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Membranes fulfill many different functions inside a cell and have consequently 
been in the focus of biophysical studies for several decades.

High resolution structure analysis of model membrane systems by x-ray reflec-
tivity is typically performed using stabilizing solid supports, which have shown 
to strongly interact with the membranes and can severly affect the membrane`s 
functionality. To circumvent these restrictions free-standing lipid model membra-
nes, also called Black Lipid Membranes (BLMs), have been used in this work to-
wards a novel type of structural assay based on x-ray phase contrast imaging. 
Bulged lipid bilayers fully immersed in buffer solution have been visualized by a 
transmitted plane or spherical x-ray wave front in the Fresnel regime after free 
space propagation. The development of the experimental system and the image 
analysis enables a quantitative investigation of the membrane`s structural pro-
perties in a localized membrane patch. In future this technique can be used to 
study the structure of membranes and more generally ultrathin films in func-
tional and physiological environments and under out-of-equilibrium conditions.
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“Beholding life in a soap bubble,  
Self-assembly is the key.  

To make a BLM invitro,  
Shows the biomembrane’s living complexity.” 

(from [TOL00]) 
 
 

“A soap bubble is the most beautiful thing,  
and the most exquisite in nature...  

I wonder how much it would take to buy a soap bubble, 
 if there was only one in the world?” 

(Mark Twain, “The Innocents Abroad”, 1869) 
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Introduction

“All life today is cellular, and cells are defined by membranes that separate the
cytoplasm from the outside world. When life began, at some point it became
compartmented in the form of cells. ...”
This citation from [Dea08] nicely points out the importance of cell membranes
in nature and the role they played in the formation of the first living organisms .

Pro- and eucaryotic cells both have an important thing in common. A cell
membrane separates them from the extracellular environment. Especially in
eucaryotes a membrane also partitions each single organelle inside the cell
from the cytosol [Pre88]. Thus, membranes fulfill a great variety of functional
tasks, such as protection, regulation, compartmentalization, nutrition supply,
ion transport, and signal transmission. Membranes ensure the cell’s survival
and hence ensure the survival of the whole organism [Sac95, Alb94].
One of the major building blocks of plasma membranes are lipids, e.g. phos-
pholipids, sphingolipids, and glycolipids in various amounts. In addition mem-
branes can be modified by molecules such as cholesterol, peptides, or proteins.
These compounds can make up 50% of the membrane composition depending
on the functionality of the membrane inside the organism [Str03].
In order to analyze such a complex system and to develop methods for the in-
vestigation of designated properties a simplified model has to be generated. As
a consequence the variety of components will be reduced to build up a model
membrane system mimicking the very basic native conditions, e.g. the pure
lipid matrix. In this work, three different types of reconstituted membranes are
used. Each of them shows both benefits and drawbacks and enables the inves-
tigation of different lipid membrane properties.
We have recently adapted the well known setup of Black Lipid Membranes
(BLMs) from electrophysiological to in vitro structural x-ray studies [BWZ+08].
These BLMs are single, freely suspended lipid bilayers, which are spanned in
between two separate fluid compartments and are an established model sys-
tem in membrane biophysics [MRTW62b, TOL00]. They allow for studies of
functional transport across the bilayer at controlled conditions, such as protein
concentration, ionic strength, pH, and electrical field strength, e.g. by record-
ing single channel conductance with a patch clamp amplifier [Hil84, NS76].
Particular advantages of BLMs over model systems, like uni- or multi-lamellar
solid supported membranes or giant unilamellar vesicles (GUVs), derive from
the fact that the membranes are accessible from both sides. Furthermore they
can be manipulated easily, and allow for the exposure to fluid compartments of
asymmetric ionic strength and the application of electric fields. Using specific
preparation techniques, the bilayer itself can be built up with asymmetric lipid



monolayers, similar to biological membranes, which are mostly asymmetric in
composition.
The system of BLMs is until today a common model membrane system, which
offers a native environment and at the same can be easily prepared and manip-
ulated. The underlying core motivation for the use of BLMs in this thesis is to
investigate the structure of biomimetic membranes in various environmental
conditions. This study will allow us to close the gap between two approaches,
which are performed to investigate membrane properties. On the one hand, x-
ray reflectometry experiments offer sub-molecular resolution, but still have to
be carried out under unphysiological conditions, i.e. in the presence of a solid
support, which borders the membrane on one side. On the other hand, elec-
trophysiological experiments give rise to electrochemical properties of mem-
branes with high precision but poor resolution of structural changes, since they
are mostly carried out by using visible light microscopy. A combination of these
two techniques is of great importance, due to the fact that native membranes
are always accompanied by electric fields, and it is known that these fields have
a great influence on the structural and functional, as well as electrochemical
properties of the membrane.
In the following thesis I will present the development of an experimental setup
as well as a theoretical model, which allows us to simultaneous investigate elec-
trophysiological and structural changes and their dependencies in model mem-
brane systems. Recent results from studies during this work have been pub-
lished [BWZ+08, BMTS09].
In the first chapter a summary of the state of art of freestanding Black Lipid
Membrane research will be presented. The chapter mainly deals with the dis-
covery and development of BLMs as an experimental model system and the
investigation of structural and electrophysiological properties. Chapter two is
dedicated to the description of Black Lipid Membrane thinning, the driving
forces of this process, and its interfacial properties. Chapter three will intro-
duce the reader to the basics of BLM electrostatics and current techniques used
to investigate the respective properties. The influence of electric fields on the
membrane structure will be discussed, and studies on solid supported mem-
branes (SSMs) to investigate this effect are presented. In chapter four we will
give a detailed description of the preparation of the three different membrane
systems which are used in this work. A novel type of BLMs, the microfluidic
BLMs (mfBLMs), and its benefits in x-ray imaging techniques will be discussed.
In the fifth chapter we develop a simplified, but extendable, model for an ex-
perimental scheme, which can be considered a hybrid of propagation based
phase contrast imaging and Fresnel diffraction. Related synchrotron studies,
details of experimental setups and the raw image data processing are presented
in chapter six. In chapter seven, we use this novel technique, which is described



in the previous two chapters, to quantitatively monitor the structure and thin-
ning of BLMs and we discuss the current limits in view of resolution and con-
trast. Finally, we demonstrate how these limitations can be overcome by using a
focused x-ray beam to visualize ultrathin Black Lipid Membranes of 5 nm thick-
ness. Chapter eight summarizes the results, which are achieved in the frame of
this thesis, and presents an outlook on future applications and experimental
developments.





1 State of the art: structure of lipid membrane model
systems

1.1 The lipid bilayer concept

Within the scope of this thesis the structural and dynamical properties of Black
Lipid Membranes (BLMs) are investigated. In this section a short introduction
to the development of this very special model membrane system will be given
[TOL00, TOL03].
In the seventeenth century, Newton and Boys [New74, Boy59] investigated the
structure and colors of black soap films (see figure 1.1(a)). Inspired by these
studies, in the early 1960’s, Müller, Rudin, Tien and Wescott presented a way to
prepare freestanding lipid bilayers, which are bordered by two aqueous reser-
voirs [MRTW62b, MRTW62a] (see figure 1.1(a)). According to previous works in
history they called their membranes “Black Lipid Membranes” (BLMs).

a) b)

Figure 1.1: a) First investigations of BLMs were inspired by soap film exper-
iments, which are in perfect analogy to each other [Int10]. b) Image of a
Black Lipid Membrane (BLM) showing Newton interference fringes in the
course of illumination with white light. From these colors the membrane
thickness can be determined. When the membrane spontaneously thins,
i.e. it transforms from a bulk to a bimolecular film, black spots of destruc-
tive interference appear. They grow until only a bright, thick region of as-
sembled lipid-solvent solution, namely the Plateau-Gibbs border (PGB), at
the rim of the film is left [MRTW62b].

In 1890, it was Pfeffer [Pfe90] who observed the enclosure of the cell by a plasma
membrane. His results were refined by Gorter and Grendel in 1925 [GG25],
who were the first to describe the cell membrane bilayer characteristics. Sub-
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sequently, Danielli and Davson, in 1935 [DH35], postulated that the cell mem-
brane consists of two lipid monolayers facing each other with the hydrocarbon
tails, while the dipolar headgroups pointing towards the aqueous phase. At this
time the model of the orthogonal structural arrangement of a lipid bilayer was
fully developed.
The discussion about the lateral organization of lipid membranes was contin-
ued and the “lipid bilayer concept” [TOL00] rapidly developed. It ended up in
today’s view of the cell membrane as a “fluid mosaic model”; a model which
was put forward by Singer and Nicholson [SN72] in 1972.
It was mentioned in the introduction that the presence of electric fields is of
great importance for the functionality of transmembrane proteins and the in-
teractions between them and the surrounding lipid matrix. The BLM was the
first experimental model to enable the investigation of electrophysiological pro-
perties of ion channel proteins in a biological environment, i.e. the recording
of ion fluxes across a bilayer in the absence of a supporting substrate. There-
fore BLMs have been widely used as a powerful tool in biophysical research, i.e.
especially electrophysiology. Despite this fact, the preparation, the final forma-
tion process and the sub-molecular structure of these membrane systems are
still poorly understood and remain to be discussed and further explored exten-
sively [Whi86].

1.2 Structural investigations of Black Lipid Membranes (BLMs)

In the past many methods were developed to investigate the thickness of free-
standing bilayer membranes. Some of them originate from the studies on soap
films in air (see figure 1.1(b)) and others have been recently introduced. In this
section these methods will be briefly described and their limitations and appli-
cations will be discussed. Details of the equations for thickness determination
and the experimental setups can be found in the numerous references.

1.2.1 Visible light studies

The first high resolution experiments to investigate the structure of bimolecular
membranes made from surface active, amphiphilic molecules were carried out
by reflecting monochromatic light onto the film surface. The reflectivity under
specular conditions, i.e. at a position where the angle of refraction equals the
angle of incidence, is defined as the ratio of impinging intensity I0 and reflected
intensity Ir light in the plane of incidence. The electric field vector is considered
to be perpendicular to the plane of incidence. At an angle θ with respect to
the perpendicular of the surface, under which the light is diffracted inside the
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membrane, the dependence of the reflectivity on the film thickness d is given
by [BW99, Tie74, Iva88]:

I0

Ir
= 4r sin2

(
2πn cos(θ)

λ
d

)
(1.1)

with the wavelength of the light λ and the reflection coefficient of the mem-
brane-water interface r . The latter one is related to the refractive index n of the
film. Before BLMs were introduced, different groups studied soap films in air
[Ove60, MSF59, MJ66, Vri64] by using this technique. The results could experi-
mentally confirm the thinning dynamics and forces in bimolecular films based
on the Derjaguin, Landau, Verwey, and Overbeek (DLVO) theory (see section
2.2). First experiments on thickness determination of BLMs were performed
by Tien [TCD66, TD66, Tie66, Tie67a], Huang [HWT64, HT65, TH66b], Cherry
[CC67, CC69b, CC69a] and others [Sim70, SC71, DFH82, MK88]. The resolu-
tion of this technique is limited by the underlying layer model, which is used to
calculate the reflectivity of the film (see figure 1.2).

black lipid
membrane

bulk film
transition region

I

organic solvent
hydrocarbon region

III

II´

II´

II

aqueous solution

aqueous solution

I

hydrocarbon region

headgroup region

headgroup region

≈
5

n
m

1
μ

m
-

1
0

0
μ

m

Figure 1.2: Schematic representation of the layer structures in a bulk film,
consisting of two monolayers separated by a layer of organic solvent, and
the BLM, which is considered as a single bilayer. Two types of layer models
of the BLM, which is bordered by an aqueous medium I, are depicted. One
is composed of a single layer II, while the other one consists of three lay-
ers and considers phospholipid headgroups II’ and hydrocarbon tails III as
separated layers.

The first theories were based on a single layer model (II) in an aqueous medium
(I) [TD66]. Finally a three layer model (I|II’|III|II’|I) [Tie67b, SC71, MK88] (see
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figure 1.2), which considers phospholipid headgroups and hydrocarbon tails as
separated layers, turned out to agree best with the experimental observations.
The reflected light technique relies on the exact determination of the refractive
index n by a Brewster angle measurement [TD66, HT65], which is performed at
a bulk film with d >100 nm and n(d) = constant [Tie67b]. This already implies
that the determination of essential structure parameters is based on contradic-
tory assumptions, because a three layer model is used to calculate the reflectiv-
ity but a single layer model is used to determine the refractive index. Hence, the
thickness calculations will always depend on the underlying theoretical model
[Tie67b]. This strongly effects the thickness values obtained in the previous lit-
erature, ranging from 4.8 nm up to 9 nm, including errors of about 10% to 20%
for the same species of surfactant molecules.
In a second approach, the thickness was deduced from the interference fringes
of the thinning film (see figure 1.1) when it is illuminated with white light. The
resolution of this method is limited to thicknesses where d >20 nm-30 nm and,
therefore, the information about molecular structures of the bimolecular BLM,
which are supposed to be only 5 nm in size, remains unaccessible [Tie74, FFI03].

1.2.2 Electrostatic investigations

Another method for the investigation of the thickness d is based on a simul-
taneous measurement of the capacitance Cm and the area A of the thinned,
bimolecular region of the membrane. A lipid bilayer can be seen as a capacitor.
Hence, the static, voltage independent capacitance Cm of the membrane can
be defined as [ALS03]:

Cm = ε0εm
A

d
(1.2)

with dielectric constant ε0. The specific dielectric constant εm ≈ 2 only de-
scribes the hydrocarbon core of the bilayer. In chapter 3.2 different methods to
measure Cm will be presented. By combining these methods with conventional
transmitted light microscopy, the bilayer area A can be precisely determined
and d obtained [HHT64, HHT65, vdB65, HT68, AMH70, Whi70, WT73, FFI03].
The regions, where a thin bimolecular membrane has already formed domi-
nate the contributions to Cm , since here the film is about three orders of mag-
nitude thinner compared to domains of trapped solvent [WT73]. A drawback
is that the differentiation between the final bilayer regions and very thin areas,
where a bilayer has not formed yet, is very inaccurate. Furthermore, there is
always an unknown contribution to the capacitance by the lipid-solvent reser-
voir, called Plateau-Gibbs border (PGB) (see figure 1.1), which surrounds the
BLM and is of complex structure [Whi72, Whi86]. Consequently, large errors of
about 20% in calculations of d are obtained [WT73] and this technique shows
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no benefits with respect to the above described experiments analyzing the ratio
of reflected light. A further restriction of this method is that a measurement of
the BLM capacitance can only sense the thickness of the hydrocarbon region
[HHT65, DFH82]. Due to the dipolar characteristics of the phospholipid head-
groups their dielectric constant εHG is similar to that of water (εHG ≈ εH2O ≈ 80).
This inhibits the distinction between the two layers.
To account for this limitation, the authors in reference [DFH82] propose a com-
bined study of capacitance and reflectivity measurements. The first technique
will allow for the thickness determination of the hydrocarbon layer and the sec-
ond will gain access to the total BLM thickness. From these two parameters the
headgroup layer thickness can be derived in a more accurate fashion.

1.2.3 Electron microscopy

Müller and colleagues [MRTW62b] have performed electron microscopy mea-
surements to study the thickness of their Black Lipid Membranes. They could
not reveal the proposed trilaminar structure (headgroup | hydrocarbon | head-
group), but found a thickness of 9 nm for the lipid bilayer [DPR64]. Since they
initially used staining agents, such as Osmium, these might have penetrated
the hydrocarbon core and made it indistinguishable from the headgroup re-
gion. This drawback was solved by avoiding further staining, which finally al-
lowed for the visualization of sub-molecular structures [HDGT67, VE71]. The
thickness values in these studies range from 3.7 nm to 11.6 nm, with errors up
to 25%. The inaccuracy might originate from the fact that a thinned bilayer was
compared to regions of remaining solvent, such as lenses [AH68]. Furthermore
this technique is very sensitive to the observation angle, i.e. the orientation of
the film with respect to the incident electron beam. A misalignment results in
the smearing of the layer features [VE71].
Due to the fact that the fixation of a lipid membrane in a resin with potential
addition of heavy-atom staining agents represents a very unnatural environ-
ment, there might be a significant influence on the structure of the membrane.
Consequently electron microscopy has not become a common technique for
investigating lipid membrane properties in native conditions.

1.2.4 X-ray and neutron reflectivity

The last technique, which is presented here, is based on the use of x-rays or
neutrons, which are reflected at thin freestanding films. Retrospectively, the or-
der of magnitude of the thickness values which were obtained from visible light
reflectivity studies (see previous section) was already in good agreement with
the results from x-ray reflectometry. The first x-ray experiments could confirm
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the results from DLVO theory and lead to a much more accurate determina-
tion of the film thickness [CGOT63, CCG66, PGW90, PGWC93]. Benattar and
colleagues have performed extensive studies on the structure, formation and
hydration states of freely suspended membranes made from lipid molecules in
air [BDOB91, CPN+00, CMP+00, PBN02, TBL+02, SMB+04].
Smith and coworkers were the first to use x-rays to study freestanding, multi-
lamellar membrane systems in a humid environment, and could follow phase
behavior of the lipids dependent on temperature and relative humidity [SSSC88,
SSS+90]. As a consequence of the aforementioned studies a higher precision for
the layer-model of the membranes could be derived. In contrast to experiments
with visible light, x-ray photons and neutrons offer the opportunity to resolve
molecular and sub-molecular structures, since the photons and neutrons have
wavelengths which are a factor 10 to 50 times smaller than the thickness of the
film. Due to the fact that the x-ray and neutron scattering properties (the elec-
tron and nuclear scattering length density contrast between film and surround-
ing air) are very weak, the reflectivity decreases rapidly for higher angles of in-
cidence. In water these effects are much more pronounced and x-ray and neu-
tron studies were restricted to the studies of thin films freestanding in air. Thus,
the resolution of this method, defined by the maximum achievable scattering
angle or qz value, is strongly limited to length scales of 1.8 nm (≡0.35 Å−1). This
is especially the case for neutrons [HHT+84, ET03] where the particle flux is
very low and the resolution limit becomes 4 nm (≡0.16 Å−1). Here the signal-
to-noise ratio is even worse compared to experiments using x-ray laboratory
sources.
Since the early 1980’s there has been a huge number of x-ray and neutron reflec-
tivity studies investigating the structure of lipid mono-, bi- and multilayers at
air-oil/-water and solid-liquid interfaces [Dai09, DG09, SRS+86, WSN89, SS90,
VMFS00, SLSM02, Sal03, COVS05, MMGK05, NGS06, SBW+09, ARW+09]. These
studies take advantage of the fact that the reflectivity is amplified at an interface
of two media of different electron or atomic densities. The reflected intensity,
which can be easily detected, is modulated by the structure and form factor of
the lipid layer, which is assembled at the interface. Subsequently, the electron
density profile can be reconstructed with sub-molecular resolution by fitting
the recorded signals on the basis of theoretical model assumptions. The benefit
of using a (solid) supported membrane system [TM85, TOL00, TBGO98, Sac96]
is the high stability [Röm04], the homogeneous structure [Sac96] and the planar
geometry, amenable to various surface sensitive techniques, such as described
for x-rays and other probes [Joh05, MT06, Oli05, BS06]. However, the main in-
trinsic drawback is the perturbation the membrane systems by the interaction
potential between the membrane and the supporting interface. Furthermore,
it has steric effects on membrane collective motions or embedded proteins,
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which are often found to denature in the presence of the solid surfaces. Most
importantly, the presence of the substrate restricts the range of potential phys-
iological functionalities with respect to transport properties, flux through the
bilayer, and asymmetric solutions, i.e. ion concentration gradients across the
bilayer. For example, the thin water film between membrane and solid sup-
port of about 0.2 nm to 1 nm [CS00] does not provide the sufficiently large ion
reservoir with controlled electrophysiological properties, that would be desir-
able in many experiments. Even for an advanced, supported membrane sys-
tem, where one of two bilayers “freely” floats above the other one, the presence
of the second bilayer and the substrate always influences the observed interac-
tions [CBAFG99, DBAB+05, LFC06, CLF08].
However, despite individual experimental shortcomings, without all these ex-
periments our understanding of lipid bilayer systems would not be where it is
today.

1.3 Conclusion

In summary there is a lack of techniques with sufficient resolution that enable
the determination of sub-molecular structures in bimolecular, thin films facing
their physiologically relevant, aqueous environment. Every technique shows its
limitations either from the model, technical or physical point of view. Two years
ago we presented a first step towards a major improvement [BWZ+08] when
we published the first x-ray reflectivity experiments on black lipid membranes
immersed in water. This novel type of investigation is potentially sensitive to
the sub-molecular structure and much more independent of model assump-
tions than techniques based on visible light. However, technical limitations,
related to achievable beam sizes, alignment, planarity of the film and photon

flux (> 1011 photons
μm2 s

), as well as an intrinsically weak scattering signal, which is
due to the low electron density contrast between membrane and bulk water,
remain a great challenge and need to be faced. The recorded reflectivity signal
was not sufficient to draw definite conclusions about the electron density dis-
tribution inside the BLM. It is hoped that future improvements in synchrotron
performance and novel x-ray optics will enable the investigations of reconsti-
tuted, freestanding lipid membranes in native conditions by high resolution
x-ray reflectivity.
In this thesis we present an alternative technique, which already takes advan-
tage of the aforementioned improvements of x-ray science, but is up to now
rather unexplored. This technique uses direct imaging methods - a novel tech-
nique based on the interference of partially coherent x-ray photons generated
at third generation synchrotron sources. It is called propagation based phase
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contrast imaging using hard x-rays and is the essential scope of this work. We
show for the first time the application of this imaging technique to freestanding
Black Lipid Membranes and demonstrate how this powerful method enables
the visualization of such ultrathin films and determination of structural infor-
mation.



2 Forces and interfacial phenomena in BLMs

Before discussing the main topic of this section, namely the forces acting in
black lipid membranes, this chapter introduces essential equations, which will
help the reader to understand the description of the transformational processes
in bimolecular systems [Tie74, Wil89, Ise92, WH99].

2.1 Interfacial tension and free energy change in BLM forma-
tion

By definition the interfacial tension γ describes the force f acting on a line of
length l in a plane separating two phases, e.g. gas/fluid, fluid/fluid, gas/solid
and so forth. Since a bilayer lipid membrane is bordered by a fluid compart-
ment on each side, it has two interfaces and is called a “biface” [Tie74] in the
following.

hydrophobic substrate

BLM

bulk
water

bulk
water

�BLM

R

PGB

�

�ML

Figure 2.1: Schematic representation of the Plateau-Gibbs border and the re-
lationship between the interfacial tensions γML and bifacial tension γBLM .
The PGB acts as the transition region between the bulk film bordered by
two monolayers and the BLM. For the case of a bimolecular BLM γBLM �=
2γML (see equation 2.9).
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Each of these interfaces is composed of a lipid monolayer facing an aqueous
environment so that they can be described by an interfacial tension γML (see
figure 2.1). In the case of a bulk membrane, where the monolayers are widely
separated by a layer of organic solvent (see figure 1.2), the bifacial tension γBLM

is twice the interfacial tension γML of the monolayers:

f

l
= γBLM = 2γML . (2.1)

This assumption does not hold if the monolayers come into contact to form a
bimolecular membrane as it is shown in equation 2.8. If the area A = l · x of this
film is increased by ∂A = l ·∂x on expansion in one direction we can write the
free energy change ΔF of this film as ΔF = f ·∂x = (l ·γBLM ) ·∂x = γBLM∂A:

⇒ΔF =
A∫

0

γBLM∂A. (2.2)

If γBLM remains constant, i.e independent of the area A, we get ΔF = γBLM A.
As a consequence of equation 2.2, γBLM can be understood as the free energy
change per unit area. This is the case for films with a high surfactant concentra-
tion, e.g. BLMs. Due to the presence the Plateau-Gibbs border, there is always
a surplus of lipids and the membrane can expand by a flow of lipid molecules
into the bilayer. At the same time this does not imply that the interfacial ten-
sion of the BLM vanishes.
The law of Laplace and Young describes the topological behavior of an inter-
face in the presence of a pressure gradient Δp acting across it [Wil89, Ise92].

