depicts the adsorbed mass of the
protein film (blue crosses). The surface pressure at the beginning (black diamonds) and
end (red diamonds) of each measurement is presented in the bottom. Figure 5.49 shows
the maximum electron density (black circles) and the adsorbate layer thickness (blue
circles) obtained from the data in figure 5.47.

It seems, that the affinity of F-decalin for the protein adsorbate at the interface is
higher as for the free water surface since the surface pressure increases to much higher
values. The course of the surface pressure change corresponds to the course of the layer
thickness and of the electron density variation. The adsorbed amount of the protein
does not change after F-decalin treatment. As can be seen at the bottom of the figure,
the adsorbed mass of BSA is in the range of the error bars.

Due to the unfolding of BSA at the water/air-interface, the hydrophobic regions and
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residues of the protein (mainly located in the sub-domains IIA and IIIA) are directed
to the interfacial region, whilst the polar regions are submerged in the subphase. The
F-decalin molecules can interact with the hydrophobic cavities of the protein structure
since the perfluorinated compound is extremely hydrophobic. These interactions and
the formation of merged BSA-F-decalin structures cause the detected electron density
profiles under F-decalin flow and atmosphere (without gas flushing). In addition, under
F-decalin flow and atmosphere more protein is attracted to the surface, the perfluori-
nated compound “mobilises” BSA. But after removal of the F-decalin atmosphere it is
also expelled again into the subphase. As it has been shown that fluorinated anaesthetics
and perfluoroalkylated amphiphiles do indeed bind to BSA in solution, the interaction
at the interface seems to be the explanation for the resulting structure [1171, 1172]. It
was also reported that F-hexane adsorbs, induces the unfolding of BSA [305, 442, 443]
and accelerates the adsorption of DPPC from solution. One process that was proposed
is the rapid adsorption of F-hexane at the water/air-interface and incorporation into
the hydrophobic sites of the serum albumin. This mechanism promotes its unfolding
and, thus, facilitates expulsion into the aqueous phase. This process is not initiated
by F-decalin. The process at the water/F-decalin-interface is entirely reversible and
non-destructive.

To gain more insight into the interaction and to investigate the effect of F-decalin
on older adsorbates of BSA the measurements of the interaction of BSA and F-decalin
at the water/air-interface have been reproduced with equilibration times for the BSA
adsorption before the addition of F-decalin of 2 hours and 12 hours. It was found, that
the BSA layer does not change on this timescale and also the effect of F-decalin was
the same. The data are shown in the appendix A. The XRR data of 2 hours incubated
BSA under F-decalin are shown in figures A.11, A.12 and A.13 and the XRR data of
over night incubated BSA under F-decalin are shown in figures A.14, A.15 and A.16.

F-decalin is not an efficient promoter of the displacement of the adsorbed BSA
structures at the water/air-interface, but does not lead to any significant changes in
protein structure or aggregation after treatment. Nevertheless, the results demonstrate
the bio-inertness of F-decalin on serum albumin structures and may have implications
for the partial ventilation or ventilation with aerolised and vaporised perfluorocarbons
in lung conditions as a consequence of lung immaturity. Synthetic components for the
lung surfactant replacement therapy are necessary. These have a lower risk than animal
derived surfactant preparations (disease transmission, lesser immunological rejection
and defined formulations with adjusted and matched biophysical properties, no batch-
to-batch variation). F-decalin leads to a strong decrease in surface tension and could
also serve as a vehicle for DPPC in surfactant replacement formulations. DPPC could be
more effective at the surface, since when it is introduced over an adsorbed layer of BSA
it controls the surface tension and is not interfered by BSA [395]. The surface-activity
of F-decalin is not impaired by BSA.

Furthermore, it is necessary to know how artificial oxygen carriers or blood substitu-
tions and other injected emulsions for molecular imaging with F-decalin core influence
plasma proteins such as serum albumin. In adsorbed serum proteins, F-decalin appears
to interfere with but not damage the serum proteins.
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In summary, F-decalin causes a growth of the BSA adsorbate at the surface and
allows a displacement of the protein from the surface again after the interaction with-
out any induction of any structural changes. The interaction process is completely
reversible, also after long equilibration times. This observation is quite similar to the
results obtained for lysozyme adsorption on DPPA-films under F-decalin which sug-
gested that F-decalin acts locally on lysozyme through the lipid layer at more loosened
DPPA-film regions. Probably, F-decalin also merged in the hydrophobic structures of
lysozyme. After the F-decalin atmosphere has been removed the protein is released
into the subphase again. However, in this case the effect was not entirely reversible. In
general, F-decalin has an affinity for a protein-rich interfaces and attracts more proteins
to the surface. The interaction causes the formation of a mixed protein-F-decalin layer.

5.4 Summary and general conclusions

In this chapter results on the influence of different gas and vaporised perfluorocarbon
atmospheres on model lipid systems and protein adsorbates were presented. The surface
sensitive x-ray scattering methods XRR and GIXD were used to investigate the influence
of the perfluorocarbon compounds with sub-angstrom resolution at in-situ conditions.

In the first section the liquid/gas-interface was considered. To evaluate the ef-
fects of the non-polar, non-amphiphilic and hydrophobic perfluorocarbon molecules on
lipid systems that mimic the lung surfactant, the first subsection examined DPPA- and
DPPC-films on aqueous subphases with different initial surface pressures. The data
reveal that the non-polar gas molecules of isobutane and perfluorinated gases have an
affinity to the lipid monolayers. The gas molecules adsorb at the water interface and
accumulate after penetration between the tailgroups. The XRR data indicate that for
DPPC-films the headgroup is influenced by the intercalation and accumulation of the
gas molecules and changes its configuration to an untilted state. However, with DPPA a
change of the headgroup is not observed. In addition, DPPC-films are partially dissolved
in F-butane in the presence of sufficient lipid coverage. This was also not observed for
DPPA-films. The gases lower the interfacial tension of a bare water interface and in
presence of DPPA- and DPPC-films. The adsorption of the gFCs occurs in crystalline
regions of the DPPA-film, but also in more expanded regions of the lipid structure. It
was found that F-propane causes compression of the film at low gas and surface pres-
sures and can lead to a crystalline structure of the film. The gas application leads to
a compression of the lipid films. The gas effects on Langmuir films depend on the size
of the gas and also on the packing conditions of the monolayer. The observed effects
are stronger for the less densely packed DPPC-films. The properties of the Langmuir
films are modified by co-adsorbed gas molecules. For F-decalin it was shown, that the
spherical and bicyclic molecule can penetrate DPPC-films at low surface pressures, but
does not affect DPPC- and DPPA-films at high initial surface pressures. The applica-
tion of vaporised F-decalin has no effect on DPPA-films in GIXD scans. In contrast,
the more lipophilic F-octyl bromide indicates a fluidisation of the DPPA monolayer by
causing compression and simultaneous dissolution of crystalline domains by adsorption
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into less compressed areas. The fluidisation effect on DPPC-films is explained by the
reduction of the interaction energy between the DPPC molecules upon perfluorocarbon
intercalation and interaction with DPPC [3, 305, 1137]. Considering the results of this
work, this also applies for the interaction of DPPA monolayers and F-octyl bromide.

In summary, it can be concluded that the hydrocarbon gas and also the perfluori-
nated gases and vapours have an influence on DPPA and DPPC monolayers. Decisive
for the extent of the effect is the packing density of the lipids, but also the size of the
molecules from the gas phase. The perfluorocarbons under investigation behave like
co-surfactants as they intercalate the Langmuir films and contribute to the reduction of
surface tension, whereby they do not possess any amphiphilic character.

In the next section the results of the solid/gas-interface were presented. DPPC and
DMPC mono- and multilayers were prepared on silicon substrates by spin-coating or
Langmuir-Blodgett technique and the lipid layer structures were investigated under gas
atmosphere. A gas pressure-dependent accumulation of F-propane and F-butane gas
molecules in the lipid monolayers were detected. The influence of the gases on the lipid
structure depends on the flexibility of the lipids. The lower the rigidity the more gas
molecules can intercalate into the layer. Furthermore, when reducing the gas pressure
and replacing the gas phase by air, it was found that gas molecules remain in the lipid
layer. This might be attributed to a substrate-dependent effect. In order to gain more
insight into the persistence and substrate influence, solid-supported multilayers were
investigated under different gas atmospheres and temperatures. It was found that the
gases have no influence on the bilayer thicknesses of the multilayer stacks and only the
negative peak under F-butane is influenced. The negative peak is a feature that is closely
connected to the structure of the terminal monolayer. The negative peak vanishes or
disappears at high pressures of F-butane. After lowering the gas pressure and measuring
at air, it can be seen that the depth of the negative peak does not return to the previous
position, which is an indication of remaining gas molecules in the terminal monolayer.
It can be assumed that the intercalation of gas into the terminal monolayer of the
multilayer stacks is comparable to those occurring in the solid-supported monolayers,
while the bilayers below are widely unaffected.

In the last section, the influence of perfluorinated substances on the adsorption
behaviour of lysozyme at DPPA-films and at the bare buffer/gas-interface was inves-
tigated. Furthermore, the adsorption behaviour of BSA at the water surface and the
reaction of the structure to an overlying F-decalin atmosphere was studied. The hard
protein lysozyme adsorbs to the DPPA-film by attractive electrostatic interactions. An
additional protein layer below the lipid film and penetration into the headgroup is ob-
served. After treatment with F-decalin, the thickness and density of the protein film
is reduced. Since previous studies showed that lysozyme adsorbs irreversibly on the
lipid film, this can be assigned to the influence of F-decalin. However, the remaining
structure is modified. F-decalin probably acts very locally on the structure of lysozyme
via hydrophobic interactions.

The adsorption of lysozyme has also been studied at the water surface and under
different isobutane and F-propane gas pressures. The resulting protein films are not
comparable to the resulting protein films of the reference measurements of lysozyme
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at air. The gases seem to have a significant influence on the adsorbate structure of
lysozyme. In contrast to isobutane which probably stabilises the initial structure and
leads to more protein at the surface, F-propane seems to cause denser and thicker protein
structures at the surface. An additional layer which reflects the gas films on the protein-
rich surface could also be observed. After replacing the gas phases with air, the resulting
structures are different to the initially observed ones and in comparison of the gases.
The interaction process and the induced structural changes are not reversible. It is very
likely that the gases hydrophobise the interface. This changes the interface chemistry
and, thus, can influence the protein adsorption. The investigation of the interaction of
BSA and F-decalin at the buffer/gas-interface suggests that the protein, especially the
hydrophobic sites, interact with F-decalin and this interaction attracts more protein to
the interface. The interaction process is completely reversible and the initially observed
profiles are detectable again after F-decalin removal. F-decalin mobilises serum albumin
to and from the surface and upon F-decalin flow and atmosphere merged BSA-F-decalin
structures are formed.
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Chapter 6

Ion adsorption at model
membranes

This chapter presents the results of the ion adsorption experiments at model membranes.
Ions at cell membranes can affect the function and properties of the nearby molecules
and of the membrane, and thus play an important role in various processes [156, 643].
The local concentration of ions influences the protein function in the vicinity and the
protein binding to membranes in general. Furthermore, ions contribute to membrane
stability and the induction of curvature, e.g. in fusion processes.

It is known, that divalent cations interact strongly with negatively charged and
moderately with zwitterionic lipid membranes [156]. The interaction of divalent cations
with anionic lipids is remarkably. The glycerophospholipid DPPA for instance, an im-
portant signalling lipid molecule which is involved in practically all signalling pathways
across the cell membrane, bears unique biophysical properties and its protonation state
can be affected by divalent cations. Indeed, even more abundant phospholipids such
as phosphatidylcholines (DPPC and DMPC) can be involved in the signalling path-
ways. Monovalent cations also interact with anionic lipids. However, currently there
is no consensus on the interaction of monovalent ions, especially sodium cations, with
zwitterionic lipid membranes. Generally, the effect of salts and charge are under de-
bate and the mechanism of ion adsorption is not fully understood. In particular, there
are open questions regarding the binding affinity of sodium to zwitterionic membranes
and how membranes respond to direct calcium cation adsorption [620, 626–628, 1173].
A lack of well-defined membrane systems is one of the difficulties [1173]. Within this
thesis a stable solid-supported lipid bilayer system was developed and tested. This is
explained in more detail in section 6.2. Most studies focus on the changes of the dynam-
ical properties and subsequently induced structural conformation alterations caused by
the binding of ions. Common techniques used to characterise the interaction of cal-
cium ions with membranes are differential scanning calorimetry, microelectrophoresis,
spectroscopic techniques and x-ray scattering. In this work the surface-sensitive x-ray
reflectivity technique was applied for the structural characterisation and investigation of
ion adsorption processes at lipid films on aqueous subphases in-situ on the sub-angstrom
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length scale.
Pure lipid membranes are well-established model systems to study mechanical, ther-

modynamic and structural properties related to natural biological membranes. The
present study attempts to gain further insights into the interaction of chloride salts
with negatively charged and zwitterionic lipid membranes. The adsorption or binding
process is studied using two different model membrane systems, Langmuir films and
solid-supported bilayers. To analyse the interaction of cations with anionic and zwitte-
rionic Langmuir films the metal chlorides NaCl and CaCl2 and the phospholipids DPPA
and DPPC were chosen. For the study of the interactions of mono- and divalent cations
with DMPC bilayers, the salts NaCl, LiCl, MgCl2 and CaCl2, listed in ascending order
of their chaotropic effect, were used. The results of the first presented study “Mono-
and divalent cation interactions with DPPA- or DPPC monolayers” in section 6.1.2 and
6.1.3 were recorded within the framework of Melina Helfrich’s bachelor thesis [1174].
The section 6.1.4 presents findings on the “Influence of the microenvironment on the
adsorption of serum albumins at DPPA monolayers” from the bachelor thesis of Carolin
Olbrisch [1175]. The results concerning the interaction of NaCl and CaCl2 with zwitteri-
onic solid-supported DMPC bilayers in section 6.2 “Ions at solid-supported membranes”
were obtained in cooperation with the University of Helsinki. In the framework of this
cooperation the experimental data presented here will be compared with state-of-the-art
all-atom molecular dynamic simulations [669].

Studies have shown that chloride Cl– co-ions have no affinity to lipid headgroups.
Therefore, the effect of these anions can be neglected [635, 646, 971]. However, charge
densities of adsorbed cations are assumed to be counterbalanced by a layer of chloride
ions which remain in the water phase and create an electrical double layer [54, 627,
646, 656, 971, 1176–1178]. In x-ray fluorescence and x-ray reflectivity experiments with
CaCl2, BaCl2 and CaI2 at DMPA Langmuir films an accumulation of chloride anions
due to a charge inversion was not detected [970, 971]. Furthermore, chloride ions may
be oxidised to chlorine gas in solution [689]. Therefore, chloride ions are not further
considered.

For the monovalent Na+ cations the intracellular concentration in eukaryotic cells
is around 150 mM, for divalent Ca2+ cations the extracellular concentration is in rest-
ing cells about 1 - 2 mM. However, the local concentration of divalent cations can be
temporally enhanced due to transient signal responses to external stimuli, for example
the signal transmission in neurons [610, 611] and the induction of Ca2+ waves for a
proper signal transduction. Therefore, also higher divalent cation concentrations are
physiologically important and also investigated here. Since there seem to be controver-
sies about how lipid membranes responds to salt addition, non-invasive and tracer-free
in-situ XRR measurements were conducted.

Additional information A phosphate buffer precipitates in the presence of calcium
ions and therefore the measurements were conducted in ultra-pure Milli-Q water. The
net charge of DPPC Langmuir films and the solid-supported DMPC bilayers are not
affected by pH-value changes upon salt addition. The experiments were conducted
without a buffering solution, to prevent cross interactions of the molecules inside the
buffer solution. For example, a phosphate buffer could provide three different species
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of the phosphoric acid: the phosphoric acid [PO4]3– , the hydrogenphosphate [HPO4]2–

and the dihydrogenphosphate ion [H2PO4]– . These anions have a rising chaotrope effect
in the order in which they were listed and can influence the mono- or bilayer itself.

