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Introduction

The study of phospholipid bilayers as representative model systems for biomem-

branes has lately become an attractive issue in the field of soft condensed matter

science. Though, studying the two component lipid/water system instead of the

biomembrane itself is a significant abstraction, the interpretation of effects ob-

served in these lyotropic liquid crystals may serve the better understanding of

biological membranes. Most natural phospholipids form bilayers when dispersed

in water, although there are lipids that form non-bilayer structures. This struc-

ture formation ability is connected to their biological role in the membrane. The

subject of this thesis is limited to bilayer structures of 1,2-dipalmitoyl-sn-glycero-

3-phosphocholine (DPPC) vesicles.

The introduction of a third component (guest molecule or ion) into the pure

DPPC/water system represents the first step towards real biological membranes.

Huge number of small organic molecules are in contact with biological membranes.

The same as for metal ions, their effect is either favorable or harmful to life. In

this case, however, the effect is expected to be strongly related to the chemical

structure of the component. Dihalogeneted phenols are known to be toxic in small

quantities and they evolve specific strucural transition in the phospholipid bilay-

ers. On the other hand, knowing the changes induced in lipid bilayer structure by

the presence of organic molecules enables us to design vesicle systems for applica-

tion e.g. as a drug carrier system. The choice of different ions comes obviously

into focus, since biomembranes at physiological conditions are surrounded by an

electrolyte.

1



Introduction 2

Connecting to the previous issue, the structure and dynamics of sterically stabi-

lized vesicles (or with other word liposomes, SSVs or SSLs) is in the forefront of

biophysical studies on this field, since a detalied knowledge about these systems

can help in tailoring of the properties of these drug carriers to reach the optimum

efficiency. This field represents a growing part of the medicinal industry, up to

now, around 25 liposomal products are available on the market, and a few hun-

dreds are in different stages of clinical trials (see Fig. 1). The success of these

products is based on the fact, that the liposomal forms of many drugs produce

better pharmacological profiles.

The use of membrane-mimicking systems as ”reactors” for nanoparticles is also

a widespread subject in recent years. In these applications the fact that these

systems are structured in the nanometer scale is exploited.

In this thesis, basic interactions in phospholipid bilayer - guest molecule/ion sys-

tems are studied. These interactions can be divided into two groups according to

the place where the perturbation effect takes place. The effect of dihalogenated

phenols on DPPC/water system serves as an example for the perturbation in intra-

bilayer interactions, while divalent metal ions modify the interbilayer interactions.

The Cu(II) and Cd(II) ions evaluated in this thesis belong to the trace and toxic

metals in living organisms, respectively.

Figure 1: Search results for liposome on www.clinicaltrials.gov



Introduction 3

This thesis is organized as follows: The literature review gives a survey on the

phospholipid/water system and on the effects of guest ions and molecules on these

systems. This is followed by the brief description of the used experimental tech-

niques and simulations. In Chapter 4. (Materials and Methods) the details of the

experimental and computational procedures are described. The presentation of

the results is divided into three parts: the first describes the observations on the

effect of halogenated phenol compounds and the second one summarizes the effect

of copper(II) and cadmium(II) ions on multilamellar vesicles (MLV). In the third

part, my results related to the application of such vesicular systems in the field

of nanoparticle preparation and drug delivery are summarized. Finally, the con-

clusion of my work is drawn pointing out to several future perspectives (Chapter

6).



Chapter 1

Literature review A: The studied

system

Phospholipids are the main lipid components of biological membranes. Due to

the amphiphilic character of these molecules, they spontaneously form mesoscale

molecular aggregates with different symmetry. Depending on the special prop-

erties of the given phospholipid, lamellar, hexagonal and different cubic phases

are formed. Although the self assembly of the phospholipids is diversified, the

most common, and the biologically most relevant phase is the lamellar one. Most

of the phospholipids that are found in membranes, such as the 1,2 dipalmitoyl-

phosphatidylcholine (DPPC, Fig. 1.1), contain two carbon chains. Due to these

apolar chains, liposomes are formed in water even at a small lipid concentration.

In spherically shaped liposomes shells of alternating water and lipid bilayers form

a concentric, onion like structure. Depending on the phospholipid/water ratio,

two types are known: Small lipid concentrations and ultrasound treatment re-

sult the so called unilamellar vesicles (ULV) made of a small number of bilayers,

whereas large concentrations (from 0,1 m% up to 40-60 m%) result liposomes, or

multilamellar vesicles (MLV), containing a larger number of layers. The regularly

structured lipid bilayers in MLVs make them an eligible choice as model membrane

systems.

4



Chapter 1. Literature review A: The studied system 5

Figure 1.1: The structure of the DPPC molecule

1.1 The phases of lipid bilayers

The fully hydrated DPPC/water system is a lyotropic liquid crystal, with four

temperature dependent multilamellar phases [1–4]. The structure of the DPPC

molecule is shown in Fig. 1.1. The literature refers to these four phases as follows:

crystalline phase (Lc), gel phase (Lβ′), ripple gel phase(Pβ′), and liquid crystal

phase. These names are somewhat deceptive, as each of these four phases is

a mesomorph phase of what we generally refer to as liquid crystal phase. These

phases may even exist simultaneously in nm size regions, as so called micro phases.

The phases differ in the conformation of the lipids and their arrangement respective

to each other within the bilayers. The characteristic layer structure of the phases

and the cells of the sublattices in the biologically relevant gel and fluid phases are

shown in Fig. 1.2.

The crystalline phase is characterized by an ordered sublattice defined by the fi-

nite positions of the lipid molecules within the bilayer, and regularly alternating

water and lipid bilayers. The layered structure of the gel phase is less ordered,

but exhibits a subcell inside the bilayers: the molecules form a two dimensional

deformed orthorhombic hybrid sublattice. The longitudinal axis of the molecules

is not parallel to the layer normal. The ripple phase got its name from the peri-

odically rippled surface of the layers. In this case the sublattice is hexagonal, and

due to the rippled surface, the angle between the axis of the molecules and the

normal of the layer varies more then in the cases above. Increasing the tempera-

ture further we get the liquid crystal phase, characterised by the notable lateral

mobility of the lipid molecules. In the terminology of soft condensed physics, this

phase is referred as the smectic-A liquid crystal. The one dimensional lattice of

the bilayers is ordered, but within the layers the lipid molecules are disordered
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and form a quasi two dimensional liquid. The characteristics of the sublattice

are most apparent when the lipid double layer is viewed from the direction of the

bilayer normal. In accordance with the above mentioned, three phase transitions

may appear in such liposome systems: the subtransition, the pretransition and

the chain-melting. All three phase transitions follows first order kinetics, they are

characterised by 14 kJ/mol, 5,6 kJ/mol (pretransition), and 36,5 kJ/mol (main

or chain melting transition) enthalpy change, respectively, where the number of

moles relates to the molar number of lipid molecules [5].

Concerning the kinetics of phase transitions, three mechanisms plays a crucial role

in these systems. First, in the case of nucleation and seed growth, the old phase

decreases while the new one increases in the form of disordered, slowly growing

seeds. Second, the spinodal decomposition is the borderline case of the first, where

there is no surface tension on the interface of the two phases, that is, the surface

free energy component vanishes. These processes are controlled by the molecular

diffusion. The third is the ”martensite transition” known in metal physics which

occurs in lipids systems too. That is a regular way of phase transition, when a

Figure 1.2: Different phases of the DPPC/water system. The characteristic
ordering of the lipids in each phase is also presented. In gel phases the cells of
the sublattice are also drawn, where the cross section of the CH-tails are plotted

with orange circles.
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tension-free coherent boundary surface is formed between the two phases, while

the molecules stay near their original positions. Three mechanisms may occur in

different parts of the sample volume. The circumstances of the phase transition

(e. g. the magnitude of the thermal gradient) may determine which of the above

mentioned mechanisms becomes dominant.

Apart from the above mentioned phases, a so-called interdigitated phase may also

form [6–8], though not in pure systems, only in the presence of certain guest

molecules. This is characterised by a reduction of layer thickness, which is caused

by the carbon chains of the two layers slipping into each other. The periodic

distance of the sublattice changes simultaneously. The formation of the interdigi-

tated phase can be induced by a number of salts, alcohols and halogenated phenol

derivatives as well.

1.2 Interbilayer interactions

As it was introduced in the previous section, if DPPC is dispersed in excess water,

MLVs can form spontaneously. On the other hand, there is a certain group of

lipids (e.g. dipalmitoyl-phosphatydilglycerol), which does not form multilamellar

vesicles (MLV) but rather unilamellar ones (ULV) . This property is governed

by the interactions between the neighboring bilayers as follows. If the overall

interaction is attractive at a finite separation of the layers, MLVs are formed, and

if it is repulsive, ULVs are formed. Hereinafter a detailed description of the general

interactions in phospholipid multibilayers follows.

In general, the total interaction energy of two parallel bilayers as the function of

their distance l, can be written as

V (l) = VvdW + Vhydr + VCoulomb (1.1)

The first term in Eq. 1.1 represents the van der Waals attraction between neigh-

boring bilayers, originating from the different polarizabilities of the lipid and water
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molecules. For l > 3 Å1 this term can be written as

VvdW (l) ≈ − W

12π

[
1

l2
− 2

(l + δ)2
+

1

(l + 2δ)2

]
, (1.2)

where W is the Hamaker constant (its typical value is 10−22 − 10−21J) and δ is

the thickness of the bilayer. The second term in Eq. 1.1 is the repulsive part of

the interaction originating in the so called hydration effect. There is no consensus

in the literature on the origin of this term, some authors explain this repulsion by

the ordering of the water molecules on the surface of the headgroups of the lipids,

while others regard the inclusion of the lipid molecules into the water region as

the root of this effect [9, 10]. The empirical form of this interaction is described

as:

Vhydr(l) = AHexp(−l/λH) (1.3)

with typical values of AH ∼ 0.2J/m2 and λH ∼ 3Å. The last term in Eq. 1.1 is the

electrostatic repulsion, which appears if the surfaces of the bilayers are charged

(due to e.g. lipids with charged headgroups or cations bound to a neutral lipid

bilayer). It decays exponentially with separation distance, l, larger than the Debye

length (λD):

VCoulomb(l) = ACexp(−l/λD) (1.4)

From the Debye-Hückel approximation AC ∝ σ2
0

√
I, where σ0 is the surface charge

density on the bilayers and I is the ionic strength in the solution.

It was shown by Helfrich [11] that an additional repulsive interaction term should

also be taken into account due to the thermally excited undulations of the mem-

branes, that is the interaction-free multilayers at a finite temperature exhibit an

interaction energy

VHelfrich = (kBT )2/κl2, (1.5)

where κ is the bending modulus of the bilayers. Eq. 1.1 and Eq. 1.5 can not be

simply superposed, since the latter was obtained by considering an interaction-

free membrane. A systematic approach applying functional renormalization group

1the typical value of l ranges around 20-40 Å.
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was introduced by Lipowsky and Leibler [12], which correctly takes the sterical

repulsion due to the fluctuation of the bilayers into account.

1.3 The effect of guest molecules and ions on the

membrane system

When guest molecules get into the membranes from the environment, they can

transform their local structure without chemical reactions. The properties of bi-

ological membranes arise from the collective behavior of a large number of non-

covalent interactions, thus a small perturbation in the system can cause drastic

changes. The difficulty of the study of biomembranes in details comes from the

above mentioned large number of freedom, thus much of our understanding of the

role of the components of biomembranes comes from studies of chemically defined

model membrane systems. The interactions between a third component and the

phospholipid bilayer can be divided into two groups based on the place of the ac-

tion. Some of these interactions originate in the hydration interactions, occurring

between the polar surface and the water, while others come from the hydrophobic

effects in the carbon chain region of the phospholipid bilayer.

A large number of studies focus on the perturbation effects of different compounds

inside the bilayers, to name a few, the effect of cholesterol and plant sterols [13],

peptides [14], anesthetics [15], etc. Cholesterol is a central compound, since it is

known to be the key modulator of the membrane domain (in other word, lipid

raft) formation [13]. In general, sterols cause lateral inhomogenities, increase the

bilayer thickness and the area/lipid [16, 17], as well as they increase the bending

modulus of the bilayer [16]. The effect of peptides on the structure of bilayers has

also attracted interest due to their physiological role [14], which points toward the

protein-bilayer interactions [18].

The well known biological role of metal ions has also inspired many membrane

studies since decades. For example, the copper(II) ions under consideration are
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known to be released during synaptic transmission which is in connection with

the involvement of these ions in the pathology of neurodegenerative diseases such

as Alzheimler’s, Parkinson’s and Creutzfeldt-Jakob diseases [19, 20]. The above

mentioned connects to the dual role of transition metal ions: They are required

cofactors, but they also can catalyze cytotoxic reactions. Model membrane studies

on ion-bilayer interactions are discussed in Section 1.3.2.

1.3.1 Halogenated phenol compounds

In the last years the effect of brominated phenol compounds on living organisms

has turned into the focus of interest [21–23]. It is known that bromophenols are

present in a wide range of different environments. For example, these chemicals

occur in sponges, algae and also in other marine organisms and they can be found

in the blood of fishes and mammals, too. The ecological role of these molecules is

not clear, but it has been shown, that they have hormone-like effects and disrupt

the cellular Ca2+ homeostasis in endocrine cells [21, 23]. Recently, the importance

of the elucidation of the brominated phenols’ effect has been increased not only by

their natural occurrence in the organisms but rather by their industrial application

as fungicides and flame retardants (e. g. 2,4,6-tribromophenol, tetrabromobisphe-

nol A). These brominated contaminants act on basic cellular functions via complex

interactions, which depend on many parameters, thus it is worth examining the

effect of bromophenols on separated components of the real cells.