Δp = γi

(
1

R1
+ 1

R2

)
= γi (c1 +c2) (2.3)

c1,2 = 1
R1,2

denote the two principal curvatures, which are defined by the radii
R1,2 of the surface, and γi is the tension of the considered interface, i.e. mono-
layer or BLM. Equation 2.3 shows that interfaces of high curvature, i.e. small R,
always separate reservoirs of high and low pressure. The pressure p inside the
Plateau-Gibbs border is negative (see figure 2.1) due to the adhesive forces be-
tween the trapped organic solvent and the hydrophobic surrounding substrate,
which is spanned by the membrane [Whi86]. Consequently it is enclosed by
two convex interfaces with negative principle curvatures c1,2 < 0.
When considering an expanded spherical object with radius R, the total inter-
facial free energy of its surface is FA = γ4πR2. For a membrane, which we con-
sider as a biface, this becomes

FA = 2(γBLM 4πR2) ⇒ dFA = γBLM 16πR dR. (2.4)
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In equilibrium this must balance the work of volume change

dFV = p dV = p 4πR2 dR (2.5)

and we obtain

dFA = γBLM 16πR dR = p 4πR2 dR = dFV (2.6)

Thus for a BLM it holds [Tie67a, Tie68b, Wil89]:

p = 4γBLM

R
(2.7)

Equation 2.7 can be directly derived by inserting R = R1 = R2 (in case of a
sphere) into equation 2.3.
Two different methods have been described to determine the interfacial ten-
sion γBLM of BLMs, which might also be applicable in our experimental setup.
The first method, called the maximum bubble/pressure method, is based on
bulging the planar BLMs to one side of the substrate by applying a defined hy-
drostatic pressure p across the film. When illuminated with transmitted light
the membrane contour becomes visible and the radius R of the curved inter-
face can be measured. The interfacial tension γBLM of the film can now be
calculated according to equation 2.7. The second way to determine γBLM is
to measure the half contact angle θ of the lipid monolayers adsorbed at the
PGB-water interface (see figure 2.1) [Tie74]. Alternatively, the contact angles of
lenses trapped in the BLM can be measured [HT68, Whi86]. Then the relation-
ship between γBLM and θ becomes [Tie74, Whi86, Iva88]:

γBLM (θ) = 2γML cos(θ) (2.8)

γML is the interfacial tension of the PGB-water interface in the presence of a
lipid monolayer, and can be measured from Langmuir-trough experiments, or
by using the maximum pressure method.
The free energy change ΔF of the transition from the bulk to the thinned state
can be described as the difference between interfacial tension of the BLM γBLM

and the two monolayers at the PGB 2γML [HT68]:

ΔF = γBLM −2γML = 2Δγ (2.9)

By inserting equation 2.8 into 2.9 we get [Whi86, Iva88]:

ΔF = 2γML (cos(θ)−1) (2.10)

From experimental observations we know that θ <90° and it follows that the
change of free energy ΔF is always negative (see figure 2.4). Consequently, the
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formation of a BLM from two monolayers at the bulk film represents a ther-
modynamically driven, exothermic process. The BLM tension results from dif-
ferences in interfacial tensions, γBLM < 2γML , in the bulk region and the BLM
region. These transformations are driven by several forces, which will be dis-
cussed in further detail in the next section. The increase of the contact angle
θ during the formation of the BLM area is depicted in a qualitative analysis for
the microfluidic BLM experiments in chapter 7.2.2.
The interfacial or bifacial tension of reconstituted membranes is of certain im-
portance for the theoretical and experimental assumptions underlying the x-
ray phase contrast imaging experiments, which will be described in chapters 5
to 7. If the film tension is low the bilayer topology will be dominated and de-
fined by thermal fluctuations as it was for example reported for giant unilamel-
lar vesicles (GUVs) by Dimova [DAB+06, GBK+10]. They have determined the
effective interfacial membrane tension by micropipette experiments and found
values for GUVs of dioleoylphosphatidylcholine DOPC / cholesterol (9/1), rang-
ing from −5·10−6 mN/m to 2·10−4 mN/m. This is much less than it is reported
in literature for Black Lipid Membranes. For example Tien has found values
for γBLM of about 1 mN/m up to approximately 10 mN/m [Tie67a, Tie68b]. In
recent studies by Mey and Janshoff the authors have used atomic force mi-
croscopy to determine γBLM for solvent containing, pore-spanning nanoBLMs.
They report values of 0.15 mN/m< γBLM <31 mN/m [MSS+09], which are de-
pendent on the surface properties of the support, i.e. γBLM increases for sur-
faces of higher hydrophobicity. This effect can be described by the increasing
adhesion forces between substrate and organic solvent in the Plateau-Gibbs
border, also called border suction. The values of γBLM confirm the results of
Hirn and Sackmann, who have used dynamic light scattering to determine the
interfacial tension and investigate the dynamics of large BLMs, which have di-
ameters of several millimeters. Consequently they are nicely comparable to the
BLMs, which are used in this thesis. They have shown that the influence of the
bending modulus can be neglected in the description of undulation behavior
of membranes with diameters larger than 200 nm [HBRS98]. This is due to the
fact that the curvature of the membrane is very small and thus the molecular
properties of the surfactants, which determine the bending modulus, become
negligible. Hirn and colleagues [HBRS98] found an effective undulating ampli-
tude of only 0.09Å on a length scale of about 60μm for a BLM with a diameter of
3.5 mm and a surface tension of 1 mN/m. Summation over all oscillations, on
scales reaching from the membrane thickness (5 nm) to the membrane diame-
ter (3.5 mm), gives a maximum undulation amplitude of 1 nm. Both values are
(much) smaller than the membrane thickness d ≈ 5 nm and will consequently
have a negligible effect on the visualization of the BLM and the resolution of d ,
respectively.
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2.2 Intermolecular forces in BLMs - DLVO theory

Plateau studied the nature of capillary forces and surface tensions in soap films
[Pla73]. Gibbs was the first who explained the appearance of “black holes” in
soap films linked to the thinning of the interface [Gib48, Gib61]. Based on these
experiments other research groups started theoretical and experimental inves-
tigations of forces in soap films in air [MSF59, Ove60, Mys64, Mys68]. The re-
constitution of Black Lipid Membranes enabled the adaptation of these theo-
retical concepts from soap film experiments to bimolecular films in aqueous
solution [HT68, Whi70, AMH70, NP70]. Both systems and the theoretical de-
scriptions of the forces, which drive them, are in perfect analogy to each other
(see figure 1.1).
When a solution of solvent/oil and amphiphilic surfactant molecules is “pain-
ted” across an aperture in a hydrophobic aperture, which is immersed in an
aqueous solution, the surfactant molecules immediately assemble at the water-
oil interface [Tie68b, Tie74, Whi86] to form a monolayer (see figure 2.2). Such
films, which will be referred to as bulk films, usually range from 1μm to 100μm
in thickness [TD66, VST+66, Whi70]. Due to the adhesion forces between the
organic solvent and the hydrophobic substrate, e.g. the Teflon foil, a sponta-
neous formation of the PGB is induced at the rim of the aperture (see figure
2.2). Consequently, this adhesive force will suck the organic solvent from the
bulk film. It was shown in section 2.1, in the law of Laplace and Young (see
equation 2.3), that the PGB acts as a region of low pressure. The bulk film will
start to thin down to about 100 nm thickness [Tie68a, Whi70], where the van der
Waals forces are still negligibly small (see figure 1.2). At layer spacings below
this critical value of about 100 nm, local, stochastic instabilities, such as ther-
mal motions, mechanical vibrations, impurities or local variations of the inter-
facial tension can induce a spontaneous thinning of the swollen film to form a
bimolecular membrane [TD66, Wil89]. At this point the membrane will become
black in reflected light, meaning it reaches thicknesses much smaller than the
wavelength of the visible light used1. These regions are called secondary or
Newton black films [TOL00, TD66]. The black spots grow at a fairly constant
rate, which can be viewed as a “zipper-like” effect [FFI03, TD66]. This second
step of thinning proceeds from interlayer distances of about 60 nm down to the
final membrane thickness d of approximately 4 nm to 5 nm, which is nearly
twice the molecular length s of the surfactant molecules [Whi70, VGIB95]. This
last step of the film transformation can be described in the context of van der
Waals interactions [Lon30, Isr92].

1Physical explanations of the development of interference colors and the final black spots
were discussed in [Bee06, New74, Hoo57, Boy59].
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Figure 2.2: Schematic representation of the thinning of a bulk film, which is
prepared from a lipid-solvent solution across an aperture in a hydrophobic
substrate. At the beginning of the process the amphiphilic lipid molecules
form a monolayer at the solvent-water interface. Adhesion forces drive the
organic solvent to assemble at the hydrophobic substrate where they form
the Plateau-Gibbs border (PGB). Consequently the film starts to thin. At
thicknesses below 100 nm the van der Waals interaction starts dominating
the formation of the bimolecular Black Lipid Membrane.

The following considerations are based on the Derjaguin, Landau, Verwey, and
Overbeek (DLVO) double-layer theory [DL41, VO48, Ove60, VST+66], playing
a key role in the understanding of the BLM formation process [Isr92, MJ66,
VGIB95]. Two different principle forces drive the thinning of a BLM and need
to be discussed.
At first the process is dominated by the attractive van der Waals dispersion po-
tential Uvd w . This potential is always attractive in the case of symmetric bulk
layers, e.g. soap and emulsion films [MN05]. It describes the interaction be-
tween both the two bulk water reservoirs and the two monolayers across the
organic solvent, which separates them [Isr92, HT68, Whi70, AMH70, Req75,
Whi86, MN05].
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For derivation of the potential energy U (d ′) of two surfaces interacting across
another medium at distance d ′ we follow the theoretical approach, which is
formulated in reference [Isr92]. Note, that in this section d ′ always denotes the
interlayer distance, i.e. the thickness of the solvent layer, which separates them.
The total membrane thickness d is consequently composed of d ′ and twice the
length of the lipid molecules s, so that d = 2· s +d ′.

0
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z

r=(x +z )
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M

M

x

S
S

Figure 2.3: Schematic representation used for the derivation of the interaction
potentials between two surfaces at a distance d ′.

In the case of van der Waals interactions the potential u(r ), which accounts
solely for the pair correlations between two molecules M at distance r (see fig-
ure 2.3), can be written as

u(r ) =− C

r 6
(2.11)

where C is an element specific constant. For an extended body the overall inter-
action U (r ) is the interaction of one molecule with all other molecules N = ρV
of density ρ in volume V

U (r ) =
∫
V

u(r )ρdV (2.12)
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In the case of a single molecule M facing an infinite flat surface of molecules,
the volume of a ring with radius x inside this surface at distance d ′ (along the
z-axis) is V = 2π x d x d z. The number N of molecules inside this ring is then
given by N = 2πρ x d x d z. Including N and the radius r =

�
x2 + z2 into equa-

tion 2.12 the total interaction potential becomes:

U (d ′) = −2πC ρ

z=∞∫
z=d ′

d z

x=∞∫
x=0

x d x
�

x2 + z26 (2.13)

= −πC ρ

2

z=∞∫
z=d ′

d z

z4
(2.14)

= −πC ρ

6d ′3 (2.15)

When replacing the single molecule by an additional opposing surface of unit
area and infinitesimal thickness d z, we also have to take into account the num-
ber of molecules in this second surface. Consequently, the number of molecules
becomes N = ρd z and we obtain, according to equation 2.15, an interaction
energy of −(ρd z)πC ρ

6d ′3 . From this we can now calculate the total potential en-

ergy U (d ′) per unit area:

Uvd w (d ′) = −πC ρ2

6

z=∞∫
z=d ′

d z

z3
(2.16)

= −πC ρ2

12d ′2 (2.17)

= − H

12d ′2 (2.18)

(2.19)

with the pressure Pvd w (d ′) respectively:

Pvd w (d ′) = H

6πd ′3 (2.20)

H is called the Hamaker constant2 for two media I interacting across a sec-
ond medium II (see figure 1.2). The van der Waals potential, which is defined
by equation 2.18, is plotted in figure 2.4 against the film thickness d , accord-
ing to results obtained in references [Whi70, HW80, WHLH95, Isr92]. Another

2The calculation of Hamaker constants H based on the Lifshitz theory is extensively de-
scribed in [HW80, Isr92]. An experimental way to determine H is shown in [HT68]
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approach used in literature to describe the van der Waals potential is the Lif-
shitz theory, which is based on a continuum treatment of the media using their
macroscopic dielectric properties [NP70, BLRH75, RBH77, Isr92].
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Figure 2.4: The graph shows a hypothetical relationship between free energy
F per unit area (equation 2.22) and the film thickness d for the attractive
van der Waals potential Uvd w (equation 2.18) and repulsive steric potential
Us (equation 2.21) of two lipid monolayers (DPhyPC) adsorbed at the in-
terfaces of a film of n-decane film in water. (Parameters: H = 4.62·10−21 J
[HW80], nm = 1.32·1014 cm−2 [WHLH95], 2 · s = 3.8 nm [WHLH95], ε =
5.5·10−21 J (benzene) [Whi70], σC H3 = 0.4 nm [Isr92].)

In addition to the van der Waals potential we need to consider the steric re-
pulsion potential Us , which originates from the molecular structure of the sur-
factant molecules. The steric repulsion occurs over a short range but is of rel-
evant strength [Whi70, Tie74, RBH75, Isr92]. One option is to model this as
a hard-wall/-sphere barrier, that allows no overlap of the lipid´s hydrocarbon
chains [Isr92]. Alternatively, it can be considered as just the repulsive part of
the Lenard-Jones potential [Whi70], which is

Us(d ′) = 4nm ε
( σ

d ′
)12

, (2.21)
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with number density nm of molecules per area with the repulsive energy ε and
radius r =σ/2 of the terminal group of the molecule.
Finally, the total free energy per area F in dependence of the membrane thick-
ness d = 2· s +d ′ is defined as the sum of the previously described potentials

F (d) =Uvd w +Us =− H

12πd 2
+4nm ε

(σ
d

)12
. (2.22)

Figure 2.4 presents a hypothetical plot of the free energy F , given by equation
2.22, against the membrane thickness d for the case of a Black lipid Membrane
made from DPhyPC molecules. Furthermore, the graph in figure 2.4 shows the
individual contribution of the van der Waals attraction Uvd w (equation 2.18)
and the steric repulsion Us (equation 2.21) to F . The parameters used to plot
the previous equations in figure 2.4 are denoted in the figure caption and de-
scribe the properties of a membrane reconstituted of DPhyPC molecules. It
can be obtained from the graph that the free energy F , which is set free dur-
ing the transition from a bulk film to a thinned BLM, is approximately ΔF =
−0.22 mN/m2. This is in the order of magnitude of the values obtained from
contact angle changes of mfBLMs shown in figure 7.16 of chapter 7.2.2.
If an electric field Vm/d is applied across a membrane with capacitance Cm an
additional compressive potential Uv < 0, will act on the monolayers, which are
separated at distance d by a layer of organic solvent. The authors of references
[AMH70, WT73, Cro73, Whi86] defined this contribution to the free energy F as

the potential energy E = −Cm V 2
m

2 stored in a capacitor. By insertion of the spe-
cific capacitance cm into the potential energy E one obtains the free energy per
unit area

Uv =−cm V 2
m

2
=−ε0εm V 2

m

2d
(2.23)

This attractive potential will shift the whole potential to more negative values
and, thus, the minimum in F (d) will be located at smaller membrane thick-
nesses. As a consequence a solvent-containing lipid bilayer in an externally ap-
plied electric field will thin. Note, that no further thinning mechanisms, such
as lipid tilting, are considered so far. We will get back to equation 2.23 with a
discussion of this effect in chapter 3.4.
The repulsive, electric double-layer potential Uedl for charged surfaces [TH66a,
HT68, RBH75] can be neglected here, since the membranes, which have been
used in the presented experiments, are composed of uncharged lipids. The
consideration of this potential is more relevant and contributes to the final
free energy F more strongly in the case of soap films [MJ66] and interfaces ex-
posed to electrolyte solutions of high ion concentrations [Isr92, MJ66, MN05].
Furthermore, this interaction plays a great role in the description of charged
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bilayer-bilayer interactions, e.g. the initial steps of membrane fusion. The re-
pulsive nature of Uedl can be understood as follows. The Gouy-Chapman sur-
face potentials of both membranes will interact and repel each other due to
electrostatic repulsion like for highly charged lipids, e.g. lipopolysaccharides.
If those charged surfaces are exposed to electrolyte solutions they will always
be accompanied by a counter ion layer. At smaller membrane-membrane dis-
tances these counter ion layers will overlap and the local ion concentration is
increased. Consequently, an osmotic flow of solvent or water into the gap be-
tween the two surfaces is induced, which also leads to a repulsive force. These
interactions can create a secondary minimum in the free energy [Isr92], which
allows the monolayers to stay at metastable distances, also known from aggre-
gation or flocculation of colloidal particles. The absence of this long-range re-
pulsive potential can lead to instabilities and spontaneous rupture of thin sur-
factant films [VGIB95].
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Figure 2.5: The graph shows the experimental data, which are obtained by in-
vestigating the different thinning mechanisms during the transition from a
bulk film to a BLM. The border suction can be clearly distinguished from
the regime, which is driven by the van der Waals interactions. They mem-
brane capacitance (dotted line) is monitored by using the Lock-In method
(see chapter 3.2.3). The averaged thickness (solid line) of the film is derived
according to equation 1.2. See text for experimental details.

Finally no retardation effects are considered in equation 2.22, i.e. we assume the
interaction ranges to be short enough that the electric field propagates much
faster between two dipoles than the timescales, on which the dipolar reorien-
tation takes places [AMH70, Whi70].
Each of the above two mechanisms of membrane thinning is dominated by two
different driving force: first the adhesive force, namely the border suction of the
PGB, and secondly the van der Waals forces, which starts to act when the bulk
film thickness becomes less than about 60 nm to 100 nm. Figure 2.5 shows an
experiment, where we have monitored these two different thinning regimes of
a diphytanoylphosphatidylcholine (DPhyPC) membrane in an aqueous buffer
solution. The membrane capacitance is measured by using the Lock-In method
(see chapter 3.2.3). The resulting thickness is calculated according to equation
1.2 and is considered to be an average value over the whole film area A = πR2.
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The experimental values, which are used for the calculation of the thickness d ,
are: ε0 = 8.8542·10−12 A s

V m , εm = 2 and R=700μm.

2.3 Marangoni effect in (bulged) BLMs

An interesting effect, called the “Marangoni effect” [SS59, SS60], is observed in
the experiments and it has shown to play an important role in the expansion
and thinning of bimolecular films.

lipid solution

aqueous solution
surface tension gradient

Marangoni flow

Figure 2.6: Schematic representation of the Marangoni effect: A surface ten-
sion gradient in an interface, which is composed of surfactant molecules,
induces a Marangoni flow of the molecules in the bulk phase towards the
region of maximum surface tension. In bulged BLMs this leads to a local
increase in membrane thickness.

The Marangoni effect is described as follows: An interfacial tension gradient
of a molecular layer, which is assembled at the interface between two phases,
e.g. water and solvent (see figure 2.6), will induce further adsorption of surfac-
tant molecules at the interface [Wil89, FFI03]. As a consequence a Marangoni
flow of solvent towards the region of highest tension is generated to provide the
supply of surfactant. When these molecules adsorb at the interface the local
tension, which is higher in the absence of surface active molecules, is reduced
again. If we consider a BLM, which is bulged by an applied hydrostatic pressure,
the interfacial area is increased compared to the planar state. As long as no new
material has migrated into the film [Tie67a, Wil89], the surface concentration of
the surfactant molecules decreases and the interfacial tension increases. Based
on the Marangoni effect a flow of organic solvent with dissolved lipid molecules
rushes from the PGB into the BLM, the monolayers are separated, and the film
thickness increases. After the bulging process is stopped and the tension gra-
dient is compensated by the Marangoni effect, the van der Waals interactions
will dominate to recreate a thinned state of the bimolecular membrane again.
The Marangoni effect can be seen as a self stabilizing mechanism in the mem-
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brane. It always responds to local curvatures, which occur during the thinning
process at the transition region and induce an interfacial tension increase, by a
thickening of the membrane. This resistance of a film to thinning is known as
the Gibbs elasticity [Gib48, Mys64, HT68]. Due to permanent presence of local
thickness instabilities, which are induced by thermodynamic fluctuations and
local disturbances the Marangoni effect will always drive domains of residual
organic solvent, to be kept in the membrane [AH68, AMH70, WT73]. A forma-
tion of such a phase separated alkane layer has been reported [Whi80] and can
strongly effect the membranes structural properties and functionality in terms
of transmembrane protein insertion.

2.4 Solvent-free lipid bilayers

To circumvent the potential effects of residual solvent inside reconstituted mem-
branes, Montal and Müller [MM72, Mon74] developed an alternative prepara-
tion technique allowing for the reconstitution of asymmetric bilayers.

air

aqueous
reservoir

lipid
monolayer

aperture hydrophobic
substrate

Figure 2.7: Schematic representation showing the formation of a freestanding,
solvent-free lipid bilayer from two monolayers composed of amphiphilic
molecules.
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A droplet of surfactant molecules, e.g. lipids, dissolved in organic solvent is
spread on each surface of two aqueous compartments separated by a hydropho-
bic substrate that includes an aperture placed right above the water level (see
figure 2.7). On evaporation of the organic solvent a monolayer assembles at the
air-water interface. Subsequently, the water levels are slowly raised above the
aperture. The monolayers, which can each be made from a different combina-
tion of surfactant molecules, will fold across the supporting substrate and cover
the aperture, where they come into contact to form a bilayer membrane. The
asymmetry in the lipid leaflets makes these membranes a suitable experimen-
tal model system for the reconstitution of bacterial outer membranes, which
are composed of a phospholipid and a lipopolysaccharide monolayer [HWSG04,
Wie01].
Although they are called “solvent-free” lipid bilayers there is always a small am-
ount of organic solvent required at the beginning of the preparation. It is used
to functionalize the surface of the supporting substrate and stabilizes the BLM
in the transition region at the aperture rim. This was also concluded from theo-
retical discussions of surface tension and geometrical assembly of the lipid lay-
ers [WaSSY76, Whi86]. Consequently, formation of these membranes without
using any solvent is impossible, and the presence of the Plateau-Gibbs border
is of essential importance to provide the membrane´s stability.
It was shown by electrophysiological measurements that the voltage depen-
dence of the membrane capacitance is remarkably reduced for this type of mod-
el membrane [BOLM75, Whi78, VM82], when compared to those previously
described membranes, which are “painted” from solutions of lipids and or-
ganic solvent. Considering equation 2.23, the experiments indicate that struc-
tural changes of BLMs in electric fields and related changes of capacitance are
mainly caused by residual organic solvent in the film [BEL66, Ohk69, Whi70,
Wob72, Whi80].
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To understand the electrostatics of a membrane system we need to consider
the single components. In particular, we need to consider their electrical and
switching properties and how they can be measured. The structural effect aris-
ing from transmembrane, or externally applied potentials, is discussed in this
chapter. Finally, x-ray reflectivity experiments, which have been performed to
investigate the electric field effect, are presented.

3.1 Electrostatics and equivalent circuit of BLMs

RL

VG

VL

RM CM

IG

VM

I2 I1

Figure 3.1: Schematic representation of the equivalent circuit of a freestand-
ing lipid membrane in an aqueous environment.

The equivalent circuit of a lipid membrane, which is immersed in a conduc-
tive aqueous buffer solution, is shown in figure 3.1. Such an interface can be
described as an insulating capacitor with a capacitance Cm (see equation 1.2).
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As a bilayer is always found to have defects, and thus is never a perfect insu-
lator, we introduce a membrane resistance Rm . Consequently we can define
a leakage current Im of ions passing the interface, which is composed of a ca-
pacitive current I1 and a resistive current I2 with I2 	 I1. The bilayer is usually
prepared in a buffer solution and signals are measured by electrodes, which to-
gether have a resistance RL . The potential VG = IG · (Rm +RL) = IG ·RG drops
across the whole system and can be divided into the electrode and solution
potential VL and the transmembrane potential Vm , which will be described in
detail in section 3.3. In the following the specific capacitance will be denoted
as cm and the specific resistance as rm . Characteristic values of the introduced
parameters can be found in [Bee06, TOL00, TOL03].

3.2 Determination of membrane capacitance

In the subsequent section three different methods which are used to determine
the Capacitance Cm of Black Lipid Membranes will be presented. It was al-
ready discussed in chapter 1.2 that the thickness of the Plateau-Gibbs border
is several orders of magnitude larger than in the bilayer region [Whi72]. Con-
sequently, its contribution to the capacitance, which is described by equation
1.2, will be neglected in the following determinations of Cm .

3.2.1 Membrane capacitance derived from charging current

One method for the investigation of the specific membrane capacitance cm is
to charge the bilayer by an applied voltage step ΔVm . The response of a lipid bi-
layer in an aqueous environment to such an excitation will consist of a sudden
increase of the current and a subsequent exponential decay of characteristic
time τm [ALS03]:

VG (t ) = IG RG
(
1−e−t/τm

)
, τm = Rm Cm = rm cm , V∞ = IG RG . (3.1)

V∞ is the resting potential after excitation and is directly accessible in the ex-
periment as well as τm , IG , and RL . Consequently RG and finally Rm = RG −RL

are obtained. The membrane area A can be determined by microscopy, which
leads to the membrane capacitance Cm . By using cm = Cm

A and rm = Rm A the
specific bilayer parameters can be calculated.