Although the applied salts calcium chloride, magnesium chloride and lithium chloride
usually react neutrally, their addition to the sample solution causes a pH increase.
This is due to contaminations with oxides of the anhydrous salts. In the following the
reaction pathway is described for calcium chloride. Calcium chloride first dissolves to
form hydrated calcium cations and chloride anions with

CaCl2(s)
+H2O−−−−−→

∆T (◦C)↑
Ca2+

(aq) + 2 Cl−(aq) (6.1)

and the calcium oxide that is present in the salt preparations reacts with water to
calcium hydroxide

CaO(s)
+H2O−−−−−−−−−−−−→

∆HR = −65 kJ/mol
Ca(OH)2 (s) (6.2)

and increases the pH-value due to the following reaction

Ca(OH)2 (s)
+H2O−−−−→ Ca2+

(aq) + 2 OH−. (6.3)

With increasing the ionic strength of a solution the pH-value increases. This affects
the used lipid DPPA, since the second pKa,2 (10.5) lies in the alkaline pH regime.
Between the first and the second acid constant DPPA is singly negatively charged.
Above the pKa,2 the phosphomonoester moiety is doubly deprotonated and therefore
twice negatively charged. It has to be noticed that the pH-value is lower in the near-
surface area than it is in the bulk, since a negatively charged surface attracts more
excess protons [635, 969]. It is known, that divalent and trivalent cations affect the
protonation state and that DPPA is doubly deprotonated at physiological pH-values
[970, 971, 1178, 1179]. This is not in accordance with measured and calculated pKa
values stated above [90, 969]. The pKa,1 for phosphatidic acid is 3.0 - 3.8 and pKa,2
is about 7.1 - 8.5 in aqueous dispersions and monolayers in presence of divalent cations
[90, 969]. Divalent cations thus reduce the pKa,2 by binding to and deprotonation
of the phosphomonoester headgroup of DPPA [973]. By addition of alkaline reacting
salts, the process of deprotonation and cation adsorption is self-amplifying. In contrast,
the behaviour of DPPC and DMPC are pH-independent. The variation of the pH-
value with increasing salt concentration is shown in figure 6.1. The pH-value is a good
parameter to monitor the oxide content of commercially available salts. Impurities and
also environmental conditions can affect the measurements and thus, leads depending
on their origin, to own influence [1180].

Another point to consider is the purity of the salts used. It is strongly recom-
mended, especially in the studies related to alkali/carboxylate-interactions to use ultra-
pure (UP) grade salts. The changes, for example in a vibrational sum frequency gen-
eration spectroscopy study of the interaction of palmitic acid monolayer with sodium
chloride of ACS grade, are largely due to the the trace metal impurities, that strengthen
the cation-carboxylate binding. It is still unknown, whether the salt purity effect affects
the interactions between monovalent cations and negatively charged units such as the
phosphate group in phospholipids [1181].
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Figure 6.1: Change of the pH-value depending on the chloride salt concentration in ultra-pure
water. Measured with S220 from Mettler Toledo. The error is around ± 0.002 as stated from
the manufacturer.

6.1 Ions at Langmuir films

In this section, the results of the study on DPPA and DPPC Langmuir films and their
response to the addition of NaCl and CaCl2 are presented. Moreover, the XRR data
on the influence of the pH-value and MgCl2 addition on the adsorption behaviour of
BSA and HSA at DPPA-films will be shown. First, the experimental details will be
introduced.

6.1.1 Experimental details

The experiments presented in the next three subsections were conducted at the labo-
ratory diffractometer D8 at the E1a chair of TU Dortmund. The sample and surface
preparation is introduced in section 4.4. Before DPPA or DPPC was spread onto the
water surface, the setup was checked for cleanliness. After the spreading and 20 min.
equilibration time, the target surface pressure of 15 mN/m was adjusted with the move-
able barrier by compression. The area of the Langmuir trough was kept constant after
reaching the target pressure and during the measurements. This is the initial state in
which the reference measurements were conducted. For the concentration-dependent
experiments, stock solutions of CaCl2 and NaCl were prepared in ultra-pure Milli-Q
water with a concentration of around 5 M. For the following measurements with consec-
utively increasing concentrations of salt, a previously calculated amount of salt solution
was added. The salt concentration was varied between 0 M and 1 M and the influ-
ence on the Langmuir layer were measured by means of XRR. At a surface pressure
of 15 mN/m DPPA is at the transition point between the tilted liquid-condensed and
untilted liquid-condensed phase. The phospholipid DPPC is in the liquid-condensed
phase.

The measurements of the adsorption behaviour of BSA or HSA at DPPA-films were
also conducted with the Langmuir through. Here, a surface pressure of 25 mN/m was
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used to generate a closed untilted and condensed DPPA monolayer. A concentration
of 0.5 mg/ml or 7.52 μM (0.125 g of BSA) of the protein was used. The serum albu-
mins were added by injecting stock solution into the subphase under the equilibrated
Langmuir film. The injection under the pre-compressed Langmuir film is necessary
for the imitation of the physiological conditions [1182]. In the next step, the concen-
tration of magnesium chloride in the subphase was set to 20 mM by the removal of
solution and refill with salt solution yielding the final subphase concentration. The area
of the interface was kept constant during the measurements. One measurement took
around 30 minutes. Between the measurements, the correct adjustment was checked.
The magnesium chloride and protein stock solutions were prepared in the respective
pH-value buffer solutions. Furthermore, at pH 3 experiments were conducted in the
contrary way. For this purpose, the DPPA-film was spread onto a magnesium chloride
containing buffer subphase and BSA was injected afterwards under the equilibrated and
compressed DPPA Langmuir film. All measurements were conducted at room temper-
ature, thus, below the (pH-dependent) denaturation temperature (at pH 3.5, 46.8 ◦C
[1183]).

6.1.2 Mono- and divalent cation interactions with DPPA monolayers

In this subsection the results of the concentration-dependent study of the interactions
between mono- and divalent cations with DPPA-films are presented.

Figure 6.2 shows the Fresnel normalised reflectivities of DPPA monolayers spread
on pure water at increasing NaCl concentrations in the subphase. The reflectivities are
displayed separately on linear and semilogarithmic scales to highlight different details.
The amplitude of the observed oscillations which is correlated with the excess electron
density at the surface with regard to the subphase is best seen on the linear scale.
The semilogarithmic scale gives the best view on the qz value of the minimum which
is inversely proportional to the surface layer thickness. The reference measurement of
DPPA at a surface pressure of 15 mN/m on pure water (green) is in accordance with
literature and the electron densities and thicknesses are comparable to those in chapter 5.
The bulk electron density was set to ρsub = 0.334 e−/Å for both, chloride salt containing
and salt-free water subphase [1184]. The left panel of the figure shows the linear scale
visualisation of the normalised reflectivities for the DPPA-film on NaCl solution. The
middle panel of the figure shows the normalised reflectivities on a logarithmic scale. The
minima of the reflectivity data show a slight shift to higher qz values with increasing
NaCl concentrations in the solution. The electron density profiles are shown in the right
panel of the figure. It can be seen that the monolayer thickness decreases. The pH-value
within the measurements remains in the range where the single deprotonated state of
DPPA is assumed, see also figure 6.1.

The change of the electron density profiles and also the shift of the minima to higher
wave vector transfers is systematically and was reproduced. The electron density profiles
consistently indicate a broadening of the headgroups of 2 Å, but also an increase of the
tilting of the tailgroups as their thickness reduces by 2.5 Å. Figure 6.3 shows the change
of the surface pressure (blue circles) and the total layer thickness (as black squares) of
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Figure 6.2: Measured Fresnel normalised reflectivities of DPPA Langmuir films with increasing
NaCl concentration on linear and semilogarithmic scale (left and middle). The semilogarithmic
presented XRR curves are shifted vertically for clarity. The solid black lines represent the
refinements to the data. The corresponding electron density profiles are shown in the right
panel.

the monolayer in dependence of the NaCl subphase concentration. The inset illustrates
the change of the maximal electron density as black triangles.

An accumulation of sodium cations at the DPPA-film cannot clearly be seen within
the XRR data. One possible explanation is the poor contrast as sodium cations (10 elec-
trons) replace water molecules (10 electrons). Indeed, sodium cations are smaller (van
der Waals radius 2.27 Å) than water molecules (2.82 Å [1185]) but as the hydration
state of the sodium cations (hydrated radius 3.58 Å) and the DPPA headgroups before
and after a possible adsorption process also contributes to the final electron density, it
cannot be excluded that an accumulation of sodium cations at DPPA monolayers is not
detectable with XRR.

In general, the sodium cations are attracted via electrostatic forces to the negatively
charged DPPA-film and via charge screening effects it is possible to shield the phosphate
charge and reduce the repulsion of the headgroups (loosening), which is then reflected
in slightly lower surface pressures especially at lower concentrations.

A sketch of the assumed structural changes from the obtained data is shown in the
bottom of figure 6.3. However, a deprotonation or binding and adsorption mechanism
or localisation cannot be derived directly from the data for sodium chloride. Addi-
tional experiments, especially to resolve the lateral structure are necessary to determine
the domain structure changes. Brewster angle microscopy and grazing-incidence x-ray
diffraction are suitable methods to study the film morphology and crystal structure.
Experiments at constant concentrations and different constant pH-values (pH 5, 7 and
10) are planned to test the effect of monovalent sodium and divalent calcium cations on
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Figure 6.3: Extracted total layer thicknesses of the DPPA-film and change of the surface
pressure upon increased NaCl concentration. The inset shows the maximum electron density of
the headgroup. The error bars are estimated by variation of the refinement parameters. The
bottom shows schematically the system and assumed changes of the lipid system.

the deprotonation state of DPPA.
The interaction of DPPA-films with calcium chloride on the contrary shows a com-

plete different effect. For the measurements anhydrous calcium chloride was used. The
concentration-dependent change of the subphase pH-value upon calcium chloride addi-
tion is shown in figure 6.1. It should be noticed that the pH-value can also vary due to
the deprotonation process of DPPA which is also pH-dependent and can be triggered
by calcium binding [973].

The left and middle panel of figure 6.4 show the linear and semilogarithmic scale
plots of the Fresnel normalised reflectivity curves of a DPPA monolayer on water and at
increasing CaCl2 concentration in the subphase at an initial surface pressure of 15 mN/m
at constant area. As can be seen in the left plot, the addition of CaCl2 increases the
reflectivity in a concentration-dependent manner indicating an accumulation of ions at
the interface. The first minimum that can be seen in the middle panel shifts slightly to
lower wave vector transfers indicating an increase of the total layer thickness. Further-
more, the minimum becomes sharper and deeper with increasing concentration. The
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Figure 6.4: Measured Fresnel normalised reflectivities of DPPA Langmuir films with increasing
CaCl2 concentration on linear and semilogarithmic scale (left and middle). The semilogarithmic
presented XRR curves are shifted vertically for clarity. The solid black lines represent the
refinements to the data. The corresponding electron density profiles are shown in the right
panel.

electron density profile in the right panel shows an increase of the electron density in
the area of the headgroups upon salt addition. Furthermore, an enlargement of the
headgroups can be observed. Both can be assigned to the binding of Ca2+ ions.

The concentration-dependent accumulation of Ca2+ ions at the DPPA-film is re-
ported in the literature [969, 1186–1188]. The increase of the electron density in the
headgroup region can be explained by the penetration and lateral intercalation of Ca2+

cations among the lipid headgroups. The increasing thickness of the headgroups also in-
dicates an adsorption slightly below the phosphate moiety, as can be seen in the electron
density profiles. The surface excess electrons can be calculated via the integration of the
volume fraction profiles calculated from the difference of the electron density profiles of
DPPA-films on calcium chloride solutions and the DPPA-film reference measurement
(ΔΓe). The calculation yields the additional electrons per area (Γe) which then can
be used to compute the number of Ca2+ ions per headgroup moiety. The area that is
occupied by one lipid molecule at a surface pressure of 15 mN/m is taken from the Π-A
isotherm (figure 5.1) and is about A = 40.7 Å2 for DPPA. The product of the surface
excess electron density and the molecular area of one DPPA molecule yields the surface
excess electrons per DPPA molecule. A Ca2+ ion can exist in its hydrated state in
aqueous solution in the form [Ca(H2O)x]2+ as complex with x = 4 or x = 6 coordinated
water molecules in the first hydration shell [1189–1191]. The calcium ion with a partial
dehydrated shell, a [Ca(H2O)4]2+ octahedron, can form a bridge between two charged
moieties [1192, 1193] and the fully hydrated calcium ion, a [Ca(H2O)6]2+ octahedron,
reaches the surface without loosing its hydration shell. Taking this and the replacement
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of subphase water into account, the assumption that the volume of each bound water
molecule is V ′H2O with mH2O = nion · x associated with a calcium cation that binds
to each DPPA moiety is made. Beside the volume constraints, the assumption that
co-ions (Cl– ) do not penetrate the headgroup region applies. The number of surface
excess electrons with respect to the reference and, thus, the number of bound ions per
molecule upon salt addition can then be calculated using [969, 970]

nion = ∆(A · Γe)
x(N e

H2O − ρsubV ′H2O) + (N e
ion − ρsubVion) . (6.4)

Here, x is the coordination number or the number of bound water molecules of the
hydration shell of the calcium ion. N e

H2O is the electron number of one water molecule
(10 electrons) and N e

ion is the number of electrons possessed by one calcium cation
(18 electrons). Vion is the volume of one single calcium cation without a hydration shell
(≈ 4 Å3). Three different cases were examined. First, Ca2+ ions bind to the headgroup
moiety as bare cations without a hydration shell, i.e. mH2O = 0. Second, a Ca2+ binds
to a phosphate moiety with a fully hydrated first shell consisting 6 water molecules,
i.e. mH2O = 6nion. Here, the calcium ion is in the middle of an octahedron and water
molecules are placed at the vertex. Finally, a Ca2+ ion binds to the headgroup where two
water molecules of [Ca(H2O)6]2+ are replaced by the binding to one phosphate moiety
with both sites, or complexing two phosphate molecules, i.e. mH2O = 4nion yielding
[Ca(H2O)4]2+. The radius of an octahedron or fully hydrated cation ([Ca(H2O)6]2+) is
about ∼ 3 Å with an estimated volume of 113 Å3. Therefore, V ′H2O leads to ≈ 19 Å3 [969].
The determination is thus based on the selected hydration state of the bound Ca2+ ions.
Figure 6.5 shows the calculated fractions of Ca2+ ions per DPPA lipid molecule for the
mentioned cases as a function of the CaCl2 concentration of the solution. Furthermore,
it shows the variation in surface pressure on the right with the total layer thickness
change of the film. The bare, dehydrated Ca2+ ion selection gives the upper limit of
the number of calcium ions per lipid molecule, while the fully hydrated [Ca(H2O)6]2+

complex gives the lower limit.
It is very improbable that a fully hydrated [Ca(H2O)6]2+ binds to a DPPA moiety

without partially loosing water molecules of the hydration shell [1178]. Calcium ions
have a high binding affinity to the phosphate group (in comparison for example to Mg2+

[1046]) and forms inner-sphere complexes with a partial loosing of the hydration shell.
It is strongly suggested that solvated ions shed their hydrate shell partly upon binding
inducing also a dehydration of the headgroup. In the present case it can be assumed
that partially solvated calcium ions in the form [Ca(H2O)4]2+ bind to the headgroups.

