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CHAPTER 1

Introduction
All cells are surrounded by a plasma membrane; eukaryotic cells also have membrane-bound
organelles such as nuclei, endoplasmatic reticulum, Golgi complexes, lysosomes and mitochondria. A biological membrane is a complex aggregate of lipids, carbohydrates and proteins, formed
as a result of noncovalent interactions. Such aggregates consist of hydrophobic regions separated
from aqueous phases by interfaces [1]. Membranes not only define the boundaries of cells and
divide the volume into discrete functional compartments but also regulate molecular traffic across
boundaries, as well as other communications between cells and organelles [2]. Membranes have
remarkable physical properties of being flexible, self-sealing, and selectively permeable to specific polar solutes [3]. Their flexibility permits changes in shapes essential to cell expansion or
contraction. Fluid membranes can vary their topology; for instance in exocytosis, endocytosis and
cell division. The selective permeability of membranes guarantees that certain compounds and
ions can be retained within cells or specific membrane-enclosed organelles while other species
are excluded [1]. In almost all of the above biological functions, membranes interact with other
bodies, in the most general sense colloidal particles, regardless of whether the interaction partner
is a protein network or a lipid structure such as a vesicle.
The aim of this thesis is to study the structure of charged lipid membranes and their interaction
with oppositely charged colloidal particles.
Electrostatic interactions seem to be one of the most important forces in determining the way
macromolecules interact with membranes. Charged lipids are common and versatile constituents
of a biological membrane. Protein trafficking, adsorption and membrane insertion involve electrostatic interactions at some stage [4, 5, 6]. Membrane adsorption of small peptides like melittin
[7] depends on the lipid bilayer’s surface charge. Charged lipids participate in fusion events [8],
endocytosis [9], exocytosis [10]. The amount of charge on the surface of the lipid bilayer affects
ion channel conductivity [11, 12].
Solid supported biomimetic lipid bilayers serve as simple model systems for the much more
complex biological counterparts [13]. Supported lipid bilayers are single unilamellar lipid membranes, supported on a hydrophilic solid substrate, such as quartz, glass, or oxidized silicon. Planar
bilayer systems are amenable to quantitative high-resolution analytical techniques, which can not
(or not yet) be applied to real biological membranes.
Colloidal nanoparticles exhibit many functional properties, whose nature may be electronic,
chemical, biological, mechanical, etc. Quantitative understanding of interactions between charged
colloids and biological interfaces, in particular the cell membrane, is a prerequisite for the design
1
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of drug delivery systems based on synthetic nanoscale carrier systems, as well as for imaging
agents such as fluorescent quantum dot markers. Functionally relevant issues are related to the
binding affinity, the range of interaction, possible toxic effects due to membrane disruption or lysis
[14, 15, 16], as well as the lateral reorganization of a multi-component membrane in response to
nanoparticle binding [17].
In this thesis we study multi-component membrane model systems on solid support, from a
structural point of view, mainly using X-ray techniques. X-rays were discovered by W.C. Röntgen
in 1895. Since that time they have become an invaluable probe of the structure of matter. X-rays
based techniques allow to probe structural features of surfaces and bulk on the length scales of a
few Å and below. Specular X-ray reflectivity using synchrotron radiation is a powerful method
to determine the structure of thin organic films by obtaining a one dimensional electron density
profile along the surface normal.
The unique properties of X-rays make them an attractive not only for diffraction but also
for microscopy techniques. For example, soft X-ray microscopes have established capabilities
in absorption contrast imaging of thick hydrated biological material in near-native environments
at spatial resolutions well beyond those achievable with visible light microscopy. In near-edge
X-ray absorption spectro-microscopy, inner-shell electronic excitations are used as a chemically
sensitive image-contrast mechanism [18]. In the energy range of the so called "water window"
between oxygen and the carbon K absorption edges (283 eV and 543 eV), specimens in water
show a natural absorption contrast, which permits imaging of unstained specimens in a hydrated
state.
In the first part of this thesis X-ray reflectivity is used to probe the structure of solid supported
two-component lipid mixtures, with varied surface charges, both in the fluid and the gel phase.
Structural parameters, such as membrane thickness, area per lipid, water thickness, and the number
of water molecules per lipid, can be calculated directly from an electron density profile of the
model bilayers. The resolution obtained in the density profile across the bilayer is high enough to
distinguish two head-group maxima in the profile if the sample is in the phase coexistence regime.
Another, more technical motivation for the present study is to demonstrate feasibility of single
membrane reflectivity experiments with sealed tube in-house instrumentation.
In the second part, synchrotron-based scanning transmission soft X-ray spectro-microscopy
is applied to address the lateral organization of two-component lipid membranes with addition
of colloidal particles. Single bilayer patches with bound polystyrene microspheres, coated by a
charged monolayer are imaged. The ability and current limits of scanning transmission X-ray
spectro-microscopy to examine samples under physiologically relevant conditions in the presence
of excess water is tested. We obtain reference spectra based on a compact laser driven plasma
source, while the spectro-microscopy data are collected using synchrotron radiation at a lateral
resolution of about 60 nm. The main motivation is to show that single bilayer sensitivity can
indeed be reached under physiological conditions, and that membrane colloid interaction as well
as eventual lateral segregation of lipid components may be probed in future by this technique.
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The aim of the third part is to study how charged membranes response to oppositely charged
polyelectrolyte-coated gold nanoparticles. We use fluorescence microscopy and X-ray reflectivity
methods to probe the interactions between polyelectrolyte coated gold nanoparticles with supported lipid membranes and giant unilamellar vesicles. The motivation of this study is to demonstrate the importance of the pH, ionic strength and membrane phase as a modulating parameter
of the interaction.
This thesis is organized as follows. Chapter 2 addresses the biological and physical background of charged membranes and colloids, as well an overview of supported lipid membrane
systems. In Chapter 3, preparation techniques and materials used in this study are described.
Chapter 4 presents a brief introduction to X-ray interaction with materials and derivation of the
index of refraction. Chapter 5, 6 and 7, respectively, present the original research of this thesis: X-ray reflectivity study of solid supported lipid membranes, X-ray spectro-microscopy study
of solid supported lipid membranes mixed with charged particles, and finally a study of interactions of two-component anionic lipid membranes with gold particles. Chapter 8 summarizes our
conclusions and observations.

CHAPTER 2

Biomembranes and Colloids
2.1. Biomembranes
The first comprehensive model of the biological membrane was presented by Singer and
Nicolson, and is commonly referred to as ‘the fluid mosaic model’ [19]. According to this model,
the biological membrane consists of a dynamic fluid like layer of phospholipids in which are
embedded proteins that carry out all biologically relevant functions of membranes requiring specificity or selectivity. The ‘fluid mosaic model’ assumes the lipid bilayer to be a passive, uncomplicated structure fulfilling two basic functions: supporting proteins and forming a barrier for
dissolved molecules in the aqueous phase. The structure and global behavior of model lipid bilayers were sufficiently described, within this model, by properly chosen macroscopic parameters
such as fluidity, surface charge density, polarity, surface pressure, etc. [1, 20].

Glycoprotein
Periferal protein

Phospholipid

Integral protein

Cholesterol

F IGURE 2.1.1. The schematic illustration of the plasma membrane of a cell [21].
The lipid membrane is the main structural element in which proteins are embedded.

By experimental data obtained in studies on biological and model membrane systems the
original ‘fluid mosaic model’ was improved with the addition of some significant structural modifications, such as transversal asymmetry and the lateral non-uniform distribution of membrane
components. Lipids were thus no longer assumed to be passive membrane components, but the
lipid bilayer itself was recognized as a potent enhancer and regulator of surface associated reactions [22, 23]
5
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F IGURE 2.1.2. Chemical structure of a phospholipid 1,2 Dipalmitoyl-snGlycero-3-Phosphocholine, DPPC.
2.1.1. Membrane structure and properties. Lipids are surfactants with a hydrophilic headgroup and two hydrophobic chains. Lipid chains vary both in length and in saturation (number of
double bonds). In the presence of water, lipids self-assemble into bilayers.
The term lipid comprises a diverse range of molecules such as fatty-acid derived phospholipids, sphingolipids, glycolipids and terpenoids, such as retinoids and steroids. Lipids are amphiphilic molecules since they consist of polar, hydrophilic headgroups and nonpolar, hydrophobic
tails. This amphiphilic nature of lipids is responsible for their self assembly properties. The hydrophobic tails tend to be packed together away from the water surrounding while lipid heads face
towards it. Therefore, lipids will aggregate in aqueous environment if a certain lipid concentration
called critical micelle concentration is exceeded. Among a variety of structures lipids may form
micelles, vesicles or bilayer structures depending on the exact size relation of the hydrophobic to
the hydrophilic part. Cone-shaped molecules tend to form micelles while cylindrical molecules
prefer to form bilayers. A bilayer consists of two monolayers of lipids where the hydrophobic tails
face each other and the hydrophilic heads shield them from the surrounding water. This structure
is also called a membrane and is the fundamental structure of biomembranes.
Phospholipids or, more precisely, glycerophospholipids, are built on a glycerol core to which
two fatty acid-derived “tails” are linked by ester linkages and one “head” group by a phosphate
ester linkage. Fatty acids are unbranched hydrocarbon chains, connected by single bonds alone
(saturated fatty acids) or by both single and double bonds (unsaturated fatty acids). The chains
are usually 10-24 carbon groups long. Common fatty acid chain residues are myristol which
has 14 carbon groups and no double bond (14:0), palmitoyl (16:0), and oleoyl (18:1). Typical
head groups of phospholipids found in biological membranes are phosphatidylcholine (lecithin),
phosphatidylethanolamine, phosphatidylserine and phosphatidylinositol.
2.1.2. Phase transition. A lipid bilayer undergoes multiple phase transitions upon heating.
The phase transition temperature, T m , required to induce a change in the lipid physical state from
the ordered gel phase to the disordered liquid crystalline phase. Below the chain melting temperature one-component bilayers are in the gel or solid phase where the acyl chains are stretched in
an all-trans configuration and the lateral mobility is low. Above T m the lipids are in the fluid or
liquid-crystalline phase which is characterized by high lateral mobility and disordered acyl chains.
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At low temperatures, a highly ordered sub-gel (Lc ) phase may exist; heating leads to the formation of a gel (Lβ ) phase, which may be followed by an intermediate ripple (Pβ 0 ) phase, and finally
a liquid-crystalline (Lα ) phase [24] (Fig. 2.1.3). There are several factors which directly affect
the phase transition temperature including hydrocarbon chain length, unsaturation, charge, and
headgroup species [25].

F IGURE 2.1.3. Schematic representation some of possible phases that occur in
phospholipid bilayers: fluid (Lα ) phase, tilted gel (Lβ 0 ) phase, ripple (Pβ 0 ) phase
and sub-gel (Lc ) phase.

2.2. Charged membranes
Many biological membranes carry a net negative charge on their surface. Phosphatidylcholine
(PC), sphingomyelin (SM) and phosphatidylethanolamine (PE) are the most abundant lipids in
biological membranes, holding both negative and positive charge (such lipids are zwitterions).
Headgroups of other lipids may carry negative net electrostatic charge (phosphatidylserine (PS),
phosphatidic acid (PA), phosphatidylglycerol (PG)), positive charge (sphingosine and artificial
cationic lipids) or lack charged residues (diacylglycerol and cerebroside) [23].
The major naturally occurring anionic phospholipids are phosphatidylserine, phosphatidylinositol (PI), phosphatidic acid and cardiolipin. Some bacterial systems also contain phosphatidylglycerol. Positively charged lipids are not found in the nature. They can, however, be chemically
synthesized for gene delivery purposes and for studies on the interactions between DNA and membranes [26, 27]. For example, rat liver cells have plasma membranes consisting of PE in 23%, PC
in 39%, PI in 8%, PS in 9%, SM in 16%, a substantial amount of cholesterol and a small fraction
of other lipids [1]. Some examples of lipids with various charged residue arrangements within
their headgroups are shown in Fig. 2.2.1.
Choline and ethanolamine surfaces are different in many respects. The most relevant is a
result of the hydration of both headgroups. Choline methyl group is hydrophobic, and adjacent
water molecules are hydrogen bonded between themselves, forming a clathrate shell around the
PC headgroup. It is estimated that about 25–30 water molecules are needed to fully hydrate the
choline headgroup, whereas ethanolamine requires only 10–12 water molecules [28]. The differences between PE and PC surfaces affect interactions between macromolecules and respective
membranes.
Phosphatidylserine has three residual charges: two are negative and associated with the phosphate and carboxyl groups, while the remaining positive charge is contained in the ammonium
group. The resulting net charge is negative. Molecular dynamic simulation shows that PS membrane shows some differences in its behavior relative to uncharged phospholipids, in particular
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F IGURE 2.2.1. Examples of some lipids with different charged residue arrangements within their headgroups: phosphatidylcholine, phosphatidylserine, phosphatidylethanolamine and phosphatidylglycerol. Negatively charged phosphate
is a common feature of all presented molecules. The major difference between
phospholipids is in the N region, where charges vary in quantity and size [23].

PC. These differences are mainly caused by charge interactions between adjacent phospholipids.
These charge interactions are so effective that they are able to compensate the high electrostatic
repulsions between neighboring phospholipids. They reduce the net surface area per phospholipid
around 10 % compared to PC. PS more closely resembles a model of two charged planes in a
condensor. The local charge density is only partially compensated by water and causes an appreciable potential difference over the interface, with the water phase being positive with respect to
the membrane interior [29, 30].
The intracellular side of the plasma membrane differs from the outer in the lipid composition,
structure and function [23]. The presence of charged groups at the interface implies that electrostatic interactions are frequent in this region. In a living cell, the majority of PS is localized at the
inner, cytosolic side of the plasma membrane; when located at the outer leaflet, PS is indicative
of apoptosis [31]. Because of its net negative charge at physiological pH, it may play an important role in biomembrane functioning as the properties of this negatively charged phospholipid are
largely dependent on environmental conditions. The interaction of PS with monovalent and divalent cations may be involved in membrane-associated processes such as lipid phase modulation
or separation, fusion events, and enzyme regulation [23]. In natural membranes, PS invariably
coexists with zwitterionic phospholipids, namely, phosphatidylcholine.
Protonation and deprotonation of the phospholipid headgroups change the chemical nature
and net charge of the lipid bilayers. It also may affect the molecular conformation the hydrogen
bonding capabilities of individual lipid molecules and may modify the colloidal properties of the
lipid aggregates, phospholipid phase transition, lipid bilayer interaction with protein molecules,
etc. [20]. Proton binding can be described in terms of the logarithm of proton binding constant,
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KH . One should distinguish between the apparent pKaH and the intrinsic pKH proton binding
constants. The apparent pKaH for a single site group is determined as the bulk pH at which 50 %
of the group population is charged. The intrinsic pKH is determined as the surface pH at which 50
% of the group population is charged. The relation between these quantities is simply

(2.2.1)

pKaH = pKH − 0.434

eψS
kB T

where e is the elementary charge, ψS is the electrostatic surface potential, and kB and T have
their usual meanings. The apparent pKaH is a directly measurable quantity, but depends on the
experimental conditions such as the ionic strength of the medium and the amount of charged lipids
in the membrane. The intrinsic pKH , on the other hand, is a fundamental property of the system
and is the most useful quantity. Negatively charged membranes became neutral upon protonation.
The stepwise protonation of phosphatidylcholine and phosphatidylserine lipids is depicted in Fig.
2.2.2.
The pKaH of a charged membrane is strongly influenced by ionic strength. The lower the ionic
strength, the higher the pKaH [20], as can be seen from the Eq. 7.3.2 by counterions screening of
the negative potential ψS .
2.2.1. Diffuse double layer - Gouy-Chapman theory. The interplay between charged membranes and their surrounding ionic solution can simply be explained as the following. As any
charged object immersed in an ionic solution, the membrane attracts a cloud of opposite charges
forming a diffusive electric double layer [32, 33, 34]. The exact distribution of the charges is given
by the competition between the electrostatic interactions and the entropy of the ions in the solution which tends to disperse them. This diffusive electric double layer in turn influences the overall
electrostatic interactions of the membrane with its environment as well as the internal membrane
properties [35].
The characterization of the electrostatic potential at the headgroups is limited to solution of
the Poisson-Boltzmann equation (mean field theory). We consider a negatively charged singlesided flat membrane. The membrane surface occupies the z = 0 plane, and has a constant surface
charge density σ (see Fig. 2.2.3). The aqueous solution occupies the positive half space, z > 0.
The electric field vanishes for large z and is taken as zero for z < 01. The surface charge of the
interface is represented by the charged headgroups of the membrane phospholipid molecules.
The ionic solution contains, in general, both anions and cations, and is characterized by a dielectric constant ε W of the water throughout the fluid. The solution is in contact with an electrolyte
(salt) reservoir of fixed concentration n0 . Two types of charge carriers are present in the solution:
co-ions and counterions and both types are in thermal equilibrium with the reservoir. We assume
for simplicity only one type of co-ions and one of counterions. The total charge density ρ(~r) at
1The simplifying assumption that the electric field does not penetrate inside the ‘oily’ part of the membrane, namely,

where the aliphatic ‘tails’ are packed, can be justified [36] for typical values of membrane thickness and ε oil /ε W ,
where ε oil and ε W are hydrocarbon and water dielectric constants, respectively. It is valid as long as the ratio of the
two dielectric constants, ε oil /ε W , is much smaller than the ratio t/λ D , where t is the membrane thickness and λ D is
the Debye–Hückel screening length, which will be defined later in this chapter [35].
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2.2. CHARGED MEMBRANES

11

Counterions(cations)

- ++ - +
- ++ +
- + - +
- + ++ - +
- + - +

-

+

-

+

-

Co-ions(anions)

+

+

Negatively charged lipid layer

z

0
0
λD

ψ(z)

F IGURE 2.2.3. Schematic representation of a lipid layer, consisting of negatively charged lipids. A charged surface immersed in an aqueous solution is attracting (positive) counterions and creates a depletion zone of the (negative) coions. The graph shows the electrostatic potential φ (z) and Debye length λD . The
z axis denotes the distance from the surface.
each point~r is the sum of the two ionic densities: ρ(~r) = ez+ n+ (~r) + ez− n− (~r) , where z+ (z− ) is
the valency of the counterions (co-ions).
The relation between the electric potential ψ(~r) and the charge distribution ρ(~r) at any point
~r is given by the Poisson equation

(2.2.2)

∇2 ψ(~r) = −

ρ(~r)
e
=−
(z− n− + z+ n+ )
ε0 εw
ε0 εw

The Poisson equation determines the electric potential for a given spatial charge distribution
ρ(~r). Each ion density in the solution (in thermal equilibrium) obeys a Boltzmann distribution
according to the electric potential it feels:
(i)

ni = n0 e−ezi ψ/kB T

(2.2.3)

where i denotes different ionic species with valencies zi . Combining Eqs. 2.2.2 and 2.2.3, we get
the Poisson-Boltzmann equation2 which determines the potential ψ self-consistently

(2.2.4)

∇2 ψ(~r) = −

e
(−)
(+)
(z− n0 e−ez− ψ(~r)/kB T + z+ n0 e+ez+ ψ(~r)/kB T )
ε0 εw

2The assumptions which led to the derivation of the Poisson-Boltzmann equation (2.2.4) can be summarized as follows:

the ionic charge distributions are smeared out and are represented as smoothly varying functions. The discrete nature
of the ions is not taken into account and no other molecular interaction between the ions and solvent molecules (water)
is considered. Moreover, the Poisson-Boltzmann theory does not take into account any charge-charge correlations.
Physical observables like the charge distributions are replaced by their thermal averages and, in this sense, resemble
mean-field results [35].
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Generally speaking, the Poisson-Boltzmann theory is a good approximation in most physiological
conditions, especially for monovalent ions and for surface potentials which are not too large.
In the situation where the system is in contact with a 1:1 electrolyte reservoir (e.g., Na+ Cl− ),
(±)
n0 = n0 is the electrolyte concentration in the reservoir (the bulk electrolyte concentration). The
Poisson-Boltzmann equation 2.2.4 is then reduced to:

(2.2.5)

∇2 ψ(~r) =

2en0
sinh(eψ(~r)/kB T ).
ε0 εw

For valencies in Eq. 2.2.4 z± = ±1 is inserted. Divalent ions such as Ca2+ have important consequences on the electrostatics of membranes [37]. Most of those consequences go beyond the
continuum approach of the Poisson-Boltzmann theory [35].
An approximation to the full Poisson-Boltzmann equation (2.2.4) is its linearized version,
justified for surface potentials which are smaller than 25 mM at room temperature [38]

(2.2.6)

∇2 ψ(~r) = λD−2 ψ
−1/2

where λD = (2e2 n0 /ε0 εw kB T )−1/2 ∼ n0
is called the Debye-Hückel screening length. It varies
from about 3 Å for a 1 M of 1:1 electrolyte like NaCl to about 1 µm for pure water (due to the
presence of H+ and OH− ions even in pure water with an ionic strength of about 10−7 M ) [38].
The electric field is related to the surface charge density σ by the electrostatic boundary conditions at z = 0

(2.2.7)

σ
∂ψ
|z=0 = −
> 0.
∂z
ε0 εw

Eq. 2.2.4 can be solved with this boundary condition (2.2.7) and with the assumption n± (∞) =
n0 . The resulting potential is

(2.2.8)

ψ(z) = −

2kB T 1 + γe−z/λD
ln
e
1 − γe−z/λD

where the parameter γ is the positive root of the quadratic equation:

(2.2.9)

γ2 +

2µGC
γ −1 = 0
λD

where µGC = e/(2π|σ |lB ) is the so-called Gouy-Chapman length, with the Bjerrum length lB =
e2 /4πε0 εw kB T . The Gouy-Chapman length µGC measures the extent of the counter-ion layer next
to a charged surface and the Bjerrum length lB measures the distance at which two unit charges
interact with thermal energy kB T .
The surface potential ψS = ψ(0) is related to γ by
(2.2.10)

ψS = −

4kB T
arctanh(γ).
e
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In the limit of a strong electrolyte, the surface potential ψS is small enough so that a linearization of the Poisson–Boltzmann equation can be justified [35]. By either solving directly the linear
Poisson–Boltzmann equation (2.2.6), or substituting the small ψS limit in Eqs. 2.2.8–2.2.10 one
obtains
4γkB T −z/λD
e
e
One can see from Eq. 2.2.11 that the ‘diffusive layer’ of ions in the solution is characterized by a
‘thickness’ λD .
(2.2.11)

ψ(z) = ψS e−z/λD = −

2.2.2. Elastic properties of fluid-like membranes. The continuum model for the elastic energy of fluid-like membrane was proposed by Helfrich in analogy to smectic phase of liquid crystals [39]. The phenomenological elastic energy is expressed as an integral over the membrane
area

(2.2.12)

1
Fb = k
2

ˆ

ˆ
(c1 + c2 − c0 )2 dS + kG

c1 c2 dS

where k and kG are the mean and Gaussian elastic moduli, respectively. The two principal curvatures are c1 and c2 whereas c0 is the the spontaneous curvature. For a single amphiphilic layer c0
expresses the internal tendency of the layer to curve towards the water, c0 > 0, or away from the
water, c0 < 0. The tendency to curve is a result of the different molecular structure and interactions of the head and tail moieties of the amphiphiles. For bilayer membranes composed of two
identical layers c0 = 0 from symmetry reasons. But c0 can be non-zero if the composition of the
two layers of the membrane differs. The membrane also is assumed to be incompressible [35].
2.3. Solid supported biomimetic lipid bilayers
Supported lipid bilayers (SLBs) have been developed as an alternative membrane model system to complement studies that can be performed on lipid monolayers or lipid vesicles [13]. Solid
supports open the possibility for using surface specific analytical techniques not available for black
lipid membranes [40].
Supported bilayers may be prepared by three different techniques: (1) In the LangmuirBlodgett-Schäfer method [13], a monolayer is first transferred from the air-water interface of a
Langmuir trough to the hydrophilic support at a constant surface pressure of 32 - 36 mN/m, that
is, the bilayer equivalence pressure. A second monolayer is deposited by horizontal apposition
of the substrate to a monolayer at the same surface pressure. (2) The second method is to fuse
vesicles on a hydrophilic substrate [41]. A dispersion of small unilamellar vesicles spontaneously
spreads and forms a continuous planar bilayer when brought into contact with a hydrophilic substrate. (3) The third method is a combination of the first two, where the vesicles are spread on a
preexisting supported monolayer [42].
Vesicle fusion is one of the most convenient ways of creating supported lipid bilayers. The
mechanism by which supported bilayers are formed from vesicles has been studied theoretically by
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Lipowsky and Seifert [43, 44] 3 . The model, these authors suggested, is that vesicles deform upon
adsorption and rupture if the free energy of the deformed bound vesicle are higher than the free
energy of a single-bilayer disk [45]. Adsorption of a vesicle to an attractive wall is governed by
the interplay between the (favorable) adhesion energy and the (unfavorable) bending energy. The
energy gained by the vesicle upon adhering to the wall can be expressed as Fa = −WA∗ = −W 4πR2
(A∗ is the contact area, W is the effective contact potential and R is the radius of the vesicle).
The deviation of the vesicle from a spherical shape (bending) upon adhesion, expressed as Fb =
´
1
2
2 k dA(c1 + c2 ) (where k is the bending rigidity of the bilayer, c1 and c2 are the two principle
curvatures and the integration is performed over the surface area A of the vesicle), depends on
the bending modulus of the membrane k but not on the vesicle size. Therefore, for a given W ,
the gain due to the size-dependent adhesion energy becomes higher than the cost due to the sizeindependent bending energy when the size of the vesicle R is larger than the critical radius Rc :

(2.3.1)

Rc = (2k/W )1/2

For strong adhesion, or, equivalently, for large vesicles, a simplification occurs because the
scale-invariant curvature energy becomes irrelevant compared with the gain in contact energy.
With respect to the formation of disks from adsorbed vesicles, the energy of the initial state (a
bound vesicle, which in the limit of large R and/or W becomes flattened and resembles a pancake)
has to be compared with that of the final state (a bound disk). According to Seifert:
(2.3.2)

Fbv = −2πW R2 + 2πg(2kW )1/2 R
Fbd = −4πW R2 + 4πΣR

where Fbv and Fbd are the free energies of the bound vesicle and the disk, respectively. R is the
radius of the vesicle (disk radius Rd = 2R) , Σ is the line tension along the circumference of the
disk and g w 2.8 is a numerical constant [43, 44]. A bound vesicle will rupture if Fbd < Fbv , which
leads to an expression for the rupture radius Rr = [2Σ − g(2kW )1/2 ]/W . Isolated vesicles with
R ≥ Rr will rupture while isolated vesicles with R < Rr will remain intact. Small vesicles floating
in the solution can fuse with those stuck on the substrate to form cylindrical shaped vesicles [46].
Eventually these bigger vesicles rupture to form planar membranes. Fig. 2.3.1 illustrates this
process. There are also other mechanisms for this transition process, but the one shown in Fig.
2.3.1 is the main route. Provided the density of adsorbed vesicles is sufficiently high, such a
process can propagate in a cascade of rupture events across several neighboring vesicles and leads
to formation of extended bilayer patches. Furthermore, adjacent bilayer patches usually coalesce
in order to minimize their edge length. These effects increase the size of individual bilayer patches
and the overall bilayer coverage and will, in the ideal case, lead to a complete SLB [47].
3Seifert and Lipowsky [43, 44] elaborated a model in which the lipid bilayer is regarded as a macroscopic sheet with a

certain curvature-dependent free energy [39]. In their model the structure of the lipid bilayer does not play a role and
the Gaussian bending modulus kG = 0. They introduced an effective contact potential that, together with the interaction
area between the vesicle and the substrate, determines the total adhesion energy. In addition some constraints for the
volume and area of the vesicle were applied.
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Rupture

F IGURE 2.3.1. Proposed bilayer formation schematics [46]. Adsorbed vesicles
fuse among themselves until a critical size is reached, then rupture to form bilayer
disks.