3.2.2 Voltage jump method

The voltage jump method [AL78, GLSW99, Hag03, Bee06] enables a direct ex-
traction of the capacitance Cm from the charging characteristics of the mem-
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brane. Based on the previously described method it consists of a series of volt-
age steps Vm (figure 3.2(a)) being applied to the bilayer. The height of a charging
current, which occurs upon excitation by a voltage pulse, is proportional to the
capacitance Cm of a capacitor. As a consequence, a series of such pulses will
result in a comb-like current signal (figure 3.2(b)). By application of a low pass
filter to the signal (1 kHz) the capacitance Cm can be derived from the area un-
der the rectangular current response of the system, which is equivalent to the
charge Q of the capacitor:

Q =
T∫

0

I d t ∝Cm (3.2)

A drawback of the technique is that it only yields a maximum acquisition rate
of about 1 Hz [GLSW99] and a calibration of the system with known capacitors
is required.
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Figure 3.2: (a) The membrane is excited by a triangular stimulus that increases
and decreases in a stepwise manner. (b) The current response shows a
comb-like structure. (c) After system calibration and signal filtering the
membrane capacitance Cm can be derived from the (white) area under the
rectangular current signal.

3.2.3 Lock-In method

A more elegant way to measure the capacitance Cm of the BLM is to use a si-
nusoidal wave excitation Vm(t ) and measure the current response Im of the
system. The patch clamp amplifier HEKA EPC10 (HEKA; Germany) is already
equipped with a script that creates such signals and simultaneously analyzes
the feedback [Int09]. The membrane is excited by an oscillating voltage

Vm(t ) =V0 · sin(ω t ) (3.3)

with an angular frequency ω. The response of a membrane system (see section
3.1) will consist of a resistive current IR = Vm (t )

Rm
, as well as a capacitive current

IC = Cm · dVm (t )
d t . At the peak of the sine wave, where dVm (t )

d t = 0, only a resistive
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current is obtained and Rm can be derived. The contributions to Rm from elec-
trodes and buffer solution can be determined and separated out immediately.
At the inflection points of the sine wave, where Vm(t ) = 0, only IC is measured
and by using the derivative of equation 3.3 we obtain:

IC =Cm ·
dVm(t )

d t
=Cm ·ω ·V0 · cos(ω t ) (3.4)

From knowledge of the experimental parameters, ω, IC and V0, the membrane
capacitance Cm can be calculated.

3.3 Transmembrane potentials

The cell membrane is impermeable to all kinds of large, (partially) charged, hy-
drophilic molecules. Only some smaller, mainly uncharged molecules, and, to
some extend, even water and hydrophobic ions are able to pass the hydrocar-
bon core of a lipid bilayer [HL82, Sac95, ALS03, Hei07]. All other particles are
unable to cross the highly selective permeability barrier of phospholipids with-
out using specific modifiers. Thus, the cell membrane can also be seen as a
protective layer, shielding the organelles inside against menaces from the out-
side world, e.g. viruses and bacteria. To preserve the cellular functionality the
plasma membrane is provided with proteins acting as ion channels or pore like
transmembrane proteins (porins). Furthermore the direct creation of mem-
brane pores [Dea08, MSK+08] enables an exchange between cell interior and
its environment. These events, i.e. opening and closing of channels, can be
controlled by different parameters depending on the function and location of
the molecules.
The mechanism of voltage-sensitivity plays an important role in the function-
ality of transmembrane proteins. Many ion channels sense the electric poten-
tial across the membrane and can undergo voltage-dependent conformational
changes [Hil84, Alb94]. In this section the transmembrane potential and how
it is determined by the ionic strength in- and outside the cell will be briefly de-
scribed according to [ALS03, Hei07].

3.3.1 Nernst equation

In 1889, Nernst derived an equation that relates the electric field across a semi-
permeable membrane to the ion concentrations in the extracellular fluid ca and
the cytosol ci (see figure 3.3).
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Figure 3.3: The Nernst equation describes the electrical potential across a
semi-permeable membrane which arises from differential ionic distribu-
tion between the extracellular fluid, ca , and the cytosol ci .

Due to the fact that ci �= ca , the K + ions, which are depicted in figure 3.3, will
cross the membrane following the concentration gradient [ALS03]. The Gibb’s
free energy difference is given by

�Gconc =+Rc T · ln
ca(K )

ci (K )
. (3.5)

As a consequence the electrochemical potential Vm between both compart-
ments will increase and an additional free energy difference occurs. It will be of
the opposite sign, since the diffusion potential and the electrochemical poten-
tial are counteracting:

�Gvol t =−zFcVm (3.6)

with gas constant Rc , absolute temperature T , ion valency z, and Faraday con-
stant Fc . The Nernst equation describes the equilibrium state where equation
3.5 and 3.6 compensate:

�Gg es =�Gconc +�Gvol t = Rc T ln
ca

ci
− z F Vm = 0 ⇒ Vm = Rc T

z F
ln

ca

ci
(3.7)

3.3.2 Goldmann-Hodgkin-Katz equation

To calculate the resting potential for a stationary system including different ion
types we need to consider the ion fluxes across the membrane. Here we fol-
low the derivation given in [ALS03]. The ion flux density will be composed of
diffusive and electric field components

Φ=Φdi f f +Φel (3.8)



34 Membranes in electric fields

where Φdi f f is given by Fick’s first law: Φdi f f = −D dc
d x including the diffusion

coefficient D .
Ions of valency z in an electric field of strength E experience the force

Kx = z e0 Ex =−z e0
dϕ

d x
(3.9)

with Stokes friction −RS = Kx = f νx = 6πηrνx , elementary charge e0, electric
potential ϕ, particle radius r , and velocity ν. From Einstein´s diffusion relation
we obtain f = kB T

D . With e0 = Fc /NA and kB = Rc /NA it follows that

⇒ νx =−D
z Fc

Rc T

dϕ

d x
(3.10)

With Φel = c νx = −c D z Fc
Rc T

dϕ
d x we obtain the Nernst-Planck-Equation describ-

ing the flux density of ions with valency z in the stationary state:

Φ=Φdi f f +Φel =−D

(
dc

d x
+c z

Fc

Rc T

dϕ

d x

)
(3.11)

If the membrane is considered to be a charge free region, the electric field inside
will be constant and the potential ϕ depends linearly on the position x so that
we obtain

dϕ

d x
≈ ϕa −ϕi

d
=−Vm

d
. (3.12)

with the membrane thickness d and the transmembrane potential Vm . Follow-
ing the assumption in equation 3.12 the integration of equation 3.11 can be
performed (see [ALS03]) and it follows

Φ= D

d

z Fc Vm

Rc T

ci e
z Fc Vm

Rc T −ca

e
z Fc Vm

Rc T −1
. (3.13)

For a resting system, which is composed of K +, N a+, and C l− ions, the overall
ion currents vanish, j = F

∑
i zi Φi = 0, so that follows:

ΦK +ΦN a −ΦC l = 0 (3.14)

From the insertion of equation 3.13 into equation 3.14 we finally get the com-
mon Goldman-Equation (for monovalent ions)

⇒ Vm = Rc T

Fc
ln

∑
PK at ca

K at +
∑

P An ci
An∑

PK at ci
K at +

∑
P An ca

An

(3.15)

PK at ,An denotes the permeability of the membrane for cations and anions and
ca,i the respective concentrations outside and inside the cell. For a mammalian
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cell with the ion concentrations, depicted in figure 3.3, a resting potential Vm ≈
−70mV can be calculated [Hil84, Alb94, ALS03]. It has to be mentioned that so
far no active transport across the membrane, e.g. by ion pumps or carriers, is
considered here.
We can conclude that transmembrane potentials are predominantly determ-
ined by intrinsic parameters relative to the membrane, e.g. ion concentrations,
which induce electric potentials (Nernst, see equation 3.7), or externally ap-
plied electric fields. But, additionally, in a membrane there are always intrinsic
potentials [Ohk80, Cev90, PML+02], which rise from the electrochemical char-
acteristics of the membrane itself. These potentials, namely the Gouy-Chap-
man [McL89, Cev90, Hei07], the Born-image [NL69, FH86] and the dipole po-
tential [LT69, FH86, GRZ+92, ZV92, Bro94, Cla01] are summarized in a model
by Schoch [SSS79]. The investigation of intrinsic membrane potentials reveals
information about both interactions and reactions taking place at the mem-
brane surface. Furthermore, processes inside the membrane can be studied,
e.g. protein adhesion and incorporation, channel formation and ion trans-
port, or even structural changes in the lipid layers [LT69, SSS79, SK80, GLSW99,
PML+02, HWSG04].

3.4 Electric field effect on membrane structure

We have already discussed that biological membranes are always accompanied
by electric fields originating from different ion concentrations being present
on both sides of the bilayer (see equation 3.15). In this work we investigate the
question whether such electric potentials are strong enough to induce changes
in the membrane structure and, if so, how this process can be described. If the
membrane responds to a change of the electric potential by a conformational
change, i.e. variation of its thickness according to equation 2.23, this could also
have an important impact on membrane protein orientation and their func-
tionality.
A bimolecular film can change its thickness in basically two ways. After “squeez-
ing” the remaining solvent towards the Plateau-Gibbs border, it can undergo
further thinning by overcoming the steric repulsion of the hydrocarbon core.
This will at the end result in an interdigitation of the hydrocarbon chains. Due
to the steep increase of the repulsive term Us in the interaction potential (see
equation 2.22), this is very unlikely [Whi70] and can only happen for strong
applied potentials far above the electrophysiological conditions inside the cell
[VST+66, TH66a, AMH70]. Based on the results in literature we have discussed
in chapter 2.4 that this effect of electrocompression is negligible in solvent-
free membranes. There it was shown that the absence of interdigitation per-
fectly matches the experimental observations [BOLM75, Whi78, WC81, VM82]
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in this type of model membrane. In these experiments the membrane showed
no thickness changes on a variation of the applied potential on length scales
of the achievable resolution. Alternatively to the effect of electrocompression,
the cell membrane thickness can change due to modifications of the molecu-
lar orientation of the lipid molecules in the bilayer. A potential reason for this
could be the strong dipolar characteristics of the lipid headgroups [Stu81]. For
example the dipole moment of the amino-phosphate-complex in a phospho-
lipid is about 24 Debye [Gup72, Haw06], which is ten times larger than that of a
water molecule. Tilted by an angle of about 70° with respect to the plane of the
membrane normal it leaves a component of 25% that points perpendicular to
the membrane [WE04b]. Since a bilayer consists of two monolayers their dipo-
lar moments would be diametrically opposed. Thus, if an electric potential is
applied perpendicular to the membrane we can think of one layer that would
orientate co-linearly with the field while the other one tries to compensate the
external force by an increase of the tilt angle [Tei07]. A schematic representa-
tion of this hypothetical process is shown in figure 3.4.
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Figure 3.4: Schematic representation of the supposed conformational change
of the lipids in the bilayer membrane in an externally applied electric field
[Tei07]. Due to the relatively large dipole moment in the lipid headgroup
regions of 24 Debye, which is a magnitude larger than in a water molecule,
the lipids might tilt so that the membrane thickness decreases.

Consequently, the lipid hydrocarbon chains will tilt and the membrane thick-
ness decreases. If the conformational change is more complicated due to the
presence of steric hindering in one of the layers an asymmetric thickness change



3.4 Electric field effect on membrane structure 37

might be expected. Such thickness change might be much smaller and conse-
quently impossible to be detected by means of light reflectivity or electrostatic
measurements (see chapter 1.2). Due to insufficient resolution the underlying
membrane models of these techniques, e.g. considering a single hydrocarbon
layer with a given dielectric constant, will not be able to describe asymmetric
structural changes inside the membrane.
It was shown that a bimolecular film, which is exposed to strong electric fields
above 108 V/m, usually undergoes electroporation [TO03]. This can lead to ir-
reversible electrical breakdown [Cro73], i.e. rupture of the film. Charitat and
colleagues have performed high resolution neutron studies of floating bilay-
ers, which are exposed to electric potentials in aqueous environments. They
have obtained no thickness changes even for strong, alternating electric fields
(109 V/m, 10 Hz) [LFC06, CLF08]. These results were consistent with reference
experiments using solely single bilayers, which were bound to the substrate.
Besides an increase in membrane roughness and an increase in the membrane
substrate distance no changes of the lipid bilayer structure were obtained. The
results of membrane unbinding are in perfect agreement with the observations
from former studies, which were performed by our group [COVS05]. There the
effect of AC fields on multilayer membrane stacks was studied. Step by step
the membranes were detaching from the lower membranes, which were bound
to the substrate. This electric field destabilization has been described theoret-
ically [SI02] and is well known as “electroswelling” or “electroformation”, and
is used in the reconstitution process of giant unilamellar vesicles. Burgess and
coworkers [BLH+04, BLH+05] report on an increase of the water layer thickness
between the membrane and the supporting electrode for electric DC potentials.
At the same time the membrane thickness shows an increase of about 40% from
+50 mV to -950 mV. This relatively large variation is interpreted to be related to
swelling of the film by ingression of water molecules. For higher membrane po-
tentials Vm > 5·108 V/m they observed a fully reversible unbinding of the lipid
layer from the gold surface, comparable to the previously obtained results in
AC fields. The controversial results regarding the membrane thickness change,
which are obtained by Burgess and Charitat, might originate from the fact that
Burgess studied the effect in DC and Charitat in AC fields. As far as can be
deduced from literature this is the only difference in the experiments since in
both cases uncharged phosphatidylcholine membranes were prepared on gold
coated substrates.
Complementary to the aforementioned experiments, we present results from
x-ray reflectivity studies using also a single solid supported lipid bilayer. Our in-
vestigations are carried out on non-functionalized solid supports made of con-
ductive silicon to avoid further disturbance of the surface electrochemistry by
additional coatings. These might influence the surface potential of the solid-
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liquid interface - a fact, which can be expected to be less pronounced in our
studies. In comparison to neutron studies the use of x-rays is supposed to
yield higher resolution and consequently might increase the visibility of inter-
nal membrane structures and related thickness changes. The use of a single
bilayer instead of a whole stack is motivated by the fact that it shows a much
more homogeneous coverage when prepared on a solid support. Since a stack
of more than thousand membranes will always have defects, an electric poten-
tial, which is applied to this stack, will consequently be perturbed [COVS05].
Experiments taking advantage of these experimental improvements and the re-
sults are presented in the following section.
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Figure 3.5: Schematic representation of a solid supported membrane (SSM),
which is used for the investigation of structural changes, i.e. the electron
density profile ρ(z), under the influence of an exciting external electric
field. The membrane is supported by the working electrode, composed of
an arsenic doped silicon substrate connected to a voltage generator. The
counter electrode is placed in the lid of the chamber and faces the buffer
solution. The reflectivity of the gracing incident x-ray beam is given by the
electron density profile ρ(z) perpendicular (z-direction) to the membrane.

In this section we present results from x-ray reflectivity experiments performed
on solid supported single bilayer membranes under the influence of externally
applied electric fields. The nature of such effects has been discussed before (see
chapter 3.4), so that the experimental part of the investigations will be the scope
of this section. The technique of membrane reflectivity was introduced before
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(see chapter 1.2) and its benefits and drawbacks were discussed. The combina-
tion of x-ray reflectivity and solid supported membranes is well established and
offers the highest potential to resolve absolute thickness changes on the length
scale of Angstroms [MMGK05, NGS06, GS07, Nov08, WMM+09, MCD10]. Fur-
thermore, this type of model membrane system has shown to be well suited for
the application of an electric field [BLH+04, BLH+05, LFC06, CLF08], while at
the same time membrane structure is probed by a reflected neutron or x-ray
beam. The solid support acts as the reference electrode and is countered by
an electrode placed in the surrounding buffer solution. Figure 3.5 shows the
principle of the measurements used to investigate the effect of external electric
potentials on the structure of single lipid bilayers supported by a solid silicon
substrate. For these studies the setup, which was used before in lipid multilayer
experiments [COVS05], is slightly modified and will be described in chapter 4.3.

3.5.1 Layout of material science beamline (SLS)

Reflectivity experiments are performed at the surface diffraction station of the
material science (MS) beamline at the Swiss Light Source (SLS, Paul-Scherrer-
Institute; Villigen, Switzerland) (see figure 3.6). The photon energy is set to
19 keV by a double crystal Silicon-(111) monochromator (mono) with an energy
resolution of Δλ

λ = 1.4·10−4. It is placed in the center of two focussing mirrors
(not depicted), which are used in order reduce heatload of the wiggler gener-
ated beam and to reject the generated higher harmonics. After passing a set of
primary slits (S1) the final beam size is defined by pairs of motorized secondary
slits (S2) to 200μm x 200μm.
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Figure 3.6: Outline of the surface diffraction station at the Material Science
beamline at the Swiss Light Source, as used for structure analysis experi-
ments of SSMs in electric fields. See text for explanation of components.

The sample (see section 4.3.1) is mounted in the horizontal plane on a hexa-
pod (Physikinstrumente; Germany), which can be translated along and rotated
around the x-y-z-axes. The parasitic photons, originating from air and water
scattering, are blocked by a pair of detector slits (DS) mounted in front of the



3.5 X-ray reflectivity studies of the electric field effect 41

detector (D). The reflected and scattered signal was recorded by a fast Pixel de-
tector (Pilatus II 487 (v) x 195 (h) pixels (=95 kPixel)), with a pixel size of 172μm
in both directions. The dynamic range is 106 with a maximum count rate of
106 ph/s. The detector is located at a distance of 1140.80 mm behind the cen-
ter of rotation (COR) of the sample goniometer. Automated absorbers (A) were
used to extend the dynamic range in the measurements. A fast shutter system
(FS) was used to reduce radiation damage by exposing the sample to the beam
only during data accumulation and not during motor movements and waiting
times.

3.5.2 Experimental setup for electric field application

The temperature circuit of the chamber (see chapter 4.3.1) is connected to a
computer controlled heating bath (JULABO Labortechnik GmbH; Germany).
The preparation of the SSMs is performed in the fluid phase of the lipid mol-
ecules (≥35°C). The electrodes inside the chamber are linked to a function gen-
erator (33120A, Agilent; CA, USA), which allows for the stepwise enhancement
of potentials Vm inside the chamber ranging from -6 V to 6 V. In a membrane
of 5 nm thickness these potentials correspond to electric field strengths of ap-
proximately ±109 V/m. The formation of the bilayer from the fusion of vesicles
at the silicon surface was observed via a digital multimeter (ISO-tech IDM97;
Southport, England) as an increase in the resistance and a decrease in the leak-
age current. The preparation procedure will be described in the materials and
method chapter 4.3.2.

3.5.3 X-ray reflectivity measurements on supported membranes

At the beginning of the experiment the sample is aligned with respect to the
impinging beam. The position of the sample is roughly determined by translat-
ing it through the beam in vertical direction. By a repeating series of tilt (θ) and
translation (x-y-z) scans the membrane is positioned in the center of rotation
of the goniometer (see figure 3.6), which coincides with the impinging x-ray
beam. Due to the fact that a fast shutter system is used we can not work with
automated attenuators. They rely on the determination of photon flux before
the actual measurement is performed. As a consequence, each scan is split up
into smaller intervals, of which each is carried out with a different attenuator.
In the data processing these scans are merged again. By performing shorter
scans with individual attenuator settings, we are able to reduce the radiation
damage, which has shown to be essential in the degeneration process of the
lipid bilayer and consequently for the reproducibility of the reflectivity scans.
Biological tissue, e.g. lipid membranes, is known to generate free radicals on
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the irradiation with x-rays. These radicals can induce conformational and chem-
ical changes by breaking the molecular bonds and finally yield decomposition
of the whole sample [CRC02, DRI+07]. It is proposed that these damages can
even continue after the x-ray irradiation is stopped. In comparison to free-
standing lipid bilayers, where no effect of radiation damage was observed, the
degeneration increases in the presence of a supporting solid substrate. To un-
derstand the underlying physics of such processes, experiments are planned to
investigate the influences of x-ray irradiation on the surface potentials in de-
pendence of the substrate´s electrochemical properties.
The count times and number of scan points inside the scanning intervals are
carefully adjusted to an optimal compromise between signal-to-noise ratio and
radiation damage. To further reduce the beam damage we shift the sample hor-
izontally between two intervals. Seven to ten data points per interval are taken
with count times ranging from 1 second up to 50 seconds. The scans are per-
formed under specular condition, i.e. the impinging angle θ equals the angle, at
which the reflected signal is detected. At each scan point an image, which cov-
ers an angular range of 4.198° in vertical and 1.681° in horizontal direction, is
acquired. The detector is aligned in such way that the specular reflected beam
is positioned at the central pixels. Subsequently the reflected and the respective
offset scattering intensity at each angle needs to be extracted from the images.

3.5.4 Data treatment of reflectivity curves

The extraction of intensity values is performed in different steps using self-
written MatLab scripts (version 2009b, Mathworks; MA, USA). The following
functions can be found in the appendix A.2. At first the file eval-config.m needs
to be modified by inserting the beamline specifications, data folders and the
numbers of the interval scans, which need to be merged. Subsequently the
function main.m is started and a selected image is used to define a region of
interest (ROI) around the specular reflection. Next to this, two separate ROIs
are defined. They are used to extract an averaged offset signal, which is subse-
quently used to correct the reflectivity signal. Finally, function calc-refl-curve-
merge.m is executed to yield the one dimensional reflectivity curve I (θ). The
angle θ is transformed into reciprocal dimensions of the momentum transfer
qz in units of Å−1 by using [AN01]

qz = 4π

λ
sin(θ) (3.16)

For a detailed description of the scattering theory, which is used to calculate the
reflectivity profiles of single bilayer membranes on a solid support, the reader
is referred to [NGS06, GS07, Nov08]. The introduction of this theory would ex-
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ceed the framework of this thesis and is not essential in the case of the under-
lying results. The principle of x-ray reflectivity can be briefly and qualitatively
described. An x-ray wave, which impinges on a flat silicon substrate in water,
is reflected from the surface as long as the incident angle θ exceeds the spe-
cific critical angle of the silicon-water interface. In the case of an additional
film, which homogeneously covers the surface, parts of the incident wave will
undergo internal reflections at the additional film-water and film-silicon inter-
faces. Finally, the these parts exhibit a different phase shift according to the
path they traveled between the two additional interfaces. Far away from the
sample these waves will interact according to their accumulated phase shifts.
Structures of constructive and destructive interference, i.e. increased and de-
creased intensity, which are called Kiessig fringes, are consequently obtained at
the detector. Geometrical considerations show that the thicker the film on the
silicon surface becomes the more characteristic Kiessig fringes will show up
in a fixed angular region. Thus the thickening of a film corresponds to a shift
of the characteristic minima to smaller qz values. In the following presenta-
tion of experimental results we will restrict to the discussion of the positions of
such characteristic minima in the reflectivity curves. Our discussion can con-
sequently not distinguish between the thickness of the bilayer and the water
layer, which is trapped between the bilayer and the silicon substrate. The given
thickness values will always be a sum of both layers.

3.5.5 Results and Discussion

Figure 3.7 shows representative examples of reflectivity scans for two differ-
ent lipid bilayers in externally applied electric fields on a conductive silicon
support. In figure 3.7(a) the membrane is prepared from a lipid mixture com-
posed of uncharged DOPC molecules and anionic DOPS molecules of molar
ratio 4/1. Anionic lipids are added to see whether they might induce a pro-
nounced change in the bilayer structure. The applied potentials are 0 V and
-2 V. Note, that the sign of the applied voltages indicates the charge of the sup-
porting electrode. The second graph in figure 3.7(b) shows the reflected in-
tensity for a pure DOPC bilayer in an applied electric potential of -2 V and -
4 V. In either (a) or (b) there is no significant, detectable shift in the minima
of the Kiessig fringes, which is representative for all other observed reflectivi-
ties. When fitting the first minima in (a) with a Gaussian function we obtain a
value of qz =0.22256(6) Å−1, which corresponds to a real space layer thickness
on top of the silicon of d = 2π

qz
= 28.231Å. For the potential Vm =-2 V we ob-

tain qz =0.22178(21) Å−1, which gives a thickness of d = 28.331Å. This is a film
thickness change of 0.1Å (≡0.35%) and thus is far below the values, which were
observed to be about 40% by Burgess and colleagues [BLH+04, BLH+05].
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Figure 3.7: Reflectivity scans of two solid supported membranes, which are
exposed to electric fields of variable strengths and composed of different
types of lipids. No significant shift in the characteristic minima of the Kies-
sig fringes upon the application or change of the membrane potential is
obtained. The shift in (b) occurs due to radiation damage and a slight un-
binding of the film.
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Another influence on the obtained decrease of film thickness can originate from
the translation of the sample between the two scans to reduce the effect of
beam damage. We can not be sure that the sample has the same structure at ev-
ery position across the substrate on the scale of such small thickness changes,
which are below the absolute roughness of the silicon surface.
Figure 3.8 shows thickness values which are extracted from a reflectivity se-
ries at the position of the first minimum of a DPPC/DPPS (molar ratio 4/1)
bilayer for a random variation of the transmembrane potential (see inset of fig-
ure 3.8). Randomness was chosen to avoid coincidence of shifts in the minima
with shifts which are induced by beam damage. The latter always manifests in
a continuous drift of the Kiessig fringes to higher qz values and thus smaller
layer thicknesses.
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Figure 3.8: Thickness values of a DPPC/DPPS (4/1) bilayer at varying trans-
membrane potentials. A slight decrease is obtained for more negative volt-
ages but is much smaller to match the results observed by Burgess and
colleagues [BLH+04, BLH+05]. The layer thicknesses show an overall ten-
dency towards smaller values, which originates from the beam damage, i.e.
degeneration of the sample.

