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Chapter 1

Abstract & Motivation

Biological membranes are one of the vital key elements of life. They de-
fine the boundaries of cells and control the interactions of a cell with its
environment. Thus, they are involved in processes such as cell motility, en-
ergy transduction, immune reactions, nerve conduction, cell-cell signalling
or biosynthesis. Additionally, they have applications in various fields, from

biosensing applications to food science processes. [1]

The generic structure of a biological membrane is a lipid bilayer. In na-
ture, the bilayer is composed of a large variety of different lipids. The struc-
ture then supports incorporated transmembrane as well as peripheral pro-
teins. Biological membranes are thus highly complex architectures. There-
fore, various model membrane systems have been developed to enable system-
atic investigations of different membrane related processes. These investiga-
tions include fundamental thermodynamic questions up to approaches from
more medical problems. A biomimetic model architecture should provide a
simplified system, which allows for systematic investigation of the membrane
while maintaining the essential membrane characteristics such as membrane

fluidity or electrical sealing properties. [2]

This work has been focused on two complementary parts. In a first part,
the behaviour of the whey protein (-lactoglobulin at a membrane interface
has been investigated. [lg is the major component in bovine milk [3]. It

coexists with the milk fat globular membrane [4]. During the homogenisation
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of milk, [lg adsorbs at the interface of fat globules and thus stabilises the
oil-in-water emulsion [5,6]. The interactions between the protein and the
membrane have thus important implications in food processing processes
such as the stabilisation of emulsions [7], gelation [8] or foaming [9].

Additionally, flg is proposed to facilitate the digestion of milk fat [10], but
is also supposed to be on of the allergens for human infant milk allergy [11].

Protein-lipid interactions have been investigated using Langmuir mono-
layers at the air-water interface and tethered bilayer lipid membranes. A
combination of different surface analytical techniques such as surface plasmon
spectroscopy, neutron reflectivity and electrochemical techniques allowed for
a detailed analysis of the underlying processes.

In the second part of this work, the structure of different model mem-
brane systems has been investigated. Solid supported membrane systems
have been established as powerful biomimetic architectures, which allow for
the systematic investigation of various membrane related processes. Addi-
tionally, these systems have been proposed for biosensing applications. Teth-
ered bilayer lipid membranes (tBLMS) are one type of solid supported mem-
branes. In principle, these architectures consist of a lipid bilayer that is
covalently attached to a solid support via an oligomeric spacer group. [12]
tBLMs are membranes with excellent stability and high electrical sealing
properties. They have been used to study a wide variety of incorporated ion
channel proteins. [13-15]

The structure of the anchor lipid that anchors the membrane to the solid
support has a significant impact on the membrane properties. Especially the
sub-membrane part, which is defined by the spacer group, is important for
the biological activity of incorporated membrane proteins. In principle, the
spacer region should provide a hydrophilic reservoir and accommodate extra-
membrane protein domains, thus avoiding denaturation of proteins upon
direct interaction with the substrate. [16]

Previously, different anchor lipids have been synthesised with different
spacer and anchor groups [14,17,18]. Additionally, a cholesterol-spacer has
been designed to modulate the membrane fluidity [19]. The structures of

tBLMs with different anchor lipids have been analysed using the same com-



bination of techniques as in the first part of the work.

This manuscript comprises 5 chapters. In chapter 2, a general introduc-
tion to membranes and model membrane systems is given. Chapter 3 gives
an overview of the techniques used. In chapter 4, results of the interaction
of [lg with different model membrane architectures are given. Finally,
chapter 5 summarises results of the structural investigations of various
tBLMs.

This work was conducted in corporation with Prof. Camille Loupiac,
ENSBANA Dijon/France.

Internship students that contributed to this work are:

Gaelle Simonin, Michael Durban, Annika Oehler, Dorothea Moderegger,
Christopher Manges, Chloé Champagne and Anne-Kathrin Barthel.






Chapter 2

Biological and model

membranes

2.1 Biological membranes

Membranes are the most widespread structures in plant and animal cells.
They are composed of different lipids and proteins, that are directly linked to
their functional diversity [20]. This variety is depicted in a descriptive model
known as the ‘fluid mosaic model” by Singer and Nicolson (fig. [21].
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Figure 2.1: Illustration of the cell membrane — Fluid-Mosaic-Model by Singer
& Nicolson [21] (Picture: Open source)

The lipid bilayer provides the structural framework of the membrane and
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enables motion of incorporated proteins. Although the model is widely ac-
cepted, its simple thermodynamic considerations underestimate for example
lipid heterogeneity and it tends to stress the planar bilayer and the indepen-
dence of proteins. A more accurate model would have to take into account
the dynamic organisation of the membrane as well as interactions between
lipids and proteins. However, it is yet not possible to elucidate the full
structure-function relationship of the membrane architecture. Nevertheless,
an understanding of the physical principles that govern the molecular organ-
isation of membranes is essential to comprehend their physiological roles. [2]

Due to the high complexity of a biological membrane, most experiments
are performed using simpler model systems. These can be lipid bilayers,
as well as vesicles or multilayers, which allow to study the system under

well-controlled conditions.

2.2 Model membranes

2.2.1 Vesicles

Amphiphilic molecules in an aqueous solution aggregate spontaneously to re-
duce the system free energy when the critical micelle concentration is reached.
The emerging structures are determined by the thermodynamic interplay of
entropy (small structures) and packing constraints. For example, if dou-
ble chained lipids with small head-group areas are present, planar lipids are
formed. In the case of single-chained lipids with large head-group areas mi-
celles are preferred, if the lipids are double chained with fluid chains vesicles
are formed. (2]

Isolated, natural vesicles are composed of a complex mixture of different
lipids and proteins, exhibiting fundamental similarities to the cell membrane.
Due to this, vesicles are extensively used for studying specific biological phe-
nomena. In a living cell, lipids are transported as vesicles, making them
important model systems for gene and (target) drug delivery. The major
drawback of vesicles as model systems is that they are experimentally diffi-

cult to access.
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Figure 2.2: Examples for model membranes

2.2.2 Bilayer lipid membranes

Black, bimolecular or bilayer lipid membranes (BLM) are one of the earliest
model bilayer systems [22].

In a BLM setup, both lipid leaflets are separately accessible, making them
well suited for electrical measurements. (Resistance typically MQ2Ohms or
higher for intact bilayers, capacitance ~ 2uF /cm?.) Such electrical character-
isations are particularly important in the study of voltage gated ion channels.
Another advantage is that asymmetric membranes can be formed by adjoin-
ing two lipid monolayers of different chemical composition.

BLMs are highly susceptible to mechanical vibrations and suffer from
short lifetimes (< 1 d), but advancements could be made by encapsulating a
BLM in situ within a hydrogel, which extended the lifetime up to 11 d [23].

2.2.3 Solid supported lipid bilayers

To overcome the extreme fragility of bilayer lipid membranes and to extend
their life-time from hours to weeks and months [24,25], solid supported bilayer
lipid membranes (sBLMs) were developed. This also expanded the range of
characterisation tools to methods that require a direct physical interaction
with the sample. Additionally, attaching bilayers to functional materials also
enables the use of specific techniques, such as surface plasmon resonance on
gold or magnetic contrast neutron reflectivity on magnetic materials.

Various methods can be employed to form the bilayer, either in one step
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by vesicle fusion onto the substrate [26-29] or successively monolayer and
bilayer. The monolayer can be constituted by e.g. Langmuir-Blodgett trans-
fer [30-32], self-assembly [17, 33, 34], adsorption of charged lipids onto op-
positely charged surfaces [35] or spontaneous thinning of lipid/decane mix-
tures [36-38]. The bilayer can be completed by Langmuir-Schéfer trans-
fer [39-42], vesicle fusion [35,43,44] or rapid solvent exchange [15,45,46].

Supported bilayer lipid membranes

Supported bilayers (sBLMs) are planar structures with the upper part ex-
posed to solution and the lower leaflets sitting, cushioned by a small water
gap, on a solid substrate. This water layer is, depending on substrate and
lipid, in the range of nanometres [47,48] and limits the utility of sBLMs
in studying integral membrane proteins with large domains, as they often
denature on the substrate surface and lose their functionality. Membrane
processes of ion carriers and channels cannot be characterised because an
adequate ionic reservoir on the lower side of the membrane is missing. [16]
Another drawback is the hydrophobic coupling between the bilayer and
the substrate that reduces the fluidity of the membrane, compared to other

model systems presented below [49].

Polymer cushioned bilayer lipid membranes

In a polymer cushioned BLM (pcBLMs), a bilayer is applied onto a network
of soft hydrated polymers or onto a hydrogel. This polymer layer acts as a
spacer as well as support for the biomembrane, similar to the the cytoskeletal
support found in mammalian cells. [41,49-51]

However, the roughness of the polymer cushion might influence the bilayer
quality as often the formed bilayers are not complete, inhomogeneous and

not well-sealing.



Tethered bilayer lipid membranes

Tethered bilayer lipid membranes (tBLMs) combine the advantages of solid
supported membranes with a defined ionic reservoir and sub-membrane
space. Their principal composition (fig. consists of a spacer molecule
that binds the membrane to the solid surface and controls the sub-membrane
space. The inner part of the bilayer is connected to this anchor. The bilayer
is usually completed by mobile lipids. They are relatively easy to build and
there is a growing interest in various research fields as well as for industrial
applications. [15,17,46,52,53] To summarise the advantages of tBLMs they:

e are accessible to wide range of characterisation techniques

e possess a ionic reservoir on each side of the membrane

prevent direct contact of membrane compounds and the solid substrate

are insulating, but still fluid

are highly stable

feature easy and reproducible fabrication

TITTTPTTTTIT — Mobile lipids
SOBLLLARRRLY  —  Inner lipid chains

Hydrophilic spacer

Anchor
Solid support

Anchor lipid \

Figure 2.3: Schematic illustration of a tBLM
The inner bilayer leaflet is attached to the solid support via a spacer group.
The upper bilayer leaflet is made of mobile lipids.

Protein tethered bilayer lipid membranes

A special class of tBLMs are protein tethered BLMs (ptBLMs), where the
incorporated protein itself acts as the tethering moiety [54]. This is especially
useful for biosensing/lab on a chip applications, as it is ensured that the

sensing protein is in the right configuration and position.
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2.3 Model membranes and proteins

Proteins at interfaces play an important role for fundamental biophysical and
biochemical issues, as well as for a variety of technological applications.

Approximately 30% of all proteins are membrane associated. Precise
investigations of the interactions between those proteins and the lipid bilayers
are not only of interest for academics, but also lead to important applications,
e.g. drug targeting in the pharmaceutical industry. [55]

Most studies on proteins at solid surfaces concentrate on biomaterial re-
search such as the integration of an implant etc. [56-61].

Biomimetic investigations, exploring the interactions of proteins on
phospholipid-covered surfaces and relating them to in vivo activity are rather
rare. [62,63]

2.3.1 Solid-liquid interface

Hydrophilic
(T

N S
> Hydrophobic

Adsorption

— denaturation
— unfolding

Adsorption
— no denaturation

(NN V) N

[\/\/] [\/\/] [ \ / \
Figure 2.4: Schematic illustration of the adsorption of proteins to hydropho-
bic surfaces [63]. The protein, which possesses hydrophobic and hydrophilic

patches, can either adsorb and remain in its native conformation, or denature

and unfold.

The interface between two different phases has a higher free energy than
the bulk phase. Adsorbing solutes from solution will thermodynamically sta-
bilise this interface [58].
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Additionally, the driving forces for protein adsorption are generally very com-
plex, including van der Waals interactions, hydrophobic interactions, and
electrostatic interactions between oppositely charged surfaces and proteins
or protein domains [57].

The adsorption behaviour dependents also on the surface characteristics as
well as on the type of protein. Throughout the adsorption process, environ-
mental conditions such as salt concentration, protein charge, dipole moment,
hydrophobicity and especially surfaces charges play a vital role. It has been
observed that proteins maintain more structure on electrostatically neutral
hydrophilic surfaces than on hydrophobic or charged surfaces. [60]

During the adsorption to solid hydrophobic surfaces (fig. [2.4)), presumably
hydrophobic patches on the surface of the protein interact with hydrophobic
regions on the surface. This is often followed by conformational changes of
the protein, hence exposure of the hydrophobic core to the hydrophobic sur-
face [63].

Although protein adsorption is well studied, detailed information about the
relation of structure, activity and function after surface interactions is often

missing.

2.3.2 Air/Oil-liquid interface

The interaction of proteins with solid surfaces has attracted more attention
than the protein behaviour at air-liquid interfaces. However, such experi-
ments provide a high level of simplification and enable clear determination
of effects involved in protein-lipid interaction such as charge, hydrophobicity,
pH, ionic strength.

The characteristics of protein adsorption is not as “straightforward” and
differs in many aspects from those observed for surfactant monolayers [64].
For example, a protein at or close to an air-water interface, can undergo
structural changes up to a compete denaturation.

Due to their amphipathic nature, proteins are surface sensitive [65]. If
a water soluble protein is injected into an aqueous subphase, an increase in

surface pressure mg is observed, indicating that some interactions between
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protein and interface occurred [66]. To be able to lower the surface tension,
the protein has to undergo conformational changes namely unfolding to ex-
pose its hydrophobic regions. This is caused by hydrophobic interactions [67]
and promotes protein-protein interactions [65] which lead to the formation of
an adsorbed protein layer. The state of denaturation decreases with distance
from the interface and eventually proteins encounter an environment very
similar to the bulk, and net adsorption ceases [67].

As the denaturation can be a very slow process, and as protein molecules
take more time to diffuse to the interface due to their size, the lowering of the
interfacial tension is much slower than for surfactants [68]. Denaturation is
facilitated at lower surface pressure and the rate of change can be connected
to the amount of interfacial area available [64,68].

If additional surface active material is present, e.g. lipids, the protein has
to compete for interface space. Usually this leads to less interface available
and therefore less protein unfolding and aggregation [65].

But native proteins are able to bind to lipids, either through hydrophobic
patches on the molecule outside or inside a cavity. Thus, at the water-oil
interface the protein may unfold as well. Additionally, lipid binding sites can

be introduced by e.g. heat, pH or ionic strength. [68]
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Chapter 3

Material and Methods

3.1 Neutron Reflectivity (NR)

Neutron reflectivity (NR) allows to probe the properties of samples up to
5000 Angstrom in depth. In a neutron reflectometry experiment, the intensity
of the neutron beam reflected by a surface is measured as a function of the
scattering vector ¢. The obtained scattering profile can be connected to
the scattering length density (sld) of the sample. Neutrons are sensitive to

differences in contrast (i.e. refractive index) in layers on top the substrate.

Neutrons can either be produced by spallation with the help of a particle
accelerator or a controlled nuclear chain reaction in a reactor.
In a water tank that surrounds the reactor, neutrons collide with the atomic
nuclei of the water, transfer energy to it and are therefore slown down. After
this “moderation” the energy of the neutrons is in a range that corresponds
to ambient conditions and they are referred to as cold (or thermic) neutrons.
The wavelengths of cold neutrons are in the range of 0.1 - 1 nm, which
is approximately the same as the atomic spacings in soft matter. As the
cross-section of neutrons is reciprocally proportional to their energy, ther-
mal neutrons lead to more effective scattering in the sample, compared to

faster neutrons. Due to the wave-particle dualism, neutrons scatter in solid
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materials similar to X-rays and Bragg’s law can be applied:
2 d sina = nA (3.1)

where d is the distance of the planes in the atomic lattice, a is the angle be-
tween the incident ray and the scattering planes, n an integer to determine
the scattering order and A the used neutron wavelength.

When a collimated ray of particles (p=mv and A = h/p) strikes a plane
under the angle «, constructive interference can be observed when the dis-
tance between the planes is nA. Scattering leads to interferences that can be

connected to the atomic structure of the probe. [69-71]

3.1.1 Interactions

Detector

Film E—

Substrate ——

Figure 3.1: Incoming and outgoing wave vectors

In specular reflectivity measurements (fig. [3.1]), neutrons strike upon the
sample surface at an angle ¢; and are scattered at an angle 6;. The incident
and exit angles are equal (60 = 0; =0;).

The wave-vector transfer is defined as the difference between the final and
initial wave-vectors ¢ = l;f — k;. For elastic scattering of neutrons, the
magnitudes of the incoming and outgoing wave vectors are the same and

equal to the wave number,

ki

= || = 2m/ (3.2)
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With 6 = 6; =0; follows g,= 0 and this gives the wave vector Q.
Q. =2sinf-q= (4rsinf)/A (3.3)

In reflectometry, neutrons strike on a surface at a grazing an-
gle of less than 3°. At these small angles, the potential for scatter-
ing can be approximated by a continuous value which is called the
scattering length density p (sld). The neutron scattering length density is de-
fined as:

p="" (3.4)

where b, is the bound coherent scattering length of the ith of n atoms in a
molecule with molecular volume v;,.

For cold neutrons, the very small angles of incidence can be sufficiently
low to cause the neutrons to be totally reflected from the surface. This angle
is the critical edge (fig. and gives information about the average sld of
the substrate material. At angles higher than the critical edge, the reflected

Critical
edge

0,1
0,01 AQZ = 2n/8
1E-3

1E-4

1E-5

1E-6

i v T
0,00 0,05 0,10 0,15
Q, [inverse Angstrém]

Figure 3.2: Neutron reflectivity profile

intensity comprises information about the change in scattering length den-

sity with depth. The data shows finite-size fringes that can be analysed to

15



determine total thickness of the film, material composition, periodicity, and
roughness.

After subtraction of the off-specular background, these data can be fitted (or
inverted) to obtain a real-space profile of the scattering length density as a

function of depth.

3.1.2 Contrast matching & variation

Contrary to X-Ray methods, in neutron scattering the sld does not increase
with atomic number but depends on the properties of the nucleus, which
makes it possible to distinguish different nuclides and isotopes.