Kasemo and co-workers [48] have reported an interesting effect of the cooperative action of
surface-bound vesicles. They showed that isolated vesicles of egg-PC remain intact when bound
to a silica support and that a certain surface density of vesicles (critical vesicular coverage) is
required to initiate the decomposition of surface-bound vesicles into bilayer patches.
Interaction between membranes and surfaces involves electrostatic and hydration forces as
well as attractive contributions from long-range van der Waals forces. An energetic minimum
tightly traps the membrane near the surface [13]. There are extended theoretical and experimental
efforts to understand and control the deposition and properties of the SLBs [45, 47, 48, 49, 50, 51,
52, 53]. Despite these efforts, the precise balance of forces governing the formation and interaction
between the membrane and surface is not fully understood [52].
The factors affecting formation and stability of SLBs include: the nature of the support (its surface charge, chemical composition and roughness), the lipid vesicles (their composition, charge,
size, and physical state), as well as the aqueous environment (its composition, pH and ionic
strength) [52, 50].
Solid support. In order to prepare high quality membrane (i.e. little defects and high lipid
mobility) the surface should be hydrophilic, smooth and clean. A number of studies report difficulties to form SLBs on surfaces as gold, TiO2 or platinum [52]. The most common substrates are
mica and silicon based materials, such as glass, SiO2 or Si3 N4 . It was shown that the roughness
on the nanometer range only slightly affect the SLBs formation [47, 49]. The surface manufacturing and preparation may influence the kinetics of lipid deposition. The charge of the support (for
example the hydroxilation state of silica surface) is influenced by the manufacturing procedure,
exposure to high temperature or to basic solutions.
Electrostatic interactions. Several studies have pointed out the influence of the charge of
support and lipids as well as the ionic strength on the absorption of vesicles [50, 54, 55]. Adjustment in the pH or in the ionic strength are expected to optimize the formation of SLBs for given
surface and a given lipid composition [56, 55]. Silicon oxide surface exhibits negative charge at
pH values > 3.5 and almost no charge (fully protonated species) at lower pH values [57]. The deposition and spreading of the negatively charged vesicles on the negatively charged support may
be favored at high ionic strengths [56].
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Calcium ions. The deposition of vesicles composed of charged and zwitterionic lipid species
was found to be enhanced in the presence of calcium ions [47]. It is likely due to the ability of
Ca2+ ions to bridge negatively charged entities, such as carboxylate groups and phosphate groups
in charged and zwitterionic lipid species, or negative charges on the silica surface. Calcium,
which is known to be a fusogenic agent, has a profound effect on the adsorption and rupture of
vesicles [50, 45, 58]. Calcium ions do not only participate in the screening of the charges, thereby
modifying the electrostatic interactions, but they also directly interact with surfaces and lipids
[58].
The fluidity of the membrane in terms of lateral self-diffusion is considered to be an important condition of biomimetic lipid membranes. The lateral diffusion coefficients of supported
lipid bilayers vary in the range 1-5 x 10−8 cm2 /s, depending on the substrate properties [59].
The water layer thickness between solid support and the bilayer was found by X-ray reflectivity method to be 3.5 - 6 Å [60, 61]. Comparative studies of lipid diffusion in free giant unilamellar vesicles and mica supported lipid bilayers have shown that the diffusion coefficients
of DOPC bilayers are reduced by a factor of two at the solid interface [59]. Rossetti et al.
[62] have estimated the diffusion coefficients of 1- oleoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol4-yl)amino]dodecanoyl-sn-glycero-3-phosphocholine (NBD - PC) and 1-oleoyl-2-[6-[(7-nitro-21,3-benzoxadiazol-4-yl)amino]dodecanoyl-sn-glycero-3-phospho-L-serine (NDB-PS) in SPBs containing 20 % DOPS (formed at room temperature on SiO2 in the presence of Ca2+ ) to be ∼1.1 x
10−8 cm2 /s for NDB-PC and ∼2.0 x 10−8 cm2 /s for NDB-PS.
One of the important questions is the interleaflet distribution of different lipid species in SLBs
that are formed from vesicles containing lipid mixtures. Richter et al. [50] have found the distribution of DOPS in DOPC/DOPS (4:1) membrane supported on silica to be symmetrical, within
the experimental error. In contrast, they have found asymmetrical distribution of DOPS on mica.
Furthermore, the desire to properly mimic the complex nature of two-dimensionally fluid
plasma membranes is the driving force for the development of the polymer-cushioned, tethered,
or pore-spanning lipid bilayers [52, 63, 64].

2.4. Colloidal nanoparticles
Gold nanoparticles are now in widespread use for localizing cell components with immunochemistry and microscopy techniques. Suspensions of finely divided gold particles, often termed
gold colloids, can be produced by chemical reduction of a gold salt in aqueous solution producing a supersaturated solution of elemental gold from which crystals of metallic gold condense out
[65]. Careful manipulation of the reduction conditions enables the final size of the particles to
be precisely controlled, yielding particles with diameters between 2 and 150 nm or more. Redgold colloids show a peak of absorption between 515 and 540 nm with the peak moving to larger
wavelengths as the particle diameter increases.
In the absence of electrolytes the gold particles in suspension are quite stable because their
negative surface charge ensures that they do not stick to each other. The surface charges are due to
dissociation of salts such as HAuCl4 , HAuCl2 , HAuOHCl or HAuOH2 , or alternatively, reducing
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agents adsorbed from reducing solution [65]. The addition of electrolytes to a gold colloid induces
the particles to form aggregates, the color changing from red to blue or black within seconds.
Electrostatic interaction plays an important role in colloids. The linearized screening theory of
Debye–Hücke always leads to a repulsive interaction between like-charged colloids in an aqueous
solution. In the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory [66, 67], the electrostatic
part of the effective interaction between particles UDLVO (r) is given by

(2.4.1)

Z 2 e2
UDLVO (r) =
4πε



eκR
1 + κR

2

e−κD
D

where Z, e, κ, R, ε, and D denote the surface charge of colloidal particles, the elementary charge
of electron, the inverse of the Debye–Hückel screening length, the radius of colloidal particles,
the dielectric constant of the medium, and the center-to center distance between two colloidal
particles, respectively. The inverse screening length κ is given by

(2.4.2)

κ 2 = 4πλB ∑ n j q2j
j

where λB = e2 /4πεkB T is the Bjerrum length and n j is the q j -valent ion density. At high salt
concentrations, when the electrostatics is sufficiently screened, the attractive dispersion forces
result in flocculation.

2.4.1. Colloid-membrane interaction. Adhesion of colloidal particles to lipid membrane is
usually caused by specific binding of ligands to membrane receptors or by electrostatic interactions. Lipid membranes are soft and self-assembled materials, able to simultaneously adjust their
local charge density through compositional changes, as well as their curvature through elastic deformations. Electrostatic adsorption of colloids on a two-component membrane with ideal mixing
properties can lead to compositional inhomogeneities at colloids adsorption sites [17]. Charges in
such lipids differ in magnitude and location within the interface and can locally demix in response
to charged colloids. If binding of charged colloids to a multi-component membrane results in a
re-distribution of charged and uncharged lipids, this altered membrane state will in return affect
the bilayer-nanoparticle interaction, so that strong non-linear effects can be expected. This effect
is more pronounced in lipid mixtures with a tendency towards demixing than for ideal mixtures
[68]. Ramos et al. [15] observed, that colloidal particles can form two-dimensional ordered colloidal crystals when they interact with surfactants of the opposite charge. Coulomb interactions
lead to self-limited adsorption of the particles on the surface of vesicles formed by the surfactants. Adsorbed particles form ordered but fluid rafts on vesicle surfaces, and these form robust
two-dimensional crystals. Schematic illustration of colloids enhanced microdomain formation in
mixed lipid membranes is shown in Fig. 2.4.1.
Colloids are able to induce elastic deformations in charged membranes, giving rise to various
phenomena such as membrane-mediated elastic interactions between colloids or wrapping of the
membrane around the colloid [17, 69]. Koltover et al. [70] reported a light microscopy study of
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F IGURE 2.4.1. Schematic illustration of charged, two-component lipid membrane, consisting of neutral and negatively charged lipids. Electrostatic binding
of oppositely charged colloidal particles can induce formation of colloid-coupled
micro-domains.
interaction between colloidal particles bound onto flexible giant vesicle fluid membranes. Particles induced pinched shape deformations of the membrane and were driven to negative curvature
regions on nonspherical vesicles. Membrane distortions were found to induce interparticle attraction with a range approximately equal to the particle diameter. Particles decorating membranes
aggregate into finite-sized two-dimensional close packed aggregates. Deserno and Bickel [69]
theoretically studied elastic deformations of a fluid membrane induced by an adhering spherical
colloidal particle within the framework of a Helfrich energy. They presented structural wrapping
phase diagram and predicted transition lines between partially and fully wrapping of particles. One
particular consequence of the wrapping scenario is that colloid engulfment is extremely sensitive
to the size of the particle. As long as the tension is low enough, a large sphere is wrapped much
easier than a small one. Schematic illustration of colloid induced lipid membrane deformation is
shown in Fig. 2.4.2.

particle

RP

RPz

F IGURE 2.4.2. Schematic illustration of a bending deformation in a charged
membrane induced by electrostatic binding of oppositely charged colloid of radius
RP . z denotes the degree of wrapping.
Noguchi and Takasu [71] used a Brownian dynamics simulation to study the interaction of
bilayer vesicles and adhesive nanoparticles. They have shown that nanoparticles induce structural
changes of vesicles: budding, stalk formation, and fission.
Cytotoxicity of gold nanoparticles has been observed at high concentrations. Studies of Goodman et al. [72] have shown that cationic particles are moderately toxic, whereas anionic particles
are quite nontoxic. The toxicity of cationic gold nanoparticles may be related to their strong electrostatic attraction to the negatively charged bilayer.

CHAPTER 3

Materials and Preparation Techniques
3.1. Small unillamelar vesicles
Chemicals: 1,2-Dipalmitoyl-sn-Glycero-3-Phosphatidylserine (DPPS), 1,2-Dioleoyl-3-Trimethylammonium-Propane (DOTAP), 1,2-Dioleoyl-sn-Glycero-3-Phosphatidylcholine (DOPC),
1,2-Dioleoyl-sn-Glycero-3-Phosphatidylserine (DOPS), 1,2-Dipalmitoyl-sn-Glycero-3-Phosphatidylcholine (DPPC), 1,2-Dimyristoyl-3-Phosphatidylcholin (DMPC) were obtained from Avanti
Polar Lipids (Alabaster, AL, USA). Texas red-DHPE (N-(Texas Red sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt) was obtained from Molecular
Probes (Eugene, OR). Hepes (H-4034), NaCl (S-9888), sodium dodecyl sulfate (05030), chloroform (25693) were purchased from Sigma-Aldrich (Germany), and CaCl2 from Merck KGaA
(Germany). Chemical structures, molecular weights and transition temperatures of the phospholipids used in this study are shown in Fig. 3.1.1.
Buffer solutions: A buffer solution (A), contained of 150 mM NaCl and 10 mM HEPES/NaOH,
pH 7.4 was prepared with ultrapure water and a buffer (B) was prepared by adding 2 mM CaCl2
to the buffer (A).
Lipids were mixed in desired amounts (DPPC/DPPS (molar ratio 4:1, 1:1), DOPC/DOPS
(4:1), DOPC/DOTAP (9:1)) and dissolved in chloroform. The solvent was evaporated, followed
by drying in a vacuum oven for 24 h in order to remove all traces of the solvent. DPPC/DPPS
and DOPC/DOPS lipid mixtures were resuspended in a buffer solution (B) at total concentration
0.75 mg/ml. DOPC/DOTAP lipid mixture was resuspended in 10 mM HEPES buffer at the total
concentration 2.5 mg/ml and DOPC in buffer (A) at the concentration 0.75 mg/ml. Suspensions
were vortexed for 1 min. Small unilamellar vesicles (SUVs) were obtained by sonicating lipid
solutions with a tip sonicator (Sonoplus; Bandelin, Berlin, Germany) for 15-30 min, followed by
centrifugation in an Eppendorf centrifuge (10 min at 14.000 x g) to remove titanium particles.
Before use, vesicle suspensions, except DOPC/DOTAP, were diluted to final concentrations 0.1
mg/ml in the respective buffers.
Dynamic light scattering: The size of the vesicles was measured by dynamic light scattering
at a 90◦ scattering angle with ALV-CGS3, ALV Correlator 5000 (Langen, Germany). Sample was
filled in shortened, round NMR-tube with outer diameter of 4.97 mm and inner diameter of 4.20
mm. The final concentration of the used vesicle solutions was 1 mg/ml. The diameter of DOPC
vesicles was found to be 31.4 ± 3.15 nm and the diameter of DOPC/DOPS (4:1) vesicles was
found to be 29.5 ± 2.95 nm.
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(a) DOPC, MW = 786.150, Tm = -20 C

(b) DOPS, MW = 810.040, Tm = -11 C

(c) DPPC, MW = 734.050 Tm = 41.5 C

(d) DPPS, MW = 757.960, Tm = 54 C

(e) DOTAP, MW = 698.550, Tm = -8 C
Cl
+
N

o
o
o

H

o

(f) DMPC, MW = 677.940, Tm = 23 C

(g) Texas Red DHPE (582/601), MW = 1381.850
Cl
+
N

F IGURE 3.1.1. Chemical structures, molecular weights and transition temperatures ([20, 73]) of the phospholipids used in this study. Structural sketches are
adapted from Avanti Polar Lipids (www.avantilipids.com).
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3.2. Two-component solid supported lipid membranes
Substrates: (100)-silicon wafers (Silchem; Freiberg, Germany) were cut to the size 15 ×
10 mm2 . The silicon nitride (Si3 N4 ) windows were obtained from Silson Ltd (Northampton,
England). The size of silicon nitride foils was 10 × 10 mm2 , with the membrane size 0.5 × 0.5
mm2 , the membrane thickness 100 nm and the frame thickness 200 µm. The size of silicon foils
was 15 × 15 mm2 and the membrane thickness 200 nm. Photograps of the silicon and the silicon
nitride foils are shown in Fig. 3.2.1.
a)

b)

F IGURE 3.2.1. Photographs of the silicon (a) and the silicon nitride (b) foils.
Substrate preparation: Silicon wafers were cleaned by two 20 min cycles of the ultrasonic
bath in 2% sodium dodecyl sulfate solution or by three 15 min cycles of the ultrasonic bath in
methanol, followed by two 20 min cycles in ultrapure water (18 MΩcm, Millipore, Bedford, MA),
and drying under nitrogen flow. The Si3 N4 and silicon foils were carefully cleaned subsequently in
methanol, aceton and isopropanol, followed by extensive washing with ultrapure water, and drying
under stream of nitrogen. Finally, the surface of wafers was rendered hydrophilic and cleaned of
organic contaminants by etching in plasma cleaner (Harrick Plasma, NY, USA) for 3 min.
Lipid bilayers were prepared on cleaned substrates by vesicle fusion method [41, 49]. Methods
discussed in the following were used to examine the surface of the substrates, to image supported
lipid bilayers and to study the structure of two-component lipid membranes.
Atomic force microscopy (AFM): AFM was performed on a NanoWizard AFM (JPK Instruments, Berlin, Germany) operated in tapping mode in water. Ultrasharp silicon tips (NT-MDT,
Moscow, Russia) were used. The bilayer was allowed to self-assemble by placing 1 ml drop of
vesicle suspension over the cleaned silicon wafer in a teflon dish (Fig. 3.2.2) for 30 - 60 minutes,
followed by rinsing away the excess vesicles.
Fluorescence microscopy: Membranes were fluorescently labeled by adding 0.1 mol % Texas
red DHPE (λex /λem = 582/601nm). The bilayer was allowed to self-assemble by placing 1 ml drop
of vesicle suspension over the cleaned silicon foil in a Petri dish for 30-60 minutes, followed by
rinsing away the excess vesicles. The sample was kept in the buffer all the time during the preparation and measurement. Fluorescence microscopy was performed on 1) an AxioTech Vario (Zeiss,
Jena, Germany), which was equipped with a 40× water immersion objective (ACHROPLAN, NA
= 0.8 water, Zeiss, Hamburg, Germany) and a filter set allowing the excitation of fluorescence at
around 560 nm and emission at around 630 nm (filter no. 45, Zeiss, Jena, Germany), and 2) an
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F IGURE 3.2.2. Teflon chamber used for atomic force microscopy experiments.
Axio Observer.Z1 (Zeiss, Jena, Germany), equipped with a 40× objective (Plan-Neofluar, NA =
0.6) and a filter set 560/630 nm (Colibri).
X-ray reflectivity: Cleaned silicon wafers with dimensions 15 ± 10 mm were placed into a
chamber with kapton windows (see Fig. 5.2.5 in chapter 5), designed for this reflectivity measurement. The chamber frame was made of teflon that was chemically inert and easy to clean.
The chamber was filled with lipid vesicle solution heated above the transition temperature of the
lipids used and incubated for 30 min. In the case of DOPC/DOTAP lipid mixture the incubation time was 10 h to ensure a symmetric partitioning into both leaflets of the bilayer, which
might be kinetically more difficult to achieve for cationic lipids [74]. Excess vesicles were rinsed
away, while the membrane remained hydrated all the time during preparation and measurement.
The temperature 23.8 ◦ C of the chamber was kept by a flow of 1:2 glycol:water mixture from a
temperature-controlled reservoir (Julabo, Seelbach, Germany).

(a)

(b)

0
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0

H H H H
O O O O
Si
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Si

F IGURE 3.2.3. (a) The structure of a vertical slice through the Si/native SiO2 .
The terminating chemical groups of hydrophilic silica are the Si-OH silanol
groups, where the hydroxyl group -OH is the terminating unit. (b) The atomic
force microscopy image (15 x 15 µm2 ) of a bare silicon wafer. A surface rms
roughness was estimated to be of the order of 2-3 Å.
The bare silicon wafer has a surface covered with a thin native oxide layer. The structure
of Si/native SiO2 is shown in Fig. 3.2.3 (a). The bulk silicon is in crystalline form, while the
terminating native oxide layer is composed of amorphous silica. Usually, this layer has a thickness
of 6−20 Å [75]. Terminating chemical groups of hydrophilic silica are Si-OH silanol groups,
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where the hydroxyl group -OH is the terminating unit. Surface roughness of the substrate was
examined by tapping mode AFM. Typical AFM image of a bare silicon wafer is shown in Fig.
3.2.3(b). A surface roughness was calculated from AFM images of different parts of the sample
as a root-mean-square (rms1) value of the height irregularities computed from data variance, using
the image analysis software Gwyddion2. The surface rms roughness was estimated to be of the
order of 2-3 Å.
Fluorescence image of the spreading of a membrane front (DOPC) across a silicon oxide
substrate is shown in Fig. 3.2.4.

10 μm

F IGURE 3.2.4. Fluorescence gray-scale image of the spreading of a membrane
front (DOPC) across a silicon foil after vesicle rupture. Brighter fluorescence
intensities correspond to the preformed bilayer or to floating lipid vesicles and
darker to the Si foil.
Gray-scale fluorescence images of the various lipid mixtures with low positive (DOPC/DOTAP (1:9)), neutral (DOPC) and negative charge (DOPC/DOPS (4:1), DPPC/DPPS (4:1), (1:1))
are shown in Fig. 3.2.5. The lipid bilayers were deposited by vesicle fusion on Si foils. Fluorescence microscopy was carried out at a constant temperature 23.8 ◦ C. The main transition
temperatures of DOPC, DOTAP and DOPS are below 0 ◦ C [20], therefore all compositions of
these lipids, we used in our study, are expected to be in the fully hydrated fluid phase at 23.8 ◦ C.
Fig. 3.2.5 (a, b, c) shows images of substrates highly covered with DOPC, DOPC/DOPS (4:1) and
DOPC/DOTAP (9:1) lipid bilayers, respectively. The phase transitions of DPPC and DPPS from
the ordered gel phase to the disordered liquid-crystalline phase are reported in the literature to occur at 41.4 ◦ C and 54 ◦ C [20]. The deposition of DPPC/DPPS (4:1), (1:1) bilayers onto substrates
was done at 60 ◦ C, followed by slow cooling of samples to 23.8 ◦ C (gel phase). Fluorescence
images of DPPC/DPPS (4:1) and DPPC/DPPS (1:1) bilayers are shown in Fig. 3.2.5 (d, e), respectively. In these images dark areas represent bare silicon surfaces, and the light areas represent
lipid bilayers. Defects in gel phase bilayers were observed. This is believed to be inevitable due
1rms =

r

1
N−1

∑(xi − x)2 , where x is the average height value within the given area, xi is the current height value and
i

N is the number of points within a given area.
2
http://gwyddion.net/
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to the considerable shrinkage of the area per lipid molecule in the gel phase: 15 - 20 % less than
in the fluid phase [76, 77].
a

c

b

10 µm

10 µm

e

d

10 µm

10 µm

f

20 µm

10 µm

F IGURE 3.2.5. Gray-scale fluorescence images of the different lipid mixtures
at room temperature covering silicon substrates: (a) DOPC, (b) DOPC/DOPS
(4:1), (c) DOPC/DOTAP (9:1), (c) DPPC/DPPS (4:1), (d) DPPC/DPPS (4:1), (e)
DPPC/DPPS (1:1) and (f) DPPC/DPPS (4:1) in the buffer without Ca2+ ions.
(Abbreviations are listed in the List of Abbreviations.)

Fig. 3.2.5 (f) shows the fluorescence image of incomplete vesicle fusion of DPPC/DPPS (4:1)
vesicles in the buffer solution (A) without Ca2+ ions. The deposition of vesicles composed of
charged and zwitterionic lipid species was found to be enhanced in the presence of calcium ions
[47]. This is most likely due to the ability of Ca2+ ions to bridge negatively charged entities such
as the carboxylate groups and the phosphate groups in charged and zwitterionic lipid species, or
negative charges on the silica surface. The most important effect of Ca2+ was suggested to be due
to the well-known fact that this ion is a strong fusogenic agent, promoting the fusion of cells and
liposomes [78]. The AFM image of the incomplete DPPC/DPPS (4:1) layer is shown in Fig. 3.3.2.