As can be seen in figure 6.5 on the left side, by increasing the CaCl2 concentration
complexes of [Ca(H2O)4]2+/DPPA are first 1:2, indicating one calcium cation bridges
two DPPA lipid head moieties. With increased amount of salt, the partial hydrated
Ca2+ ions bind to single DPPA headgroups due to a deprotonation and complexes
of 1:1 are formed. The stoichiometric ratio changes from 1:2 [Ca(H2O)4]2+ ion per
DPPA molecule to 1:1 [Ca(H2O)4]2+ ion per DPPA. This occurs above 0.5 M. It seems
that it is energetically favourable to complex two DPPA molecules and by increased
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Figure 6.5: The left plot presents the numbers or the stoichiometric ratio of surface bound
Ca2+ ion per lipid moiety at different concentrations calculated from the best fit of the reflec-
tivity data. Black squares present the bare and dehydrated Ca2+ ion, red triangles the partial
dehydrated [Ca(H2O)4]2+ bridging of two charges at the surface and blue circles the fully hy-
drated [Ca(H2O)6]2+ octahedron. The right side shows the change of the total layer thickness
as black stars and the surface pressure change as blue diamonds. The error bars are estimated
by variation of the refinement parameters. The higher values at 1 M correspond to the mea-
surements after 3 hours. The error of the electron density can be estimated as ± 0.01 e−/Å3 by
variation of refinement parameters.

concentrations to bind one single DPPA molecule. The sketch illustrated at the bottom
of the figure shows the binding process. A further intercalating to the headgroups does
not appear after 3 hours at higher (> 0.5 M) concentrations, because the increase of the
electron density of the headgroup at the phosphate moiety does not develop further.
Whether the carbonyl or diester groups of the DPPA molecules are involved in calcium
binding cannot be assessed.

In general, the calcium cations screen the DPPA charge and lead to lower repulsion
between the headgroups due to a bridgening and shielding of the DPPA charge and,
thus, yield a more tightly packed layer. This condensation effect due to complexation of
the headgroups is well-known and is usually accompanied by a reduction of the surface
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pressure at constant pH-values [109, 113, 625, 973, 1178, 1194, 1195]. Nevertheless,
here, the surface pressure increases and contraindicates a condensation effect. The
dominating effect seems to be enhanced repulsion forces between the headgroups, which
is reflected in the increase of the surface pressure.

Above a pH-value of around 9, the DPPA monolayer exhibits elevated surface pres-
sures due to decreased hydrogen bonds between the phosphate groups and higher elec-
trostatic repulsion to around 27 mN/m [1194]. In the present experiment, the pH-value
is alkaline due to the addition of calcium chloride solution even at the lowest concentra-
tion (see figure 6.1). This surface pressure value is only reached at the highest calcium
concentration, therefore, it can be assumed that at low calcium chloride concentrations
a sufficient complexation of the headgroups appears, which countered the repulsion of
the phosphate charges. For example, Laroche et al. reports a 1:2 complex at low con-
centrations using 2H-NMR, Raman and infrared spectroscopy techniques to investigate
the complex building and the interaction of calcium ions with DMPA [1192]. With el-
evated calcium concentration the surface pressure increases indicating an intercalation
and expanding effect of calcium cations. The surface area change is attributed to the
area of one calcium ion (∼ 4 Å2) [1196]. To verify this for the present measurements,
surface pressure isotherms at basic pH-values are necessary.

Furthermore, it is reported that the stoichiometric ratio of calcium cations that
bind to lipid headgroups (1:2 to 1:1) depends on the calcium concentration [644, 674].
This can be concluded here as well since the pH-value of the subphase at the lowest
concentration was already above the second dissociation constant of DPPA, and would
have allowed a 1:1 complex. To elucidate the exact concentration where the switch of the
stoichiometric ratio (or binding mode) takes place, more closely meshed concentration-
dependent measurements are required, particularly between 0.5 M and 1 M.

Wang et al. investigated DMPA monolayers with increasing pH-values at constant
calcium chloride concentrations [969]. They observed an enhanced calcium accumulation
and building of 1:1 Ca2+-DPPA complexes with increasing pH-values from 3.4 to 7.8.
They also stated that free Ca2+ ions and partial dehydrated calcium [Ca(H2O)4]2+

clusters can bind to the DMPA headgroup. The binding nearby the headgroups were
also reported in Bu et al. with DMPA by XRR measurements [971]. Reports with other
measurement techniques for the complex building and bound fractions can be found in
[635, 969, 973, 1178, 1197–1199].

Calcium ions are bound very strongly to the interface and desorption events are rare
[620]. The results might have implications for phosphoinositides, as these molecules
also bear phosphomonoester groups and are highly negatively charged. They are also
important for intracellular signalling [1200, 1201]. In-vivo studies have shown, that
DPPA or PAs act as pH-biosensors [94, 95].

6.1.3 Mono- and divalent cation interactions with DPPC monolayers

In contrast to the DPPA-films on water at a surface pressure of 15 mN/m, the DPPC-
films are not in the vicinity to a phase transition and in a liquid-condensed phase. In
addition, the DPPC tailgroups are more tilted and therefore exhibit a reduced length.
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Figure 6.6: Measured Fresnel normalised reflectivities of DPPC Langmuir films with increasing
NaCl concentration on linear and semilogarithmic scale (left and middle). The semilogarithmic
presented XRR curves are shifted vertically for clarity. The solid black lines represent the
refinements to the data. The corresponding electron density profiles are shown in the right
panel.

A difference of the total layer thickness of around 5 Å could be determined compared
to DPPA-films at the same surface pressure. Since the DPPA lipid headgroups can be
packed more densely due to their small size, the electron density at the DPPA head-
and tailgroups is slightly higher. Moreover, DPPC is not affected by the pH-value.

Figure 6.6 illustrates the XRR results of DPPC-films in the presence of NaCl. The
left panel shows the linear scale presentation of the Fresnel normalised data and the
middle plot presents the semilogarithmic scale with vertically shifted curves. The elec-
tron density profiles obtained from the refinement of the XRR curves are presented
in the right panel. As can be seen, the electron density profiles indicate no difference
and the XRR curves are very similar. An ion accumulation cannot be observed. The
DPPC-film is stable over the whole time at all NaCl concentration. The thickness of
the layer, which is about 23.5± 0.5 Å, and the surface pressure, that ranges between 15
and 15.5 mN/m during the measurements, does not changed significantly. Sodium ions
show no effect on DPPC-films. This is in accordance with previously reported studies
[156, 626, 628, 649].

Figure 6.7 depicts the Fresnel normalised XRR curves and the corresponding electron
density profiles of a DPPC-film with increasing CaCl2 concentration in the subphase.
The linear and semilogarithmic scaled reflectivities show a slight shift to lower qz at the
highest CaCl2 concentration indicating a thickening and probably an accumulation of
ions.

It is well-known that divalent cations interact strongly with negatively charged lipids,
but interact only weak with zwitterionic lipids [649, 1202]. As figure 6.7 shows, the
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Figure 6.7: Measured Fresnel normalised reflectivities of DPPC Langmuir films with increasing
CaCl2 concentration on linear and semilogarithmic scale (left and middle). The semilogarithmic
presented XRR curves are shifted vertically for clarity. The solid black lines represent the
refinements to the data. The corresponding electron density profiles are shown in the right
panel.

DPPC-film is not significantly altered.
It was reported that the lipid phase is important for the binding of calcium ions [256,

661, 1196, 1203, 1204]. The formation of 2:1 complexes is observed at surface pressures
above 16 mN/m [661, 1196, 1204]. It is assumed that the ion binding enhances the
lipid/lipid-interaction that yields in a compression of the monolayer. However, the
measured data do not show this effect, which may also be due to the resolution limit
of the laboratory diffractometer. Indeed, an influence of Ca2+ on zwitterionic DMPC
bilayer could be reported within this work and the results can be found in section 6.2.
The surface pressure of the DPPC Langmuir film decreases to values of 12 mN/m at
the highest CaCl2 concentration. This might be an indication for the complexation of
headgroups and resulting decreased repulsion forces (condensation effect).

To study the effect of cations on zwitterionic and negatively charged lipids, it is
necessary to apply complementary techniques. Therefore, in addition to XRR mea-
surements, other methods that resolve the lateral structure are useful to obtain a com-
prehensive overview of the molecular processes. Furthermore, the consideration of the
surface pressure and pH-value is important to validate and separate the observed effects.

6.1.4 Influence of the microenvironment on the adsorption of serum
albumins at DPPA monolayers

In this subsection, the objective is to investigate and gain more information on the inter-
action between (bovine and human) serum albumin (BSA, HSA) and the pH-sensitive
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DPPA Langmuir films. Moreover, magnesium chloride, a BSA ligand, was added to
examine the ligand-dependent adsorption behaviour. BSA has the feature to bind re-
versibly negatively charged substances and fatty acids [1205]. DPPA is in the examined
pH-range mostly negatively charged. A publication from Liu et al. (2020) reports that
magnesium ions enhance the stability of the secondary structure of BSA monomers and
inhibit the aggregation into large structures [1031]. In consideration of the ubiquity of
serum proteins and magnesium ions, the study is justified. Furthermore, the pH-switch
triggered interactions and induced structural changes are important in biology [1206–
1212].

The properties of BSA in different microenvironments are not entirely understood.
BSA is an aggregation-prone protein that shows a tendency for the assembly in large
macromolecular (oligomeric structure and cross-β-sheet) structures [1213–1215]. It is
known that the presence of membranes can enhance aggregation. Metal ions and their ef-
fect on the aggregation of peptides and proteins have been investigated and it was found
that they can act as aggregation promoter or inhibitor [1213, 1216–1220]. Metal ions
are associated with protein aggregation processes in various neurodegenerative patholo-
gies and BSA is homologeous to the human variant and can serve as model protein for
aggregation and amyloidogenic pathways. The fact that over-all α-helical proteins such
as BSA and HSA can form β-rich amyloid-like structures has aroused great interest in
recent years [840, 1215, 1221–1223]. The oligomeric variants are proposed to be the
toxic species that can lead to permeabilisation of cell membranes. The measurements
were conducted between the pH-values 3 and 9, including the well-recognised reversible
pH-dependent conformational changes of BSA, see also subsection 2.4.3. The adsorp-
tion behaviour was compared with HSA at the pH-values 3 and 9. The influence of the
solvent on the protein can induce solvent-dependent and -adapted structural responses
on the aggregation mechanism. In detail, the significance of electrostatic interactions
in the development of amyloid fibrils [1224–1226] and the importance of the total net
charge of the protein for the tendency to form fibrils was emphasised [1225–1227].

The isoelectric point (IEP) of BSA is between 4.5 and 5.0 [1169] (and 4.7 - 4.8 [821]).
Seven pH-values were chosen to test the positive (at pH-values 3 and 4) and negative (at
pH-values 6, 7, 8 and 9) net charge as well as the neutral one (at pH-value 5). Table 6.1
summarises some effective and net charges of BSA in solutions with different pH-values.

Moreover, it has been reported that the hydrophobicity of BSA depends on the mi-
croenvironment. Since proteins such as BSA display pH-dependent surface hydropho-
bicity, different studies were carried out to characterise these property. Alizadeh et
al. reported that BSA is lesser hydrophobic in acidic pH conditions (pH-value 3 - 4)
in comparison to neutral (≈ 7) or basic environments (≈ 9) [1228] and measurements
with DMPA at different pH-values verified and confirmed these findings [889, 1229].
However, by consideration of the different isoforms present at various pH-values, the
F-isoform in the low acidic pH-region has an extended conformation and exposes the
most hydrophobic residues to the solution [1230–1232]. Hence, the protein surface hy-
drophobicity becomes less with increasing pH-value of the subphase [1232, 1233], this
is the opposite effect to that described above. The pH-value can therefore generate
different structural changes when BSA is incorporated into a bi- or monolayer. Changes
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Table 6.1: Effective charge, net charge and theoretically calculated net charge accounting for
over-all charges of BSA [1234–1236].

pH-value effective charge net charge calculated charge

2.4 +21.1± 1.2 +65 ∼+100
4.6-5.1 0 0 0

6 -3.18 - -10
6.8 -8.4± 0.3 -11 -13
10.5 -17.2± 0.6 -39 -80

in the used concentrations and different conditions, such as ionic strength can indeed
lead to different results.

The IEP is within the N→F transition and the charge of the protein changes from
-16 at a pH-value of 7.4 to +100 at a pH-value of 3.5 [885, 886]. At the IEP, the
protein solubility is greatly reduced, since charged residues increase the dissolution of
proteins in solution [885, 1232]. The subphase pH-value is a key variable, since it affects
the adsorption behaviour through changing the acting (electrostatic) forces and could
influence the structure of the adsorbed pattern due to the reversible conformational
transitions.

In the following, the XRR curves and electron density profiles of the pH-dependent
adsorption behaviour of BSA at DPPA-films will be presented in ascending pH-values of
the subphase. A two-layer model similar to those in the previously discussed subsection
6.1.2 was used to model the reference DPPA-films. A three-layer model was used to
describe the resulting data after BSA or HSA adsorption at pH 3. The obtained reflec-
tivity data is shown together with the corresponding electron density profiles in figure
6.8. In a), the BSA adsorption with addition of salt into the subphase, in b) the BSA
adsorption in already magnesium chloride containing buffer and in c) of the figure the
HSA adsorption at DPPA-films with subsequent application of salt is shown. Several
reflectivities were recorded consecutively to investigate time effects of the adsorption
and the resulting structures.

At a pH-value of 3, BSA and HSA are in the F-isoform and highly positively charged
with dimensions of 140 x 40 x 35 Å3. The proteins are attracted via electrostatic forces to
the DPPA-film. The surface is probably very slightly negatively charged, since the pH-
value is in the region of the first dissociation constant of the phosphomonoester moiety.
Otherwise, non-electrostatic forces such as hydrophobic interactions can play a major
role, since the surface pressure increased by Δ13 mN/m to approximately 38 mN/m.
This occurs with both preparation methods, when salt is added or when the buffer
was previously prepared with magnesium chloride. The changes of the surface pressure
upon BSA or HSA and magnesium chloride addition at the different pH-values of the
subphase are presented in figure 6.12.

183



Chapter 6. Ion adsorption at model membranes

Figure 6.8: XRR data of BSA adsorption a) in buffer with further salt addition and b) in salt
containing buffer. c) HSA under a DPPA-film at a pH-value of 3 with further salt addition. Left:
Fresnel normalised XRR data and refinement curves. The crosses correspond to the reference
measurements, stars to the measurements with BSA and diamonds to the addition of magnesium
chloride. The refinements are shown as black solid lines. Right: Electron density profiles
obtained by the refinement to the data. The colour code of the XRR data applies. Dashed lines
correspond to the protein containing system, dotted lines to the magnesium chloride addition
into the subphase. [cprotein] = 7.52 μM and [cMgCl2 ] = 20 mM.
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In figure 6.8 the first protein containing measurements performed directly after
preparation are designated as “+ BSA” or “+ HSA”. The designation ti indicates repeat
measurements to analyse time effects. The scans were conducted in immediate succes-
sion. A measurement takes about 30 minutes, including calibration about 40 minutes.
The XRR curves change with addition of the protein and a short oscillation occurs that
is superimposed with the wide oscillations of DPPA. In the electron density profiles in
a), the formation of a BSA adsorbate film underneath the DPPA-film can be observed
in the first measurement conducted directly after preparation. It can be determined
that the density and thickness of the protein film increases over time (compare “+BSA”
and t1) but reaches equilibrium after the first scan as the structure is the same at t1
and t2. Moreover, the resulting structure is not affected by the addition of magnesium
chloride salt. In the study of HSA shown in c) a slow formation of a protein layer can
be observed and the addition of magnesium chloride appears to result in the formation
of a denser film. However, it should be noted that only two consecutive measurements
were recorded using HSA and it is likely that the growth of the protein layer after the
addition of magnesium chloride is only a time effect, especially as the final structure is
similar to BSA at a DPPA-film in absence of magnesium chloride. Compared to BSA
in a), the adsorption of HSA seems to be slower, since at t1 the BSA layer is already
at its full extent. In both cases, intermediate steps can be observed. When using a
buffer solution containing magnesium chloride, the BSA adsorption results directly in
an increased adsorbed amount of protein, (see part b)) no intermediate step is observed
in comparison to a) and, therefore, takes place more quickly. The presence of salt seems
to have a significant influence on the adsorption kinetics and accelerates the binding.
However, the temporal resolution of this study is of course not sufficient to examine
dynamics in detail.