Biological materials are rich in hydrogen which is nearly invisible to X-rays,
therefore neutron scattering is more descriptive for such samples. Using con-
trast matching or variation, we are able to increase the information obtained
during the experiments significantly by using different ratios of H,O/D2O
and highlight or blend out one element. This can be achieved due to the

very different neutron cross section (cs), and therefore slds, of
e hydrogen (cs = 82/sld = -0.56-10 %A% at A = 5 A and T = 20°C) and

e deuterium (cs = 7.6/sld = 6.37-10°6A2 at A = 5 A and T = 20°C).

;; E 393 333

Figure 3.3: Contrast variation (left) and contrast matching (right)

During contrast variation, hydrogen (o) in the sample is replaced by deu-
terium (0O). The so marked parts stick out or disappear, according to the
buffer used.

In contrast matching, the sld of the buffer media is changed so that parts of
the sample, with the same sld, fade out.

Contrast matching (or null scattering) describes the method to adjust the

sld of the media to the value of a component of the system by mixtures of
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D,0O and H,O, so that certain parts of the structure, with different molecular
composition, “stick out” (fig. . This is always under the assumption that
the chemical structure of the interface is unchanged.

Mixtures used in this work are CM4 (3 HyO : 7 D50, sld ~ 4-10-6A2) and
CM5 (1 HyO : 7 D50, sld = 5-1076A2).

Contrast variation denotes the approach to substitute hydrogen to deu-
terium, similar to staining in biology. This requires complex preparation
and is usually done in specialised laboratories associated with neutron facili-
ties. However, for samples containing labile protons, such as in -OH groups,
deuteration of certain groups is easily achieved.

Contrast matching/variation is not only suitable to distinguish otherwise
similar molecular compositions, but also from the data analysis point it is
useful to measure the sample in different contrasts. Due to the loss of phase
information with the inversion of experimental data into scattering length
density values, a measured reflectivity curve cannot be uniquely described by
exactly one scattering length density profile. If at least two sets of data, with
different contrast, were obtained, the phase information can be recovered and

a unique sld profile can be calculated.

3.1.3 Measurements

Measurements were performed on the reflectometers AndR (fig. [3.4), NG1
and NG7 at the NIST Center for Neutron Research, National Institute for
Standards and Technology, Gaithersburg, MD/USA.

Samples were placed in a silicon wet cell (Fig. , mounted on the
instrument and aligned. Prior to the neutron reflectivity measurement an
incident beam scan through the thick fronting wafer is performed in order to
measure the direct beam intensity. The later-on measured specular reflectiv-
ity will be normalised to the direct beam incident intensity.

The cell is first filled with DyO-based buffer and the specular reflectivity is
typically measured between momentum transfers 0 < Q. < 0.35 A~'. The
background intensity offset to both sides of the specular ridge is measured

separately. The background neutron radiation mainly originates from in-
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Figure 3.4: Elevation view of the AndR instrument.
(Provided by J.A. Dura, NCNR Gaithersburg/USA)
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Figure 3.5: Drawing of the NCNR wet cell [72].

coherent scattering from the bulk solvent reservoir. The measurement is
repeated after filling the wet cell with DoO/Hy0O-based buffer. If necessary,
different mixtures of DoO and HyO are used. This way, distinct data sets

of the same sample in contact with isotopically different bulk solvents are
recorded.

The neutron reflectivity is calculated from the measured specular raw data,
the background data and the incident beam data.

3.1.4 Data

The reflectivity profile, hence the plotted intensity of reflected radiation as

a function of angle, provides information about the structure of the surface,
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including thickness, density, and roughness.

The position of the critical edge gives information about the nuclear
(chemical) composition of the substrate of the sample. The periodicity of
the fringes is related to the layer thickness 0 (approx. 27 /d) and their ampli-
tude can be connected to the nuclear (chemical) contrast across the interface
(fig. [3.6] left). The attenuation of the reflected intensity is dependant on
the roughness of the surface (fig. , right). These parameters addition-
ally are all depend on the sample substrate and the solvent (fig. , left).

All those factors superimpose and result in a complicated reflectivity profile

(fig. 3.7} right).

1E-4 o

Reflectivity [a.u.]
m
&
d

1E7 4Si substrate with: AN 167 {Roughness: | A f\
1A / Y AVA N
/a\
Au (d=300A, sld = 4.45) TE84——10A V V Vv \v’\,,/—
[—— SiOx (d=150A, sld = 3) 15A
0,0 01 0.2 03 0.4 05 0,0 01 0,2 03 04 0,5
Q[A"] QA"

Figure 3.6: Reflectivity curves of a perfect interface between DO and a
silicon substrate and corresponding scattering length density profiles (inset).
left: Comparison of samples with 150 A (black), 300 A (thin black) gold
(sld = 4.45-1076A2), and 150 A (dark grey) SiOx (sld = 3-107%A2). Thicker
layers lead to smaller periods, films with smaller nuclear contrast to smaller
amplitudes.

right: Comparison between sample roughness 1 A (black), 10 A (dark grey)
and 15 A (light grey). The attenuation increases with increasing roughness.

3.1.5 Fitting
Parratt’s Recursion Relation

One method of calculating reflectivity profiles is based on Parratt’s recur-

sion relation [73], which was originally conceived for X-ray reflectivity data

evaluation.
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perfect interface between D,O and a

silicon substrate with a 150 A Au layer.

left: Solvent influence on reflectivity curves. The differences are especially
visible at the critical edge and small Q (inset), as well as in the region of
interest resulting from the lipids (0.2 - 0.3 A~1).

right: Calculated reflectivity curves of Si substrate (black) with 150 A Au
(dark grey), additional 20 A Cr (light grey) and 25 A lipid layer (thin black)
and corresponding scattering length density profiles (inset).
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Figure 3.8: Scattering length density

profile used for calculating reflectivities

from Parratt’s recursion relation. The profile is divided into N layers, and

the wave is calculated in each layer.
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It is an iterative technique were the model scattering length density profile
is broken up into a series of layers as shown in Fig. [3.8]

Since all of the phase information is lost in a conventional experiment,
direct inversion of the recorded data into the scattering length profile p(z),
is mathematically not possible. An iterative fitting procedure must be used

to deduce p(z) from the reflectivity data.

Data reduction using the NCNR ’reflpak’ reflectometry package

The NCNR ’reflpak’ reflectometry package [74] is one of many different meth-
ods to fit reflectivity data. It uses Parratt’s recursion relation to calculate
reflectivities from a model profile and parameters are varied in a systematic
way.

In order to calculate the neutron reflectivity, the background intensity is first
subtracted from the specular reflectivity and the difference is divided by the
incident beam intensity. This is called data reduction.

The data is fitted by ‘Reflfit’ to a model of neutron scattering length density
profile along the axis perpendicular to the substrate surface.

The fitted sld profile is structurally interpreted in terms of chemically dis-
tinct layers. In case of a solid supported lipid bilayer, the following order of
layers was used: the silicon substrate, the silicon oxide layer, the chromium
layer, the gold layer, the spacer region, the inner headgroup layer, the outer
headgroup layer, and the bulk solvent phase (fig. .

As ‘Reflfit” only simulates single data sets, it was only used for a rough calcu-
lation of the parameters. These parameters were then fed into ‘Garefl’. This
software is also part of the ‘refpak’ package, and allows to simultaneously fit
data sets with isotopically different bulk solvents.

“Garefl” is a C++-based system for modelling reflectivity data using
Paratt-formalism and model refinement using a genetic algorithm. It has
been designed to enable the simultaneous fitting of multiple data sets. The
initial model, data sets, constraints and beam details are adjusted in setup c-
file. An example for such a protocol can be found in the appendix (Sec. .

After compiling the setup file, the fitting procedure is started, which involves
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solution of a coupled linear equation system by GNU octave. Sets of possible
values of fitting parameters are created randomly, the reflectivity is calculated
for each data set and then evaluated against a test function (x?). Genetic
algorithms are normally maximising functions, so the quality defined for each
set of parameter values is calculated as x2,,, —x* where x2 .. is a user-defined
constant value (by default 5000 x number of data sets). Parameter sets which
give rise to x? > x2 ., are given a quality of zero. Each time the quality of a
fit is better than the current best, the old data set is substituted and the new
parameter values are stored. Fitting a 4 stack data set requires simulation
time in the range of hours to days. The post-processing is done by e.g.

gnuplot or Origin.
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Figure 3.9: Model sld profiles with corresponding tBLM parts

The sld and thickness of the hydrocarbon layer can be utilised to calculate
the area per lipid molecule. From simultaneous fits of the data sets with
isotopically different bulk solvent phases, the hydration of the various layers

and the completeness of the lipid bilayer can be calculated. This is an in-build
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function of the ‘Garefl’ software.

3.2 Surface Plasmon Resonance (SPR)

Surface plasmon polaritons (SP) are sensitive to molecular changes in the
environment near a metal-dielectric interface making SPR a valuable tool to
observe adsorption kinetics and their parameters.

An SPR experiment allows to detect changes in the local index of refraction
and this can provide information about layer growth [75]. In the scan mode,
changes in the reflected intensity are measured as a function of the scattering
angle, while in the kinetic mode, changes at a fixed angle are detected as a

function of time.

3.2.1 Surface Plasmon excitation

Surface plasmons polaritons are transverse electromagnetic oscillations along
the interface of two media with different reflective index, e.g. a metal and a
dielectric.

Excitation in a smooth metal surface by photons requires the use of a
coupling medium such as a prism as the propagation constant of a surface
plasmon at a metal-dielectric interface is larger than the wave number of the
light wave in the dielectric. Due to the direction of their wave vectors lg, SP
can only be excited by p-polarised light.

In the here used Kretschmann configuration (fig. , the coupling
wave to excite the surface plasmons is generated by a light wave that passes
through a high refractive index prism where it is totally reflected at the prism
base. The created evanescent wave propagates along the metal-dielectric in-
terface with a propagation constant that can be adjusted to match that
of the surface plasmon by controlling the angle of incidence 6. If paral-
lel monochromatic light is used, reflection under certain incident angles is
strongly decreased because the surface plasmons adsorb the irradiated en-
ergy. Varying the incident angle of light shows that the position, width and

depth of the characteristic reflection minimum of the surface plasmon res-
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Figure 3.10: Simplified SPR setup and sample mounting. Picture taklen
from Knoll et al. (2003) [77]

polarizers

onance is strongly dependent on the refractive index and layer thickness of
the system (fig. [3.11])).
Hence, surface plasmon adsorption is a valuable function to determine optical

constants [76].

3.2.2 Sample Preparation

An LaSfN9 prism was assembled in a Kretschmann-like configuration. The
prism was directly coupled to the sample using an immersion oil with the
same refractive index as the glass. Lipid mono- and bilayers were assembled
on gold coated LaSfN9 glass slides. A thin (2.5 nm) chromium layer was
used to enhance the adhesion of the gold layer.

A customised SPR setup with a 632 nm He/Ne laser was used. Measurements
were performed in a Teflon flow cell, where the sample could be flushed with

different solution, e.g. containing the protein.

3.2.3 Data evaluation

Data was evaluated using the WINSPALL program (MPI for Polymer Re-
search, Mainz/Germany).

Each layer was fitted independent and subsequently. When an additional
layer was introduced and fitted (e.g. DPhyPC) the values of the layers un-
derneath (e.g. LaSfN9, Cr +Au) were imported from the precious fit (e.g.
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Figure 3.11: Simulated SPR scans for DPTL (—), DPTL + DPhyPC () and
DPTL + Triolein (- -) on aLaSfN9 glass slide with Au and Cr

Layer Thickness [nm]| | €(real) | €’(imag)
LaStN9 | oo 3.404 |0

Cr 2.5 -6.3 9.3

Au 50 -12.3 1.33
DPTL |3 2.25 0
DPhPC | 3 2.1025 | O
Triolein | 3 2 1.8

Blg 3.2 2[79] | 0

Air 00 1 0

Water | oo L7717 |0

Table 3.1: Theoretical SPR values at A=633 nm (Source: www.luxpop.com)

without DPhyPC) and kept constant.

The system was analysed in terms of a box model using the refractive
indices shown in table[3.1. The imaginary part €’ of the propagation constant
is associated with the attenuation of the surface plasmon in the direction
of propagation. Triolein, due to its “trident” structure, does not form a
homogeneous upper bilayer, which leads to internal scattering, causing the
minima to shift to higher intensities (fig. [3.11]). Therefore, ¢’ =1.8 has been
used [78].
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3.3 Electrical Impedance Spectroscopy (EIS)

Electrical Impedance Spectroscopy (EIS) studies the response of a system
to the application of a periodic, small amplitude AC signal. The impedance
Z(f) of a system, which is the AC analogy to resistance in DC, is measured
over a range of frequencies. Those measurements provide information about
the interface, its structure and reactions taking place, including energy stor-

age and dissipation properties. [80]

Impedance

The impedance can be seen as the AC analogy to resistance in DC, although
it is a more general concept because it takes phase differences into account.
In general, the opposition to the flow of an alternating current is not only
resistive, but also includes energy dissipater (resistor) and energy storage

(capacitor) elements.

Bt E t t :
(t) _ Eocos(wt) 7 _cos(wt) Ze’? = Zy(cos p + jsin )

Z= I(t)  Iycos(wt — o) Ocos(wt — )
(3.5)

3.3.1 Measurement

Measurements were conducted using a impedance analyser that provided the
voltage signal, measured the voltage perturbation and the current responds,
and calculated the impedance.

The analyser is connected to the sample in a Faraday cage. This is necessary
to reduce interfering electromagnetic noise.

Membranes were assembled on gold slides, which also served as working elec-
trodes in a three electrode setup (fig. [3.12)). The Teflon measurement cell
had an inner volume of approx. 1 ml. The counter electrode was made of a
coiled platinum wire and a Ag/AgCl (World Precision Instruments, Berlin,
Germany) electrode was placed close to the bilayer in order to create a de-
fined electrochemical potential.

In the here wused frequency domain method, a sinusoidal voltage
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Figure 3.12: Principle set-up of a three electrode electrochemical cell for
impedance measurement.

signal U(t) = Up(w)sin(wt) is applied, causing a current respond of
I(t) = Ip(w) sin(wt + ¢t). (The applied voltage signal should be small, in
the range of thermodynamic fluctuations ~ 25mV, in order to maintain a
linear response of the system.) The applied single frequency voltage U is
measured, as well as the phase shift and amplitude (or real and imaginary
part) of the resulting current I at that frequency.

Between two consecutive frequencies, a time delay allows the system to adapt
and equilibrate to the frequency change.

From the physical model, an equivalent circuit is derived which is fitted to

the measured spectra.

3.3.2 Equivalent circuit models

Equivalent circuits, mostly made of resistors and capitors, are simplistic mod-
els to mimic the behaviour of the investigated system. They are derived from
physical considerations of the system, fitted to the measured data and inter-
preted in terms of the applied model [81].

The here used membrane architecture can be simplified represented by:
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3.3.3 Representation of impedance spectra

The aim of the various plot possibilities for impedance spectra is the opti-
mal visual presentation of the characteristic features of a system and their

changes.
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Figure 3.13: Bode (left) + Admittance (right) plot
Bode: Impedance and phase shift vs. log w
Admittance: Capacitance of the system

Bode

A Bode (or polar) plot (3.13] left) includes two different sets of data:
e The absolute Zy(f) value of the impedance and the
e The phase shift ¢(f) of the impedance

both against the logarithmic plotted frequency, so that a wide range of fre-

quencies and corresponding values of impedance can be viewed.
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Admittance

The admittance Y (w) is the reciprocal of the impedance. If the imaginary
part of the admittance is plotted over the real part of the admittance this is
known as ‘(Complex) Admittance plot’ (3.13} right), where the capacitance

can be read.

3.4 Isotherms

A Langmuir monolayer is a one-molecule thick insoluble layer of an organic
material spread onto an aqueous subphase [82]. Simplified, monolayers are
(half)-membranes and can be used as model systems for biological mem-
branes. They are suitable for the study of long-range interaction on micro-
scopic length scales as they form an isolated quasi-two dimensional system at
the air-water interface. Langmuir monolayers have been extensively studied
and well described in the literature, e.g. [82-86].

Wilhelmy plate

Movable
barrier

Figure 3.14: Schematic representation of a Langmuir trough (left) and used
Langmuir trough with Brewster angle microscope (right).

A Langmuir film balance is a device for the study, analyse and manipu-
lation of monomolecular organic layers such as amphiphilic molecules, fatty
acids and lipids. The Langmuir trough (fig. has one or two movable
barrier(s) to control the trough area and a force measuring device for deter-
mining the surface pressure (surface tension).

Traditional compounds used to prepare Langmuir monolayers are am-
phiphilic materials that possess a hydrophilic headgroup that submerges into

the water and a hydrophobic tail that remains outside to interact with other
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tails to form a layer. Hydrophilic groups are attracted to polar media and
the forces acting upon them in the liquid state are predominantly Coulomb
type (r72). Hydrophobic groups such as hydrocarbon chains, fats and lipids
are much less (if at all) water soluble and the forces acting upon them are
predominantly van der Waals type (r~'% and r=7). Amphiphilic molecules
are trapped at the interface due to these two very different types of bond-
ing within the one molecular structure. Lipids, because of the very long
carbon chains, are almost always immiscible with water and therefore form
monomolecular layers on the air-water interface. To create a monolayer, the
amphiphiles are dissolved in a water-immiscible solvent such as chloroform
and spread with a syringe onto the air-water interface. The chloroform evapo-
rates and leaves a monomolecular layer of the spread molecules. Spontaneous
spreading will continue until the surface pressure of the monolayer is equal
to the ‘equilibrium spreading pressure’. At this point, the entire available
surface is covered and any further droplets of solution remain embedded in
the monolayer as floating lenses, as no more spreading out can take place.