It was previously reported, that the accumulation of lipophilic compounds, like

dichlorophenols cause lateral heterogeneity and cluster formation in the double

lipid layers [24, 25]. It was also described, that these dichlorophenols induce an

interdigitated phase in phosphatidylcholine bilayers as studied by X-ray scattering,

microcalorimetric techniques, as well as with Raman spectroscopy [25, 25, 26].

However, its structural description and the interpretation of different experimental

observations are still in question.
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1.3.2 Metal ions

By studying the multi component lipid/protein/metal ion system one faces the

problem of interpreting the observed effects due to the complexity of the inter-

actions between each component of the system. Thus, the knowledge about the

structural properties of the lipid/metal ion system can serve as a starting point

for later investigations. Former and recent studies show that ions strongly influ-

ence the local and global properties of the lipid bilayer [27–31]. Monovalent and

divalent cations are known to evolve different perturbation effects due to their

different degree of binding to the lipid molecules. (The binding constant of the

divalent cations is approximately one order of magnitude higher than that of the

monovalent ones) Monovalent ions, in general, increase the repeating distance of

the multilamellar vesicles [30] and they decrease the area/per lipid, as well as the

adiabatic compressibility of the bilayers with increasing concentration [28]. The

swelling of the multilamellar stacks is general in the case of monovalent ions [32],

but the total unbinding of the bilayers from each other can not be observed.

Compared to monovalent ions, divalent ones have a much higher binding affinity

to phospholipid headgroups [27]. Similarly to the monovalent ones, they decrease

the area/lipid and the adiabatic compressibility of the bilayers [28] Results on the

perturbation effect of Ca2+ [33, 34] ions on MLVs made of DPPC has shown that

these ions, similarly to other divalent cations, cause destruction of the layer ar-

rangement, namely they cause a full unbinding at a certain concentration. In other

words, the correlation between the bilayers of the MLVs disappear. In general, this

kind of transition was described several years ago [12], but its experimental obser-

vation is quite rare [34–37], although its biological significance is beyond doubt if

one considers e.g. the fission and the fusion of cells. The latter is connected to

the special localization of these ions in the lipid-water interface. Although the dis-

tribution of Ca2+ in lipid bilayers was well characterized with both, experimental

techniques [38] and simulations [39] the same for Cu2+ is not yet characterized.
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1.4 Application of vesicular systems

Beside the study of phospholipid/water systems as model systems for biomem-

branes, the application of vesicles has also extended in recent years. The field of

nanoparticle preparation in membrane-mimicking systems and the use of SSVs for

drug delivery applications are summarized next.

1.4.1 Nanoparticle preparation using membrane-mimetic

systems

In the last decades a significant research interest has turned to nanoparticles due

to their unusual properties that can be employed in a great number of applica-

tions [40]. The use of membrane-mimetic systems represents a field of prepara-

tion of nanoparticles by wet chemical methods. Several methods have been used

to synthesize these particles in situ applying reverse micelles, Langmuir-Blodget

films, clay minerals, microemulsions, polyelectrolyte/surfactant complexes, or-

dered polypeptide or other organic matrixes, etc [41]. Among the different nanometer-

scale particles the preparation and the characterization of the semiconductor par-

ticles represent an important field as a consequence of their potential utilization

e.g. in nonlinear optics and photocatalysis.

The idea of using membrane-mimetic systems for the production of nanoparticles

is based on the fact, that the solid/liquid boundary represents a reaction medium

structured on the nanometer length scale. As a wet chemical method, the adjust-

ment of the properties of the nanoproducts is feasible by tuning the properties

of the reaction medium. The membrane-mimetic approach is analogous to and

inspirited by the biomineralization in real biological systems [41].
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1.4.2 Sterically stabilized vesicles for drug delivery

The idea of using small ULVs for the delivery of different drugs came just a few

years after the first observation that exposure of phospholipids to excess water gives

rise to lamellar structures (later to become known as vesicles or liposomes)[42].

Although, until 1990s, the use of liposomes as therapeutic vectors was hampered

by their toxicity, the lack of knowledge about their biochemical behavior and the

fact that pure phospholipid/water vesicles are rapidly removed from the blood

circulation by the reticuloendothelial system.

After the pioneering work of Papahadjopoulos and coworkers [43] the use of steri-

cally stabilized (polyethylene-glycol-lipid conjugate (PEGylated lipid) containing)

phospholipid vesicles (or liposomes) as drug delivery systems become widespread

[44, 45], since they have shown that the incorporation of PEG-conjugated phospho-

lipids results in improved stability of the phosphatidylcholine vesicles as well as a

longer circulation time in blood vessels [46]. Cholesterol, an important component

of human cell membranes, is also frequently included in liposome formulations be-

cause it reduces the permeability and increases the stability of the phospholipid

bilayers. A sketch of an SSV is shown in Fig. 1.3.

The literature distinguishes between active and passive targeting. The latter is

based on the enhanced permeability and retention (EPR) effect [47], which is the

consequence of the fenestrated capillaries of the tumor tissues. Active targeting of

the liposomes can be achieved by chemical bonding of a molecule which specifically

interacts with the tumor cell [46]. One of the most applied methods is the active

targeting via the folate receptor, which is frequently overexpressed by tumor cells

[48].

Since the properties of liposomes depend strongly on the lipid composition, size,

surface charge and the method of preparation, different drugs with different chem-

ical characters require different formulations. Hence a detailed knowledge on the

structural and dynamical perturbation effects of each components is needed.



Chapter 1. Literature review A: The studied system 14

Figure 1.3: Sketch of a sterically stabilized vesicle (SSV). A fluorescent probe
is also incorporated in the liposome to be able to follow its localization in the

tissues.

The biophysical characterization has started with the discovery of these systems.

Studies applying scattering methods [49], optical and different electron spin res-

onance spectroscopy techniques [44, 50] as well as calorimetric investigations [51]

revealed many properties of these systems. However, on the other hand, there are

many unambiguous points in this field. One of these, to which I also contributed

during my PhD work, is the issue of the structure of the PEG chains on the surface

of the SSVs. PEG represents a steric hindrance around the surface of the lipo-

some, which is under the exposure of the immune system [43]. On the other hand,

the polymer chains also stabilize the structure of the phospholipid bilayer itself.

The mechanism behind these effect is still in the forefront of research on the field.

It was pointed out, that the presence of PEGylated phospholipids increases the

steric and hydration forces between the liposomes [52–54]. It was also reported

that these compounds modifiy the specific volume, the compressibility [55] and

also the thermotropic behaviour of the bilayers [51].



Chapter 2

Literature review B: Experiments

and Simulations

In this chapter, the applied experimental methods are summarized with special

attention to the small-angle X-ray scattering (SAXS) as the main technique in this

thesis. New results describing the anomalous SAXS on multilamellar systems with

added ions or molecules are described in Chapter 5. Supplementary experimental

techniques, as differential scanning calorimetry (DSC) and freeze fracture com-

bined with electron microscopy (FF-TEM) are also introduced. A short summary

on classical molecular dynamics simulations is also given in this chapter.

2.1 Small-Angle X-ray Scattering

The goal of the structural characterization with X-ray scattering is the determina-

tion of the electron density distribution of the system under consideration. This

also involves the description of the fluctuations of the structure around its equi-

librium state. The basis of diffraction analysis is that the sample with unknown

structure is irradiated with a monochromatic X-ray beam, which is detected after

the interaction with the sample as a function of the scattering angle. In the case

15
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of a vesicular system, the periodically packed phospholipid bilayers cause Bragg-

reflections1 in the scattering pattern in the position of qn = 2πn/d 2, where n is

an integer (the order of the reflection) and d is the periodic distance. The latter

is in the range of 50-70 Å, a size range which is attainable by SAXS. But not only

the periodic distance of an MLV system can be derived from its SAXS curve. The

shape of the curves carries information about the fluctuations of the individual

layers which can be traced on the multilamellarity of the system, since it reduces

with the strengthening of the the undulations. In general, the wider the Bragg-

reflection, the more disordered is the one-dimensional order of the multilayers.

The in-plane order of the lipid molecules in the gel phases of the bilayer systems

(the so called sublattice) also yields in a characteristic scattering, but in the wide-

angle region (WAXS), around q=1.5 Å−1, which corresponds to the distance of

the hydrocarbon chains of the phospholipid molecules. Similarly to the case of

the Bragg-peaks in the small-angle region, the wider the reflection on the WAXS

curve, the more disordered is the sublattice. In Fig. 2.1 a typical small- and

wide-angle scattering (SWAXS) curve of an MLV system is shown together with

the structures corresponding to the different regions of the curve.

2.1.1 Electron density distribution by Fourier reconstruc-

tion

Since the electron density profile along the bilayer normal of the MLV system is

periodic, it can be described with Fourier series. Since the origin of the multilayer

stack can be chosen freely, the electron density profile becomes symmetric, so only

the cosine terms will remain in the series. In this approximation, the Fourier

components are the parameters which describe the electron density profile of the

sample. Early studies on multilamellar systems pointed to the general relationship

1Strictly speaking, those are only quasi-Bragg peaks, since there is no real one-dimensional
crystal due to the thermal fluctuations.

2The scattering variable (q) is defined by q = (4π)/λsin(θ), where λ is the wavelength of the
X-ray beam and 2θ is the scattering angle.
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Figure 2.1: SWAXS curve of an MLV system

between the ratio of the maximum intensities of the Bragg-peaks and the Fourier-

coefficient [56, 57] is

ρ(z) =
∑

k

F (k)cos

(
2πkz

d

)

=
const

d
∑

k

√
k2Ik

∑

k

sig[Ik]
√
k2Ikcos(

2πkz

d
) (2.1)

where d = 2πm/ (
∑

k qk/k) is the repeating distance, Ik is the intensity of the kth

peak and sig[Ik] is the phase factor of the corresponding peak and k goes through

the Bragg peaks, while m is the number of the observable Bragg peaks. Due to

the symmetry of the MLV, the phase can be −1 or +1. It must be mentioned that

the fluctuations are neglected in this description.
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2.1.2 Full q-range model of phospholipid multibilayers

The procedure described in the previous section can be readily applied with small

truncation error3 if the scattering curve contains at least four orders of Bragg-

reflections. Unfortunately, in many examples it is not the case. One way to solve

this problem is the partial dehydration of the sample by adding a neutral polymer

to it [58]. In this way, the bilayer remains unchanged, but the overall electron

density profile changes giving an opportunity to find the proper phase factors.

The other method is to describe the scattered intensity of an MLV sample by the

so called full q-range model which will be summarized in the following.

According to the general theory of X-ray scattering, the intensity in the Born

approximation as the function of the scattering variable is as follows [3, 59–61]

I(q) ∝
∫
ρ(r)ρ(r′)eiq(r−r′)drdr′ =

∣∣∣∣
∫
ρ(r)eiqrdr

∣∣∣∣
2

(2.2)

The measured intensity is the time average of Eq. 2.2:

I(q) =

〈∣∣∣∣
∫
ρ(r)eiqrdr

∣∣∣∣
2
〉

(2.3)

From the point of view of small-angle scattering the MLVs are multilamellar bilayer

stacks distributed isotropically in the 3D space, or - with other words - MLVs are

powder samples, since the scattering of the whole liposome (vesicle) appears in the

ultra small-angle region which is inaccessible by conventional SAXS apparatus.

The electron density of the multilamellar stack can be written as a sum of the

electron densities of N individual phospholipid bilayers:

̺(r) =

N−1∑

n=0

̺n(r) (2.4)

where

̺n(r) = ̺0(z − nD − un(R)) (2.5)

3Here ”small” depends on the effect under consideration. See Fig. 5.1 for an example of the
case of the DPPC/water system in the gel phase.
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Here ρ0(z) is the electron density of one, not fluctuating bilayer at z = 0, while

un(R) is the z directional fluctuation in the x, y plane of the nth layer, and D is

the thickness of the bilayer. Substituting this expression into Eq. 2.3 one obtains

I(q) =

〈∣∣∣∣∣

∫ N−1∑

n=0

̺0(z − nD − un(x, y))e
iqz+iqRRdzdR

∣∣∣∣∣

2〉
(2.6)

By interchanging the integration and the summarization and replacing the integral

variables one obtains

I(q) =

∣∣∣∣
∫
̺0(z)e

iqzzdz

∣∣∣∣
2
〈∣∣∣∣∣

∫ N−1∑

n=0

einDqz+iun(R)qz+iqRRdR

∣∣∣∣∣

2〉
= |F (qz)|2S(q)

(2.7)

In this formula, F (qz) is the so called form factor of the phospholipid bilayer,

while S(q) is the structure factor, which describes the one dimensional lattice of

the bilayers. In the case of an MLV sample, where the structure factor depends

only on the length of the scattering variable, the measured intensity is

I(q) =
S(q)|F (q)|2

q2
(2.8)

where q−2 is the Lorentz-correction.