Due to the hydrophobicity of BSA in the F-form and the observed increase in surface
pressure, it is very likely that there will be also an approach to the water/air-interface
in less condensed areas of the film. But also an attachment to the headgroups which
affects their packing density can generate higher surface pressures. GIXD data indicate
a complex influence of HSA on DPPA-films at pH 3.8 with reduction of the headgroup
repulsion, as observed here in the surface pressures measurements, and changing of
the lipid arrangement [1118]. However, a direct insertion and penetration into the
headgroups cannot be observed in the electron density profiles.

The DPPA Langmuir film without the repulsion of the headgroups generated by
the deprotonation (above pKa,1) is very dense and tightly packed, because the distance
is limited only by the repulsion of the tailgroups and sterical hindrance. However,
such a film has a certain degree of instability. The effective thickness (σsubphase +
dprotein + 1

2 σprotein) of the adsorbed layer is 25.1 - 27.7 Å for the less dense protein layer
(intermediate step), and 32.9 - 35.7 Å in the case of the dense protein packing. This is
in accordance with the assumption of an adsorption with the long axis of the F-form
and hence orientation parallel to the surface. The lower thickness could arise due to the
interaction with the film and alterations of the protein structure. The minimum layer
thickness that BSA or HSA can adopt under the given non-reducing conditions is 21 Å,
this is the thickness allowed by the (17) disulfid bonds.
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Figure 6.9: XRR data of BSA adsorption at a DPPA-film at a pH-value of a) 4 and b) 5 with
subsequent addition of magnesium chloride. Left: Fresnel normalised XRR data and refinement
curves. The crosses correspond to the reference measurements, stars to the measurements with
BSA and diamonds to the addition of magnesium chloride. The refinements are shown as black
solid lines. Right: Electron density profiles obtained by the refinement to the data. The colour
code of the XRR data applies. Dashed lines correspond to the protein containing system,
dotted lines to the magnesium chloride addition into the subphase. [cprotein] = 7.52 μM and
[cMgCl2 ] = 20 mM.

Figure 6.9 illustrates the XRR data of the adsorption of BSA at a DPPA-film with
a subphase pH-value of a) 4 and b) 5. The pH-value of 4 is still under the isoelectric
point of BSA and, hence, the protein is positively charged and still in the F-isoform. In
this pH-region, the pKa,1 value of the DPPA molecules is exceeded and therefore DPPA
is present in the singly negatively charged state and is able to form hydrogen bonds or
phosphate-phosphate bridges which stabilise the film. This also leads to a decreased
electron density due to the increased electrostatic repulsion between the headgroups.
As can be seen in the electron density profiles, BSA does not immediately adsorb at
a pH-value of 4. The adsorption underneath the film and also penetration between
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the headgroups can be observed at t1 for the first time. The tailgroups of the film
are not affected by the insertion. BSA is attracted through electrostatic forces to the
surface. In contrast to pH 3, only a small influence on the surface pressure can be
detected here. Possibly this results from the predominant electrostatic forces exceeding
the hydrophobic interactions. The thickness of the BSA layer changes from 26.9 Å at t1
to 31.5 Å at t2 and increases with magnesium chloride to about 35.6 Å. The error of the
thicknesses is between 0.5 Å and 1 Å. Surprisingly, at t6, the last measurement with salt,
the density of the protein film is significantly reduced, while the thickness of the protein
film is maintained. The variation of the thickness can be attributed to conformational
changes of the flexible protein upon initial adsorption at a surface, several molecular
reorganisation processes can follow [887, 1237]. An intact tertiary structure can be
assumed for the pH-region of 3 and 4.

It seems that magnesium chloride on the one hand improves the adsorption and on
the other hand leads to a desorption of protein. One explanation could be that binding
sites on the DPPA-film are occupied by magnesium chloride and it is subsequently not
possible that BSA is adsorbed due to the increased repulsion. Divalent cations have
a high affinity to anionic lipid headgroups, as already shown. To test this behaviour
in detail, replacement experiments with different divalent cations and predominantly
magnesium chloride at DPPA-films with subsequent BSA addition might be useful.

At a pH-value of 5 the IEP of BSA and, thus, the transition point into the N-isoform
is reached and, therefore, the solubility is greatly reduced [885]. At the isoelectric point
the protein molecules do not have repulsion among each other and can pack closely
together at an interface. However, a BSA assembly can also take place in the subphase.
The electron density profiles show that the zero-net charged proteins exhibit no affinity
to the negatively charged DPPA layer. No protein layer or change of the lipid film could
be detected. The measurements at pH 5 are exemplary for the pH-values 6 and 7. No
protein film formation or adsorption was observed here either. Above a pH-value of 5,
BSA is negatively charged and electrostatic repulsion hinders the protein to adsorb at
the DPPA-film. At a pH-value of 6 no significant change of the surface pressure can be
detected, but at a pH-value of 7 the surface pressure decreased clearly. BSA is slightly
negative at a pH-value of 6, but the binding of magnesium chloride is not sufficient
to allow a charge inversion and adsorption at the DPPA-film. At pH 7 this can be
different. The protein does not adsorb directly to the surface, but rather binds lipids
and BSA-lipid complexes that are formed and submerged in the subphase. The carriage
of lipids into the subphase was reported in the literature and is discussed further below.
At the physiological pH-value, condensation of the DPPA-film can be assumed when
magnesium chloride is added, as the surface pressure decreases further (see figure 6.12).

Above the isoelectric point the protein and the DPPA Langmuir film are both neg-
atively charged and hence other interaction forces such as hydrophobic interactions are
necessary to overcome the repulsive electrostatic barrier. Between pH 4.3 and 7 BSA is
in the most stable form which is the triangluar or heart-like shaped N-conformer [820,
876].

At alkaline conditions (pH-values above 7) BSA undergoes gradual molecular con-
formational transitions into the B-form (N→B transition). This conformational change
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particularly involves the N-terminal region and consequently influences the ligand bind-
ing capacity [1238, 1239]. The B-form is characterised by a loss of rigidity and loosening
of the structure [885]. Similar to the acid-induced transformations, the more gradual
N→B transition has been proposed to have physiological importance [876, 885]. The B-
and A-form are structurally not sufficiently described [1232, 1240]. The only available
structural information is that the α-helical content is reduced and that the volume in-
crease during the N→B transition is generally not as significant as during the transition
from N- to F-isoform.

In figure 6.10, the XRR results of the adsorption of BSA at a pH-value of a) 8, b) 9
and c) the HSA adsorption at pH 9 at a DPPA-film are shown. The DPPA-film is pre-
sumably partly in a doubly deprotonated state and generates a non-zero zeta-potential
surface which is strongly negatively charged. At these pH-values the surface pressure de-
creases rapidly upon addition of the serum albumins. The hydrophobic interactions can
overcome the electrostatic repulsion and an uptake of lipid material at less crystalline
regions of the film is possible. However, a directly observed alteration of the film in the
XRR curves with the proteins is not observed at all pH-values. After adding magnesium
chloride to the subphase, the DPPA-film is penetrated by the proteins. The electron
density and thickness of both, the head- and tailgroup region, increase indicating an
insertion and penetration of BSA and HSA into the lipid film. It seems that the Mg2+

ions bridge the equal charged protein and DPPA Langmuir film surface by a counterion
or charge inversion effect. It cannot be distinguished, where the Mg2+ cations bind
first, as BSA and the DPPA-film attract the cations via electrostatic forces. At pH 8
in the last measurement at t6 the electron density profile indicates a disruption of the
DPPA-film. Another remarkable effect is observed for the adsorption of BSA or HSA
on DPPA-films with a subphase pH of 9 and incubation with magnesium chloride. As
can be seen, at t5 for BSA and t4 for HSA a very dense and thick layer with a thick-
ness of about 100 - 110 Å is formed. The N-conformer (triangular shape) of BSA has
dimensions of 80 Å x 80 Å x 80 Å x 30 Å which are being loosened during the transition to
the B-form. An embedding with the long axis perpendicular to the surface, as well as
cross-linking between the BSA molecules via magnesium cations is possible. However,
several layers of BSA are present at the interface. For HSA, the measurement at t3
indicates a partial penetration of the protein and might be an intermediate step to the
oligomeric structures.

The self-assembly and formation of irreversible hydrophobic coagulates and aggrega-
tion of BSA is normally observed in the low acidic pH-region (pH 3 - 3.7) with different
additives and upon heating [886, 1215, 1241–1243]. Therefore, this observation of a
Bragg-like structure peak in the low part of the wave vector transfer at alkaline condi-
tions is noteworthy. It seems, that BSA and HSA undergo a complex process of protein
aggregation. This includes different and simultaneous steps, such as a partial unfolding
and formation of molten globules or intermediate states and the further formation of
pre-aggregates which expose hydrophobic patches as templates for continuing aggrega-
tion and self-assembly.
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Figure 6.10: XRR data of BSA adsorption at a pH-value of a) 8 and b) 9 and c) HSA adsorption
at a pH-value of 9 to a DPPA-film with subsequently addition of salt. Left: Fresnel normalised
XRR data and refinement curves. The crosses correspond to the reference measurements, stars
to the measurements with protein and diamonds to the addition of magnesium chloride. The
refinements are shown as black solid lines. Right: Electron density profiles obtained by the
refinement to the data. The colour code of the XRR data applies. Dashed lines correspond
to the serum albumin containing system, dotted lines to the subsequent magnesium chloride
addition into the subphase. [cprotein] = 7.52 μM and [cMgCl2 ] = 20 mM.
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The conformational solubility is B>N>F [1232] and the B-conformer in general
exposes fewer hydrophobic residues to the solvent [1244]. However, here it seems that
the B-conformer acts more hydrophobic since it penetrates deeply into the monolayer
and interacts also with the tailgroups.

The observed decrease of the surface pressure, above pH 7 in the presence of the
serum albumin, but without addition of the salt, can be attributed to the electrostatic
repulsion and thus hindrance of protein adsorption, but change of orientation of the
DPPA molecules at the interface, which leads to condensation [1244]. A lipid uptake
and solubilisation into the subphase is also likely.

Xu et al. observed a decrease in the collapse pressure of anionic DPPG monolayers
in Π-A isotherms in the presence of BSA and Π-t measurements also revealed a decrease
in surface pressure as well. This was attributed to the carriage of negatively charged
DPPG molecules into the subphase during BSA desorption [1244]. BSA displays a
strong binding ability to DPPG molecules, the same could apply for DPPA. At anionic
arachidic acid and cationic pH-independent DOTAP Langmuir films similar trends of
the surface pressure change and uptake of lipids by BSA were detected [1232, 1233]. De
Souza et al. [1245] investigated DMPA-films in contact with BSA at a pH near the IEP
(5.7), no uptake or significant loss of lipid matter was found, similar to the results here
at pH 5 and 6. The uptake process would have to take place very quickly, as there is
no accumulation of protein or significant modification in the XRR curves and density
profiles with time. The XRR data for all pH-values above (excluding) pH 6 only show
a small shift of the minimum in the direction of high wave vector transfers, which can
be explained by a reduction of the lipid film thickness and possibly an increase of the
tilt angle. Probably only small amounts of lipids are removed from the interface, as the
electron densities remain almost constant. However, even small changes in the surface
coverage can cause large differences in surface pressure.

A distinction between the protein and lipid layer is possible at pH 3 and 4. With the
consideration of equation (4.5) and equation (4.6) it is possible to obtain the adsorbed
amount Γ of protein at the surface as shown in figure 6.11 (left). The integration was
only performed in the region below z = 0 and the protein layer was merely considered.
For the calculation of the volume fraction profiles the tailgroups were precisely aligned
to each other in one measurement set. The electron density of BSA in the N-form
was used (0.4228 e−/Å3). The diagram shows that the adsorbed mass of BSA and
HSA (in buffer without salt) increases over time. The surface excess is not affected by
the addition of magnesium chloride. The amount of adsorbed BSA in the system with
magnesium chloride already shows higher values at the first measurement. Furthermore,
the desorption process at pH 4 can be seen.

It is not possible to differentiate between the protein and the DPPA-film at the
alkaline pH-values, since the serum albumin is located within the layer. The additional
electrons per area were calculated from the electron density profiles, see figure 6.11
(right). For this purpose, the headgroups were shifted and aligned to overlap each
other. As the figure clearly displays, the number of electrons per area increases with
the addition and incubation of magnesium chloride in the system. The variation of the
surface pressure for each pH-value and after addition of serum albumin or magnesium
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Figure 6.11: Left: Magnesium chloride and time-dependent adsorbed mass calculated from
the XRR data of BSA and HSA at a DPPA-film for the pH-values 3 and 4. The error can be
estimated with the calculation of the difference of the obtained amount by using the best fit and
the calculated amount via variation of the parameter set. It is between 0.08 and 0.12 mg/m2.
Right: Calculated additional electrons per area. The dotted lines are guides to the eye.

Figure 6.12: Surface pressure (Π)
variation of DPPA Langmuir films at
different subphase pH-values and ad-
dition of serum albumin and MgCl2.
The measurement “pH 3 buffer” cor-
responds to the salt containing buffer
measurement in figure 6.8 b). In the
previously shown XRR data the first
and directly after injection of the pro-
tein performed measurements are des-
ignated as “+ BSA” or “+ HSA”. The
data points in this figure are shown in
the chronological order.

chloride is depicted in figure 6.12. A trend can be derived. Below the IEP of BSA
and the first dissociation constant of DPPA, the surface pressure increases strongly.
Within the IEP of BSA and above the first dissociation constant of DPPA this effect
becomes less and above the dissociation constant of DPPA the surface pressure decreases
drastically.

The most important results obtained in the study of the pH-dependent adsorption
behaviour of BSA, which undergoes pH-dependent structural changes, is sketched in
figure 6.13.