Upon closing of the barrier, the surfactant is compressed causing a change in
the surface pressure. Plotting the surface pressure m as a function of trough
area A is known as a m-A isotherm. Analysis of these isotherms provides

information on the arrangement of the surfactant at the interface.

The lipid monolayer at the air-water interface represents only one half of
the naturally occurring bilayer of the membrane, but allows the packing den-
sity of the spread lipid molecules to be varied by changing the available area
per molecule. Thus, information on membrane constituents that are organ-
ised in a membrane-like environment can be obtained, but direct information

on membrane functionality is only sparely provided.

3.4.1 Swurface pressure measurement

Any liquid will always try to reduce its surface area - this is known as surface
tension 7 [82]. The surface pressure m of a monolayer is defined as the

lowering of the surface tension v due to the presence of the monolayer on the
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water surface [82]:
= Ay (3.6)

It can be interpreted as the two-dimensional analogue of the three dimen-

sional pressure.

The Wilhelmy plate technique is

ar

a frequently used method to de-

liquid

termine the surface pressure. The

force due to surface tension is de-
termined on a plate which is sus-
Figure 3.15: Wilhelmy plate, pended so that it is partially im-
(© Nima Technology Ltd [87] mersed in the water subphase.

3.4.2 w - A — isotherms

The characteristics of a monolayer on the water surface are studied by mea-
suring the changes in surface tension upon compressing. The shape of the
isotherm is characteristic of the molecules that make up the film and hence
provides a two-dimensional 'fingerprint’.

Molecules in solution are subject to attractive forces; in the bulk these
forces are counterbalanced. However, at a surface or interface the forces are
unequal and the net effect is to pull the peripheral molecules into the bulk
of the solution. This effect gives rise to surface tension. The tendency of
surface-active molecules to accumulate at interfaces favours the expansion of
the interface and hence lowers the surface tension. Such behaviour makes
it possible to monitor the surface pressure as a function of the area occu-
pied per molecule provided that the number of molecules deposited on the
surface is known. By quasi-statically moving the barrier of the Langmuir
trough and simultaneously measuring the surface pressure, the surface pres-
sure can be determined as a function of the area of water available to each

molecule. Because the temperature is kept constant, this relation is known
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as the surface pressure vs. area isotherm, usually abbreviated to “isotherm”,

the two dimensional analogue of the three dimensional volume-pressure dia-

gram (fig. B.16).
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Figure 3.16: Schematic isotherm of a Langmuir monolayer, from Kaganer et

al. [88)]

Outlay: Transition from liquid to condensed phase with coexistence region
Inlay: Transition from gaseous to liquid phase

The study of the surface pressure of monolayer provides information about

the surface-active properties of the components, and also on the area occupied

by them in the film. Analysis of the experimental results of the study of the

surface pressure and the potential adsorption of proteins to phospholipid

monolayers might enable to determine the nature of the interaction of the

protein with lipids and the structure of the complex formed in this process.
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3.4.3 Brewster angle microscopy

Brewster angle microscopy (BAM) is a form of reflectometry that was derived
from ellipsometry and which is mostly applied to monolayers at an air-water
interface. BAM makes it possible to directly and label-free observe ultra-thin

films at air-water interfaces in situ and in real time.
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Figure 3.17: Brewster angle condition [89] and reflection on thin films

When light moves between two media of different refractive indices, light
which is p-polarised with respect to the interface will not be reflected from
the interface at one particular incident angle, known as Brewster’s angle wp,
but completely refracted into the subphase (fig. [3.17, left).

This can be expressed as [90] :

91 + 82 - 900 (37)

where 6; is the angle of incidence and 65 is the angle of refraction.
Using Snell’s law one finds [90]:

n;sinwpg = no sin(g — wp) = N2 COSwp (3.8)
and thus,
tanwp = m (3-9)
o

33



Where n; and ns are the refractive indices of the two media.

If a thin film is present, the refractive index differs slightly from that of
the substrate value. Then the Brewster angle condition is no longer fulfilled,
neither at the air-film nor the film-water interface. Therefore, some reflec-
tions occur on both interfaces, and there are also multiple reflections within
the film (fig. right). All these beams superimpose coherently and pro-
duce a signal that can be detected with a sensor, e.g. a CCD camera. The
reflected intensity depends on the film thickness and its optical parameters
as well as the roughness of the water surface caused by thermal fluctuations
(about 0.3 nm) [91].

Modelling film thickness

The software provided by Nanofilm, Géttingen/Germany includes the pack-
age ‘BAM tools’ which enables modelling of the thickness of a film at the
air-water interface as a function of the reflective index of the adsorbed ma-
terial.

During calibration at the bare subphase, the software calculates the “ex-
perimental Brewster angle”, a “calibration factor”, and a “dark signal”. With
those values the BAM tools model converts the intensity of the reflected light
into film thickness, in a range of a minimum and a maximum of the refractive
index of the film.
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3.5 Procedure

All experiments were executed at ambient conditions. For all steps, ultra
pure water, filtered with a Millipore device (Billerica, MA /USA) was used.

3.5.1 Buffer preparation

PBS at varying pH was prepared with an ionic strength of 0.1 M NaCl
prepared with NaoHPO,4 and NaH,PO, or citric acid respectively. The pH
was checked with a Mettler Toledo, Giessen/Germany pH meter.

3.5.2 Metal evaporation

As the lipids used for monolayer formation are optimised for gold, a 50 nm
layer of gold was electro-thermical evaporated onto previously cleaned glass
slides. To enhance the stability of the layer, and to allow for rinsing with
ethanol, a 2.5 nm layer of chromium was added between the glass slide and
the gold layer.
High refractive index glass slide (LaSfN9/Schott) were chosen for SPR mea-
surements as they allow for multiple uses if cleaned properly.

For neutron reflectivity measurements, 10 mm thick silicon wafers
(Si-Mat, Landsberg/Lech, Germany) with a diameter of 76.2 mm were used.
A 15 nm thin layer of gold was evaporated instead of 50 nm for SPR, but

otherwise sample treatment was the same as for SPR substrates.

3.5.3 Template stripped gold

Surface flatness is an important issue when assembling membranes with high
sealing properties, as small defects or unevenness prevents the formation of
a complete bilayer. Glass substrates on which the metallic layer is directly
evaporated are not flat enough. Therefore a special preparation technique
that exploits the ultra flatness (<0.5nm) of silicon is used. The so called
‘template stripped gold’ (tsg) [92] was used for all EIS measurements.

After cleaning the silicon substrates (CrysTeC, Berlin/Germany) in basic pi-
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ranha, approximately 50 nm of gold were evaporated on the silicon chip. Each
one is immediately glued to a cleaned glass slide with epoxy glue (EpoTek
353ND4, de-gased for 1 h). The sandwich was set to harden for 2 h at 150°C.
After exposing the ultra-flat gold, the slides where cleaned with nitrogen and

placed in the self assembly solution.

3.5.4 Self assembly

Lipid monolayers were formed by self assembly (SA). After the evaporation
of chromium and gold, the substrates were immediately immersed in a lipid
solution (0.2 mg/ml in ethanol) for 24 h. Before use, samples were rinsed in
abundance with ethanol and dried with nitrogen.

An overview of the anchor lipids used, as well as their chemical structure,
theoretical length and sld can be found in table [3.2]

3.5.5 Vesicle preparation

Highly insulating bilayers can be formed by vesicles. If the osmotic pressure is
high enough, vesicles added onto the monolayer will break open and complete
the bilayer.

Vesicles were produced by the extrusion technique [93] using a pore size of
50 nm and 2 mg lipid per ml H50. In this method, a lipid in water suspension
is pushed through pores producing monodisperse vesicles in predictable size

without the addition of contaminants.

3.5.6 Rapid solvent exchange

A faster, and in general more reproducible but slightly less dense, way of com-
pleting the bilayer in the flow cell is rapid solvent exchange (RSE) [15,45,46].
The substrate is incubated in a ethanolic lipid solution of 5-10 mg lipid in
ethanol, depending on the used lipid. After 10 min, the cell is rapidly, and in
large quantity (approximately 20x cell volume), flushed with aqueous buffer.
During this exchange, the water insoluble lipid molecules complete the bi-

layer on top of the phytanoyl chains of the monolayer, rather than to mix
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with the water and get rinsed away.
This preparation technique is suitable for forming defect-free bilayers over
large substrates as have been used for neutron reflectivity measurements.
For rapid solvent exchange, 5 mg/ml DPhyPC and 10 mg/ml glyceryl tri-
oleate in ethanol were used.

An overview of the outer lipids used for bilayer formation, either by vesi-
cles fusion or RSE, as well as their chemical structure, theoretical length and

sld can be found in table 3.3

DPhyPC Triolein Cholesterol
Ca6HgpO10PNa Cs57H10406 CarHy60

£HO HO £HO
£HD eHO

0 £y

£HO

o

I
a4
o

[e]
B H O
= O\)\/O
i

0.253-107¢ A2 Not used for NR 0.206-107¢ A—2
3.0 nm 3.0 nm 2.0 nm
Table  3.3: Chemical  structure, scattering  length  density

(Calulated ~ with ~ the  Scattering Length  Density  Calculator,
http://www.ncnr.nist.gov/resources/sldcalc.html) and theoretical spacer
length (Determined by Chem3D Ultra 6.0) of DPhyPC and cholesterol.
Both were used for the completion of the outer bilayer.
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Chapter 4

-lactoglobulin

4.1 Introduction

Fundamental processes in food science include the interaction of proteins with
various interfaces, e.g. water-oil or water-air. However, such processes are
often complex. In order to facilitate a detailed analysis, model systems are
used. The globular whey protein g-lactoglobulin (Slg, fig. is the major
component in bovine milk [3] and belongs to the lipocalin family that is
known for specific transporter activities [94]. The protein is easily accessible
and has been used in the past as model compound in investigations at the air-
water or oil-water interface [95]. It has also been employed for more applied
studies on the stabilisation of emulsions [7], gelation [8] and foaming [9] as
well as of its influence in aroma perception [96].

In dairy products, flg coexists with milk fat globular membranes [4],
which consist of 27%(w/w) phospholipids. Therefore studies of the protein
at the interface of phospholipids can give important information about pro-
cesses occurring during protein-fat contacts [97-99]. However, the detailed
interaction process is yet not fully understood [100] but would facilitate ap-
plications for low-fat products by adding the (charged) amphiphile to lipid-
water emulsions.

In order to systematically study and differentiate between such processes,

a solid supported model membrane system has been used. tBLMs are ac-
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cessible to a wide variety of surface analytical tools, which allows combining
techniques in order to study, for example, the adsorption of a protein to a

membrane in detail.

4.1.1 Properties of -lactoglobulin

[lg is a small globular protein with 162 residues and a molecular weight of
18.4 kDa with an elliptical diameter of 39 A [100,101]. At room temperature,
neutral pH and physiological conditions the native protein is a dimer (fig. |4.2)
of two non-covalently linked monomeric molecules [102]; at concentration
below 2 mg/ml the monomeric form is predominant [103]. Each monomer
contains two disulfide bridges and one single thiol group which is buried in
the interior of the molecule (fig. [£.1)). 50% of the protein structure is made
of large loops of random coils, connecting the structural elements [104]. The
protein is able to interact with its environment via hydrophobic forces and /or
sulphhydryl-disulfide interchange. The single sulthydryl group is the major
key to flg behaviour [105].

[Blg is a carrier of retinal and fatty acids and prevents the inhibition

Figure 4.1: Crystal structure of -lg, taken from [11]
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of pre-duodenal lipases and facilitates the digestion of milk fat [10]. The
protein is very stable under acidic conditions which makes it resistant to
digestion in the human stomach and might be one of the allergens for human
infant milk allergy [11]. The whey protein is useful in food applications
because of its emulsifying and fat binding properties, but also due to its high
nutritional quality and heat sensitivity which makes it a valuable tool for

pasteurisation [106].

Figure 4.2: X-ray diffraction image of $lg in monomeric (left) and dimeric
(right) form [107], PDB 2Q2M

4.1.2 Milk fat globule membrane

Simplified, milk is a fat in water emulsion. More than 95% of the fats
are triglyceride. In un-homogenised milk, the fats exist as small globules,
roughly 4 um in diameter. These fat globules are surrounded by a thin layer
of surface-active material, which is called the milk fat globule membrane
(MFGM) [4]. The MFGM is secreted from the mammary secretory cell in a
tri-laminar structure:
A surface active inner layer that surrounds the intracellular fat droplet, a
dense proteinaceous coat and finally a true lipid bilayer membrane originat-
ing from the secretory cell apical plasma membrane [108].

Besides phospholipids, the MFGM also consists of proteins that act as

emulsifiers, preventing flocculation and coalescence and protecting the fat
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against enzyme action.

Additional to casein, which aggregates proteins and calcium phosphate to
nanometre-scale micelles, milk contains various other types of proteins. They
are more water-soluble than the caseins and suspended in whey when the
caseins coagulate into curds, therefore they are known as whey proteins.
Lactoglobulin is the most abundant of them. [109] The MFGM is affected
by milk processing treatments such as homogenisation, heating, cooling, etc.
and consequently, many properties of dairy products are directly influenced
[110].

4.1.3 plg - lipid interactions

During milk homogenisation, the milk fat globules are reduced in size, in-
creasing the interfacial oil-water area. To stabilise the freshly exposed lipid
surface, whey proteins adsorb and by interacting with the phospholipids of
the MFGM, they create a stable, highly dispersed fat phase. [5,6] This pro-
cess is probably accompanied by conformational changes of the adsorbing
protein [111].

To be able to use (lg as an emulsifier, its adsorption behaviour on various
surfaces has to be examined.

(B-lactoglobulin has a hydrophobic binding site in its interior, but also
weaker ones on its exterior [112], which bind to various hydrophobic ligands,
mainly retinol and long-chain fatty acids [113,114].

As most of those helical regions are buried in the interior of the native protein,
it does not bind automatically to lipids, but needs to unfold and than partic-
ipate in lipid binding to stabilise the helical conformation [115]. The role of
[lg conformation in membrane association has not been elucidated and noth-
ing is known on the lipid-dependent conformational changes in membrane-
bound Slg [98].

The following experiments investigate the interactions of the whey protein
(B-lactoglobulin with lipids on various surface, the influence of charge and
lipid packing to elucidate the state of unfolding during emulsification and

the protein moieties involved.
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When flg approaches a lipid bilayer, different events could occur (fig. :
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Figure 4.3: Possible [lg interaction with a lipid bilayer

A : pBlg (partly) unfolds to expose its hydrophobic core and enters the
hydrophobic interior of the bilayer.

B : The hydrophilic exterior of the protein binds to the hydrophilic outer
bilayer. No protein unfolding takes place.

C : The protein unfolds on top of the lipid layer and an aggregation layer

is formed.

D : No interactions take place.

To elucidate which scenario is the most likely, NR, SPR, EIS, isotherms and
BAM experiments have been executed on various surfaces employing native
and urea-denatured Slg (fig. :
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Figure 4.4: Solid supported model systems for (lg-lipid interaction investi-
gation
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e To test if the protein unfolds in proximity to the lipid layer:
— native, globular Slg adsorption to lipid mono- and bilayers at solid
interfaces and to lipid monolayers at the air-water interface

— urea denatured, completely unfolded $lg adsorption to lipid mono-
and bilayers at solid interfaces and to lipid monolayers at the air-

water interface
e To evaluate the effect of the defects in the upper bilayer:
— Cholesterol addition to Triolein and DPhyPC (RSE) bilayers

e To investigate the influence of upper layer packing density on protein

adsorption and protein unfolding:

— m-A/7-t isotherms and BAM of fSlg and DPhyPC at various sur-

face pressures
— pPlg adsorption to DPHDL monolayers
e To examine the state of unfolding of the protein at the solid and liquid

interface, as well as the influence of charge and electrostatic repulsion
on the protein core stability:

— Kinetics of Blg adsorption at pH 2, 3, 7 + 8

— Plg adsorption to lipid mono- and bilayers at solid interfaces at
pH 2 and pH 7

— Adsorption kinetics of negatively charged DPhyPG and flg at pH
3+ 7
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4.2 Experimental

Purification procedure

(-lactoglobulin  was purified from milk powder provided by Nestlé,
Lisieux/France. For approximately 12 mg/ml of protein solution, 7.35 g
milk powder were slowly (preferable over night) and under constant agita-
tion dissolved in 100 ml ultra-pure water. After the powder was completely
dissolved, 3.1 g trichloroacetic acid dissolved in 20 ml ultra-pure water was
used as precipitant. The pH of the solution was adjusted to be below pH2.
(-1g is very stable under acidic conditions [11], and it is the only part of milk
that stays in solution in native condition at such low pH. The mixture was
centrifuged (10000 ref, 30 min, 20°C) and the supernatant was dialysed un-
der constant agitation for 3 times 2 hours against water and 3 times 2 hours
against PBS. (Dialysis cassette obtained from Pierce, Rockford, IL/USA)
To enhance the shelf life of the protein solution, 0.02 g sodium azide was
added.

For deuterated protein preparations, the last 3 dialysis steps were carried
out against PBS prepared with D50.

Concentration and purity of the protein was checked by UV-Vis spec-
troscopy (Lambda900, Perkin-Elmer, Waltham, MA, USA) and differential

scanning calorimetry (Mettler Toledo, Greifensee, Switzerland).

Denaturation of (§-lactoglobulin

Denaturing of Slg is a two step process [106]; first the unfolding of the protein
which exposes the inner hydrophobic groups and the sulfhydyl group [116]
and than protein aggregation.