The structure factor

S(q) describes the scattering contribution of the one dimensional lattice of the

bilayers. Since there is no 1D crystal lattice, in the case of MLVs we can only

speak of quasi one-dimensional order [61]. The consequence of this quasi ordered

structure is the broadening of the Bragg peaks. According to [62], the structure

factor of a perfectly ordered lamellar stack is

S0(q) = N + 2
N−1∑

k=1

(N − k)cos(kqd) (2.9)
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Taking the thermal undulations into account, we get

STD(q) = N + 2e−q2∆2/2

N−1∑

k=1

(N − k)cos(kqd) (2.10)

where e−q2∆2/2 is the Debye-factor, and ∆ is, the root mean square displacement of

the layers from their equilibrium positions. In the Caillé-theory of smectic liquid

crystals, the latter is expressed as ∆ ≈ d2/(2π22)η[γ + ln(πk)] where γ is Euler’s

constant and η is the so-called Caillé parameter. In this case, the structure factor

is

SCT (q) = N + 2
N−1∑

k=1

(N − k)cos(kqd)e−
d
2

2π2
q2η[γ+ln(πk)] (2.11)

Finally, if the packing disorder of the bilayers is taken into account (paracrys-

talline theory, [62]), where the position of one fluctuating bilayer is defined by the

interactions with its neighbors, S(q) takes the form

SPT (q) = N + 2

N−1∑

k=1

(N − k)cos(kqd)e−k2q2∆2/2 (2.12)

The form factor

The radial average of the electron density profile is connected to the form factor

via the Fourier-transform

F (q) =

∫ d/2

−d/2

̺(z)eiqzzdz (2.13)

Using simple model functions for the electron density profile, the form factor of

the bilayers can be calculated analytically. The most prevalent models use Gaus-

sian functions for the description of the electron density along the bilayer normal.

These models differ only in the number of the Gaussian functions used for the rep-

resentation of the phospholipid headgroup. In the 1G model (where one Gaussian
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Figure 2.2: Comparison of the different structure factors SPT (black line) and
SCT (blue line). In both cases, N=20 and d=64 Å were applied. For SPT , the
mean-square displacement ∆=1.3 Å was used, while for SCT the η parameter

was set to 0.05.

per headgroup is used), the electron density is

̺(z) = e−(z−zh)2/2σ2
h + e−(z+zh)2/2σ2

h − ̺re
−z2/2σ2

CH (2.14)

In Eq. 2.14 the two Gaussians with deviation σH centered at ±zH describe the

two headgroup regions, while the third, centered in the origin with σCH deviation

describes the chain region of the bilayer. ̺r is the ratio of the electron density of

the headgroup and the chain regions. Finally, in the 1G model the from factor is

F (q) =
√

2π
(
2σhe

−σ2
h
q2/2cos(qzh) − σcρre

−σ2
cq2/2

)
(2.15)

Small-angle scattering of small ULVs

The scattered intensity of unilamellar vesicles with a diameter comparable to the

thickness of the bilayer can be expressed as follows. Neglecting the interactions
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Figure 2.3: The bilayer electron density profile according to the 1G model
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Figure 2.4: The square of the form factor according to the 1G model

between the vesicles, the scattered intensity is

< I(q) >∝< F (q)2 > (2.16)
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where F(q) is the so called form factor, which is the Fourier transform of the

bilayer electron density profile. Applying the Gaussian model for this case one

can obtain the following expression [63]:

< F (q)2 > = q−2
∑

k,k′

(R0 + ǫk)(R0 + ǫk′)ρkρk′σkσk′

× exp
[
−q2(σ2

k + σ2
k′)/2

]
cos(q(ǫk − ǫk′)) (2.17)

where ρk, ǫk and σk is the relative weight, the position and the width of the kth

Gaussian function. In the above formula, the polydispersity of the vesicle system

with an average radius R0 is also taken into account.

2.1.3 Contrast variation techniques

In many cases when solving the problem of the reconstruction of the electron

density profile of the sample from the scattering pattern, one faces difficulties

because of the ill-posed character of the problem. Varying the X-ray contrast of

a component of the system may improve the solvability [64, 65]. In the classical

sense, enhancing the X-ray contrast can be accomplished by introducing heavy

elements into certain positions of the system under consideration. In these cases it

is a priori assumed that the structure of the modified system does not differ (or the

difference can be neglected) from that of the original one. The other method is to

change the scattering contrast of the solvent. For example, in neutron scattering

on membrane proteins embedded in phospholipid bilayers, the water-heavy water

ratio is changed, and the contrast of the solvent is set to be equal to that of the

phospholipids, so in the scattering pattern only the scattering from the protein is

present. In X-ray scattering the use of different sugars is prevalent, although the

assumption of the unaltered structure is almost always questionable.

Another method arose with the spread of synchrotron radiation sources, which

utilizes the possibility to change the energy of the incoming X-ray beam. It has

changed the X-ray scattering contrast of one of the constituent atoms of the sample



Chapter 2. Literature review B: Experiments and Simulations 24

feasible by executing the scattering experiments at X-ray energies in the neighbor-

hood of the absorption edge of the chosen element. This phenomenon is named as

multiwavelength anomalous diffraction (MAD) in wide, and anomalous scattering

(ASAXS) in the small angle region.

2.1.3.1 Isomorphous replacement

The method of chemical isomorphous replacement is widely used in protein crys-

tallography. By introducing heavy elements at specific positions of the protein,

the determination of the relative coordinates of these points is possible from the

changes of the scattering pattern related to the ”marker-free” protein’s pattern.

It is worth mentioning, that this was the technique that first enabled the determi-

nation of a protein structure at nearly atomic resolution [66]. This methodology is

rarely used in small-angle scattering, where solvent contrasting methods are more

widespread. Recently, the first use of chemical contrast variation was the struc-

tural elucidation of a second generation monodendron system, which possesses a

cubic liquid crystalline phase [67].

2.1.3.2 Anomalous small-angle X-ray scattering (ASAXS)

The elastic scattering of X-ray photons proceeds through a dipole excitation of

the electrons. The scattering contrast of a sample is therefore calculated by the

products of the atomic number density and the number of electrons of each type

of atoms in the sample, or - with other words - the X-ray scattering contrast of the

atoms equal to the number of their electrons. The previous statement is only valid

for X-ray energies far from the absorption edge of the constituent atoms. Due to

the ”bound-electron” behavior of the atomic electrons, distinct absorption edges

can be observed, where the absorption process contributes significantly to the

scattering process. This property can be taken into account in X-ray scattering

by extending the scattering factor f0 of the atom by the anomalous dispersion

correction. The latter is a complex quantity, which significantly contributes to
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f0 = Z in the neighborhood of the absorption edge as

f(E) = f0 + f ′(E) + if ′′(E) (2.18)

where i is the imaginary unit. The model behind this specific form of the scattering

factor originates from the linear response theory. This form involves two important

properties. The first is from the Optical theorem of quantum mechanics, that is,

the imaginary part of the anomalous scattering factor is directly connected to the

atomic absorption coefficient (µa):

f ′′ = mecǫ0Eµa/e~ (2.19)

where E is the X-ray energy, and the others refer to common physical constants.

The second one is that the real and imaginary parts of the scattering factor are

connected to each other via the Kramers-Kronig relations:

f ′(E0) =
2

π

∮
∞

0

Ef ′′(E)

E2
0 − E2

dE (2.20)

Although these relations above can be utilized to determine the anomalous scat-

tering factors, those are rarely determined by this way. The reason for this is

that the excitation properties of the core electrons (where the effect of the en-

vironment of the atom under consideration is negligible) can be determined by

theoretical calculations. Most of the authors on this field use tabulated values of

f ′ and f ′′. I have compared the theory and experiments regarding this issue for

the DPPC/CuCl2 system, the result of which is presented in Chapter 5.

Introducing the anomalous corrections into the general equations of X-ray scat-

tering, the scattering amplitude of the system takes the form

A(q) = U(q) + (f ′ + if ′′)V (q) (2.21)

where U(q) contains all the non-resonant contributions to the scattering ampli-

tude, while V (q) is the geometrical part of the scattering amplitude of the resonant
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atoms. The square of equation 2.21, I(q, E) = |A(q)|2, provides the intensity for-

mula, which takes the anomalous corrections into account. Now, measuring the

scattering curves of the sample at two different energies (E1, E2) near to the ab-

sorption edge of the resonant element, the following formula holds for the difference

of them

∆I(q, E1, E2) = 2 · (f ′(E1) − f ′(E2))U(q)V (q)

+ (f ′2(E1) − f ′2(E2) + f ′′2(E1) − f ′′2(E2))V (q)2 (2.22)

The first term in the above formula is the so called cross-term, while the second

one is the so-called pure resonant term, which contains information only about

the resonant atoms. To rule the cross-term out, a measurement of the scattering

curve at a third different energy is necessary:

V 2(q) =
1

const(E1, E2, E3)

(
∆I(q, E1, E2)

f ′(E1) − f ′(E2)
− ∆I(q, E1, E3)

f ′(E1) − f ′(E3)

)

const(E1, E2, E3) = f ′(E2) − f ′(E3) +
f ′′2(E1) − f ′′2(E2)

f ′(E1) − f ′(E2)

− f ′′2(E1) − f ′′2(E3)

f ′(E1) − f ′(E3)
(2.23)

These formulas are called Stuhrmann equations. The specification of them for

radially ordered multilamellar liposomes is presented in Chapter 5.

2.1.3.3 Quantitative analysis of ASAXS (q-ASAXS)

The integral of the scattering curves in SAXS, the so called invariant (Q =

1
4π

∫
Q
I(q)d3q), is connected to the amount of the scattering objects [68]. In analogy

to the invariant, the so called resonant invariant can be calculated by integrating

the pure resonant term, which gives information about the total amount of the

resonant atoms in the nanostructured phase described by the scattering curve

[69, 70].
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The resonant invariant (Qres) can be obtained as

Qres(E) =
1

4π
|∆fres(E)|2

∫

Q

Ipure(q)d
3q, (2.24)

where |∆fres(E)|2 is the scattering contrast of the pure resonant term. According

to [70], the number density of the resonant atoms in the phase which is described

by the pure resonant term can be calculated as

nres =
VresQres

(2π)2r2
0 |∆fres(E)|2

, (2.25)

where Vres is the volume of the resonant atom and r0 is the classical electron

radius.

The procedure described above enables the quantitavie analysis of the ASAXS

curves. With the use of q-ASAXS, the number of the resonant atoms in the

nanostructured form can be deduced, since the total amount of the resonant atoms

can be obtained from the XANES (X-ray Absorption Near Edge Structure) spectra

by calculating the jump in the X-ray transmission of the sample at the energy of

the absorption edge:

T = I/I0 = exp(−µd)

µ = σρ (2.26)

In this expression µ is the linear absorption coefficient, σ is the mass absorption

coefficient, and ρ is the weight density of the element under consideration.

The application of the quantitative analysis of the XANES spectra and the pure

resonant curve from an ASAXS investigation is presented for the DBP/DPPC

system in Chapter 5.
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2.2 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is frequently used in study of phase tran-

sitions in lipid/water systems [71, 72]. Since both, the pre- and main transitions

have a first order character, they manifest in endothermic peaks in the DSC curves.

The working principle of the so called heat flow calorimeters is that the furnace,

where the reference and the sample cells are placed, is heated linearly in time. In

the ideal case the arrangement is symmetrical, and the same heat flows into the

sample and the reference. Consequently, the differential temperature signal (which

is an electrical potential signal from a thermocouple) is zero. If this equilibrium

is disturbed by a sample transition, a differential signal can be measured, which

is proportional to the heat flow rate to the sample.

The DSC enables the precise determination of the temperature and the enthalpy

change of the transition. Moreover, the shape of the DSC peak carries information

about the nature of the transition. In the following, the cooperative phase transi-

tion theory of the main (or chain melting) transition of lipid bilayers is introduced,

which establishes the quantitative interpretation of DSC curves of phospholipid

samples [73].

The basis of the theory is the assumption that the lipid molecules can be in

three different states, namely they can be in the ordered (s), fluid (f) and in

the interfacial (i) phase. The free energy of the molecules in these states comes

from the rotational isomerism of the lipid chains, the electrostatic and van der

Waals forces between the molecules and the configurational disorder of the lipid

chains. The cooperativity manifests in the transition from the ordered phase to the

fluid phase from the fact, that the interfacial molecules have an extra free energy

contribution from the packing mismatch of the hydrocarbon chains, tending to

reduce the number of the molecules in the interfacial region. These properties of

the system can be taken into account in the calculation of the partition function
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by the following statistical weight matrix

U = [uζη] =


 1 σs

1 s




s = exp(−Ff/RT )

σ = exp(−Fi/RT ) (2.27)

where Ff is the excess free energy of a molecule in the fluid state surrounded

by other molecules in the fluid state, while Fi is the additional free energy of

a fluid state molecule in the interfacial region. The uζη elements of the above

matrix correspond to the statistical weight of molecules in state ζ surrounded by

molecules in state η. The rows of the matrix correspond to ζ = s and f , while the

columns of the matrix correspond to η = s and f .