The XRR analysis shows that it is possible to trigger the adsorption at high alkaline
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pH-values by recharging the protein or the surface or by bridging by a divalent cation
which enables pronounced hydrophobic interactions. In the low acidic pH-region it is
possible to influence the initial adsorption of the serum albumins. Moreover, mainly
hydrophobic forces could be involved in the adsorption process at pH 3, whereas at pH
4 electrostatic attraction become more important. The results show that the microenvi-
ronment, namely ionic strength and pH-value, plays an important role in the adsorption
behaviour of globular soft proteins.
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Figure 6.13: Schematic illustration of the assumed adsorption processes of BSA to the DPPA-
film at different pH-values derived from XRR measurements. In the acidic pH-region, shown in
a), the F-form of BSA adsorbs with the long axis parallel to the surface (35 Å). The measurements
conducted directly after the injection of BSA indicate structural molecular reorganisations since
the obtained thicknesses are smaller. This can be caused by the initial interaction with the
lipid layer. In the pH-regime near the IEP, visualised in b), BSA has the lowest solubility and
tends to self-assembly in the subphase due to minimised repulsion forces between the protein
molecules. In the neutral and alkaline pH-regions, BSA presumably binds and solubilises lipid
matter and a carriage into the buffer phase occurs. This leads to the formation of BSA-DPPA
lipid complexes. This process is not shown and is indicated by surface pressure measurements.
Moreover, BSA has an intrinsic binding affinity for negatively charged substances. An alteration
in the absence of magnesium chloride cannot be observed. In presence of the salt at pH 9 and
after incubation, very dense and thick layers at the interface can be observed, for both HSA and
BSA, illustrated in part c). This indicates a formation of oligomeric structures by self-assembly
within and underneath the DPPA-film. The interaction between equally charged protein surface
and DPPA-film can be established by charge screening effects and bridging via the divalent
Mg2+ cations. A charge inversion caused by cation binding of BSA is possible, since the protein
displays a high affinity and possesses binding sites for metal cations. First, the protein molecules
penetrate completely into the DPPA-film (marked by a star (*)), presumably embedded with
the short axis parallel to the surface (> 30 Å). The dense protein layers are then archived either
via self-assembly to the long axis i) or by rotation and lateral assembly ii). Presumably the
protein is altered by the interaction with the lipid layer and at the water surface in such a way
that hydrophobic patches are released and an attachment via hydrophobic interactions with
further BSA proteins is possible.
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6.2 Ions at solid-supported membranes

A biological membrane is surrounded by an aqueous environment that contains different
mono- and divalent ions, such as Na+, Ca2+, Mg2+ or Li+. These biological interfaces
are susceptible to perturbations by ions that typically bind to membranes via inter-
actions with the polar headgroups. The physical origin of and the diverse structural
changes induced by specific ion effects on lipid bilayers are not well understood. Despite
the vast amount of experimental and theoretical studies on the interaction of cations
with zwitterionic phospholipid bilayers, the role of the interaction and the quantitative
affinity as well as the binding locations are mostly uncharted and highly controversial.

This subsection focuses on the results of the experiments on the interaction of high
Z-cations and cations of the Hofmeister series with solid-supported DMPC bilayers
in the Lα phase. The aim of the study was to contribute to the elucidation of the
structural changes induced by ion-specific interactions with membranes. By using solid-
supported bilayers, a realistic biological bilayer system can be imitated more accurately
than with Langmuir films [199]. The results concerning NaCl and CaCl2 were obtained
in cooperation with Dr. Simo Huotari from the University of Helsinki. In the framework
of this cooperation the experimental received data and results will be compared with
state-of-the-art all-atom molecular dynamic simulations in the future [669, 1246].

6.2.1 Experimental details

The experiments were conducted at the beamline BL9 of the synchrotron radiation
facility DELTA (Dortmund, Germany) using an incident photon energy of 27 keV. The
measurements were performed at low and high salt concentrations, ranging from 0 M to
1 M. The high salt concentrations were used to isolate the van der Waals interactions.
Any possible electrostatic interactions are screened.

For all samples, free-salt reference scans were recorded to determine the structure
of the substrate-bound DMPC bilayer system and as a quality check. The resulting
parameters of the substrate (silicon/silicon dioxide) were used for the fit of the additional
salt measurements. In order to minimise the x-ray radiation damage, the sample was
shifted laterally. The radiation damage and the stability in water was checked before
(see figure 6.15). Each measurement at a defined salt concentration was performed twice
to monitor time effects. The measurements with NaCl and CaCl2 were reproduced three
and four times, respectively.

The structure of the solid-supported DMPC bilayers are not affected by pH-value
changes. The experiments were conducted without a buffering solution to prevent cross
interactions with molecules of the buffer solution. Further, a phosphate buffer, which
generally is the most suitable system, can precipitate in presence of calcium cations.

The spin-coating technique has been utilised as a fast and simple preparation method
to generate highly ordered and defect-free bilayers. The exact implementation is given
in section 4.4. To remove any traces of remaining solvent, the lipid coated wafers were
treated in a vacuum desiccator for around two hours prior to the measurements. The
hydrophilicity of the Piranha etch treated wafers were characterised by contact angle
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measurements which reveal angles less than 10◦. The coated wafers were fixed in the
inner sample holder and transferred into the sample cell, which was filled afterwards
with degassed ultra-pure water. The salt concentration was successively increased by
adding previously calculated quantities from the salt stock solution. The salt solutions
were also prepared with degassed ultra-pure water. The measurements were conducted
at a temperature of 309.15 K after a waiting time of 30 minutes to allow the sample to
reach the temperature in the fully hydrated state. The chosen temperature was above
the main phase transition temperature of the lyotropic bulk system of DMPC (T > Tm,
Tm = 23 - 24 ◦C) [81, 84, 282, 1247–1249]. The ripple phase (P

β
′) of a solid-supported

single bilayer system is suppressed by the substrate via minimisation of the undulation
forces of the bilayer (lateral stress, sterical hindrance) [81, 83, 279, 1250, 1251].

For the silicon dioxide film typical values of 10 - 15 Å thickness, a roughness of about
1.5 - 3 Å and an electron density of around 95 - 97 % of the electron density of the bulk
silicon were used. The interfacial roughness between the silicon and the silicon dioxide
was kept constant within one data set, values between 1 Å and 1.5 Å were used. In order
to investigate to what extent the corresponding cations of different (earth) alkali metal
chloride salts influence a DMPC bilayer, two studies are presented in this section. First,
in subsection 6.2.3 the influence of monovalent cations, namely Na+, Cs+ and Li+, is
discussed. Then, the results of the interaction of divalent cations, Ca2+ and Mg2+, with
solid-supported DMPC bilayers are shown in the subsection 6.2.4.

As described in the previous section, the effect of the Cl– co-ions can be neglected.
With XRR it is possible to investigate the interaction process and structural change
during adsorption and binding.

6.2.2 Characterisation of solid-supported bilayers

To characterise and test the reproducibility of the solid-supported DMPC bilayers on
silicon/silicon dioxide wafers, XRR measurements using the laboratory diffractometer
D8 at air were conducted. The XRR data collected from the as-prepared samples at
room temperature and ambient relative humidity in air are depicted in figure 6.14 on
the left, the corresponding electron density profiles are shown on the right.

The reflectivity curves were background corrected and show well-pronounced Kiessig
oscillations in the Fresnel normalised presentation. The curves do not exhibit Bragg
peaks from multilamellar structures on the surface. The density profiles of the data
allow the assumption that this samples consist less than two bilayers. At the used
preparation parameters and the concentration of 1 mg/ml a complete DMPC bilayer
forms on the solid substrate with an additional monolayer on top, as also reported in
[82, 1080]. By full hydration of the samples in excess water and tempering over 30 ◦C,
the terminating monolayer will be immediately removed, so that a well-reproducible
highly oriented and homogeneous solid-supported DMPC bilayer remains [246].

The dry spin-coated lipid film sample system appears to have a high lipid density
that allows a hydration without loss of lipid matter from the bilayer and equilibration
without formation of holes. For the first sample, shown in red, a total thickness of
85.9 Å (silicon dioxide layer included) and for the second sample, shown in blue, a total
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Figure 6.14: XRR data of as-prepared solid-supported DMPC samples. Left: Fresnel nor-
malised XRR data of a spin-coated solid-supported DMPC bi- and terminating monolayer at
ambient pressure and temperature. Solid black lines are the best fits to the data. Right: Electron
density profiles obtained from the refinement of the corresponding XRR curves.

thickness of 87.6 Å could be calculated by refinement of the XRR curves. The refinement
of the data exhibits a trilayer system, consisting a bilayer and one monolayer presumably
in a gel phase.

To test the stability, structural properties and homogeneity of the fully hydrated
DMPC bilayer and a possible temporal detachment of the lipids from the solid support,
the samples of the DMPC bilayers were measured three times in a row. The investigated
sample is the same as in the measurements shown in figure 6.14 in red. Figure 6.15 shows
the measured Fresnel normalised XRR curves with a vertical offset for clarity, from top
to bottom in time. The first measurement is denoted as t1, the second measurement as t2
and so on. Furthermore, XRR data of a bare hydrophilised silicon wafer in water at pH
7 is shown in green. The reflectivity data of the spin-coated samples show characteristic
Kiessig oscillations that indicate the presence of a substrate-associated lipid layer. The
right side of the figure shows the obtained whole electron density profiles (top) and
substrate-subtracted profiles (bottom) obtained from the refinement of the XRR curves.
The shape of the curves remained unchanged during time. No detachment of lipids and
change of the underlying density profiles could be observed - the system is stable over
several hours immersed in water.

In order to test the stability of the fitted model, different layer systems were sug-
gested and tested over a number of reference measurements. First, the electron density
profile of the lipid bilayer was modelled using a simple three-layer system (head-tail-
head). The dotted light grey curve in figure 6.15 shows the best fit of the three-layer
model that yields a χ2 of 0.52 after further refinement. The dashed dark grey refinement

196



6.2. Ions at solid-supported membranes

Figure 6.15: XRR data of a fully hydrated solid-supported DMPC sample at different times
fitted with different refinement models. Left: Reflectivity of an immersed solid-supported
(Si/SiO2) DMPC bilayer prepared with spin-coating in excess water. The data is background,
attenuation and footprint corrected and shifted vertically for clarity. Right: Electron density
profiles obtained from the refinement of the corresponding XRR curves. To test the stability
of the fit, different models were tested (see text). The schematic drawing below illustrates the
physical composition of the layers.

has a χ2 of 0.9 and corresponds to a symmetric five-layer model that can be seen in
the top electron density profile map in the same colour. It was not possible to fit a
symmetric bilayer by further refinement. An asymmetric bilayer model yields for the
best fit to the data. A further not shown possibility to refine the data is the assumption
of a water layer between the substrate and the inner headgroup. It is currently being
discussed whether the fluidity of the supported lipid bilayer is based on the presence
of a very thin layer of water at the solid support surface [279, 915, 1063, 1064, 1252,
1253]. However, it was not possible to implement and resolve such a layer of water to
adequately reproduce the data. This implies that the water layer must be smaller as
3 Å if present at all. The first leaflet seems to be attached directly at the substrate.
Indeed, other studies also imply that a water layer is not necessary to adequately de-
scribe the results and maintain the fluidity of a bilayer [281, 915, 1254], also with the
spin-coating technique [81, 84, 246, 258, 259, 281, 282].

The calculated reflectivity of an asymmetric five-layer model reproduces the data
accurately with a χ2 of 0.13 and was further used. The bilayer structure is distinguished
by five different domains: the inner headgroup (choline and phosphate) directed to the
substrate, the inner tailgroup which is separated by a small gap (terminating methyl
groups) from the dense outer tailgroup and the outer headgroup. The solid-supported
bilayer is asymmetric, the outer headgroup shows a lower electron density. The electron
density profile shows a typical shape of a bilayer.
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The vertical head-to-head distances dhh can be calculated by consideration of the
electron density profiles and fitting of two Gaussian to the headgroups, to locate the
position of the headgroup maxima of the upper and lower leaflet. Another possibility is
the determination of the area underneath the headgroup region and calculation of the
position, which divides the area in half. To get comparable and consistent calculations,
the dhh distance is calculated via Gaussian fitting or via visual judgement if the shape
of the profile does not allow a Gaussian fit. The layer thicknesses calculated from the
electron density profiles were used for comparison with literature values (dhh and total
bilayer thickness dB). The head-to-head (phosphate-phosphate) distance, was found to
be 37.5 Å. The total bilayer thickness dB of the solid-supported DMPC bilayer can be
calculated to 47 Å. The length scales extracted from the electron density profiles are
illustrated in figure 6.15. The error of the thicknesses can be estimated to ± 0.5 - 1 Å for
each layer by a variation of the parameters. The area occupied per lipid molecule can be
calculated via integration of the electron density between the centres of the headgroups
[167, 1255]. Dividing the electrons per two DMPC molecules (374 electrons each) by
the resulting value yields the area per lipid molecule. The obtained area of 59.5±1.5 Å2

is in good agreement with literature values (59.7 Å2 [1255], 59.5 Å2 [1256]) for the Lα
phase.

When comparing the data with literature values, it is crucial that different definitions
of bilayer thickness exist, depending on the sensitivity of the technique used [167, 174,
1255, 1257]. The modelling of the bilayer system with the five-layer system (SiO2 and
five lipid sublayers) is widely accepted and also used in MD simulations [81, 84, 258,
1078, 1250, 1253, 1258, 1259]. For the Lα phase of DMPC dhh values between 34 Å and
35.5 Å were reported [83, 1255, 1258, 1260]. With solid-supported DMPC bilayers in
the liquid-crystalline phase, Nowak et al. reported thicknesses dB of about 44.5 Å [81],
similar to those found elsewhere (43 Å, 44.2 Å) [279, 1255]. However, there are not many
dB values for solid-supported DMPC bilayer systems. The vast majority are lamellar
thicknesses, that also include the water layer of a stack system (e.g. 55 Å [1078] or
53.9 Å [83] found for lamellar (Lα) DMPC thicknesses).

For comparison with the literature data the obtained values dhh and dB are used.
Both obtained thicknesses, the head-to-head thickness and total bilayer thickness, show
higher values than described in the literature for liquid-crystalline DMPC phases. The
observed thicknesses are between those of a liquid-crystalline and a gel phase bilayer. It
can be assumed that the solid-supported DMPC bilayer under consideration does not
completely migrate into the liquid phase. Some regions of the bilayer seem to remain
in a gel phase. The broadening of the phase transition region and the temperature
width is discussed in the following. Further, a small variation of the thicknesses of the
reference measurements are expected since near the main phase transition temperature
fluctuations occur which have an enhanced temperature sensitivity [1140, 1247, 1261].

It is known that different substrates and preparation techniques can influence the
lipid diffusion and the phase behaviour in solid-supported lipid systems [262, 268, 1262–
1264]. The temperature-dependent phase behaviour of solid-supported DMPC bilayers
prepared by spin-coating is not known exactly. Atomic force microscopy studies reported
a broader Tm range for DMPC with a width of∼ 10 ◦C on mica for the Lβ→ Lα transition
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[263, 1265, 1266]. The same behaviour was found for DPPC [1267]. In this range,
gel and liquid-crystalline phases coexists on the surface. Some main phase transition
temperatures and temperature widths of DMPC and DPPC for different systems can
be found in [1263, 1266]. In general, the phase behaviour of solid-supported DMPC
bilayer stacks and vesicles in bulk can be compared and are quite similar [84]. Thus,
the main influence seems to be the solid support.

Mica-supported PC bilayers show two transition temperatures, where the first tran-
sition is 2 ◦C higher than the main phase transition in lamellar DPPC bilayers [1264].
This behaviour can be explained by a strong lipid/substrate-interaction which could
be stronger than the interaction between the leaflets [1268]. However, a coupled phase
transition for silicon dioxide surfaces could be observed [262], this effect was attributed
to the higher roughness of the silicon dioxide surface. But, it should be also considered,
that the Hamaker constant of silicon dioxide is smaller than for mica and the substrate
coupling is thus lower. Mouritsen et al. obtained two phase transitions and attributed
the lower phase transition temperature to the distal (outer) leaflet and the higher phase
transition temperature to the proximal (inner) leaflet. They concluded, that the distal
leaflet is minimal affected by the solid-support [263]. Tokumasu et al. describe that the
increased temperature range for the main phase transition on a solid support is caused
by the reduced cooperativity within the bilayer during the transition [1269, 1270]. The
cooperativity seems to be more affected on mica than on silicon dioxide substrates due to
the reduced coupling with silicon dioxide substrates and enhanced coupling between the
leaflets, as already mentioned. The general explanation for the higher main transition
temperature is the loss of entropy.

As can be seen in figure 6.15, the inner leaflet is more condensed and compressed
(0.441 e−/Å3 (proximal) and 0.42 e−/Å3 (distal)). This was already reported in litera-
ture [281, 915, 1063, 1064, 1254]. The denser inner leaflet seems to be in a gel phase,
this is consistent with the above described transition phenomena.