Note that the absolute thickness is remarkably increased in figure 3.8 compared
to the experiments using DOPC or DOPC/DOPS lipids (see figure 3.7). This is
due to the fact that DOPC is in the fluid phase at 35°C while DPPC and DPPS
are in the gel phase, where their hydrocarbon chains are stretched. The graph
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in figure 3.8 shows a representative slight increase of the membrane thickness
for negative potentials and vice versa for higher potentials. The changes range
from 0.5Å to 1Å (0.8% - 1.7%) and, thus, match the thickness behavior observed
Burgess, but again on much smaller length scales. In contrast to the scans in
figure 3.7 the scans in figure 3.8 are performed at a fixed position on the sam-
ple. Inhomogeneities in the layer thickness can thus be excluded to contribute
to obtained variations. The position of the Gaussian fit to the scan minima in
the inset of figure 3.8 can be determined with an error, which is a factor 104

smaller than the absolute qz value of the Gaussian position. Note that errors
of the reflectivity data are not yet included in the Gaussian fit. Theoretically a
resolution below the maximum obtained qz value can be achieved [WW91] by
the precise determination of the position of characteristic features in the exper-
imental data. Fitting higher order minima would be even more accurate in this
case since the shift increases at higher qz values. Another improvement might
be achieved by determination of the membrane thickness in a full qz-range fit
but this requires data from larger scan ranges. In that case the effects of beam
damage become relevant because at the same time the irradiation time is ex-
tended the degeneration of the sample increases and the Kiessig fringes will be-
come less pronounced from scan to scan. This will increase the signal-to-noise
ratio and consequently reduce the fit accuracy. The experiments show that two
scans, which are performed at the same sample position and cover the whole
scan range up to qz =0.6 Å−1, can not be compared as the state of chemical
degradation is already to pronounced after the first measurement. The num-
bers next to the data points in figure 3.8 indicate the order, in which the reflec-
tivity scans are performed. It can be seen that the beam damage shows up as a
continuous decay of membrane thickness with increasing scan number. An ex-
planation for the molecular processes cannot be given but it has to be pointed
out that the thickness change, which is related to the electric field, dominates
the effects of beam damage.
The process of electric field unbinding when reaching field strengths above
5·108 V/m was predicted in section 3.4. Figure 3.9 shows a representative be-
havior of bilayers made of DOPC lipids when the electric field is raised. When
the layer on top of the silicon detaches the characteristic features in the graph
disappear and the reflectivity of a pure silicon water interface is obtained. The
stepwise detaching of the membrane from the surface can be seen in figure
3.9(a). Assuming a layer thickness, which is obtained from the scans in fig-
ure 3.7, the applied transmembrane potential corresponds to a field strength of
about 6·108 V/m. The introduction of the field unbinding of the membrane at
this value in perfect agreement to the values reported by Charitat and Burgess
[BLH+04, BLH+05, LFC06, CLF08].
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Figure 3.9: The reflectivities in (a) and (b) show the unbinding of membranes
when the electric fields reach values above 6·108 V/m. b) This effect shows
to be reversible since the bilayer signal is detected again after the applied
electric field is switched off.
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In figure 3.9(b) it is shown that the process of unbinding is reversible and the
membrane attaches back to the substrate when the applied field is removed.
Upon further increase of the electric field electrolytic processes at the substrate
surface occur and irreversibly destroy the membrane. Summarizing the pre-
sented results a clear statement about changes in the layer thickness on the
silicon under the influence of an external electric field can hardly be made. The
observed effects are much smaller than predicted [BLH+04, BLH+05] and ap-
pear on length scales, which are comparable to the maximum achievable res-
olution. A potential explanation for the large differences between the results
of Burgess and the ones we have obtained might be the presence of the gold
coating on the supporting electrode they used. The substrates in our experi-
ments have a specific resistance of 10−2Ωcm. This is four orders of magnitude
higher than for gold, which has a specific resistance of 2.2·10−6Ωcm and might
lead to a completely different electrochemistry of the surfaces in the two exper-
iments. Consequently, we can think of an enhancement of the field effect and
thus an increase in the obtained structural changes in the presence of gold on
the membrane supporting substrate as it was used by Burgess and colleagues.
Due to these potential influences and the obtained results we can finally give
two reasons why the investigations of structural changes of lipid membranes in
electric fields should be carried out in the absence of solid substrates. The first
and more general one is motivated by the omnipresent beam damage, which
occurs in every measurement and is up to now rather unexplored. The lack
of information about the molecular processes, which occur upon beam dam-
age, might result in distinct uncertainties of the obtained membrane structure
properties. The authors of reference [CRC02] have shown that small molecular
residues, which result from the chemical breakdown of the lipid, can be deter-
mined in thin-layer chromatograms. In addition to this, a second reason is the
lack of knowledge about the electrochemical transformations and generation of
electric potentials in applied electric fields on the molecular dimensions at the
substrate surface. These obviously influence the bilayer since they can drive its
unbinding from the supporting substrate. In a freestanding membrane system
this additional influence will not occur and intermediate states between the
intact and the broken or degenerated membrane are very unlikely. Obviously
the absence of a supporting substrate will simplify the investigation of poten-
tial structural or topological changes, since in high electric fields a freestand-
ing membrane can only undergo electroporation, which finally might lead to
the disruption of the film. The inconsistency of the results obtained from solid
supported membranes in electric fields shows the necessity of an experimental
method which allows for the investigation of structural changes in controlled
electrochemical conditions.
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The following section will include a description of the micro-machining and
structuring techniques of substrates which are used for the reconstitution of
the presented model membrane systems. The techniques, which are used to
prepare BLMs and Solid Supported Membranes (SSM) have been previously
published by our group [BWZ+08, NGS06]. A more detailed description of the
preparation of BLMs in microfluidic devices will be given, since this type of
membrane system has been used for the first time in combination with syn-
chrotron experiments.

4.1 Black Lipid Membranes (BLMs)

4.1.1 Substrate properties and micro-structuring

From the results of previous works [Bee06] we have seen that geometry of the
aperture and the material of which the membrane supporting substrate is fab-
ricated are essential. For use in x-ray experiments the membrane has to be
very stable, because the experiments are carried out in a closed room with re-
stricted access during the irradiation of the sample with x-rays. Furthermore,
the experiments can last up to several hours, depending on the type of investi-
gation. There are two factors which will mainly influence the stability of a BLM.
The geometry of the aperture and microscopic topology of its rim. If the rim is
smooth it favors the assembly of lipids at the edge of the aperture on a micro-
scopic scale and long lifetimes can be obtained. The geometry is of importance
for the studies using bulged BLMs in transmitted x-rays. Our theoretical model,
which is used to describe the image formation, assumes rotational symmetry of
the bulged membrane. Consequently, the imaging experiments have to be car-
ried out on circular shaped apertures, which also have the advantage that the
interfacial tension and related stresses in the membrane are minimized. The
material of the supporting substrate has to be stable enough to not bend un-
der its own weight, or in the presence of applied hydrostatic pressures. At the
same time it needs to be “functionalizable” to finally promote the right orienta-
tion of the amphiphilic lipids at its surface. Depending on the membrane sys-
tem which is used, we choose either silicon or Teflon as a support for the lipid
bilayers. The following sections will mainly summarize the procedures used
to fabricate substrates containing an aperture for the reconstitution of painted
BLMs [MRTW62b]. The preparation of conductive supports for solid supported
membranes is described in section 4.3.
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4.1.2 Silicon etched apertures / PECVD coating

A detailed description of the structuring of silicon wafers by a wet etching tech-
nique can be found in [BWZ+08, Bee06, Med94, Pan99]. For the studies of
BLMs with hard x-rays, silicon substrates of thicknesses ranging from 200μm to
650μm (Crystec GmbH; Berlin, Germany) are used to avoid any bending of the
supports during the preparation. In contrast to the previous silanization of the
silicon to realize a hydrophobic surface, these wafers are coated by means of
Plasma-Enhanced Chemical Vapor Deposition (Oxford PlasmaLab). To avoid
leakage currents across the silicon substrates they are first insulated by the de-
position of a 100 nm thick layer of SiO on both surfaces3. Subsequently, the de-
vice is cooled down to room temperature and the deposition of a 100 nm layer
of Teflon is performed4. The surface hydrophobicity is checked by a qualita-
tive contact angle measurement of a water droplet on the coated silicon sur-
face. The contact angle changes from 20°-30° on the pure silicon surface to
more than 120° after the coating process. This large increase is an indicator for
the strong hydrophobizing effect of the Teflon coating. Compared to the OTS
(silane) used previously, the contact angle change is increased by about 20%.

4.1.3 Focused ion beam structured Teflon foils

As well as using silicon substrates, we also perform experiments using the clas-
sical preparation based on the painting of an organic solvent across an aperture
in a thin Teflon foil (25μm, Dalau; Germany). An improvement of the com-
mon techniques, which use either hot needles or spark erosion to create holes
in Teflon foils [MRTW62b, MM72, HWSG04], is achieved by means of focused
ion beam (FIB) milling [BWZ+08]. Based on previous preparations in literature
[WE04a, WAP+06, QCR+07] we have developed a technique to create apertures
with a smoothness on the nanometer scale and membrane lifetimes up to 60
hours can be obtained. This technique also enables the fabrication of varying
geometries with very high precision and diameters ranging from micrometers
up to several millimeters [Bee06, BWZ+08].

4.1.4 Preparation of Black Lipid Membranes

The preparation of planar free-standing, solvent-containing lipid membranes
goes back to the work of Müller and Rudin [MRTW62b, MRTW62a]. The re-
maining organic solvent in this kind of reconstituted membranes might be con-

3Process parameters are: gas flux: 5%SiH4 →170 sccm, N2O→710 sccm, N2 →162 sccm;
pressure: 1 Torr; HF power: 20 W; temperature: 300 °C ⇒ Deposition rate: 1 nm

s .
4Corresponding parameters are: gas flux: C4F8 →250 sccm; pressure: 100 mTorr; HF power:

200 W; temperature: 20 °C ⇒ Deposition rate: 0.5 nm
s .
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sidered problematic and was already discussed in chapter 2. However, the prepa-
ration is very fast and yields more stable bilayers compared to the preparation
of Montal and Müller [MM72] (see chapter 2.4). Therefore, we have mainly used
this approach in our initial study of BLMs in synchrotron beams. In detail,
the membranes were prepared as described in [Hil04, BWZ+08]. Teflon foils
(section 4.1.3) and “functionalized” silicon substrates (section 4.1.2) are homo-
geneously pre-treated with Loctite Primer 770 (Henkel; Germany), which has
an additional hydrophobizing effect on the surface. Afterwards the substrates
are glued to a Teflon wall dividing two compartments inside the experimen-
tal chamber (see figure 4.1) using Loctite 406 (Henkel; Germany). A solution

input
channels

separating
Teflon wall

input
electrodes

kapton
window

silicon wafer
with septum

x-ray-
beam

10mm

Figure 4.1: Image of chamber for BLM imaging. The structured silicon sub-
strate / Teflon foil is glued to the Teflon wall separating two aqueous com-
partments. Hydrostatic pressure and electric potentials across the mem-
brane are controlled via two holes for tubings and electrodes connected to
each compartment.

of the phospholipid diphytanoylphosphatidylcholine (DPhyPC, Avanti Lipids;
Alabaster, USA) dissolved in methanol (10 mg/mL) is painted across the sub-
strate surface, using a thinned, natural hair paintbrush. This serves as an ad-
ditional anchor layer for the final membrane; inhomogeneous lipid layers are
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formed at the surface as the solvent evaporates. Subsequently the chamber
is filled with buffer solution (100 mM KCl, 5 mM MgCl2, 5 mM Hepes, pH 7.0
KOH). The membrane is “painted” with another paint brush from a lipid so-
lution (DPhyPC/decane, 20 mg/mL). The membrane capacitance is recorded
with a modified Port-a-Patch NPC-1 system (Nanion; Germany), equipped with
an EPC-10 amplifier (HEKA; Germany), according to the methods introduced in
chapter 3.2. The signal is transduced into both compartments of the measure-
ment chamber by Ag/AgCl-electrodes (see figure 4.1). The membrane immedi-
ately starts to thin as described in chapter 2 and shown in figure 2.5. After ap-
proximately 15 minutes, depending on the amount of solvent initially present
in the membrane, a pure lipid bilayer remains and shows a characteristic charg-
ing and discharging peak in the current response5. Subsequently, the specific
capacitance cm can be calculated, as was described in chapter 3.2. A BLM
on a 200μm hole gives a typical capacitance value of 150 pF corresponding to
cm =0.48 μF

cm2 , which is in perfect agreement with [TOL00]. For the synchrotron
experiments an additional shielding around the chamber was mounted to the
sample stage to suppress electrical noise originating from various sources in
the experimental hutch at the beamlines.
Besides x-ray structure analysis, which is our main objective, these very sta-
ble membranes have also been characterized by static / dynamic light scatter-
ing (DLS), conductance measurements, and fluorescence recovery after photo-
bleaching (FRAP) [Bee06].

4.2 MicroFluidic Black Lipid Membranes (mfBLMs)

As an alternative to Black Lipid Membranes, we also used a recently devel-
oped system for reconstituted lipid bilayers. These are prepared in microfluidic
devices and are called microfluidic Black Lipid Membranes (mfBLMs) [FST06,
HNB07, OTST08]. Briefly, they are prepared in a crossed channel microfluidic
device, where two monolayers of surfactant molecules, assembled at the inter-
face of an oil and water reservoir, are brought into contact to form a bilayer
membrane (see figure 4.2). The motivation to use mfBLMs originates from
them having several advantages:

Geometry - As the phase contrast signal increases proportionally to the path
length L of the x-rays in the sample, the mfBLMs offer an improved geom-
etry for imaging experiments. L is in the range of a few micrometers in the
case of a thin, bulged BLM. The diameter of a mfBLM can equal the depth
of the channel when it spans it fully. Consequently, the penetration depth

5It was shown that the final BLM thickness is independent of the organic solvent, which is
used to prepare the lipid solution [TH66a].
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becomes a few hundred micrometers assuming a planar orientation, i.e.
no curvature, of the film. Experimentally this can be achieved when the
pressure difference across the membrane vanishes and the membrane
has reached a stable position in the channel.

Preparation - mfBLMs enable a fully automated preparation, that enables per-
forming the membrane formation via computer controlled, motorized
pumps. Since in synchrotron experiments access to the experimental
setup is restricted the beam does not have to be stopped for a new prepa-
ration every time, as in the case of common BLMs.

Reproducibility - The latter fact also gives the advantage of a high reproducibil-
ity. Whenever the membrane ruptures the chamber is flushed with new,
fresh material (lipids, solvent, and buffer) and a new bilayer can immedi-
ately be formed, which takes less than a minute in time.

Electric excitation - Electrodes can be placed in the water channels (see fig-
ure 4.3), and electric potentials can be applied across the two monolay-
ers sensing the distance and the bilayer formation dynamics (see chapter
2.2).

drain

inlet

waterwater
lipid

monolayer

mfBLM

Figure 4.2: Schematic representation of the microfluidic BLM (mfBLM) setup,
which are prepared in a microfluidic device. Two water reservoirs (hori-
zontal channel) are exposed to a lipid-solvent solution (vertical channel).
The amphiphilic lipid molecules assemble at the water-solvent interface to
form a monolayer. The application of motorized pumps enables the con-
trolled approaching of the monolayers to form the mfBLM.
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Nevertheless, these reconstituted membranes also show the drawback that the
Plateau Gibbs border (PGB), surrounding the membrane patch, will always be
in the path of the x-rays. Due to the strong diffractive index contrast between
the water and the PGB it is likely to give an additional contribution to the diffrac-
tion pattern (see chapter 7). This is not the case for the bulged interface of the
normal BLMs.

4.2.1 Experimental setup for mfBLMs

The following section provides a detailed description of the single steps that
were performed to prepare microfluidic devices according to the protocols in
[OKS+05, DEKP07] followed by the reconstitution process of mfBLMs [FST06,
HNB07]6.

4.2.2 MF channel design

oil
channel

water
channel

pillars

I

II

O

5mm

Figure 4.3: Drawing of the illumination mask that was used for the fabrica-
tion of the microfluidic devices. In regions (white) where channels (oil and
water) and pillars are located the photo resist will be exposed.

6MF channel design and preparation was worked out in a cooperation together with Shashi
Thutupalli, PhD student in the group of Prof. S. Herminghaus at the Max-Planck-Institute for
Dynamics and Self Organization in Göttingen.
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The masks (see figure 4.3) are designed with AutoCAD (Autodesk GmbH, Ger-
many) and printed by JD Photo-Tools (Oldham, UK). The design is described as
follows: The 3 inlets (I) are connected to the syringes and the remaining outlet
(O) is used as a drain for all solutions. The water channel, which is mounted in
a horizontal orientation, is prepared in different widths of 300μm, 500μm or
1 mm. The oil / lipid solution channel always has a width of 250μm (500μm
for 1 mm water channels). The pillars (square and circular shaped) will provide
a constant height at every position of the chip when a stamp is put on top in
the final copying procedure. Furthermore, they will act as adhesion points for
capillary flow between master and stamp. For a detailed explanation see the
next section. The electrodes for electrophysiological measurements can be in-
troduced into the thicker part, at the end of the water channels. Length of all
channels is 20 mm. The lateral dimensions are adapted to the geometry of the
experimental setup of the beamlines - ID22 at ESRF (see chapter 6.1.2).

4.2.3 MF channel fabrication

The following steps are carried out in a clean room (class 100) to avoid contam-
ination of substrates and photolithographic resists with dust. As a substrate we
used polished silicon 111 wafers provided by Crystec GmbH (Berlin, Germany)
of 50 mm diameter and 200μm thickness.

Cleaning - The polished side of the silicon wafers is cleaned with acetone and
isopropanol and finally blow dried under nitrogen gas flow. To fully evap-
orate the solvents the substrates are put on a heating plate for 10 minutes
at 200°C.

Photo resist coating - The silicon wafers are placed on a spin coater OptiSpin
SB20 (Sister Semiconductor Equipment (SSE); Singen, Germany) and 3 mL
of a highly viscous photo resist SU-8 100 (MicroChem; Newton, USA) are
poured and spread on the surface. The different settings that have been
worked out for the respective heights of the final channels are shown in
the following table7:

7The height of the channels should be equal to their width to end up with a square shape
that will promote the formation of rotationally symmetric bilayer patches.
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thickness acceleration acc. time RPM spinning
[μm] [rpm/s] [s] time [s]
100 300 3 1500 60
200 300 3 1200 30
300 200 5 1000 30
500 200 5 750 60

> 1000 100 10 750 30

For very large film thicknesses the silicon must be homogeneously cov-
ered with photo resist before the spin coating procedure starts. A scalpel
is used to burst bubbles that are included in the resist.

Prebake - The coated wafer is placed on a hot plate at 65°C and baked for
thickness

5 seconds. The resist gets more fluid, the film relaxes, and defects
from the coating procedure vanish.

Softbake - This baking procedure is used to fully evaporate the solvent includ-
ed in the photo resist. The temperature of the previous step is raised
from 65°C to 95°C and is kept for thickness

100 hours on the hot plate. It has
been shown that this strategy works best but one still has to take care that
most of the Bernard-structures, originating from the convection of differ-
ent components in the resist, have disappeared.

Exposure - After removing the samples from the hot plate they are cooled down
and positioned inside a MJB4 Mask Aligner (Karl SÜSS Microtec AG; Gar-
ching, Germany). Subsequently, the mask is aligned concentrically with
respect to the silicon wafer. Exposure is performed at 365 nm (Channel 2)
with an intensity of 17 mW/cm2 and a continuous lamp power of 230 W
in vacuum contact. thickness

50 cycles of 15 s duration are run interspersed
with 60 s breaks to avoid an increase of internal tension in the resist layer.

Postbake - Subsequently, the silicon wafer is heated for 1 minute at 65°C and
directly moved to a hot plate of 95°C to be kept there for 20 minutes.

Develop - After cooling down the sample is placed in a beaker filled with photo
resist developer mr-Dev 600 (Micro Resist Technology GmbH; Berlin, Ger-
many). To provide sufficient solution exchange the beaker is mounted on
a laboratory shaker. It takes about 20 minutes until the remaining, unex-
posed resist is fully dissolved.
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Cleaning - The microfluidic chip (master) (see figure 4.4) is taken out and im-
mediately rinsed with acetone for approximately 1 minute, followed by
intensive washing with isopropanol and drying under a nitrogen stream.

Hardbake (optional) - There is the option to hardbake the chip afterwards for
approximately 1 hour at 200°C. This is supposed to crosslink the materi-
als, but was also found to simultaneously induce stress in the structures
making them more fragile. In some cases detachment from the silicon
surface may occur.

oil
channel

water
channel

pillars

5 mm

Figure 4.4: Photograph of microfluidic master composed of SU8-100 chan-
nel structures on a 2 inch silicon wafer. It is used to produce copies of UV
glue and PDMS (poly(dimethylsiloxane)) for the microfluidic device. Chip
design according to figure 4.3.

Subsequently, the SU8-coated silicon masters, which are considered as a posi-
tive of the channel structure, are used to produce positive and negative copies
made from PDMS (polydimethylsiloxane) and UV curable glue [KP10]. First,
the master is cleaned with Isopropanol and blow dried. Both steps used to cre-
ate either positive or negative copies are described separately in the following
sections. Due to the large height of the SU8 structures there is a risk of the chan-
nel breaking or detaching from the silicon wafer when a direct copy is made in a
single step. Therefore, a highly reproducible technique was developed consist-
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ing of three steps that saves the SU8 masters, bearing in mind their laborious
production:

SU8-silicon master
PDMS

HMDS
coating

aluminium
foil PDMS

negative PDMS copynegative PDMS copy

positive secondary PDMS master

PDMS stamp

UV glue

PDMS stamp

MF
chip

UV
exposure

HMDS treatment

a) b)

d)

e) f)

c)

negative PDMS copy

positive secondary PDMS master positive secondary PDMS master

Figure 4.5: To protect the SU8 masters (a) a three step copying technique
is used for the microfluidic chip production. After preparing a negative
PDMS copy of the channel structure (b) its surface is treated with HMDS
and a secondary (positive) PDMS master is taken (c). This secondary mas-
ter is separated from the surrounding PDMS (d) and placed on a flat PDMS
stamp (e). The spaces in between are filled with UV curable glue and after 5
to 10 minutes of UV light exposure the microfluidic chip can be peeled off
(f).