Calculating the roots of the secular equation of 2.27, the evaluation of the partition

function reduces to

Z = λn
l (2.28)

where λl is the larger root, and n is the number of the molecules, which is assumed

to be large enough. Having the partition function, the fraction of molecules in the

fluid phase (θ) can be easily calculated as

θ =
< nf >

n
=

1

n

∂lnZ

∂lns
(2.29)

It can be shown that the temperature dependence of θ near the transition tem-

perature can be approximated as

dθ

dT
(T ≈ Tt) =

1

4σ1/2
· ∆Ht

RT 2
(2.30)

where ∆Ht is the enthalpy change of the transition. The so called cooperative

unit (CU) can be calculated from the slope of the θ - 1/T plot as [74]:

CU = σ−1/2 =
4Rα

∆Ht

(2.31)
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where α is the slope of the curve.

With the above described formalism the intuitive finding is quantitated, that is,

the sharper the DSC peak the more cooperative the transition. Applying the

analysis via this formalism, special attention is needed to consider the effect of the

scan rate on the shape of the DSC peak.

2.3 Freeze-Fracture Transmission Electron Mi-

croscopy (FF-TEM)

Among other electronmicroscopic visualization methods for biological entities, the

technique of fixation of the sample by fast freezing, known as freeze-fracture elec-

tron microscopy, is widely used [75, 76]. With the help of freeze fracture, the

morphology of a liposomal system can be studied on the nm to µm scale. In an

FF-TEM experiment, a small droplet of the sample is placed into a gold sample

holder, which is immersed into liquid Freon at the temperature of liquid nitrogen.

Contrary to using cryoprotectans to avoid the formation of crystalline ice in the

sample, nowadays a cooling rate greater than 2 ·105 ◦C/sec is applied, which leads

to the formation of damaging amorphous ice in less amount. After the freezing

step, the samples are placed into a vacuum chamber (pre-thermostated at -150

◦C), where the fracturing takes place with a blade also thermostated at the same

temperature. The frozen surface is rich in topographical details, but very unsta-

ble, so a metallic copy of the surface is prepared by vacuum deposition, therefore

platinum is evaporated onto the surface from 45◦ direction relative to the normal

of the surface, which makes a shadow of the surface. This step is followed by

carbon evaporation from the direction perpendicular to the surface to ensure the

stability of the replica. After this process, the covered sample is warmed up to

room temperature in the freeze-fracture apparatus, and the sample itself is washed

out with detergent and distilled water. After, the clear replica is placed onto a

copper grid and examined in a transmission electron microscope.
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Figure 2.5: Sketch of the freeze-fracture process

When a liposomal sample is examined by FF-TEM [76], the liposomes are fractured

into two half-membrane leaflets, each corresponding to a phospholipid monolayer.

The reason is that the hydrophobic interactions are considerably weaker at low

temperatures than the other intermolecular forces in the system (Fig. 2.5).

2.4 Molecular dynamics (MD)

Molecular dynamics (MD) has become a very efficient method in biophysics in the

last decade. Current development in the simulation methodology and the rapid

evolution of the computer capacity have allowed large scale (both time and space)

simulations of complex systems like solvated proteins and hydrated phospholipid

bilayers. In an MD simulation, the Newtonian equations of motions are solved for

N interacting atoms (or more generally interaction sites):

− ∂V (r1, r2, . . . rn)

∂ri

= mi
∂2ri

∂t2
i = 1 . . .N (2.32)

During the numerical integration of Eq. 2.32 the positions and velocities are

updated in a certain algorithm. For example, the GROMACS program, what I

used for MD simulations, uses the leap-frog Verlet algorithm, where the positions
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and velocities are calculated as

v(t+
∆t

2
) = v

(
t− ∆t

2

)
+

F(t)

m
∆t (2.33)

r(t+
∆t

2
) = r(t) + v

(
t+

∆t

2

)
∆t (2.34)

This algorithm is named after its property that the values of the positions and

velocities are ”leaping like frogs over each others back”. The forces acting on

the atoms are calculated in every step as the negative gradient of the potential

energy, which is the basis of the model used in MD. The potential energy function

set - the so called force field - defines the interactions between all the atoms in

the system under consideration. Generally, these approximate functions contain

different terms like bond, angle, dihedral, electrostatic and van der Waals terms

as

Epot = Ebond + Eangle + Edihedral + ECoulomb + EvdW (2.35)

The bond lengths and angles are usually modeled as harmonic oscillators, while

the dihedrals are represented by a cosine expansion (e. g. Ryackert-Bellemans

potential). Coulomb and van der Waals terms (the latter is usually approximated

with Lennard-Jones potential), are calculated only within a cut-off distance. For

charged systems (where relatively large partial charges are present, like in phospho-

lipids) the error from the truncation of the infinite range electrostatic interaction

is corrected e. g. with the so called Ewald summation methods. An other funda-

mental issue of the MD simulations is the used statistical ensemble. In standard

MD, the microcanonical ensemble is used, but for large supermolecular systems,

like phospholipid bilayers the variation of the temperature and the pressure is

necessary, so the isothermal - isobaric ensemble (NPT, moles (N), pressure (P)

and temperature (T) are conserved) is favored in membrane simulations. In these

cases the system is coupled to an external temperature and pressure bath.
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2.4.1 Simulation of phospholipid membranes by MD

Since the 1990s, the simulation of phospholipid bilayers has attracted growing

attention, due to the developments in the computer capacity and simulation pro-

tocols. The complexity of these systems makes them challenging research not only

from the side of experiments, but promising from the point of simulation as well.

However the same complexity makes difficult to study them with computational

methods. By the end of 1990s, reliable force fields and simulation protocols have

become available [77–81], which helped the interpretation of experimental obser-

vations such as the structure of the ripple phase on atomic level [82]. A recent

comparison of the most commonly used force fields for lipid systems can be found

in [83].

The use of MD is helpful when the experimental data are not interpretable in terms

of positions and motions of the atoms. The validation of the parameter sets usually

involves the calculation of averaged properties, such as area/lipid, molecular tilt

and the electron density profile along the bilayer normal, which can be obtained

from scattering experiments. Other measurables, like the order parameter of the

hydrocarbon chains which can be crosschecked by NMR and ESR methods, can

also be calculated from the trajectory of the simulation. If the above mentioned

quantities match the experimental results, the MD can be used to determine the

local structures responsible for the concrete observations.

After adequate force fields for lipid simulations became available, the study of

interactions between different ions and phospholipid bilayers by MD has become

widespread since the late 1990s, . The force field parameters of the ions are usually

taken from traditional ”protein FFs”, which can cause problems in some cases (for

example, there are different parameters sets for differently complexed metal ions).

Recent reviews and comparative studies [84, 85] reveal not only the structural

features of these systems, but also give information about the dynamics of the ion

binding [39, 86].
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At the same time, when the above mentioned studies appeared in the literature,

studies on lipid bilayers interacting with small molecules have also been reported

[15, 87, 88]. In such MD investigations, it is always hard to find the proper

parameter set for the guest molecule, since the traditional topology builders are

not working for such compounds. During my work I used the GROMOS FF,

for which Schuttelkopf and van Aalten developed a topology builder for small

molecules (PRODRG, [89]). Further details are presented in Chapter 3.



Chapter 3

Scope and Limitations

The scope of this thesis is the structural elucidation of the perturbation effect of dif-

ferent guest molecules and ions inn phospholipid/water model membrane systems.

The changes caused by the guest molecules or ions can be divided into two groups:

perturbation inside the bilayers and in the interactions between the neighboring

bilayers (intra- and interbilayer perturbations). Lipophilic compounds, such as

dihalogenated phenols, belong to the first group, since they intercalate inside the

phospholipid bilayer. Polar compounds, such as hydrated metal ions, correspond

to the second group.

The aim of this thesis is to answer the following questions:

• How is the localization of dihalogenated phenols connected to the formation

of an interdigitated phase?

• How can such a system be simulated by MD at atomic level?

• How can the ASAXS method be exploited in the study of lipid systems doped

with guest molecules and ions?

• What is the reason for the unbinding in phosphatidylcholine bilayers in the

presence of divalent metal ions? What is the role of the pretransition in the

unbinding?

35
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• How can the MD simulations be utilized to guide the interpretation of the

small-angle X-ray scattering curves?

Although, these topics belong to the basic research, they are strongly connected to

fields of applications as well. Within this thesis, I also summarize my contribution

to the use of MLVs as reactors for nanoparticles, and the design of liposomal for-

mulations for targeted drug delivery applications. On the other hand, the subject

of this thesis is limited to the afore mentioned examples, giving a comparative

study is not aspired. My conclusions are based mainly on scattering techniques

and MD simulations. I mention, that it is not the aim of this thesis to compare

the applicability of different techniques for structural characterization of these

systems. Finally, this thesis is focusing on the biophysical effects with smaller

emphasis on applications.



Chapter 4

Materials and Methods

4.1 Sample preparation

For all samples in this work, synthetic high-purity 1,2-dipalmitoyl-sn-glycero-3-

phosphatidylcholine (DPPC) in powder form was used, purchased from Avanti

Polar Lipids (U.S.A.) . Its purity was greater than 99% therefore further purifica-

tion was not necessary.

For the lipid systems with halogenated phenol compounds, the analytical grade

2,4-dichloro- and dibromophenol were obtained from Sigma (Germany). DPPC

was mixed with crystallized DCP or DBP in conformity with the appropriate

molar ratio, and deionized, ultrapure water (specific resistivity: 18, 2MΩ cm)

was added to the system to gain a lipid concentration of 20 w/w%. The use of

crystallized powders of the halogenated phenols was necessary, because they do

not dissolve in water at the desired concentration, and they can sublimate.

Copper(II) chloride and Cd(NO3)2 were obtained from Merck (Germany). The

lipid systems with CuCl2 and Cd(NO3)2 were prepared by the simple mixing of

the pure lipid with ultrapure water or a 50 mM TRIS (2-Amino-2-hydroxymethyl-

propane-1,3-diol) buffer solution (pH=7.4, set by acetic acid) containing the proper

amount of CuCl2.

37
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After adding every component to the samples, they were kept at 50 ◦C for 10 min-

utes, then vortexed intensively and quenched to 4 ◦C. This process was repeated

at least twenty times to get a homogeneous liposome system.

4.2 X-ray scattering measurements

Laboratory SWAXS

The in-house X-ray experiments were carried out on a modified compact Kratky

camera. The Ni filtered Cu Kα radiation was line focused. The samples, filled into

quartz capillaries with diameter of 1 mm, were placed into a water thermostated

aluminium block for the precise incubation. The detection of the scattered beam

was done with two one-dimensional position sensitive gas (Ar/CH3) detectors, one

placed into the small-angle region (0.01 Å−1 < q < 0.4 Å−1), while the other was

placed in the wide angle region, relevant to the phospholipid samples (1.3 Å−1 <

q < 1.8 Å−1). The q-scale calibration was done by measuring the scattering of

silver-stearate and tripalmitin. The measured scattering curves were background

corrected, and the effect of the finite linewidth was desmeared by a program of

our own using the direct method of Singh et al. [90] (For details, see Appendix

A).

Synchrotron SAXS and ASAXS

The synchrotron X-ray scattering experiments were carried out on the B1(Jusifa)

beamline at HASYLAB (DESY, Hamburg, Germany) [91] and on the 7T-MPW-

SAXS beamline at BESSY (Berlin, Germany). The B1 is a bending magnet beam-

line on the DORIS III synchrotron ring. Monochromatic X-ray beam with variable

photon energy was produced by a double Si(311) single-crystal monochromator

with the energy resolution of ∆E/E = 2 ∗ 10−4. The final beamsize of 1 mm2 was

achieved by a collimation system consisting of three slits to reduce the divergence



Chapter 4. Materials and Methods 39

of the beam and to avoid the parasitic scattering. For calibrating the scattering

patterns to absolute units, the primary beam intensity was monitored at different

positions of the apparatus. A two-dimensional position sensitive gas detector with

256 ∗ 256 pixels was used for detecting the scattering patterns in the regime of

the scattering variable of 0.02 Å−1 < q < 0.7 Å−1. For the synchrotron measure-

ments quartz capillaries, and thin-walled (Plexiglas without significant small angle

scattering) sample holders were also used to avoid the smearing effect, due to the

beam movement.

Before the sequence of the ASAXS measurements, the absorption spectra of the

samples were measured with a photodiode. The scattering patterns were corrected

with the detector sensitivity and dark current, the primary beam as well as for

the transmission of the sample. One-dimensional scattering curves were produced

from the 2D patterns by radial averaging. The scattering curves were calibrated to

absolute units of macroscopic cross sections (cm2/cm3 = cm−1) by measuring the

scattering of a glassy-carbon reference before every sample sequence. The scatter-

ing curves, measured at different energies, were computed to the same abscissa.

4.3 DSC and FF-TEM measurements

Scanning microcalorimetric measurements were made on a MicroDSCIII Evo ap-

paratus (Setaram, France). Approximately 15 mg of the liposome sample was

placed into the measurement cell and was incubated for 1 h at T=20 ◦C. Alter-

nating heating and cooling scans were executed between 20 ◦C an 50 ◦C with a

scan rate of 0.2 ◦C/min. 1 The DSC curves were evaluated with the Calisto soft-

ware provided by Setaram. The curves were analyzed in terms of the cooperative

transition theory described in Chapter 2.