One method of denaturation is heat treatment in solution where the thermal
motion of the protein is increased, leading to the break-up of various inter-
and intramolecular bonds. This destabilisation leads to changes in the sec-
ondary and the tertiary structure. [117]

Whereas thermal denaturation can be reversible under certain circumstances,

denaturation by urea over a certain exposure time is not [118,119]. During
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this process the protein undergoes SH-SS interchange reactions (and possibly

-SH oxidation) which leads to a complete unfolding of the protein [120,121].

Urea denaturation

For the experiments with denatured -lactoglobulin, the protein was unfolded
by urea denaturation [122].

After the normal purification procedure, the supernatant was first dial-
ysed for 2h against PBS with 6M Urea, and finally against normal PBS, as

described above.

Choice of lipids for bilayer formation

Additional to experiments on hydrophobic monolayers, investigations were
also carried out on hydrophilic bilayers as they represent the environment
the whey protein encounters in milk.

The major fat in milk is Triolein (Cs7H;040¢). It is a unsaturated fat and
triglyceride (Sec. 3] fig. [3.3, middle).
Phosphatidylcholines are the major acyl chains in bovine milk phospholipids
[123], which validates their choice as second lipid used. The double-stranded
DPhyPC (Sec. , fig. left) was used to form the upper part of bilayers
due to its similarity to the lipid part of the thiolipids of the monolayer.
Due to their different chemical structures, systems formed with Triolein and

DPhyPC vary in their upper part (fig. [4.5)).
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Figure 4.5: Schematic illustration of model membranes used:
DPTL (left), DPTL + Triolein (middle), DPTL + DPhyPC (right)
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4.3 Results

4.3.1 Pre-investigations

Fluctuations on monolayers

Blg on various DPTL samples
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Figure 4.6: Slide effects on flg kinetics.

left) Variation of kinetics for flg with different purification dates

middle) flg kinetics of 1d and 21d old protein on same slide, no variation
observable

right) No variation on bilayers — Triolein bilayers cushions slide effects

The reproducibility of experimental data is always a big concern, espe-
cially when working with biological or biomimetic systems. Different param-
eters such as the age of the protein or its concentration have been screened
by measuring adsorption kinetics of the protein at a monolayer or bilayer.
When flg was exposed to a DPTL monolayer, a strong scattering was ob-
served (fig. , left). However, the scattering did not correlate with the age
of the protein, i.e. the time after purification. The different results showed
inhomogeneities in different DPTL monolayers preparations. Differences in
the assembly processes or already in the substrate preparation might lead to
different monolayer properties. However, when different spots on the same
substrate were used no significant differences in the adsorption kinetics were
detected (fig. middle). Similarly, different protein preparations showed
similar adsorption on a bilayer (fig. right).

For studies on monolayers, comparisons were drawn from experiments
under different conditions on the same slide or, if not applicable, a sufficient

amount of measurements conducted to allow for good statistics.
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Figure 4.7: Effect of protein concentration on flg kinetics on mono- and
bilayers. Lower protein concentrations led to thinner layers. (Left figure:
Temporary decrease in reflectivity increase due to external impact.)

As can be seen in fig. changes in the concentration of injected protein
resulted in differences in the layer thickness on both mono- and bilayers. This
can be primarily attributed to the fact that $lg if it unfolds is able to form
protein-protein aggregates if enough protein is present [124].

The second reason could be that for low concentrations, only protein patches
are formed, and only higher amounts led to a complete layer.

Fitting with Winspall gave values of 1.6 nm (0.05 mg/ml), 3 nm
(0.5 mg/ml) and 3.7 nm (5 mg/ml) for native flg on a DPTL monolayer.
The value for 0.5 mg/ml corresponds well for the protein laying flattened
on the monolayer, as it would be expected. Additionally, experiments with
completely unfolded protein (see section showed a layer thickness of
about 5 nm, where we expected a high amount of protein-protein aggregation,
resulting in thicker layers than for partly unfolded protein.

For the following experiments, a concentration of 0.5 mg/ml protein in

buffer was used as this seemed to result in a one protein thick layer.
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4.3.2 [lg interaction with mono- and bilayers

7 1plg on:
DPTL
6 4—— DPTL + Triolein (RSE)

{—— DPTL + DPhyPC (Vesicles)

Reflectivity increase after protein injection [%)]
w
1

Time after protein injection[min]

Figure 4.8: Comparison between flg layers formed on top of DPTL, DPTL
+ Triolein, DPTL + DPhyPC (vesicles). [lg formed thicker layers on top
of the monolayers compared to the bilayers. A thicker layer was formed on
an incomplete bilayer made from Triolein compared to a very dense layer
formed by vesicle fusion (DPhyPC).

The interaction of [lg with a mono- and bilayer has been probed us-
ing different techniques presented earlier. As discussed in [1.1.3] different
scenarios could be envisioned. Using SPR, adsorption kinetics have been
investigated. On a dense DPTL monolayer, $lg typically led to a dense pro-
tein layer (n=1.41) of about 3 nm. However, when exposed to a well-packed
DPhyPC bilayer, no adsorption could be detected. In contrast, a Triolein
bilayer showed a protein layer of about 2 nm. (fig.

The quality and packing density of the different bilayers was probed using
EIS. Bilayers were formed either by vesicle fusion or by RSE. All bilayer
systems showed reasonable electrical sealing properties (Table and ,
fig. , and .

However, the Triolein layer was not as stable as a DPhyPC bilayer. This was

caused by the lower packing density of the outer leaflet due to the tripod
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Figure 4.9: Bode + admittance plot: DPTL + Triolein + lg. The formation
of a sealing bilayer with Triolein can be accomplished as R was 5 x higher
and C decreased by factor 0.6. Slg addition led to an increase in capaci-
tance by 10%. The decrease in resistance by 21% was probably due to the
destabilisation of the Triolein layer.

Monolayer | Bilayer | Rinse | (lg | Rinse
R [MQ] 0.94 481 | 501 |394| 3.68
C [uF] 0.73 0.45 | 045049 | 0.49

Table 4.1: Fitted EIS data values for DPTL + Triolein + flg

structure of the Triolein molecule. For example, the resistance of a Triolein
bilayer could decrease by 50% over 24h (= time period of one experiment),
but increases of the same amount could also be monitored.

SPR experiments with denatured [lg (fig. exhibited thicker protein
layers compared to native protein. If the protein has an effect on the resis-
tance this should be even more pronounced in EIS measurements with dena-
tured flg compared to native protein. Those measurements showed no sig-
nificant change in resistance, compared to studies with native flg. Changes
in resistance over time are therefore more likely caused by re-organisation of
lipids in the bilayer than by [lg. Additionally, the protein holds solvent so

that it does not present a real barrier for mobile charges.

In addition to the SPR data, the plg adsorption was also followed by
EIS, where the addition of a layer should be seen at least in the capacitance

values.
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To affirm that the changes observed after (lg injection were in fact caused by
the protein, and not by the bilayer “swimming away” an additional rinsing
step was executed before protein injection. Only if the capacitance was stable
after rinsing, the protein was added. All changes could thus be attributed to
lipid-protein interaction.

The impedance data for $lg on a Triolein bilayer showed a small increase

(10%) in capacitance after protein addition (fig. [4.9)).
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Figure 4.10: Bode + admittance plot: DPTL + DPhyPC(RSE) + flg. No
change in capacitance was observable after (lg addition. The increase in
resistance by 11.5% was probably due to reorganisation in the rather poor
bilayer.
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Figure 4.11: Bode 4 admittance plot: DPTL + DPhyPC (vesicles) + (lg. No
changes were observable in the capacitance after $lg addition. The resistance
decreased by 5% over 24h.
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Monolayer | Bilayer Glg
RSE (fig. [4.10)
R [MQ] 0.37 0.87 | 0.97
C [uF] 3.35 225 | 2.25
Vesicles (fig. [4.11)
R MO 3.45 | 22.05 | 21.05
C [uF] 2.75 2.55 | 2.55

Table 4.2: Fitted EIS data values for DPTL + DPhyPC + Slg

The addition of the protein to a DPhyPC bilayer showed no changes on
bilayers formed with either vesicles or by RSE (fig. m + fig. 4.11)). The
EIS data thus supported the findings by SPR, i.e. the formation of a flg
layer on a triolein bilayer and no interaction with a DPhyPC bilayer. The
increase in capacitance for the Triolein bilayer might also indicate a partial
insertion of the protein into the layer.

Additional NR experiments were performed to investigate possible incor-
poration of flg into the monolayer or bilayer structure. flg was added to a
monolayer in D,O and CM4 and obtained spectra were compared to those
of the bare monolayer. The obtained neutron reflectivity profiles showed
small changes in the intensity at smaller Q after the addition of Slg. If the 4
stacks of data were fitted to a model where the protein lies atop of the DPTL
monolayer, a protein layer with 26 A thickness was observed (fig. .

Comparatively, the fit parameters for DPTL + (lg were altered in that

way that the protein was allowed to enter the monolayer (fig. . This
scenario is not very likely, as the monolayer should be to dense to allow for
penetration, but the data is shown to enable comparisons to a fit were (lg
was allowed to penetrate a DPhyPC bilayer (next paragraph) and a DPHDL
monolayer (Sec. [4.3.5).
This fit resulted in a protein layer thickness on top of the DPTL monolayer
of 8.9 nm with an sld of 3.9-107A~2. Additionally, the sld of the spacer in-
creased slightly from 0.69-1076A~2 to 0.74-10~%A~2 from monolayer without
to with protein. The sld of the inner lipid leaflet increased from 0.04-106A—2
to 0.18:1079A~2. The hydration of the spacer part changed from 11% to
11.6%, the hydration in the inner lipid leaflet from 0.5% to 2.8%.
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Figure 4.12: Fitted neutron reflectivity profiles (left) of DPTL (D,O + CM4)
and DPTL + flg and corresponding scattering length density profiles (right).
[Blg was only “allowed” on top the DPTL monolayer.
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Figure 4.13: Fitted neutron reflectivity profiles (left) of DPTL (DyO + CM4)
and DPTL + flg and corresponding scattering length density profiles (right).
Olg was “allowed” to enter the DPTL spacer and inner alkyl chains.

Flg added to a DPTL-DPhyPC bilayer showed a thinner protein layer
than on a monolayer. If fitted with a model where bilayer penetration was
allowed (but not forced), a 2 A thick layer was formed on top DPhyPC.
Additionally, the sld of the spacer part went up from 0.54-1076A~2 to
1.24-107A2,

Although this increase in the sld of the spacer part of the molecule sug-

gested that the protein entered the bilayer and moved below, this is not very

23



1+
7,0x10° 4

6,0x10° 4

5,0x10°

4,0x10° 4

3,0x10° 4 [

2,0x10°

0,14
0,01 4

1E-3 o

1E-4 o

1E-5 o

sld [A?]

.
1E-6 o

Reflectivity [a.u.]

1E-7 o

I—— DPTL + DPhyPC (D20) —— DPTL + DPhyPC (D20
——DPTL + DPhyPC (CM4) 2\ ., . o~ i 1.0x10° 4—— DPTL + DPhyPC (CM4
L—— DPTL + DPhyPC + pig (D20’ D ——DPTL + DPhyPC + plg (D20)
——DPTL + DPhyPC + pig (CM4) : . 00 [——DPTL + DPhyPC * pig (CM4)

' T T T T T T T 1
0,00 0,05 010 il 020 025 150 175 200 225 250 275 300 325 350
Q[A"] Distance from interface [A]

1E-8 o

1E-9 o

Figure 4.14: Fitted neutron reflectivity profiles (left) of DPTL + DPhyPC
(D2O + CM4) and DPTL 4+ DPhyPC + flg and corresponding scattering
length density profiles (right). Slg was “allowed” to enter the DPTL spacer,
inner and outer alkyl chains.

likely as especially DPTL forms very dense inner and outer bilayer. It is
more reasonable that this result is a residue of the fitting procedure as the
changes in the neutron reflectivity profiles are very subtle and the spacer,
inner and outer alkyl chain layers are strongly interconnected and hard to
distinguish.

Additionally, a DPTL monolayer with added protein did not exhibit this be-
haviour as strongly. If (Glg indeed enters the spacer part of the molecule, this
should be amplified on a monolayer.

In principle, the NR data thus confirm the SPR and EIS data on the
protein-lipid interactions. (lg adsorbs to a hydrophobic monolayer and forms
a layer of roughly 3 nm thickness. This corresponds to a complete layer of
flattened protein. It seems also more likely, that protein remains on top of
the monolayer rather than penetrating it. The slight interactions with the
bilayer observed by NR might be due to the imperfect quality of the bilayer,

2. Similar to a Triolein bilayer, the

formed by RSE over an area of 50 cm
DPhyPC layer had probably defects and inhomogenities. Unfortunately, the

formation of a Triolein bilayer in the neutron cell was not successful.
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On Triolein, there are two possible mechanisms for protein adsorption:

A The protein is in an highly unfolded state, covering the Triolein surface,

but has no additional protein-protein aggregation layer.

B The surface coverage is incomplete, with protein patches on the Triolein

layer in the same or similar conformation as on the monolayer.

Neither SPR, EIS nor NR can give the exact state of unfolding of the
protein, but [lg can be unfolded by urea, as done in section [4.3.3] and than
compared to the scenario here.

On DPhyPC layers formed by vesicles, no interactions seemed to occur. In
the literature, no interaction between the native protein and phosphocholine
have been reported [98,115,125,126], as well as a preference of the protein
to bind to hydrophobic surfaces. On a purely hydrophilic surface, the forces
acting between the surface and the protein molecule may be smaller, resulting
in less conformational changes. As the protein was negatively charged at pH7,
the proteins will electrostatically repel each other.

Also, the DPhyPC layer has a very high order, therefore lg would present
an energetically unfavourable defect in the bilayer.

It can be seen already, the nature of the surface present induces differ-
ent conformational changes in the protein that leads to different binding

behaviour.
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4.3.3 Native vs. urea denatured fSlg

It has been reported that native S-lactoglobulin does not interact with DPPC
vesicles, but solvent denatured protein does [125]. In the native form, some
helical regions are buried in the interior of the protein, which can only bind
if the protein is denatured and unfolded [115].

Previous results were compared to experiments using urea-denatured Slg in
order to probe the surface effect on protein denaturation. In addition to
SPR and EIS experiments, studies at the air-water interface were performed.
The evolution of the surface pressure after injection of Slg (2.4 mg/1) to the

subphase was monitored.
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Figure 4.15: 7-t isotherm of native and denatured [lg at pH7. No unfolding
step was observable for denatured protein. (Inset: Diffusion of flg to the
air-water interface was similar for native and denatured protein.

-t isotherms of completely unfolded Jlg at pH 7 showed a faster in-
crease in surface pressure and higher final pressure compared to native pro-
tein (fig. . The first step, diffusion to the surface during the first minute,
was very similar and occurred for native and unfolded flg at ca. 2.5 mN/m.
The surface pressure for the native protein exhibited a second slope after

50 minutes at around 8 mN/m and ended in a plateau at around 14 mN/m
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(compare also to fig. . The curve for the unfolded protein steadily in-
creased to a plateau pressure of 16 mN/m. The second slope could thus be
due to the protein denaturating at the interface.

In SPR experiments, urea denatured protein resulted in higher reflectivity
increases on both mono- and bilayers compared to native fSlg (fig. .
Fitting the obtained scans resulted in layer thicknesses of 3 nm (native flg)
and 5 nm (denatured lg) on DPTL monolayers. On a Triolein bilayer, native
protein formed a layer of approximately 2 nm thickness compared to 4 nm,
when denatured [lg was used. Whereas on bilayers made with DPhyPC
vesicles no native protein layer was observable, injection of unfolded protein

resulted in a 5.3 nm thick layer.
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Figure 4.16: Comparison of protein layers of native and denatured Slg on
top mono- and bilayers. Denatured [lg formed much denser layers than
native protein due to increased protein-protein aggregation. The even higher
effect on DPhyPC bilayers, compared to Triolein based ones, was due to
interactions of the exposed helical regions with PC heads.

EIS measurements showed a decrease in capacitance for both bilayer sys-
tems, while the resistance was more or less stable for Triolein bilayers (around
10% increase), and marginally decreased (14%) on DPhyPC after addition
of denatured fSlg (fig. and Table and [£.4).

Denatured flg is able to aggregate through hydrophobic interactions or
through SH/SS interchange reactions [127]. The completely unfolded protein
has much more binding sites available than native protein. This will produce

a dense aggregate layer.
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Figure 4.17: Bode + admittance plot: DPTL + Triolein 4+ denatured [lg.
The capacitance decreased after denatured (lg addition by 7.7% in contrast
to native (lg, where the capacitance increased by 10%.

Monolayer | Bilayer | Rinse fBlg | Rinse
R [MQ] 0.003 | 0.027 | 0.027 | 0.031 | 0.030
C [uF] 16.0 10.5 | 10.5| 9.75 | 9.75

Table 4.3: Fitted EIS data values for DPTL + Triolein + flg (denat)

00 Denatured Blg on 10° — 90
DPTL-DPhyPC (Vesicle fusion)
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Figure 4.18: Bode + admittance plot: DPTL + DPhyPC (ves) + denatured
[Blg. The capacitance decreased after denatured (lg addition by 9.6% in
contrast to native (lg, where usually no change was observable.

Monolayer | Bilayer | [lg
R [MQ] 0.13 3.27 | 2.87
C [uF] 6.75 5.15 | 4.7

Table 4.4: Fitted EIS data values for DPTL + DPhyPC + flg (denat)
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The higher Am of denatured protein can be explained by its structure.
The hydrophobic core was completely exposed and could interact with the
surface and neighbouring protein. As urea denatured (lg was already com-
pletely unfolded, no unfolding step had to take place after diffusion to the
interface and aggregation/saturation could immediately start. The native
protein had to unfold, leading to the second slope after 50 minutes. As the
end pressures differed only by approximately 10% after 12 h, native lg was
nearly as much unfolded as urea denatured, completely unfolded protein.
Additionally, modelling the thickness of the layer at the air-water interface
during BA measurements, gave an adsorption layer of around 2 nm (Sec.
4.3.5)).