Direct / single step copy (PDMS, UV glue):
This procedure is used to create a direct negative copy of the SU8 silicon master
with either PDMS (Sylgard 184 Silicon Elastomer Kit (Sasco Holz GmbH; Dreie-
ich, Germany)) or NOA81 (Norland Optical Adhesive No. 81, Edmund Optics;
Karlsruhe, Germany), a fast curing UV glue, that finally acts as the microfluidic
device. This glue is used due to its transparency, weak x-rays scattering proper-
ties and its stiffness after intense curing (compared to PDMS). In comparison to
PDMS it cannot be “functionalized” in a plasma cleaner and covalently bound
to other silicon containing materials, which is a disadvantage. Furthermore,
it dewets on all hydrophilic surfaces so that it can hardly be spread homoge-
neously without tools such as a stamp.
500μL (for every 300μm height of the channels) PDMS solution (10:1 (m:m)
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ratio of PDMS and crosslinker8) is spread on the master and a razor blade is
used to create a flat liquid film of homogeneous height and remove the surplus
material. After heat-curing for 1 h or more at 85°C, the thin MF-chip can be re-
moved carefully from the silicon surface.
When using the UV glue the same amount as above is poured onto the silicon
master, but a stamp is used to spread the solution across the surface. The stamp
is a flat PDMS piece that is pushed on the SU8 to prevent any glue from flowing
above the channels so that they are open from both sides in the final chamber.
Master, glue and stamp are then put under a UV lamp PolyluxPT (Dreve; Unna,
Germany) and exposed with UVA (355 nm) light for about 5 to 10 minutes9. The
chip is then carefully peeled of the silicon master by continuously adding Iso-
propanol to not destroy the SU8 structures.
Three step copies (UV glue):
In this procedure (see figure 4.5) a positive PDMS master is created that is used
to prepare MF chips of UV glue in large amount. The silicon master (figure
4.5(a)) is placed in a Petri dish and the PDMS-crosslinker solution poured in
(figure 4.5(b)). Degassing is performed in a vacuum chamber to get rid of the
air that is trapped underneath the silicon wafer. Subsequently, the PDMS is
cured at 85°C for 1 h or more and then a scalpel is used to cut out the nega-
tive copy. This part is put in a sealed glass beaker, together with a vial filled with
hexamethyldisilazane (HMDS, Fluka; Germany), for approximately 15 minutes.
The negative PDMS copy is placed in a Petri dish lined with aluminium foil and
PDMS solution is poured onto it (figure 4.5(c)). After curing the PDMS, as de-
scribed previously, everything is peeled of the aluminium foil and both PDMS
parts are separated by cutting with a scalpel - leaving the negative copy and a
positive secondary master of PDMS (figure 4.5(d)). The latter one is cut in a way
that smooth edges are left and is subsequently laid on top of a very flat stamp
of PDMS (figure 4.5(e)). At the position of the oil channels a drop of UV glue is
applied that crawls towards the cross by capillary forces. Glue is added for as
long as the whole space between PDMS master and stamp is filled and no air
bubble is left. The UV glue is exposed, as described above, for 5 to 10 minutes
and the final MF chip is carefully peeled of the PDMS by adding Isopropanol
(figure 4.5(f))10.
As an alternative to the aforementioned microfluidic devices, which are fabri-
cated by means of photolithography, we use a stainless steel device of 300μm

8Both parts are intensively mixed and subsequently degassed in a vacuum chamber to avoid
leaving any bubbles in the mixture.

9depending on the required stiffness of the MF chip
10The advantage of this technique is the high amount of microfluidic devices that can be

prepared without using the original masters anymore. If a secondary master breaks it can be
easily reproduced from the negative copies again.
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thickness. This only includes the oil and water channels and is machined ac-
cording to the mask dimensions in figure 4.3. These devices have the advantage
that they are inert, very robust and can be used several times. The steps of BLM
preparation, which are described in the next section, are identical for every type
of microfluidic device material.

4.2.4 Preparation of mfBLMs

The previously described microfluidic chips can now be used for mfBLM for-
mation. Different window materials, e.g. Polypropylene, Polyimide (kapton),
silicon nitride, Ultralene, etc., can be chosen. However, to simplify matters a
self-adhesive kapton foil (Dr. D. Müller GmbH; Ahlhorn, Germany) of 25μm
thickness is used. The MF chip is placed on the window material, which is sub-
sequently cut to fit the size of the chip. Nanoports N333 (10-32 for 1/16” tubing,
BESTA-Technik GmbH; Wilhelmsfeld, Germany) are glued to the kapton at the
end of the channels. Drying is at 120°C for 1 h with the application of weight
pressure. The sealed hole is widely opened with a hot needle to avoid blockage
of the channels. Now the second window is bound to the other side of the MF
chip. PTFE tubing (Novodirect; Kehl, Germany) with inner and outer diameter
of 0.5 mm and 1.6 mm runs in the fitting (F333) and the ferrule (F142) and is
connected to the fixed Nanoport (see figure 4.6(c)).

micro fluidic
channels

silicon nitride
window

kapton
adhesive

tape

Nano-
ports

a)

b)

c)

Figure 4.6: The photograph shows (a) the UV glue microfluidic chip after it is
cured. (b) The window material, here a 150 nm silicon nitride window, is
placed at the channel cross and the device is sealed with self-adhesive kap-
ton tape. (c) Nanoports are glued at the channel entrances for application
of tubings and syringes. The microfluidic devices which were made from
eroded metal plates are not depicted.
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At the other end of the tubings a Hamilton syringe (Schütt; Germany) is con-
nected. Volumes of 0.5 mL or 1 mL for aqueous buffer and 0.25 mL or 0.5 mL for
the lipid solutions are used. Deionized and distilled water (MilliQ (MQ), Mil-
lipore; Germany) or buffer solutions with 150 mM NaCl (pH=7) is used for the
preparation. The oil solutions consist of either DPhyPC in n-decane (see BLM
formation) or Monoolein (Avanti Lipids; Alabaster, USA) in Squalene (Merk;
Germany), both at a concentration of 10 mg/mL. The syringes are mounted
onto a self-made pump system that is controlled by a LabView GUI (National
Instruments) allowing injection speeds to be precisely controlled, up to speeds
of 500μL/h.

two monolayers

monolayer fusion

single bilayer

W

W

O O

a) b)

c)
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250μm

Figure 4.7: Formation of a mfBLM in a microfluidic device. a) Bright field
microscopy image of two “water fingers” (W). They are exposed to a oily
squalene-Monoolein solution (O) and brought into contact at the channel
crossing. Phase contrast light microscopy series: b) Zoom-in of the ap-
proaching monolayers. c) Local instabilities initiate the monolayer fusion
until a bimolecular membrane (mfBLM) is left (d).

The membranes are prepared by running the oil pump for approximately 10
minutes to flush the channels with the lipid solution. This procedure has an
additional hydrophobizing effect helping to promote the formation of convex
water interfaces (also called “water fingers” (see figure 4.7(a)). Subsequently,
the oil flow is stopped and the water fingers are slowly brought into contact in
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the channel cross region11. When the two monolayers are brought together, in-
tense Fresnel fringes appear in the visible light microscope (figure 4.7(b)). Due
to a stochastic instability the monolayers suddenly fuse, the surrounding oil is
expelled to the Plateau-Gibbs border and the Black Lipid Membrane forms as
described previously (figure 4.7(c)). The size of the bilayer patch can be con-
trolled by variation of the pressure in the water channels. The presence of a
single bilayer can be checked by capacitance measurements or by comparison
of the fresnel fringes in the regions of the two monolayers and the single bilayer
(see figure 4.7(c,d)).

4.3 Solid Supported Membranes (SSMs)

4.3.1 Substrates and electric field chamber

The conductive silicon (1 0 0) substrates that were used to prepare the bilayers
are ordered from Crystec GmbH (Berlin, Germany). They are 1 mm thick and
have a specific resistance of 0.01Ωcm - 0.015Ωcm, depending on the n-type
doping of the crystals with Arsenic. In references [BLH+04, BLH+05, LFC06,
CLF08] the authors have used gold coated supports as a working electrode. To
avoid the influence of additional unknowns (such as thickness, roughness and
electron density of such a layer) in the final electron density profile reconstruc-
tion we wanted to keep the system as simple as possible and avoid working
with anything other than the bare semiconductor crystal. The substrates that
are used for the preparation are cut into pieces of 10 mm x 15 mm to fit in the
chamber. To make sure that no leakage currents flow somewhere rather than
across the membrane, the back side of the silicon wafer is coated with 300 nm
of SiO and protected with a mask, at the position where the substrate is con-
nected to the voltage generator12.
The chamber (see figure 4.8) consists of a base plate (BP) that includes a stain-
less steel pin (S) linking the voltage generator to the conductive silicon sub-
strate. A gold plate (G) acting as counter electrode is located in the lid (L) of the
chamber and can be contacted from the outside. The whole chamber is made
of Polymethylmethacrylat (PMMA). Two windows are machined into the upper
part and sealed with 25μm kapton foil (K). Next to the hole for the counter elec-
trode there is an in- and outlet for buffer exchange and rinsing of the chamber
(I). The hole chamber is temperature controlled by a heating “jacket” and base
plate (H).

11Depending on the surfactant it may be necessary to wait for some time and let the
molecules assemble at the oil-water interface to form a dense monolayer that will subsequently
allow for the formation of a stable bilayer.

12For the details of the deposition process see chapter 4.1.2.
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Figure 4.8: The chamber used for investigation of SSMs consists of a lid (L)
and a base plate (BP). The silicon support is placed at the bottom (dotted
line) and contacted from below by a metal pin (S). The counter electrode is
a gold plate (G) in the top of the lid. An in- and outlet (I) for buffer exchange
are also placed in the lid. The beam enters and exits the chamber through
a kapton window (K).The whole chamber is temperature controlled by a
heating device (H).

As a first step in the preparation of SSMs the central support (dotted line in fig-
ure 4.8) for the silicon crystal is greased with Baysilone silicone paste (medium
viscosity (Bayer; Germany)). This also works to seal of the space between sub-
strate and electrode connector. A droplet of conductive silver is placed in the
middle on top of the metal pin (S) and immediately covered with the silicon
wafer. Subsequently, all other parts of the base plate are greased with the sili-
cone paste and assembled.
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4.3.2 SSM preparation

The preparation process of solid supported single bilayer lipid membranes is
based on the fusion of small unilamellar vesicles (SUVs) on a hydrophilic sub-
strate surface [WBK+84, RMB03, MMGK05, NGS06].
To prepare the SUV solution 5 mg of either a single lipid or a mixture (DOPC,
DOPS, DPPC, DPPS) is dissolved in 1 mL chloroform. 200μL lipid solution is
taken and placed in a small vial. The solvent is evaporated in a vacuum cham-
ber and the sample is kept there overnight. The aqueous buffer solution con-
sists of 150 mM NaCl, 10 mM HEPES in MilliQ water and is regulated with NaOH
to pH=7.4. In the case of anionic lipids, 2 mM MgCl2 is added to the buffer solu-
tion. After evaporation of the organic solvent, the lipid films are rehydrated by
adding 1 mL of the buffer to the vial. On vortexing, the solution becomes non-
transparent and milky. Subsequently, the emulsion is fixed in a tip sonicator
(Sonoplus, Bandelin; Berlin, Germany) and sonicated for about 15 minutes at
80% power until it becomes clear and transparent. To remove titanium splinters
originating from the sonicator tip the SUV solution is centrifuged for 10 minutes
at 14000 g.
After fixation of the substrate on the base plate it is put inside a plasma cleaner
(Harrick; Ithaca, USA) for 2.5 minutes to hydrophilize the surface of the silicon,
which will promote the adhesion and rupture of the vesicles. The chamber is
closed by screwing the lid and connecting it to the heating circuit. After the
temperature is raised to 40°C, 0.8 mL of the SUV solution is added to the cham-
ber and the silicon surface is incubated for 1 h. To avoid further fusion of vesi-
cles at the substrate surface the chamber is carefully rinsed with 40 mL - 60 mL
buffer solution. Finally, it is mounted on the sample holder of the beamline
goniometer and experiments are carried out according to chapter 3.5.



5 Theoretical model for x-ray phase contrast imag-
ing of BLMs

In this chapter a model of simplified geometry will be introduced to enable
structural and dynamical studies of bulged Black Lipid Membranes by x-ray
phase contrast imaging (PCI). Furthermore, the propagation of wave fields in-
teracting with this model system is described in the case of the Fresnel regime,
comparable to in-line holography introduced by Gabor in 1948 [Gab48]. First
experiments and the underlying theory have already been published in
[BWZ+08, BMTS09, Mel09].

distorted wavefrontincident wavefront
thin phase
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Figure 5.1: Schematic representation of the principle idea of propagation
based phase contrast imaging of a weak phase object. The distorted and
the incident wavefront interfere on the detector after traveling along the
z-axis in free space.

For high x-ray energies many materials, especially the ones consisting of low-Z
elements, e.g. biological samples, introduce the same problems as in optical
microscopy: they become fully transparent in conventional “bright field” ab-
sorption images. In the case of visible light these challenges have been over-
come by the introduction of phase contrast microscopy by Zernicke in 1942
[Zer42]. This technique is based on the interference of two fractions of a par-
tially coherent wave field of wavelength λ that propagates through the object
(see figure 5.1). One part, the reference wave, remains undistorted, since it un-
dergoes no interaction with the material. The other one, the object wave, is
diffracted by an angle Δα [Pag06] defined as

Δα= λ

2π

∂φ

∂x
. (5.1)
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φ is the phase shift induced by the object, which is dependent on the optical
properties, i.e. refractive index, along the x-axis.
In the x-ray regime the phase modulations of the photons traversing such an
object are much increased and become several orders larger than the atten-
uation coefficients [MF95, AN01]. By the development of several x-ray phase
sensitive techniques [Fit00, Nug10], such as diffraction [IB95, DGG+95a], grat-
ing [PWBD06, PDB+08], interferometry [BH65, Mom03] and the propagation
based PCI methods, the observation of very thin and weak phase objectives has
become possible.

100μm30 μm

a) b)

Figure 5.2: Phase contrast visibility and resolution of objects, which are im-
aged by using different photon wavelengths, can clearly be distinguished:
a) Light microscopy phase contrast image of a giant unilamellar vesicle
made from DOPC in sucrose solution, which shows positive and nega-
tive interference fringes. b) X-ray phase contrast image of a bulged Black
Lipid Membrane, which is freely suspended over an aperture in a solid sub-
strate (prepared from DPhyPC lipids in aqueous buffer, propagation dis-
tance 3.63 m (ID10C)). By application of hydrostatic pressure across the
membrane it bulges and becomes accessible for transmission x-ray phase
contrast imaging.

This chapter will exclusively deal with the description of the propagation based
PCI or in-line holography, that was first described by Snigirev and colleagues in
1995 [SSK+95, ASKK96, RSS+96] and Cloetens and colleagues in 1996 [CBB+96].
At the same time the group of Wilkins presented their results, which were ach-
ieved using a micro-focus laboratory source, opening the possibility of clinical
applications [DGG+95a, DGG+95b, WGG+96]. We now consider the structural
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information which we can gain from PCI experiments conducted with x-rays.
Note that a single bilayer can still be seen in phase contrast microscopy us-
ing visible light (see figure 5.2(a)), where the wavelength is much larger than
the 5 nm thickness of the film. Consequently, the traversing wavefront will not
carry any information on structures on the molecular length scale. When the
wavelength becomes even smaller than the characteristic object dimension, as
is the case for hard x-rays with λ� 1Å, the visibility of the phase contrast pat-
tern and the resolution must be distinguished from the previous case using vis-
ible light. Thus, we can expect the images structures in the x-ray regime to be
determined by the interaction of the photons with structures in dimensions of
λ. The two phase contrast images in figure 5.2, which were taken using visible
light (a) and x-rays (b), nicely demonstrate the differences in the image forma-
tion processes.

5.1 Model assumption for bulged BLMs
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Figure 5.3: The system of bulged BLMs is modeled by the simplified assump-
tion that the electron density ρe (x) is constant across a membrane of thick-
ness d . Based on experiments the BLM, supported by the substrate S, is
drawn as a spherically bulged slab with radius R. For the calculation of the
phase shift φ(x), the electron density is projected along the z-axis into a
plane behind the membrane. b) Schematic representation of the exper-
imental setup. The bulged BLM is imaged by using a transmitted x-ray
beam. The detected image shows interference phase contrast of the trans-
mitted and deflected x-rays.
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In analogy to the experimental simplification, namely the creation of a simple
model membrane system, we will individually discuss the basics of image for-
mation, before introducing more complexity. Therefore, we developed a sim-
plified scheme of the BLM that can be included in the underlying equations
being elucidated in the next section. This model is shown in figure 5.3. In the
case of a swollen BLM of thickness d , that still includes organic solvent, we as-
sume the electron density ρ to be constant across the membrane (see figure
5.3(a)). It is regarded as the most relevant parameter describing the scattering
properties of x-rays in an object. In the following the dispersive part δ of the
complex refractive index n = 1−δ+ iβ, instead of the electron density ρe , will
be used. Both parameters are related as follows [Par54, AN01]:

δ= λ2ρe r0

2π
and ρe = NA Z ρ

A
(5.2)

with the wavelength λ, classical electron radius r0, Avogadro’s number NA, at-
omic number Z , atomic weight A, and the electron density number ρe (includ-
ing the material’s density ρ). In the following the phase shift φ, that is induced
by the propagation of the x-rays through the membrane, shall be derived. Based
on the definition of thin phase objects, which is given in [Clo99, Pag06, Nug10],
we assume the extension of the membrane along the z-axis and the interaction
of the sample with the traversing photons to be very small. We consider no fur-
ther propagation inside the object to occur, and thus the electron density can
be projected into a plane behind the object. The phase profile is then simply

φ(x) =−2π

λ
Δδ

∫
L0

d z =−k ΔδL(x), (5.3)

with Δδ< 0 the refractive index difference with respect to the surrounding wa-
ter.
To make the membrane accessible to a transmitted x-ray beam it has to be
“bulged out” from the supporting substrate S (see figure 5.2(b) and 5.3(b)), by
application of a hydrostatic pressure across it. To determine L(x) we now use a
simplified geometric approach, i.e. we assume the membrane to be a smooth,
spherical cap of thickness d under bulged conditions. This model appears to
be well justified since the thermal fluctuations of the sphere will be suppressed
by the dominating interfacial surface tension of the membrane, see discussion
in chapter 2.1. The radius of the sphere is described by the radius R, or the di-
ameter of the spanned aperture and the distance P between the outer rim and
the support. The geometry of the experimental setup will be further described
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in chapter 4. According to the simplified geometrical assumptions we can cal-
culate the path length L(x) (see figure 5.3) as follows

L(x) =

⎧⎪⎪⎨
⎪⎪⎩

2
(√

(R +d)2 − x2 −
�

R2 − x2
)

, if x ≤ R

2
√

(R +d)2 − x2, ifR < x ≤ R +d

0, if x > R +d .

(5.4)

By insertion of equation 5.4 into equation 5.3 we can calculate the phase shift φ,
which is induced by the spherically bulged BLM along the path of the traversing
x-rays (see figure 5.4).
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Figure 5.4: Graphical representation of equation 5.3 including equation 5.4.
The maximum accumulated phase shift of the x-rays at position x = R in-
side the bulged membrane is plotted in units of 2π against the membrane
thickness for different radii of curvature. The curves are calculated using
the wavelength λ = 0.708Å of photons with an energy of 17.5 keV and as-
suming a theoretical value Δδ = −1.23·10−7 for the refractive index con-
trast between water and decane-lipid solution. It becomes obvious that
phase shift can be easily increased by a factor of two as the radius of the
bulged BLM is changed from 1 mm to 5 mm. For thick membranes a point
can be reached where phase wrapping occurs.

For further simplification we substitute R ′ = R
d and x ′ = x

d . If we consider R ′ 	 1
(i.e. R 	 d) we obtain a normalized path length

LN (x ′) ≈ 2·2
�

2R ′ + x ′
[�

1−x ′ −
�
−x ′

]
, x ′ ε

[−R ′,0
]

. (5.5)
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Because
∣∣R ′∣∣	 ∣∣x ′∣∣ we obtain 2

�
2R ′ + x ′ ≈ 2

�
2R ′, which leads to

LN (x ′) = 2·2
�

2Rd

⎧⎪⎪⎨
⎪⎪⎩
�

1−x ′ −�−x ′, ifR ′ ≤ x ′ ≤ 0�
1−x ′, if0 < x ′ ≤ 1

0, if x ′ > 1

(5.6)

in units of membrane thickness d on the abscissa.

5.2 Propagation based phase contrast imaging of bulged BLMs

The formation of an image E(xd , yd , zd ) at a position zd in the detector plane D
is given by propagating the impinging planar wave field (illumination function)
E(x, y,0) = E0 interacting with the complex-valued optical transmission func-
tion [BW99, LK03, CBB+96] T (x, y) = B(x, y) ·e iφ(x,y) along the direction of the
beam (see figure 5.5).
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O D
Figure 5.5: The sample at position O is described by a transmission function

T (x, y) obtained by projection of the electron density ρ(x) along the z-axis.
After free space propagation of the exit wave over a distance z along the
optical axis, a Fresnel interference pattern I (x) is recorded in the detector
plane D , representing a phase contrast image of the projected density pro-
file.

This reflects the optical properties of the illuminated object at position O, where
φ is the phase shift induced by the object and B describes the absorbtion, which
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we will neglect here (B=1) since we are considering weak phase objects. Fur-
thermore, we are only interested in the electron density distribution along a
single axis ρ(x). Thus we will restrict our discussions to the one-dimensional
case in the following calculations and so for the wave field Ei n in the plane be-
hind the object:

Ei n = E0 ·T (x) = E0 ·e iφ(x) (5.7)

For a parallel beam geometry (illumination function considered as a plane wave)
and scattering signals at small momentum transfers, the imaging process is de-
scribed by the Kirchhoff diffraction integral using the paraxial Fresnel-approx-
imation [Cow75, SSK+95]:

E(xd , z) =
√

i

λz

∞∫
−∞

Ei n e
ik
2 z (x−xd )2

d x. (5.8)

By using
�

i = e iπ4 , k = 2π
λ and equation 5.7 we can write equation 5.8 as

E(xd , z) = E0

√
k

2πz
e−iπ4

∞∫
−∞

e iφ(x)e
ik
2 z (x−xd )2

d x. (5.9)

Alternatively equation 5.9 can be calculated instead of convolving the wave
field Ei n in real space with the fresnel propagator kernel [Gui77, CBB+96, LK03]:

H(x, y) =
√

k

2πz
e−iπ4 e

ik
2 z (x−xd )2

(5.10)

by performing a multiplication in Fourier space described in detail in refer-
ences [Clo99, Pag06, Nug10].
The detected intensity is given as I (x, z) = |E(xd , z)|2 for each propagation (de-
focus) distance z. For numerical computation of the Fresnel intensity profile
I (x, z), a simple box model of φ(x) can be used for the central interval of the ob-
ject plane [xmi n , xmax], where the phase shift φ(x) is non-zero (see figure 5.6).
The interval is divided into N segments of a constant phase shift φ j = φ(x j ),
with x j = xmi n + jΔ, and K j := T (xmi n + jΔ) = e iφ(xmi n+ jΔ). Using Fresnel Sine
and Cosine functions the field in the detector plane becomes

Ec (x) =
N−1∑
j=0

E0K j�
2

e−iπ4
[
(C (w j+1)−C (w j )) (5.11)

+i(S(w j+1)−S(w j ))
]

(5.12)
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with w j =
√

k
πz (xmi n + jΔ−xd ) and the Fresnel functions defined as follows:

S(w) =
∫w

0
sin

(π
2
α2

)
(5.13)

C(w) =
∫w

0
cos

(π
2
α2

)
(5.14)

To obtain the complete field E(x) = Ec (x)+El (x)+Er (x), the fields El (x) and
Er (x) due to the source points in the left and right half-planes (bordering the
object interval [xmi n , xmax] in the sample plane) have to be added. For these
regions constant (in practice often zero) relative phase shifts φl and φr can be
assumed. For computational speed, the actual calculations of I (x, z) during the
least-squares fitting are performed in trapezoidal approximation of the trans-
mission function T (x). Therefore, the phase φ(x) in each segment is linearly
approximated, and better accuracy can be obtained for a given number of seg-
ments (dashed line in figure 5.6).

0 d-3d -2d -d

j=0

x

j=1 j=2 j=...

ϕ(x + )min Δ
ϕ(x +2 )min Δ

ϕ(x )min

j=N-1

φ(x)

ϕ(x +(N-1) )min Δ

Figure 5.6: The transmission function consisting of the phase φ(x) (solid line)
is sub-divided into N slabs of constant phase φ(xmi n)+ j ·Δ (red boxes).
For computational speed, φ(x) is modeled by a trapezoidal approximation
(dashed line).
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For a segment from x j to x j+1, the phase φ(x) is linearly approximated by

φm
j = m j x +b j , xε[x j , x j+1] (5.15)

where m j = φ j+1−φ j

x j+1−x j
and b j =φ j −m j x j . We can now write the resulting electric

field Ec as a sum of Fresnel-Kirchhoff integrals for segments with a linear phase
shift

Ec (xd , z) = E0

√
k

2πz
e−iπ4

N−1∑
j=0

∫x j+1

x j

e i(m j x+b j )e
ik(x−xd )2

2z dx. (5.16)
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Figure 5.7: Simulation of the fresnel diffraction pattern of a bulged membrane
by using equation 5.17 and the depicted parameters (Δδ=−1.23·10−7, λ=
0.59Å).