3.3. Suppported lipid membrane mixed with amidine latex colloids
Colloids: The positively charged polystyrene (PS) latex particles (amidine charge groups)
were purchased from Interfacial Dynamics Corp. (Portland, OR). Latex colloids are reported by
the manufacturer to have a mean radius of 0.195 µm and a density of 1.055 g/cm3 . A scanning
electron microscopy (SEM) image of amidine latex particles is shown in Fig. 3.3.1 (a).
A sample of air-dried PS microspheres was prepared. The droplet of colloid solution was
deposited on the Si3 N4 membrane and allowed to dry out on the surface. The sample was examined
by using scanning transmission X-ray spectro-microscopy.
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a)

b)
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c)

400 nm

F IGURE 3.3.1. Scanning electron microscopy images showing (a) charged amidine polystyrene particles of diameter ∼390 nm, (b) poly(sodium-4-styrene sulfonate)/poly(allylamine) hydrochloride coated gold particles of diameter d = 64
± 5 nm and (c) d = 103 ± 7 nm.
DPPC/DPPS (4:1) lipid vesicles were prepared in the buffer solution (A) without Ca2+ ions
as described above. The drop of lipid vesicles was placed over a cleaned Si3 N4 window and
incubated at 60 ◦ C for 30 min. Excess vesicles were rinsed away, while the lipid membrane
remained hydrated all the time during preparation and measurement. The vesicle fusion then
results in an incomplete coverage shown in Fig. 3.3.2 (a). Incomplete coverage was found to be
an advantage for scanning transmission X-ray spectro-microscopy experiments because of lateral
contrast variation. The lipid layer thickness was measured to be ∼10 nm, what might indicate the
intermediate step in a single bilayer formation process: two bilayers stacked on top of each other.
The process of supported lipid bilayer formation can be generally divided into a number of
steps: adhesion, vesicle flattening, rupture, and finally formation of a planar single-bilayer structure [79, 50]. In the first step the bound vesicle is believed to collapse onto itself resulting in a
double-bilayer structure. This process continues until the entire vesicle transforms into two bilayers stacked on the top of each other [79]. The transition to a single bilayer takes place in a way
that may be interpreted as sliding, or rolling motion [54, 50].
The deposited DPPC/DPPS (4:1) lipid layer was then incubated with added positively charged
PS latex microspheres at volume fractions of about 0.04 %. After 30 minutes, the unbound microspheres were gently rinsed off with the buffer solution. The prepared sample was then capped
by a second Si3 N4 window to form a wet cell (Fig. 3.3.2 (b)). The wet cell was sealed and glued
with a nail polish onto a metal shim, which was then fixed between two specimen chamber rings.
The specimen chamber shown in Fig. 6.4.2 in chapter 6 was used for scanning transmission X-ray
microscopy experiments at BESSY II.
3.4. Suppported lipid membrane mixed with gold colloids
Colloids: The positively charged poly(sodium-4-styrene sulfonate) (PSS)/poly(allylamine)
hydrochloride (PAH) gold particles of diameter d = 64 ± 5 nm and d = 103 ± 7 nm were obtained from the Colloid chemistry group3, University Vigo, Spain. Gold particles are reported by
3Luis M. Liz-Marzán and Isabel Pastoriza Santos (http://webs.uvigo.es/coloides/nano/main.html)
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a)

b)
Ø 5 mm
PS spheres

seal

100 nm

buffer

Si3N4 wafer

lipid layer

F IGURE 3.3.2. (a) The atomic force microscopy image of the incomplete
DPPC/DPPS (4:1) layer, in the buffer without Ca+
2 ions, used for future interaction with amidine polystyrene microspheres. (b) Schematic of the wet cell for
scanning transmission X-ray spectro-microscopy measurements.
the producer to have a zeta potencial of 48.5 mV and 30.8 mV, respectively. Scanning electron
microscopy images of PSS/PAH gold particles are shown in Fig. 3.3.1 (b, c).
UV/visible spectroscopy: The UV/visible spectrum of PSS/PAH coated gold nanoparticle
solution was recorded on a Lambda 40 (Perkin-Elmer) UV/visible spectrometer after adding 100
mM NaCl to monitor a possible flocculation of gold particles in salt solution.
Buffer solutions: pH 4.6 was attained with 10 mM acetic acid (HAc; Fluka, Deisenhofen,
Germany) buffer and pH 7.4 with 10 mM HEPES/NaOH buffer. For the experiments performed
at different ionic strenghts, 0 mM NaCl, 50 mM NaCl, 100 mM NaCl were added respectively.
SUVs vere prepared in respective buffers as described above and fused onto a clean Si wafer
(for X-ray reflectivity measurements) or a clean Si foil (for fluorescence microscopy). PSS/PAH
gold nanoparticles (size of 64 ± 5 nm) were added so that their final concentration was 0.33
µM (∼4.5×107 particles/2 ml solution), or 3.3 nM (∼4.5×105 particles/2 ml solution). After
the incubation time, unattached nanoparticles were gently washed and samples were observed by
fluorescence microscopy and X-ray reflectivity methods.
3.5. Giant unilamellar vesicles mixed with gold colloids
Giant unilamellar vesicles (GUVs) were generated by the electroformation technique [80].
DOPC/DOPS (4:1) lipid mixture in chloroform (1 mg/ml ) was prepared and droplets of 15 µl
were carefully deposited on indium tin oxide (ITO) treated glass slides (PGO, CA, USA). The film
was then partially dried overnight in a vacuum oven. After partial dehydration, the two ITO slides
were separated with 1 mm teflon spacers and sealed with paste sigillum wax (Vitrex, Copenhagen,
Denmark). About 1 ml buffer containing 10 mM HEPES (NaOH) with pH 7.4 was added. The
conductive glasses were connected to copper electrodes through two pieces of copper tape glued
on the conductive side of two ITO slides in order to allow the application of voltage difference.
For electroformation, an AC electric field provided by a pulse generator was applied for 3 h across
the chamber and incremented every 5 min from 50 mV to 1.6 V at 12 Hz frequency. Then, the AC
frequency was lowered to 5 Hz, and the voltage was raised to 2 V for 30 min to detach the giant
vesicles from the glass slides. Solution of GUVs was mixed with PSS/PAH gold nanoparticles
of diameter 64 ± 5 nm so that their final concentration was 0.33 µM (∼4.5 × 105 particles/20 µl
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solution). 20 µl of the sample were transferred into an observation chamber, made of a glass slide
and a coverslip spaced by two strips of double-sided adhesive tape. Giant vesicles were observed
by phase contrast with an inverted microscope (Axiovert 40; Carl Zeiss, Jena, Germany), equipped
with a 40× objective (NA = 0.8, Carl Zeiss, Jena, Germany) and a monochromatic camera CCD
SONY (SONY Corp., USA). Phase-contrast microscopy image of DOPC/DOPS (4:1) GUV is
shown in Fig. 3.5.

10 µm

F IGURE 3.5.1. Phase-contrast microscopy image of DOPC/DOPS (4:1) giant
unilamellar vesicle. The vesicle is ∼23 µm in diameter.

3.6. Lipid multilayers
Lipid multilayer samples were prepared on Si3 N4 windows. Lipids (DOPC, DOPS, DMPC)
were dissolved in chloroform, at total concentrations 5 mg/ml. The drop of 1 µl, 0.5 µl or 0.01 µl
was then carefully spread onto well-leveled and cleaned Si3 N4 windows. The spreaded solution
was allowed to dry. Finally, the films were exposed to high vacuum over 24 h to remove all
traces of solvent. The surface topography of lipid multilayers was characterized by the PLµ 2300
Optical Imaging Profiler (Sensofar Tech S.L., Barcelona, Spain). Images were taken in the phase
shifting interferometer modus. Sample was prepared for the near-edge X-ray absorption spectromicroscopy experiment described in chapter 6.

50 µm

F IGURE 3.6.1. DMPC supported multilayers (of ∼120 nm in thickness) imaged
in a dried state by Optical Imaging Profiler.
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Fourier transform infrared (FTIR) measurement: Transmission infrared spectra were recorded at a room temperature on a JASCO FTIR 4100 (Jasco Co., Tokyo, Japan) instrument. The
FTIR spectrometer was equipped with a narrow band liquid-nitrogen-cooled mercury cadmium
telluride (MCT) detector. The multilamellar DOPS stacks were deposited onto well-leveled and
cleaned CaF2 substate as described above. Several stacks were prepared and hydrated with the
respective buffer solution (10 mM acetic acid/HCl(NaOH), 50 mM NaCl, pH 3.9-4.7). Prepared
samples were then capped by a second CaF2 substrate and sealed with Parafilm to form a wet cell.
Transmittance spectra were collected. Typically 600 interferograms were recorded with 0.5 cm−1
resolution.

CHAPTER 4

Introduction to X-ray interaction with matter, index of refraction
X-rays are electromagnetic waves as first demonstrated by Laue from X-ray diffraction patterns [81]. X-rays can be produced by acceleration or deceleration of electrons, either in vacuum
(synchrotrons), or in metallic targets (tubes). The most widely used X-rays have a typical wavelength (λ ) on the order of 0.1 nm. This wavelength is associated with a very high frequency on
the order of 1019 Hz, which is at least four orders of magnitude higher than the eigen frequency of
an electron bound to a nucleus.
When an electromagnetic plane wave with an electric field ~E is incident on a charge distribution, this oscillates in response to this driving field. This motion can be described as a series
of damped harmonic oscillators. The displacement ~x of an electron from its equilibrium position
leads to a dipole momentum ~p of the atom [82]
~p = −e~x =

(4.0.1)

1
e2
~E,
2
me ω0 − ω 2 − iωγ

where me is the mass of the electron, γ the damping constant and ω, ω0 are the frequency and
the resonant frequency of the electromagnetic field respectively. For na atoms per unit volume
with Z electrons per atom, the volume polarization of the material is
2
fj
~P = na e (∑
)~E
2
me j (ω j − ω 2 − iωγ j )

(4.0.2)

The fj terms, satisfying the requirement ∑ fj = Z, are weighting factors known as oscillator
strengths. They are a measure of the atomic transition probabilities. Each electron has its own
resonance frequency ω j and a damping coefficient γ j .
The polarization is related to the electric field by the electric susceptibility χe as ~P = ε0 χe ~E.
From the relation between the polarization and the electric field the electric susceptibility becomes

(4.0.3)

χe =

fj
ω2 f j
na e2
na re λ 2
(∑ 2
)
=
(
).
∑
ε0 me j (ω j − ω 2 − iωγ j )
4π 2 ε0 j (ω 2j − ω 2 − iωγ j )

Here re = e2 /me c2 is the classical radius of the electron.
For X-rays, in the limit of high frequency (ω ω j ) and low damping (γ → 0) [83], the λ 2
expression in Eq. 4.0.3 reduces to

(4.0.4)

χe = −

na re λ 2
na re λ 2
f
=
−
Z.
j
4π 2 ε0 ∑
4π 2 ε0
j
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(a)

Photoelectron
(E = hv - EB)

(b)

Fluorescent photon
(hv = EL - EB)
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F IGURE 4.0.1. (a) Photoionization by an incident x-ray photon leaves the atom
with a vacancy in a core shell. The energy difference is (b) released in form of a
fluorescent photon, or (c) transferred to an Auger electron which is ejected from
the atom. Processes are illustrated with a simplified model [83].

We can now introduce the index of refraction n [82] in a medium with the wavevector k =
2π/λ as
√
µε
k
(4.0.5)
n=
=√
,
k0
µ0 ε0
where µ is a magnetic permeability, expressed as µ = µ0 (1 + χm ), in analogy with expression
for dielectric constant ε = ε0 (1 + χe ). Inserting both equations into Eq. 4.0.5 gives
p
p
1
(4.0.6)
n = (1 + χe )(1 + χm ) w (1 + χe ) w 1 + χe ,
2
neglecting the small magnetic susceptibility.
Inserting the Eq. 4.0.4 into Eq. 4.0.6 we end up with

(4.0.7)

n ≈ 1−

1 na re λ 2
f j.
2 4π 2 ε0 ∑
2

eλ
For X-rays, the index of refraction is often written as n = 1 − δ − iβ = 1 − r2π
na ( f1 + i f2 ),
where

(4.0.8)

δ=

re λ 2
na f1 = αλ 2 f1
2π

and
re λ 2
na f2 = αλ 2 f2
2π
As a consequence, the interaction of X-rays with matter can be well described (in a classical
way for a first approach) by an index of refraction which characterizes the change of direction
of the X-ray beam when passing from air to a material. Values of f1 and f2 have been tabulated
by Henke et al. [84] for all elements from hydrogen to uranium (Z=92) and for photon energies
extending from 50 eV to 30 keV.
(4.0.9)

β=
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σab (absorption)
σcoh (elastic)
σincoh (Compton)

-

Energy (eV)

F IGURE 4.0.2. X-ray cross sections in carbon for photoelectric absorption and
elastic and inelastic scattering. (Figure from Kirz et al. [85]).

The incident beam may be either absorbed, scattered elastically (coherent), or inelastically
(Compton) by the atom [83, 81]. The total cross section σ describes the probability that an incident
photon will interact with an atom. In the photoelectric absorption process, the X-ray is absorbed
in the atom and its energy E is transmitted to an electron in the K-shell, L-shell etc., with binding
energy EK , EL etc. The electron is expelled from the atom with an energy of E − EK , E − EL
etc. leaving the atom in an excited state with a core vacancy. The core vacancy can be than filled
by an electron from one of the higher lying shells with concomitant fluorescent radiation (Fig.
4.0.1 (a,b)). The atom can adjust to the core vacancy through the Auger process in which one
electron makes a transition to the core vacancy, while a second electron of characteristic energy is
emitted (Fig. 4.0.1 (c)). In the case of elastic scattering, the incident photon preserves its energy
and is scattered at a new angle. Elastic scattering becomes important in the cases where scattered
amplitudes can be added coherently. Compton scattering is explained as inelastic scattering of the
incident photon off an electron, whereby energy and momentum are preserved between the photon
and the electron. Part of the energy and momentum is transferred to the electron, and the photon
is scattered off at a new angle, with reduced or enhanced photon energy and therefore increased
wavelength. Fig. 4.0.2 shows the cross sections for the three interaction mechanisms listed above
in the case of carbon.
It can be seen that in the soft X-ray region (.1 keV) Compton scattering is negligible compared to absorption and elastic scattering. At higher photon energies up to 10 keV, Compton
scattering becomes a more relevant fraction of the total interaction cross section. Increasing the
X-ray energy primarily reduces photoelectric absorption and thereby minimizes radiation damage
and incoherent background. However, the elastic scattering signal is reduced at higher energies as
well and Compton scattering becomes the dominating interaction.
When X-rays interact with a dense medium consisting of a very large number of atoms or
molecules and when the momentum transfer is small with respect to the inverse of the interatomic
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distance, it is sometimes more convenient to treat the material as a continuum with an interface to
the surrounding medium. At the interface the X-ray beam is refracted and reflected [81]. These
processes will be described in the Chapter 5.

CHAPTER 5

X-ray reflectivity study of solid supported lipid membranes
5.1. Introduction
Recent studies of solid supported lipid bilayers have demonstrated the potential of X-ray reflectivity to probe the molecular structure of lipid model membranes [61, 86]. The density profile
across a single bilayer ρ(z) in the fluid state can be retrieved on an absolute scale under physiologically relevant conditions of excess water or buffer solutions. Such systems serve as simple
model systems for the much more complex biological counterparts [87] and are also interesting
components for biotechnological applications, for example as bio-functionalized solid surfaces.
Here we use X-ray reflectivity to probe the structure of two-component lipid mixtures, with
varied surface charges, both in the fluid and the gel phases. Protocols for the deposition of solid
supported lipid bilayers by vesicle fusion go back to pioneering work by McConnel [41], and have
also been adapted for deposition of charged bilayers [49, 45]. Cationic and mixed bilayers on solid
surfaces have been used to study the absorption of biomolecules (such as DNA) with a membrane
mainly by fluorescence microscopy [88]. The lipid molecules self-assemble into bilayers in the
presence of a hydrophilic solid support, which stabilizes a thin water layer between the support
and the bottom leaflet of the bilayer.
In this chapter we investigate the effect of the bilayer charge on the water spacing between
bilayer and silicon substrate, as well as detailed structural characteristics of mixed two-component
bilayers. Structural parameters, such as membrane thickness, area per lipid, water thickness, and
the number of water molecules per lipid were calculated directly from an electron density profile of
the model bilayers. For this purpose, the reflectivity signal above background has been measured
up to qz ' 0.6 Å−1 in the fluid phase and qz ' 0.7 Å−1 in the gel phase of the bilayers, using
synchrotron radiation, while a range of at least 0.3 Å−1 and 0.35 Å−1 was exploitable in-house.
The dynamic range covered in the reflectivity signal was seven orders of magnitude for the inhouse sealed tube measurements, and more than eight orders of magnitude at the synchrotron.
The bilayer was parameterized by an adaptable number n of Fourier coefficients [89], depending
on the qz -range probed. Note, that reflectivity yields the bilayer scattering density profile ρ(z)
on an absolute scale without free scaling parameters. The parameters were optimized by a global
search using a genetic optimization algorithm (Volker Türck, Optimize 5.0).
Phase separation and lateral demixing of lipids in model systems has presently attracted increased intention again, in view of the possible functionality in biological membranes associated
with lateral heterogeneity. Structural characterization on molecular scale, capable to probe lipid
segregation on the nanometer scale, is however challenging. Here we show that a splitting of the
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density profile in the headgroup region of mixed bilayers is observed, which we associate with lateral demixing of the two lipid components. We also show that the water layer dw between silicon
and the headgroup of the lower leaflet can be determined with high precision and is found to vary
with bilayer charge density σ .
A further, more technical motivation for the present study was to demonstrate the feasibility of
single membrane reflectivity experiments with sealed tube in-house instrumentation. Recent work
on X-ray reflectivity from solid-supported bilayers has exclusively concentrated on synchrotron
experiments [61, 86]. In this work we show that high resolution density profiles obtained from
least-square fitting to a parameterized bilayer model can be obtained also with an in-house reflectivity setup using MoKα radiation to penetrate the excess water above the bilayer. Note that
in-house experiments are accessible to a broader research community. Furthermore, beam damage
does not pose any problems, e.g., in contrast to intense undulator radiation. Finally, complicated
and lengthy measurements, in particular addressing lipid-protein interaction and/or complex model
systems, can be sometimes more easily be addressed in in-house experiments where the beam can
be used over several weeks in a row.

5.2. X-ray reflectivity: theory, experiment, and analysis
Specular reflection of X-rays from a plane surface can yield information about its electronic
structure in a perpendicular direction [81]. X-ray reflectivity of surfactant films was first demonstrated by Pershan and Als-Nielsen [90].
5.2.1. Critical angle of reflection. For X-rays, the refractive index n (derived in Chapter 4)
of a material is slightly less than unity [81]. Passing from air (n = 1) to the reflecting material
(n < 1), it is possible to totally reflect the beam if the incident angle αi (i.e. the angle between
the surface of the sample and the incident beam) is small enough. It is known as the total external
reflection of X-rays. For this to occur, the incident angle must be smaller than the critical angle αc
defined as
cos αc = n = 1 − δ
Since n is very close to unity, this angle is very small and the Taylor approximation in αc
yields
αc2 = 2δ =

re λ 2
π ρ

cos θi = cos θc = 1 − δ
2

1 − θ2!c + ... = 1 − δ
√
p
θc ≈ 2δ = λ re ρ(r)/π
where re is the classical electron radius and ρ(r) is the electron density.
The corresponding critical wave vector qc is then

(5.2.1)

qc = 4

p
ρ(r)re π
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F IGURE 5.2.1. A plane electromagnetic wave with wavevector ki hits a surface
at grazing angle θi . The wave splits into a reflected (θi = θr ) and a refracted wave
transmitted at the angle θt .
5.2.1.1. Reflected intensity from ideally flat surface. Now the reflectivity of a single perfectly
smooth vacuum/medium interface will be calculated. The situation is shown in Fig. 5.2.1. A
−r ) with wavevector ~k = k(cos θ , 0, − sin θ ), hits
~ i (r) = (0, ai , 0) exp(i~ki →
plane wave in vacuum, E
i
i
i
at a grazing angle θi a flat surface or a medium with the refractive index nt . The reflected and
~ r (r) = (0, ar , 0) exp(i~kr~r), with ~kr = k(cos θi , 0, sin θi ), and
transmitted fields can be described by E
~ t (r) = (0, at , 0) exp(i~kt~r), with ~kt = (kt,x , 0, kt,z ).
E
The reflectivity intensity R is defined as the product of the amplitude reflectivity r with its
conjugate complex r∗ expressed by the ratio of incident and reflected amplitude ai /ar :
(5.2.2)

R = |ai /ar |2 = rr∗

The incident, reflected and transmitted waves show for the amplitudes at z = 0
ai + ar = at
ai ki + ar kr = at kt
with k = |ki | = |kr | and nk = kt follows
at nk cos θt = ai k cos θi + ar k cos θr
nat k sin θt = (ai − ar )k sin θi
n=

(ai −ar )k sin θi
(ai +ar )k sin θt

θt
n sin
sin θi =

(ai −ar )
(ai +ar )

≈

θr
θi

Finally,
r≡

ar
ai

=

θi −θr
θi +θr

is the Fresnel equation of reflectivity and

(5.2.3)

t≡

at
2θi
=
ai
θi + θr

is the Fresnel equation of transmittivity. The resulting reflectivity intensity then is
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∗

RF = rr =

(5.2.4)

θi − θr
θi + θr

2

With qz = 4π/λ sin θr = 2k sin θr ≈ 2kθr it can be rewritten as:

∗



RF = rr =

(5.2.5)

qi − qt
qi + qt

2

.
Subsequently using qt2 = q2i − q2c
q
q
q
2 
2 
2
1 − 1 − q2c /q2i
1 − q2i − q2c /qi
q2i − q2c
 =
 =

q
q
q
RF = rr∗ = 
qi + q2i − q2c
1 + q2i − q2c /qi
1 + 1 − q2c /q2i


(5.2.6)

qi −

For q2i > q2c the reflectivity results in

(5.2.7)

RF ≈

qc
qi

4

Figure 5.2.2 (left) shows the Fresnel reflectivity as a function of the angle of incidence θi
normalized by the critical angle θc of a silicon/vacuum interface (θc = 0.22◦ ) for the λ = 1.54 Å
and different absorption/dispersion ratios (β /δ ). The absorption only plays a role in the vicinity
of the critical angle, leading to a “rounding” in this region, and is negligible for larger angles of
θi . The function RF decreases rapidly for incident angles θi > θc (see Eq. 5.2.7). Figure 5.2.2
(right) shows the Fresnel transmission again as a function of the angle of incidence θi normalized
by the critical angle θc of a silicon/vacuum interface (θc = 0.22◦ ) for the λ = 1.54 Å and different
β /δ ratios. For θi ≈ θc this function reaches a maximum. This is due to the fact, that the reflected
and the transmitted waves interfere constructively, thus enhancing the amplitude of the transmitted
wave by a factor of two [90]. For larger angles θi the Fresnel transmission tends to unity.
5.2.2. Kinematical theory. The kinematical theory or first Born approximation simplifies
the expression for the intensity of specular reflectivity for non-ideal surfaces that are either rough
or exhibit structure. The basic assumption of the Born approximation is that the amplitude of
the transmitted wave is equal to that of the incident wave [90, 82]. This amounts to neglecting
refraction effects. The kinematical approach is valid in the so-called weak scattering regime, i.e.
when the cross section for the scattered radiation is small and therefore multiple scattering effects
may be neglected. This approximation breaks down in the region of the critical angle, while it is
valid for incident angles of, say θi > 3θc [90].
Within the first Born approximation, the X-ray reflectivity signal is a direct measure of the
average electron density of the sample, perpendicular to the surface normal z, ρ(z). More specifically, the ratio of the X-ray reflectivity to the Fresnel reflectivity will deviate from unity by the
absolute value of the square of amplitude of a surface structure factor F(qz ). The structure factor
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θi/θc

θi/θc

F IGURE 5.2.2. Fresnel reflectivity RF (left) and Fresnel transmission TF (right)
vs. the angle of incidence θi normalized by the critical angle θc of a silicon/vacuum interface (θc = 0.22◦ ) for the λ = 1.54 Å and different absorption/dispersion ratios β /δ . The absorption is only of importance in the region
of the critical angle (left). The enhanced transmission for θi ≈ θc can be seen
(right). (Figure from Tolan [90]).
is defined as the Fourier transform of the derivative of the in-plane average of the electron density
along the surface normal ρz [81]:

(5.2.8)

1
R(q) = RF (qz )
ρ∞

ˆ

ρ(z) iqz z 2
e dz = RF (qz )|F(qz )|2 ,
dz

where ρ∞ is taken to be the electron density of the bulk, ρ(z) the electron density profile along z,
RF (q) the Fresnel reflectivity and F(qz ) is the structure factor. The equation 5.2.8 is known as the
Master formula.
5.2.3. Rough surfaces and interfaces. Usually an interface is not ideally sharp and the reflectivity is damped by diffuse scattering due to surface roughness expressed as

(5.2.9)

2σ 2

R(q) = RF (q)e−q

The damping of the diffuse scattering is the Fourier transform of the derivative of the error function
f (z) = er f ( √z2σ ), which is a Gaussian. The error function describes the density distribution at a
rough interface. σ is the interface rms-roughness. The scattering of the uncorrelated surface is
confined to the specular direction.
5.2.4. X-ray reflectivity from a single lipid membrane. In the case of a flat substrate, covered homogeneously by a lipid bilayer, incident waves may be reflected by the interface waterbilayer or bilayer-substrate. At distances far away from the sample, the reflectivity spectra exhibits
interference effects, caused by superposition of different waves reaching the detector. If the additional flight path, traveled by the wave scattered at the bilayer/substrate interface, is a multiple of
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the X-ray wavelength, constructive interference occurs. Otherwise, if the path equals an uneven
multiple of half the wavelength, the waves interfere destructively and the signal completely vanishes. Usually, full destructive interference is not observed, since the interfaces always exhibit a
certain roughness. These oscillations in the reflectivity spectra are the so-called Kiessig fringes
[91]. Kiessig fringes indicate that the film is very smooth and homogeneous.
5.2.5. Experimental Setup. Sealed X-ray tubes [81] are the most widely used x-ray sources.
The characteristic radiation is created whenever the energy of incident electrons is large enough to
excite a K electron of the target material. In-house laboratory experiments always suffer from the
insufficient high flux of the radiation produced by X-ray tubes. Because the radiation is emitted
into the whole upper half-space of the tube, the photon flux toward a particular direction is relatively low. This problem cannot be overcome using flat monochromators or collimators but it can
be partially solved using a parabolically bent multilayer Göbel mirror [92]. This mirror increases
the intensity at the sample site by a factor of ten compared to a beam which is conventionally
defined by a collimation line of two slits. The Göbel mirror attached to a sealed tube yields an
intensity at the sample site that is comparable with that of a slit arrangement and a rotation-anode
tube.
Storage ring facilities provide the most intensive X-rays, i.e. the synchrotron radiation. Extensive reviews has been published on the properties and application of synchrotron radiation [81, 93].
Synchrotron radiation facilities supply a nearly parallel and highly intense radiation beam. Here
the problem of designing an X-ray reflectivity experiment is related to a proper choice of the
energy and an angular resolution.
X-ray reflectivity experiments in this work were performed both at the ID01 undulator beamline (ESRF, Grenoble), using 13.46 keV photon energy, and at a sealed X-ray tube (D8 Advance,
Bruker, Germany), operating with MoKα radiation (E = 17.48 keV , λ = 0.0709 nm). The in-house
reflectometer was equipped with a collimating Göbel mirror system, automatic filter settings, a fast
scintillation counter and the NaI-Detector which has a dynamic range up to about 2.5 x 105 cps.
The beam geometry of the instrument is shown in Figure 5.2.3. The beam size in the reflectivity
plane was defined by entrance slits to 50 µm. The collimating Göbel mirrors, 50 µm beam size in
the scattering plane, large divergence in the horizontal plane (due to small source-sample distance)
optimizes signal to noise ratio.
The design of the ID01 beamline is described in detail in [94]. A schematic of the setup, as
it was used during the experiments, is shown in Figure 5.2.3. The polychromatic X-ray beam was
monochromatized by a double crystal Si(111) monochromator (M) with an energy resolution of
1 eV. A computer controlled set of attenuators (A) in front of the sample was used. Then, the
beam passes through a slit (S1), which is used to determine the size of the X-ray beam (100 x
100 µm) in front of the sample. The beam is then passed through a ion chamber (I) to measure
the incident flux, and subsequently the beam impacts the sample surface (S). After reflection from
the sample surface, the X-ray beam passes through two slits (S1, S2) in order to enter the X-ray
detector (D). The two slits between the detector and the sample surface are used in order to define
the solid angle of acceptance of the detector. As a detector, a Cyberstar scintillation point detector
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F IGURE 5.2.3. Schematic of the D8 beam geometry: A sealed X-ray tube generates MoKα radiation, which is collimated by a Göbel mirror system. Fixed slits
(S1 and S2) are used to adjust the vertical angular divergence of the beam, before
it hits the sample. For collimation of the reflected beam another system of two
slits (S3 and S4) is used. The sample can be moved in the vertical z-direction and
along the angular direction around the optical axis.