SPR and EIS results support the formation of a dense protein layer on top
of a monolayer as well as on a Triolein and DPhyPC bilayer. The increase
in thickness compared to results obtained using native protein was probably
due to the facilitated formation of an aggregated layer. On the Triolein bi-
layer, a decrease in capacitance was observed in comparison to an increase
for the adsorption of the native protein. This indicates, that the denatured
(lg did not penetrate the bilayer but rather formed an additional layer. The
results also suggest that the native protein did not denature upon interaction
with mono- or bilayers but rather remained in its native form.

Most likely the protein was flattened on top of the Triolein, with some ex-
posed moieties penetrating the bilayer, allowing for hydrophobic interactions.

The reflectivity increase during SPR measurements after injection of de-
natured (lg, as well as the capacitance decrease, was even more pronounced
on a DPhyPC bilayer. This can be explained by interactions of the now
exposed hydrocarbon chains of (lg and corresponded to experiments at the
air-water interface (fig. where [lg interacted more with DPhyPC mono-
layers if it was able to unfold beforehand. As no interaction between DPhyPC
and the native protein could be observed, but the capacitance decreased after

adding denatured (lg, an unfolding on those bilayers is highly unlikely.
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4.3.4 Effect of cholesterol in the bilayer

As could be shown in section [4.3.2] native (-lactoglobulin interacted with
Triolein layers but not with DPhyPC. As Triolein did not form as complete
layers as DPhyPC vesicles, this could be due to defects in the bilayers that
the protein was probing.

To conclude if the packing density of the upper bilayer or its chemical com-
position is crucial for flg incorporation, cholesterol was added. In a Triolein
layer, cholesterol should fill defects that occur due to the tripod structure of
the lipid. In DPhyPC layers, defects might be caused by cholesterol as the
lipid can not pack as densely as in the absence of cholesterol.

As cholesterol is also an important component in biological membranes that
increases fluidity, tBLMs with mixed upper leaflets are the next step in cre-

ating more realistic artificial membrane systems.

Blg on DPTL

+ Triolein

+ Triolein-Chol

+ DPhyPC (RSE)
+ DPhyPC-ChI

Reflectivity increase after protein injection [%]

T T T T g T ' I
0 20 40 60 80 100
Time after protein injection [min]

Figure 4.19: Effect of cholesterol on protein layers. Cholesterol seemed to fill

defects in the Triolein layer resulting in a less dense [lg layer, but created
holes in DPhyPC(RSE) layers.

Protein adsorption was studied by SPR on various bilayers (fig. 4.19).
On an RSE formed DPhyPC bilayer, the protein interaction was almost com-

pletely reversible. However, the addition of cholesterol here led to a disturbed
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bilayer structure and an increase in protein adsorption. For Triolein layers,

adsorption could be reduced by the addition of cholesterol to the bilayers.

-90
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Figure 4.20: Bode + admittance plot: DPTL + Triolein-Chol (10%) + Slg.
An increase in capacitance was observable after Slg addition. This increase
was slightly smaller (7%) than in cholesterol-free Triolein layers (10%).

Monolayer | Bilayer | Rinse | [lg | Rinse
R [MQ] 0.077 0.22 | 0.23|0.26 0.3
C [uF] 2.6 14| 14| 16| 16

Table 4.5: Fitted EIS data values for DPTL + Triolein-Cholesterol (10%) +
Plg

004
Native Blg on 10° 50
DPTL-DPhyPC+Chol (10%, RSE)
Monolayer (DPTL) .
—— DPhyPC-Chol (RSE) 104
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Figure 4.21: Bode + admittance plot: DPTL + DPhyPC-Chol (10%) +
Blg. A change in capacitance of 1% was observed after Slg addition. The
resistance increased by 31%.
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Monolayer | Bilayer | [lg
R [MQ] 0.42 2.17 | 3.15
C [uF] 3.15 | 2.325|2.35

Table 4.6: Fitted EIS data values for DPTL + DPhyPC-Cholesterol (10%)
+ Plg

001 Native plg on

DPTL-DPhyPC+Chol (50%. RSE)
Monolayer (DPTL) . ?
—— DPhyPC-Chol (RSE) L
—— After plg injection

— -90

1,0x107
- -60
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102 —— DPhyPC-Chol (RSE)
—— After plg injection

T T T
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Figure 4.22: Bode + admittance plot: DPTL + DPhyPC-Chol (50%) +
[lg. An increase in capacitance of 1% was observed after (lg addition. The
increase in resistance was with 70% more pronounced than in bilayers with
10% cholesterol (31%) or only DPhyPC (10%). Probably the layer with 50%
cholesterol was less sealing, but also more fluid, so that more re-organisation
could take place.

Monolayer | Bilayer | [lg
R [MQ] 0.052 0.24 | 0.82
C [uF] 3.45 2.425 | 2.45

Table 4.7: Fitted EIS data values for DPTL + DPhyPC-Cholesterol (50%)
+ flg

The SPR results were supported by EIS measurements. The addition of
10% cholesterol to a Triolein bilayer showed a stabilising effect (fig. [4.20)).
The decrease in resistance and increase in capacitance (6.7%) after protein
addition was less pronounced as for a pure Triolein layer (Increase in capac-
itance ~ 10%).

For DPhyPC bilayers, a perturbing effect of cholesterol has been observed.
A small enhancement in Slg-DPhyPC interaction after adding 10% and 50%
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cholesterol could be seen (fig. and fig. as the capacitance increased
by 1% for both layer compositions. DPhyPC bilayers with added cholesterol
did not possess the long-time stability of pure bilayers as can be seen as a shift
in resistance (Plus 30% for 10% cholesterol in DPhyPC, 45% at 50%). In this
state the protein was most likely able to probe some defects of the DPhyPC-
cholesterol bilayers as has already been indicated by SPR experiments.
Those measurements showed that the composition of the upper leaflet has
an effect on the protein-lipid interaction. Slg is attracted to less dense spots
in the DPhyPC (-cholesterol) layers with the possibility of hydrophobic in-
teraction with the underlying monolayer. However, the capacitance increase
after flg addition was much smaller (1%) as in Triolein-cholesterol layers
(7%). In Triolein-cholesterol layers, cholesterol might prevent some initial

protein adsorption.
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4.3.5 Lipid layer packing density

To investigate the influence of the lipid packing density on protein adsorp-
tion and protein unfolding, measurements at the air-water interface were con-
ducted. Kinetics show the surface activity of Slg in the absence and presence
of DPhyPC and BAM enables us to visualise and observe the development

and disappearance of phase co-existences.

[Olg at the water-oil-air interface

Native protein was injected under a DPhyPC monolayer at the air-water
interface that was previously compressed to different molecular areas. The
barriers were kept fixed and the evolution of the surface pressure was moni-
tored as a function of time.

35

30

25

20

Molecular Area:
85A
——90A
——95A
—— 100A
— 110A
——120A
130A
140A
—— 190A

v T ' T : T . T . T 4 T T
0 100 200 300 400 500 600 700

15 -

xg [MN/m]

10 H

Time after Blg injection [min]

Figure 4.23: flg incorporation at varying DPhyPC layer densities. The
protein increased the surface pressure at the interface but no interaction
between (lg and DPhyPC at pH7 was observable.

For initial lipid pressures below 22.5 mN/m, an increase in 7 could be ob-
served after protein injection. When added to a monolayer with higher lipid
pressure, the surface pressure decreased. The end pressure after Slg addition

was between 22 - 25mN /M, independently from the initial lipid pressure.
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[lg exhibited more surface activity in the presence of DPhyPC than at the
clean air-water interface, as can be seen in fig. [£.23] where the equilibrium
surface pressure was around 22 - 25 mN/m and fig. and fig. , where
the final surface pressure without lipids was below 15 mN/m at pH7.

This indicated that the protein interacted with the lipid layer. As no
surface pressure increase could be observed if flg was added over a certain
initial lipid pressure (over 22.5 mN/m, around 100 A per lipid molecule),
the protein either entered the lipid monolayer at low lipid pressure, but
this was prevented at higher pressure or the protein-lipid interaction were
only triggered, if the flg had air contact (e.g. caused by oxidation). A
combination of those two scenarios could also be possibly.

Area [cm’]

0 150 300 450 600 750

g [MN/m]

—— plg+DPhyPC

* T Y T 4 T & T ¥ T
0 100 200 300 400 500
Area per DPhyPC molecule [ A%]

Figure 4.24: 7-A; isotherms (ve = 10 A?/(molecule - min)) of Blg (injected
into the subphase and compressed after 10 min), DPhyPC, flg + DPhyPC
(protein injected into the subphase, lipid spread on top, immediately com-
pressed), DPhyPC+plg (lipid spread, afterwards protein injected into the
subphase) at pH7

(-lactoglobulin itself is surface active, also in the presence of DPhyPC.
Different experiments were performed, where 5lg was injected to a pre-formed

DPhyPC monolayer. The isotherms of the mixed monolayers were dominated
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by the protein.

During compression (compression speed ve = 10 A?/(molecule - min)), a
common transition was visible at a surface pressure of 25 mN/m, however at
different molecular areas. When flg was added before DPhyPC, the tran-
sition appeared at areas of 375 A2, if added afterwards at 275 A2. This

elucidates that protein and lipid compete for interface space.

If Blg was injected under a monolayer of DPhyPC that was in the gaseous
phase, the collapse pressure and area were similar to a pure protein film. As
the lipids were far apart, the protein could adsorb between them. During
compression, those lipids did not interact as much as they would in a pure
lipid film, leading to smaller collapse areas and higher collapse pressures.
(Blg: 55 A?/48.5 mN/m, DPhyPC + flg: 52 A2/47.3 mN/m)

If DPhyPC was spread on a subphase with the protein, the collapse pres-
sure and area were similar to that of pure lipid. (DPhyPC: 75 A?/44.2 mN /m,
Blg + DPhyPC: 72 A?/45.1 mN/m) Due to the surface activity of Slg, the
lipids had to cluster and aggregated already during spreading, leading to

more lipid islands that dominated the phase behaviour.

BAM - experiments

The behaviour of the protein at the air-water interface was also inves-
tigated by BAM. flg was injected to the subphase and the water surface
was observed using the microscope. Simultaneously, the surface pressure was
recorded. After addition of Slg, small, bright spots (smaller than 1um) were
visible at the surface (fig. [£.26] A). With time, the grey level increased, shift-
ing from black (Grey Scale 64), to grey (Grey Scale 120) in 1 h (fig. [£.26] B).
With the “BAM tools” provided by Nanofilm, those changes could be related
to a film thickness at the air-water interface of 2.2 nm (Calibration factor
= 2.3-107%, BA = 53.14).

Although the area was constant, the surface pressure increased. The increase
in the first minutes after protein addition could be attributed to the diffu-
sion of the molecule to the surface. The following increase was due to the

molecule unfolding and aggregating.
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Figure 4.25: mg-A s isotherms of Slg at pHT7
(ve = 10 A%/(molecule - min)). (Inset: Kinetic before compression)

100um

Figure 4.26: BA micrographs of flg at various surface pressures.

A 85mN/m B 125 mN/m C 24 mN/m D 27 mN/m

The formation of an (heterogeneous) protein layer was observable in a change
of greyscale. (Brighter colours relate to thicker films.)
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When the protein film was compressed, block domains of varying grey
scale were visible (fig. [4.26, D). As the reflected intensity is directly pro-
portional to the film thickness, light grey domains are thicker than darker
ones. As unfolding promotes protein-protein aggregation, completely un-
folded proteins will cluster and form layers that reach into the subphase. If
[lg has no contact to the air-water interface no denaturation and unfolding
will take place. This native protein will not be able to aggregate as much as
the unfolded f(lg, resulting in thinner patches.

In order to monitor the influence of Blg on a DPhyPC monolayer, the

protein has been added to the lipid film at different surface pressures.

DPhyPC

First, a pure DPhyPC film has been observed for comparison. DPhyPC was
spread, the film was given 15 min to equilibrate and compressed at constant
speed 10 A?/(molecule - min).

At the gaseous-liquid interface, foam structures were observable (fig. ,
A-C). After they fused, small, bright aggregates were visible that did not grow
in size and stayed present until the collapse (fig. [4.28 D).

DPhyPC (0 mN/m) + flg

DPhyPC was spread onto a pure pH 7 subphase while the trough barriers
were completely open (Ay; ~ 485A2). 15 minutes after the spreading of the
lipids, protein was injected under the monolayer and compression of the film
was started immediately (compression speed ve = 10 A2/(molecule - min)).

At the beginning of the compression, the same behaviour as for pure [lg
was visible (fig. [£.30] A). At surface pressures higher 28 mN/m, the BA
images changed to those observed for pure DPhyPC in liquid phase (fig.
m, B-D).

This abrupt change was one indication that [lg was incorporated into
the lipid monolayer but expelled at higher surface pressure because the lipid-

protein interactions are too weak.
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Figure 4.27: mg-A); isotherm of DPhyPC at pH7
(ve = 10 A?/(molecule - min))

Figure 4.28: BA micrographs of DPhyPC at various surface pressures.
A 0mN/m (Ay~170 A) B0 mN/m (Ay~165A) C 0.1 mN/m (Ay~160 A)
D 4 mN/m
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DPhyPC (0 mN/m) + Slg
50

45 -
40
36 4
30 -

25 4

g [MN/m]

20 H

15 -

o /—— DPhyPC+plg
I » I . I v I J I * I 4 I L I 5 I . 1
50 100 150 200 250 300 350 400 450 500
Area per DPhyPC molecule [ A’]

Figure 4.29: mg-A); isotherm of DPhyPC + f[lg (added at 0 mN/m,
ve = 10 A%/(molecule - min))

Figure 4.30: BA micrographs of DPhyPC and flg (added at 0 mN/m) at
various surface pressures

A 11 mN/m B 28.6 mN/m C 28.8 mN/m D 35 mN/m
[Blg was expelled from the lipid monolayer at higher surface pressure.
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DPhyPC (29 mN/m) + f(lg
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Figure 4.31: mg-t isotherm of DPhyPC + flg (added at 29 mN/m)
(Inset: Zoom into beginning of kinetic)

Figure 4.32: BA micrographs of DPhyPC and flg (added at 29 mN/m) at
various surface pressures
A 29.3 mN/m B 29.3 mN/m (after 45 min) C 22.2 mN/m (after ~ 19 h)
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DPhyPC (29 mN/m) + flg

A pure DPhyPC monolayer was compressed as described before. Close
to 7=29 mN/m the compression speed vo was stepwise reduced to
0 A?/(molecule - min). When the surface pressure was stable, Slg was in-
jected into the subphase and the changes in m was monitored at constant
Ay

When the lipid monolayer was already in the liquid condensed phase when
Olg was added, less interaction occurred. The surface pressure increased
by 1 mN/m, the background became slightly lighter and lipid aggregations
seemed to go down slightly (fig. 4.32)).

Probably some free space existed between the lipids where the protein

could adsorb and unfold.

Alg + DPhyPC

When DPhyPC was spread on a monolayer with (lg already present in the
subphase, lipid aggregation occurred immediately (fig. .

As the surface was covered with the protein layer, lipids could not spread
homogeneously and had to cluster. Those aggregates seemed to be even

smaller and rather round, than those observed for the previous scenarios.
The Langmuir and BAM results confirmed the previous assumptions that

[lg preferentially interacts with the hydrophobic part of a lipid layer. The
protein probably adsorbs to defects or voids between the lipids.
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flg + DPhyPC
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Figure 4.33: mg-A ), isotherm of Slg + DPhyPC
(ve = 10 A%/(molecule - min)) (Inset: Zoom at DPhyPC spreading)

Figure 4.34: BA micrographs of Slg and DPhyPC
A 6 mN/m (before spreading) B 16 mN/m (after spreading) C 38.5 mN/m
Lipid aggregates formed immediately after spreading on a protein layer.
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DPHDL

To investigate the influence of the lipid packing density of solid supported
substrates on protein adsorption and protein unfolding, measurements on
DPTL based monolayers were compared to experiments on DPHDL based
monolayers. The alkyl chains of the “self-diluting” anchor lipid DPHDL are
much less packed in such a monolayer than in DPTL based monolayers.
The adsorption of the protein was probed by SPR and NR.

Blg on:

0,754 —— DPHDL + DPhyPC (Vesicles)
——DPTL + DPhyPC (Vesicles)

A MMMWWM*WWW
e
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Reflectivity increase after protein injection [%]
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Figure 4.35: flg on DPHDL monolayers and DPhyPC bilayers. As DPTL
and DPHDL adsorption kinetics cannot be compared directly due to sub-
strate effects, examples for maximum, average and minimum adsorption ki-
netics are given (left). On DPHDL monolayers a slightly denser layer was
formed. On bilayers, the anchor had no effect on the protein layer.

Blg on a DPHDL monolayer (fig. formed a slightly thicker layer
than on DPTL, 3.4 nm (DPHDL) compared to 3 nm (DPTL). This might
result from the chemical structure of DPHDL and the resulting monolayer
(fig. [4.37)).

On a DPHDL/DPhyPC bilayer, a slight increase in reflectivity was ob-
served. However, this added layer could be wasted away and was probably
due to unspecific adsorption rather than directed protein-lipid interactions.

SPR results showed a thicker layer of adsorbed protein on DPHDL com-
pared to DPTL, this could be due to the protein partly entering the less
dense monolayer. Following this scenario, the setup protocol for fitting the
DPHDL + flg NR data allowed the protein to enter the monolayer (fig. [4.36)).
The sld profiles showed that the reflected intensity of the protein went up
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Figure 4.36: Fitted neutron reflectivity profiles (left) of DPHDL (D,O+4CM4)
and DPHDL + plg and corresponding scattering length density profiles
(right).