Neglecting the constant phase factor e−iπ4 , the integrals over each segment can
be written as

Ec (xd , z) = E0�
2

N−1∑
j=0

e i(b j+m j (xd−
m j z

2k )) (5.17)

·
[(

C
(
wT

j+1

)
−C

(
wT

j

))
+ i

(
S
(
wT

j+1

)
−S

(
w T

j

))]
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with

w T
j =

√
k

πz

(
x j −xd + m j z

k

)
. (5.18)

From equation 5.17 the final fresnel diffraction pattern of a bulged BLM can
now be calculated, as it is shown in figure 5.713. At this point different predic-
tions can be made about the expected results:

• At first, we see from equation 5.6 that a variation of the membrane thick-
ness d and the radius R will have the same effect on the path length L(x).
In the same way, the phase φ(x) (see equation 5.3) and the fringe ampli-
tude are changed. As a consequence, the exact knowledge of the radius
R value is essential to precisely fit d . As the membrane tends to assume
an almost spherical shape to reduce its surface tension we can deduce
the radius along the propagation direction of the x-rays from the fitted
contour of the membrane perpendicular to the beam (see section 6.3).

• Secondly, the dispersion coefficient Δδ influences the phase linearly (see
equation 5.3), while d and R only contribute with a square root behavior.
Thus, Δδ can be fitted separately. The data analysis is fixed to theoretical
values to reduce the number of fit parameters and fit complexity.

• Finally, and most interestingly, the intensity will increase as the wave-
length λ and the propagation distance z decrease. In terms of λ this
improvements will be compensated by less interaction between photons
and the sample with higher photon energies (see equation 5.2). Regard-
ing z, the fringe distance will shrink on reduction of the propagation dis-
tance [Mel09] and finally lead to a loss in resolution. Since the energy is
mostly fixed at synchrotron beams, we can overcome the limits in resolu-
tion for small z by using a divergent beam geometry.

5.3 Divergent beam imaging

In this work we also apply divergent beam propagation imaging to the pre-
sented membrane system. By using the geometry of a divergent beam, yielding
a magnified phase contrast image of the object [MCM+07, BCG+09], one can
compensate for wavelength and propagation distance dependent effects. This
leads to an increasing phase contrast at the expense of fringe distance and, con-
sequently, less resolution, as discussed before. Thus, it allows one to circum-
vent the limited resolution, which is mainly defined by the detector and is, in

13Simulations of different membrane models and their dependence on the characteristic sys-
tem parameters d , R and z are discussed in [Mel09].
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the best case, in the range of 1μm (diameter of the point spread function (PSF))
[MDC+09]. Especially in the case of Fresnel fringes originating from the BLM
(see figure 5.7), the resolution of high spatial frequencies at high diffraction an-
gles is increased. Thus, the propagation distance can be reduced without fur-
ther loss in resolution. Consequently, we can take advantage of the fact that
the phase sensitivity term of the Contrast Transfer Function (CTF) [SGF+09],
simply the fourier transform of the image intensity distribution, oscillates.
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optics

magnified
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electron
beam
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Figure 5.8: Schematic representation of the divergent beam geometry for (a) a
synchrotron and (b) a laboratory source setup. The object at position z1 be-
hind the focus is magnified at the detector by a factor M after propagation
along a distance z2. CRL: compound refractive lens, KB: Kirkpatrick-Baez
mirror, FZP: Fresnel zone plate, WG: waveguide.

On variation of the propagation distance z, the spatial frequency of the ob-
ject νx,y and the wavelength λ, the phase contrast amplitudes in the image will
change. The CTF gives direct access to the condition of optimal phase contrast
for a weak phase object of dimension a at propagation distance ze f f :

1 � 2
√

λze f f νx,y ⇒ zd = a2

2λ
(5.19)
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This is equivalent to the resolution criterion for two Airy patterns at distance zd

of two propagated point sources. They have to be separated by twice the radius
rF Z =√

λzd of the first Fresnel zone to be still distinguishable from each other
[Wei02].
For a bulged BLM of thickness 1μm, imaged by hard x-rays (20.92 keV,λ=0.59Å),
the optimal defocus distance zd is 8.5 mm. This distance could not be reached
at a parallel beam setup (see chapter 6.1.1). There the fringe visibility at z =6 cm
(for nearly the same photon energy as in the divergent setup) was dramatically
decreased due to missing resolution (see chapter 7.1). In the divergent beam
geometry (see chapter 7.2) the images show nice phase contrast signals even at
very small propagation distances, z =3 mm, without any limitation by the de-
tector PSF (see chapter 6.4).
It was shown [Fuh06] that a divergent beam experiment is equivalent to a par-
allel beam geometry when introducing an effective pixel size pe f f , which is the
physical pixel size ps divided by the magnification M (see figure 5.8). Further-
more, the propagation distance z is replaced by an effective propagation dis-
tance ze f f . M and ze f f are defined as follows [Fuh06, LCC+97, MMW+02]:

M = z1 + z2

z1
, ze f f =

z1 z2

z1 + z2
(5.20)

Experimentally a divergent beam geometry can be achieved in different ways
(see figure 5.8). It has been described for hard x-ray synchrotron radiation us-
ing wave guides (WG) [Fuh06, dFJS+98, LCC+97], compound refractive lenses
(CRL) [SKSL96, LSR+99, SMK+02] and Kirkpatrick-Baez-mirrors (KB) [MCM+07,
BCG+09]. For point-like, also called micro-focus, lab sources various approach-
es are presented in literature [MMW+02, MDG+03, TOH07, OTVH08].
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6.1 Synchrotron setups and experiments

6.1.1 Beamline layout at ID10C (Troïka III)

The parallel beam experiments are carried out at the insertion device 10C (Tro-
ïka III) (see figure 6.1) undulator station of ESRF (Grenoble, France), which has
a source size of 928μm (h) x 23μm (v) (FWHM) with a divergence of 28μrad
(h) x 17μrad (v). The beam is monochromatized by a Diamond-(111)-crystal
monochromator (mono) to 20.92 keV, with a bandpass of Δλ

λ =3.7·10−5, also
see [BWZ+08]. This corresponds to a x-ray photon wavelength of 0.592Å. The
(unfocused) beam size at the sample is 1 mm x 1 mm, as controlled by a series of
high quality motorized slits optimized for coherent scattering (PS, SS, ES). The
beam is attenuated by a set of silicon absorbers (A). The primary beam inten-
sity is recorded by a vertically positioned monitor close to the sample. Images
are taken at the three different propagation distances z=0.06 m, 2.18 m, and
3.63 m, respectively, between sample and detector (as referred to as the defo-
cus distance), using a Sensicam 12-bit CCD camera (PCO Imaging, Germany)
with 1240 (h) x 1024 (v) pixels and a pixel size of 6.7μm x 6.7μm. The detector
includes a scintillation foil (9.9μm Europium doped Lutetium Aluminum Gar-
net (LuAG:Eu) on 170μm undoped Yttrium Aluminium Garnet (YAG)), which
is imaged by a 10x objective onto the detector. The effective theoretical pixel
size of the images is then 0.67μm. The experimental effective pixel size of the
detector will be discussed in the section 6.4.
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Figure 6.1: Outline of the undulator station ID10C at ESRF, Grenoble, which is
used for parallel / propagation beam imaging experiments of bulged BLMs.
See text for explanation of components.

6.1.2 Beamline layout of ID22NI

Divergent beam imaging experiments are performed at the insertion device
22NI undulator station at ESRF (Grenoble, France). Figure 6.2 shows a schematic
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representation of the experimental setup. It includes a U42 undulator (ID22),
which is operated at the third harmonic to deliver a pink x-ray beam with pho-
tons of 17.5 keV energy and a corresponding wavelength of 0.708Å. The source
size at the undulator is 700μm (h) x 30μm (v) (FWHM) with a divergence of
28μrad (h) x 5μrad (v).
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Figure 6.2: Outline of the undulator station ID22NI at ESRF, Grenoble, which
is used for divergent beam imaging experiments of bulged and microfluidic
BLMs. See text for explanation of components.

A set of slits (S1) defines a secondary source size of 25μm in the horizontal
direction, while in the vertical a size of 30μm is given by the undulator. The fo-
cusing Kirkpatrick-Baez (KB) mirror-pair is located in the experimental hutch
[HRC+01, HCRM05]. The sample (S) (either BLM chamber (figure 4.1) or mi-
crofluidic device (figure 4.6)) is placed in the focus of the KB system that coin-
cides with the focus of the on-axis microscope (OAM). A drilled mirror allows
for the simultaneous detection of light microscope and x-ray images and thus a
faster alignment of the sample in the beam. The focus is located 30 mm down-
stream the KB mirrors and has a diameter of 130 nm (v) and 140 nm (h), which
was measured by performing knife edge scans in both directions. Optionally,
a set of polished silicon absorbers can be placed in the beam to attenuate the
intensity. The detector (D) is a Fast-REadout, Low-Noise (FRELON 2000; ESRF,
Grenoble14) CCD camera [LCM+07]. It is combined with a 24μm thick LSO:Tb
(Terbium doped Lutetium-Oxoorthosilikat, Lu2SiO5) scintillator, optimized for
high resolution imaging, that converts the x-rays into visible light photons of
550 nm wavelength and is supported by a 170μm YSO (Ytterbium-Oxoortho-
silicate, Yb2SiO5) substrate [CRP+09, MDC+09, RCMD09]. It is placed 526 mm
behind the KB focus. The image is magnified by a 10x objective and a 2.5x eye-
piece to fit the dimension of the 14-bit Kodak KAF4320 CCD chip with a phys-
ical pixel size of 24μm and a resolution of 2048 pixels x 2048 pixels. Thus, the

14Development by Analog Transient Electronics Group (ATEG) in the ESRF Instrument Sup-
port Group.
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effective theoretical pixel size of the images is 0.96μm. The experimental effec-
tive pixel size, also described as the point spread function (PSF) of the detector,
will be discussed in section 6.4. The field of view is reduced to a size of 1500
pixels x 1500 pixel corresponding to the beam diameter at the detector posi-
tion. The position z of the sample was varied in a range of defocusing distances
3 mm≤ z ≤ 200 mm, with respect to the KB mirror focus. The microfluidic de-
vices are mounted on a specially designed holder, which allows movement to
very small z positions, i.e. close to the KB focus, which results in a large magni-
fication (see 5.20).

6.2 X-ray phase contrast imaging measurements
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Figure 6.3: a) Raw image from ID22NI beamline, which is taken with illumi-
nation time 0.5 s at an effective propagation distance ze f f = 18.1 mm and
is fully dominated by KB mirror artefacts. The BLM can hardly be recog-
nized. b) After background correction the features of the sample become
visible. For higher visibility the images are smoothed by a disk function of
five pixels radius. . Raw data: abreakf-175, background: abreakf-172. BLM
made of DPhyPC in aqueous buffer.

The steps of alignment and image acquisition for both bulged BLMs and mf-
BLMs are very similar. Thus, the following description will be restricted to the
case of BLMs. After the preparation of the membrane, as described in chap-
ter 4.1.4, the sample is roughly moved to the center of the beam by translation
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along x, y and z axes (see figures 6.1 and 6.2). Subsequently, the sample is
aligned by rotating it around θ so that the substrate (Teflon or silicon) is per-
fectly parallel to the beam. The aperture, which is spanned by the BLM, is lo-
cated by turning the sample 20° or more in θ. At the aperture the substrate
becomes slightly transparent. When Teflon foils are used, the edges of the aper-
ture can be seen inside the foil, even for parallel alignment. After this step the
membrane is bulged into the beam (see figure 5.2), by running the pump, which
is connected to the buffer reservoir on the back side of the BLM. The data can be
taken image by image, or by running a fast acquisition series that allows frame
rates up to 5 fps in full resolution. Figure 6.3 shows a representative raw and
background corrected image of 0.5 s illumination time, which was at a propa-
gation distance z1 =20 mm at the ID22NI beamline. From figure 6.3(a) it can
easily be seen that the artefacts of the beamline optics dominate the entire im-
age. Thus, the acquisition of empty beam images is of great importance. These
are taken by moving the sample, e.g. the BLM, out of the beam by only a small
translation so that the x-rays still traverse the aqueous buffer solution. Figure
6.3(b) shows the raw image after division by the background image.

6.3 Data treatment

Figure 6.4 describes the basic steps of raw data treatment and reduction. The
recorded raw images (figure 6.3(a) and 6.4(a)) are corrected for dark count and
empty beam intensity variations by means of a MatLab (version 2009b, Math-
works; MA, USA) graphical user interface (GUI) called start-straighten-profiles-
gui [Mel09]. The position of the bulged membrane is defined by three data
points, which have to be precisely placed along the contour. To increase the
visibility of the very weak scattering signal of the thin Black Lipid Membranes
every image is smoothed by a radial disk function with a five pixels radius. Sub-
sequently, a circle with free radius of curvature R is fitted to the three points
assuming spherical symmetry (figure 6.4(b)). Along a defined region of inter-
est (ROI), where the contrast of the signal is homogeneous, radial cuts across
the membrane diffraction signal are taken. A second GUI, called start-extract-
profiles-gui [Mel09], is used to perform the final intensity profile extraction.
The intensity of the radial cuts is mapped to a rectangular array in polar coor-
dinates (angular and radial position) (figure 6.4(c)). After averaging the intensi-
ties in the ROI over angular coordinates (column sum), a one-dimensional rep-
resentation of the Fresnel fringes I (x, z) is obtained along with representative
error bars. As described in chapter 5.3, the effective pixel size ze f f is calculated
for the case of divergent beam experiments and according to this the abscissa is
rescaled. The intensity profile is finally treated by least-squares fitting the the-
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oretical model (figure 6.4(d)). Further information about the fitting procedure
is given in section 6.5.
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Figure 6.4: Illustration of the data reduction scheme: a) Raw images recorded
at different detector positions z, showing the contour of the membrane and
vesicles adhering to the substrate in phase contrast, with the associated
Fresnel fringes. b) Empty beam intensity variations are removed by divi-
sion with empty beam images. This yields smooth intensity images, which
are additionally convolved with a five pixels radial disk function to increase
visibility of thin BLMs. c) The spherical contour is transformed into po-
lar coordinates by taking radial cuts along a defined region of interest. d)
One-dimensional intensity curves I (x, z) result from summation along the
vertical axis.

6.4 Detector point spread function and partial coherence

Before we discuss the fitting procedure and data evaluation, we will briefly in-
troduce two essential effects, namely the partial coherence of the beam and the
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point spread function (PSF) of the detector, which influence the Fresnel fringe
visibility and image resolution.

6.4.1 Partial coherence of synchrotron radiation

To a certain degree an insertion device, i.e. undulator based photon generation,
can be considered as an extended, fully incoherent source. Partial coherence is
achieved by propagation of the beam along a distance z, i.e. the distance z1

between source and sample. Furthermore, the transverse coherence length ξl

and, consequently, the visibility of interference patterns, e.g. Fresnel fringes,
increases as the lateral dimension Δs of the source decreases. This can be un-
derstood as follows: an object which is illuminated by an extended source of
size Δs at distance z1, will be smeared in terms of the intercept theorem by Δx
in the image (detector) plane at distance z2 (see figure 6.5).

Δx=�magΔs

z1 z2

source
object

image

detectorD

Figure 6.5: Schematic representation of the smearing Δx =σmag of an image
at distance z2 behind an object, which is illuminated by an extended source
Δs source at distance z1.

This relation is described by the following equation [Wei02, Sch08]:

Δx = z2

z1
Δs (6.1)

If we consider the source to have an Lorentzian shaped intensity distribution
then the smearing will also be of this shape. The use of a Lorentzian function
instead of a Gaussian is motivated by the following fact. In both experiments,
optics with a beam defining aperture, i.e slits and mirrors (see sections 6.1.1
and 6.1.2), are used to create a secondary source. This will always give an Airy
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pattern-like beam profile. A function with broad side tails, i.e. a Lorentzian,
might thus be better suited to describe such secondary sources. Additionally,
the use of a Lorentzian gives better fit results compared to a Gaussian func-
tion. The contribution of partial coherence, depending on z1, z2, and Δs, to the
image formation is nothing else but a convolution of the theoretical simulated
image with a Lorentzian function of FWHM σ = σmag

M with σmag ≡ Δx. Here σ

is the value, which is obtained from the fit procedure in the demagnified image
and σmag corresponds to the image on the detector. Experimental values and a
corresponding fit of equation 6.1 will be shown in figures 7.7 and 7.17of sections
7.1 and 7.2. Consequently, the fitted values of σ can be revised and checked for
the agreement to theoretical predictions. In some images both thin and thick
regions of the membrane are detected simultaneously. As the fringe visibility is
much higher for the thicker part of the membrane, the σ values can be fitted in
these regions with high precision and used to fit the profiles of thin membrane
regions in the same image.

6.4.2 Point spread function

The second effect that can have an effect on the image formation is the point
spread function (PSF) of the detector system. It was shown that especially for
high resolution, scintillator based detectors, knowledge of the PSF can be of
certain importance for the simulation and fitting of the experimental data
[KRSS98, MK06]. In this work we have seen no limitation of the image reso-
lution by a smearing of the detector. This becomes obvious when looking at
the images, when due to the magnification the Fresnel fringes are highly over-
sampled, i.e. each oscillation is composed of 20 or more pixels. This is also
confirmed by the graphs in the respective results (see figures 7.7 and 7.17). We
show that the FWHM σ of the envelope function of the fringe pattern is exclu-
sively dependent on the propagation distance. If there was a contribution of
the detector PSF we would see an asymptotic behavior of the graph for large σ,
i.e. increasing z2

z1
. We can therefore exclude a suitable effect of the PSF in the

propagation regimes where the images are taken. This justifies restricting to a
single Lorentzian envelope function, as described in the following section.

6.5 Data fitting procedure

Data fitting is performed in MatLab (version 2009b, Mathworks; MA, USA) us-
ing a χ2-minimization algorithm called “Nelder-Mead simplex method”
[LRWW99]. It is used by the MatLab implemented function fminsearchbnd, al-
lowing for the introduction of boundaries to the fitting parameters. The main
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variables, which contribute to the image formation were introduced in chapter
5, namely the thickness d , the radius R, the refractive index difference Δδ and
the effective propagation distance ze f f . The determination of R was described
in section 6.3. Δδ = δBLM −δH2O is calculated according to equation 5.2 using
the literature electron density values of water, solvent (decane), and lipids, so
that we get Δδ = −1.23·10−7. ze f f is defined by the experimental setup (see
equation 5.20). Two additional parameters, xshi f t and Ishi f t , are introduced
to correct for errors in the image processing. xshi f t shifts the diffraction pat-
tern along the x-axis, since the accurate position of the membrane is unknown.
Ishi f t compensates for an offset in the intensity that may result from slight dif-
ferences between mean intensities of the object and background images. As
characterized in the previous section, the last fitting parameter is the FWHM σ

of the convolved Lorentzian function. This takes into account both the finite
lateral coherence length of the x-rays, originating from the finite source size
[dFJS+98], and the point spread function of the detector, even if no limitation
could be detected from the latter. The computational details and the source
codes of the algorithms used in the fitting procedure refer to [Mel09].
The fitting is performed by starting with a free fit of the diffraction pattern, leav-
ing d , xshi f t , Ishi f t and σ free. Although the zero position of ze f f is defined by
the geometrical dimensions of the beamline setup, a refinement of the mea-
sured values within a reasonable range is allowed during the fit. Subsequently,
the values and their boundaries were reduced step by step to end up with the
determination of the membrane thickness d . The χ2-errors of the fits are calcu-
lated as follows: After the final fit result P0 and the corresponding χ2

0 is obtained
every fit parameter Pi is varied in such way that a value ofχ2

0+1 is reached. Thus
we get an upper and lower value for every Pi , for which holds Pi− < P0 < Pi+
with χ2(Pi−,Pi+) =χ2

0 +1.



7 X-ray phase contrast imaging: structural results

This chapter will present the results which are obtained from experiments at
the two undulator beamlines ID10C (Troika III) and ID22NI at ESRF in Greno-
ble, France. At first we will discuss the phase contrast imaging results for the
parallel beam geometry from five representative examples, which have already
been published in [BMTS09]. Subsequently, we will get to the scope of this
chapter, namely divergent beam imaging which enables the visualization of
thinned, bimolecular membranes.
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Figure 7.1: a) X-ray phase contrast image of a Black Lipid Membrane obtained
from the first experiment, which is performed at the BM05 (ESRF; Greno-
ble, France) with ROI (solid lines). b) After summation of the straightened
ROI the one dimensional intensity pattern c) is obtained. The readers at-
tention is directed to the poor fringe visibility, although this film is still thick
and swollen with solvent. Images taken at ze f f = 1.25 m with illumination
time 0.5 s. Raw data: DPhyPC_p60114. BLM made of DPhyPC in aqueous
buffer.

Before starting with quantitative results, the very first experiment shall be pre-
sented. It was carried out at the bending magnet beamline BM05 at ESRF, where
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the visibility of Black Lipid Membranes in x-ray phase contrast images was
shown for the first time [BWZ+08]. A bulk membrane of DPhyPC lipid in aque-
ous buffer can be observed at a propagation distance of 1.25 m and becomes
invisible when it thins to a certain thicknesses. Due to inappropriate experi-
mental conditions, such as a lack of coherence and focusability, the visibility
of Fresnel fringes is very weak and, thus, only a qualitative result is shown in
figure 7.1. It may be compared to the results in the next sections to reveal im-
provements in the experimental protocols used for imaging of BLMs.

7.1 Parallel beam imaging

In the parallel beam setup at ID10C (see figure 6.1), we have worked at three
different propagation distances z = 6 cm, 2.18 m and 3.63 m. According to this
the data sets are referred to as short, middle and long and will be discussed
separately in the following sections15. The fit results for each distance and the
respective image are shown as insets in the figures. We have obtained errors
of less than 1% of the absolute intensity values for the intensity profiles of the
following data sets. Such a small value results from homogeneous noise lev-
els in the images and an average over a large number of horizontal lines in the
straightened diffraction patterns and, thus, errors will not be shown for the par-
allel beam experiments. The membranes shown in the images of this section
are made of DPhyPC in aqueous buffer (following preparation protocol in sec-
tion 4.1.4) as long as not indicated differently. The same holds for the under-
lying model, namely the bulged membrane slab model, which is used in the
fitting procedure of the intensity profiles and has been presented in chapter 5.

7.1.1 Long propagation distance

Figure 7.2(a) shows a representative diffraction pattern which was recorded at
the longest propagation distance of 3.63 m. The fit in 7.2(b) matches the experi-
mental data reasonably well, yielding a relatively small χ2 compared to profiles
which are extracted from other positions along the contour. A reason for this
could be an uncertainty in R, since the membrane is prepared across an el-
liptic aperture meaning the membrane curvature will differ in both directions.
As a result, a refinement of R was allowed during the fit. From comparison of
Lorentzian and Gaussian convolution functions, and the characteristic FWHM
values σ, we obtain a better fit quality of about 20%-30% for the Lorentzians
[Mel09]. This is in agreement with the assumed shape of the illumination func-
tion, that is defined by the secondary source (see chapter 6.4).

15A list of data sets and details of the image formation process are presented in [Mel09].
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Figure 7.2: a) Representative phase contrast image of a bulk BLM (DPhyPC)
taken at a distance of z = 3.63 m. The diffraction pattern nicely shows the
propagated Fresnel fringes. b) The intensity profile I (x) was extracted from
the ROI between the red and blue line in (a). Fit results indicate a bulk state
of the membrane with d = 685 nm. Δδ is fixed to its theoretical values. After
a refinement of R, σ and z, d is finally fitted.

100μm

a)

-60 -40 -20 0 20 40 60
0.7

0.8

0.9

1.0

1.1

1.2

n
o
rm

a
liz

e
d

in
te

n
s
it
y

x [μm]d

R = 795 μm
z = 3.63 m
d = 1.13 μm

= -2.60·10
5.95 μm

= 5.2116

	δ
σ =

-7

χ
2

exp. data

least square fit

b)
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fect on the fringe visibility for thin membranes is not obtained. R, z and σ
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As well as the previous experiments where using a standard buffer (see chap-
ter 4.1.4), we also prepared Black lipid Membranes in a sucrose/buffer solu-
tion (5 mg sucrose/5 mg buffer solution). Kisilev and coworkers [KLK+01] have
used this method to increase the electron density contrast between lipid vesi-
cles and the bulk water and consequently obtain stronger small angle scattering
signals. For the given solution we obtain an increase of the theoretical Δδ from
−1.23·10−7 to −2.14·10−7 [Mel09]. We can see from the fitted results in figure
7.3 that Δδ=−2.60·10−7 is in the order of magnitude expected from theoretical
calculation, while yielding a reasonable χ2. From fitting series along the con-
tour of the membrane we can show that the resolution limit does not allow for
the determination of thickness values below d = 200 nm. The main goal of this
experimental modification, namely the improvement of fringe visibility espe-
cially for the thin membrane, could not be achieved with a detectable effect.

7.1.2 Middle propagation distance
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Figure 7.4: a) 2D image showing a domain of trapped solvent inside the lipid
membrane. The thin regions next to it are invisible due to a lack of phase
contrast between the lipid bilayer and surrounding aqueous buffer. b) As
nearly all the solvent is expelled from the membrane, the fit yields a rela-
tively small d value. Thicknesses below this value could not be achieved
during the experiments due to an insufficient signal-to-noise ratio.