For freeze fracture, a quantity of about 200 mg of the lipid system was prepared

in capped glass vial. The gold sample holders used for the freeze fracture were

1To avoid the ”scan-rate” dependency of the signal, heating scans with different scanning
rates down to 0.1 ◦C/min were performed, the result of which has indicated that the use of 0.2
◦C/min alters the results below one percent.
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Figure 4.1: Layout of the B1 beamline at HASYLAB
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also preincubated at 300 K. Droplets of 1-2 µl were pipetted onto the gold holders,

which were then immediately plunged into partially solidified Freon for 20 s freez-

ing and then placed and stored in liquid nitrogen. Fracturing was carried out at 173

K in a Balzers freeze-fracture device (Balzers AG, Liechtenstein). The fractured

faces were etched for 30 s at 173 K. The replicas, prepared by platinum-carbon

shadowing, were cleaned with a solution of surfactant and washed in distilled wa-

ter. The replicas were picked up from pure water on 200 mesh copper grids. The

electron micrographs were taken with a Morgani 268 electron microscope.

4.4 Molecular dynamics simulations

MD simulations were performed with GROMACS 3.3 program package [92, 93].

The so-called Berger-force field [77, 78] was used for the lipids, while for the

water, the SPC (single point charge) model was used. The topology files and the

starting configuration files were from http://moose.bio.ucalgary.ca/, provided by

P. Tieleman. The GROMOS 53a6 force field [94] parameters were used for the

CuCl2 and for the dihalogenated phenols. The force field parameters describing the

interaction between the Berger lipids and the ions or dihalogenated phenols were

from http://www.bioinf.uni-sb.de/RB, provided by R. A. Böckman. The topology

files for halogenated compounds were produced by the PRODRG program [89].

The partial charges of the molecules were corrected using density functional theory

and are summarized in Table 4.12.

All the simulated systems contained 128 DPPC molecules and were hydrated with

more than 3000 water molecules. The DPPC/CuCl2 system was simulated with

13 Cu2+ and 26 Cl−1 ions, while the DPPC/CuCl2/NaCl system contained 130

Na+ and 130 Cl− ions in addition. The simulations with the halogenated phenols

the lipid:halogenated phenol ratio was set to 1. To check whether the interdigi-

tated phase can be formed at lower dihalogenated phenol concentration, a system

2Geometry optimization was done on 6-311+g* basis level using B3LYP functional. The par-
tial charges were obtained from natural population analysis. All the calculations were performed
with Gaussian03 [95] program.
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Figure 4.2: The structure of the DCP and DBP molecules

with 10:3 lipid:guest molecule ratio was also simulated. For this, the starting con-

figuration was generated by removing the sufficient number of DBP molecules from

the final configuration of the system with higher DBP concentration. The starting

configuration for the DPPC/CuCl2 system was generated by randomly replacing

water molecules with the ions, while for the DPPC/DCP( or DBP) systems the

phenol derivatives were initially placed in the headgroup region of the bilayers. As

a reference system, the pure DPPC/water system was also simulated.

For the van der Waals interactions the twin range cut-off scheme was used with

1.0/1.4 nm cut-offs, and the interactions between particles within the long-range

cut-off were updated in every 10 steps. Coulombic interactions were also cut off

at 1.0 nm. The long range electrostatic interactions were corrected using the

particle mesh Ewald method [96] with 0.12 nm grid size and fourth order spline

interpolation. All bond lengths were constrained with LINCS algorithm [97], which

has allowed 4 fs time-step. The coordinates were saved in every second ps. The

components of the system (DPPC and water with the ions and DCP or DBP)

were coupled separately to a Berendsen thermostat with coupling constant of 0.1

ps. The DPPC/CuCl2 system was simulated at 293 K, while the DPPC/DCP(or

DBP) systems were simulated at 293 K and 323 K. The simulation was performed
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Atom X=Cl X=Br
C1 0,2874 0,2901
C2 -0,0928 -0,1643
C3 -0,2288 -0,2294
C4 -0,0569 -0,1295
C5 -0,2039 -0,2028
C6 -0,2165 -0,2148
X2 -0,0020 0,0740
X4 0,0070 0,0788
O -0,6614 -0,6650
H1 0,4778 0,4766
H2 0,2377 0,2355
H3 0,2251 0,2241
H4 0,2272 0,2266

Table 4.1: Partial charges for the dihalogenated phenol derivatives obtained
from DFT calculations. For atom numbering, see Fig. 4.2

using anisotropic Parrinello-Rahman-type pressure coupling to 1 bar with 10 ps

coupling constant, to avoid oscillations. Periodic boundary condition was used

during the simulation. The trajectory analysis was performed with the standard

GROMACS programs. The snapshots from the simulation were constructed using

the VMD program [98].



Chapter 5

Results and Discussion

5.1 Structural perturbation in the bilayers: The

interdigitated phase induced by halogenated

phenols

5.1.1 Characterization of the pure DPPC/water system

Most of the membrane phospholipids form bilayer structures upon dispersing them

in water. Depending on the properties of the lipids, their concentration and the cir-

cumstances of the preparation, unilamellar (ULV) or multilamellar vesicles (MLV)

form in excess water. DPPC, as a representative human lipid, forms centrosym-

metric, multilamellar vesicles in excess water. As it was mentioned in Chapter 2,

this system exhibit three liquid crystalline phases in the biologically relevant tem-

perature range. The DSC thermogram of the pure DPPC/water system is shown

in Fig. 5.1/A, in which the so-called pretransition between the gel and ripple gel

phase, and the main transition between the ripple gel and fluid phase manifest in

endothermic peaks. The pretransition takes place at 35 ◦C with 5.6 kJ/mol lipid

enthalpy change, while the main transition appears at 41 ◦C with 36.5 kJ/mol

44
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lipid enthalpy change. The measured values are in accordance with those in the

literature [5].

In MLVs, the water layers and the bilayers form a periodic structure, which results

in Bragg peaks on the scattering patterns as it can be seen in Fig. 5.1/B, where

the scattering curves of the pure DPPC/water system is shown in the three main

phases. The reduction in the number of Bragg peaks come from the enhanced

disorder due to thermal fluctuations in the ripple and the fluid phase, although

the one dimensional order of the bilayers is present in all the three phases. Beside

the information about the ordering of the layers, the electron density profile of

the phospholipid bilayer along the bilayer normal can be deduced from the scat-

tering patterns. In the gel phase, the sufficient number of Bragg peaks enables

to calculate the electron density profile with the Fourier synthesis1, while for the

phases at higher temperatures, fitting a model function is necessary because of the

reduced number of peaks. The former is shown in Fig. 5.1/C for the DPPC/wa-

ter system in the gel phase (T=20 ◦C), where the basic features of the electron

density profile of phospholipid bilayers can be seen. These are the electron dense

headgroup peaks and the low electron density region of the hydrocarbon chains.

The properties, obtained from the X-ray experiments, can be compared with MD

simulations.

5.1.2 The effect of 2,4-dihalogen-phenols on the DPPC/wa-

ter system at high concentration

Since the first observation of the interdigitated phase of phospholipid bilayers still

there are unanswered questions in this field. In this section I summarize my results

on the detailed structure of the interdigitated phase in DPPC/DCP(DBP) system.

The similarities and differences in the structure and the formation of the LI phase

itself are described, based on the results from DSC, SAXS and ASAXS and MD

simulations. Fig. 5.3 shows the DSC thermogram of the pure DPPC/water, the

1For this, the precise measurement of the scattering curve is necessary. For the determination
of the electron density profiles, I always used synchrotron SAXS curves in this thesis.
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Figure 5.1: DSC thermogram of the pure DPPC/water system (A), laboratory
small-angle scattering curves corresponding to the three main liquid crystalline
phases measured with a compact Kratky camera (only q region of the first three
Bragg peaks are shown)(B). The electron density profile of the gel (Lβ′) phase
(obtained from the synchrotron SAXS curve shown in Fig. 5.2) (C), FF-TEM

image from an MLV broken completely through (D).

DPPC/DCP/water and the DPPC/DBP/water system. The appearing two tran-

sitions in the pure system, namely the pretransition and the main transition, are in

accordance with those reported in the literature [5]. In the case of the two systems

with halogenated phenols, instead of the above mentioned transitions, only one

characteristic endothermic peak appears at both cases around 26 ◦C, indicating

the interdigitated gel to fluid transition. Accurately, the transition temperature is

26.1 ± 0.1 ◦C for the DPPC/DCP system, and 25.1 ± 0.1 ◦C for the DPPC/DBP

system, while the enthalpy change during the transition is 38.1 ±4 kJ/mol and

37.3 ±4 kJ/mol for the DCP and DBP/DPPC system, respectively. The transition

temperatures differ for the systems doped with DCP and DBP to a certain extent,

so the approximation in substituting chlorine atom for bromine with the aim of
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Figure 5.2: The SAXS curve of the DPPC/water system measured at
JUSIFA(B1) synchrotron beamline in DESY

chemical contrast variation for the scattering experiments, can not be fulfilled en-

tirely. The characteristics of the main transition and the interdigitated gel to fluid

transitions can be compared based on the cooperative phase transition theory for

phospholipid bilayers described in Chapter 2. Fig. 5.4 shows the degree of the

transition as the function of the inverse temperature, from which the cooperativity

parameters were calculated as described above. The CU parameter for the pure

system is 163 ± 10%, while for the systems doped with dihalogenated phenols are

193 ± 10% and 161 ± 10% for the DPPC/DCP and DPPC/DBP systems, respec-

tively. These results suggest that the gel-to-interdigiated gel phase transition is

approximately as cooperative as the main transition, and the systems with DCP

and DBP do not behave in the same way in the vicinity of the transition tempera-

ture. It means that in the DPPC/DCP system the transition is more cooperative

than in the pure system, however the DPPC/DBP system the cooperativity is

nearly the same as in the pure system.

The synchrotron SAXS curve of the pure system in the gel phase is shown in Fig.

5.2. It exhibits five Bragg peaks in accordance with the well ordered multilayer

structure (in the so called L′

β gel phase at 293 K ). In Fig. 5.1/C the reconstructed

electron density profile of the pure system is shown, which is agrees with the
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Figure 5.3: DSC thermograms of the DCP/DPPC and DBP/DPPC systems
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Figure 5.5: SAXS curves of the DCP/DPPC (black line) and the DBP/DP-
PCsystems (blue line)

published one [4]. According to previously reported data [4], the phase factors were

chosen to be sig[Ik]=(- - + - -). Adding DCP molecules to the pure system, the

correlation between the lamellae has decreased, so only two significant Bragg peaks

can be observed in the scattering curves. However, if the concentration reaches

the molar ratio of guest molecule/lipid=0.6, the well ordered layer arrangement is

recombined and the Bragg peaks in higher order reappear. The positions of the

reflections shifted to larger q values, indicating the existence of the interdigitated

phase (LI), wherein the chain regions of the layers are embedded into each other.

The scattering curves of the systems at 1/1 dihalogenated phenol/lipid ratio are

shown in Fig. 5.5. Replacing DCP by DBP, the positions of the peaks are not

changed, i.e. the lamellar repeating units of these systems are the same, that is

d=51,2 Å. The latter was calculated from peak positions as d = 2πm/ (
∑

k qk/k),

where k goes through the observable Bragg peaks and qk is the position of the kth

peak.

Both, the LI and Lβ′ phases are well ordered as it can be concluded from the

high number of Bragg peaks. In these cases the reconstruction of the electron

density distribution by using the Fourier reconstruction method is possible. In the
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Figure 5.6: Comparison of the electron density profiles with different phase
factor sets: [-1 -1 +1 -1] (A) and [-1 -1 +1 +1] (B)

following, I consider two possible drawbacks. The first is that the shorter periodic

distance of the interdigitated phase shifts the Bragg-peaks to larger q values, as

a result of which only four orders can be observed on the scattering curves. Fig.

5.1/C shows the error introduced by taking into account only four Bragg-peaks

instead of five in the case of the pure system. The second difficulty comes up when

one considers the phase factors. The use of the phase factors of the pure system

is by far not trivial since the structure of the interdigitated phase is significantly

differs from the gel phase of the pure system. In Fig. 5.6 the electron density

profiles for the DCP and DBP/DPPC systems are shown by using [-1 -1 +1 -1]

and [-1 -1 +1 +1] phase factor sets. The increased electron density in the middle

of the hydrocarbon chain region may rule out the second set, where the phase of

the fourth Bragg-peak is +1. On the other hand, ESR and Raman spectroscopy

studies suggest that the chain region of the interdigitated phase is more ordered

than that of the gel phase of the pure system [25, 99], and it can produce such an

electron density distribution. The WAXS curves shown on Fig. 5.7 also suggest a

highly ordered chain region in the LI phase. It is also worth to mention, that the

WAXS peak is at 1/4.11 Å−1 in both cases, indicating a similar and more compact

structure than the pure system.

Before going on with further analysis of the scattering experiments, my MD results

will be described first for the interpretation of the scattering curves.
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Figure 5.7: WAXS curves of the DPPC/water, DBP/DPPC and the
DCP/DPPC systems

5.1.3 MD simulation of the LI phase at atomic level

MD is widely used as a complementary technique to experiments to obtain struc-

tural information about the system under consideration. On the other hand, it

was also suggested recently to use MD as a supplementary technique for the scat-

tering experiments. As it was indicated in Chapter 3, simulating lipid systems,

especially systems with guest molecules, needs special care. Using standard lipid

force fields and standard procedures for the description of the guest molecules, one

can still not be sure about the reality of the simulation. For example, in the case

of formation of the interdigitated phase, one faces the problem of the relatively

high energy barrier between the interdigitated and non-interdigitated phases.