(from 1.25 -1079A=2 to 2.54 -10"6A~2), the inner leaflet values stayed nearly
the same (0.45-107°A=2/0.3-107°A~2) and a 8.4 A thick protein layer formed
after [lg addition. Additionally, the volume fraction of the spacer doubled
from 20% to 40%. Those changes are in very good accordance to those ob-
served in DPTL (monolayer) after Slg addition, when the protein was allowed
to enter the monolayer as well (8.8 A). Although a Slg layer thickness around
8 - 9 A is not what we expected, the similarities to the fit of Slg on a DPTL
monolayer indicated that the protein did not behave significantly different

on a monolayer with much lower lipid chain density.

i

Figure 4.37: (lg on DPHDL/DPTL monolayers.

Additionally, the differences between (5lg on DPTL and DPHDL monolay-
ers were noticeable smaller than for pre-unfolded (flg. The protein probably
did not unfold much on the monolayers. In addition, the value for the pro-
tein layer on top DPHDL corresponds nearly with the diameter of a [lg
monomer. Possibly the protein is able to slightly penetrate the less dense

DPHDL monolayer. This would result in a reduced electrostatic repulsion
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between the negatively charged proteins and [lg would not have to flatten as
much on the monolayer, leading to a slightly increased protein layer thickness
(fig. [4.37)).
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4.3.6 pH influence

Hydrophobic interactions are important for proteins in general, e.g. influ-
encing the emulsifying properties.

For pBlg specifically, controlling the pH helps to determine the state of un-
folding and enables to control charges present at the protein surface. flg has
been investigated at various pH values to examine the state of unfolding of
the protein at solid and liquid interfaces. This is possible as the stability of
the protein and therefore its ability to unfold is pH dependant. At lower pH,
the protein core is very rigid and exhibits a stable conformation [128,129];
at higher pH, (lg is more flexible and easier to unfold. This is supported
by DSC measurements (Sec. that show that the denaturation enthalpy
needed to unfold the protein is higher at pH 2 compared to higher pH values.
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Figure 4.38: pH dependence of (lg at the air-water interface. The variance
in surface pressure resulted from the difference in protein confirmation. De-
creasing pH increased the rigidness of the (lg core, limiting unfolding and
protein aggregation.

A clear tri-step action while the protein was adsorbing at the interface was
visible:

1. Diffusion to the air-water interface 2. Unfolding + Aggregation
3.Saturation

In order to probe the influence of the pH on the adsorption of the protein,

-t isotherms were measured using subphases with pH values between 2 and
8.25.

The surface pressure increase of 3lg at the air-water interface was inversely
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proportional to the pH of the used subphase; Am was smallest at pH 2 and
strongest at pH 8 (fig. [4.38)).

The difference in the final surface pressure can be explained by the differ-
ent unfolding states of the protein at the observed pH. The more unfolded the
protein was, the higher was Ar. (Compare to section M) Also protein-
protein aggregation was promoted in a more unfolded protein due to more
available binding sites.

A tri-step action of (lg was clearly visible (fig. :
1. Diffusion of the protein to the air-water interface
2. Unfolding of flg and protein-protein aggregation
3. Saturation

It became apparent that the time the protein needed to diffuse to the air-
water interface was different and increased with decreasing pH (fig. [4.38]
Inset).
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Figure 4.39: pH effects on protein layers. No difference between [lg layers
formed on top DPTL at pH7 and pH3 could be observed. This was also the
case for layers on top Triolein for various pH’s.

However, SPR measurements showed no difference in layer thickness at
different pH, neither on DPTL monolayers nor on Triolein bilayers. (fig. {4.39))
The same conclusion can be drawn from EIS data (fig. 4.40)), where also no
effect of pH was visible, the capacitance increase was around 11% at pH3 as

well as at pH7.
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Figure 4.40: Bode + admittance plot: DPTL + Triolein + Slg at pH3. An

increase in capacitance was visible after flg addition. This was on average
10%, the same mean value as for Slg at pH7.

Monolayer | Bilayer | Rinse | Slg | Rinse
R [MQ] 0.66 4.5 6.4| 87| 108
C [uF] 2.58 1.45 | 1.475| 1.55 | 1.55

Table 4.8: Fitted EIS data values for DPTL + Triolein + Slg at pH 3

No difference in adsorption to either DPTL monolayers or Triolein bilayers
at pH 3 and pH 7 was observable. This is a strong indication that if the
protein unfolds on top of a monolayer or a bilayer, this unfolding is only

small as the core stability should influence extensive unfolding.
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4.3.7 Comparison DPhyPC - DPhyPG

To evaluate the influence of charge and electrostatic repulsion on the pro-
tein core stability, experiments have been performed with negatively charged
DPhyPG at the air-water interface in the presence of positively (pH 3) and
negatively (pH 7) charged [lg.

The measurements in this section were executed by Chloé Champagne,

ENSBANA, Dijon/France during an internship from June - September 2008.
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Figure 4.41: Chemical structure + mg-Ajs isotherm of DPhyPC/DPhyPG
(ve = 10 A%/(molecule - min))
Lines indicate A, of Blg addition, A = 190 A2 and B = 100 A2

The 7w-A isotherms of the zwitterionic DPhyPC and the negatively
charged DPhyPG were similar in their phase behaviour (fig. |4.41). DPhyPC
was slightly shifted to smaller areas due to less electrostatic repulsion between
the lipids.

The kinetics of [-lactoglobulin added under a monolayer made of
DPhyPC and DPhyPG at pH3 and pH7 varied significantly (fig. [4.42).

At pH7 and low lipid pressure, negatively charged [lg interacted with
DPhyPC monolayers as previously observed (compare section , T in-
creased over time when [lg was added at low surface pressure, but decreased
at high 7. Results for DPhyPG at low surface pressure were comparable.
Also at high lipid pressure no severe differences could be observed between
DPhyPG and DPhyPC.

At pH3, the positively charged protein interacted more with the negatively
charged DPhyPG monolayers than the zwitterionic DPhyPC, observable in
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Figure 4.42: Interactions of Slg with DPhyPC and DPhyPG at low and high
lipid area. Surface pressure increase after protein addition was comparable
in the presence of zwitterionic lipid DPhyPC and negatively charged protein
(pH7) and positively charged protein (pH3) at low area per lipid molecule.
No difference was visible at pH7 between zwitterionic or negatively charged
lipids at low area per lipid molecule. No interaction was observable at pH7
with neither zwitterionic nor negatively charged lipid at high area per lipid
molecule. Favourable interactions were observed for positively charged [lg
at pH3 and negatively charged DPhyPG.

higher surface pressure increases, both at low and high lipid pressure

(Am ~12 mn/m below DPhyPC, Ar ~20 mn/m below DPhyPG).

The increase in surface pressure at low lipid pressure at pH3 was compa-
rable to the increase at pH7 and can be explained by the protein diffusing
to the interface, unfolding and thereby lowering the surface tension. At high
initial surface pressure, only little interfacial area was available to the pro-
tein. At pH7 only a small increase was observable, indicating no significant
protein-lipid interaction. It seemed the protein has to be unfolded to be able
to interact with the phospholipids. The similar behaviour of Slg in the pres-
ence of DPhyPC and DPhyPG is an indication that the interaction between
the protein and the lipids are not only electrostatic, as this should result in
more repulsion at the DPhyPG layer and therefore, in a variation of surface
pressure increase.

Beneath a DPhyPC layer, the total surface pressure increase at high areas
was lower for (lg at pH3 than at pH7. At pH3, the protein core was more

stable, leading to less unfolding and smaller Ax after (lg injection.
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In contrast to pH7, A7 was similar at low and high surface pressure at pH3.
At this pH, the protein experienced much stronger electrostatic interactions
than at pH7, this may weaken the intra-molecular forces that stabilise the
native structure, promotes unfolding and protein-lipid interactions. As this
electric field would be stronger in the presence of DPhyPG, this also explains

the higher surface pressure increase for the negative charged lipid.
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4.4 Summary

By means of SPR, EIS, 7-A isotherms, BAM and NR the globular whey pro-
tein g-lactoglobulin and its interaction with various lipids was investigated.
On a monolayer, a dense one molecule thick protein layer could be ob-
served with SPR and NR. Comparison between DPTL and DPHDL indicated
that the protein party entered the alkyl chains if the lipid packing density
allowed it to avoid protein-protein contact and flattening (fig. |4.43]).
The pH of the bulk solvent controls the unfolding tendency of the protein.
Different pH values yet did not influence the adsorption kinetics. However,
completely unfolded flg led to significantly different layer thicknesses. Thus,

the protein does not or only slightly unfold when exposed to a lipid mono-

i

Figure 4.43: flg adsorption to DPTL (left) and DPHDL (right) monolayers.

layer.

On a bilayer (fig. |4.44]), the native protein probed defects in the upper
layer and penetrated it if possible. As results for native and pre-unfolded
protein varied significantly, an complete unfolding on top a bilayer is highly

unlikely.

WWWWW

s

Figure 4.44: Schematic illustration of native protein adsorption to model
membranes: DPTL + DPhyPC (left) and DPTL + Triolein (right)

Urea denatured protein formed a much thicker layer (fig. [4.45) than the

native protein due to the high protein-protein interaction leading to protein
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aggregation. Additionally, interactions between DPhyPC and unfolded [lg

were promoted due to exposed hydrocarbon regions of the protein.
AN Y
(R, oo,

.. I .

Figure 4.45: Schematic illustration of denatured protein adsorption to model
membranes: DPTL monolayer (left), DPTL + DPhyPC (middle), DPTL +
Triolein (right)

The protein core stability increased with decreasing pH, which could be
observed in 7-t isotherms. At pH 2, the protein lowered the surface tension
considerable less than [lg at pH 8, due to the fact that the hydrophobic

core was more stable at lower pH and the protein did not unfold as much

(fig [4.46)).

pH3 pH7 denat

Figure 4.46: Schematic illustration of lg at the air-water interface at differ-
ent pH

The adsorption of (lg to solid supported mono- and bilayers did not
show any pH dependence. At the air-water interface, the protein is exposed
to oxygen and probably to a higher surface energy, which led to an enhanced
unfolding compared to the oil-water interface. This is also supported by
the isotherms measured for DPhyPC/flg mixtures. Although the decrease
in surface tension was higher in films where DPhyPC and (lg are present
compared to pure protein films, this effect was more pronounced at high
lipid area where flg was able to diffuse to the interface and unfold. [lg
seemed only able to interact with phospholipids if in the unfolded state.
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This could either be achieved by denaturation at the air-water interface or
due to electrostatic interactions that weaken the intra-molecular forces of
the protein.

This trend could also be shown by BAM. Lipid aggregates were formed at
much smaller molecular area and surface pressure if the protein was present
from the beginning of the compression, compared to only pure lipid. Still,
Olg was expelled from the lipid layer at higher surface pressure and the

protein had no effect on lipid aggregations if introduced after their formation.

The interactions between lg and phospholipids are driven by hydropho-
bic as well as by electrostatic interactions. The latter were investigated by
exposing the protein at different pH values to zwitterionic DPhyPC and
negatively charged DPhyPG lipids. The strongest interaction was observed
between positively charged fSlg at pH 3 and DPhyPG ((fig. [4.47).

The protein lipid interaction with DPhyPC did not show a significant pH
dependence and are probably governed by hydrophobic forces.

pHT7

pH3

Figure 4.47: Schematic illustration of Slg at the air-water-lipid interface at
different pH and lipid packing
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Furthermore, 7-t isotherms could show that lg approached the air-water
interface in a tri-step action (fig. . First it quickly diffused to the surface,
than it unfolded and aggregated. The degree of unfolding was influenced by
the pH and therefore by the rigidness of the globular molecule.

Figure 4.48: Schematic illustration of Slg at the air-water/air-lipid interface
Tri-step action

The work described in this manuscript could elucidate the question how
the whey protein Slg interacts with various lipids. Additionally, the impor-
tance of pre-denaturation for those interactions could be shown as only in
the unfolded state the protein is able to interact with phospholipids. As they
are are one major compound in the milk fat globular membrane, interac-
tions between phospholipids and flg is of great importance for food science

applications.
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Chapter 5

Model membranes

5.1 DPTL

A lipid bilayer that is decoupled from a solid substrate has an increased
stability and can cover small surface roughness features. It also provides an
ion and water reservoir underneath the membrane. Inspired by the properties
of archaea bacteria membranes, Cornell et al. [15] presented a first approach
to tethered bilayer lipid membranes (tBLMs) in 1997. They used lipids
made of branched hydrocarbon units which are in a fluid phase at ambient
conditions. Therefore, the problems of membranes assembled from straight
aliphatic chains longer than 12 C atoms, such as crystal defects [130] are
minimised.

In 2003, Schiller et al. [131] synthesised the first lipids used for tBLMs
in Mainz. In contrast to Cornell’s lipids, 2,3-di-O-phytanyl-sn-glycerol-1-
tetraethylene glycol-d,l-a-lipoic acid ester lipid (DPTL, Table contains
two phytanyl chains bound to the spacer through a chiral glycerol unit to
ensure a stable insertion of the molecules into the lipid membrane. DPTL
can be covalently bound to gold substrates via a lipoic acid anchor. This
enables the use of surface analytical techniques such as SPR, QCM, NR,

AFM, etc., and electrochemical methods.

tBLMs prepared with DPTL show good electrical sealing properties and

allowed for the incorporation of various peptides and proteins [13,14].
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The structure of a DPTL based mono- and bilayer has been investigated

by neutron reflectivity measurements (fig. |5.1). The analysis of the data re-
sulted in a monolayer thickness of 3.9 nm. The theoretical lengths of DPTL in
a stretched configuration determined by Chem3D Ultra 6.0 is 5 nm. This indi-
cates a non-stretched conformation, as also shown by IR measurements [132].
Most probably the spacer adopts a rather helical structure.
The sld of the spacer part was simulated to be 0.54-1079A~2, which was in
very good accordance to the theoretical value of 0.537-10"A~2 (NCNR Scat-
tering Length Density Calculator) and implies a surface coverage of 99.5%.
The ethylene glycol part of the molecule allowed only for a hydration of about
5%. The completion of the mono- to a bilayer led to a dense distal layer with
an sld of 0.54-107A~2 and a low hydration of 3.5%. The inner layer was
even less hydrated (1%).
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Figure 5.1: Fitted neutron reflectivity profiles (left) of DPTL (D,O+CM4)
and DPTL + DPhyPC and corresponding scattering length density profiles
(right).

Monolayer and bilayer data were measured on two different samples.

5.2 Anchor modifications

As mentioned previously, the space beneath an artificially membrane is cru-
cial for its functionality and should provide, e.g. space for sub-membrane

moieties of incorporated proteins. Although it was possible to incorporate
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smaller peptides into tBLMs formed with DPTL as spacer, more complex
proteins such as the exotoxin a-hemolysin are difficult to incorporate into a
dense bilayer [14]. Therefore, anchor molecules with different spacer groups

were synthesised and investigated (fig. [5.2)).

T A T

S AAkAAh

DPTL DPOL DPHDL

Figure 5.2: Schematics of different anchor/spacer architectures

Additionally, different anchor groups have been used allowing the assem-
bly of the membrane on various substrates. For example, silane anchors
have been utilised to form membranes on glass or oxide substrates. Using
a universal synthesis procedure, a large variety of anchor lipids has been
developed. [17,133]

Here, the structures of seven different molecules have been investi-
gated. All molecules can be anchored on gold substrates. DPTL, DPHDL
and CholPEG have lipoic acid moieties, while DPTT, DPHT, DPOT and
DDPTT have a short thiol anchors (Table [5.1]).

The different lipids vary mainly in their spacer part, which leads to different
electrochemical properties [25] (Table [5.2).

Valinomycin

Valinomycin is a small depsipeptide that transports ions across a lipid bilayer
[134]. Due to its high selectivity for potassium ions over sodium ions, the
peptide has been used to probe the functionality of the investigated bilayers.
Only an intact bilayer should show a high electrical resistance and a decrease

of this resistance in case of a successful peptide incorporation.
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DPTL DPTT DPHT DPOT DDPTT DPHDL CholPEG
QSﬂwwOme OyomeOmw QEEwwOﬂm Qymquomwm OHomBOmm OmemmOHomg Ogmqu@mw
7
o §
¢ 2 3 !
13 r 0 C o s $
0.537-107 A2 | 0.471-1076A~2 | 0.495-1076A~2 | 0.510-1076A~2 | 0.471-1075A~2 | 0.587-1075A~2 | 0.517-10"6A—2
5.0 nm 4.5 nm 5.2 nm 5.9 nm 4.5 nm 5.6 nm 4.8 nm

Table 5.1: Chemical structure, scattering length density (Calculated with the Scattering Length Density Calculator,

http://www.ncnr.nist.gov /resources/sldcalc.html) and theoretical spacer length (Determined by Chem3D Ultra 6.0)
of the anchors used.

The sld of inner chains is -0.204-107A~2, except for DDPTT, where it is -0.164-10"6A~2.
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DPTL* | DPTT*| DPHT* | DPOT | DPHDL* | DDPTT
R MQcm?] (Mono) | 1-10| 05-5] 06-5| 001 0.01-03| 073
C [uFem™2] (Mono) | 0.7-14 | 0.7-12| 0.7-1.2 0.94 0.8-4 1.07
R [MQem?] (Bi) 3-55| 3-15| 2-35| 009 02-65 1.53
C [iFem™? (Bi) | 0.6-1.1]0.6-085|06-085| 08| 0.6-0.8 0.79

Table 5.2: Overview of EIS data for DPTL, DPTT, DPHT, DPHDL and
DDPTT.