D

S3

S2

S1 A

z
S

y

M

I
0

x

θ

e-

θ

F IGURE 5.2.4. Setup at the ID01 beamline (ESRF).

was used (Oxford Danfysik, Oxford, UK). The ID01 beamline is set up as a θ /2θ diffractometer,
where the incoming beam has a fixed direction and the sample is moved, so that the beam hits the
substrate surface at an angle θi . In specular condition the detector is then moved at the same time
by an angle 2θi with respect to the optical axis, so that the incoming and reflected beam obey the
specular condition θi = θr .
Fig. 5.2.5 shows the picture of the measurement chamber (42 × 32 × 10 mm3 ), designed for
this reflectivity measurement. The chamber frame is made of Teflon that is chemically inert and
easy to clean. The X-ray beam enters and exits the chamber through Kapton windows. Cleaned
silicon wafers with dimensions 15x10 mm2 were placed into a chamber. The temperature 23.8 ◦ C
of the chamber was kept by a flow of 1:2 glycol:water mixture from a temperature-controlled
reservoir (Julabo, Germany).
At the undulator beamline ID01, at an energy 13.46 keV, we could show that the intensity loss
due to beam attenuation within the liquid-filled chamber is ∼ 40%. Figure 5.2.6 shows the primary
beam intensity at the ID01 beamline (a) before and (b) after inserting the liquid-filled chamber.
5.2.5.1. X-ray reflectivity measurement. The impinging X-rays enclose an angle θi with the
→
−
surface and have a wavevector ki . When the detector encloses an angle θr with the surface,
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F IGURE 5.2.6. (a) The primary beam profile at the ID01 beamline and (b) the intensity loss due to beam attenuation within the liquid-filled chamber 5.2.5 (200×
200 µm slit setting).
→
−
scattered photons with the momentum h̄ kr are probed. The components qx , qy qz of the wavevector
→
−
→
−
−
transfer →
q = kr − ki are given by
qx =

2π
λ (cos θr cos φ

− cos θi )
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F IGURE 5.2.7. Drawing of the in plane scattering geometry (the wavevector of
→
−
→
−
the incident and scattered x-rays are ki and kr , with the incident and exit angles θi
and θr respectively, and the scattering angle 2θ ), and the scans in the reciprocal
plane (qx , qz ) : specular scan, offset scan, detector scan (2θ -scan) and rocking
scan (ω − scan). The region below the dashed lines is inaccessible for in-plane
scattering experiments (θi < 0 or θ f < 0).
qy =
qz =

2π
λ

cos θi sin φ

2π
λ (sin θi + sin θr )

Figure 5.2.7 shows some typical scans in reciprocal space.
Rocking scan (ω-scan). The scattering angle 2θ = θi + θr remains constant and ω = θi − θr
is changed within the limits 2θ /2 . This corresponds to a rotation of the sample at fixed X-ray
source and detector positions. For small qz the scan runs approximately parallel to the qx axis.
Detector scan (2θ -scan). The incident angle θi is kept constant and only the detector angle
θr is changed. The scan contains information about the lateral and the vertical structure of the
sample.
Specular scan. θi and θr are changed simultaneously such that the specular condition θi =
θr = 2θ /2 holds. The scan runs along the qz axis, i.e. qx = 0.
Offset scan (longitudinal diffuse scan). θi and θr vary simultaneously so that the condition
θi = 2θ /2 + δ θi holds. The scan runs on a line at an angle δ θi with respect to the qz axis. δ θi
should be greater than the width of the specular peak and is typically on the order of a few hundredth of a degree.
5.2.6. Radiation damage and reproducibility. In the full synchrotron beam, radiation damage was observed. The high brilliance of synchrotron source is commonly reported to cause major
damage in biological samples [95]. A main reason for this damage is the creation of photoelectrons in the (silicon) substrate, which ionize atoms in the biological or organic sample on top of
it, so that chemical reactions are induced that destroy the sample structure. We have detected a
systematic shift of the minima position, shown in Figure 5.2.8, by measuring a reflectivity around
the second minima (1.3 < qz < 1.6) with increased illumination time (exposure time was 0.5 sec).
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in position of the minima as a function of illumination time (exposure time was
0.5 sec) was already reported in [86]. This effect can be ascribed to radiation
damage, most likely originating from free radical generation by photoelectrons at
the solid surface.
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F IGURE 5.2.9. Two reflectivity measurements of the same sample (DPPC/DPPS
(4:1)), measured with the same scanning configurations at two different positions
of the sample.
To achieve data sets unspoiled by radiation damage, the following measures were combined:
(i) A computer controlled set of attenuators in front of the sample was used, see Figure 5.2.11
(a), limiting the full beam exposure only to a selected number of points in the high qz -range.
(ii) The sample was translated during illumination in y-direction, perpendicularly to the direction
of the incident beam and data were always collected from undamaged areas. (iii) A fast shutter
system was installed to minimize the exposure time during motor movements. Reproducibility
of the measured data was then checked along various parts of the reflectivity curve (Fig. 5.2.9).
The scans were completed in approximately 30 min. For reflectivity measurements carried out at
D8 Advance reflectometer, automatic attenuator settings were used. Radiation damage was not
observed. The scans were completed in approximately 6 h.
5.2.7. Data Treatment. X-ray scattering and particularly raw reflectivity data cannot be directly compared with model calculation for two reasons: (i) In this particular experiment the
specular reflectivity is considered the data with the diffuse reflectivity being the background. (ii)
For very small incident angles the sample surface is almost parallel to the incident beam and parts
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of the incoming radiation do not hit the sample. This leads to a reduction of the reflected intensity
and the measured reflectivity becomes less than unity in the region of total external reflection. The
reflectivity curves were corrected for background (diffuse) scattering, illumination and normalized
to primary beam intensity, measured by photodiode monitor.
Processing the raw data entails four main steps:

• Since the measured curve consists of several parts, these must first be added together so
that a continuous curve forms. The scans are corrected for attenuation and normalized
by the monitor signal.
• The measured intensity is plotted as a function of the momentum transfer qz . The momentum transfer perpendicular to the interface is defined as a function of the incident
angle θi ,
4π
sin(θi )
λ
• Next, the background is removed from the data. Background removal consists of simply
subtracting the diffuse reflectivity from the specular reflectivity.
qz =

(5.2.10)

At this point the counting-statistics has to be considered. The measured quantity is not the scattered
intensity I itself, but a discrete number of photons N detected by detector within a time t. Thus,
√
N is Poisson distributed with an error ∆N = N. For sufficiently large N, a normal distribution
with σ = ∆N is assumed [96]. If N counts have been measured in a time t, the intensity is equal
√
to I = N/t with
q an error ∆I = N/t. After the background substraction the error propagates as
∆Icorrected =

∆I 2 + ∆I 2bgr .

• The remaining step in the data processing is to correct the data for the sample footprint.
For very small incident angles the sample surface is almost parallel to the incident beam
and parts of the incoming radiation do not hit the sample. This leads to a reduction of the
reflected intensity and the measured reflectivity becomes less than unity in the region of
total external reflection. If a rectangular shaped beam of width h and a sample of length
l is assumed (Fig. 5.2.10), the angle of complete irradiation of the sample is given by
θg = arcsin(h/l) and the reflected intensity is reduced by a factor β = sin θi / sin θg for
θi ≤ θg ; (for θi > θg , β = 1).
• Finally, the corrected specular reflectivity is normalized to primary beam intensity, measured by photodiode monitor. The data can be divided by the Fresnel reflectivity of the
bare silicon substrate to obtain the signal coming from the bilayer itself.

X-ray reflectivity scan before and after correction are shown in Fig. 5.2.11. Igor Pro (Wavemetrics,
Portland, USA) procedures for data correction are listed in Appendix B. Once the data is in this
format it is possible to compare it with theory by fitting to find structural parameters.
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F IGURE 5.2.10. The dependence of the illumination of the sample (length l)
on the incident θi : For the incident angles below the cover angle θg (θ ≤ θg )
larger beam size h increases the integrated primary intensity and only a part of the
primary beam is reflected. While for θi > θg , the whole beam is reflected.

5.3. Semi-kinematical model for lipid bilayer reflectivity
The method, we used for data analysis, is based on semi-kinematical approximation1 of the
reflectivity. The X-ray reflectivity from an interface is characterized by the electron density profile
ρ(z) between a medium 1 with electron density ρ1 and a medium 2 with density ρ2 and can be
expressed by the so-called master formula [81]:
ˆ
1
dρ(z) iqz z 2
(5.3.1)
R(qz ) = RF (qz )
e dz ,
∆ρ12
dz
where RF (qz ) is the Fresnel reflectivity of the ideal interface between the two media, qz is the
scattering vector, and ∆ρ12 is the density contrast. In this formalism the ρ(z) is the laterally
averaged density profile. RF (qz ) can be written as |(qz − q0z )/(qz + q0z )|2 with q0z 2 = q2z − q2c . The
critical momentum transfer is directly related to the density contrast by qc = 4π/λ sin(αc ) '
p
4 πr0 ∆ρ12 , with the classical electron radius r0 .
The lipid bilayer is separated from the solid support by a thin water layer [97], as illustrated
in Figure 5.3.1. The electron density profile of a lipid bilayer on a Si substrate can be thus written
as:


z + d0
(5.3.2)
ρ(z) = (ρSi − ρwater ) · erf √
+ ρ0 (z),
2σ
where (ρSi − ρwater ) corresponds to the contrast of the interface between Si and the thin water
layer, corrected by the error function with the rms substrate roughness σ . ρ0 (z) represents the
bilayer electron density.

1The semi-kinematic theory presented here combines the Fresnel-reflectivity, exact for an ideally flat interface between

two media, with the kinematic master formula.
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F IGURE 5.2.11. (a) X-ray reflectivity scan (before footprint correction) and
offset-scan (non-specular background) of DOTAP/DOPC supported bilayer on
silicon wafer, recorded at ID01. Different parts of the reflectivity scan (different
symbols) were detected by using the different set of attenuators to prevent radiation damage. Obviously, for smaller θi , more attenuators were used than for the
higher θi , until removing all attenuators for qz ' 1.6 Å−1 . Solid line corresponds
to the polynomial fit to the measured background. (b) X-ray reflectivity scan after
offset subtraction and illumination correction. The measured intensity is normalized to primary beam intensity. (c) Reflectivity scan divided by the Fresnel
reflectivity of the silicon.
After inserting the electron density profile equation (5.3.2) to equation (5.3.1) and taking the
ensemble average, X-ray reflectivity can be written as:
(5.3.3)

R(qz ) =

RF (qz )

´

+ ∆ρ112
=

1 z+d0 2
σ )

√ 1 e− 2 (
2πσ 2

´

eiqz z dz +
2

∂ ρ0 (z) iqz z
dz
∂z e

RF (qz ) e−iqz d0 e

2
−q2
zσ
2

=
2

+ f (qz ) =

h 2 2
i
2
q2
zσ
= RF (qz ) e−qz σ − 2ie− 2 sin(qz d0 ) f (qz ) + | f (qz )|2 .
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The first summand represents the reflectivity of the substrate. The second is a cross term and represents interference effects from the substrate with the bilayer. The third summand is the product
of the form-factor | f (qz )|2 , containing the structural information about the bilayer centered at z=0:
ˆ d
2
1 ∂ ρ0 (z) iqz z
(5.3.4)
f (qz ) =
e dz.
∂z
− d2 ∆ρ12
∆ρ12 corresponds to the contrast of the water/Si interface, d0 represents the thickness of a thin
water layer with half membrane thickness (see Figure 5.3.1).
To describe the bilayer density profile ρ0 (z) we chose the parametrization of the bilayer in
terms of its first N0 Fourier coefficients fn [89],


N0
2πnz
.
(5.3.5)
ρ0 (z) = ρwater + ∆max ∆ρ12 ∑ fn vn cos
d
n=1
0
fn vn cos( 2πnz
The term (∆max ∆ρ12 ∑Nn=1
d )) can be understood as a deviation of the electron density
of the bilayer from the electron density of surrounding water ρwater in terms of fn . vn is the
associated (complex) phase factor, which in our case can be shown to reduce to ±1 only, due to
the mirror symmetry of the bilayer. ∆max is the amplitude of density deviation to the water density.
The integral of the form factor can be solved analytically after inserting equation (5.3.5) to
equation (5.3.4), yielding

N0

(5.3.6)

f (qz ) =

∑


fn ∆max

n=1


i 8π 2 n2 sin(0.5qz d)
cos(nπ)
.
qz 2 d 2 − 4π 2 n2

Finally, the expression (5.3.3) was used for the simulation (the computer program is listed in
Appendix C), where the parameters were optimized by a global search using a genetic optimization
algorithm (Volker Türck, Optimize 5.0 2). The fitting procedure results in obtaining the electron
density profile on an absolute scale. The fit parameters are reduced to the Fourier coefficients fn ,
the associated phase factor vn , the distance from the substrate to the middle of the bilayer d0 , the
critical momentum transfer qc , the amplitude of density deviation to the water density ∆max and
the substrate roughness σ . The water electron density was fixed to 0.334 e− /Å3 , and the silicon
substrate electron density was fixed to 0.699 e− /Å3 . The number n of Fourier coefficients is
qmax
adapted depending on the qz range, according to n ' 2πD
, where D is the width of the film. Thus,
the higher the range in momentum transfer qmax , the higher the number of the Fourier coefficients
(fit parameters) used. The fitting procedure often involves iterative changes in the number of
Fourier coefficients.
The main purpose of the electron density profiles is to obtain structural information. The
structural parameters can be derived from simple geometric relationships. The highest electrondensity peaks on both sides of the centrosymetric electron density profiles ρ(z) of the bilayer
coincide with the phospholipid head group ρh . The valuable quantity is the separation dhh of
these maxima (head-to-head distance), which is a measure of the bilayer thickness. The two side
minima correspond to the water layer and the central minimum is associated with the terminal
2http://sol.physik.tu-berlin.de/htm_trk/
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F IGURE 5.3.1. Model of the electron density profile ρ(z) with the corresponding
parameters used in the fitting procedure.

methyl groups of the hydrocarbon chains ρc . The thickness of the water layer between Si support
and the bilayer, including the water molecules intercalated into the bilayer, can be determined as
dwater = d0 − dhh /2.

(5.3.7)

The area per lipid A is calculated from the relation given by Pabst et al. [98]:
 ρ h ne

neh
1
ρc c
(5.3.8)
A=
−
ρ
dh
ρCH2 ( ρ h − 1) dc
c

neh

where
is the number the head-group electrons and nec number of hydrocarbon electrons. The
electron densities of the head-group ρ h and hydrocarbon tails ρ c are defined relatively to the
methylene electron density ρCH2 (ρ h = ρh −ρCH2 , ρ c = ρc −ρCH2 ). The methylene electron density,
determined from wide-angle diffraction experiments, is 0.317 ± 0.003 e− /Å3 [99]. The headgroup size dh is estimated from the full width at half maximum (FWHM) σh of the Gaussian fitted
to the head-group region, and the hydrocarbon chain length dc can be derived from
dhh − σh
.
2
The total number of water molecules per lipid molecule between the substrate and the bilayer,
including the molecules intercalated into the bilayer, can be estimated from
(5.3.9)

(5.3.10)

dc =

nw =

Adw
,
Vw

where Vw ∼ 30 Å3 is the volume of one water molecule at 30 ◦ C. We stress, however, that the values
for A, nw , dc , and dh are derived from the density profile on the basis of a number of assumptions
and definitions, as detailed in [98]. The primary structural results of the measurement is just the
vertical density profile ρ(z).
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TABLE 1.
Parameter

DOPC

DOPC/DOPS DOPC/DOTAP DOPC/DOTAP
(4:1)
(9:1)
(9:1)(1)
−
3
ρh (e /Å ) 0.45±0.13
0.44±0.05
0.43±0.03
0.44±0.09
−
3
ρc (e /Å ) 0.23±0.07
0.24±0.03
0.24±0.02
0.23±0.05
dhh (Å)
39.6±0.3
39.4±0.2
39.8±0.2
40.0±1.1
dw (Å)
4.25±0.23
3.9±0.2
3.4±0.2
3.9±1
dh (Å)
6.01±0.04
6.30±0.15
6.70±0.15
5.60±0.10
dc (Å)
16.8±0.15
16.6±0.1
16.5±0.1
17.2±0.55
A(Å2 )
74.4±1.0
71.1±1.3
65.5±1.0
72.9±1.35
nw
10.6±0.2
9.2±0.2
7.4±0.1
9.5±0.3
Derived values for electron density of the head-groups (ρh ) and of the terminal methyl groups of the hydrocarbon chains (ρc ), and derived structural parameters calculated by using Eqs. (5.3.7)-(5.3.10). (1) are the values for
D8 Advance measurements.

TABLE 2.
Parameter

DPPC/DPPS
(4:1)
ρh (e− /Å3 )
0.44±0.03

DPPC/DPPS
DPPC/DPPS
(1:1)
(1:1)(1)
0.44±0.01
0.42±0.05
(0.43∗ ±0.01)
ρc (e− /Å3 )
0.20±0.02
0.19±0.02
0.235±0.030
dhh (Å)
45.0±0.5
49.8±0.1
49.8±0.7
(41.4∗ ±0.08)
dw (Å)
5.7±0.4
4.9±0.2
3.8±0.6
dh (Å)
13.7±1.6
11.2±0.5
−
dc (Å)
15.6±0.8
19.3±0.4
−
A(Å2 )
43.3±2.6
43.65±1.15
−
nw
8.2±0.5
5.5±0.7
−
Derived values for electron density of the head-groups (ρh )
and of the terminal methyl groups of the hydrocarbon chains
(ρc ), and derived structural parameters calculated by using
Eqs. (5.3.7)-(5.3.10). (1) are the values for D8 Advance measurements. (∗ )corresponds to the values for the second maxima in the electron density profile of the DPPC/DPPS (1:1).

5.4. Results and Discussion
We measured specular X-ray reflectivity from the various lipid mixtures with low positive
(DOPC/DOTAP (1:9)), neutral (DOPC) and negative charge (DOPC/DOPS (4:1), DPPC/DPPS
(4:1), (1:1)). The lipid vesicles were deposited by vesicle fusion on a Si substrate as described in
Chapter 3. Experiments were carried out at a constant temperature 23.8 ◦ C. We determined the
best fit to the data for each sample by obtaining model intensity curves using the semi-kinematical
approach described above. Reasonable starting parameter values were initially set for each fit. The
resulting fit parameters are summarized in Tables 1 and 2 in Appendix A.
The intensity of specularly reflected X-rays for lipid mixtures was measured up to the momentum transfer ∼ 0.6 Å for the bilayer in fluid phase and up to ∼ 0.7 Å for the bilayer in gel phase,
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covering 8 orders of magnitude in intensity, before reaching the background level (see Fig. 5.4.1).
For reflectivity measurements carried out at D8 Advance reflectometer, we were able to measure
intensity of the reflected beam up to the momentum transfer ∼ 0.3 Å for the bilayer in fluid phase
and up to ∼ 0.35 Å for the bilayer in gel phase (see Fig. 5.4.1).
An estimate of the spatial resolution dmin for the density profile obtained from a reflectivity
π
measurement is given by the sampling theorem dmin ∼ qmax
, where qmax is the maximum momentum transfer of reflectivity measurement. This would imply dmin ∼ 4.4 Å (gel phase) and ∼ 5.2 Å
(fluid phase) for synchrotron measurements, and approximately two times higher values for inhouse reflectivity experiments. However, assuming the validity of a given model, for example
the presence of the water layer between substrate and membrane, smaller distances influence the
simulation also at smaller q values. However, these results and the corresponding errors follow
from the fitting procedure, and are quite model dependent.
5.4.1. Mixed bilayer in the fluid phase. Figure 5.4.1 shows the reflectivity curves for DOPC, DOPC/DOPS and DOPC/DOTAP lipid mixtures as a log10 (Reflectivity) vs. momentum transfer qz . The solid curves represent the best fits to the reflectivity.
The main transition temperatures of DOPC, DOTAP and DOPS are below 0 ◦ C, therefore all
compositions of these lipids, we used in our study, are expected to be in the fully hydrated fluid
3
phase at 23.8 ◦ C. The corresponding electron density profiles on the absolute scale (e− /Å ) are
shown in Figure 5.4.2. Derived structural parameters are listed in Table 1.
5.4.1.1. DOPC. The head-to-head distance of the DOPC bilayer was found to be dhh =
39.6 Å. This can be compared to the value of 37.1 Å for multilamellar DOPC stacks on Si support
at 30 ◦ C, given by Liu et al. [100]. Leonenko et al. [101] measured by AFM the thickness of 40 Å
at 22 ◦ C for supported DOPC bilayer deposited on mica.
The water layer thickness between Si substrate and the bilayer was found to be dw = 4.3 Å.
This is in a good agreement with the value 4 Å for water layer between DOPC bilayer and quartz
substrate, reported by Miller et al. [61]. The resulting electron density of the lipid heads is esti3
3
mated to be ρh = 0.45 e− /Å and the electron density of lipid tails ρc = 0.23 e− /Å . The values
compare well to those obtained by diffuse X-ray scattering method [100] and X-ray reflectivity
method [102]. The area per lipid has been calculated from Eq. 5.3.8. The number of head-group
electrons is 164, and the number of hydrocarbon chain electrons is 270 for DOPC. The obtained
2
2
area per lipid was A = 74.4 ± 1.0 Å . For comparison, Petrache et al. [103] found A = 72.5 Å for
DOPC in the fluid state at 30 ◦ C.
5.4.1.2. DOPC/DOPS(4:1). The value, we measured for the head-to-head distance of DOPC/DOPS (4:1) bilayer on silicon support, is dhh = 39.4 Å, the electron density of lipid tails of
3
ρc = 0.24 e− /Å and the electron density of lipid heads of ρh = 0.44 e− /Å . We found the thickness
of water layer between negatively charged substrate and negatively charged DOPC/DOPS(4:1)
membrane to be lower (dw = 3.9 Å) than between the substrate and neutral DOPC membrane.
2
The obtained area per lipid was A = 71.1 ± 1.3 Å . For the calculation of the number of headgroup and hydrocarbon electrons of DOPC/DOPS lipid mixture, we took into the account the
molar ratio of DOPC and DOPS in the mixture. The number of head-group electrons is 172, and
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F IGURE 5.4.1. The best fit (solid lines) to the reflectivity curves of the different
lipid mixtures in gel phase (DPPC/DPPS (4:1, 1:1)) and in fluid phase (DOPC,
DOPC/DOPS (4:1) and DOPC/DOTAP (9:1)) at 23.8 ◦ C, recorded at the ID01
beamline.
number of hydrocarbon chain electrons is 270 for DOPS. The number of water molecules per lipid
molecule between the bilayer and the silicon substrate was found to be approximately nw ∼ 9.2.
The average area per lipid of DOPC/DOPS mixture was found to be smaller than the area of the
DOPC and also nw is reduced by approximately 1.4 water molecules per lipid. Petrache at al.
[103] studied structure of charged DOPS bilayer in the fluid state at 30 ◦ C and they reported the
2
2
value A = 65.3 Å for DOPS, what is remarkably smaller than their obtained value A = 72.2 Å
for DOPC.
To enhance bilayer formation from anionic lipids, we have added 2 mM CaCl2 to the buffer
solution. It has been reported in the literature, that Ca2+ reduces the energy barrier that arises
due to electrostatic repulsion between negatively charged substrate and lipids [49, 51]. It has been
suggested that variations in pH, salt concentration, and presence of divalent cations in the fluid
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F IGURE 5.4.2. Electron density profiles corresponding to the simulations in Fig.
5.4.1 and 5.4.3.

phase may change the hydration properties of charged phospholipids [20]. We hypothesize that
the effect of a thinner water layer can be due to lower area per lipid of DOPC/DOPS lipid mixture,
in contrast to DOPC, or/and due to binding of the bivalent Ca2+ ions to negatively charged groups
in DOPS.
5.4.1.3. DOPC/DOTAP(9:1). For a Si supported DOPC/DOTAP(9:1) membrane we obtained
3
the head-group distance of dhh = 39.8 Å, the electron density of the heads of ρh = 0.43 e− / Å , and
3
the electron density of the tails of ρc = 0.24 e− / Å . This compares well to the literature values for
DOPC/DOTAP(7:3), given by Yang et al. [104]. Molecular dynamics studies have demonstrated
DOPC and DOTAP head groups to be located at a similar plane of the bilayer [105] and it was
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suggested that the quaternary amine of DOTAP and the phosphate group of DOPC may form a salt
bridge. Here we find that the head-to-head distances dhh of DOPC/DOTAP mixture and DOPC are
similar.
2
The obtained average area per lipid of DOPC/DOTAP was A = 65.5±1.0 Å . For a calculation
of the number of head-group and hydrocarbon chain electrons of DOTAP/DOPC mixture, we took
into the account the molar ratio of DOPC and DOTAP in the lipid mixture. The number of headgroup electrons is 126, and the number of hydrocarbon chain electrons is 270 for DOTAP. The
number of water molecules per lipid molecule was found to be nw ∼ 7.4 Å. We found that the
2
area of DOPC/DOTAP mixture is remarkably smaller than the area 74.4 Å for DOPC, and nw
is reduced approximately by 3 water molecules per lipid, comparing to DOPC supported bilayer.
The thickness of head-group region dh ∼ 6.7 Å increased approximately by 0.7 Å, in contrast to
DOPC.
Furthermore, we get dw ∼ 3.4 Å thin water layer between Si support and DOPC/DOTAP (9:1)
membrane. This is ∼ 1 Å less, respectively, than the value for DOPC membrane. This reduction
of the water layer can be caused by lower area per lipid of DOTAP/DOPC mixture, in contrast
to DOPC, or/and it could indicate electrostatic interactions between the low positively charged
DOPC/DOTAP(9:1) membrane and the negatively charged silicon support.