Nevertheless, Ghosh et al. assume that the electron density of the silicon dioxide
layer plays a decisive role and contributes to the electron density of the headgroups.
Due to the reduced thickness of the inner headgroup, which has been detected in many
investigations, it can also be assumed that a compression of the headgroup occurs. The
inner headgroup might also contain a lower water content. This finding is consistent
with a reduction in the movement of internal leaflet lipids due to interactions with
the solid support and a simultaneous reduction of fluctuations [1254]. Probably many
factors originating from the substrate play a major role for the resulting density profile,
especially the affection of the inner leaflet. The outer leaflet pointing to the subphase can
be assumed to be in the liquid-crystalline phase. The electron densities and thicknesses
of the head- and tailgroups as well as the values of the bilayer center, gap or the methyl
groups of the alkyl chains are in accordance with the literature.

6.2.3 Influence of monovalent cations on DMPC bilayers

After considering the time-dependent stability of the DMPC bilayers, measurements
and discussion of the influence of the monovalent cations of the metal chlorides NaCl,
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Figure 6.16: XRR data of a fully hydrated solid-supported DMPC bilayer with elevated
NaCl concentration. Left: Fresnel normalised XRR curves of the DMPC bilayer with increased
salt concentration. Solid lines represent the best fit to the data. Right: Electron density
profiles corresponding to the refinements with complete profile (top) and extracted bilayer system
(bottom).

CsCl and LiCl on these bilayers follow. Figure 6.16 on the left shows the Fresnel nor-
malised XRR curves of the solid-supported DMPC bilayer in water, with the reference
measurement (green, cross symbol) and the behaviour of the bilayer system with in-
creasing NaCl salt concentrations. The XRR curves are shifted vertically for clarity.
Corresponding electron density profiles are shown on the right. The upper plot presents
the full profiles, whereas the representation at the bottom displays the profiles after
subtraction of the substrate electron density.

Repetitive measurements were conducted to check for time-dependent changes. Only
the last measurement at the corresponding concentration is shown here. A significant
time effect could not be determined.

Two data sets are shown exemplary. The oscillations at higher wave vector transfers
are more clearly visible in the second example (compare figure 6.17). As can be seen
from the XRR curves and electron density profiles, the system remains almost unchanged
upon addition of NaCl. There is no significant shift of a minimum or features that would
imply a thickness change of the surface associated layers. However, the electron density
profile changes steadily with increasing the NaCl concentration. But this effect could
not be reproduced directly and the profiles presented in figure 6.17 reflect a different
behaviour of the DMPC bilayer system. Therefore, it is reasonable to assume that the
system is probably not altered by binding or adsorption or even an ion-specific effect
of Na+. The head-to-head thicknesses of the reference measurements were 40± 1 Å and
40.5± 1 Å. Total bilayer thicknesses of 48.4 Å and 47.5 Å were estimated, respectively.

A definite assessment about the adsorption or binding position of sodium cations
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Figure 6.17: XRR data of a fully hydrated solid-supported DMPC bilayer with elevated
NaCl concentration. Left: Fresnel normalised XRR curves of the DMPC bilayer with increased
salt concentration. Solid lines represent the best fit to the data. Right: Electron density
profiles corresponding to the refinements with complete profile (top) and extracted bilayer system
(bottom).

is not possible. Further, a significant and repeatedly similar molecular reorganisation
of the DMPC bilayer upon NaCl addition cannot be derived. In summary and with
regard to chapter 2 (section 2.3) it can be cautiously assumed, that NaCl does not
affect a zwitterionic bilayer system. The slight compression of the bilayer can be caused
through fluctuations. There is a vast majority of literature that describes an interaction
between NaCl and zwitterionic, mostly PC membranes. Nevertheless, the question of
specificity on Na+ is a major debate and controversial in this scientific field. Some very
recent publications confirm the negligible effect of NaCl on PC membranes [156, 583,
626, 628, 644, 648, 649].

Figure 6.18 presents the results of the interaction between DMPC bilayers and CsCl
in the low concentration regime at 0.05 M and LiCl in the high concentration regime at
1 M.

As can be seen, Cs+ influences significantly the distal leaflet of the bilayer. The first
minimum in the Fresnel normalised representation shifts to higher wave vector transfers
and a decreased thickness of the bilayer could also be refined within the electron density
profile. The electron density in the outer leaflet (head- and tailgroup) is increased. The
caesium cation is weakly hydrated (ionic radius of 1.7 Å and hydrated radius of 3.29 Å)
and enhances the electron density contrast, since it constitutes of 54 electrons. In the
literature Cs+ is described as a hydrophobic acting ion that can also penetrate black
lipid membrane systems [700, 1271]. Already at a CsCl concentration of 0.01 M an ion
transport through the membrane could be observed, whereas the Cs+ cation exists as
non-hydrated species in the lipid membrane [699, 700]. The observed deep penetration
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Figure 6.18: XRR data of fully hydrated solid-supported DMPC bilayers with low CsCl
concentration or high LiCl concentration. Left: Fresnel normalised XRR curves of a DMPC
bilayer with low CsCl concentration (top curves) and data of the interaction with LiCl in the
high concentration regime (bottom curves). Solid lines represent the best fit to the data. Right:
Electron density profiles corresponding to the refinements (top: CsCl, bottom: LiCl).

into the tailgroups is therefore not unreasonable. For higher concentrations a refinement
of the data was not possible due to the strong absorption of the CsCl solution, further
measurements are necessary.

The electron density profiles of DMPC bilayers interacting with Li+ show that the
ions bind to the distal headgroup without affecting the other sublayers. The data were
recorded at a different beamtime, therefore the measurements do not provide the same
quality. Although lithium offers only 2 electrons, the increase of the electron density is
rather high. This indicates that a large number of binding sites are occupied. Recent
studies investigate the open question if lithium induces a reorganisation of membranes
or whether this effect originates from lithium-induced metabolic changes [1272]. This
result is merely an indication that probably lithium does not cause a reorganisation of
the membrane. Studies report that lithium cations reduce the water motion activation
energy, as they show the highest degree of association with PC and PC-PG mixed
membranes and have the highest affinity of the monovalent or alkali metal cations
under consideration [587, 696, 697]. A deep penetration of lithium and a conformational
change of the headgroup that is reported in the literature [1042] cannot be extracted
from the presented data.

6.2.4 Influence of divalent cations on DMPC bilayers

The XRR results of the interaction of solid-supported DMPC bilayers with CaCl2 in a
concentration range from 0.0125 M to 0.5 M are shown in Figure 6.19. The reflectivity
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Figure 6.19: XRR data of a fully hydrated solid-supported DMPC bilayer with elevated
CaCl2 concentration. Left: Fresnel normalised XRR curves of the DMPC bilayer with increased
salt concentration. Solid lines represent the best fit to the data. Right: Electron density
profiles corresponding to the refinements with complete profile (top) and extracted bilayer system
(bottom).

data were reproduced and an exemplary measurement is shown here.
The head-to-head thickness dhh of the reference measurements is 38.3 Å and the total

bilayer thickness dB yields 47 Å. With increasing calcium chloride concentration, it can
be seen, that the minima in the Fresnel normalised presentation shift slightly to the
left, indicating a thicker layer. At the highest concentration of 0.5 M, the minima shift
further to lower wave vector transfers, which is in accordance to a further thickening of
the bilayer that can be seen in the corresponding electron density profiles. At low sub-
molar concentrations, the adsorption takes place at the outer headgroup. The headgroup
thickness increases while the electron density decreases. Indeed, the area beneath the
headgroup and volume occupied is larger due to the binding and accumulation of Ca2+

ions. A complexation can be expected. The proximal leaflet appears to be slightly
compressed. These effects intensify with increasing salt concentration. At the highest
concentration of 0.5 M the bilayer seems to be strongly altered. The inner leaflet becomes
denser and thickens while the electron density of the outer leaflet appears to be lower and
also significantly enlarged. It was not possible to refine this curve accurately. However,
this behaviour has been reproduced several times in this study. Furthermore, a time-
dependent binding can also be observed (data not shown). A comparison with the first
reflectivity shows that the adsorption process is still ongoing at the first reflectivity.

To screen the concentration range between 0.1 M and 0.5 M, measurements were
taken in 100 mM steps. The results are depicted in figure 6.20.

The XRR curves and resulting electron density profiles clearly show that the reor-
ganisation occurs at a concentration of 0.3 M. For the concentration of 0.1 M the before
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Figure 6.20: XRR data of a fully hydrated solid-supported DMPC bilayer with elevated
CaCl2 concentration. Left: Fresnel normalised XRR curves of the DMPC bilayer with increased
salt concentration. Solid lines represent the best fit to the data. Right: Electron density
profiles corresponding to the refinements with complete profile (top) and extracted bilayer system
(bottom).

observed binding at the outer headgroups can be confirmed. The surface associated bi-
layer might be very inhomogeneous as it was not possible to refine the data accurately at
high concentrations (compare figure 6.19). However, the obtained total bilayer thickness
is assumed to be reliable since especially the first minimum was accurately fitted. An
explanation for the observed effect might be the stretching of the hydrocarbon tails in
the course of a phase transition. The maximum alkyl chain length of 19.2 Å corresponds
approximately to the observed enlargement. This is probable since calcium is known
to increase the phase transition temperature of DMPC. The bilayer thickness dB yields
61.4 Å. However, this thickness cannot be attributed to the usually occurring gel phase
(49 Å for gel-like DMPC phases at 20 ◦C) [84].

Recently published studies focus on the effect of monovalent and divalent ions on the
swelling behaviour of multilamellar layers in different vesicle-derived or solid-supported
model systems. The swelling effect was attributed to the interlamellar water between
the headgroups of the layers, a change of the bilayers was not observed [588, 648, 687,
689]. However, these results were found at particularly high salt concentrations (> 1 M).
The phenomenon observed here, above a calcium chloride concentration of 300 mM and
higher seems to be a molecular reorganisation in the bilayer itself. As the physiological
concentrations of calcium are naturally low, the overall membrane changes induced by
their local binding and the identification of the binding sites are of high relevance.
Upon binding in the outer headgroup, a conformational change can be assumed, since
the headgroup undergoes detectable modifications with increasing concentrations. This
was also reported in literature [625, 660, 1273]. The exact binding location within the
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Figure 6.21: XRR data of a fully hydrated solid-supported DMPC bilayer with low and high
MgCl2 concentrations. Left: Fresnel normalised XRR curves of the DMPC bilayer with increased
salt concentration. Solid lines represent the best fit to the data. Right: Electron density profiles
to the refinements with complete profile (top) and extracted bilayer system (bottom).

headgroup cannot be identified, presumably the phosphate moieties are complexed.
The second divalent cation of a chloride salt investigated on DMPC bilayers was

magnesium chloride in low and high concentrations. The Fresnel normalised XRR curves
and the corresponding electron density profiles are illustrated in figure 6.21.

Unfortunately, the scan quality is not very high, particularly at high concentrations,
but the first minimum is well resolved. The outer leaflet is first compressed and the
whole bilayer is elongated at higher concentrations. At low concentrations a binding of
Mg2+ could be determined in the outer headgroup. The response of the lipid DMPC
bilayer to the addition of magnesium chloride is similar to that observed with calcium
chloride. First, a compression is detected and with further increase of the concentration
an increase of the total layer thickness follows. The resulting thickness of about 50.2 Å at
a MgCl2 concentration of 1 M is in the range of gel-like phases. The shift to lower qz
with higher concentration is not as pronounced as was observed with low concentrated
calcium solutions. This is in accordance with the literature. Magnesium cations have a
high affinity for PC membranes, but it is lower than of calcium cations [577].

6.3 Summary and general conclusions

In this chapter the results of the experiments on response of model lipid systems to
the addition of salts were presented. Furthermore, the adsorption of BSA and HSA on
DPPA-films was investigated in dependence of the microenvironment, namely between
pH values 3 to 9 and by applying magnesium chloride to the subphase. Structural
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information at the sub-angstrom scale was obtained with XRR.
In conclusion of the investigation of the interaction of mono- and divalent cations

with Langmuir films, it can be stated that especially divalent cations show a high affin-
ity for anionic phospholipid layers. When investigating DPPA and calcium cations, it
is assumed that an accumulation occurs at the headgroups, whereby presumably free
(bare dehydrated) and partially dehydrated calcium cations adsorb. The stoichiometric
ratios are first 1:2 and at higher concentrations 1:1 of the Ca2+-DPPA complex. There-
fore, the binding mode depends on the concentration of calcium chloride. In contrast,
sodium cations appear to affect the DPPA layer and the effect becomes continuously
more intense with increasing concentration, although it is not possible to determine
exactly the underlying effect. The layers are slightly compressed. Apart from the effect
that presumably calcium ions only attach to the DPPC headgroups at very high concen-
trations (1 M), no further changes could be observed with cations at these zwitterionic
Langmuir films.

To get one step closer to the in-vivo situation of biomembranes, solid-supported bi-
layer models of DMPC on silicon wafers were also applied. The sodium cation, which is
physiologically very important, exhibits, similar to the Langmuir film model, no binding.
Caesium and lithium cations, on the other hand, accumulate at the outer headgroup,
whereby caesium, the cation that is classified as a hydrophobic ion, is also located
within the outer tailgroups. The calcium cation with a moderate affinity to zwitteri-
onic lipid membranes shows a binding at the outer headgroup area at low sub-molar
concentrations. At concentrations higher than 0.3 M a calcium-induced reorganisation
of the bilayer takes place. The previous compression of the membrane is followed by
a swelling which shows layer thicknesses in the range of more than 60 Å. This result
in particular underlines the importance of this cations with regard to membrane struc-
ture. In literature, the swelling behaviour which is triggered by divalent or monovalent
cations is not attributed to the change of the bilayer structure itself but to the inter-
layer water regions. This can be excluded here. The bilayer does not transform into the
normally observed gel-like phases. Therefore, the observed effect seems to be of calcium
cation-specific origin. The second divalent cation Mg2+ investigated in this work shows
a similar effect on the DMPC bilayer, although at very high concentrations no such
distinct increase in layer thickness is observed.

The findings are in good agreement with the understanding that ions influence the
interface of membranes. The order of magnitude of the structural change can be clas-
sified as follows: Ca2+>Mg2+>Cs+>Li+>Na+. Lithium behaves like a polyvalent
cation and adsorbs at high concentrations to the headgroup. It is sorted behind cae-
sium, since the hydrophobic acting ion has an effect on the bilayer structure even at low
concentrations.

Within the reference measurements, it was also found that the bilayer thickness
ranges from 46.2 Å to 49.3 Å. This indicates that the temperature sensitivity of the
bilayer is strong as the applied temperature is close to the main phase transition which
is broadened and shifted to higher temperatures due to the solid support. Therefore, it
would be desirable to study the phase behaviour of solid-supported DMPC bilayers in
more detail, especially regarding differences between the inner and outer leaflet.
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The most important findings obtained in the experiments of the pH-dependent ad-
sorption behaviour of BSA, which undergoes reversible pH-dependent conformational
transitions, can be summarised as followed. The results are graphically visualised in fig-
ure 6.13. In an acidic pH-range at pH 3 and 4, a protein layer formation can be observed,
corresponding to the thickness of the F-conformer (cigar-shaped form). The adsorption
takes place with the long axis parallel to the surface. If magnesium chloride is added
to the subphase beforehand, the adsorption seems to be accelerated. The F-shape has
many contact areas to the surface because it is very extended and hydrophobic. In
combination with the injection of BSA, a strong surface pressure increase was observed.
This is due to the interaction of BSA with the water interface or the compression and
interference during the adsorption to the DPPA-film. The protein adsorbate is stable in
the presence of magnesium chloride. At pH 4, electrostatic forces are increased because
the pKa,1 value of DPPA is surpassed. No adsorption is expected and detected near the
isoelectric point at pH 5 and 6 where BSA is neutral and in the N-form (heart-like or
triangular shape). Moreover, this conformation tends to coagulate within the subphase
since the repulsion forces between the proteins are minimised and the solubility is hence
reduced.