I have performed two different sets of simulation. First, the initial configuration

was a non-interdigitated bilayer with the guest molecules placed in the water re-

gion. Second, the initial coordinations of the lipids and the dihalogenated phenols

were chosen to be close to the final interdigitated configuration. Running the sim-

ulations for 50 ns, I have obtained the final configurations, shown on Fig. 5.8.
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Figure 5.8: The effect of the starting configuration in the MD simulation.
On the left side the final configuration of the system with randomly distributed
DBP molecules at the beginning of the simulation is shown, while on the right
side, that of the pre-aligned system can be seen. The DBP molecules are drawn
in yellow, the lipids in magenta, while the terminal carbon atoms of the lipid
tails are shown in orange. At the bottom, the Lennard-Jones interaction energy

of the systems are plotted as a function of time.

The Lennard-Jones potential energies between the lipid molecules as a function of

time. From these results I have concluded that the energy barrier of the interdig-

itation is high, so the transition from the non-interdigitated to the interdigitated

phase can not be observed on the time scale feasible in my MD simulations. On

the other hand, the simulation of the second configuration converged to a stable

interdigitated phase with lower Lennard-Jones interaction energy than the first

configuration. I have used this run for further analysis.

The full electron densities of the systems with dichloro- and dibromophenol are

shown in Fig. 5.9. I also present my results from the SAXS curves (using the

phases of [-1 -1 +1 +1]) to compare the two different methods. The great similar-

ity underlines the observation above that the phase factors of the dihalogenated
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Figure 5.9: Electron density distributions from MD and SAXS

phenol/DPPC systems differ from that of the pure system. The agreement be-

tween the experiment and the simulation confirm the parameter set used for my

MD simulations.

The general feature of the electron density profiles of the two doped systems is a lo-

cal maxima at the bilayer center, indicating the interdigitation of the hydrocarbon

chains. The two local minima is shifted from the bilayer center to both directions,

corresponding to the methyl groups of the chains. More, the head-head distance

of the bilayer is reduced by ≈10 Å/bilayer with respect to the pure system.

Having the affirmation from the scattering experiments, the further analysis of the

MD trajectories will be presented in the following section. The partial (or indi-

vidual) electron densities corresponding to the phosphate, methyl and methylene

groups, as well as the water molecules, together they give the full electron density

shown in Fig. 5.10.

However, the vibrations of the carbon chains can not be directly observed on

the trajectories, since the bonds are constrained to gain larger time step, the

configuration of the hydrocarbon chain region can be described and compared to
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Figure 5.10: Partial electron density distributions of different components of
the simulated DPPC/DBP system

the results from Raman spectroscopic measurements [25]. The latter is connected

to the deuterium order parameter defined as SCD = (3 < cos2θ > −1)/2 which

can also be used to compare the experiment with simulation. ESR studies [99],

together with the Raman spectroscopy and the wide-angle scattering point out to

the higher order in the interdigitated chain region in comparison with the non-

interdigitated one, which can be observed also on the SCD values from my MD

simulations shown in Fig. 5.11.

5.1.4 ASAXS measurements on the DBP/DPPC system

As it was described in Chapter 2, the basic idea of anomalous scattering is the

energy dependence of the scattering factors of the atoms. During an ASAXS inves-

tigation, the scattering measurements are performed at different energies near the

absorption edge of one of the constituent elements of the system under considera-

tion. In the above described way, the scattering contribution of the bromine atoms

of the system can be separated from that of the whole system, so fitting of a model

to the scattering curve is necessary only by taking into account that element. Fig.
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Figure 5.11: Deuterium order parameter for the DCP/DPPC system

Energy [eV] f’[electrons] f”[electrons]
12970 -2.907 0.539
13430 -5.413 0.505
13470 -7.891 0.502

Table 5.1: The f’ and f” values used in ASAXS measurements at the bromine
edge

5.12 shows the energy dependence of the scattering curves at X-ray energies near

the absorption edge of bromine. The tendency in changing of the maxima of the

Bragg peaks is characteristic for the special location of the bromine atoms: The

intensity of the first peak decreases, while the second one increases. Similar trends

can be observed when one compares the DBP/DPPC and DCP/DPPC systems:

The changes in the Bragg peak intensities when changing from bromine to chlorine

are similar to that when measuring the scattering from DPB/DPPC system with

an X-ray energy far from the Br-edge and near to it. This can be explained by

the fact that near the absorption edge, the number of the scattered photons are

reduced due to the absorption process.

Using the separation procedure, described in Chapter 2, to obtain the pure reso-

nant scattering curve from bromine atoms, the structural characterization of the
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Figure 5.12: ASAXS curves of the DBP/DPPC system

bromine atoms becomes available. The anomalous scattering factors were calcu-

lated according to Cromer & Libermann [100, 101], and are summarized in Table

5.1. The pure resonant scattering curve, derived from measured data by using

Eq. 2.23, are shown in Fig. 5.13. Bragg reflections can be observed on this curve

at the same position as in the total scattering curve, which is a clear evidence

of the periodic displacement of DBP molecules corresponding to the periodicity

of the vesicles. To get more detailed information about the localization of DBP

molecules in the bilayers, I have performed a simple model fitting. For these cal-

culations the structure factor from paracrystalline theory was used, which takes

the packing disorder into account. For modeling the electron density profile along

the bilayer normal, I have used a Gaussian model, which is based on describing

the electron density as a sum of Gaussian functions. Two Gaussian functions per

bilayer located symmetrically to the center of the bilayer were used, because only

the contribution of the guest molecules is present on the pure resonant scattering

curves. In the adumbrated case, the geometrical part of the form factor of the

guest molecules is

V (q) =
√

2π ·
[
2σ · exp(−σ2q2/2)cos(qzG)

]
(5.1)
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Figure 5.13: Separated (black) and pure resonant (blue) scattering curves of
the DPPC/DBP system

N d [Å] ∆ [Å−1] σBr [Å] zBr [Å] res.
8±1 50.7(4) 1.1(4) 1.1(1) 16.2(4) 23.258
9±1 51.2(5) 0.9(4) 1.1(1) 9.2(0) 44.725

Table 5.2: Parameters of the two acceptable fits obtained from the fitting of
the model function (Eq. 2.8 with the form factor described by Eq. 5.1) to the
experimentally determined pure resonant scattering curve. The last column is
the norm of the residues divided by the number of measurement points, which

describe the quality of the fits.

where σ and zG are the width and the position from the bilayer center of the Gaus-

sian function, respectively. The least square fitting of the model was performed

using the ”lsqcurvefit” routine of MATLAB (The MathWorks, Inc.). I have ob-

tained two fits for the pure resonant scattering curve which fulfills the acceptance

criteria, shown in Fig. 5.14, while the resulting electron densities are in Fig 5.15.

The two set of parameters are shown in Table 5.2. The reason for the previous

is the high number of parameters in the model, which results in an under defined

problem. A closer look at the two parameter sets, one can recognize, that they

differ significantly only in the value for the position of the Gaussian function. The

fact, that the sum of the two positions approximately equals to the half of the
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Figure 5.14: The two acceptable fits to the pure resonant scattering curve of
the DPPC/DBP system
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Figure 5.15: The two Br distributions obtained from the model fits shown in
Fig. 5.14

periodic distance suggests that these sets correspond to the same distribution,

but with a different origin. One of the plausible solution is that the origin of the

electron density profile is in the middle of the bilayer, while in the other solution, it

is in the middle of the water layer. These two models are schematically represented

in Fig. 5.16. Since the pure resonant scattering curve contains information only
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about the bromine distribution, but not about the lipids, the above described

question can not be answered from the pure resonant curve.

Figure 5.16: The two plausible models according to the pure resonant curve

The comparison of the electron densities from the ASAXS measurements to those

from the MD directly confirms the first model, that is, the origin of the distribution

is the center of the bilayer. The bromine distributions from MD and ASAXS are

plotted together in Fig. 5.17. The agreement of the distributions from the two

methods, again, validate the force field used in the simulations.

5.1.5 Determination of the DBP concentration

from the ASAXS measurements

Using the partial electron densities of different kind of atoms in the systems under

consideration, the scattering curves was simulated based on the MD results. First,

the electron density profiles were fitted with gaussian functions as shown in Fig.

5.18. (Two functions were used to fit the density of the non-resonant atoms, while

for the bromine atoms one function per lipid layer was used.) The form factors at
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Figure 5.17: Comparison of the Br distribution from MD and ASAXS

the three different energies were calculated according to the 1G model described

by Eq. 2.15, while the structure factor was described by the Caillé theory (Eq.

2.11) with d=50.5 Å, η=0.064 Å and N=14. (These values have been optimized to

reproduce the experimental curve.). Interestingly, the simulated curves, using the

electron densities from the simulation, do not give back the observed peak ratio

and ASAXS effect in the changes in the maxima of the Bragg-peaks. However,

when the number of the bromine atoms (corresponding to 1:1 lipid/DBP ratio)

was reduced to approximately 60% of its starting amount, I have recovered the

experimentally observed curves, shwon in Fig. 5.19. There are possible source of

errors in this method, which can harm the results. One of them is that the model

functions do not necessary describe the reality, (the 1G form factor originates in

the MD results, the structure factor is based on the Caillé theory). Also, the

values of f’ and f” are obtained from different approximations.

As described in Chapter 2, the integral of the pure resonant term relates to the total

amount of bromine atoms in the nanostructured phase. It means that the bromine

atoms, which are periodically distributed in the interdigitated bilayer stacks. The
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Figure 5.18: Partial electron densities of the non-resonant and the bromine
atoms obtained from MD simulations. Gaussian fits are drawn in blue lines.
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Figure 5.19: ASAXS curves obtained from model calculations based on MD
simulations
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Figure 5.20: X-ray absorption curve of the DBP/DPPC system

resonant invariant was calculated by Eq. 2.24, using the experimentally deter-

mined pure resonant curve shown in Fig. 5.13. QBr
res = (4.14± 1) · 1019cm−4 value

was obtained, which corresponds a DBP concentration of cDBP = 0.5 · cBr ≃
60 mM . It is around 25% of the DBP content of the sample with respect to

the preparation (nominal concentration). This is lower than the value obtained

from the simulation of the scattering curves, and can be attributed to the finite

q interval (The invariant is obtained by integrating Iq2, the rest of the bromine

content can be found in the region of the pure resonant scattering curve at larger

q values.) On the other hand, smaller DBP concentration can cause changes in

the bilayer electron density profile, which can modify the concentration obtained

from the reconstruction of the ASAXS curves through the modification of the form

factor used.

To check the preparation procedure, the total bromine content of the sample was

determined from the jump in the XANES spectra at the absorption edge shown

in Fig. 5.20. The measured ∆µd was 0.5794, which means that only 80% of the

nominal concentration was present in the sample. The latter may be attributed

to the sublimation of DBP occured during storage, as well as, we can not rule out
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the possibility that inhomogenities exist in the sample since the X-ray does not

light the entire capillary.

The interpretation of the ASAXS curve of the DBP/DPPC system together with

the quantitative analysis of the pure resonant term brings up the question, whether

the interdigitated phase can from at lower lipid/DBP concentration. From the

scattering experiments and simulation of the scattering curves, the ratios 10:2

and 10:6 were obtained. In contrast, the naive geometrical consideration of the

DBP and DPPC molecules in the interdigitated phase suggests that a 1:1 ratio

is necessary for the formation of the LI phase. To reveal whether the LI phase

can form at lower DBP concentration or not, a second MD simulation (50 ns) was

performed, where the lipid:DBP ratio was 10:3. The starting configuration file

was obtained from the last frame of the trajectory of the 1:1 system by randomly

removing the sufficient number of guest molecules.

Figure 5.21: Snapshot from the MD simulation (A) and the total averaged
electron density along the bilayer normal (B) of the system with lipid:DBP =

10:3 ratio.

As it can be seen in Fig. 5.21, the interdigitated phase is preserved even at

lower DBP concentrations, which is in agreement with the previous results on the

concentration of the DBP molecules in the interdigitated phase (see Section 5.1.5).

Finally, to characterize the effect of the formation of the interdigitated phase on

the overall morphology of the system, FF-TEM investigations were performed, the
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Figure 5.22: TEM picures from the replicas of the DBP/DPPC system

results of which is shown in Fig. 5.22. The shape of the characteristic ”onion-like”

liposomes is distorted, the well ordered liposomal multilamellar arrangement is

severely perturbed by the presence of the guest molecules, although the multilayer

structures with more anisotropic shape can still be recognized in accordance with

the Bragg peaks appearing on the SAXS curves. It is also observable, that smaller

vesicles are formed inside the larger ones.
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5.2 Perturbation in the interactions between the

bilayers: unbinding induced by Cu(II) and

Cd(II) ions

As it was shown in the previous section, the SAXS curves of the pure DPPC/water

system exhibit Bragg peaks up to 5 orders due to the ordered layer structures in

all three phases, i.e. in the gel (L′

β), rippled gel (P′

β) and in the liquid crystalline

or fluid (L′

α) phase. Upon the addition of CuCl2 in the milimolar range of concen-

tration, the well ordered structure of the MLVs disappear, as it can be seen in Fig.