5.4.2. Mixed bilayer in the gel phase and lateral demixing. Figure 5.4.1 shows the reflectivity curves for DPPC/DPPS (4:1, 1:1) lipid mixtures as a log10 (Reflectivity) vs. qz . The solid
curves represent the best fits to the reflectivity. The phase transitions of DPPC and DPPS from
the order gel phase to the disordered liquid-crystalline phase are reported in the literature to occur
at 41.4 ◦ C and 54 ◦ C [20]. Therefore, we expect to have DPPC/DPPS mixtures at experimental
temperature 23.8 ◦ C in gel phase. The corresponding electron density profiles are shown in Figure
5.4.2(d,e). The structural parameters are listed in Tab. 2.
5.4.2.1. DPPC/DPPS(4:1). From the analysis of the simulation for reflectivity profile of DP3
PC/DPPS (4:1) bilayer, we obtained the electron density of lipid heads of ρh = 0.44 e− /Å and
3
the electron density of lipid tails of ρc = 0.2 e− /Å . The thickness of the bilayer was found to be
2
dhh ∼ 45 Å. The obtained average area per lipid was A = 43.3 ± 2.6 Å . For the calculation of the
number of head-group and hydrocarbon electrons for DPPC/DPPS lipid mixture, we took into the
account the molar ratio of DPPC and DPPS in the mixture. The number of head-group electrons
is 164 for DPPC and 172 for DPPS, and the number of hydrocarbon chain electrons is 242 for
3
DPPC and DPPS. For comparison, Wiener et al. [99] measured the values: ρh = 0.47 e− /Å ,
3
2
ρc = 0.21 e− /Å , dhh = 45 Å and A = 45.9 ± 2.0 Å for gel phase DPPC bilayer at T=20 ◦ C by
X-ray scattering methods.
The water layer between the silicon and DPPC/DPPS (4:1) was found to be ∼5.7 Å.
5.4.2.2. DPPC/DPPS(1:1). In the case of DPPC/DPPS (1:1) bilayer, we observe a splitting
of the head-group region into two parts, with the corresponding electron densities of lipid heads
3
3
ρh = 0.44 e− /Å and ρh∗ = 0.43 e− /Å , and with the head-group separations of dhh = 49.8 Å and
∗ = 41.4 Å, respectively. We hypothesize that this separation in the head-group region is likely
dhh
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to be caused by calcium-induced lipid segregation in the film. However, more experiments are
needed to verify lateral segregation.
Onishi and Ito [106] observed calcium-induced clustering of PC molecules in PS/PC membrane. PS molecules, on the other hand, form solid aggregates bridged by intermolecular calcium
chelation, causing motional freezing of lipids. They concluded, that the motional freezing results from closer packing of lipid molecules in the bilayer structure. The closer packing of lipid
molecules could explain our observation of the larger distance between two outer head-group maxima in the electron density profile of the DPPC/DPPS(1:1) bilayer, dhh = 49.8 Å, comparing with
the head-group distance of DPPC/DPPS(4:1) bilayer of dhh = 45 Å. We hypothesize, that the structure of ρ(z) reflects the following components (after lateral average in the plane of the bilayer):
the water layer, an outer head-group region of closely packed DPPS molecules, DPPS tails with
DPPC head-groups and mixed tails of DPPC and DPPS molecules.
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F IGURE 5.4.3. Experimental reflectivities recorded at D8 Advance reflectometer. Solid lines represent the best fit curves.
Onishi and Ito [106] furthermore noted, that the motive force for the phase separation is formation of Ca-PS aggregates in the bilayer. Jacobson at al. [107] found out, that Ca2+ ions added
to mixed bilayers can induce lateral phase separation isothermally, with the neutral PC molecules
segregating from acidic PS. They observed, that calcium ions do not induce phase separation below a critical concentration and, then only with mixtures containing more than 50 % PS. This
could explain, why we did not observe the segregation of lipids in DPPC/DPPS(4:1) supported
bilayer. Another explanation would be a possibly insufficient resolution to detect the separation in
DPPC/DPPS(4:1) mixture. Note that Ross et al. [108] have imaged calcium-induced domains in
DPPC/DPPS(4:1) by AFM in Langmuir-Blodgett layers in the presence of 0.1 mM CaCl2 . They
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observed, that even negligibly small traces of calcium ions present in the buffer solution lead to
their accumulation at negatively charged lipid domains.
The thickness of the water layer between DPPC/DPPS (1:1) bilayer and the silicon support
(dw ∼ 4.9 Å) was reduced, compared to DPPC/DPPS(4:1) bilayer. The thinning of the water
layer could be explained by increased attractive electrostatic forces between negatively charged
substrate and the DPPC/DPPS(1:1) bilayer, caused by the higher concentration of Ca2+ ions binding to the lipid head-groups. The average area per lipid obtained by in-house experiment was
A = 43.65 ± 1.15 Å2 for DPPC/DPPS(1:1) lipid mixture.
5.4.3. Reflectivity measurements of the dry silicon substrate. Silicon wafers, exposed to
air after their fabrication process, possess a surface layer of naturally grown silicon oxide, or
silica. We measured by x-ray reflectivity the thickness of silicon oxide layer and the roughness of
the surface. The substrate, a polished silicon (100) wafer, was cleaned by a standard procedure
(Chapter 3). The empty wafer was characterized by in house x-ray reflectivity (measured up to
−1
qz = 0.62 Å ) measurement . Reflectivity data of the dry substrate, after subtracting the offset
and normalizing to the primary beam intensity are plotted (Fig. 5.4.4).
The Parratt32 software [109] was used to fit model parameters to the measured reflectivity
data. The fit results indicate that the surface is covered with a native oxide layer of dSiO2 ∼ 17.39 Å
thickness. In the literature, the thickness of this silicon oxide layer is between 6 and 20 Å, its
nominal value depending on oxidation conditions and the measurement techniques used [75]. A
rms-roughness of the air-oxide interface was found to be σSiO2 ∼ 2.7 Å. This is in agreement with
our AFM measurements (see Fig. 3.2.3 (b)) of the roughness. The density of silicon-based oxides
can vary from 2.17 to 2.66 g/cm3 [110]. In our simulation the density of the silicon oxide was
kept to be ρSiO2 = 2.2 g/cm3 , which is the standard for amorphous silica. The electron densities
of silicon and silicon dioxide are very similar (ρSiO2 /ρSi = 0.95) [111]. In this work, a separate
silicon oxide layer was not taken into account to simulate the reflectivity curves of the different
lipid mixtures.
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5.5. Summary and Conclusions
Let us briefly compare structural analysis using single supported bilayers, multilamellar thin
films, and multilamellar liposome suspensions (probed by bulk SAXS). In all three cases, a wide
qz -range can be measured and analyzed by full qz -fitting [89, 112, 98]. However, multilamellar
bilayer suspension undergoes much stronger thermal fluctuations, in particular in bulk phases,
while the presence of the flat substrate quenches the thermal fluctuations on long lateral length
scales leading to an enhanced resolution in ρ(z). This is an advantage in using solid supported
membranes, either single bilayers or stacks. Furthermore the membranes can be investigated along
both symmetry axis perpendicular or lateral independently [113, 114]. While thick stacks provide
the large scattering volume needed for lateral structure analysis, specular reflectivity is not carried
out easily on aligned stacks as on single bilayers. Stacks require a precise modeling of the structure
factor including effects of thermal inter-bilayer positional fluctuations and coverage [112], while
the analysis of single bilayers is more rapid and it is significantly easier to achieve high quality fits.
Single bilayer reflectivity also allows for the highest resolution obtainable in the fluid state and at
full hydration. Furthermore, we have shown that such analysis does not rely only on synchrotron
radiation, but can also be carried out at sealed tube instruments with optimized equipment. We
have shown that the resolution is high enough to detect a splitting in the head-group maximum,
which we attribute to lateral demixing of the two-component system. Diffuse X-ray scattering can
be used in future to support this conclusion and to determine the lateral size of the domains. On
the other hand, the presence of the substrate may lead to distortions and small structural changes
of the bilayer. The water layer dw between silicon and the head-group of the lower leaflet can
be determined with high precision, and is quite small dw ≤ 6 Å for all samples, indicating that the
bilayers are rather close to the solid surface. The system can thus be regarded as a ’pinned bilayer’,
in contrast to the free floating membranes, which can be achieved by preparation of a bilayer on
top of a monolayer [115, 116].

CHAPTER 6

X-ray spectro-microscopy study of solid supported two-component
lipid membranes mixed with charged colloids
6.1. Introduction
A quantitative understanding of the interactions between nanoparticles and biological interfaces, in particular the cell membrane, is a prerequisite for the design of drug delivery systems
based on synthetic nanoscale carrier systems, as well as for imaging agents such as fluorescent
quantum dot markers. Functionally relevant issues are related to the binding affinity, the range
of interaction, possible toxic effects due to membrane disruption or lysis [14, 15, 16], as well
as the lateral reorganization of a multi-component membrane in response to nanoparticle binding
[17]. The dominant interaction forces between nanoparticles and membranes are electrostatic in
nature, since charged lipids are common and versatile constituents of biological membranes [23].
Charges in such lipids differ in magnitude and location within the interface and can locally demix
in response to charged nanoparticles . If binding of nanoparticles to a multi-component membrane
results in a re-distribution of charged and uncharged lipids, this altered membrane state will in
return affect the bilayer-nanoparticle interaction, so that strong non-linear effects can be expected.
Colloids are able induce bending deformations in charged membranes, giving rise to various phenomena such as partially, or fully wrapping of the membrane around the colloid [17, 69]. Electrostatic adsorption of colloids on a two-component membrane with ideal mixing properties can
lead to compositional inhomogenities at the colloids adsorption sites [17]. From a fundamental
point of view, the interaction between two classical model systems, the lipid bilayer on one side,
and colloidal nanoparticles on the other, can serve as well-controlled testing ground for concepts
in colloid science and soft condensed matter physics.
These important topics can be addressed using a solid-supported phospholipid membrane as
a biomimetic model for nanoparticle-phospholipid interactions, since geometry, composition and
environmental parameters can be better controlled in a biomimetic system than in a cell [87].
Moreover, planar bilayer systems are amenable to quantitative high-resolution analytical techniques, which can not (or not yet) be applied to real biological membranes. The biophysical techniques carried out on planar bilayers range from infrared spectroscopy, plasmon resonance, X-ray
and neutron reflectivity, to fluorescence microscopy. Many of these involved charged species. The
absorption of highly charged biomolecules such as DNA with the cationic and mixed bilayers on
solid surfaces has been studied by fluorescence microscopy [88]. The structure of two-component
lipid mixtures, with varied surface charges, both in the fluid and gel phase, has been probed by
using X-ray reflectivity [60].
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A particular technique which may be useful to such systems, but which has to date not been
fully exploited, not even for studies of pure lipid membranes, is synchrotron-based soft X-ray
microscopy and spectro-microscopy. This techniques can provide the required combination of
chemical sensitivity and high spatial resolution, in particular to probe the lateral organization of
a multi-component membrane. In near-edge X-ray absorption (NEXAFS) spectro-microscopy,
inner-shell electronic excitations are used as a chemically sensitive image-contrast mechanism
[18]. Hitchcock et al. [117] have shown that while scanning transmission X-ray microscopy
is essentially a "bulk" technique, protein monolayer detection is possible, although close to the
current limit of sensitivity.
In this work we have used scanning transmission X-ray microscopy to image positively charged
polystyrene latex microspheres which bind onto a supported two-component lipid membrane,
composed of charged and neutral lipid species. We used protocols for the deposition of solid
supported lipid bilayers by vesicle fusion [13], which have been adapted for deposition of charged
bilayers [49]. Carbon K-edge NEXAFS spectroscopy is particularly favorable for studies of phospholipids since they have a strong π ∗ (C = O) resonance at ∼ 288.5 eV [118]. We have tested
the ability of scanning transmission X-ray spectro-microscopy to examine samples under physiologically relevant conditions in the presence of excess water. In the energy range of the so called
"water window" between oxygen and the carbon K absorption edges (283 eV and 543 eV), specimens in water show a natural absorption contrast, which permits imaging of unstained specimens
in a hydrated state. The samples are then imaged both below and above the carbon K absorption edge. The amount of the carbon can be determined quantitatively from the difference in the
X-ray absorption. The thickness of the lipid layer and the microspheres can then be determined.
Spectro-microscopy data can be extended to a sequence of images over a series of spectroscopically interesting energies, providing spatially and spectrally resolved data of the sample simultaneously [119]. Such image stacks have been collected on dried colloids as well as wet lipid
membrane/polystyrene microspheres.
A further, more technical motivation for the present study was to demonstrate the feasibility of
lipid thin films carbon K-edge NEXAFS experiments with X-ray radiation generated from compact sources based on a laser-produced plasma. NEXAFS experiments have almost exclusively
required synchrotron radiation before. Peth et al. [120] have recently presented NEXAFS results
that were obtained by using a laboratory scale laser-driven plasma source. In this work, we show
the NEXAFS spectra of selected lipids, which differ in the headgroup structure or/and in containing the C=C double bond in hydrocarbon tails. π ∗ (C = C), π ∗ (C −C), σ ∗ (C = C), σ ∗ (C −C) and
Rydberg resonances, and C1s → σ ∗ (C − N) transitions were resolved.
6.2. Near-edge X-ray absorption fine structure
The intensity of X-rays transmitted through a sample decreases due to their absorption. Depending on the energy, the absorbed X-rays can excite core electrons from different levels in an
atom or a molecule. With the increase of photon energy, the X-ray absorption cross section that
describes the probability of absorption decreases. However, when the photon energy corresponds
to the binding energy of a core electron, the X-ray absorption cross section increases abruptly, and
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then decreases monotonically above the core edge. Thus an edge-like structure is observed in the
absorption spectrum. The simplest method for X-ray absorption spectroscopy (XAS) is a transmission XAS experiment. The transmitted X-ray intensity (I) through a material depends on the
thickness, density, atomic number of the material and the energy of individual photons. According
to the Beer-Lambert’s law
(6.2.1)

I(E) = I0 (E) exp(−µ(E)d)

where I0 is the incident intensity and d is the material thickness. µ is the linear absorption coefficient in units of 1/length, which can be expressed for a single element as:
(6.2.2)

µ=

4π
= 2(NA /M)re ρλ f2 (λ )
β

where β is the imaginary part of the index of refraction n, derived in chapter 4. NA is Avogadro’s
number, M is a molar mass, re = 2.818 × 10−15 m is the classical radius of the electron, ρ the
element’s density, λ the X-ray wavelength and f2 (λ ) is the imaginary part of the complex scattering factor, tabulated for all relevant elements in the soft X-ray energy range [84]. Compounds
and molecules can be modeled, away from the resonances, by calculating f2 /M as a weighted sum
over all elements. The intensity absorption is also commonly expressed by the mass attenuation
coefficient µm = µ/ρ. In XAS, the dependence of the absorption coefficient µ on the wavelength
of the incoming X-ray beam, so-called optical density (OD = µd = − ln(I/I0 )), is measured.
The absorption coefficient µ is related to the X-ray absorption cross-section per atom, σa ,
through
ρm NA
)σa
A
where NA , ρm and A are Avogadro’s number, the mass density, and atomic mass number, respectively [81].
(6.2.3)

µ =(

6.2.1. X-ray absorption cross-section. The absorption cross section of an atom or a molecule is defined as the number of electrons excited per unit time divided by the number of incident
photons per unit time per unit area [18]. In a quantum mechanical treatment the scattering process is described by time dependent perturbation theory. The cross section can be calculated from
Fermi’s Golden Rule for the transition probability per unit time Pi f from a state |ii into an unoccupied state | f i driven by a harmonic time-dependent perturbation V (t) = V e−iωt
2π
|h f |V |ii|2 ρ f (E)
h̄
with ρ f (E) being the energy density of final states. In the case of K-shell excitation Pi f is the number of electrons excited per unit time from the 1s shell to a final state | f i which, in principle, can
be a bound or continuum state and h̄ = h/2π, h is the Planck constant. The inner shell excitation
is produced by an electromagnetic wave of energy h̄ω, which is described as a plane wave in the
Coulomb gauge (Φ = 0, div A = 0):
(6.2.4)

Pi f =
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~A =~e A0 (ei(~k~x−ωt) + e−i(~k~x−ωt) )
2

(6.2.5)

→
−
→
−
A is the vector potential in the form of a plane electromagnetic wave of wave vector k , frequency
−
ω, and unit vector →
e . The absorption cross section is then obtained as

σa (E) =

(6.2.6)

Pi f
Fph

2

c
is the photon flux associated with this plane wave [121].
where Fph = 8πE h̄ω
The perturbative terms describing the interaction of spinless particles of charge −e and mass
m with an electromagnetic field is given by [122].

e ~
A ·~p,
mc
where ~p = ∑ ~pi is the sum of linear momentum operators of the electrons. Substituting Eq. 6.2.7
and Eq. 6.2.5 into Eq. 6.2.4, and realizing that only the time dependent term e−iωt in Eq. 6.2.5
causes transitions that absorb energy, we obtaine for the transition probability per unit time
V (t) =

(6.2.7)

(6.2.8)

Pi f =

πe2
~
A20 |h f |eik~x~e ·~p|ii|2 ρ f (E).
2
2
2h̄m c

Following Stöhr [18], in the dipole approximation 1 the X-ray absorption cross section is given
by

(6.2.9)

σa (E) =

4π 2 h̄2 e2 1
|h f |~e ·~p|ii|2 ρ f (E).
m2 h̄c h̄ω

σa (E) is usually expressed in barn (1 cm2 = 1024 barn).
6.2.2. Transition energies. The absorption of an X-ray photon can excite electrons of 1s (
K edge) or 2s, 2p (L edge) states to empty localized orbitals or, for high-energy X-ray photons,
to the continuum. An important quantity in the discussion of K-shell excitation spectra is the
1s ionization potential, defined as the minimum energy necessary to excite a 1s electron to the
continuum of states above the vacuum level. The ionization potential IP(i) or binding energy
Eb (i), associated with a particular electron i in an atom or a molecule is

(6.2.10)

IP(i) = Eb (i) = }ω − Ekin

In K-shell X-ray absorption, the 1s IP is the threshold energy (usually characterized by an
absorption step) for transitions to continuum states. Near the K-shell absorption threshold, a
series of fine structures are superimposed on the absorption edge. In organic molecules, these fine
structures are dominated by resonances arising from 1s → π ∗ or 1s → σ ∗ transitions, depending on
1The dipole approximation assumes k · x  1 or | x | λ /2π.
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F IGURE 6.2.1. Schematic potentials (bottom) and K-shell spectra (top) of single
atoms and diatomic molecules taken from [18].

the covalent bonding in the molecule, as well as to Rydberg orbitals. The absorption spectrum of
an element near the X-ray absorption edge, so-called NEXAFS, is usually dominated by two types
of resonances, with the ionization potential as a boundary. Resonances below the IP correspond
to the excitation of a core electron to a bound orbital. These orbitals are usually of π ∗ or Rydberg
character and sometimes of σ ∗ character for saturated species. Resonances above the IP usually
correspond to the excitation of a core electron to an unbound orbital of σ ∗ character, as well as
double excitation. These resonances are usually broad. In Fig. 6.2.1, schematic of characteristic
resonances in K-shell spectra and a step-like increase at the IP, are shown.
Generally, the X-ray absorption spectrum can be divided into two parts which differ in their
physical origin. The X-ray absorption near-edge structure (XANES), also called Near Edge X-ray
Absorption Fine Structure (NEXAFS), comprises the regime from -10 eV below, to about +50 eV
above the edge energy. This regime is characterized by rather sharp variations of the absorption.
It is subdivided further into the pre-edge region and the region directly above the edge. In the
part from ca. +50 eV to ca. +1000 eV above the edge energy, weak oscillations in the absorption
fine structure occur. These are designated as extended X-ray absorption fine structure (EXAFS).
EXAFS spectroscopy is used mostly in the study of inorganic species for determining the numbers,
types, and distances of the backscattering atoms surrounding the absorbing atoms [123]. However,
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core edges in low Z atoms are too low in energy to permit EXAFS analysis. For organic molecular
species, the NEXAFS part of the spectrum is the most useful.

6.3. NEXAFS contrast soft X-ray spectromicroscopy
In spectromicroscopy the chemical mapping is obtained by utilizing the large absorption coefficient changes that occur at the absorption edges of elements. Chemical sensitivity is then
obtained recording images with a scanning or a fullfield microscope at a number of different energies appropriately selected in order to differentiate the chemical components of the system. Each
image pixel provides a certain absorption spectrum which is the weighted sum of the absorption
spectra of the different components. The entire image sequence can then provide, after careful
analysis, the chemical composition at each sample location, or conversely the spatial distribution
of each element, with the accuracy of the optical system in use [124] which can be as good as few
tenths of nanometers.
Fig. 6.3.1 shows the schematic setup of the STXM. The monochromatic beam is focused by
the zone plate and forms a microprobe which is used to scan the sample by moving the zone plate.
The transmitted beam is measured with a fast detector. A central stop on the zone plate and a
so-called order sorting aperture (OSA) select the light of the first diffraction order to illuminate
the sample and block the light from the zeroth and from higher orders.
Detector

Monochromatic
X-rays

Third order
focus
Object

OSA
Zone plate

Zero order

F IGURE 6.3.1. Schematic diagram of the STXM operating in the first diffraction
order of the zone plate.
Zone plates were invented about 120 years ago by Rayleigh, and independently by Soret [125].
These are circular diffraction gratings with radially increasing line density. Following a proposal
by Schmahl and Rudolph [126], the first successful scheme for fabricating zone plates for X-ray
microscopy using holography was developed by Niemann et al. [127].
These diffractive focusing elements are made up of concentric circular zones, with Fresnel
half-period zone radii given by the approximate relationship [125]

(6.3.1)

rn2 = mnλ f + m2 n2 λ 2 /4,
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where n is the zone number, f the focal length, λ is the wavelength, m denotes the diffractive order
(m = 1 is the order usually used for imaging), and the m2 n2 λ 2 /4 term is for correction of spherical
aberration assuming a source or object at an infinite distance from the zone plate. They work like
thin lenses, exhibiting a diffraction limit to their transverse resolution δt of
λ
mNA
as calculated by Rayleigh for a lens with numerical aperture NA. Two other especially useful relationships can be obtained from these expressions if the m2 n2 λ 2 /4 spherical aberration correction
term is neglected [128]. One is the relationship between the width of the smallest zone δrN of a
zone plate with N half-period zones and its Rayleigh resolution of
(6.3.2)

δt = 0.61

(6.3.3)

δt = 1.22δrN /m

Another is the relationship between the diameter d = 2rN , outer zone width, focal length, diffractive order and illumination wavelength of

(6.3.4)

dδ rN = m f λ

To deliver optimum performance [129], a zone plate should be illuminated with radiation with
a monochromaticity equal to the total number of half-period zones multiplied by the diffractive
order, or

(6.3.5)

λ
& mN.
4λ

Spectral properties of sample constituents also form the physical basis for a contrast mechanism in a direct X-ray image formation. Combining this X-ray spectral fingerprint with direct
high resolution X-ray imaging is termed NEXAFS spectro-microscopy. In biological imaging of
organic materials, data are typically collected in the "water window" (284-543 eV). While the
linear absorption coefficient of oxygen in this energy range is small, it is notably higher for other
substances. In this range, carbon containing materials absorb strongly, whereas water molecules
are mostly transparent. Different carbon functional groups can be detected and imaged when
fine-tuning the energy around the carbon K-edge.