* Data taken from Thesis by Inga Vockenroth [25].

DPhyPC Cholesterol
Ca6HooO190PNa CorHy6O

€HD

€HO

€HO

°HO

€HO

o HO
H O
0 4o

1
9~3=0
<}

\

A

0.253-1076 A=2 | 0.206-1076 A2

3.0 nm 2.0 nm

Table  5.3: Chemical  structure, scattering  length  density
(Calulated ~ with ~ the  Scattering Length  Density  Calculator,
http://www.ncnr.nist.gov/resources/sldcalc.html) and theoretical spacer
length (Determined by Chem3D Ultra 6.0) of DPhyPC and cholesterol.
Both were used for the completion of the outer bilayer.
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5.3 DPTT - DPHT - DPOT

DPTT - DPHT - DPOT (Table is a class of anchor molecules very
similar to DPTL, but equipped with a thiol instead of a lipoic acid anchor.
The length of the ethylene glycol part of the molecule can be varied to control
the thickness of the space beneath the lipid membrane. Electrical impedance
measurement [25] showed slightly diminished bilayer sealing of DPTT/DPHT
compared to DPTL. Neutron reflectivity measurements were performed to
elucidate the structure of a DPTT/DPHT/DPOT based mono- and bilayer.

DPTT

NR measurements and subsequent fitting of a DPTT based mono- and bi-
layer (fig. resulted in a monolayer thickness of 3 nm which was 2/3 of the
theoretical value of 4.5 nm. The measured sld of the spacer (0.8-1076A~2)
differed slightly from the theoretical value (0.47-10"A~2). The hydration of
the ethylene glycol part of the molecule was simulated to be 13%.

Bilayer completion on DPTT monolayers was excellent and led to a dense dis-
tal layer with nearly the same sld for the lower (0.1-107A~2) and the upper
(0.11-1075A~2) lipid leaflet and hydration (1.6% and 1.8%). The roughness
of the system was 9.6%.
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Figure 5.3: Fitted neutron reflectivity profiles (left) of DPTT (DyO+CM4)
and DPTT + DPhyPC and corresponding scattering length density profiles
(right).
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DPHT
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Figure 5.4: Fitted neutron reflectivity profiles (left) of DPHT (DyO+CM4)
and DPHT + DPhyPC and corresponding scattering length density profiles
(right).

The structure of a DPHT based mono- and bilayer has been investigated
by neutron reflectivity measurements (fig. [5.4)). The thickness of the mono-
layer could be simulated to 3.3 nm, compared to 5.2 nm of the theoretical
value. The ethylene glycol part of the molecule incorporated 21% water, the
alkyl chains 6%. The roughness of the system was 11.2 A.

The theoretical sld value for DPHT is 0.5-107A~2, the experimental value
was 1.4-1076A2,
Bilayer formation on DPHT was not as good as on DPTT, as the sld of the

outer lipid layer was 2.4-107A~2 and also more hydrated than the inner one.

DPOT

Fitted NR measurements of DPOT (fig. [5.5|) resulted in approximately 40%
water incorporation in the ethylene glycol part of the molecule which had a
length of 5.2 nm. This comes close to 5.9 nm which is the theoretical value.
The surface roughness of the monolayer was 24 A, which was in contrast to
the values for DPTT (10 A) and DPHT (11 A) and indicated a corrugated
monolayer.

Bilayer formation was rather poor on DPOT layer, as the measured sld
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Figure 5.5: Fitted neutron reflectivity profiles (left) of DPOT (D,O+CM4)
and DPOT + DPhyPC and corresponding scattering length density profiles
(right).

(4.2-107°A=2) of the outer bilayer was very high and did not exhibit the
values expected for a dense lipid layer (0 - 1-107A~2).
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Figure 5.6: Electrical impedance measurements of DPOT + DPhyPC +
Valinomycin in KCl and NaCl. Only small influences were observable after
peptide addition. C increased by 1.3%, R decreased by 67% in KCI.

Monolayer | Bilayer | Valinomycin | Valinomycin

(KCI) (NaCl)

R [MQcm?| 0.01 0.09 0.03 0.08
C [pFem™2] 0.94 0.8 0.81 0.8

Table 5.4: Fitted EIS data values for DPOT

This was also reflected in EIS measurements (Table [5.4). Although the
capacitance of the monolayer (0.94 uFem™2) and bilayer (0.8 pFem™2) was in
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the range of DPHT (0.7 - 1.2 yFem ™2 /monolayer, 0.6 - 0.85 yFem ™2 /bilayer
[25]), the resistance of the DPOT monolayer (0.01 MQcm?) and bilayer
(0.09 MQcm?) did not reach the M range as DPHT bilayers did.

The capacitance values suggest that an upright monolayer was formed but
the resistance values indicate that this layer was not sealing, neither as mono-
layer nor as bilayer.

EIS data for Valinomycin showed a decrease in resistance (0.09 MQcm? [NaCl]
to 0.03 MQcem? [KCl]) of the membrane in the presence of KCI and recovery
(0.08 MQcm?) after NaCl rinsing. This demonstrated that a bilayer had to
be present, otherwise a drop in resistance after KCI flushing and recovery
after NaCl rinsing would not be observable.

It is highly likely that DPOT, due to its long spacer part, experienced prob-
lems during the self-assembly process, leading to a inhomogeneous monolayer.
EIS and NR indicated that a bilayer can be formed on top DPOT, but as the
monolayer was probably not as ordered as DPTT or DPHT, and therefore

rougher, the bilayer could not compensate all defects.
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Comparison DPTT — DPHT - DPOT

DPTT | DPHT | DPOT
Spacer length [A] 303 [331 |552
Spacer sld [-1076A~2] 0.8 1.4 2.6
Water incorporation (Spacer) 13% 21% 40%
Water incorporation (Alkyl chains) | 1.6% | 6.4% | 19.9%
Surface roughness [A] 9.6 11.2 23.7
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Figure 5.7: Neutron reflectivity profiles (left) of DPTT, DPHT, DPOT,
DPTT + DPhyPC, DPHT + DPhyPC and DPOT + DPhyPC and cor-
responding scattering length density profiles (right).

Cr and Au were evaporated on DPTT and DPHT during one procedure,
resulting in similar chromium and gold layers. DPTT and DPHT were mea-
sured on AndR, DPOT on NG7.

The thiol tethered anchors, DPTT - DPHT - DPOT (fig. , showed
thinner monolayer thicknesses in the experiment than theoretically deter-
mined. For DPTT and DPHT, the experimental values were & 2/3 of the the-
ory value, DPOT was around 90%. An upright configuration of the molecules
provided, all three spacers were not completely stretched, as has also been
observed for DPTL. Most probably the spacers adopted a rather helical struc-
ture.

If DPOT was actually more elongated than DPTT/DPHT in the tBLM ar-

chitecture or if this was a residue of the poorer fit quality, compared to DPTT
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and DPHT, cannot be decided by NR alone. But as EIS measurements gave
similar capacitance values for DPOT as for DPHT, a layer that was by a
factor 1.7 thicker is highly unlikely as this should be reflected in the capaci-
tance which is reciprocally proportional to the systems thickness.

The measured sld of the spacer of DPTT/DPHT/DPOT differed more from
the theoretical value than it did for DPTL. This indicated that the surface
coverage of the monolayer was not as high as for DPTL, or that the layer was
not as densely packed. EIS measurements [25] that showed much higher re-
sistance values (1-10 MQcm?) for DPTL monolayers than for DPTT/DPHT
(0.5-5 MQcm?) support these observations. Additionally, the hydration of
the ethylene glycol part of the molecule was 13% for DPTT, compared to
5% for DPTL, although DPTT is slightly smaller and for the same chain
packing, similar water incorporation could be expected.

The hydration of the spacer increased with increased spacer length. An in-
crement in spacer length by factor 1.5 increased the water incorporation by
nearly factor 1.5 as well.

The alkyl chains reflect the same trend, increasing the spacer length in-
creased the hydration. This was probably due to less dense packing of the
layers due to problems during self-assembly. This is supported by the surface
roughness of the system, which increased with spacer length as well. Dur-
ing self-assembly, molecules first adsorb very quickly and unordered to the
surface, followed by a much slower re-organisation [135]. Possibly, the longer
chains of DPHT and DPOT hinder this second step and prevent absolute
coverage and homogeneous monolayers.

The higher surface roughness also influenced the bilayer formation. On
DPTT, a perfect bilayer in terms of sld and hydration was formed, whereas
on DPHT and DPOT the second layer sld shifted to values close to the bulk
solvent and became more “watery”. EIS measurements support this, as the
resistance of DPOT bilayers did not increase as much as for DPTT/DPHT.
But still a bilayer has to present, as valinomycin was able to incorporate in
all three architectures, although the resistance decrease after KCI rinsing was
diminished in DPOT systems.
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5.4 DPHDL

DPHDL (Table was synthesised [133] as a so called “self -diluting”
molecule. The lipid has a bulky anchor that should result in less dense pack-
ing of the inner alkyl chains. During vesicle fusion or RSE, the free spaces
in the inner bilayer should be filled by mobile lipids. Such an architecture
should be much more fluid and enable the incorporation of peptides/proteins
with big sub-membrane moieties. In fact, this has already been shown by
Vockenroth et al. [14].

Neutron reflectivity measurements shall elucidate how well this “filling” of
the inner bilayer works. In addition, to enhanced protein incorporation,
DPHDL based bilayer should also have a bigger water reservoir underneath

the membrane. How big the hydration of the spacer part is will also be
addressed.
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Figure 5.8: Fitted neutron reflectivity profiles (left) of DPHDL (D2O, CM5 +
CM4) and DPHDL + DPhyPC and corresponding scattering length density
profiles (right).

The structure of a DPHDL based mono- and bilayer has been investigated
by neutron reflectivity measurements (fig. |5.8]). The analysis of the data re-
sulted in a monolayer thickness of 5.6 nm, which was the theoretical predicted
value. The sld of the spacer part of the molecule was with 2.2-1076A~2 sig-
nificantly higher than the theoretical predicted value of 0.59-107A~2. The
same sld was observed for the alkyl chains of the molecule. Also, during
monolayer experiments, the hydration of the monolayer was 35% for both

anchor and alkyl chain part.
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After the completion of the bilayer by RSE, the sld as well as the hydration
went up for the lower spacer part (3.4-10°A=2, 65%). In the inner bilayer
chains, the hydration decreased to 28% and the sld went down (1.8-1076A~2).
The sld of the outer bilayer chains was with 2.6-10A~2 slightly higher.
The sld of the inner lipids went down after bilayer completion indicat-
ing intercalating of the mobile lipids with the inner alkyl chains. Also the
formation of a bilayer can be clearly seen, although the slds after bilayer
completion were higher than theoretically expected. Additionally, the sld of
the spacer part of the molecules went up after RSE, as well as the hydration,

presumable due to solvent trapping.
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5.5 DDPTT

To assemble tBLMs with even higher sealing abilities than DPTL/DPTT,
DDPTT (Table |5.1) was synthesised [133]. This molecule has two diphy-
tanoyl chains in the inner bilayer compared to one for all the other anchor
lipids. This extended hydrophobic part should enable denser bilayers.

However, EIS measurements [133] showed a diminished sealing in DDPTT
based bilayers. NR was executed to investigate the structural composition

of a DDPTT layer and elucidate where potential improvements are.
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Figure 5.9: Electrical impedance measurements of DDPTT + DPhyPC +
Valinomycin in KCI and NaCl. Only small influences were observable after
peptide addition. C increased by 1.3%, R decreased by 31.4% in KCI.

Monolayer | Bilayer | Valinomycin | Valinomycin

(KCI) (NaCl)

R [MQcm?| 0.73 1.53 1.05 1.09
C [uFem™? 1.07 0.78 0.79 0.78

Table 5.6: Fitted EIS data values for DDPTT

EIS measurements (fig. of DDPTT monolayers were comparable to
DPTT [25]. DPTT monolayers showed resistances between 0.5 - 5 MQcm?
and capacities between 0.7 - 1.2 uFem ™2, The resistance of a DDPTT mono-
layer was measured to be 0.73 MQcm? and the capacitance 1.07 uFem=2. Also
the bilayer capacitance was similar (0.6 - 0.85 gFem ™ [DPTT], 0.7 uFem ™2
[DDPTT]), but the bilayer resistance was lower (3 - 15 MQcm? [DPTT],
1.05 MQcm? [DDPTT]). Additionally, valinomycin incorporation in DPTT
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based architectures led to a decrease in resistance in KCI by factor 15, in
DDPTT only factor 1.5 was observed. The recovery of the bilayers after
NaCl rinse was similar, 73% (DPTT) and 71% (DDPTT) of the original

value.
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Figure 5.10: Fitted neutron reflectivity profiles (left) of DDPTT (D2O, CM5
+ CM4) and DDPTT + DPhyPC and corresponding scattering length den-
sity profiles (right).

NR measurements (fig. and subsequent fitting of DDPTT based
mono- and bilayers resulted in a monolayer thickness of 4.35 nm, nearly
the theoretical predicted value of 4.5 nm. The sld of the ethylene glycol
was 2-1079A~2 which was considerably higher than the theoretical expected
value of 0.47-107A~2. Also the alkyl sld was with 1.1-10"A~2 much higher
than the theoretical value of -0.16-10"6A~2. These variations suggest either
an insufficient monolayer or a misguided fit. As EIS measurements showed
a monolayer with similar values than for DPTT, and considering the NR
profiles, the latter case might be more reasonable. The structure of DDPTT
might be too inhomogeneous to be successfully described by a layer model.
The hydration of the spacer part was with 17.5% between DPTT (13%) and
DPHT (21%). Bilayer formation was not as good as on DPTT, as has also

been shown by EIS, but still a denser layer could be built, compared to
DPOT.
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Figure 5.11: Neutron reflectivity profiles (left) of DPTT, DDPTT, DPTT
+ DPhyPC and DDPTT 4 DPhyPC and corresponding scattering length
density profiles (right).

Cr and Au were evaporated on DPTT and DDPTT substrates during inde-

pendent procedures, resulting in different chromium and gold layers. DPTT
was measured on AndR, DDPTT on NG-7.

5.5.1 Comparison: DPTT vs. DDPTT

DDPTT exhibited a much more pronounced spacer and inner alkyl part
than DPTT (fig. [5.11). The spacer part was much more hydrated and
while DPTT showed hardly any hydration (1%) of the inner alkyl chains,
DDPTT demonstrated 11%. Differences in sld between the spacer and the
alkyl part were not as pronounced for DPTT than they were for DDPTT.
This is probably due the higher amount of diphytanoyl chains per anchor
and therefore a much higher alkyl chain packing density in DDPTT.
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5.6 CholPEG

In addition to the ion and water reservoir beneath the bilayer, membrane
fluidity is a a vital factor for membrane functionality. To enhance membrane
mobility, a cholesterol-pentaethyleneglycol spacer (CholPEG, Table was
synthesised [19] and mixed with DPTL molecules. We therefore combine the
sealing abilities of our anchor molecules with the possible increase in fluidity

by adding a cholesterol linker.

7,0x10° 4
6,0x10° o
5,0x10° 4

4,0x10° 4

sid [A]

3,0x10° o

Reflectivity [a.u.]

2010°1  on GhoPEG ©20) 1E-8 J—— DPTL-ChoIPEG (D20) V

o o I DPTL-CholPEG (CM4) I

B [ = et e (D20 1£-9 }—DPTL-CholPEG + DPhyPC (D20) . **

|—— DPTL-CholPEG + DPhyPC (CM4) DPTL-CholPEG + DPhyPC (CM4) T
150 200 250 300 0.00 0,05 010 0.15

Distance from interface [A] QAT

Figure 5.12: Fitted neutron reflectivity profiles (left) of DPTL-CholPEG
(D20 + CM4) and DPTL-CholPEG + DPhyPC and corresponding scatter-
ing length density profiles (right).

NR measurements (fig. of DPTL monolayer with 10% CholPEG
added to the self-assembly solution were executed and fitted. The analysis
of data resulted in a monolayer thickness of 4.8 nm. This was the theo-
retically approximated length for the CholPEG. The sld of the spacer part
was 2.1-1079A~2, which was considerable higher than the expected value
for DPTL (0.54-10~A~2) which has the same anchor as CholPEG. The in-
ner alkyl chain sld was with 1.46-107A~2 closer to the expected value of
0.52:1079A~2 but still higher. Completion of the bilayer by DPhyPC RSE
was successful, the sld of the outer chain layer being only slightly higher
(1.67-1075A2) than the inner layer. Hydration of the system was very high,
with 33% water incorporation in spacer part of the molecule and 25% in the
bilayer.

EIS measurements (fig. of DPTL-CHolPEG were different from e.g.

DPTL as they exhibited a pronounced swelling behaviour. The capacitance
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Figure 5.13: Electrical impedance measurements of DPTL-CholPEG (5%) +
DPhyPC . An effect of monolayer swelling can clearly be seen as the resistance
increased by factor of 10, and the capacitance decreased by 11% over 1 h.
Also after RSE re-organisation took place in the bilayer, as the resistance
decreased gradually by 30% over 12 h, and the capacitance increased by
21%.

Monolayer | Monolayer | Bilayer | Bilayer

(0 h) (Lh)| (1.5h) | (12 h)

R [MQcm?] 0.06 0.7 2.95 2.06
C [uFem™? 1.27 1.12 0.51 0.66

Table 5.7: Fitted EIS data values for DPTL-CholPEG (5%)

decreased in 1 h in NaCl by 11%, the resistance increased by factor of 10.
Even after RSE, the bilayer displayed re-organisation, as the resistance de-

creased gradually by 30% over 12 h, and the capacitance increased by 21%.

5.6.1 Comparison: DPTL vs. DPTL-CholPEG

DPTL monolayers with 10% CholPEG resulted in thicker layers than pure
DPTL (4.8 nm compared to 3.9 nm), but higher slds even though similar
values were theoretically expected.