The following data are taken at a distance of 2.18 m. The phase contrast im-
age in figure 7.4(a) shows a part of the membrane where thicker regions of the
membrane co-exist with invisible, i.e. thin regions, which cannot be resolved
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anymore. The structure in the image corresponds to a domain of trapped sol-
vent inside the membrane. The fitting of I (x) (see figure 7.4(b)) yields a thick-
ness of d = 201 nm with a small χ2 = 2.322. Taking into account that the region
around the ROI is already thinned, this value seems quite reasonable. Never-
theless, this result is hardly reproducible for other ROIs along the contour. It is
extraordinary since it is the only (local) minimum of χ2 for which the fit algo-
rithm does not diverge. At a sudden point in the fitting process, where values
comparable to the presented ones are reached, the radius R tends to increase at
the expense of d , which is decreased. This corresponds to theoretical expecta-
tions but exceeds the experimental limitations when R reaches values of more
than 10 mm. No significant changes can be observed in the fitted curve, but χ2

slowly decreases. The conclusion can be drawn that our theoretical model of
the bulged lipid membrane (see chapter 5), cannot describe the experimental
circumstances in this exclusive case.

7.1.3 Short propagation distance
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Figure 7.5: a) Diffraction pattern at a propagation distance of z =6 cm. The
BLM, although still in the bulk state, can hardly be resolved. No Fresnel
fringe oscillations are visible. b) Due to the lack of information a quantita-
tive evaluation of the intensity profile was not performed. The data are an
average along the whole ROI between the two horizontal, black lines.
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When the sample-detector distance z2 is decreased the images enter the direct
imaging regime, which is also called the edge enhancement regime. This can
be seen in figure 7.5(a), where no propagation effects, e.g. Fresnel fringes, are
obtained in the diffraction pattern. In chapter 5, it was predicted that for a de-
crease in z an increase in the intensity I (x, z) will be obtained. Experimentally
this is not the case for the parallel beam imaging, where a decrease of z at the
same time results in a shrinkage of the diffraction pattern. This can be observed
when comparing the presented images acquired at the three imaging distances
above. The loss of fringe oscillations at higher deflection angles is clearly visi-
ble due to the missing propagation of the diffraction pattern (see equation 5.1).
Thus the high frequency oscillations cannot be resolved. They are smeared out
due to the limited detector resolution, i.e. the finite size of the PSF. Since the
amount of characteristic information in the intensity profile is poor (see figure
7.5(b)), a quantitative analysis of the data at this propagation distance is not
performed.

7.1.4 Thinning of Black Lipid Membranes

Figure 7.6 reflects a membrane state in which swollen and thinned regions co-
exist. It is taken at the middle propagation distance of z = 2.18 m, which was
presented before (see figure 7.4). In the diffraction pattern the membrane con-
tour appears like a “free arc in air”. The accumulated solvent in the Plateau-
Gibbs-border and the local thickness yields a strong phase contrast signal, while
the thinned region towards the center of the bulged membrane is not visible.
The Fresnel fringes in figure 7.6(a) appear to be axially symmetric and thus very
similar to the diffraction pattern, which is expected from a single phase slit. In
[Mel09] we have shown that this kind of intensity profile can be fitted by a thin
phase slit model instead of the bulged membrane model presented in chap-
ter 5. This fitting model becomes especially applicable when the membrane is
very thick and the curvature is negligible in the direction of the beam, as it is the
case for this image. Here the aperture is elliptic with the larger axis parallel to
the propagation direction of the beam and the smaller one oriented vertically,
yielding a radius R = 580μm of the contour. The most interesting fit parameter
is the width d of the phase slit, which corresponds to the membrane thickness.
Additionally, the intensity profile is dependent on the propagation distance z
for which an average value z = 2.22 m of all single profiles was used. The same
procedure is performed for the phase shift φ = 1.5 rad (see equation 5.3) and
the Lorentzian FWHM σ= 4.46μm. From the background corrected image (see
figure 7.6(a)) twelve intensity profiles are extracted along the contour length s,
while each of them is averaged over 20 radial line cuts. Figure 7.6(b) nicely vi-
sualizes the decrease of intensity oscillations towards the membrane center.
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Figure 7.6: a) Image of a bulk membrane close to the Plateau-Gibbs-border,
with a series of ROIs along the membrane contour at propagation distance
z =2.18 m. The membrane is visualized during the thinning process from
a swollen to a bimolecular film; the latter one cannot be resolve here. b)
Intensity profiles are extracted from (a) as an average over 20 radial cuts.
The thinning process progressed from the center of the bulged membrane
towards the Plateau-Gibbs-border near the substrate and is accompanied
by a loss of contrast in the intensity profiles. c) The decrease of membrane
thickness d as determined from fits with the contour length s and an em-
pirical fit (see equation 7.1).

The corresponding thickness values along the contour are plotted in figure 7.6(c)
and follow an empirical tanh-profile:

d = d0 −d0 · tanh(Δ(s − s0)) (7.1)
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with d0 = 0.621μm, Δ= 0.034μm−1 and s0 = 59.780μm. The fit quality is indi-
cated by a value of χ2 = 4.49·10−3. Based on the presented theory (see figure 1.2
in chapter 2.2) the assumed geometrical model seems to be well justified. The
profile is regarded as a snapshot of the co-existing swollen state, i.e two lipid
monolayers separated by a reservoir of n-decane, and the bimolecular mem-
brane with expelled solvent.
In addition to the static analysis of a single image, we have taken a time series to
show the dynamics of the membrane thinning process (see supporting online
material of [BMTS09]). Both temporal and spatial resolution are limited by the
signal-to-noise ratio, which is in the range of 1-2 % for this imaging regime. It
restricts the resolution in d to about 200 nm and allows for illumination times
not shorter than about 100 ms. However, the quantitative analysis reveals infor-
mation about the membrane thinning in an in vitro environment with a lateral
resolution along the membrane contour on the micrometer scale. Considering
the physiological experimental conditions this has not been achieved by any
other method, such as the investigation based on visible light or electron mi-
croscopy (see chapter 1.2).

7.1.5 Partial coherence at ID10C

Figure 7.7 shows the values of σmag =Δx in dependence of z2
z1

, so that the slope
should correspond to the FWHM of the source size Δs (see equation 6.1). Note
that the fit range is restricted to the averaged σmag values obtained from the
intensity profiles at long and middle propagation distances, since no fit values
can be extracted from the short propagation distance. We obtain ΔsI D10C =
43.1(16)μm for the illuminating source size. This value can be compared to the
instrumental source sizes (FWHM) of 928μm horizontally or 23μm vertically.
Interestingly, this strong anisotropy of the undulator source is not reflected in
the smearing parameter Δx which varies little with the direction of the cross
section (membrane orientation). Therefore, we can consider the source size
derived from fitting the smearing parameter, as and effective source size de-
termining the coherence and resolution characteristics of the phase contrast
imaging. The distinction between the instrumental and the effective source
size is further justified by the fact, that additional slits and optical elements be-
tween undulator and the sample act in a beam defining manner and change
the coherence properties. In particular, slits are used 33 m downstream of the
undulator to cut the beam to a size of 200μm in both directions. The sam-
ple was placed 27.8 m behind this secondary source (see figure 6.1). The data
treatment and the plot presented here therefore offer a practical procedure to
determine and to optimize the relevant coherence and resolution properties for
phase contrast imaging of a composite optical system.
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data points
linear fit

Figure 7.7: Average of the experimental results determining the image smear-
ing parameter σmag plotted against the propagation distance ratio z2/z1

for parallel beam imaging at ID10C. The predicted linear dependency (see
equation 6.1) is shown, while the source size Δs is given by the slope of
the linear fit. For further explanations see text. Estimated errors are about
10% of the obtained values, which result from the various number of fitted
results at both propagation lengths.

7.2 Divergent beam imaging

In the previous chapter we showed that the theory which was developed in
chapter 5 can be used to describe the image formation of bulged Black Lipid
Membranes in transmitted x-rays. In this section, we present quantitative and
qualitative results which are obtained from divergent beam imaging at the ID22-
NI undulator station (see chapter 6.1.2). In the following, a representative num-
ber of images, which were selected out of a few thousand, will be shown and
discussed in more detail.

7.2.1 Bulged BLMs

We have seen that the resolution limit of the parallel beam experiments is about
200 nm. Beyond this the signal-to-noise ratio becomes significantly worse and
a quantitative analysis is impossible. Note that all BLMs in this chapter are pre-
pared from a solution of DPhyPC-n-decane in aqueous buffer solution by the
“painting” method according to the preparation protocol presented in chapter
4.1.4. The fitting procedures of the related intensity profiles are performed by
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using the bulged membrane slab model introduced in chapter 5 including the
theoretically calculated refractive index difference Δδ=−1.23·10−7.
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Figure 7.8: Three intensity profiles showing the improvements in resolution
compared to figure 7.6. Images a) blm5-298-260 and c) abreakf-928-925
show parts of the thinning BLM. Profiles b) 1 and 2 and d) 3 are extracted
from ROIs, which are defined by the two black, the blue and the red lines.
The fitted membrane thicknesses can be found in the insets. See text for
further explanations. As was mentioned previously, the errors of the inten-
sity values are homogeneous along the profile. Thus, a single representa-
tive error bar is shown. In (b) intensity profiles are shifted for clarity. Pa-
rameters used for the fitting procedure are shown in table 1.

Every intensity profile being presented in this section is labeled with a number
to simplify its identification and discussion. The radius R of the contour, which
is used in the fitting algorithm as a fixed parameter, is determined geometri-
cally from the diffraction patterns. Due to the fact that not every fit parameter
is discussed in detail for every image all relevant parameters are listed in table
1 at the end of this section in a more detailed fashion.
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Figure 7.8 shows two images (a) and (c) from which we have extracted diffrac-
tion profiles (b) and (d) belonging to regions in the Black Lipid Membrane much
thinner than the previously presented 200 nm. The corresponding data sets16

are (a,b) blm5-298-260 and (c,d) abreakf-928-925. Every profile in this section
is labeled with a number. The fit results for every data set, which are not men-
tioned explicitly in the text, are given in table 1. Images were taken at effective
propagation distances (a) ze f f ≈ 50.1 mm and (c) ze f f = 77.43 mm, where the
signal of the bimolecular membrane region is still not detectable. The fitted
thicknesses are shown in the insets of figure 7.8(b) and (d). Further fit results
are listed in table 1. When the images are compared to figure 7.5 it can be seen
that the detector resolution is non-limiting, since the over-sampling ratio of the
Fresnel fringe oscillations is much higher. In all cases ze f f is refined at the be-
ginning of the fit. For profile 1 and profile 2 we obtain nearly the same value
of ze f f , which also holds for σ. An explanation for the unexpected small value
of σ = 0.292 in profile 3 cannot be given. Theoretically it should increase for
larger ze f f , i.e. in comparison to (a). Usually this is caused by an uncertainty
in the fitted circle. If it does not perfectly match the contour of the membrane
there will be a tilt in the straightened ROI (see chapter 6.3). Consequently, the
average over the line cuts will smear out the oscillations. Since profile 3 is only
averaged over 10 line cuts this appears very unlikely. Nevertheless, the low χ2

values show a reasonable fit precision. Figure 7.8 is designed to show how the
gap in resolution between parallel and divergent beam geometry can be closed.
When reaching ze f f �20 mm an improved contrast in the thicker regions is
obtained, as shown by profile 4 (data: blm5-986-984) in figure 7.9. In table
1 it can be seen that a film thickness of d <10 nm is resolved for one image,
where ze f f >20 mm. The increase in fringe visibility, as predicted by equa-
tion 5.16, becomes clear when profile 4 is compared to profile 3. A maximum
fringe amplitude of about 2.5% of profile 4, at an effective propagation distance
ze f f = 3.169 mm is obtained. The membrane in this case is about 40 nm thick.
For profile 3 a much thicker region of d = 115 nm at ze f f = 77.426 mm shows
an amplitude of about 4%, while thinner parts can hardly be resolved. When
we follow the contour to the bottom left corner of figure 7.9(a), where it no
longer matches the circular fit, Fresnel fringes from even thinner parts seem
to be visible. A quantitative analysis of this region is impossible due to back-
ground artefacts originating from the mirror system. The following images will
further emphasize the importance of background corrections.

16The first part in the notation is the filename of the image, the second one is the number of
the raw object image and the third is the background/empty beam image. A table of data sets
and the related filenames is given in table 1.
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front distortions induced by the KB mirrors. Images: data: blm5-986, back-
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Figure 7.10: a) First image of a thinned Black Lipid Membrane visualized by
x-ray phase contrast imaging. The membrane is prepared from a DPhyPC-
n-decane solution by the “painting” method of Müller and Rudin as de-
scribed in chapter 4.1.4. Experimental parameters are ze f f = 6.748 mm,
R = 1.7 mm, M = 76.93 and illumination time 0.5 s. b) The thickness of
d = 5.2 nm is in good agreement with literature values of thinned mem-
branes. Images: data: blm5-1074, background: blm5-1073.
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Up to now we have mainly focused on improvements in resolution, which are
achieved by changing the geometry of the illuminating beam.
Figure 7.10 presents the first image of a thin bimolecular Black Lipid Mem-
brane of 5.2 nm thickness, which is visualized by phase contrast imaging in the
hard x-ray regime. The effective propagation distance is ze f f = 6.748 mm and
the radius is R = 1.7 mm. The ROI in figure 7.10(a), which was used to extract
a reasonable profile 5 (data: blm5-1074-1073) with minimum noise, covers a
range of 270 line cuts. This is much more than in the previous profiles and
one has to take care that the fringe visibility is homogeneous along the mem-
brane contour in this part of the diffraction pattern. Nevertheless, there is still
a chance that it includes contributions of slightly thinner and thicker regions.
The thickness has an upper fit value of dmax = 7.1 nm (+37%) and a lower one
of d = 2.5 nm (−52%). The main limitation here is a poor signal-to-noise ratio
in the phase contrast image. Thus the errors of the intensity values are rela-
tively large (see representative error in figure 7.10(b)). Consequently χ2 will still
give reasonable values for aforementioned variations of d .
Figure 7.11 shows the same membrane as in figure 7.10, but more strongly
bulged and at a position 6 mm closer to the focus of the KB mirrors. Between
the two images z1 is reduced from 7.5 mm to 1.5 mm, This simple procedure
increases the magnification by a factor of 4.75. The magnification in profile 6
(data: blm5-1029-1028) is M = 365.09 for ze f f = 1.433 mm. The increased over-
sampling ratio of the Fresnel oscillations is clearly visible. We do not obtain a
significant change in the fringe amplitude, which is about 4‰. The fit result for
d is the same as before, as well as its upper and lower limits and the FWHM of
the Lorentzian is slightly reduced from σ= 0.153 (profile 5) to σ= 0.143 (profile
6), as expected. Both intensity profiles show a linear offset in the data, which
has not been corrected so far. This leads to a mismatch of the fitting curve on
one or the other side of the central oscillation.
Figure 7.12 depicts another representative diffraction pattern, profile 7 (data:
abreakf-236-235), of a thin BLM extracted from a different measurement. The
image is recorded at an effective propagation distance of ze f f = 7.623 mm,
which gives a magnification of M = 67.99. The obtained thickness of d = 5.7 nm
fits the results from profile 5 and profile 6. σ = 0.291 is relatively large com-
pared to profile 5. This results from the large ROI, which includes 803 line cuts.
It can hardly be fitted by a circle, without deviating from the membrane con-
tour. Such a large ROI is needed in this special case since mirror artefacts could
not be completely eliminated by the background correction. Consequently, the
noise level in profile 7 is very high and the upper and lower errors become ap-
proximately ±60% of the absolute values.
Table 1 summarizes profile data for all our experiments, where data presented
in the preceding figures are written in bold.
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Figure 7.12: a) Image of a thin BLM obtained from another preparation. Ex-
perimental parameters: ze f f = 7.623 mm, R = 1 mm and magnification
M = 67.99. b) Although Profile 7 is average over 803 line cuts it shows a
large noise level due to dominating mirror artefacts. Images: data: abreakf-
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ze f f [mm] d [nm] M R [mm] σ [μm] χ2

0.784 4.1 669.76 1400 0.078 1.773

Profile 6: blm5/blm5_1029-1028, profile: 1, fit:124538; 0.5 s; Teflon: ø1.4 mm
1.433 5.2 366.08 1150 0.144 1.568

1.676 8.1 312.90 1500 0.150 1.818
2.883 5.7 181.42 1150 0.209 2.657
3.105 3.0 168.43 1340 0.201 1.879

Profile 4: blm5/blm5_986-984, profile: 2, fit:114726; 0.5 s; Teflon: ø1.4 mm
3.169 39.6 164.98 1350 0.233 2.321

3.467 7.4 150.72 1200 0.288 1.274
3.541 10.1 147.55 1200 0.248 2.738
6.336 4.3 82.01 2545 0.173 1.593

Profile 5: blm5/blm5_1074-1073, profile: 1, fit:145507; 0.5 s; Teflon: ø1.4 mm
6.748 5.2 76.93 1700 0.153 1.755

Profile 7: blm5/abreakf_236-235, profile: 1, fit:164641; 0.5 s; Teflon: ø1.4 mm
7.623 5.7 67.99 1000 0.291 2.070

7.802 6.0 66.40 1160 0.220 1.329
7.892 108.0 65.64 830 0.135 6.565
9.086 5.7 56.87 800 0.214 1.860

15.829 7.5 32.20 900 0.446 2.477
16.976 9.0 29.95 950 0.629 1.927
17.738 7.5 28.62 1200 0.347 2.795
17.794 8.9 28.52 1200 0.426 2.369
45.493 6.8 10.46 2500 0.356 2.753

Profile 1: blm5/blm5_298-260, profile: 3, fit:150640; 0.5 s; Teflon: ø1.4 mm
50.037 70.3 9.39 900 0.525 2.053

Profile 2: blm5/blm5_298-260, profile: 1, fit:151605; 0.5 s; Teflon: ø1.4 mm
50.143 282.3 9.37 900 0.570 3.941

76.336 655.7 5.68 780 0.314 10.397

Profile 3: blm5/abreakf_928-925, profile: 3, fit:111142; 0.5 s; Teflon: ø1.4 mm
77.426 115.0 5.58 780 0.292 3.607

Table 1: The table shows the fit results of 23 intensity profiles sorted by the
fitted effective propagation distance ze f f . Additional fit parameters are
thickness d and FWHM σ of the Lorentzian convolution function. The er-
ror of the fit is given by χ2, while R was estimated geometrically and is fixed
for all calculations. M is the magnification according to equation 5.20. Pre-
viously presented profiles are marked in bold.
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7.2.2 Microfluidic BLMs

In chapter 4.2 we presented a novel type of model membrane, namely the mi-
crofluidic BLM (mfBLM). We have discussed the advantages of this system and
given a detailed description of its preparation. This section will summarize the
results, which are obtained from phase contrast imaging using mfBLMs as an
alternative to bulged BLMs in divergent beam experiments.
Figure 7.13(a) (data: run8-1208-1408) shows a representative diffraction pat-
tern of a mfBLM. The film is still thick due to remaining solvent meaning that
the visibility of Fresnel fringes is relatively high. Extracted profile 8 is depicted
in (b), along with a least-squares fit to the data.
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Figure 7.13: a) Diffraction pattern of a microfluidic BLM (mfBLM) prepared
from a Monoolein-squalene solution / water at an effective propagation
distance of 29.67 mm. The Fresnel fringes are highly visible at high de-
flection angles. Glue residues at the surface of the self-adhesive kapton
window material produce parasitic features in the image. b) Profile 8 is ex-
tracted from the ROI in (a). Due to planar sample geometry it can be fitted
using a symmetric phase slit model [Mel09], which is characterized by the
phase shift φ and the thickness d . Images: data: run8-1208, background:
run8-1408.

The symmetry of the intensity profile can be explained by the geometry of the
mfBLM. A pressure gradient Δp across the membrane induced by the two
pumps will always make the membrane shift inside the channel. When they
are stopped the membrane will stay at a fixed position. Now Δp = 0 should
hold and the membrane should favor a planar orientation to minimize its sur-
face tension. Since it is composed of symmetric monolayers, we can explain
the symmetry of the intensity pattern in the same way, as for parallel beam
thinning series (see figure 7.6) by using the symmetric phase slit approach. The
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thickness of d = 383.5 nm is large, as expected. The fit result of φ= 0.593 can be
used to calculate the path length of the x-rays through the membrane. Accord-
ing to equation 5.3 we get

L = φ

−k Δδ
= 0.593

8.872·104 ·1.23·10−7
μm = 54.341μm, (7.2)

which at the same time corresponds to the diameter of the membrane patch.
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Figure 7.14: a) Diffraction pattern of the transition region during the “zipper-
like” effect of a microfluidic BLM (mfBLM) close to the Plateau-Gibbs bor-
der (PGB) (Monoolein-squalene / water, ze f f =94.21 mm). The Fresnel
fringes disappear in regions where the membrane has already thinned and
only a single maximum is left. b) Profile 9, along with a reasonable least-
squares fit, showing a large thickness at the position of a thick, domain of
residual solvent. c) Profile 10, which is located close to the bimolecular
membrane region, cannot be fitted comparably accurately due to a notable
contribution of the PGB to the diffraction pattern. Images: data: hunt01-
7072, background: hunt01-7073.



104 X-ray phase contrast imaging: structural results

This value appears to be quite reasonable for a channel depth of 300μm. It can
be seen in figure 7.13(b) that the fit shows slight deviations from profile 8 in the
central region. It is also not able to catch the slight asymmetry of the first order
minima. Consequently, the χ2 = 36.803 is still remarkably large in compari-
son to profiles 1-7. The phase contrast image in figure 7.13(a) reveals structures
which are related to residues of glue on the self-adhesive kapton foil. These
can induce parasitic scattering, which contributes to the diffraction pattern of
the membrane and leads to deviations from the theoretical intensity profile,
as obtained in profile 8. In the absence of glue on the kapton surface, i.e. in
the experiments where bulged BLMs were investigated, such features cannot
be observed.
Figure 7.14(a) (data: hunt01-7072-7073) shows the transition region between
the Plateau-Gibbs border and the bimolecular region of an mfBLM, which has
recently formed through the so-called “zipper-like” process. The fresnel fringes
close to the PGB are much more strongly pronounced than in the thinner re-
gions. Profile 9 in figure 7.14(b) is extracted from a position in figure 7.14(a),
where a domain of residual organic solvent just migrates towards the PGB. Fig-
ure 7.14(c) shows profile 10, which is extracted from a ROI in the transition re-
gion. Here the fringe visibility is already poor.
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Figure 7.15: a) Schematic representation of the “focusing” effect of the
Plateau-Gibbs border. This results in an intensity maximum in (b) at the
position of the thinned membrane. Images of (b): data: hunt01-7072,
background: hunt01-7105, for experimental details see figure 7.14.

Regarding the fit result of d = 625.2 nm for profile 9, it is much larger than for
profile 8. This is due to the smaller φ = 0.268, which only gives a path length
L = 24.559μm for the x-rays to travel through the film. Regarding profile 10,
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which is depicted in figure 7.14(c), we obtain a dominant contribution of the
central maximum. Compared to this the higher order oscillations only have lit-
tle intensity. To match this strong decay the fit algorithm increases the FWHM
of the Lorentzian up to σ = 1.614, while it is only σ = 0.578 in profile 9. Con-
sequently, the intensity is strongly decreased, which can only be compensated
by an increase in the thickness. A value of d = 217.2 nm is unexpectedly high
for a profile at a position so close to the bilayer part of the film. However, when
profile 10 is fitted with the σ value of profile 9, we obtain a reasonable thickness
of 78.4 nm. Except for the central maximum, the higher order fringes are fit-
ted much more accurately with this constraint. The schematic representation
in figure 7.15(a) gives a possible explanation for the intensity observed after
the membrane has thinned (see figure 7.15(b)). We consider it as a “focusing”
effect of the Plateau-Gibbs border. The impinging x-rays are reflected at the
PGB-water interface, to be guided to the contact region of the two monolayers
where they are concentrated. The resulting image at the detector can be con-
sidered as a superimposition of the diffraction pattern and the central intensity
peak. The dominance of the latter is the reason why the thinned state of the
mfBLM, which will show intensity variations of only 0.1 % (see 7.2.1), cannot be
observed in any of the diffraction patterns.
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Figure 7.16: Image series of the “zipper-like” effect, which occurs during the
transformation from a bulk film (1) to a bimolecular membrane (7). The
migration of solvent (2-6) and the change in contact angle between the
lipid monolayers and the BLM (4,9) is shown. See text for details. Images:
data: hunt01-7001, 7054, 7064, 7068, 7071, 7072, 7073, 7078, 7150, back-
ground: hunt01-10049.
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An image series of the “zipper-like” effect, which occurs during the transforma-
tion from a bulk film to a bimolecular membrane, is shown in figure 7.16. It can
be nicely visualized due to the interfacial geometry in the microfluidic setup.
Two monolayers of Monoolein molecules, which assemble at the squalene-
water interface, get in contact and strong Fresnel fringes appear in the diffrac-
tion pattern (1). Driven first by adhesive and subsequently by van der Waals
forces the domains of solvent in the gap between the two monolayers are ex-
pelled to the Plateau-Gibbs border (2-6). Finally, a thin bilayer membrane forms
(7). It was discussed in chapter 2.1 that the bifacial tension of the BLM γBLM is
smaller than twice the interfacial tension of the monolayers γML (7) (see equa-
tion 2.9). Consequently a force occurs, which results in BLM expansion (8)
and sets the BLM under tension (see figure 2.1). According to equation 2.10
we see that the free energy difference ΔF between two monolayers and the
thinning film decreases as the contact angle increases. While it is still about
27° in the swollen state it becomes approximately 52° in the case of the bi-
molecular membrane (9), where ΔF reaches a minimum (see figure 2.4). For a
quantitative discussion of the absolute values of ΔF , the surface tension γML of
the Monoolein monolayer at the squalene-water interface needs to be known.
Considering the contact angles in (4) and (9) we can conclude that the free en-
ergy difference changes from ΔF = 2·γML ·

(
cos( 27°

2 )−1
) = −0.055γML in (4) to

ΔF = −0.202γML for the bilayer membrane in (9). When assuming interfacial
tensionγML ≈ 1 mN/m the absoluteΔF is in the order of magnitude of the value
obtained from the free energy plot in figure 2.4.