6.4. Instrumentation and data acquisition
6.4.1. Scanning transmission X-ray microscope (STXM) at BESSY II. The experiment
was carried out both with the STXM at the undulator beamline U41-STXM (BESSY II, Berlin)
[130], and at a laser driven soft X-ray plasma source in the water window based on a pulsed
krypton gas target [120]. The design of the STXM (cf. Fig. 6.4.1) is described in detail in [131].
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Zone Plate
Monochromator

Detector
OSA Object

Pre-mirror
Undulator U 41

F IGURE 6.4.1. Schematic overview of the BESSY II STXM (see text) [131].
The undulator U41 provides high brilliance X-rays which pass through the plane grating
monochromator with varied line density [130] to select a narrow photon energy range. The resulting maximum energy resolution with the STXM is about 0.18 eV at 300 eV. A silicon Fresnel
zone plate [132] was used as a diffractive lens to form a high resolution focused spot of soft X-rays.
The Fresnel zone plate (FZP) used here has a diameter of 200 µm, the outer most width of 50 nm,
the number of zones is 1000 and a central stop of 65 µm, with a theoretical Rayleigh resolution of
61 nm in the first diffraction order. An order-sorting aperture of a 40 µm radius is placed between
the sample stage and zone plate. The sample is scanned in the x,y-plane by moving the FZP with a
high resolution piezo scanner. The transmitted intensity through the sample is recorded on a single
pn-CCD unit [133] of 200 pixels x 64 pixels with 150 × 150 µm2 pixel size. During experiments,
the detector is kept at liquid-nitrogen temperature (77 K) and vacuum conditions of 3 x 10−8 mbar
to reduce the dark current.
Samples were prepared as described in Chapter 3 and glued onto a metal shim. The shim was
then fixed between the two specimen chamber rings (see Fig. 6.4.2). The specimen chamber was
specifically designed to be used with the scanning transmission X-ray microscope at BESSY II
[134].

F IGURE 6.4.2. The STXM sample holder. The sample is placed between two
silicon nitride windows and these are then glued onto a metal shim. The shim is
fixed between the two specimen chamber rings.
6.4.2. Laboratory scale XUV source. The experimental setup for soft X-ray radiation emitted from laser plasmas (cf. Fig.6.4.3) consists of a Nd:YAG laser beam (Innolas, 1064 nm, 1 Hz,
800 mJ, 7 ns) focused into a pulsed krypton gas jet centered in a vacuum chamber [135].
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Nd:YAG-Laser
(800 mJ, 7 ns)

Kr-Gas Puff Target

Aperture (d=5 mm)
+ Ti-Filter (200 nm)
Linear Positioner
with Samples

Backside
Illuminated
CCD-Camera

Grating
(2400 l/mm)

Pinhole
Camera
100 µm Slit

Ti-Filter
(d=200 nm)

Spectrometer (1- 5 nm)

F IGURE 6.4.3. Experimental setup of the laser-plasma XUV source used for
NEXAFS experiments.
The laser focus has a diameter of about 60 µm, yielding power densities of up to 4 x 1012
W/cm2 . The size of the krypton plasma is about 250 µm (FWHM) in the horizontal and 150 µm
in the vertical direction. An XUV spectrometer (1-5 nm) was mounted 90◦ to the laser beam.
The spectrometer consists of a 100 µm entrance slit, an aberration corrected flat-field grating
(Hitachi, 2400 lines/mm) and a back-side illuminated CCD camera (Roper Scientific, pixel size
13 µm). The resolution was λ /δ λ ≈ 200 at 2.87 nm. To block visible radiation from the plasma
and scattered laser light a titanium foil (200 µm thickness) was positioned between the plasma
source and the sample. Due to the small mean free path of the soft X-ray radiation at atmospheric
pressure the target vacuum chamber is evacuated to approx. 10−4 mbar. For adjustment in the
XUV beam the samples were mounted on a rotary/linear motion stage. The distance between the
plasma source and the sample is about 220 mm and the distance between sample and the entrance
slit of the spectrometer is about 425 mm.
To obtain NEXAFS-spectra with a high signal-to-noise ratio the data acquisition was accumulated over 1000 pulses (total acquisition time of about 16 min). Since it was not possible to record
the transmitted intensity through the sample and the reference spectra simultaneously, these were
taken consecutively. In previous experiments the stability of the laser plasma source was tested
for corresponding acquisition times and it was found that the deviation between the spectra was
less then 5%. Since the laser plasma source emits radiation into 4π sr the sample was fully illuminated. Nevertheless, only radiation transmitted through an area of 100 µm x 2.3 mm of the sample
is collected by the spectrometer, since the entrance slit in combination with the detector height is
the limiting aperture.
6.5. Results
6.5.1. Elemental Contrast Imaging. Using the STXM for absorption difference imaging
was performed by taking two images of the same area at either side of the carbon K absorption
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edge, at E1 and E2 , respectively. The carbon map is found by taking the log of the ratio of corresponding pixel counts. This results in an image, which when displayed, indicates increasing
carbon concentration by an increasing brightness level [136].
Fig. 6.5.1 shows X-ray micrographs of the wet specimen composed of a supported DPPC/DPPS (4:1) lipid layer in the gel phase binding amidine functionalised polystyrene microspheres with
radii of 195 nm. An image of the region of interest below (E1 = 284 eV, top) and above (E1 = 314
eV, center) the carbon K-edge were taken. The darker the color, the less intense is the measured
signal. The quotient image (Fig. 6.5.1, bottom) shows the distribution of carbon. The image of
a different region of the sample and magnified images of the selected area taken at 284 eV and
314 eV with the corresponding carbon map image are shown in Fig. 6.5.2. Periodic (moiré) noise
in all images is presumably due to aliasing (beating) of a systematic noise signal with the scan
frequency of the STXM.
0.87
normalized intensity

284 eV

5 µm

0.38
1.0

normalized intensity

314 eV

5 µm

B
A
C

5 µm

quantitative C map (μg/cm2)

0

Carbon map

35

0

F IGURE 6.5.1. Elemental imaging at the carbon K absorption edge from the lipid
layer/PS microspheres sample in the wet state on a Si3 N4 membrane. Shown are
absorption contrast images (a) below the absorption edge at 284 eV (I1 , top) and
above the absorption edge at 314 eV (I2 , center). The carbon map (bottom) is
calculated from the top and the center image. The gray scale bar indicates the
amount of carbon. The arrow (’A’) in the carbon map image indicates an amidine
coated PS latex microspheres. ’B’ indicates a lipid layer. The images have of 37
µm × 29 µm size, 200 nm pixel size and the pixel dwell time is 6 ms. The image
acquired at 284 eV has a higher relative noise level because of the lower photon
rate.
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0
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F IGURE 6.5.2. (left) Image of the lipid layer/PS microspheres sample in the wet
state. Magnified images of the selected area were taken at 284 eV and 314 eV,
and the carbon map image was created (right). Images have 18 µm × 18 µm size,
200 nm pixel size and the pixel dwell time is 6 ms.
Away from an absorption edge, the the linear absorption coefficient has an E −3 dependence.
Therefore, we can estimate the average thickness of selected pixels in the image corresponding to
a certain compound as:

(6.5.1)

dcomp =

ln(I01 /I1 ) − (λ1 /λ2 )3 ln(I02 /I2 )
,
µ1 − µ2 (λ1 /λ2 )3

where I01 and I02 are the intensities of the incident X-ray beams, I1 and I2 are the intensities of the
transmitted X-rays and µ1 and µ2 are the linear absorption coefficients at E1 and E2 , respectively
[137].
Pixels corresponding to polystyrene latex microspheres (C8 H8 ) with the density 1.055 g cm−3
were selected (region A in Fig. 6.5.1 (c)). Linear absorption coefficients of the polystyrene were
calculated from Eq. 6.2.2 to be µP1 = 0.18 µm−1 and µP2 = 4.0 µm−1 at E1 and E2 , respectively.
The thickness of the selected region A was estimated to be 0.33 ± 0.09 µm. The error in the
measured thickness is ∼ 30 % [136].
Selected region B in Fig. 6.5.1 (c) should corresponds to the DPPC/DPPS (4:1) lipid layer
in the gel phase with the density 1.25 ± 0.08 g cm−3 . The density was estimated from values of
area per lipid in the mixture A=43.3 ± 0.25 Å2 , thickness of the membrane d=45± 0.5 Å, and
molecular weights MW(DPPC)=734.05 and MW(DPPS)=757.96. Linear absorption coefficients
of the lipid mixture according to Eq. 6.2.2 are µL1 = 0.49 µm−1 and µL2 = 3.7 µm−1 at E1 and E2 ,
respectively. The thickness of the region B was calculated to be 14 ± 4.2 nm.
The water thickness in the specimen was estimated from the region C in Fig. 6.5.1 (c). The
flux I0 behind two Si3 N4 foils without specimen, at the pre-edge energy 284 eV, was 5.4 × 105
photons/6 ms. The flux I behind the wet specimen sandwiched between two Si3 N4 foils in the
region C, at 284 eV, was 4.3 × 105 photons/6 ms. The water thickness was calculated from
twater = − ln(I/I0 )/µwater to be 430 nm.
Gray scale bar in Fig.6.5.1 (c) indicates the carbon mass density mC = ρC dC , where the carbon
density ρC is assumed to be 1.05 g cm−3 and dC is calculated using Eq. 6.5.1.
6.5.2. Spectromicroscopy of dried amidine functionalized polystyrene particles. A method to obtain spectromicroscopic data, using STXM, is to acquire an image sequence over a
series of spectroscopically interesting energies [138]. The images in this sequence can than be
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correlated to each other and shifted to provide the proper alignment. A spectrum is obtained from
each selected object point by plotting the optical density (OD) of all energies whose images have
been taken. In this way, an image is obtained at each energy, and also a spectrum over the entire
energy range can be extracted from each pixel or from larger regions. A beam shutter was used to
block the beam during energy changes. Refocusing after a change in energy was necessary.
The measurement was performed on air-dried amidine functionalized PS microspheres with
radii of 195 nm deposited on the Si3 N4 membrane. A sequence of 72 X-ray micrographs (10 µm x
10 µm) at a spatial resolution of 100 nm per pixel (6 ms dwell time per pixel) with energy steps of
0.25 eV over the energy range 278 to 296 eV were taken. The images in the image sequence were
aligned with each other and the PS spectrum from the region of interest was extracted by using a
package of stack analyze routines, developed by the group of C. Jacobsen [138].
The presence of PS microspheres was revealed through a change in contrast, e.i. high transmission at 278 eV and strong absorption at 285 eV (Fig. 6.5.2 (a)) corresponding to the π ∗ (C = C)
resonance.
In the carbon map, the distribution of organic carbon (last image in Fig. 6.5.2 (a)) was obtained
by taking the ratio of images acquired at different energies (278-283 vs. 290-296 eV) and mapping
out the areas that exhibited the greatest change in absorbance just below the carbon absorption
edge (290 eV).
To extract the spectrum of PS microspheres from the image sequence, we selected pixels
corresponding to the particles, I region. The necessary incident flux I0 was derived from the region
in the images without object structure (see Fig. 6.5.2 (b)). The spectrum shown in Fig. 6.5.2 (c)
was calculated as OD = − ln(I/I0 ) and plotted as a function of energy. The Specfit package [139]
was used to apply the Gaussian fitting for a more accurate determining of peak positions and
an arctangent stepfunction at 290.1 eV for the ionization continuum onset. The instrument was
calibrated using the well known spectrum of CO2 .
The spectrum of PS microspheres has a single, very intense peak at 285.1 eV, due to the
∗
π (C = C) resonance. The feature near 287.3 eV is typically assigned to a Rydberg transition and
the 288.9 eV feature to a C1s(C − H) → 2π ∗ (C = C) transition. Peak positions correspond well to
NEXAFS data obtained from poly(α-methyl styrene) by Dhez et al. [140]. The shoulder at 285.9
eV (2) might correspond to the C1s(C − N) → 1π ∗ (C = C) transition in amidine.
6.5.3. Spectromicroscopy of the lipid layer with polystyrene microspheres. Wet sample
of a supported DPPC/DPPS (4:1) lipid layer in the gel phase binding amidine functionalized PS
microspheres with radii of 195 nm, prepared between two Si3 N4 membranes, was observed by
STXM. An image sequence of 7 µm × 7 µm X-ray micrographs at a spatial resolution of 70 nm
per pixel (6 ms dwell time per pixel) with energy steps of 0.25 eV over the energy range 278 to
297 eV was acquired.
Fig. 6.5.4 (a) shows selected images from the sequence. Lighter shades correspond to a higher
transparency. The absorption contrast reversal is clearly revealed. For example, at the pre-edge
energy 281.2 eV, water absorbs stronger than PS microspheres, hence they appear lighter at this
energy. Strong absorption of PS spheres at 285 eV corresponds to the π ∗ (C = C) resonance in PS.
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F IGURE 6.5.3. a) STXM images of the dried amidine PS particles sample at
selected photon energies. b) (left) Selected regions for transmitted X-ray intensity
I (green), incident X-ray intensity I0 , and corresponding I and I0 intensities plotted
as a function of photon energy (right). c) The derived spectrum (OD = − ln(I/I0 ))
at the carbon K-edge. The features of the spectrum are explained in the text.
The carbon map (Fig. 6.5.4 (a), last image) obtained from the image sequence clearly shows
lipid layer regions (region B). Lighter shades correspond to higher carbon concentrations.
Fig. 6.5.4 (b,c) present the spectra extracted from spatially selected regions ’A’ (microspheres)
and ’B’ (the lipid layer). The spectrum from the region A is similar to that of dried PS, except
for an additional peak at 287.8 eV. This peak might be the π ∗ (C = O) resonance in the underlying
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F IGURE 6.5.4. a) X-ray micrographs of the supported DPPC/DPPS (4:1) lipid
layer in the gel phase binding amidine-PS microspheres at selected photon energies and the resulting carbon map image. b,c) Spectra from spatially selected
regions, corresponding to particles and the lipid layer.

lipid layer. The spectrum from the region B shows a readily differentiated peak at 287.9 eV (the
C1s(C = O) → π ∗ (C = O) transition) typical of lipids.
The overlayer of buffer is estimated from the pre-edge signal to be app. 520 nm thick. Optical
density associated with the lipid signal in the region B is only ∼ 0.02 in the continuum. This
is equivalent to a lipid layer thickness of 5.5 ± 2.7 nm. The uncertainties in the quantification
of the weak signal from the surface adsorbed organic layer is rather high - perhaps as much as
50 % [124]. Together these results constitute clear evidence that scanning transmission X-ray
microscopy can detect a supported lipid layer in the aqueous environment.
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In scanning transmission X-ray microscopy the dosage applied to the specimen and the associated radiation damage, especially of biological specimen, plays an important role. Irradiation
is generating broken chemical bonds in biological structures by excitations and more likely by
ionizations of molecules. According to [141] we can estimate the radiation dose in Gray as:
(6.5.2)

dose = 1.602 × 10−4

ENtµ
,
Aρη

where N is number of absorbed photons per msec with the photon energy E in eV and t is the
exposure time in msec. A represents the size of radiated area in µm2 and ρ is the density in g/cm3 .
µ is the linear absorption coefficient in µm−1 and η is the detector efficiency (52 % in the C1s
region [131]).
With a pixel size of 70 nm, 6 msec exposure time and 1.25 g/cm3 density of lipids we calculated the radiation dose per pixel, applied during a 56 energy image sequence, to be ∼ 1.2 ×
107 Gy. With a pixel size of 100 nm, 6 msec exposure time, 1.055 g/cm3 density of polystyrene
particles the radiation dose applied during an image sequence (74 images) becomes ∼ 4.6 × 107
Gy. In a study of PMMA, an organic polymer used as a photoresist, 50 % mass loss was measured
at a dose of 107 Gy [142]. At least partial radiation damage of specimen during an acquisition
must therefore be considered when taking image sequences (image stacks).
6.5.4. NEXAFS spectra of phospholipid multilayers. Dried lipid multilayers on Si3 N4 membranes were prepared as described in the chap. 4. Fig. 3.6 in the chap. 4 shows the image of a
DMPC multilayer sample obtained by a optical imaging profiler. The thickness of multilayers in
this sample was measured to be ∼ 120 nm.
NEXAFS measurement were obtained by using a laboratory scale setup based on a laserdriven plasma source. The resolution of this spectrometer was experimentally determined to be
λ /4λ ≈ 200 at 2.87 nm. Nitrogen was used as target gas to calibrate the spectrometer. The
emission spectra of the krypton plasma both with and without the sample were acquired, each
obtained by an integration over 1000 pulses (total acquisition time about 16 min). The optical
density was evaluated according to OD = − ln(I/I0 ) and plotted as a function of energy.
The NEXAFS spectra of DMPC, DOPS and DOPC lipid multilayers are displayed in Fig.
6.5.5 and 6.5.6. When approaching an edge by tuning the energy from the lower end to the edge,
the π ∗ resonances are typically show first, followed by Rydberg and/or hydrogen-derived resonances, and above the ionization potential, σ ∗ resonances are present. The energies and proposed
assignments are listed in Tab. 1.
The spectrum of the saturated DMPC (Fig. 6.5.5) has three distinct spectral features: The
288.7 eV peak might correspond to the π ∗ (C = O) resonance of the ester carbonyl group. A broad
maximum at 292.2 eV might be attributed to σ ∗ (C − C) resonance. At 294.5 eV the σ ∗ feature
can be assigned to the C-O bond of the carboxylate group (-CO2 -).
Spectra of unsaturated DOPS and DOPC (Fig. 6.5.6) exhibit relatively strong, sharp peak at
285.1 eV and 285 eV respectively, assigned to the π ∗ (C = C) resonance. A shoulder at 288 eV
in the spectrum of the DOPS and at 287.7 eV in the spectrum of the DOPC might correspond
to the π ∗ (C = O) resonance of the ester carbonyl group. The Rydberg/C-H∗ resonances might

72

6. X-RAY SPECTRO-MICROSCOPY STUDY

TABLE 1. Energies and assignments of spectral features in the NEXAFS spectra
of DMPC, DOPC and DOPS.
Feature

Energy (eV)
Assignment
DMPC
DOPC
DOPS
285.1
285.0 1π ∗ (C = C)
288.7
287.7
288.0 π ∗ (C = O)
289.4
289.5 Ryd./C-H∗
292.2
293.1
292.8 σ ∗ (C −C)
294.5
295.6
295.8 σ ∗ (C − O)
298.7 σ ∗ (C = O)
302.8
302.9 σ ∗ (C = C)
290.8
291.7
291.5
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F IGURE 6.5.5. NEXAFS spectra of the saturated DMPC phospholipid layer.
Lines indicate locations of peaks and C1s IPs as estimated.
be present at 289.4 eV in the DOPC spectrum. The peak at 289.5 eV in the DOPS spectrum is
more pronounced and can be assigned to the overlap of the Rydberg/C-H∗ resonances and C1s →
σ ∗ (C − NH) transition in the -CNH+
3 group of the serine. The broad maxima (features 4 and
5) in the continuum of both spectra are attributed to the σ ∗ (C − C) and σ ∗ (C − O) resonances,
respectively. The 302.8 eV peak in the DOPC spectrum and the 302.9 eV peak in the DOPS
spectrum might be σ ∗ (C = C) resonance. The DOPS spectrum contains the additional small
peak at 298.7 eV (feature 6), which is probably a σ ∗ (C = O) resonance in the carbonyl (-COO− )
functional group. Features at ∼ 310 eV cannot be attributed to the sample. We have checked that
the features do not occur systematically in all spectra taken with this instrument by comparing our
spectrum with spectra taken from other samples.
These assignments were made on the basis of inner-shell spectra for related compounds, as
complex alcohols [18], carboxylic acids [143] and amino acids [144].
We have tested the sensitivity of the NEXAFS measurement depending on the lipid film thickness. Fig. 6.5.7 shows series of NEXAFS spectra in transmission of DMPC multilayers of different
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F IGURE 6.5.6. NEXAFS spectra of unsaturated DOPS and DOPC phospholipids. Lines indicate locations of peaks and the IP as estimated. The spectra
are shifted vertically for clarity.
thickness. Thicknesses were estimated from optical densities. The π ∗ (C = O) resonance from ∼
37 nm thick layer can be still resolved.
6.6. Summary and Conclusion
In summary, we have successfully used scanning transmission X-ray spectro-microscopy to
image positively charged polystyrene latex microspheres binding to a supported two-component
lipid membrane, composed of charged and neutral lipid species. At the given parameters of vesicle
fusion (i.e. in the absence of added calcium ions), the coverage was not complete, as expected.
The presence of bilayer patches enabled us to investigate the sensitivity of scanning transmission
X-ray spectro-microscopy down to the level of a thin lipid layer. However, current experimental
conditions are at the limit of a sufficient signal-to-noise ratio, resulting in rather diffuse patch
boundaries in the image. Nevertheless, preferential binding of microspheres to the oppositely
charged bilayer was observed. Surprisingly, the bound micropheres aggregated on the lipid bilayer
patch, despite equal charges and inter-particle repulsion. This finding could be explained by partial
neutralization of the charges on the amidinated positively-charged hydrophobic latex surfaces what
makes the microspheres coagulated by van der Waals and hydrophobic interactions. This is a clear
demonstration of the rich and complex effects which can be observed in these multi-component
systems, where the degrees of freedom of the lipid composition as well as the lipid and colloid
counterions has to be taken into account. For a clear-cut explanation, more data taken over an
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F IGURE 6.5.7. Series of NEXAFS spectra of DMPC multilayers of different
thickness. The π ∗ (C = O) resonance from ∼ 37 nm thick layer can be still resolved.

extended parameter range of ionic strength and surface charges needs to be collected. While large
microspheres as well as smaller fluorescence markers can be used in fluorescence microscopy to
monitor the two-dimensional distribution of bound colloids at the lipid bilayer, the state of the
lipid bilayer itself is more difficult to probe. This concerns in particular the degrees of freedom
associated with demixing of charged and uncharged species, on the relevant sub-micron length
scales. Here synchrotron-based spectro-microscopy has the potential to chemically identify the
individual species and to provide compositional maps. As a first step, we present a small data
bank of the NEXAFS spectra of some of the most common lipids. Note that the spectroscopic
data alone, without spatial resolution, can be collected on compact laser-driven plasma sources, as
demonstrated here for the first time. Thereby, lipid NEXAFS spectroscopy is in principle amenable
to a much larger number of laboratories, at least to the extent that such instrumentation becomes
commercially available. However, it should be pointed out that high resolution data for organic
molecules obtained with synchrotron sources contain valuable information, e.g. on vibrational fine
structure [18]. At the same time spectro-microscopy is likely to remain the realm of studies using
synchrotron radiation. More strongly stated, even today, high resolution compositional maps of
single bilayer systems are at the technical limit, but can be expected to benefit significantly from
improvements of sources and beamline instrumentation. Therefore, the resolution and sensitivity
limits of spectro-microscopy can be expected to shift in the future from a signal-to-noise related
issue to an issue of dose-dependent radiation damage.
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We have also presented NEXAFS results obtained by using a laboratory scale (compact) laser
driven plasma source. The carbon K-edge NEXAFS spectra of selected lipids, which differ in
the headgroup structure or/and in containing the C=C double bond in hydrocarbon tails have been
measured to provide a first step towards reference NEXAFS spectra of different lipids. As demonstrated here, soft X-ray NEXAFS can be carried out by compact instrumentation, owing to the high
peak flux, the broad emission spectrum and the high dispersive power of the analyzing grating.

CHAPTER 7

Interaction of two-component anionic lipid membrane with gold
particles
7.1. Introduction
Since most biomembranes are negatively charged, electrostatics play an important role in interactions of lipid membranes and charged macromolecules. In model experiments, membrane
inclusions can be mimicked by nanoscopic colloidal particles bound to lipid membranes [70, 145].
Electrostatic interactions between a charged nanoparticle and a charged low dielectric membrane surface in an electrolyte solution is a complex problem. The reason for this is that it accounts for three body mutual interaction of surface-nanoparticle-electrolyte triple. Furthermore,
lipid membranes are not static, flat homogeneous structures, but present a large number of dynamic
modes. Individual lipid molecules in a bilayer undergo lateral diffusion, wobbling, rotations, and
vertical excursions (protrusions) out of the bilayer [1]. This naturally has an impact on the structure of the bilayer itself as a structured interface with specific elastic and mechanical properties.
When a membrane is in a fluid state, the lipids have a relatively fast lateral diffusion and are,
in principle, responsive when a charged object approaches. Lipid domain formation (demixing)
of the lipids has been observed experimentally upon adsorption of DNA molecules on cationic
membranes [146] and adsorption of peptides on giant unilamellar vesicles [147]. The number of
theoretical and computational studies on interactions of proteins [17, 148, 149], polyectrolytes
[150] and charged colloids [151] with fluid lipid membranes has increased in the recent years.
They have confirmed that the adsorption of macromolecules induces demixing of lipids in the
membrane and that the demixing, in turn, increases the binding energy of macromolecules to
the membrane. In addition, it is known that ion concentration and potential, which can directly
influence colloid-membrane interaction, may differ drastically near the membrane compared to
the bulk. In order to control this interaction, it is therefore necessary to well-define electrostatic
conditions at the interfacial area [152].
Colloids are able to induce local deformations of a flat fluid membrane they adhere to, and
this may give rise to various phenomena such as membrane-mediated elastic interactions between
colloids [70] or wrapping of the membrane around the colloid [17, 69]. The theoretical study of
Fleck and Netz [153] involves bending of the membrane in a presence of colloids and effects of
salt, colloid size and charge and membrane charge density. Furthermore, wrapping of a colloid
by a membrane is related to budding of vesicles, which was subject to many studies as well [154,
155, 71].
The aim of this work was to study how fluid and gel membranes carrying 80 % of neutral and
20 % negatively charged lipids, respond to interaction with positively charged gold nanoparticles
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in buffers with different pH and ionic strength. Supported DOPC/DOPC and DPPC/DPPS lipid
bilayers and giant unilamellar vesicles are chosen as model membranes. First, polyelectrolytescoated gold nanoparticles are characterized by UV-vis spectroscopy and scanning transmission
microscopy. To determine the contribution to the membrane charge from phosphatidylserine (PS),
one must know its intrinsic pK, namely the surface pH at which one-half of PS molecules in the
membrane are charged. We have used FT-IR spectroscopy to determine the apparent pKa of the
carboxyl group of PS and this value was used to calculate the intrinsic pK.
X-ray reflectivity and fluorescence microscopy was used to study supported lipid membranenanoparticle systems and phase contrast microscopy to image the giant unilamellar vesicles interacting with nanoparticles. Results are discussed and compared with made theoretical estimations.
7.2. Characterization of PSS/PAH coated gold particles
Preparation of polyelectrolytes-coated gold nanoparticles (AuNPs) involves initial coating of
cetyltrimethylammonium bromide (CTAB) stabilized nanoparticles (ζ potential, ζ ∼ +21 mV)
with a negatively charged poly(styrene sulfonate) polyelectrolyte (PSS), resulting in charge reversal (ζ ∼ -39 mV). Then, the adsorption of a second, positively charged poly(allylamine) hydrochloride (PAH) layer subsequently reverses surface charge (ζ ∼ +40 mV). The thickness of
each layer is between 1 and 2 nm [156] (see Fig. 7.2.1).