Also the hydration of the monolayer was much higher if CholPEG molecules
were introduced.

Additionally, EIS measurements for DPTL monolayers with 5% CholPEG
showed more re-organisation in monolayers as well as bilayers.

These observations can be explained by a diminished packing density of
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Figure 5.14: Neutron reflectivity profiles (left) of DPTL, DPTL-CholPEG,
DPTL + DPhyPC and DPTL-CholPEG + DPhyPC and corresponding scat-
tering length density profiles (right).

Cr and Au were evaporated on DPTL and DPTL-CholPEG substrates dur-
ing independent procedures, resulting in different chromium and gold layers.
DPTL was measured on NG-1, DPTL-CholPEG on AndR.

the DPTL molecules due to CholPEG incorporation. As CholPEG takes
up space of the DPTL molecules, and is not a ‘free space’ like for DPHDL,
bilayer formation does not create a much more sealing bilayer. All this shows
that monolayers with cholesterol in the spacer part incorporate more water,

showed more mobility and exhibited only slightly less electrical sealing.

5.7 Cholesterol

Another approach to increase the membrane fluidity was the addition of
cholesterol (Table to the RSE solution. The idea is that cholesterol
dilutes the upper bilayer of the membrane which makes it easier for pro-
teins with big sub-membrane moieties to be incorporated. Also such lipid-
cholesterol bilayers would be closer to a biological membrane and might trig-
ger events of cholesterol affine membrane proteins [136].

NR measurements (fig. of a DPTL monolayer where instead of pure
DPhyPC, DPhyPC + 10% Cholesterol was used for bilayer formation showed
an increased hydration of the inner and outer alkyl chains as well as of the
spacer part. Whereas DPTL + DPhyPC exhibited 1% (inner leaflet) and
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Figure 5.15: Fitted neutron reflectivity profiles (left) of DPTL (D,O+CM4)
and DPTL + DPhyPC-Cholesterol and corresponding scattering length den-
sity profiles (right).

3.5% (outer leaflet) hydration, DPTL + DPhyPC-Cholesterol showed 21%
for both. Also the hydration of the spacer increased from 5% (DPhyPC) to
15% (DPhyPC-Cholesterol).

Hence, cholesterol in the outer lipid chains clearly had a positive effect on the
hydration of the whole bilayer. Possibly the less dense inner and outer layers
allowed for diffusion between the bilayer and the spacer part. Therefore, the
spacer hydration was more similar to a monolayer (compare to Sec. m, fig.
[1.12] hydration of the monolayer = 11.6%) than in a bilayer with a sealing
outer layer.

EIS measurements of DPTL monolayers with DPhyPC-Chol (Sec. ,
fig. + fig. showed, depending on the amount of cholesterol in the
outer layer, lower resistances (middle k) to lower M(2). This, together with
the higher bilayer sld of 1.6-107°A~2 compared to the theoretical value of
DPhyPC-Chol between 0.2-0.25-10~%A~2 indicates a more watery bilayer.
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5.8 Summary

A variety of anchor lipids has been investigated by neutron reflectivity as
well as electrical impedance spectroscopy.

DPTL, which has a lipoic acid anchor, showed the best surface coverage
and sealing properties, but the hydration of the spacer part was only of about
5%. This can be probably attributed to the width of anchor and the attached
alkyl chains, which are very similar and hence enabled very dense layers.

The group of thiol anchor lipids, DPTT-DPHT-DPOT, showed an in-
creased water incorporation but did not exhibit the same excellent surface
coverage as DPTL. Furthermore, it could be demonstrated that elongating
the ethylene glycol part of molecule decreases the stability of the monolayers
which directly influences the stability of the bilayers, both in terms of elec-
trical sealing as well as lipid packing density.

Probably the longer ethylene glycol chains hinder each other during self-
assembly, preventing the formation of a homogeneous, dense bilayer.

This effect could also be observed for the double diphytanoyl chained lipid
DDPTT. Synthesised with especially high sealing bilayers in mind, it hardly
reached the M2 range in resistance. DPTL and DPTT meet the demand of
a bilayer system with M2 resistance much better and should be preferred.

If a large ion and water reservoir is necessary, DPHDL is recommended
even though it suffers from slightly lower resistances. It could be shown that
the spaces in the less densely packed alkyl chain layer could be filled with
mobile lipids after the bilayer formation. The large hydration of over 50%
should enhance protein incorporation even if they feature bigger moieties.

Another possibility of more biocompatibility is the addition of cholesterol,
either to the monolayers or to the bilayers. Enlarged hydration could be
achieved for both methods with only slight drawbacks in electrical sealing
and membrane stability.

Eventually one has to state that, so far, excellence in one membrane fea-
ture can only be gained by disadvantages in other parts of the architecture.
One promising way seems to be the formation of mixed bilayers on DPTL

base, either with an additional compound in the mono- or bilayers. The
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key to a successful fabrication of such multi-component systems will be the
assembly as constriction between the different molecules has to be avoided.
Especially here, the substrate will be of great importance, as even small de-
fects influence the self-assembly process. Investigations should therefore not
only concentrate on synthesising the ‘perfect’ anchor lipid, but also creating

the ‘most defect-free’ surface possible.
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Appendix

6.1 Abbreviations

B-1g

C

CA
CholPEG
DC
DDPTT

DPHDL

DPHT
DPTL
DPTT
DPOT
DPhyPC
DPhyPG
DSC
EIS
FRAP
LB

LM
MFGM

Alternating current

[-lactoglobulin

Capacitance

Contact angle

Cholesterol-polyethylene glycol-lipoic ester

Direct current

1,3-di-(2’,3’-di-O-phytanyl-glycerol)-glycerol-2-tetraethylene glycol-3”
-mercaptopropyl ether lipid

2-(27,3’-di-O-phytanyl-glycerol-1’-hexaethylene glycol)-glycerol-1,3-di-O-D,L
-lipoic acid ester lipid

2,3-di-O-phytanyl-glycerol-1-hexaethylene glycol-3’-mercaptopropyl ether lipid
2,3-di-O-phytanyl-sn-glycerol-1-tetraethylene glycol-D,L-lipoic acid ester lipid
2,3-di-O-phytanyl-glycerol-1-tetraethylene glycol-3’-mercaptopropyl ether lipid
2,3-di-O-phytanyl-glycerol-1-octaethylene glycol-3’-mercaptopropyl ether lipid
Diphytanyl phosphatidylcholine

Diphytanyl phosphatidylglycerol

Differential scanning calorimetry

Electrical impedance spectroscopy

Fluorescence recovery after photo bleaching

Langmuir - Blodgett

Langmuir monolayer

Milk fat globule membrane
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MilliQ

NR
SA
SAM
sBLM
sld

SP
SPR
tBLM
QCM

RSE
tsg

Ve

ultra-pure water filtered with a Millipore
(Billerica, MA/USA) device
Neutron reflectivity

Self-assembly

Self assembled monolayer
supported Bilayer Lipid Membrane
scattering length density

Surface plasmon

Surface plasmon resonance
tethered bilayer lipid membrane
Quartz crystal microbalance
Resistance

Rapid solvent exchange

template stripped gold

compression speed
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6.2 Chemicals

Name Formula Manufacturer Purity
Trichloroacetic acid | CCl3COOH Serva,
Heidelberg/Germany | —
Ethanol CyH;0H Sigma-Aldrich,
Munich/Germany absolute
Triolein Cs7H1040¢ Sigma-Aldrich,
Munich/Germany practical grade, ~ 65%
Deuterated water D50 Aldrich,
Munich/Germany > 99%
DPhyPC Cu6HgoO19PNa | Avanti Polar Lipids,
Alabaster, AL/USA
Sodium chloride NaCl Sigma-Aldrich,
Munich/Germany > 99.5%
Sodium phosphate | NaoHPO, Fluka,
(dibasic) Munich/Germany > 99%
Sodium phosphate | NAH;PO, Fluka,
(monobasic) Munich/Germany > 99%
Sodium azide NaNj3 Acros,
Geel /Belgium
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6.3 DSC
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Figure 6.16: DSC at various pH.

Data courtesy of Camille Loupiac, Ensbana/Dijon.

6.4 EIS values

DPTL + Triolein-Chol-10% + native (lg
DPTL + DPhyPC-Chol-10% + native Slg
DPTL + DPhyPC-Chol-50% + native §lg

DPTL + Triolein + native lg (pH3)

DPTL + Triolein + denat Slg
DPTL + DPhyPC (Vesicles) + denat [lg

- (11.3+13.6)%
+ (30.3+1.5)%
+ (45425.8)%

- (86.2+7.7)%

- 141%
+ 11.8%

R C
DPTL + Triolein + native flg (pH7) - (57.5£7.9)% | + (10.9£6.1)%
DPTL + DPhyPC (RSE) + native flg +10.1% 0
DPTL + DPhyPC (Vesicles) + native flg - 4.7% 0

+ (6.7+3.8)%
- (3.5 +£3.5)%
+ (3.3£2.2)%

+ (10.844.4)%

-7.7%
- 9.6%

Table 6.10: Overview of EIS data
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6.5 GaRefl setup.c protocols

Example of DPTT 4+ DPhyPC

Protocol taken from the GaRefl manual [74] and modified.
#include )stdio.h(

#include )assert.h(

#include “refl.h”

#include “reflcalc.h”

#define MODELS 4

/* initialising non-standard fitting variables */

double global_rough, rough_au_cr, rho DPTT _spacer, rho_alkyl, rho_bi,
vf_spacer , vf_alkyl, vf_bi;

[x=========== CONSTRAINTS ===========x/
void constr_models(fitinfo *fit)

{

int i,k;

fitpars *pars = &fit[0].pars;

for (i=0; ijpars_count(pars); i++)

{

if (pars_peek(pars,i)==pars_max(pars,i))
{pars_poke(pars,i,pars_min(pars,i)+0.99* (pars_max(pars,i)-
pars_min(pars,i)));}

if (pars_peek(pars,i)==pars_min(pars,i))
{pars_poke(pars,i,pars_min(pars,i)+0.01*(pars_max(pars,i)-
pars_min(pars.i)));}

}

/* Rescue the free parameters from the model. */

for (i=0; i < fit[1].pars.n; i++)

fit[1].pars.value[i] = *(fit[1].pars.address][i]);

/* Go through all layers copying parameters from model 0 to other models
*/

tied_parameters(fit);
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/* copy the global roughness to all interfaces not SIOX interfacesx/
for (i=0; i < MODELS; i++) {

for (k=1;k <it[i].m.n-1; k++) fit[i].m.rough[k]=global rough;
fit[i].m.rough[3]=rough_au_cr;

}

/* Restore the free parameters to the model. */

for (i=0; i <fit[1].pars.n; i+-+){

(fit[1].pars.address[i]) = fit[1].pars.valuel[i];

}

for (i=0; 1 <2; i++) {

fit[i]. m.rho[4]=vf_spacer*rho_ DPTT spacer(1-
vf_spacer)*fit[i].m.rho[fit[i]. m.n-1];

fit[i]. m.rho[5]=vf_alkyl*rho_alkyl+(1-vf_alkyl)*fit[i].m.rholfit[i]. m.n-1];
fit]i].m.rho[6]= fit[i].m.rho[fit[i]. m.n-1];

}

for (i=2; 1 <MODELS; i++) { fit[i].m.rho[4|=vf_spacer*rho_ DPTT spacer+(1-
vi_spacer)*fit[i].m.rho[fit[i]. m.n-1];
fit[i].m.rho[5]=vf_alkyl*rho_alkyl+(1-vf_alkyl)*fit[i].m.rho[fit[i]. m.n-1];
fit[i].m.rho[6]=v{_bi*rho_bi+(1-vf_bi)*fit[i]. m.rho[fit[i]. m.n-1];

}

Jt======————— INITIAL SETUP===—=———————y/
fitinfo* setup_models(int *models)

{

static fitinfo fit) MODELS];

int i;

fitpars *pars = &fit[0].pars;

fitpars *freepars = &fit[1].pars;

models = MODELS;

for (i=0; i < MODELS; i++) fit_init(&fit]i]);

/% Load the data for each model %/
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<793 refl”);

fit_data(&fit )

,“T724.refl”);
)
)

( 0
fit_data(&fit

(

(

1
2
3

fit_data(&fit
fit_data(&fit

<725 refl”);
,“726.refl”

T e

)

/* Initialize instrument parameters for each model.x/
for (i=0; i < MODELS; i++) {

#include “reflcalc.h”

const double L = 5.0042,dLoL.=0.020,d=1890.0;
double Qlo,Tlo, dTlo,dToT,s1,s2;
Qlo=0.0154,T1o=0.35;

s1=0.175, s2=s1;

dTlo=resolution _dT(s1,s2,d);
dToT=resolution_dToT(s1,s2,d,Tlo);
data_resolution_fv(&fit[i].dataA,L,dLoL,Qlo,dTlo,dToT);
fit[i].beam.lambda = L;

interface_create(&fit[i].rm, "erf”, erf_interface, 100);

/% Add layers: d (thickness, A), rho (Nb, A-2), mu (absorption, A), rough
(interlayer roughness, A) */

for (i=0; i | MODELS; i++) {

model layer(&fit[i].m, 0.00000, 2.07e-6, 0.0e-8, 7.000); /* 0 substrate */
model layer(&fit[i].m, 39, 3.72e-6, 0.0e-8, 7.000);/* 1 oxide */

model layer(&fit[i].m, 22.5, 4.29¢-6, 0.0e-8, 16.000); /* 2 Cr */

model layer(&fit[i].m, 138.000, 4.56e-6, 0.0e-8, 9.000); /* 3 Au */
model layer(&fit[i].m, 16.0, 0.5e-6, 0.0e-8, 7.000); /* 4 DPTT spacer */
model_layer(&fit[i].m, 20.0, -0.1e-6, 0.0e-8, 7.000); /* 5 DPTT alkyl */
model layer(&fit[i].m, 15.0000, 0-6, 0.0e-8, 7.000); /*6 bi */

model layer(&fit[i].m, 100.000, 6.35e-6, 0.0e-8, 7.000); /* 7 Solvent */
}

global_rough="7;
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/*correct solvent layers for different modelsk/

/* fit[3].m.d[3] =

FIT PARAMETERS

/* Specify which parameters are your fit parameters. Parameters are fitted

to be the same in all datasets by default */

pars_add(pars,
pars_add(pars,
pars_add(pars,

(

(

(

pars_add(pars,

pars_add(pars,
(

pars_add(pars,

pars_add(pars,
pars_add(pars,
pars_add(pars,

pars_add(pars,
pars_add(pars,

(

(

pars_add(pars,

pars_add(pars,

pars_add(pars,
(

pars_add(pars,

pars_add(pars,
pars_add(pars,
pars_add(pars,

(

pars_add(pars,

pars_add(pars,
pars_add(pars,

pars_add(pars,
pars_add(pars,

“d_oxide”, &(fit[0].m.d[1]), 5, 50);

“d_Cr”, &(6t[0].m.d[2]), 15., 30);

“d_gold”, &(fit[0].m.d[3]), 130., 160.);
“d_DPTT spacer”, &(fit[0].m.d[4]), 5., 24.);
“d DPTT alkyl”, &(fit[0].m.d[5]), 15., 25.);
“d_bi”, &(fit[0].m.d[6]),5., 25.);

“vf DPTT spacer”, &(vf_spacer), 0, 1);
“vf_alkyl”, &(vf_alkyl), 0, 1);
“vf bi”, &(vi_bi), 0.5, 1);

“rho_CrOx”, &(fit[0].m.rho[1]), 3. 5e-6, 4.0e-6);
“rho_Cr”, &(fit[0].m.rho[2]), 4.0e-6, 4.5e-6);

“rho_Au”, &(fit[0].m.rho[3]), 4.4e-6, 4.8e-6);

“rho DPTT spacer”, &(fit[0].m.rho[4]), 0.25e-6, 2.5¢-6);
“tho_alkyl”, & ({it[0].m.tho[5]), -0.2¢-6, 0.75¢-6);
“tho_bi”, &(fit[0].m.rho[6]), -0.2¢-6, 0.75¢-6);

“rho_solv_0", &(fit[0].m.rholfit[0].m.n-1]), 6.0e-6, 6.4e-6);
“rho_solv_1”, &(fit[1].m.rho[fit[1].m.n-1]), 3.75¢-6, 4.25¢-6);
“rho_solv_2”, &(fit[2].m.rholfit[2].m.n-1]), 6.0e-6, 6.4e-6);
“rho_solv_3", &(fit[3].m.rho[fit[3].m.n-1]), 3.75¢-6, 4.25¢-6);

“global rough”, &(global rough), 5.0, 10.0);

“rough_au_cr”, &(rough_au_cr), 10.0, 30.0);

“background_0”, &(fit[0].beam.background), le-9, 2.5e-6);
“background_1”, &(fit[1].beam.background), le-9, 2.5e-6);
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pars_add(pars, “background_2”, &(fit[2].beam.background), 1e-9, 2.5e-6);
pars_add(pars, “background_3”, &(fit[3].beam.background), 1e-9, 2.5¢-6);

/* Build a list of ’free parameters’ in fit[1].pars. These are
parameters for which the values are allowed to differ from those
in model 0. By default all values in all models are the same unless
specified here. The range data is not used here, so set it to [0,1].
*/

pars_add(freepars, “rho_solv_1”, &(fit[1].m.rho[fit[1].m.n-1]), 0, 1);
pars_add(freepars, “rho_solv_2”, &(fit[2].m.rho[fit[2].m.n-1]), 0, 1);
pars_add(freepars, “rho_solv_3”, &(fit[3].m.rho[fit[3].m.n-1]), 0, 1);

constraints = constr_models;

return fit;

}
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