5.23. The figure exhibits the SAXS curves of the systems doped with different

amount of CuCl2 measured at 25 ◦C, 38 ◦C and 46 ◦C corresponding to the three

main phases.

The changes in the scattering curves can be interpreted in terms of the form and

structure factor. By changing the ∆ parameter of the structure factor, the charac-

teristic scattering curves were reconstructed for two extreme cases corresponding

to a well ordered and a completely disordered (or unbound) case to describe the

characteristic behavior of real scattering curves, with 0 and 0.03 Cu/lipid ratio.

In the model calculations the same form factors were used. The measured and

the simulated intensity curves, shown in Figs. 5.23 and 5.24, show high similarity

explaining the concentration effect on the layer arrangement.

The thermotropic behavior of the studied systems has also changed according to

the DSC measurements shown in Fig. 5.25. As it can be seen, the temperature

range of the ripple gel phase became wider: the pretransition temperature signif-

icantly shifted to smaller values, while the main transition temperatures slightly

shifted to larger values with the increasing concentration of CuCl2. In Fig. 5.26

the rate of the transition is plotted against the inverse temperature, from which

the cooperativity of the transition can be estimated. According to the results, the

main transition in the doped system appears to be more cooperative (the slope of

the Θ vs. 1/T is steeper) than that in the pure DPPC/water system.
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Figure 5.23: SWAXS curves of the DPPC/CuCl2 (water) system

Figure 5.24: The plot of the Bragg reflections of the SAXS curves within
the paracrystalline theory. The same form factor, F(q), and different structure

factors, S(q), with ∆ = 2 Å and 20 Å were used in calculations.
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Figure 5.25: Transition temperatures of the DPPC/CuCl2 (water) (A) and
the DPPC/CuCl2 (TRIS) (B) systems

To rule out the possible hydrolysis of the lipids due to the low pH value of the

CuCl2 solution, another set of experiment was performed in which the Cu(II)

ions were complexed with TRIS buffer. This model system also mimics the real

biological situation better, since the Cu(II) is always present in a complex form.

The corresponding DSC results and SWAXS curves are shown in Figs. 5.25 and

5.27, respectively.
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Figure 5.26: θ vs. 1/T plots of the pure DPPC/water and the DPPC/CuCl2
(1.8 mM) systems. The slope of the linear part of each curve is shown.

Comparing the systems containing CuCl2 (water) versus TRIS-Cu(II) complex,

one can observe similar effects, i.e. the loss of layer correlation, but differences

can also be identified. The slight reconstruction of the periodic multilamellar

arrangement after the main transition in the case of the CuCl2 (water) system

can not be observed in the case of the system prepared with buffer solution. To

clarify this effect, the SAXS curves of the DPPC system in a 50 mM TRIS buffer

solution as a function of temperature is shown in Fig. 5.28, which explains the

previous observation. The destruction of the ordering of the layers in the fluid

phase is connected with the presence of the buffer.

According to the DSC results on the two systems containing Cu(II), there is a

clear connection between the degree of unbinding and the temperature range of

the ripple phase. The pretransition temperature changes systematically with the

concentration, the reason of which will be discussed in Section 5.2.1.

Similarly to the Cu(II) ions, other divalent metal ions cause severe destruction in

the structure of the multilamellar vesicles as well. Inspired by possible applications
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Figure 5.27: SWAXS curves of the DPPC/CuCl2 (50 mM TRIS) system
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Figure 5.28: SAXS curves of the DPPC (50 mM TRIS) system in the three
main phases.

in the nanoparticle preparation, I have also studied the effect of Cd(II) ions on a

MLV system composed of DPPC. The SWAXS curves of the studied systems are

shown in Fig. 5.29. The fact that the addition of NaCl to the system (c = 500

mM) causes the rearrangement of the multilayered structure confirms a plausible
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explanation for the observed effects. Namely, the divalent metal ions, bound to the

headgroups of the lipids, enhance the electrostatic repulsion between the opposing

bilayers. The presence of monovalent ions screens this electrostatic repulsion, since

they do not interact with the lipids as strongly as the the divalent ions.
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Figure 5.29: SWAXS curves of the DPPC/Cd(NO3)2 and the
DPPC/Cd(NO3)2 /NaCl systems

5.2.1 Electrostatic interaction between modulated surfaces

Upon the binding of Cu(II) ions to the headgroup region of the bilayer, they ob-

viously represent a surface charge. The range of the Coulomb repulsion is given

by the Debye length, which is in order of nanometers in this concentration range,

so the charges on the opposite layers can interact. It was theoretically shown by

Goldstein et al. [102], that the electrostatic repulsion between two charged surfaces

increases when the surfaces become modulated. In other words, the critical repul-

sion, necessary for the unbinding of the layers, can be reached at a smaller surface

charge when the modulation appears. According to Ref. [102], the repulsive po-

tential as a function of the distance between the surfaces at small undulations can

be approximated by
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Vmod(L) ≃ ǫΦ0κ ·
[
1 + (1/2(κa)2 + 3/4(ap)2)

]
· e−κL (5.2)

where κ−1 is the Debye-Hückel screening length, ǫ is the dielectric constant, Φ0 is

the electrostatic potential at the surface and a modulation in the form of a·cos(px)
is assumed.

To check the analytical prediction mentioned above and to be able to calculate the

potential between surfaces with arbitrary undulations, I used the numerical inte-

gration of the linearized Poisson-Boltzmann equation. In this way I have obtained

the electrostatic potential as the function of the distance from the modulated sur-

face. The results, shown in Fig. 5.30, are in agreement with the theory, that is

the electrostatic repulsion is higher when the surface is modulated.

Figure 5.30: Results of the numerical calculation of the electrostatic potential
at a modulated surface

Using the characteristic parameters of the Pβ′ phase of DPPC bilayers a = 1 nm

and p−1 ≈ 14 nm, one obtains 20% increment in the electrostatic repulsion rel-

ative to that of flat surfaces. Since this jump in the electrostatic interactions

accompanies the pretransition, the possibility of an unbinding transition in this

temperature region (below the main transition) the value of which does not coin-

cide with the pretransition temperature, is negligible.
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The validity of Eq. 5.2 for the case of the DPPC/CuCl2 is also supported by my

DSC measurements. The theoretical considerations leading to this formula imply

that the average free energy of such a system becomes more negative with the

appearance of the modulation, which can be traceable on the decreasing pretran-

sition temperature with the increasing concentration. In other words, the rippled

structure is stabilized by the appearing surface charge, resulting that the Pβ′ phase

appears at lower temperatures. The FF-TEM image of the surface ripples of the

P′

β phase is shown in Fig. 5.31.

Figure 5.31: FF-TEM image of the surface ripples of the P′

β phase

Beyond the electrostatic interactions, the osmotic effect can also be considered

as an origin of the unbinding in the gel phase of bilayers. In our case, however,

it can not account for the observations, since the lipid systems, consisting of PC

lipids doped with divalent cations, show an ordered multilamellar structure if one

increases the salt concentration further, due to the decrease of the Debye length2.

I have exploited this behavior of the studied system for the determination of the

distribution of the Cu(II) ions along the bilayer normal.

2In the case of CuCl2 this can cause problem, since the pH of the electrolyte solution becomes
acidic at high concentrations. I added NaCl to increase the Debye-length.
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The experimental observations of the unbinding transition reported so far consider

the enhancement in the steric repulsion (known as Helfrich repulsion [11]), due to

the fluctuations as the reason for the unbinding. However, that can not be the

explanation for our results, since we have observed the unbinding transition in

the gel phases (Lβ′ and Pβ′). In the Lβ′ phase the bending rigidity (to which the

Helfrich repulsion is inversely proportional) is about one order of magnitude larger

than in the fluid phase (Lα), therefore the bilayer undulations in the Lβ′ phase

can be neglected related to those in the Lα phase. In the ripple Pβ′ phase the

bending rigidity becomes anisotropic and its value parallel to the wave vector of

the surface ripples remains nearly the same, while in the perpendicular direction

it increases [103], so the statement above holds for the Pβ′ phase, too.

Finally, the morphological changes in the system due to the presence of CuCl2

can be followed on the FF-TEM images shown in Fig. 5.32. The first remarkable

observation from these images is that multilamellar structures can not be seen

either with the presence of buffer or without it. The appearance of vesicles in

smaller size also indicate the perturbing effect of the Cu(II) ions.

Figure 5.32: Electron micrographs from the replicas of the pure DPPC/CuCl2
water system (left) and of the same system in the presence of the TRIS buffer

(right)
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5.2.2 The distribution of Cu(II) ions in phosphatidylcholine

bilayers

In the previous sections the periodic arrangement of the Cu(II) ions in the head-

group region of the bilayers was a priori assumed based on the literature [27, 31].

On the other hand, the exact distribution of Cu(II) ions in DPPC vesicles, and

in generally, the local interactions between the lipids and the Cu2+ ions were not

examined in details so far. I have used ASAXS and MD simulations to reveal

the specific location of this ion in phosphatydilcholine bilayers. Since one of the

aims of this study was to describe the distribution of Cu(II) ions along the bilayer

normal, it was necessary to study the system in its ”bound” state, because in

that case the higher number of Bragg peaks enables the proper elucidation of the

scattering curves. Since the lower concentration limit for efficient use of ASAXS

is in the milimolar range, the use of the highest Cu(II) concentration would be

preferred. On the other hand, the diminishing of the Bragg peaks, due to the

unbinding, occurs at this concentration, which makes the detection of an ASAXS

effect under 1% nearly impossible.

Next, the MD simulation of these systems is discussed first, followed by the pre-

sentation of the scattering results.

5.2.2.1 MD simulation of the DPPC/Cu(II) systems

By the analysis of the 50 ns trajectory of the DPPC/CuCl2 system, a relatively

fast ion binding to the lipid headgroups can be observed, as shown in Fig. 5.33/A.

In the figure the value of the cumulative radial distribution functions between

the carbonyl and water oxygen and Cu2+ at 3 Å are plotted as the function of

time. Exponential fits to these curves resulted in 17.7 ns characteristic binding

time between the ions and the lipid molecules, which is significantly shorter than

the corresponding data reported for Ca2+ [39]. These results reveal a threefold

coordination of Cu2+ with the lipid carbonyl oxygens, and a fourfold coordination

of water molecules around the metal ions. With the binding of the Cu2+ ions to
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the headgroup region of the bilayers, the structure of the lipid-water interface also

changed: There are less hydrogen bonds between the interfacial water and the

lipid molecules in the doped system (716±12) than in the pure system (772±15).

The ordering of water molecules has also changed as it can be seen in Fig. 5.33/B,

where the average of the cosine of the angle between the layer normal and the

dipole moment of the water molecule is shown as a function of the distance from

the bilayer center. It was reported previously, that the formation of lipid-metal

complexes increases the rigidity of the bilayers ([28] and citations therein). To

check this feature of the lipid/metal systems we have calculated the deuterium

order parameter along the hydrocarbon chains, the result of which is shown in Fig.

5.33/C. Comparing the pure lipid/water and the doped system, one can observe

a higher order in the first half of the hydrocarbon tails, smoothly vanishing at

around the 9-10th carbon atoms.

I have also performed MD simulation on the DPPC/CuCl2/NaCl system. In this

case the Na+ and Cl− ions were added to the system after the Cu2+ had bound

to the phospholipids. This was necessary, because the high ionic strength would

have prevented the bounding of the Cu2+ ions to the lipids at the observable time

period3. Partial electron densities of Cu2+, Cl− and Na+ are shown in Fig. 5.34.

Further distributions, and the use of them for the interpretation of the scattering

curves are presented in the next section.

5.2.2.2 ASAXS studies on the DPPC/CuCl2/NaCl system

The aim of these experiments was to measure the dependence of the scattering

curves of the DPPC/CuCl2/NaCl system on the energy of the incoming X-ray

in the vicinity of the absorption edge of copper. As it was mentioned above

the presence of NaCl is necessary here to prevent the unbinding of the bilayers,

i.e. Bragg-peaks appear on the scattering curves as shown in Fig. 5.35. The

elucidation of the pure resonant term, similarly to the DBP/DPPC system was

3With other words, in the presence of the NaCl the equilibrium can be reached so slow, that
falls out of the reachable time period of the simulation.
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Figure 5.33: Results of the MD simulation on DPPC/CuCl2 system. (a)
Changes in the neighborhood of Cu(II) ions as a function of time. The Cu(II)
ions, initially placed randomly in the water region, migrate to the headgroup
region of the bilayer according to the increment of the number of the carbonyl
oxygens around the metal ions. (b) Reduction of the water ordering induced by
the Cu(II) ions. Green curve corresponds to the DPPC/CuCl2 system, while the
blue corresponds to the pure system) The inset shows the number of hydrogen
bonds between interfacial water and lipid molecules. (c) Effect of the binding
of Cu(II) on the deuterium order parameter of the lipid chains. The doped
system shows higher order in the first half of the chain region. (d) A lipid-water

complex obtained from the simulation.

impossible in this case, due to the very low concentration of the Cu(II) ions. The

results were interpreted with model calculations for the scattering curves based on

the electron density profiles obtained from the MD simulations.