Gold Nanoparticle

n

Polyelectrolyte Shell

NH3+

AuNP

AuNP
CTAB (+) Assembly

AuNP
PSS (-) Adsorption

AuNP
PAH (+) Adsorption

F IGURE 7.2.1. Schematic diagram illustrating the layer-by-layer polyelectrolyte
deposition process applied to gold nanoparticles.
Most of the nanoparticle-membrane experiments were carried out in salt buffer solutions. In
order to test stability of the particles in strong ionic solutions, UV-visible spectra of the AuNPs in
100 mM NaCl solution at pH 7.4 and pH 4 were measured. Strong absorption observed at 540 nm
(see Fig. 7.2.2) is due to the surface plasmon resonance of 64 nm sized AuNPs [157]. The second
broad peak in the region of 650-800 nm [157] which could corresponds to aggregated particles
was not observed.
Scanning electron microscopy was carried out to visualize the AuNPs and determine the particle size. The scanning electron microscopy image of bare nanoparticles is shown in Fig. 7.2.2.
The AuNPs are spherical in nature and they have size of 64 ± 5 nm.
7.3. Dissociation constant of phosphatidylserine
FT-IR spectroscopy was used to estimate the apparent pKa of carboxylate group of phosphatidylserine. The apparent pKa for a single site group is determined as the bulk pH at which 50
% of the group population is charged [158]. The multilamellar DOPS stacks were deposited onto

Absorbance (arb. u.)
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F IGURE 7.2.2. UV-visible absorbance spectra of 64 nm-sized polyelectrolytescoated gold nanoparticles in HEPES buffer with pH 7.4, containing 100 mM NaCl
(solid line) and acetic acid buffer with pH 4 containing 100 mM NaCl (dashed
line). These spectra indicate no aggregation of the particles (see text for explanation). Inset shows the scanning transmission microscopy image of the dried
nanoparticles.
well-leveled and cleaned CaF2 substrate as described in Chapter 3. Stacks were hydrated with the
respective buffer solution and capped by a second CaF2 substrate. Prepared samples were sealed
with Parafilm to form a wet cell. A typical FT-IR spectrum of hydrated DOPS is shown in Fig.
7.3.1. Several important peaks were identified and summarized in Tab. 1.
The spectrum shows typical symmetric and antisymmetric CH2 stretching modes of the oleoyl
chains at about 2853 cm−1 and 2924 cm−1 , respectively. The minor band that appears at around
2957 cm−1 is due to the asymmetric stretching vibrations of the terminal CH3 groups [159]. Other
methylene vibrational modes, such as scissoring absorption bands δ (CH2 ) appear around 1415
cm−1 and 1466 cm−1 [160]. CH3 symmetric bend can be observed at about 1377 cm−1 [161].
The most intense and useful bands for probing the interfacial region of the membrane lipids
are the C=O stretching bands, which appear in the case of protonated carboxyl groups around 1729
cm−1 , and in the case of unprotonated carboxyl groups at about 1642 cm−1 [159, 162]. Symmetric
−1
−1 and 1090 cm−1 , respectively, and
PO−
2 stretching vibrations are present at 1050 cm , 1063 cm
−1 [159]. Other bands pertaining to the
the asymmetric PO−
2 stretching band at around 1222 cm
phospholipid head-group of lipids are less intense or less characteristic.
In order to estimate the apparent pKa of the carboxyl group of DOPS, intensities of the antisymmetric stretching vibration bands of COO− and COOH were monitored as bulk pH was
changed [162]. The COO− antisymmetric stretching vibration of DOPS appears at ∼1642 cm−1
whereas the COOH band appears at ∼ 1729 cm−1 . As the pH was increased the band corresponding to COOH group of DOPS decreased in intensity, whereas at the same time the band
corresponding to the COO− increased in intensity, as is shown in the Fig. 7.3.2 (a). The apparent
pKa of the carboxyl group was obtained, according to the Henderson-Hasselbach equation:

(7.3.1)

log([A− ]/[AH]) = −pKa + pH.
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F IGURE 7.3.1. Infrared absorption spectrum of the phosphatidylserine (DOPS) multilayers in the solution containing 50 mM NaCl.
Absorption bands of characteristic structural group of PS are identified. (ν denotes stretching and δ bending vibrations.)
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TABLE 1. Important infrared absorption bands of DOPS lipid. Assignments are
based on [159, 161, 160].
Approximate frequency
(cm−1 )
2957
2924
2853
1729
1642
1466
1415
1377
1222
1174
1090
1063
1050
990
-

COO

a)

Assignment
stretching
stretching
stretching
stretching
stretching
bending (scissoring)
bending (scissoring)
bending
stretching
stretching
stretching
stretching
stretching
stretching

COOH

νasym (CH3 )
νasym (CH2 )
νsym (CH2 )
νasym (C = O)OH
νasym (C = O)O−
δ (CH2 )
δ (CH2 )
δsym (CH3 )
νasym (PO−
2)
νasym (CO − O −C)
νsym (PO−
2)
−
νsym (PO2 )
νsym (PO−
2)
νsym (NH3+ )

b)
pH
3.9

0.8
4.1

0.4

Absorbance

-

log [A ]/[HA]

4.2

0.6

4.5

0.2
0.0

4.6

-0.2
4.7

3.6

pKa

4.0

4.4

4.8

pH
1500

1600 1700 1800 1900
-1
Wave number (cm )

F IGURE 7.3.2. a) FT-IR spectra of the 1500-1900 cm−1 region of DOPS multilayers in the solution, containing 50 mM NaCl, at different bulk pH values as
indicated. b) Plot of log[int(ν(C = O)O− )/int(ν(C = O)OH )] versus pH. Solid
line represents the linear fit of the measured data.

Therefore from the plot of log[intensity(ν(C = O)O− )/intensity(ν(C = O)OH )] vs. pH (see Fig.
7.3.2 (b) ), the apparent pKa can be obtained.
The apparent pKa of the carboxyl group of hydrated DOPS was determined to be 3.97±0.20.
Gómez-Fernández and Villalaín [162] have obtained the apparent pKa = 4.6 for the carboxyl group
of DPPS without the presence of salts by FT-IR method.
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The surface pH at which 50 % of the group population is charged is defined as the intrinsic
pK. The relation between the intrinsic and the apparent pKa is [20]:

(7.3.2)

pK(intrinsic) = pKa (apparent) + 0.434

eψS
kB T

where e is the elementary charge, ψS is the electrostatic surface potential, and kB and T have
their usual meanings. The surface potential ψS of phosphatidylserine membrane was obtained
from a relation between the surface charge density σ and ψS , given by the Grahame equation1 for
monovalent 1 : 1 electrolytes [38]:

(7.3.3)

σ=

p
8εw ε0 kB T [NaCl] sinh(eψS /2kB T )

where σ is in units of Cm−2 , εw ∼ 80 is water dielectric constant, ε0 = 8.854 × 10−12 C2 J−1 m−1
vacuum dielectric constant, kB = 1.381 × 10−23 JK−1 Boltzmann’s constant, T absolute temperature, ψS surface potential in V, e = −1.602 × 10−19 C electronic charge and [NaCl] is salt concentration in M (1 M = 1 moldm−3 and corresponds to a number density of ρ = 6.022 × 1026 m−3
[38]).
2
The headgroup of charged DOPS bilayer in the fluid state at 30◦C with an area of A = 65.3 Å
[103] carries a single negative charge. This would correspond to the σ = −0.23 Cm−2 . Then, the
surface potential of phosphatidylserine membrane in an aqueous 50 mM NaCl solution, deduced
from the Graham equation, is about −147 mV. Finally, the intrinsic pK for -COOH groups of
DOPS in 50 mM NaCl solution at 300 K (DOPS is in fluid phase) is calculated according to Eq.
7.3.2 to be 1.6 ±0.1.
The intrinsic pK value herein obtained under the present experimental conditions is at variance
with those reported in the literature. Literature measurements for PS were carried out on black lipid
membranes [164], dispersions [165], or monolayers [166]. The intrinsic pK values for -COOH
groups in PS were estimated by transmembrane potential measurements by the potentiometric
technique to be 2.1 [164], by ζ potential measurements by electrophoresis to be 2.7 [165] and by
measurement of the differential capacity of a lipid-coated electrode to be 3.3 [166]. This variability
in estimated values could arise from the influence of physical factors such as ionic strength and
temperature, which were not the same in the different estimations listed above. The length of the
fatty acid chains, the type of phospholipid used, the size and organization of the mixtures and
the different mixing ratios of fatty acid to phospholipid could also be sources of variability [167].
Vaz et al. [168] have evaluated the interfacial pH in lipid-water lamellar systems prepared from
negatively charged lipids by use of a fluorescent pH indicator (chromophore attached to the polar
head groups of lipids). At a fixed electrolyte concentration in the aqueous phase, they observed that
the interfacial pH is 0.6 to 0.7 pH units lower above the thermal phase transition of the lipid than

1In the Gouy-Chapman model (see Chapter 2) a uniform charge density on a planar interface and counterions as point

charges are assumed. Neglecting structural changes of the membrane which might be induced via the ionic environment,
the Grahame equation is obtained [163].
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it is below this temperature. This could explain relatively low value of the intrinsic pK estimated
in our experiment.
7.4. Supported DOPC:DOPC(4:1) in fluid phase interacting with gold particles
Supported DOPC/DOPS (4:1) bilayers were prepared on silicon support as described in Chapter 3. Experiments described below were performed at neutral pH 7.4 and at acidic pH 4.6. The
weak polyelectrolyte PAH is not fully protonated at neutral pH. The degree of protonation of PAH
at neutral pH was estimated from potentiometric titration to be ∼80 % [169, 170]. At pH 4.6, PAH
is fully dissociated [169, 170].
The surface potential ζ of PAH-coated AuNPs was measured by the producer to be 48.5 mV
at neutral pH [156]. We estimated the surface potential of about 60 mV for PAH-coated AuNPs at
pH 4.6.
The phosphatidylserine membrane is fully ionized at neutral pH and the degree of ionization
at pH 4.6 is calculated to be 95 to 100 % , according:
100
1 + 10(pK−pH)
where the intrinsic dissociation constant pK ranges from 3.3 to 1.6. Later we will assume that the
PS membrane is fully ionized at pH 4.6.
Experimental pH 4.6 was attained with 10 mM acetic acid buffer and pH 7.4 with 10 mM
HEPES/NaOH buffer. For the experiments performed at different ionic straights, 0 mM NaCl, 50
mM NaCl, 100 mM NaCl were added respectively. SUVs were prepared in respective buffers,
as described in Chapter 3, and fused onto a clean Si wafer (for X-ray reflectivity measurement)
or a clean Si foil (for fluorescence microscopy). PAH-coated gold nanoparticles (size of 64 ±
5 nm) were added so that their final concentration was 0.33 µM (∼4.5×107 particles/2 ml solution), or 3.3 nM (∼4.5×105 particles/2 ml solution). After 30 min incubation time, unattached
nanoparticles were gently washed and samples were observed by fluorescence microscopy and
X-ray reflectivity methods.
Depending on the experimental conditions (different pH, buffer ionic strength) different responses of the bilayer to the AuNPs were observed: they range from no change to the bilayer
to complete disruption and removal of the bilayer from the surface. Fig. 7.4.1 shows gray scale
fluorescence images of supported DOPC/DOPS (4:1) bilayers before and after injecting 0.3 µM
of PAH-coated AuNPs.
At pH 7.4, PS is fully dissociated and particles are ∼80 % charged. In the 10 mM NaCl
buffer solution (see Fig. 7.4.1 (b)) we observed, that in several places the silicon substrate can be
seen through defects, holes (∼1 µm in diameter) in the bilayer. Membrane seems to be laterally
disturbed. Areas with apparently higher fluorescence intensity could be particles partially coated
by the membrane. We did not observe floating lipid aggregates.
At pH 4.6, PS and particles are assumed to be fully charged. In fluorescence images shown in
Fig. 7.4.1 (c) we observed that the bilayer exhibits defects (in a form of holes, floating and attached
vesicles, or aggregates), or is damaged. Extended parts of the membrane are removed from the
substrate. Aggregated lipid-particle complexes with high fluorescence intensity and lipid vesicles,

(7.4.1)

%ionization =
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a)

Support

20 µm
b) pH 7.4, 10 mM NaCl

pH 7.4, 10 mM NaCl

AuNP
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10 µm
c)

pH 4.6, 10 mM NaCl

10 µm

10 µm
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10 µm

F IGURE 7.4.1. Gray-scale fluorescence images of DOPC:DOPS (4:1) supported
lipid bilayers containing 0.1 % Texas Red (a) before adding PAH-coated AuNPs;
(b) after adding of 0.33 µM PAH-coated AuNPs in 10 mM NaCl buffer solution,
pH 7.4 and (c) after adding of 0.33 µM PAH-coated AuNPs in 10 mM NaCl buffer
solution, pH 4.6. Radius of particle is ∼ 34 nm, thickness of lipid bilayer is ∼ 4
nm. In several places the silicon substrate (dark) can be seen through defects in
the bilayer (lighter colored areas) caused by AuNPs.
probably filled with particles, were floating in the solution. This indicates strong interaction of
membrane with particles. The removal of the SPB from the surface was not complete: some of
the lipids remained at the surface after disruption.
X-ray reflectivity measurements were carried out on an in-house D8 setup as described in
Chapter 5. Reflectivity curves from single lipid membranes at pH 7.4 and 4.6 respectively, were
measured before and after adding of particles (see Fig. 7.4.2). The particles diffused towards the
substrate within a few minutes. Fig. 7.4.2 (a) shows first two minima of the reflectivity curves
(see an example of complete DOPC/DOPS (4:1) reflectivity curve in Fig. 1 in Chapter 5) of a
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F IGURE 7.4.2. X-ray reflectivity curves in the qz range of 0.15-0.34 of
DOPC:DOPC (4:1) supported lipid bilayers before and after adding PAH-coated
AuNPs (a) in the 10 mM NaCl buffer solution, pH 7.4; (b) in the 10 mM NaCl
buffer solution, pH 4.6 and (c) in the 50 mM NaCl buffer solution, pH 4.6.
supported DOPC/DOPS (4:1) bilayer at pH 7.4 and in low ionic strength buffer before and after
injecting 0.33 µM of PAH-coated AuNPs. Fig. 7.4.2 (b, c) shows the reflectivity curves at pH 4.6
in 10 mM NaCl and 50 mM NaCl acetic acid buffer, respectively, before and after injecting PAH
AuNPs.
X-ray reflectivity was used to probe change in thickness, or coverage of a single lipid bilayer
after interaction with AuNPs in comparison with the typical reflectivity profile from a bare single
lipid bilayer. Reflectivity was measured in the qz range of 0.15-0.34. Without further fitting
procedure, we may estimate information as: a relative bilayer thickness changes from the shift of
the minima; increase of a reflected intensity might indicate an increased electron density contrast
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between a probe and a buffer; decreasing of a reflected intensity might be caused by decreasing of
a membrane surface coverage. Disappearing of minima indicates membrane damage.
Change in a surface coverage, or a thickness of the bilayer is observed in the case of membraneparticles interaction in the low ionic strength solution at pH 7.4.
In the case of interactions in the low ionic strength solution (pH 4.6), when particles are fully
charged, disappearing of typical reflectivity signal from a supported membrane was observed.
From this we might conclude that the membrane coverage decreases, what indicates the membrane
damage. This observation is consistent with fluorescence results.
When AuNPs were added to supported bilayers in a higher ionic strength buffer (50 mM NaCl,
pH = 4.6), the SPB was observed to remain intact (see Fig. 7.4.2 (c)). Attachment of nanoparticles
might be concluded from increased reflected intensity.
7.5. Supported DPPC:DPPC(4:1) in gel phase interacting with gold particles
DPPC:DPPS (4:1) supported lipid bilayers were formed above the transition temperature of
used lipids (∼45◦C). Subsequently, samples were cooled down to room temperature and AuNPs
were added. X-ray reflectivity curves at two different pH (pH 7.4 and 4.6) and low ionic strength
(10 mM NaCl) conditions are shown in Fig. 7.5.1.
In the gel phase at pH 7.4 we did not observe a significant change in reflectivity comparing to
the bare membrane. At pH 4.6, subsequent increase of concentration of added particles (from 3.3
nM to 0.33 µM) corresponds to increasing in reflected intensity from lipid bilayer-AuNPs sample.
7.6. DOPC:DOPC(4:1) GUV interacting with gold particles
Because membrane curvature is constrained in supported lipid bilayers, we used as well GUVs
as a model system for lipid membranes. Preparation of GUVs is described in Chapter 3. Solution
of GUVs was mixed with PAH-coated gold nanoparticles of diameter 64 ± 5 nm so that their final
concentration was 0.33 µM (∼4.5 × 105 particles/20 µl solution). Time sequence series (3 min)
of phase contrast images of giant lipid vesicles after adding of PAH-coated AuNPs at pH 7.4 were
taken (see Figs. 7.6.1, 7.6.2). We observed morphological changes of giant unilamellar vesicle
upon adhesion of nanoparticles. First, tiny tubes started to grow from the vesicle, followed by
growing of larger tubes and budding of vesicle.
These interesting phenomena were already described by Noguchi et al. [71]. They have
studied the adhesion of a nanoparticle from the outside of a vesicle by Monte Carlo simulation
method and have observed that the nanoparticle started to bud to the inside of the vesicle first. The
membrane then encapsulated the nanoparticle. To reduce the connection region, the encapsulated
nanoparticle gradually moved to the outside of the vesicle and finally, the vesicle changes to the
stalk state.
Experiments on giant phase separated vesicles have demonstrated that phase separation can
drive membrane curvature. Different curvature between the phases caused one phase ‘‘bulging’’
from the other [171]. According to this study, two distinct physical characteristics contribute to
morphology: differences in bending rigidity between the phases and line tension associated with
the phase boundary. The importance of rigidity (bending modulus) in determining response to
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F IGURE 7.5.1. X-ray reflectivity curves in the qz range of 0.15-0.30 of
DPPC:DPPC (4:1) supported lipid bilayers before and after adding PAH-coated
gold AuNPs (a) in the 10 mM NaCl buffer solution, pH 7.4; (b) in the 10 mM
NaCl buffer solution, pH 4.6. Supported lipid bilayers were formed above the
transition temperature of used lipids (∼45◦C). Then, the samples were cooled
down to room temperature and AuNPs were added.
curvature is clear: more rigid membranes require more energy to bend. Line tension generates
curvature independent of rigidity. The energy associated with a phase boundary is proportional to
the product of the line tension and the length of the boundary. A two-dimensional phase separated
membrane can therefore lower this energy by causing one phase to bulge, keeping the area of the
phases fixed, but lowering the length of the phase boundary [172]. Here, we can speculate, that
one possible reason for budding events is demixing of lipids and formation of domains rich in PS,
caused by particles attachment. Jülicher and Lipowski [154] have shown that vesicles composed
of two fluid domains undergo domain-induced budding. These budded states should be observable
by optical microscopy.
Under the same experimental conditions (pH 7.4, 10 mM NaCl), we observed hole formation
in supported lipid membranes was observed. Rossetti et al. [173] have investigated interactions
between the graft copolymer poly(L-lysine)-g-poly(ethylene glycol) and solid-supported lipid system by a combination of microscopic and spectroscopic techniques. Their experiments indicate
that defects in SPBs play a role in disruption process. Formation of holes in a lipid bilayer might
be caused by the fact that particles adsorb stronger to the silicon than to DOPC/DOPS membrane
and thereby displace the lipid molecules around them. Some authors have argued that preparing a
defect-free SPB by a vesicle fusion procedure is virtually impossible [54, 87, 174].
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F IGURE 7.6.1. First part of time sequence (3 min) of phase contrast images of
giant DOPC/DOPS (4:1) vesicles mixed with PAH-coated AuNPs at 0.33 µM in
the 10 mM buffer solution, pH 7.4. We observed the morphological changes of
lipid vesicle, as budding events and a grow of tubes. Bar, 10 µm. Objective, 40x.
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F IGURE 7.6.2. Second part of time sequence (3 min) of phase contrast images
of giant DOPC/DOPS (4:1) vesicles mixed with PAH-coated AuNPs at 0.33 µM
in the 10 mM buffer solution, pH=7.4. We observed morphological changes of
giant lipid vesicle, as budding events and a grow of tubes. Bar, 10 µ m. Objective,
40x.
Time sequence series (2 min 44 sec) of phase contrast images of giant lipid vesicles after
adding 0.3 µM of particles at pH 4.6 are shown in Fig. 7.6.3. We observed that attachment of particles to the membrane terminated in membrane rupture (probably a critical membrane tension was
overcome by particle attachment). Strong electrostatic interactions between fully charged AuNPs
and the 20 % anionic lipid membrane could induce latteral reorganization of lipids and their diffusion toward particle absorption sites. Yaroslavov et al. [175] have shown that the adsorption of a
polyelectrolyte to oppositely charged vesicles induces flip-flop in the membrane. Extensive lateral
diffusion and flip-flop events might destabilize the membrane as well.

7.7. Electrostatic interactions between membrane and gold particles
The electrostatic interaction energy between a charged PAH-coated gold nanoparticle at a
separation of D from a membrane surface is calculated in the Derjaguin and superposition approximation [176] as:

(7.7.1)

eff
eff
Eel = 4πεε0 Rψmembrane
ψ particle
exp(−κD),

where εε0 is the total electric permittivity, κ −1 Debye screening length, R the particle radius, and
D is the distance between the membrane and the particle.
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F IGURE 7.6.3. Time sequence (2 min 44 sec) of phase contrast images of giant
DOPC:DOPS (4:1) vesicles mixed with PAH-coated AuNPs at 0.33 µM in the
10 mM buffer solution, pH 4.6. We observed disruption of vesicle. Bar, 10 µm.
Objective, 40x.
eff
= (4kB T /e) tanh(eψmembrane,particle /4kB T ) denotes the effective electrostatic
ψmembrane,particle
potential of either the membrane or the particle surface (e is discrete anionic or protonic charge)2,
where ψmembrane,particle is a surface potential of either the membrane or the particle surface.
The Debye length falls with increasing ionic strength and valence of the ions in the solution.
For aqueous electrolyte (salt) solution at 298 K the Debye length (in nm) is

(7.7.2)

1

1/κ = 0.304/[NaCl] 2

for 1:1 electrolytes such as NaCl [38], where the concentration unit [NaCl] is in moles/liter (M).
For example, for NaCl solutions, 1/κ ≈ 0.96 nm at 100 mM, ≈ 1.35 nm at 50 mM and ≈3.04 nm
at 10 mM.
The surface charge density σ of the membrane surface composed of acidic and neutral lipids
2
of the headgroup area A = 71 Å [60] is σ = −0.22 Cm−2 . The electric surface potential of the
DOPC:DOPS (4:1) lipid mixture (σ = −0.044 Cm−2 ), calculated using Eq.7.3.3, for different pH
and salt concentrations are listed in Tab. 2.
Finally, electrostatic interaction energies calculated using Eq.7.7.1 for different pH and salt
concentrations, at a separation of D = 0.4 nm are listed in Tab. 2. D = 0.4 nm allows for one layer
of strongly bound water molecules (spherical solvent molecules of diameter ∼ 0.25 nm [38]) on
each surface - for hydrophilic PAH-coated AuNPs and hydrophilic membrane surface.
2Electronic charge e = −1.60 × 10−19C by definition. Permittivity of free space ε = 8.854 × 10−12C2 J −1 m−1 . Di0

electric constant of water εwater = 80.1 at 293 K by definition. 1kB T = 4.114 × 10−21 J at 298 K.
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TABLE 2. Surface potentials of the PC/PS 4:1 membrane at different ionic strength conditions and electrostatic interaction energies (Eel /kB T ) with PAH-coated AuNPs. Radius
of the particle, including polyelectrolyte layer, is ∼34 nm.
[NaCl]/mM
10

4.6

10

7.4

50

4.6

50

7.4

100

4.6

100

Interaction Energy, E el/kBT

pH
7.4

1/κ/nm
3.04
3.04
1.35
1.35
0.96
0.96

ψmembrane /mV
-106.8
-106.8
-68.4
-68.4
-53.6
-53.6

ψ particle /mV
48.5
60
48.5
60
48.5
60

Eel /kB T
-233.8
-281.7
-148.2
-178.6
-108.2
-130.2

-50

-100

-150
50 mM NaCl, pH 4.6
50 mM NaCl, pH 7.4
-200

0.0

0.5

1.0

1.5

2.0 2.5x10

-9

D

F IGURE 7.7.1. Interaction energies between PC/PS (4:1) membrane and PAHcoated gold nanoparticle (radius ∼34 nm) plotted as a function of separation D,
for pH 7.4 and pH 4.6.
Electrostatic interaction energies between PC/PS (4:1) membrane and PAH-coated gold nanoparticle plotted as a function of separation D, for pH 7.4 and pH 4.6 (50 mM NaCl) are shown in Fig.
7.7.1.
Wrapping of a colloids by a membrane: The elastic membrane behavior is described by the
local bending energy per area, Ebend = 21 k(c1 + c2 )2 , where c1 and c2 are local principal curvatures
of the two-dimensional membrane surface and k is a bending modulus (with units of energy) [39].
The particle provides a new source of adhesion energy for the membrane. Adhesion is driven by a
contact energy per unit area w and is opposed by the requirement to bend the membrane, as well
as the work of pulling excess membrane towards the wrapping site against a prescribed lateral
tension σ [177]. The adhesion energy equals −2πR2 zw, while bending and tension contributions
are found to be 4πzk and πR2 z2 σ , respectively. z denotes the degree of wrapping (z = 1 − cos α)
[177]. From tension and bending modulus one can construct a length λ , specific to the membrane,
according to:
r

k
σ
Membrane deformations on a length scale smaller than λ are mainly controlled by the bending
energy, while the tension is predominant on larger scales.
λ=
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TABLE 3. Ratios of adhesion and critical adhesion energy (w/wc ) for the PC/PS
4:1 membrane and PAH-coated AuNPs in different salt concentration and pH
buffers.
pH
7.4
4.6
7.4
4.6
7.4
4.6