Above the isoelectric point, at pH 7, only a shift of the minimum in the XRR data
is visible to larger qz values which are also noticeable at pH-values 8 and 9 when the
serum albumins were added to the subphase. This means, that lipid matter is removed
from the surface and macromolecular BSA-lipid complexes are formed. However, when
magnesium chloride is added in the alkaline pH-region, BSA and HSA appear to interact
with the DPPA-film and even penetrate it completely. An increase of the electron
density in the whole film was observed. With a sufficiently long incubation time an
aggregate or oligomeric structure seems to be formed at the interface, which probably
contains several BSA molecules. This is a magnesium-induced effect. Due to charge
inversion effects caused by charge screening of salt or Mg2+ ion bridging of DPPA and
protein surface, it is enabled that proteins with the charge state on the “wrong side” of
the isoelectric point, can approach the equally charged surface and even penetrate it.
With the initial interaction triggered by magnesium cations, a hydrophobic force can
arise due to an unfolding and partial denaturation which in turn can lead to the dense
protein layer (oligomeric or aggregated structures). In particular the measurements in
the alkaline pH-regime show that the ionic strength can tune the protein adsorption at
membranes.

207



Chapter 6. Ion adsorption at model membranes

208



Chapter 7

Conclusion and outlook

This chapter summarises the main results of this thesis and gives an outlook on future
projects regarding the research areas considered.

The experiments conducted in the framework of this thesis demonstrate that gaseous
and vaporised perfluorocarbons and volatile hydrocarbon solvents can influence the
structure of phospholipid monolayers at the liquid/gas-interface to a considerable extent.
The non-polar, non-amphiphilic and hydrophobic perfluorocarbons have a high affinity
to lipid membranes but also to protein films at the liquid/gas-interface and act as co-
surfactant. The results also show an influence of gFCs and vFCs on the adsorption of
soft and hard proteins at the liquid/gas-interface.

The second point of emphasis was the investigation of the interaction of physiolog-
ically relevant mono- and divalent cations with zwitterionic and anionic phospholipid
systems. It was found that sodium in sub-molar and high concentrations has no affinity
to zwitterionic mono- and bilayers. Calcium instead induces a reorganisation of bilayers.

For these purposes, Langmuir films on aqueous subphases and solid-supported lipid
membrane systems were investigated by surface-sensitive x-ray scattering techniques
with regard to structural changes caused by adsorption processes from the gas and
liquid phase. The XRR and GIXD techniques provide access to the vertical and lateral
structure of lipid layers in-situ.

7.1 Conclusion

First, the results of the study on the interaction of lipid membranes with (fluorine)
gases and vaporised perfluorocarbons, presented in chapter 5, are summarised. There
are only limited reports on the structural properties of lipid membranes interacting with
perfluorocarbons.

Towards potential biomedical applications of vaporised and aerolised perfluorocar-
bons as stabilisers of disturbed lung surfactant in ventilation or the treatment of a lack
of lung surfactant, the influence of these substances on biomimetic phospholipid model
systems was investigated in this thesis.

The influence of different gas pressures of isobutane, F-propane and F-butane on the
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structure of DPPA and DPPC lipid monolayers prepared on water were investigated with
XRR. GIXD measurements were performed on DPPA-films under different F-butane and
F-propane gas pressures and vaporised F-decalin and F-octyl bromide atmospheres. In
general, it can be stated that the gases have a significant effect on the lipid monolayers.
Already at low gas pressures, the gas molecules penetrate and accumulate between the
tailgroups of the lipid molecules. An adsorption and accumulation of gas molecules was
also observed at the bare water interface. The structural changes induced in DPPC
and DPPA monolayers were found to differ from each other. All gas molecules showed
an effect on the headgroups of DPPC-films caused by the compression of the lipid
film. It seems that Langmuir films composed of DPPA are generally more stable due
to the hydrogen bonds of the headgroups which do not permit the dissolution by F-
butane gas molecules. Furthermore, the size of the gas molecules and the packing
density of the Langmuir films seem to play an important role for the strength of the
impact on the interfacial structures. Moreover, gas molecules can accumulate above
the lipid films without destroying them. The gas molecules tend to penetrate into
more accessible, expanded areas of the lipid films. Smaller gas molecules, such as
isobutane penetrate even at high initial surface pressures into the monolayers. It is
found that the gas molecules have a higher affinity for DPPC than for DPPA. The gases
reduce the interfacial tension of a bare water interface and also the surface tension of
DPPA and DPPC Langmuir films. The gFCs also penetrate into the crystalline domains
of DPPA-films at high initial surface pressures of the Langmuir film. At low initial
surface pressures, where the DPPA-film exhibits no lateral order with detectable Bragg
reflections, it was observed that the gas molecules compress the monolayer inducing
a formation of observable crystallites on the surface. Furthermore, an influence of F-
octyl bromide on DPPA Langmuir films was found. These molecules appear to fluidise
the monolayer, causing a compression and simultaneous dissolution of the crystalline
domains by adsorption in less compressed regions. On the contrary, F-decalin showed
an effect on DPPC Langmuir films only at low surface pressures. This effect could not
be observed for DPPA-films with XRR and GIXD.

In addition to Langmuir monolayer, solid-supported DMPC and DPPC mono- and
multilayers were investigated at elevated pressures of isobutane, F-propane and F-
butane. It was found that the lipid phase and an increased rigidity of the tailgroups can
prevent the penetration of the gas molecules. Furthermore, it was observed that some
gas molecules remain in the monolayer after reducing the gas pressure. This seems to
be a substrate related effect. In the solid-supported monolayer systems an accumula-
tion of gas molecules can be observed in the entire layer increasing with temperature.
The situation is different for solid-supported multilayers. The layer thicknesses of the
bilayers within the multilayer stacks as well as the multilayer thickness does not change
at different gas pressures. Nevertheless, the vanishing of the negative peak in the XRR
curves at scattering angles slightly above the first Bragg reflection that was observed
for DPPC and DMPC multilayers interacting with F-butane indicates an adsorption
of molecules at the terminal monolayer. Similar to the observation of remaining gas
molecules in solid-supported monolayers, the depth of the negative peak does not re-
turn to the former value after reducing the gas pressure and replacing the atmosphere
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by nitrogen. This is an indication of remaining gas molecules in the terminal layer. It
can be assumed that the effect on the terminal monolayer at the film/gas-interface is
comparable to the effect on the single solid-supported monolayers.

In order to investigate the influence of gases and vaporised perfluorocarbons on the
adsorption behaviour of proteins experiments with lysozyme and BSA at the liquid/gas-
interface were performed. The hard protein lysozyme adsorbs to DPPA-films by attrac-
tive electrostatic interactions. A protein layer below the lipid film and a penetration
into the headgroup region was observed. F-decalin causes the mobilisation of proteins
from the subphase to the interface. After treatment with F-decalin, the thickness and
density of the F-decalin-protein film is reduced indicating a desorption of lysozyme.
Since typically lysozyme adsorbs irreversibly at the lipid films it can be concluded that
the desorption process is enabled by F-decalin. F-decalin probably adsorbs at the hy-
drophobic sites of the protein and, thus, facilitates expulsion into the subphase after the
treatment. A similar mechanism has been proposed for F-hexane and F-octyl bromide
interacting with albumins at DPPC-films [305]. Moreover, the adsorption behaviour
of lysozyme at the water surface under isobutane and F-propane gas atmosphere was
studied in this work. The resulting protein films have a different structure than the
protein layers of lysosome at air and cannot be attributed to a time effect. The gases
seem to have a significant influence on the adsorbate structure of lysozyme. In contrast
to isobutane, which probably stabilises the initial structure, F-propane seems to cause
denser and thicker protein structures at the interface. At higher gas pressures, the elec-
tron density of the protein film increases. The gas pressure-dependent measurements
reveal, moreover, gas films above the interfacial protein film indicating that the gas
molecules are not only incorporated into the protein film, but also adsorb on top of the
interfacial structure. Both gases attract more protein to the surface. It is very probable
that the gases hydrophobise the interface. This modifies the interface chemistry and
can thus affect protein adsorption.

The study of the interaction of BSA and F-decalin at the buffer/gas-interface in-
dicates that the protein interacts with F-decalin. F-decalin adsorbs at the interface
and interacts with the hydrophobic sites of the adsorbed protein structure, so that a
mixed layer of F-decalin and BSA forms at the interface. This effect of F-decalin was
found to be entirely reversible. The surface-activity of F-decalin is not inhibited by
BSA. In contrast to the results of the adsorption behaviour of lysozyme in contact with
isobutane and F-propane, it can be shown for BSA that the interaction with F-decalin
is reversible and non-destructive with regard to the secondary structure.

The gas phase interacts via van der Waals and hydrophobic interactions with the
interfacial structures. The perfluorocarbons possess an affinity for lipid layers and also
protein films at the interface. The surface activity of perfluorocarbons and the ability
to reduce the surface tension of the interface is not inhibited by surface-active proteins.
This is an important factor in the design of treatment options for lung diseases, where
surface-active proteins are responsible for lung surfactant inactivation. The results may
have implications for the design of perfluorocarbon-containing injectable lipid drugs
such as microbubbles and the development of lung surfactant replacement therapies.
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Although there are numerous theoretical and experimental studies on the interaction
of cations with phospholipid membranes, especially results on the binding of sodium in
sub-molar concentrations at phospholipid bilayers are highly controversial. The binding
sites as well as structural changes of membranes due to cation binding or adsorption
are not yet thoroughly investigated. Furthermore, the binding behaviour of the physi-
ologically highly relevant calcium is discussed in literature with respect to the binding
stoichiometry and the resulting structural change of the membrane. Therefore, the sec-
ond part of the thesis (chapter 6) focused on the research of the interaction of mono- and
divalent cations with anionic and zwitterionic phospholipid model systems. In order to
shed more light on the binding stoichiometry of calcium to anionic lipids and to study
the binding affinity of sodium to zwitterionic phospholipid bilayers, various experiments
were performed. The adsorption of sodium and calcium cations was first investigated at
Langmuir films consisting of DPPC or DPPA. The interaction of sodium cations with
DPPA Langmuir films induce changes in the electron density profiles. However, it was
not possible to quantify the adsorption. When examining DPPA Langmuir films and
the binding of calcium, a stoichiometric ratio of 1:2 and 1:1 (Ca2+:DPPA) depending
on the concentration of the salt solution in the subphase was found. In contrast to the
results obtained with the anionic DPPA-films, calcium and sodium display no affinity
to zwitterionic DPPC Langmuir films and cause only minor structural changes even at
high concentrations.

To study the pH-dependence of the adsorption of BSA and HSA at DPPA-films and
the influence of magnesium chloride on the protein adsorbate structures, experiments
in the pH-range from pH 3 to 9 were performed.

At the acidic pH-values 3 and 4, which are below the isoelectric point of HSA and
BSA, the proteins are in the F-form and adsorption can be observed below the DPPA-
film. At the alkaline pH-values 8 and 9, which are above the isoelectric point of BSA
and HSA, no adsorption at the DPPA-film could initially be detected. After addition of
magnesium chloride a complete penetration of BSA and HSA into the monolayer could
be observed. The increase of the adsorption of the proteins with increasing magnesium
chloride concentration is due to the screening of the DPPA headgroups and the surface
charges of the protein by magnesium chloride. No adsorption could be detected in the
pH-range from 5 to 7 in absence and presence of magnesium chloride. Probably the
charge inversion is not sufficient upon magnesium chloride addition. Furthermore, for
acidic pH-values, an orientation of BSA and HSA with the long axis parallel to the
surface is preferred. The dimensions of the layer thickness correspond to the size of the
F-conformer. Moreover, oligomeric structures of the protein are formed at the surface
in the alkaline pH-range in the presence of magnesium chloride. This study shows that
the addition of salt allows direct regulation of protein adsorption on charged membranes
by tuning the electrostatic forces.

The results of the adsorption measurements of the Hofmeister series cations on zwit-
terionic solid-supported DMPC bilayers can be expressed as a function of the strength of
the structural change in the following series: Ca2+>Mg2+>Cs+>Li+>Na+. In con-
trast to the results obtained with zwitterionic Langmuir films, calcium exhibits a high
affinity to zwitterionic bilayers. A calcium-induced change of the membrane structure
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was observed above a concentration of 0.3 M. The bilayer thickens and the electron den-
sity of the inner leaflet increases strongly. The swelling of the layer can be attributed to
a rearrangement of the tailgroups, which are extended to a fully stretched conformation.
The state of the bilayer induced by calcium cannot be identified as one of the known
gel-like phases. Sodium cations have no effect on the zwitterionic DMPC bilayers, even
at high concentrations.

7.2 Outlook

The results of this thesis are promising for the application of vaporised perfluorocarbons
in lung surfactant replacement compositions. The results concerning the stability and
structural response of Langmuir films under gFC atmosphere indicate that lipids with
small headgroups and the ability to form hydrogen bonds exhibit more stable structure
at high gas pressures. The data presented in chapter 5 suggest that DPPA, in contrast
to DPPC, is not dissolved by larger fluorine gases even at high pressures. In general,
the influence of larger fluorine gases is pronounced, but not destructive for the DPPA
monolayer. This finding may has implications for the design of stable microbubbles for
medical applications. In fact, all experiments were conducted solely with monolayers.
It would therefore be useful to perform experiments in bulk systems to test the stability
and lifetime of the bubbles.

With regard to the interaction between gaseous or vaporised perfluorocarbons and
proteins at an interface, further investigations are necessary. Experiments to determine
whether the effects induced by the gases and vaporised perfluorocarbons on adsorbed
protein layers depend on the protein in terms of stability (hard or soft) or on the type
of molecules from the gas phase could provide further insight into the molecular details.
To examine this question in particular the adsorption of BSA at the buffer/isobutane-
or buffer/F-propane-interface and lysozyme at the buffer/F-decalin-interface should be
investigated. The result and the comparison with the findings of this work will reveal
whether the type of gas or the stability of the protein is responsible for the resulting
observations.

Further studies are required to gain more detailed insight into the influence of gases
on DPPC Langmuir films. The experiments only provide information on vertical struc-
ture and density and no conclusions can be drawn about the lateral order. Adsorption
studies with different vaporised perfluorocarbons and the influence on more complex pro-
teins reflecting the interaction of the surfactant proteins may provide further evidence
for the formulation of replacement therapies. Here, GIXD and BAM measurements may
reveal further details of the interaction. In a next step, the re-spreadability of DPPC
from the subphase (Gibbs isotherm) can be tested in the presence of surface-active
proteins and vaporised perfluorocarbons.

Apart from that, the temperature-dependent phase behaviour of DMPC bilayers
on solid substrates should first be examined to find the appropriate temperature for
the physiologically relevant (liquid-crystalline) fluid phase for further phase- and salt
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concentration-dependent ion binding studies. The protocol for the preparation of sub-
strate-bound DMPC bilayers by spin-coating, which was established in this thesis, is
simple, fast and successful in application. Even in a fully hydrated state the layers are
homogeneous and stable. They are useful for the investigation of interfacial processes
on zwitterionic bilayers. Since the binding of divalent cations to zwitterionic DPPC
Langmuir films is presumably surface pressure-dependent, measurements at different
lipid surface coverage and salt concentrations can provide further evidence of the bind-
ing stoichiometry and induction of structural changes. In addition, DPPA monolayers
can be investigated for stoichiometric ratio changes under constant pH-values and salt
concentrations. For this purpose, preparation methods are suitable, whereby lipids are
spread onto the salt subphase at the appropriate pH-value and salt content. By using
different pH-values more can be learned about the electrostatic/hydrogen bond switch
mechanism of the phosphomonoester headgroup.
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Appendix A

Supplementary Information:
Additional measurements

The figures A.1 and A.2 show the effect of F-decalin saturated nitrogen on a DPPA
Langmuir film with an initial surface pressure of 5 mN/m and 20 mN/m, respectively.
The measurements were conducted using a Langmuir through at the laboratory diffrac-
tometer D8. Figure A.3 shows the XRR data of solid-supported monolayer under

Figure A.1: Left: Electron density profiles of a DPPA-film with an initial surface pressure of
5 mN/m before, while and after flushing with F-decalin. Right: Fresnel normalised XRR data
and refinements. The surface pressure increased during flushing to about 8 mN/m.

different F-butane pressures. The monolayer was prepared via Langmuir-Blodgett tech-
nique. Figure A.4 depicts the volume fraction profiles (left) and excess electrons per
area (right) of the data shown in figure A.3. The calculated area of one DMPC lipid
molecule is 65.7 Å2.