7.2.3 Partial coherence at ID22NI

Figure 7.17 shows the values of σmag plotted against Δs on z2
z1

, which are ex-
tracted from divergent beam imaging experiments performed at ID22NI. The
slope of the graph in figure 7.17 according to equation 6.1 isΔsI D22 =188(12) nm.
For the underlying experiments this value fits the dimension of the KB focus,
which was measured to be 130 nm in diameter. Consequently, the fitted σ val-
ues seem to be in good agreement with the expected values. A potential ex-
planation for slight disagreement in the σ values is that the given values are
averaged over all membrane orientations, while the size of the KB focus is only
known for the vertical and horizontal direction. It is more likely that the co-
herence length in every other direction is larger and thus the smearing, i.e. σ,
is increased. An improvement to reduce potential uncertainties in σ, which
also have an influence on the fitting quality of the intensity profiles, could be
achieved by determining σ from a priori known test structures with defined ge-
ometries. Subsequently, the obtained values can be used as a fixed parameter
in the fitting procedure.
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Figure 7.17: The image smearing parameter σmag plotted against the prop-
agation distance ratio z2/z1 for divergent beam geometry at ID22NI. The
predicted linear dependency (see equation 6.1) is shown, while the source
size Δs is given by the slope of the linear fit. Error bars are not depicted, but
a mean error is estimated to be approximately 50% of the absolute values.

7.3 Discussion

From a comparison of the results obtained with parallel and divergent beam
imaging, improvements in resolution become obvious. In summary, the exper-
iments show a much higher sensitivity to smaller phase changes and, thus, an
increase in resolution at decreasing ze f f , as it was achieved in the divergent
beam imaging. This is in perfect agreement with the theoretical predictions in
chapter 5.
A systematic increase of χ2 is obtained for higher propagation distances. This
results from the smaller relative errors of the intensity profiles for thicker mem-
brane regions. Errors which are large relative to small intensity values will con-
sequently give better fit qualities. This fact must be regarded when discussing
the values of χ2.
At the beginning of the fitting procedure the effective propagation distance ze f f

is refined and the obtained values are always about 10% smaller than the mea-
sured ones. The reason for this is still unclear, but it should have an effect on
the calculation, because a smaller ze f f yields a smaller effective pixel size and,
consequently, the intensity profile will shrink. This point was not included in
the evaluation of the data so far.
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However, two facts do need to be emphasized here. The first one is that the
diffraction signal of the bilayer region is stable and does not disappear over
recording times of up to 30 minutes, as is the case for swollen membranes.
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Figure 7.18: Interference artefacts which originate from the KB mirrors in
the divergent beam experiments show a strong contribution to the diffrac-
tion patterns, although an empty beam correction is performed. Conse-
quently, the signal-to-noise ratio is decreased and the resolution of thinned
Black Lipid Membrane regions becomes almost impossible. Images: data:
abreakf-175, background: abreakf-172.

Thus, it represents the final state of the membrane a long time after the thin-
ning has taken place. Therefore we can be sure that the images show a thinned
bilayer membrane. Furthermore, the determined film thicknesses, in the range
from 5 nm to 9 nm for the thinned regions (see table 1), are in perfect agreement
with the values reported in the references cited in chapter 1.2 [TD66, Tie67b,
HT68, Whi70, AMH70, Whi80]. Experiments which have used x-ray reflectiv-
ity studies on solid supported lipid bilayers report a head to head distance of
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4 nm for fully hydrated membrane stacks made from diphytanoylphosphatidyl-
choline [WHLH95]. A reason for the different values of d may be the underlying
model of constant electron density, which is described in chapter 5. This will
not hold anymore for the case of a thin lipid bilayer, where there will be differ-
ent scattering contributions from headgroups and hydrocarbon chains. A more
complex model structure has to be implemented.
Our experiments cannot answer the question about the amount of organic sol-
vent, which is postulated to always remain in between the two lipid monolayers
(see chapter 2.4). This would also result in larger membrane thicknesses.
The relatively large errors of the fit values originate from the poor image quality
after background correction. The very weak phase contrast signals of only 0.1 %
become dominated by the remaining mirror artefacts. Figure 7.18 shows the
contour of a thin BLM. Its diffraction pattern is heavily disturbed by parasitic
scattering consisting of regularly spaced vertical and horizontal lines. Conse-
quently, the signal-to-noise ratio in the intensity profiles is reduced and larger
fit errors are obtained (see e.g. profile 7 in figure 7.12). The use of x-ray waveg-
uides in our recent experiments on cells circumvents this experimental prob-
lem [GKK+10], since the waveguides produce a much more homogeneous far
field. Another solution could be the accumulation of more, but briefer, illumi-
nations, alternately taking object and background images. This would reduce
the time dependent shift between two images. Subsequently they are summed
up, and the correction is performed.
Finally it should be pointed out that no beam damage is observed during the
experiments. This is always an important issue when, on reaching a critical flux
density, the degeneration of the sample can take place. In the focused beam ex-
periments the BLMs are stable even when they were translated through the KB

mirror focus, where they are exposed to a flux density of 1019 photons
mm2 s

.
The resolution of membranes thicknesses d on nanometer length scales con-
firms that potential undulations must be much smaller than d or much slower
than the maximum accumulation time of 1 s. This is in good agreement with
the previously discussed predictions (see chapter 2.1) from literature, which
state that the thermal fluctuations are suppressed by the relatively high surface
tension of BLMs [HBRS98, Tie67a, Tie68b, MSS+09]. If there was a contribution
of undulations in the BLM, it might result in a smearing of the spherical cap,
which consequently leads to an increase in the observed membrane thickness.
But, as it is shown by the perfect agreement of the theoretical model and the ex-
perimental data, the contributions of undulations must be small enough that
the model assumptions still hold.
We have presented efforts to increase the contrast and thus the visibility of
the thinned bilayers by compositional modification of the experimental model
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membrane system. These approaches did not shown a remarkable effect. A
great advance, which was already presented in chapter 5.1, is achieved by using
bulged BLMs. By raising the radius of curvature, the accumulated phase of the
x-rays inside the BLM is easily increased by a factor of two (see figure 5.4). In
future experiments the visualization and resolution of thinned BLMs can take
advantage of this effect next to the experimental improvements and develop-
ments of the imaging setup, which are discussed in the following outlook.
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We have used x-ray phase contrast imaging to study the structure and dynamics
of Black Lipid Membranes. Our experimental results are in perfect quantitative
agreement with the numerical simulation of the imaging mechanism. To this
end, we have solved the direct imaging problem with a remarkable resolution
and without further use of phase retrieval algorithms. In contrast to thickness
determinations from reflected light and capacitance experiments, the high lat-
eral resolution of this novel application of phase contrast imaging to BLMs en-
ables a differentiation between the thin lipid bilayer and regions of larger thick-
ness.
We can conclude that we have visualized for the first time an unstained, thinned
bimolecular film of thickness on the nanometer scale by the use of partially co-
herent x-rays in a divergent beam geometry. It is important to stress that this
imaging scheme is fully compatible with hydrated biomolecular samples in ex-
cess solution. The setup and system show high stability in x-ray beams, without
the typical effects of radiation induced damage observed for solid supported
membranes. The presented experimental scheme is therefore well-suited for
the in vitro study of biologically more complex samples.
Further progress in the structural analysis of thinned lipid bilayers beyond the
proof-of-concept experiments presented here could be reached by experimen-
tal improvements, including dedicated instrumentation, detectors, and coher-
ence optimized optics. Above all, the development of highly coherent, bright
x-ray sources, i.e. free electron lasers, and the progress in the design of x-ray
optics, especially small x-ray waveguides [SKFB08, GNK+10, KGK+10], will be
the key to increasing phase contrast signals and thus a resolution high enough
to resolve molecular details of membrane.
Matched to these experimental improvements to resolve more structural de-
tails, a generalization of the electron density model used for the data analysis,
beyond a simple hydrophobic sheet, would be a necessary and straightforward
extension of this work. An improved model could be composed for example of
three Gaussians, two representing the lipid head groups and the third one the
hydrocarbon region.
We expect further improvements of data evaluation by the application of ad-
vanced phase retrieval algorithms based on the approaches which were pre-
sented by Langer [LPGP08] and Nugent [NGC+96]. The first result of using
such an improved Gerchberg-Saxton algorithm for the reconstruction of Fres-
nel imaging data has recently been shown by our group [GKK+10]. However,
for the underlying sample geometry of bulged Black Lipid Membranes the film
thickness will always be encoded in the projected transmission function. Due
to this fact, the solution of the direct problem with a maximum of three fitting
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parameters has proved to be the most robust way.
For the direct access to the membrane thickness, with a reduced number of fit-
ting parameters, an experimental setup was presented for the planar imaging
of lipid bilayers in microfluidic devices. From the presented results, using this
novel type of membrane system, we have seen that the theoretical model might
have to be adapted to correct for the contributions of the PGB to the diffraction
images.
The investigation of the influence of electric fields on the structure of lipid
membranes has shown that the detectable thickness changes are in the order
of the achievable resolution. These variations in the layer structure follow the
predictions of Burgess [BLH+04, BLH+05] but in much smaller dimensions. Re-
garding the electric field unbinding, the experiments have shown to be in per-
fect agreement with Burgess and Charitat and colleagues [LFC06, CLF08]. The
influences of the supporting substrate remain unclear and need to be investi-
gated in future experiments. Thus, we propose the study of the electric field ef-
fects on membrane structure in the absence of the solid substrate, which, as we
have discussed before, always induces perturbations of the lipid system. Our
approach of structural determination based on the imaging of bulged and free-
standing, i.e. electrophysiologically accessible, membranes is well suited for
studies of the influence of electric fields, which will be applied in the next in-
vestigations.
In future, the improvement of experimental conditions may also enable the
generation of tomograms, in which the membrane is rotated in the beam. We
have shown image series along the contour, which can then be used to perform
a 3D reconstruction of the bulged lipid bilayer with corresponding thickness
values.
As a next step, we will use giant unilamellar vesicles (GUVs), as a solvent free
membrane system, for high resolution studies of the interactions and fusion of
lipid bilayers in microfluidic devices. It was not presented in this thesis, but
microfluidic setups enable electrophysiological investigations of lipid mem-
branes. A combination of these two techniques will enable the investigation
of membrane-membrane interactions in electric fields with high a spatial res-
olution. Future experiments on protein-membrane and protein-protein inter-
action, as well as improved studies of membrane-colloid interactions [Nov08]
are proposed.
As it was nicely stated in references [DFH82, FFI03] there is a need of alter-
native, high resolution techniques to investigate sub-molecular structures of
membranes and the proteins that are embedded in them. The present work
could hopefully contribute to this interdisciplinary effort.
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A.1 List of abbreviations and physical parameters

A : membrane area
α : deflection angle
B : absorption coefficient
BLM : Black Lipid Membrane
c : ionic concentration
cm : specific membrane capacitance
Cm : membrane capacitance
d : membrane thickness
d ′ : solvent layer thickness
D : diffusion coefficient
DOPC : 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPS : 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
DPhyPC : 1,2-diphytanoyl-sn-glycero-3-phosphocholine
DPPC : 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
DPPS : 1,2-dihexadecanoyl-sn-glycero-3-phospho-L-serine
E : electromagnetic field
e0 : elementary charge
F : surface free energy
I : intensity
kB : Boltzmann constant
L : path length through membrane
M : magnification
mfBLM : microfluidic BLM
NA : Avogadro’s number
ne : electron density number
nm : molecular surface density
p : pressure acting on membrane
P : permeability
PCI : phase contrast imaging
PDMS : poly(dimethylsiloxane)
PGB : Plateau-Gibbs border
Q : charge
R : bulged membrane radius
r : particle radius



114 Appendix

Rc : gas constant
rm : specific membrane resistance
Rm : membrane resistance
RS : Stoke´s friction
r0 : classical electron radius
s : length of surfactant molecule
SSM : solid supported membrane
T (x) : transmission function
Us : steric repulsion potential
Uv : electrocompression potential
Uvd w : attractive van der Waals potential
Vm : transmembrane potential
z : ion valency
Z : atomic number
z1 : source-sample distance
z2 : sample-detector distance
ze f f : effective sample-detector distance
Δs : FWHM of source size (Gaussian shape)
Δx : smearing parameter, equivalent to σmag

εm : dielectric constant of membrane
ε0 : permittivity
γBLM : interfacial / “bifacial” tension of BLM
γML : interfacial tension of lipid monolayer
η : viscosity
θ : contact angle between bulk and bimolecular film
λ : photon wavelength
ϕ : electric potential
Φ : ion flux density
ν : velocity
ξl : transverse coherence length
ρ : electron density
σ : Lorentzian FWHM in demagnified coordinates
σmag : Lorentzian FWHM in magnified coordinates
φ : phase shift
ω : angular frequency
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A.2 Tools for reflectivity data extraction from 2D images

eval_config.m
1 % this file contains all the variables that belong to the evaluation of one
2 % dataset
3
4 % FILE SYSTEM PARAMETERS
5 % folder containing the data structure acquired at the MS-SLS
6 project_folder = ’Y:\Messzeiten\2009\MS_PSI_Juni_2009_blm_refl_20081059\ebilayer_20090610’;
7 p.project_folder = project_folder;
8
9 % relative path to the spec scan logs; path is to be relative to the

10 % project folder
11 speclogs_path = ’/spec/scanlogs/’;
12 p.speclogs_path = speclogs_path;
13
14 % name of the scanlog files
15 scanlog_prefix = ’noname_scan’;
16 p.scanlog_prefix = scanlog_prefix;
17 scanlog_postfix = ’_log.dat’;
18 p.scanlog_postfix = scanlog_postfix;
19
20 % relative path to the detector images; path is to be relative to the
21 % project folder
22 image_path = ’/pixel/images/’;
23 p.image_path = image_path;
24
25 % images filename
26 image_prefix = ’image_’;
27 p.image_prefix = image_prefix;
28 image_postfix = ’.img’;
29 p.image_postfix = image_postfix;
30
31
32 % DATA EVALUATION PARAMETERS
33 % scans belonging to dataset
34 scans = [1165 1166 1167 1168 1169 1170 1171 1172 1173];
35 p.scans = scans;
36
37 % size of the ROI inside which the program will look for the specular peak
38 roi_scan_size_y = 20;
39 p.roi_scan_size_y = roi_scan_size_y;
40 roi_scan_size_x = 20;
41 p.roi_scan_size_x = roi_scan_size_x;

main.m
1 % this is the main evaluation script
2
3
4 % load parameters for the dataset to be evaluated
5 % eval_config;
6 addpath(’scans_882_890/’);
7 eval_config_882_890;
8
9 % switches

10 select_datapoints_switch = 1;
11 select_ROIs_switch = 1;
12 read_scanlogs_switch = 1;
13
14
15
16 if select_datapoints_switch == 1
17 % parameter
18 dummy = struct([]);
19 data = struct(’calibration_images_info’,dummy);
20 else
21 load([’data_scans_’ num2str(p.scans(1)) ’-’ num2str(p.scans(end)) ’.mat’]);
22 end
23
24
25 % read in the scandata into a matlab cell; see function for details
26 if read_scanlogs_switch == 1
27 scandata = readscanlogs(p);
28 else
29 load([’scan_data_scans_’ num2str(p.scans(1)) ’-’ num2str(p.scans(end)) ’.mat’]);
30 end
31
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32 % select the images with mouse that will be used to track the movement of
33 % the specular peak; for details see function SELECT_DATAPOINTS
34 if select_datapoints_switch == 1
35 data.calibration_images_info = select_datapoints(scandata,p);
36 end
37
38 % data.lin_regression = fit_max_positions(data,p);
39
40 if select_ROIs_switch == 1
41 data.ROIs = background_peak_selection(data,p);
42 end
43
44 for index1 = 1:length(scandata)
45 scandata{index1}.extracted = extract_intensity_data(index1,scandata,data,p);
46 end
47
48
49 save([’data_scans_’ num2str(p.scans(1)) ’-’ num2str(p.scans(end)) ’.mat’],’data’);
50 save([’parameters_scans_’ num2str(p.scans(1)) ’-’ num2str(p.scans(end)) ’.mat’],’p’);
51 save([’scandata_scans_’ num2str(p.scans(1)) ’-’ num2str(p.scans(end)) ’.mat’],’scandata’);

calc_refl_curve_merge.m
1 function val = calc_refl_curve_ab(scandata,p)
2
3 close all;
4
5 % refl_plot:
6 % this function plots the reflection curve for the selected dataset
7
8 % plot colors:
9 plot_colors = [’b’,’g’,’r’,’c’,’m’,’y’,’k’,’w’];

10
11
12 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
13 % Calculate Corrected Reflectivity Curve for the fixed ROI Selection
14 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
15 for index1 = 1:length(scandata)
16 filter = 1./(scandata{index1}.transm);
17 monitor = 1./(scandata{index1}.mon);
18 summed_intensity = scandata{index1}.extracted.peak_count_sum;
19 background_intensity = (scandata{index1}.extracted.background_count_mean_1 + scandata{index1}.extracted.

background_count_mean_2)/2;
20 roi_pixel_number = scandata{index1}.extracted.roi_pixel_count;
21
22 corr_intensity = monitor .* filter .* (summed_intensity - background_intensity .* roi_pixel_number);
23
24 % normalize intensity of subsequent scan to the previous scan
25 if index1 ~= 1
26 if index1 == 2
27 corr_intensity = corr_intensity .* scandata{index1-1}.extracted.roi_corr_intensity(end)/corr_intensity(2);
28 elseif index1 == 6
29 corr_intensity = corr_intensity .* scandata{index1-1}.extracted.roi_corr_intensity(end-2)/corr_intensity(1);
30 elseif index1 == 8
31 corr_intensity = corr_intensity .* scandata{index1-1}.extracted.roi_corr_intensity(end-4)/corr_intensity(1);
32 else
33 corr_intensity = corr_intensity .* scandata{index1-1}.extracted.roi_corr_intensity(end-1)/corr_intensity(1);
34 end
35 end
36
37 scandata{index1}.extracted.roi_corr_intensity = corr_intensity;
38 end
39
40
41 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
42 % Plot Reflectivity Curve for the fixed ROI Selection
43 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
44 figure(1);
45 index1 = 1;
46 final_roi_corr_intensity = scandata{index1}.extracted.roi_corr_intensity(1:end-1);
47 final_oh = scandata{index1}.oh(1:end-1);
48
49 for index1 = 2:length(scandata)
50 if index1 == 2
51 final_roi_corr_intensity = cat(1,final_roi_corr_intensity,scandata{index1}.extracted.roi_corr_intensity(2:end-2));
52 final_oh = cat(1,final_oh,scandata{index1}.oh(2:end-2));
53 elseif index1 == 6
54 final_roi_corr_intensity = cat(1,final_roi_corr_intensity,scandata{index1}.extracted.roi_corr_intensity(2:end-1));
55 final_oh = cat(1,final_oh,scandata{index1}.oh(2:end-1));
56 elseif index1 == 8
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57 final_roi_corr_intensity = cat(1,final_roi_corr_intensity,scandata{index1}.extracted.roi_corr_intensity(2:end-2));
58 final_oh = cat(1,final_oh,scandata{index1}.oh(2:end-2));
59 elseif index1 == 9
60 final_roi_corr_intensity = cat(1,final_roi_corr_intensity,scandata{index1}.extracted.roi_corr_intensity(2:end-2));
61 final_oh = cat(1,final_oh,scandata{index1}.oh(2:end-2));
62 else
63 final_roi_corr_intensity = cat(1,final_roi_corr_intensity,scandata{index1}.extracted.roi_corr_intensity(1:end-2));
64 final_oh = cat(1,final_oh,scandata{index1}.oh(1:end-2));
65 end
66 end
67
68 semilogy(final_oh,abs(final_roi_corr_intensity), plot_colors(1))
69 hold on;
70
71 %% plot data for thresholded ROI
72 for index1 = 1:length(scandata)
73 filter = 1./(scandata{index1}.transm);
74 monitor = 1./(scandata{index1}.mon);
75 summed_intensity = scandata{index1}.extracted.threshold_roi_count;
76 background_intensity = (scandata{index1}.extracted.background_count_mean_1 + scandata{index1}.extracted.

background_count_mean_2)/2;
77 roi_pixel_number = scandata{index1}.extracted.threshold_roi_pixel_number;
78
79 corr_intensity = monitor .* filter .* (summed_intensity - background_intensity .* roi_pixel_number);
80
81 % normalize intensity of subsequent scan to the previous scan
82 if index1 ~= 1
83 if index1 == 2
84 corr_intensity = corr_intensity .* scandata{index1-1}.extracted.threshold_corr_intensity(end)/corr_intensity(2);
85 elseif index1 == 6
86 corr_intensity = corr_intensity .* scandata{index1-1}.extracted.threshold_corr_intensity(end-2)/corr_intensity(1);
87 elseif index1 == 8
88 corr_intensity = corr_intensity .* scandata{index1-1}.extracted.threshold_corr_intensity(end-4)/corr_intensity(1);
89 else
90 corr_intensity = corr_intensity .* scandata{index1-1}.extracted.threshold_corr_intensity(end-1)/corr_intensity(1);
91 end
92 end
93
94 scandata{index1}.extracted.threshold_corr_intensity = corr_intensity;
95 end
96 % hold off;
97
98 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
99 % Plot Reflectivity Curve for the thresholded/selected ROI Selection

100 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
101 index1 = 1;
102 final_threshold_corr_intensity = scandata{index1}.extracted.threshold_corr_intensity(1:end-1);
103
104 for index1 = 2:length(scandata)
105 if index1 == 2
106 final_threshold_corr_intensity = cat(1,final_threshold_corr_intensity,scandata{index1}.extracted.

threshold_corr_intensity(2:end-2));
107 elseif index1 == 6
108 final_threshold_corr_intensity = cat(1,final_threshold_corr_intensity,scandata{index1}.extracted.

threshold_corr_intensity(2:end-1));
109 elseif index1 == 8
110 final_threshold_corr_intensity = cat(1,final_threshold_corr_intensity,scandata{index1}.extracted.

threshold_corr_intensity(2:end-2));
111 elseif index1 == 9
112 final_threshold_corr_intensity = cat(1,final_threshold_corr_intensity,scandata{index1}.extracted.

threshold_corr_intensity(2:end-2));
113 else
114 final_threshold_corr_intensity = cat(1,final_threshold_corr_intensity,scandata{index1}.extracted.

threshold_corr_intensity(1:end-2));
115 end
116 end
117
118 semilogy(final_oh,abs(final_threshold_corr_intensity), plot_colors(3))
119 hold off;
120
121 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
122 % Format and save reflectivity courves
123 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
124 tmp=[2*final_oh,abs(final_roi_corr_intensity)];
125 save([’reflectivity_roi_’ num2str(p.scans(1)) ’-’ num2str(p.scans(end)) ’.txt’],’tmp’,’-ascii’)
126
127 tmp=[2*final_oh,abs(final_threshold_corr_intensity)];
128 save([’reflectivity_th_’ num2str(p.scans(1)) ’-’ num2str(p.scans(end)) ’.txt’],’tmp’,’-ascii’)
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