[NaCl]/mM
10
10
50
50
100
100

(gel, k = 250kB T ) wa /wc
0.15
0.18
0.1
0.12
0.08
0.09

(fluid, k = 21kB T ) wa /wc
1.7
2.1
1.1
1.4
0.8
0.9

Bending modulus of the DPPC bilayer at 300 K (gel phase) has been measured by Lee et al.
to be ∼ 250kB T [178]. For unsaturated DOPC bilayers in the liquid phase k is typically ∼ 21kB T
[103, 179].
Tensions of cellular membranes reported in literature vary between 0.003 dyne/cm and 1
dyne/cm [180]. Giant vesicles with diameters above a few microns, can be prepared with low
membrane tension. The tension of GUVs is typically about σ ∼ 2 × 10−5 dyne/cm [181]. A planar
bilayer has a tension on the order of several dyne/cm [182]. In this study, we will consider the
surface tension ∼ 2 dyne/cm for planar lipid membranes [183].
For instance, with a GUV’s tension σ ∼ 2 × 10−5 dyne/cm and a bending modulus ∼ 21kB T ,
we obtain λ ' 2 µm. In this case, R  λ (radius of the particle is ∼34 nm), we will restrict
ourselves to the bending-dominated low-tension regime (σ → 0).
For σ = 0 colloids do not adhere at low adhesion energy w < wc = 2k/R2 , whereas full wrapping occurs above wc with no energy barrier to be overcome [69]. Then, critical adhesion energy,
wc = 2k/R2 , is defined as the energy per unit area required to bend a bilayer with zero spontaneous
curvature to a spherical cup.
Ratios of adhesion and critical adhesion energy (wa /wc ) for the PC/PS 4:1 membrane, both
in gel and fluid phases, and PAH-coated AuNPs in different salt concentrations and pH buffers
are listed in Tab. 3. For the gel phase membrane, we estimated w/wc < 0.18 in all experimental
conditions. That means, that the adhesion energy is not high enough to cause bending of the gel
phase bilayer. This is in agreement with our experimental observations.
For the fluid phase PC/PS 4:1 bilayer we estimated full wrapping (w/wc > 1) of the particle
by the GUV’s bilayer in buffer solutions containing 10 mM NaCl and 50 mM NaCl, with both pH
7.4 and 4.6. We predict that 100 mM NaCl might be sufficient to screen the electrostatic vesicle
membrane-colloid attraction to avoid wrapping of a particle by a vesicle membrane.
In our experiments with supported lipid membranes we observed that already 50 mM NaCl
was sufficient to avoid full wrapping of colloids by the membrane, followed by the membrane
damage. From experimental results under the 10 mM NaCl, pH 7.4 condition we deduce only a
partial wrapping of colloids by a membrane.
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7.8. Conclusion
The results regarding the interactions between polyelectrolyte coated AuNPs and both supported lipid membranes and giant unilamellar vesicles demonstrate the importance of the pH and
ionic strength as a modulating parameter of the interaction. We have shown that depending on
the experimental conditions (different pH, buffer ionic strength) different responses of the bilayer
to the PAH-coated AuNPs were observed: they range from no change to the bilayer to complete
disruption and removal of the bilayer from the surface. The salt concentration, pH, phase state
and lateral tension of the membrane was found to play a significant role in the interaction of the
bilayer with particles. PAH-coated AuNPs disrupt fluid supported phospholipid bilayers in a low
ionic strength buffer (10 mM NaCl), but not in a high ionic strength one (50 mM NaCl). Gel
supported bilayers were observed to remain intact. We have shown that AuNPs induce structural
changes of vesicles: budding and tube formation at neutral pH, but vesicles were disrupted at
acidic pH, when particles are fully dissociated.
Polyelectrolytes were mostly used a decade ago as a protective layer against coagulation and
adsorption. Other important polyelectrolyte-specific application in solution include the control of
visco-elastic properties and responsiveness to small variations of solvent conditions [184]. These
properties are now promising tools to tune and control lipid membranes and to trigger biomimetic
responses, including budding, or formation of lateral domains. Critical sensitivity of weak polyelectrolyte chains to solvent quality, pH, or temperature has opened new ways to specifically destabilize and break membranes, artificial ones as well as living cells. Nevertheless, the lateral pressure developed by polyelectrolyte charged hydrophilic chains can markedly modify the bending
and rigidity.
From a practical point of view, the response to pH of polyelectrolyte coated gold nanoparticles
suggest new opportunities to develop sensitive sensors or triggered release of probe particles in
biological media.
.

CHAPTER 8

Summary
The aim of this thesis was to study the structure of charged lipid membranes and their interaction with oppositely charged colloidal particles. Adhesion of colloidal particles onto oppositely
charged, mixed lipid membranes is a ubiquitous phenomenon encountered in biotechnology, drug
delivery, and cellular biology.
In the first part, we focused on the preparation of supported one and two-component single
lipid bilayers with positive, neutral and negative charge. X-ray reflectivity was used to investigate detailed structural characteristics of these mixed bilayers, as well as the effect of the bilayer
charge on the water spacing between bilayer and silicon substrate. Structural parameters, such as
membrane thickness, area per lipid, water thickness, and the number of water molecules per lipid
were calculated directly from an electron density profile of the model bilayers. A splitting of the
density profile in the headgroup region of mixed bilayers was observed, which we associate with
calcium induced lateral demixing of the two lipid components. Furthermore, we have shown that
such analysis does not rely only on synchrotron radiation, but can also be carried out at sealed tube
instruments with optimized equipment.
In the second part, we used scanning transmission X-ray microscopy to image positively
charged polystyrene latex microspheres which bind onto previously characterized supported twocomponent lipid membranes, composed of charged and neutral lipid species. Data have been collected on dried colloids as well as wet lipid membrane/polystyrene microspheres. The amount of
the carbon was determined quantitatively from the difference in the X-ray absorption. Preferential
binding of microspheres to the oppositely charged bilayer was observed. Surprisingly, the bound
microspheres aggregated on the lipid bilayer patch, despite equal charges and inter-particle repulsion. The feasibility of lipid thin films carbon K-edge NEXAFS experiments with X-ray radiation
generated from compact sources based on a laser-produced plasma was successfully demonstrated
and we presented a small data bank of the NEXAFS spectra of some of the most common lipids.
The aim of the third part was to study how charged membranes response to oppositely charged
polyelectrolyte-coated gold nanoparticles. We have used fluorescence microscopy and X-ray reflectivity methods to probe the interactions between polyelectrolyte coated gold nanoparticles and
supported lipid membranes as well as giant unilamellar vesicles. The results demonstrate the importance of the pH and ionic strength as a modulating parameter of the interaction. We have shown
that depending on the experimental conditions (different pH, buffer ionic strength, membrane
phase state and elastic properties) different responses of the bilayer to the PAH-coated AuNPs can
be observed: they ranged from no change to the bilayer to complete disruption and removal of the
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8. SUMMARY

bilayer from the surface. Furthermore, we have shown that AuNPs induce structural changes of
vesicles depending on pH conditions: budding, tube formation, or disruption of vesicles.
In the presented work we have attempted to improve our understanding of the structure of
charged two-component lipid membranes and to give insights into the mechanisms behind colloidmembrane interactions.

APPENDIX A

Fitting parameters
TABLE 1. Fit results for various lipid mixtures in fluid phase at 23.8 ◦ C.
DOTAP/DOPC
DOPC/DOPS
DOPC
DOTAP/DOPC(1)
(1:9)
(4:1)
(1:9)
f1
-0.92
-0.93
-0.70
-0.93
f2
-0.70
-0.71
-0.67
-0.70
f3
0.36
0.40
0.33
0.36
f4
-0.15
-0.12
-0.20
-0.16
f5
-0.28
-0.28
-0.36
-0.25
f6
0.08
0.1
0.1
0.10
f7
-0.1
-0.09
-0.06
-0.1
f8
0.05
0.04
0.02
0.05
f9
0.05
0.1
0.11
0.09
d0
23.32±0.12
23.56±0.10
23.05±0.18
23.98±0.63
qc
0.0245±0.0003 0.0242±0.0006 0.0238±0.0001
0.0217±0.0001
∆max
0.16±0.01
0.18±0.02
0.20±0.06
0.18±0.04
σ
2.04±0.08
2.05±0.18
1.40±0.66
2.04±0.47
Fit results for various lipid mixtures at 23.8 ◦ C (also see Fig.5.3.1). (1 ) are the values for D8
Advance reflectometer measurements.
Fit parameter

TABLE 2. Fit results for various lipid mixtures in gel phase at 23.8 ◦ C.
DPPC/DPPS
DPPC/DPPS
DPPC/DPPS(1)
(4:1)
(1:1)
(1:1)
f1
-0.75
-0.75
-0.7
f2
-0.36
-0.19
-0.18
f3
0.28
0.11
0.14
f4
-0.4
-0.2
-0.08
f5
-0.07
0.01
0.06
f6
-0.1
-0.05
-0.04
f7
0.02
0.03
0.02
f8
0.01
-0.05
-0.04
f9
-0.05
0.05
0.04
d0
28.26±0.34
29.8±0.06
28.74±0.40
qc
0.0233±0.0007 0.0237±0.0001
0.0216±0.0004
∆max
0.27±0.02
0.38±0.01
0.35±0.04
σ
2.46±0.10
2.09±0.14
5.42±0.28
Fit results for various lipid mixtures at 23.8 ◦ C (also see Fig.5.3.1). (1 ) are
the values for D8 Advance reflectometer measurements.
Fit parameter

97

98

A. FITTING PARAMETERS

APPENDIX B

Igor Pro procedures
#pragma rtGlobals=1 // Use modern global access method.
Macro data()
Rename
Rename
Rename
Rename

wave0,hgl;
wave1,cyb0;
wave2,filter;
wave3,mon3;

Make/N=98/D wave4, wave5,wave6, wave7
AppendToTable wave4, wave5,wave6, wave7
Rename wave4,qz;
qz := 4*pi/0.922*(sin(pi*hgl/(180)))
Rename wave5,DetError;
DetError := sqrt(cyb0)
Rename wave6,DetFilter;
DetFilter := cyb0/(0.43612^filter)
Rename wave7,DetFilterError;
DetFilterError=DetError/(0.43612^filter)
Display DetFilter vs qz
ErrorBars DetFilter Y, wave=(DetFilterError,DetFilterError)
ModifyGraph log(left)=1
Label left "R";DelayUpdate
Label bottom "Qz[A\\S-1\\M]"
ModifyGraph mode=3,marker=8,msize=2,rgb=(0,0,0)
ModifyGraph nticks(bottom)=8
END

#pragma rtGlobals=1

// Use modern global access method.

macro offset()
Make/N=98/D wave20,wave21
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AppendToTable wave20,wave21
Rename wave20, FitOffset
Rename wave21, OffsetError
Make/N=26/D wave22, wave23
AppendToTable wave22, wave23
CurveFit poly 3, wave1 /X=wave0 /D=wave22 /R=wave23
fitoffset= W_coef[0]+ W_coef[1]*hgl+ W_coef[2]*hgl^2
OffsetError=sqrt(fitoffset)
#OffsetError=sqrt(W_sigma[0]^2 + (hgl*W_sigma[1])^2
+ (hgl^2*W_sigma[2])^2)
AppendToGraph FitOffset vs qz
ErrorBars FitOffset Y, wave=(OffsetError,OffsetError)
Display wave22 vs wave0
ModifyGraph log(left)=1
AppendToGraph wave1 vs wave0
END

#pragma rtGlobals=1

// Use modern global access method.

macro illum()
Make/N=98/D wave8,wave9,wave10,wave11,wave12
AppendToTable wave8,wave9,wave10,wave11,wave12
Rename wave8, IllCorr
illCorr := DetFilter*0.115/(10*sin(pi*hgl/180))*(hgl[x]<=180*asin(0.115/10)/pi)
+ DetFilter*(hgl[x]>180*asin(0.115/10)/pi)

Rename wave9, DetOffset
DetOffset =IllCorr -FitOffset
Rename wave10, DetOffsetError
DetOffsetError=sqrt(DetFilterError^2 + OffsetError^2)
Display DetOffset vs qz
ErrorBars DetOffset Y, wave=(DetOffsetError,DetOffsetError)
ModifyGraph log(left)=1
Label left "R";DelayUpdate
Label bottom "Qz[A\\S-1\\M]"
ModifyGraph mode=3,marker=8,msize=2,rgb=(0,0,0)

B. IGOR PRO PROCEDURES

ModifyGraph nticks(bottom)=8
Rename wave11, NormIntensity
NormIntensity=DetOffset/4.27e9
Rename wave12, NormIntensityError
NormIntensityError=DetOffsetError/4.27e9
Display NormIntensity vs qz
ErrorBars NormIntensity Y, wave=(NormIntensityError,NormIntensityError)
ModifyGraph log(left)=1
Label left "R";DelayUpdate
Label bottom "Qz[A\\S-1\\M]"
ModifyGraph mode=3,marker=8,msize=2,rgb=(0,0,0)
ModifyGraph nticks(bottom)=8
Save/J/M="\r\n"/P=IgorPro qz,NormIntensity,NormIntensityError as
"DPPCDPPS8020_norm.dat"
END
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Program listing
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

/*
Reflectivity analysis of lipid bilayer with a semi-kinematic approach.
Model function contributions by Chenghou Li, Doru Constantin, Ulrike Mennicke and Tim Salditt
Programmed by Chenghao Li (2001-2004) with swith some modifications by Tim Salditt (2005)
and Eva Novakova (2006). Least-square optimization routines by Oliver Tuerck.
Valid for:
single bilayer reflectivity through water, vanishing contrast between bilayer average and
water no absorption, roughness of substrate and bilayer = sigma, symmetric bilayer profile
varied coverage center of bilayer d0 equal or larger to d/2,formfactor calculated from
-d/2..d/2, d=60 Angstrom (default)
***************************************************************************
*/
#include <stdio.h>
#include <math.h>
#include <stdlib.h>
#include <io.h>
#include <string.h>
#include <process.h>
#include<setjmp.h>
#include <signal.h>
#define NRANSI
#define pi 3.14159265358979876
#define MPT 2000 /* max number of data points */
#define nkoeff 9 /* number of fourier coefficients of the form factor */
#define npar 16 /* total number of parameters*/
double lamda = 0.922, d=60;
/* fitting parameter
p[1]=f1, p[2]=f2, p[3]=f3, p[4]=f4, p[5]=f5, p[6]=f6, p[7]=f7, p[8]=f8
p[9]=f9, p[10]=d0, p[11]=qc_si_h2o, p[12]=delta_max, p[13]=sigma,
p[14]=x, p[15]=ugr, p[16]=intensity
*/
#define lambda 10 /* optimize: number of offsprings per generation */
#include <time.h>
#include <sys/types.h>
#include <sys/timeb.h>
/* path for input output files and plotting*/
#define GNUPLOT_PATH "C:\\gnuplot\\gp373w32\\wgnupl32.exe"
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41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

#define GNUPLOT_INIT "C:\\gnuplot\\gp373w32\\plot_single.ini -"
#define ELECPROFILE "C:\\gnuplot\\gp373w32\\elecprofile_single.ini -"
#define frand() ((double) rand() / (RAND_MAX+1.0))
/* global constants for optimize*/
int max_evs_steps =12000 ;/*maximal step numbers of EVS */
double evs_mindelta = 1E-50; /* abort step width */
int ndata;
long udlot,udosp;
double gds,pdm,delta_delta,SUMME;
long udsupply[98];
double x[MPT],y[MPT];
double resid[MPT];
double upper[npar],lower[npar],prec[npar];
/* upper and lower are vectors containing the upper and lower bounds for the
parameters prec, the desired accuracy for the respective parameters */
double reslt[npar];
/* result contains final fit parameter */
jmp_buf fitenv;
/*--square function--*/
double sqr(double x)
{ return x*x; }
/*-- cubic function --*/
double qub(double x)
{ return x*x*x; }
/******************************* user defined ****************************/
/* ----------------------- components of fit function -------------------*/
/*-- fresnel reflectivity --*/
double fresnel(double qz, double *p)
{
double fresnel_ref;
if (qz<=p[11])
fresnel_ref =1.0;
else
fresnel_ref =(qz-sqrt(qz*qz-p[11]*p[11]))/(qz+sqrt(qz*qz-p[11]*p[11]))*
(qz-sqrt(qz*qz-p[11]*p[11]))/(qz+sqrt(qz*qz-p[11]*p[11]));
return fresnel_ref;
}
/*form factor*/
double formfact(double qz, double *p)
{
int i;
double x,f,prefac;
prefac=8.0*pi*pi*sin(qz*d/2);
x=0;
for (i=1;i<=nkoeff;i++)
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89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136

{

f = p[i]*i*i*cos(pi*i)/(qz*qz*d*d-4*pi*pi*i*i);
x += f;
}
return prefac*x;
}
/* Structure factor (bilayer-substrate inteference term)*/
double sf_interference(double qz,double *p)
{
double f,sigma,d0;
sigma=p[13];d0=p[10];
/*p[8] - d0 (substrate position)*/
/*p[12] - substrate roughness*/
f=-2*sin(qz*d0)*exp(-0.5*sigma*sigma*qz*qz);
return f;
}
/*-- here is the fitfunction (modelfuction) to fit the
double fitfunc(double *p, double qz)
{
double ff,phi2,qq,fftr;

data --*/

if (qz >=p[11])
{
/* qq=qz*sqrt(1-(2*delt-delt*delt)*16*pi*pi/(qz*qz*lamda*lamda));
calculate qz from out to in */
qq=qz;
fftr = formfact(qq,p);
phi2=exp(-qq*qq*p[13]*p[13])+p[12]*sf_interference(qq,p)*fftr+p[12]
*p[12]*fftr*fftr;
ff = p[16]*(p[14]*fresnel(qq,p)*(phi2)+(1-p[14])*fresnel(qq,p)
*exp(-qz*qz*p[13]*p[13])) +p[15];
}
else
{ qq=0;
fftr = formfact(qq,p);
phi2=exp(-qq*qq*p[13]*p[13])+p[12]*sf_interference(qq,p)*fftr+p[12]
*p[12]*fftr*fftr;
ff = p[16]*(p[14]*fresnel(qq,p)*(phi2)+(1-p[14])*fresnel(qq,p)
*exp(-qz*qz*p[13]*p[13])) +p[15];
}
return ff;
}
/*compute the electron density profile*/
double Eprofile(double d, double z, double f[])
{int i;double eprofile;
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137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
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eprofile = 0;
for (i=1;i<=nkoeff;i++)
eprofile += f[i]*cos(2*i*pi*z/d);
return eprofile; }

/*********** least square optimization by genetic algorithms **************/
--------------------- OPTIMIZE by V. Tuerck----- --------------************/
/********************** main program *************************************/
/* --------------- user defined input output --------------****************/
int main(void)
{
float qz,ref,z,dummy;
float low,up,pre;
int i;
FILE *fp,*ip,*ep;
ndata=0;
/* save measure data to the file measure_data.dat without negative Y-value */
if ((fp = fopen("measure.dat","r")) == NULL)
fprintf(stderr,"Data file not found\n");
ip = fopen("measure_dataOUT.dat","w");
while (fscanf(fp,"%f %f \n",&qz,&ref) != EOF)
if (ref >0) {fprintf(ip,"%5.5f %18.5e \n", qz, ref);ndata++;}
fclose(fp);fclose(ip);fflush(fp);fflush(ip);
/* read upper and lower value of parameters */
fp = fopen("para_interval.dat","r");
for (i=1;i<=npar;i++) {
fscanf(fp,"%f %f %f \n",&low,&up,&pre);
lower[i]=low;
upper[i]=up;
prec[i]=pre;
if (lower[i]>upper[i])
printf("wrong input, Lower>Upper\n");
printf("%5.5e %5.5e %5.5e \n",lower[i],upper[i],prec[i]);
}
fclose(fp);
/* read measure data measur_data.dat by x[], y[] */
fp = fopen("measure_dataOUT.dat","r");
x[0] = 0; /*set x0 to 0 to calculate the derivation*/
y[0] = 0;
for (i=1;i<=ndata;i++)
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185
{fscanf(fp,"%f %f \n",&qz,&ref);x[i]=qz;y[i]=ref;}
186
fclose(fp);fclose(ip);fflush(fp);fflush(ip);
187
188 /*--start the EVS--*/
189
initrandgen();
190
for (i=1;i<=npar;i++)
191
printf("%d %5.5e %5.5e \n",i, lower[i], upper[i]);
192
EVS_1_10_MOMAD ();
193
checkresidual (100.0);
194
195
/*--output the parameter result--*/
196
for (i=1;i<=npar;i++)
197
printf("%5.5e \n",reslt[i]);
198
199
/*-- save the final fitting to the file fitting.dat--*/
200
ip = fopen("fitting.dat","w");
201
for (i=1;i<=1000;i++)
202
{qz=0.001*i;fprintf(ip,"%5.5f %18.15e \n", qz,fitfunc(reslt, qz));}
203
fclose(ip);fflush(ip);
204
205
/*--save the final parameter to the file parameter_list.dat--*/
206
fp = fopen("parameter_list.dat","a");
207
208
fprintf(fp,"******************************************** \n ");
209
fprintf(fp,"parameter list \n\n");
210
fprintf(fp,"f1= %f \n", reslt[1]);
211
fprintf(fp,"f2= %f \n", reslt[2]);
212
fprintf(fp,"f3= %f \n", reslt[3]);
213
fprintf(fp,"f4= %f \n", reslt[4]);
214
fprintf(fp,"f5= %f \n", reslt[5]);
215
fprintf(fp,"f6= %f \n", reslt[6]);
216
fprintf(fp,"f7= %f \n", reslt[7]);
217
fprintf(fp,"f8= %f \n", reslt[8]);
218
fprintf(fp,"f9= %f \n", reslt[9]);
219
fprintf(fp,"d0= %f \n", reslt[10]);
220
fprintf(fp,"qc = %f \n", reslt[11]);
221
fprintf(fp,"delta_max= %f \n", reslt[12]);
222
fprintf(fp,"sigma= %f \n", reslt[13]);
223
fprintf(fp,"x= %f \n", reslt[14]);
224
fprintf(fp,"ugr= %5.5e \n", reslt[15]);
225
fprintf(fp,"intensity= %5.5e \n", reslt[16]);
226
fprintf(fp,"delta= %5.5e SUMME= %5.5e skewness=
227
%5.5e \n ",delta_delta,SUMME,skewness(reslt));
228
fprintf(fp,"******************************************** \n ");
229
fprintf(fp," \n ");
230
fclose(fp);fflush(fp);
231
232

107

108

233
234
235
236
237
238
239
240
241
242
243 }
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/*save the e-profile to the file eprofile.dat*/
ep = fopen("eprofile.dat","w");
for (i=1;i<=1500;i++)
{z = -d+0.1*i;fprintf(ep,"%5.5f %18.15e \n", z,
reslt[12]*0.364*Eprofile(d,z,reslt)+0.334);}
fclose(ep);fflush(ep);
#undef NRANSI
return 0;

List of abbreviations
Tm - phase transition temperature
Lc - ordered sub-gel phase
Lβ - phase gel phase
Pβ 0 - phase ripple phase
Lα - phase liquid-crystalline phase
PC - phosphatidylcholine
SM - sphingomyelin
PE - phosphatidylethanolamine
PS - phosphatidylserine
PA - phosphatidic acid
PG - phosphatidylglycerol
PI - phosphatidylinositol
SLB - supported lipid bilayer
DPPS - 1,2-Dipalmitoyl-sn-Glycero-3-Phosphatidylserine
DOTAP - 1,2-Dioleoyl-3-Trimethylammonium-Propane
DOPC - 1,2-Dioleoyl-sn-Glycero-3-Phosphatidylcholine
DOPS - 1,2-Dioleoyl-sn-Glycero-3-Phosphatidylserine
DPPC - 1,2-Dipalmitoyl-sn-Glycero-3-Phosphatidylcholine
DMPC - 1,2-Dimyristoyl-3-Phosphatidylcholin
Texas red-DHPE - N-(Texas Red sulfonyl)-1,2-dihexadecanoyl-snglycero-3-phosphoethanolamine, triethylammonium salt
AFM - Atomic force microscopy
PSS - poly(sodium-4-styrene sulfonate)
PAH - poly(allylamine) hydrochloride
FT-IR - Fourier transform infrared
GUV - giant unilamellar vesicle
DLVO - Derjaguin-Landau-Verwey-Overbeek theory
FWHM - full width at half maximum
NEXAFS - near-edge X-ray absorption fine structure
XAS - X-ray absorption spectroscopy
OD - optical density
MO - molecular orbital theory
XANES - X-ray absorption near-edge structure
OSA - order sorting aperture
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STXM - scanning transmission X-ray microscope
FZP - Fresnel zone plate
PS - polystyrene
AuNP - gold nanoparticle
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