Figure A.5 shows the XRR data of DPPC multilayers under different F-butane gas
pressures. Figure A.6 depicts the magnified XRR curves (top) and Gaussian fits.

Figure A.7 illustrates the bi- and multilayer thicknesses of the system shown in figure
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Figure A.2: Left: Obtained electron density profiles of a DPPC-film with an initial surface
pressure of 20 mN/m before, while and after flushing with F-decalin. Right: Fresnel normalised
XRR data and refinements. The surface pressure increased during flushing to about 21.4 mN/m.

Figure A.3: Left: Electron density profiles with a schematic sketch of the underlying model.
Right: Fresnel normalised x-ray reflectivity curves, shifted vertically for clarity, of the mea-
surements of a solid-supported DMPC monolayer prepared by Langmuir-Blodgett technique on
a silicon/silicon dioxide wafer at 294.15 K under different F-butane gas pressures. Diamonds:
data, solid lines: fits, squares: decreasing gas pressure.

A.6. Figure A.8 shows the XRR data of DMPC multilayer under different isobutane gas
pressures. Figure A.9 depicts magnified XRR curves of figure A.8 and fitted Gaussian
curves.
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Figure A.4: Left: Volume fraction profiles. Dotted lines: after pressure release. Right: Excess
electrons per area. Temperature was set to 294.15 K.
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Figure A.5: Top: Fresnel normalised XRR curves (shifted vertically for clarity) of a solid-
supported DPPC multilayer on previously hydrophilised silicon/silicon dioxide wafer collected at
a temperature of 294.15 K under air and with increasing F-butane pressures. Squares: removing
gas and measurement at air, red solid line: refinement. The black dotted lines emphasise
the unchanged Bragg reflections. The arrows indicate the negative peaks. Bottom: From the
refinement of the reference measurement obtained electron density profile. The inset shows a
zoom of the first 220 Å of the profile and the six sublayers of the model system. The additional
layer to simulate the influence of the substrate on the first layer is marked by a star (*).
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Figure A.6: Top: Region around the first order Bragg reflection of the XRR curves from figure
A.5 to highlight the modification of the negative peak of the reference XRR curve by applying
F-butane gas (p/p0 = 0.96) into the sample cell. The arrow marks the disappearance of the
negative peak. Bottom: The Bragg maxima and the fitted Gaussian curves (black solid lines).
The colours corresponds to those in figure A.5.
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Figure A.7: Left: Extracted bilayer thicknesses from the Gaussian fits to the data from figure
A.6 and the calculated thicknesses via equation (4.4) of the DPPC multilayer in dependence
of the different F-butane gas pressures. The error bars are calculated from the Gaussian fit to
the Bragg peak position (qz,Bragg). Right: Extracted multilayer thicknesses La of the system
using equation (4.3) and the before calculated proportionality factor of 0.93. The error bars are
calculated from the Gaussian fits.
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Figure A.8: Top: Fresnel normalised XRR curves (shifted vertically for clarity) for a solid-
supported DMPC multilayer on previously hydrophilised silicon/silicon dioxide wafer collected
at a temperature of 294.15 K under air and with increasing isobutane gas pressure. Squares:
removing gas and measurement at air, red solid line: refinement. The black dotted lines highlight
the unchanged Bragg peaks (position and widening). The arrows indicate the negative peaks.
Bottom: Obtained reference electron density profile. The inset shows a zoom of a bilayer
structure of the profile and the six sublayers of the model system. The additional layer to
simulate the influence of the substrate on the first layer is marked by a star (*).
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Figure A.9: Top: Region around the first order Bragg reflection of the XRR curves from figure
A.8 to highlight the absent modification of the negative peak of the reference XRR curve by
applying isobutane gas (p/p0 = 0.96) into the sample cell. Bottom: The Bragg maxima and the
fitted Gaussian curves (black solid lines). The colours corresponds to those in figure A.8.
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Figure A.10: Volume fraction profiles corresponding to figure 5.47.

Figure A.11: XRR data of the measurements of the adsorption of BSA at the water/air-
interface during flushing of F-decalin saturated nitrogen. Left: Electron density profiles cor-
responding to the refinements. The continuous flow of the vFC is labelled as “PFD”, the
measurements at F-decalin atmosphere as “PFD atm”. Right: Fresnel normalised XRR curves,
vertically shifted for clarity. The fits to the data are shown as solid black lines.
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Figure A.12: Top: Maximal detected electron densities and thicknesses of the interfacial film
over time and in the presence and absence of F-decalin. The grey box highlights the presence
of F-decalin. Bottom: Variation of the surface pressure over time and calculated adsorbed
amount of the BSA film in the absence of F-decalin. The errors are estimated by variation of
the refinement parameters.
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Figure A.13: Volume fraction profiles corresponding to figure A.11.

Figure A.14: XRR data of the measurements of the adsorption of BSA (for 12 hours) at
the water/air-interface during flushing of F-decalin saturated nitrogen. Left: Electron density
profiles corresponding to the refinements. The continuous flow of the vFC is labelled as “PFD”,
the measurements at F-decalin atmosphere as “PFD atm”. Right: Fresnel normalised XRR
curves, vertically shifted for clarity. The fits to the data are shown as solid black lines.
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Figure A.15: Top: Maximal detected electron densities and thicknesses of the interfacial film
over time and in the presence and absence of F-decalin. The grey box highlights the presence of
F-decalin. Bottom: Variation of the surface pressure over time and calculated adsorbed amount
of the BSA film in the absence of F-decalin.

Figure A.16: Volume fraction profiles corresponding to figure A.14.
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Appendix B. Supplementary Information: Technical drawings

1. Technical drawing: Gas pressure cell (Solid/gas-interface)

Figure B.1: Technical drawing part I of the gas pressure cell for measurements at solid/gas-
interfaces.
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Figure B.2: Technical drawing part II of the gas pressure cell for measurements at solid/gas-
interfaces.
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[77] Sanja Pöyry and Ilpo Vattulainen, “Role of charged lipids in membrane struc-
tures—insight given by simulations”, in: Biochimica et Biophysica Acta (BBA)-
Biomembranes 1858.10 (2016), pp. 2322–2333.

[78] Bruce Alberts et al., “Molecular biology of the cell: Garland Pub”, in: Inc.,
London (2002).

[79] Derek Marsh, “Lateral pressure profile, spontaneous curvature frustration, and
the incorporation and conformation of proteins in membranes”, in: Biophysical
journal 93.11 (2007), pp. 3884–3899.
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[313] Elisa Parra and Jesús Pérez-Gil, “Composition, structure and mechanical prop-
erties define performance of pulmonary surfactant membranes and films”, in:
Chemistry and physics of lipids 185 (2015), pp. 153–175.

[314] H Hamm, H Fabel, and W Bartsch, “The surfactant system of the adult lung:
physiology and clinical perspectives”, in: The clinical investigator 70.8 (1992),
pp. 637–657.

[315] Sandra Orgeig et al., “Recent advances in alveolar biology: evolution and func-
tion of alveolar proteins”, in: Respiratory physiology & neurobiology 173 (2010),
S43–S54.

[316] Antonio Cruz, Cristina Casals, and Jesus Perez-Gil, “Conformational flexibil-
ity of pulmonary surfactant proteins SP-B and SP-C, studied in aqueous or-
ganic solvents”, in: Biochimica et Biophysica Acta (BBA)-Lipids and Lipid
Metabolism 1255.1 (1995), pp. 68–76.

LII



Bibliography

[317] Fred Possmayer et al., “Recent advances in alveolar biology: some new looks
at the alveolar interface”, in: Respiratory physiology & neurobiology 173 (2010),
S55–S64.

[318] Henk P Haagsman and Robert V Diemel, “Surfactant-associated proteins: func-
tions and structural variation”, in: Comparative Biochemistry and Physiology
Part A: Molecular & Integrative Physiology 129.1 (2001), pp. 91–108.

[319] Hitomi Sano and Yoshio Kuroki, “The lung collectins, SP-A and SP-D, modu-
late pulmonary innate immunity”, in: Molecular immunology 42.3 (2005), pp. 279–
287.

[320] Jeffrey A Whitsett and Timothy E Weaver, “Hydrophobic surfactant proteins in
lung function and disease”, in: New England Journal of Medicine 347.26 (2002),
pp. 2141–2148.

[321] Roberta Guagliardo et al., “Pulmonary surfactant and drug delivery: Focusing
on the role of surfactant proteins”, in: Journal of controlled release 291 (2018),
pp. 116–126.

[322] Henk P Haagsman et al., “Surfactant collectins and innate immunity”, in:
Neonatology 93.4 (2008), pp. 288–294.

[323] Victoria Goss, Alan N Hunt, and Anthony D Postle, “Regulation of lung sur-
factant phospholipid synthesis and metabolism”, in: Biochimica et Biophysica
Acta (BBA)-Molecular and Cell Biology of Lipids 1831.2 (2013), pp. 448–458.

[324] Kazuhiro Osanai et al., “Pulmonary surfactant transport in alveolar type II
cells”, in: Respirology 11 (2006), S70–S73.

[325] Timothy E Weaver, “Synthesis, processing and secretion of surfactant proteins
B and C”, in: Biochimica et Biophysica Acta (BBA)-Molecular Basis of Disease
1408.2-3 (1998), pp. 173–179.

[326] WF Voorhout et al., “Immunocytochemical localization of surfactant protein D
(SP-D) in type II cells, Clara cells, and alveolar macrophages of rat lung.”, in:
Journal of Histochemistry & Cytochemistry 40.10 (1992), pp. 1589–1597.

[327] Samuel Hawgood and Francis R Poulain, “The pulmonary collectins and sur-
factant metabolism”, in: Annual review of physiology 63.1 (2001), pp. 495–519.

[328] Seamus A Rooney, “Regulation of surfactant secretion”, in: Comparative Bio-
chemistry and Physiology Part A: Molecular & Integrative Physiology 129.1
(2001), pp. 233–243.

[329] S Schürch, Jon Goerke, and John A Clements, “Direct determination of surface
tension in the lung”, in: Proceedings of the National Academy of Sciences 73.12
(1976), pp. 4698–4702.

[330] Samuel Schürch, Jon Goerke, and John A Clements, “Direct determination of
volume-and time-dependence of alveolar surface tension in excised lungs”, in:
Proceedings of the National Academy of Sciences 75.7 (1978), pp. 3417–3421.

LIII



Bibliography

[331] Samuel Schürch, Hans Bachofen, and Fred Possmayer, “Surface activity in situ,
in vivo, and in the captive bubble surfactometer”, in: Comparative Biochem-
istry and Physiology Part A: Molecular & Integrative Physiology 129.1 (2001),
pp. 195–207.
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[625] Adéla Melcrová et al., “The complex nature of calcium cation interactions with
phospholipid bilayers”, in: Scientific reports 6 (2016), p. 38035.

[626] Andrea Catte et al., “Molecular electrometer and binding of cations to phospho-
lipid bilayers”, in: Physical Chemistry Chemical Physics 18.47 (2016), pp. 32560–
32569.

[627] Chanh Thi Minh Le et al., “Interaction of small ionic species with phospholipid
membranes: the role of metal coordination”, in: Frontiers in Materials 5 (2019),
p. 80.

[628] Josef Melcr et al., “Accurate binding of sodium and calcium to a POPC bilayer
by effective inclusion of electronic polarization”, in: The Journal of Physical
Chemistry B 122.16 (2018), pp. 4546–4557.

[629] LJ Lis et al., “Adsorption of divalent cations to a variety of phosphatidylcholine
bilayers”, in: Biochemistry 20.7 (1981), pp. 1771–1777.

LXXIV



Bibliography

[630] Joachim Seelig, “Interaction of phospholipids with Ca2+ ions. On the role of
the phospholipid head groups”, in: Cell biology international reports 14.4 (1990),
pp. 353–360.

[631] Peter G Scherer and Joachim Seelig, “Structure and dynamics of the phos-
phatidylcholine and the phosphatidylethanolamine head group in L-M fibrob-
lasts as studied by deuterium nuclear magnetic resonance.”, in: The EMBO
journal 6.10 (1987), pp. 2915–2922.

[632] Lisa B Dreier et al., “Saturation of charge-induced water alignment at model
membrane surfaces”, in: Science advances 4.3 (2018), eaap7415.

[633] S Kundu, A Datta, and S Hazra, “Effect of metal ions on monolayer collapses”,
in: Langmuir 21.13 (2005), pp. 5894–5900.

[634] Dong June Ahn and Elias I Franses, “Interactions of charged Langmuir mono-
layers with dissolved ions”, in: The Journal of chemical physics 95.11 (1991),
pp. 8486–8493.

[635] Ting Zhang et al., “Cation effects on phosphatidic acid monolayers at various
pH conditions”, in: Chemistry and physics of lipids 200 (2016), pp. 24–31.

[636] Piotr Jurkiewicz et al., “Structure, dynamics, and hydration of POPC/POPS
bilayers suspended in NaCl, KCl, and CsCl solutions”, in: Biochimica et Bio-
physica Acta (BBA)-Biomembranes 1818.3 (2012), pp. 609–616.

[637] Juan M Ruso et al., “Interactions between liposomes and cations in aqueous
solution”, in: Journal of liposome research 13.2 (2003), pp. 131–145.

[638] J Sabın et al., “Size and stability of liposomes: a possible role of hydration and
osmotic forces”, in: The European Physical Journal E 20.4 (2006), pp. 401–408.

[639] Juan Sabın et al., “On the effect of Ca2+ and La3+ on the colloidal stability
of liposomes”, in: Langmuir 21.24 (2005), pp. 10968–10975.

[640] Andria Aroti et al., “Monolayers, bilayers and micelles of zwitterionic lipids as
model systems for the study of specific anion effects”, in: Colloids and Surfaces
A: Physicochemical and Engineering Aspects 303.1-2 (2007), pp. 144–158.

[641] Malcolm N Jones, “The surface properties of phospholipid liposome systems and
their characterisation”, in: Advances in colloid and interface science 54 (1995),
pp. 93–128.

[642] Josef Melcr et al., “Transmembrane potential modeling: comparison between
methods of constant electric field and ion imbalance”, in: Journal of chemical
theory and computation 12.5 (2016), pp. 2418–2425.

[643] Jean-François Tocanne and Justin Teissié, “Ionization of phospholipids and
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[1231] Dietmar Möbius and Reinhard Miller, Proteins at liquid interfaces, Elsevier,
1998.

[1232] Patricia Pedraz et al., “Characterization of Langmuir biofilms built by the
biospecific interaction of arachidic acid with bovine serum albumin”, in: Thin
Solid Films 525 (2012), pp. 121–131.

[1233] Guoqing Xu et al., “The interaction between BSA and DOTAP at the air-buffer
interface”, in: Scientific reports 8.1 (2018), pp. 1–11.

[1234] Kurosch Rezwan et al., “Bovine serum albumin adsorption onto colloidal Al2O3
particles: a new model based on zeta potential and UV- Vis measurements”, in:
Langmuir 20.23 (2004), pp. 10055–10061.
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