Before the scattering experiments, the transmission and the fluorescence measure-

ments were carried out with the use of the photodiode and by the total counts

on the 2D detector, respectively. Fig. 5.36 shows the observed fluorescence in-

dicating a +10 eV chemical shift related to the pure copper (which is located

at E=8979 eV). The transmission measurement, shown in Fig. 5.37, provided
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Figure 5.34: The partial electron densities of the Cu2+, Na+ and Cl− ions
from the MD simulations
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Figure 5.35: SAXS curve of the DPPC/CuCl2/NaCl system (cCu2+ = 17 mM,
cNaCl = 500 mM)

the estimation of the copper content of the sample. The measured jump in the

∆µdmeas value is 0.016 ± 0.001 is in accordance with the theoretically calculated
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Energy [eV] f’[electrons] f”[electrons]
8974 -7.352 0.483
8942 -5.190 0.487
8883 -4.164 0.493

Table 5.3: The f’ and f” values used in ASAXS measurements at the copper
edge

∆µdtheor = 0.014 ± 0.00014.
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Figure 5.36: The fluorescence of the DPPC/CuCl2/NaCl system measured as
the total counts on the 2D detector. The derivative of the fluorescence curve
(blue line) gives an accurate estimation for the position of the absorption edge

of the sample.

The energy values, where the ASAXS curves were measured, were selected based on

the measured absorption curve. The chosen energy values and the corresponding

f’ and f” values (tabulated Cromer-Libermann [100, 101] values shifted by the

measured chemical shift) are shown in Table 5.3.

The correctness of the f’ and f” values plays a crucial role in the interpretation of

the ASAXS curves. As it was mentioned in Chapter 2, the f” values are connected

to the absorption coefficient of the sample, this, together with the fact that f’

4The latter was calculated with using the mass absorption coefficient of Cu taken from
[104](∆µmass

Cu
= 240.11 g/cm2) as well as with the copper density of the sample.
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Figure 5.37: The dependence of µd on the energy of the incoming X-ray,
obtained from the transmission measurement.

and f” are coupled to each other via the Kramers-Kronig relations, enabled the

comparison of the tabulated and the experimentally determined values of f’ and

f”. Fig. 5.38 shows the plots of the tabulated curves and those obtained from

the fluorescence measurement by using the CHOOCH program [105]. The results

show that the tabulated values are not reliable in the vicinity of the absorption

edge, but the two curves overlap farther from the edge.

The measured ASAXS curves at the X-ray energies in the q-range of the first

Bragg-peak are shown in Fig 5.40. Similarly to the case of the DBP/DPPC systems

(Section 5.1.5), the analysis of the anomalous effect was executed using the partial

electron density distributions from the MD simulations. Fig. 5.39 shows the

distributions from the MD simulation together with their fits with gaussians for

the calculation of the form factors. In these calculations, the Caillé structure

factor was used as in the case of dihalogenated phenols. The used parameters are:

η=0.07309, d=64.2 Å and N=29.

The simulated ASAXS curves fit convincingly to the measured data, however,
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Figure 5.38: The comparison of the theoretical and experimental values f’
and f” of using the CHOOCH program. The evaluated values the copper-foil

and the ”standard” curve given by the program are also shown as control.

nearly two times higher copper(II) concentration was needed to obtain these re-

sults. This observation suggests, that the copper ions are not distributed ho-

mogeneously in the MLV sample, i.e. there are copper(II) rich and copper free

multilamellar stacks in the sample. On the other hand, the ASAXS investigations

are in accordance with the periodic location of the Cu(II) ions in the headgroup

region of the bilayer. It should be mentioned that the q-ASAXS in this case is

not a precise method for determining the concentration, although other methods

used in the literature sometimes also give different results for the binding constant

of the metal ions to the phospholipids. (For example, for the intrinsic binding

constant of Ca2+ to egg phosphatidylcholine, the values 2.2 M−1 from 31P NMR

and 1-5 M−1 from microelectrophoretic measurements were reported [27].)
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Figure 5.39: The partial electron densities of the matrix (non-resonant) and
the copper(II) ions (resonant) obtained from the MD simulation. Gaussian fits

are shown in blue.
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Figure 5.40: Measured and simulated ASAXS curves in the vicinity of the
first Bragg reflection at three different X-ray energies. The size of the symbols

corresponds to the error of the measured points.
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5.3 Applications

5.3.1 Formation of CuO nanorods and CdS nanoparticles

in MLVs

The presence of divalent metal ions in a medium, structured on the nanometer

scale can be exploited to produce nanoparticles or other nanustructures. As it was

pointed out in the previous section, the copper(II) and cadmium(II) ions bind to

the headgroup region of the bilayer, resulting in a metal rich layer with a thickness

around 1 nm. It was reported previously, that such layers (e.g. in clay minerals)

can be used for the synthesis of nanoparticles [41, 106, 107]. To produce CuO

nanostructures in MLVs of DPPC, I have used the reaction

CuCl2(aq) + 2NaOH(aq) → Cu(OH)2(s) + 2NaCl(aq) (5.3)

followed by

Cu(OH)2(s) → CuO(s) +H2O(l) (5.4)

In the first stage of the procedure the samples were kept at 50 for 10 min then

vortexed intensively and quenched to 4 ◦C. This process was repeated at least

twenty times to get a homogeneous liposome system. In the second stage, for the

synthesis of Cu(OH)2, NaOH was used in an over-stoichiometric amount (20 mol%

excess). In the third stage of the synthesis, the sample was heated up to 70 ◦C

then cooled down to 25 ◦C.

From the scattering curves of the sample with NaOH solution, instead of the single

broadened peak, several sharpened ones occurred on the SAXS curves, clearly

showing the recombination of the regular arrangement of the multilamellar system.

This can be interpreted as a result of the disappearance of the surface charge,

generated by the copper ions upon the formation of Cu(OH)2. The position of

the Bragg-peak indicates an interdigitated phase, which can be the result of the

appearing decomposition product of the lipids due to the alkaline environment.
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The resulting CuO was washed out from the lipid system with ethanol. The

resulting CuO nanorods were characterized by TEM, the results of which are

shown on Fig. 5.41.

To rule out the possibility that the CuO nanorods could form outside the bilayers

(e.g. in the media between the liposomes or in the unbound layers), the synthesis

above was performed with a sample containing 0.5 M NaCl. As it is shown in

Fig. 5.41/B, this modification has not changed the final product indicating that

the multilamellar system with divalent metal ions is an adequate medium for

nanoparticle synthesis, not because of the unbinding of the layers, but of the

specific location of these ions in the liposomes.

Figure 5.41: TEM images of CuO nanorods prepared in
DPPC/CuCl2 system (left) and in DPPC/CuCl2/NaCl system (right)

In the case of the MLV system with Cd(II) ions, the following reaction was used

to precipitate the nanoparticles

Cd(NO3)2(aq) + (NH4)2S(aq) → CdS(s) + 2NH4NO3(aq) (5.5)

In this case, the characterization of the system with X-ray and FF-TEM during

the process of the production was carried out. As it was presented in Section 5.2,

the binding of the cadmium ions to the phospholipids causes a severe destruction

in the multilamellar arrangement of the liposomes. The addition of (NH4)2S to

the system caused a rearrangement of the multilayers as seen on Fig. 5.42. The

Bragg-reflections appeared on the scattering curve again, which was expected, in
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the view that by adding the reagent, CdS nanoparticles were formed neutralizing

the surface charge on the lipid bilayers.

Figure 5.42: (A) Two-dimensional SAXS pattern of the multilamellar DP-
PC/water vesicles containing CdS nanoparticles. Bragg reflections present in
three orders are signs of the reconstructed multilamellar arrangement. The inset
exhibits the corresponding one-dimensional scattering intensity vs. scattering
variable q. (B) The fractured surface of the inert part of a giant vesicle broken
through completely. Two types of the characteristic morphologies can be ob-
served; the regular, periodic multilamellar arrangement in the outer leaflets and
huge number of CdS nanoparticles embedded between the stacks of lamellae.

The position of the first reflection corresponds to a periodicity of 65.1 Å−1, which

is slightly longer than that (64.2 Å−1) of the pure DPPC/water system. The elec-

tron micrograph of a characteristic vesicle is presented in Fig. 5.42/B in which

we can observe the closely packed parallel layers in the outer leaflets. This is the

sign of a rearrangement of a more regular layer structure explaining the increased

number of the Bragg rings. Even more interestingly, many small particles have

appeared concentrated in certain layers between the stacks of lamellae. The char-

acteristic size of these particles falls into the range of approximately 5 - 10 nm-s.

The anomalous scattering have provided more structural information about these

nanoparticles. The ASAXS curves, measured at three different energies plotted in

Fig. 5.43/a, indicate a trend. They diminish with increasing energy in the first

part of the scattering variable range, and the differences between them vanish in

the range of the first Bragg reflection.
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Energy [eV] f’[electrons] f”[electrons]
26120 -3.344 0.580
26653 -5.492 0.559
26711 -10.957 0.557

Table 5.4: The selected energies used in ASAXS measurements at the cad-
mium edge and the corresponding f’ and f” values

To eliminate the contribution of the scattering of the vesicles, the measurements

were performed at three different energies, thus we could obtain the ”pure reso-

nant” term as it was described in Chapter 2 using the anomalous corrections of

cadmium. The chosen energies and the corresponding f’ and f” values are sum-

marized in Table 5.4.The separated and the pure resonant curves exhibit different

shapes, the latter diminishes in a narrower range of the scattering variable as it

is shown in Fig. 5.43/b, which represents the importance of the determination of

the pure resonant term. From this term a characteristic average diameter of 6.9

nm was derived, assuming a log-normal size distribution of a spherical form (Fig.

5.43/c). The model fitting was based on the following expression:

V 2
Cd(q) = const

∫
∞

0

P (R)

(
4πR3

3

3(sin(qR) − qRcos(qr))2

(qR)3

)2

dR

P (R) =
1√
2π

1

σR
exp

(
− ln

2R/R0

2σ2

)
(5.6)

The characteristic size shows a very good agreement with the estimation from the

freeze-fracture method. Finally, the CdS nanoparticles were separated from the

vesicle system. Transmission electron microscopy was used to elucidate the mor-

phology and size analysis of the single nanoparticles (Fig. 5.43/d). In the electron

micrograph monodisperse, less spherical, but rather squared stocky shaped parti-

cles appear and their size (6 - 7 nm) fall exactly in the range deduced from the

freeze-fracture electron microscopy and more precisely by the ASAXS method.
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Figure 5.43: (a) ASAXS curves of the DPPC/water vesicles containing CdS
nanoparticles measured at three different energies. The intensity of the small-
angle scattering is reducing approaching the K absorption edge of cadmium. (b)
The separated ASAXS curves measured at E1 E2 and E1, E3 (E1 < E2 < E3),
respectively, and the pure resonant term deduced from these separated forms.
The latter curve is strictly characteristic of the spatial distribution of Cd2+ ions
in CdS particles. (c) The log-normal size distribution of the CdS nanoparticles
calculated from the pure resonant term. (d) Typical TEM image of the CdS
nanoparticles. The inset shows a single CdS nanoparticle (with a length scale

of 10 nm).

5.3.2 Sterically stabilized vesicles for targeted drug deliv-

ery

As it was mentioned in Chapter 1, the application of vesicular systems for modern

drug delivery applications attracted great attention in recent years. In the follow-

ing section, my results on the preparation and characterization of the SSV system

developed in the NanoBio Laboratory of CRC-HAS are presented.

I prepared two types of SSV sample, one without drug for in vitro and in vivo

studies (blank SSV), while another one, for the structural characterization which
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Name Ratio
DPPC 1

Cholesterol 0.5
DPPE-PEG750 0.1

DPPE-NBD 0.01
DSPE-PEG2K-FOL 0.01

Table 5.5: Molar ratio of the components in the complex liposomal system.

contained a kinase inhibitor drug. The constituents of the blank SSV sample

are summarized in Table 5.5. Beside the common constituents of SSVs (DPPC,

Cholesterol, and a PEGylated lipid ), I used NBD-DPPE for labeling the vesi-

cles for later fluorescence microscopic investigations and DSPE-PEG2K-FOL for

active targeting through the folate receptor. The proper amount of the different

constituents was dissolved in the mixture of chloroform and methanol (2:1 V/V)

for the proper miscibility. After evaporating the solvent, the sample was placed

under vacuum for one day. After, the sample was hydrated using ultra-pure water

(Millipore), in the following concentration steps: 20 w/w%, 10 w/w%, 3 w/w%,

and finally 1.5 w/w%. Heat treatment and rigorous vortexing of the sample was

applied at every concentration step (10 min at 50 ◦C, than vortexing followed by

10 min at 4 ◦C repeated at least ten times).

The resulting liposomal system was extruded through a hydrophilic membrane,

using a LipexTM extruder (Northern Lipids Inc, Canada) with a thermobarrel,

according to the following protocol: first a membrane with 200 nm pore size was

used, then ones with 100 nm and 50 nm pore sizes. The extrusion was repeated

three times with every filter. The extruder was thermostated at 60 ◦C (above the

chain melting transition temperature of the sample) during the process.

The final product was examined by DSC and FF-TEM, the results of which are

shown in Figs. 5.44 and 5.45. It can be concluded from the calorimetric inves-

tigation, that the strong, first order character of the phase transitions in pure

lipid systems is barely traceable on the DSC curve of the sample under consider-

ation. The latter is mainly the result of the incorporation of cholesterol and the

PEGylated lipid in the sample. This property is important, since a SSV with a
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characteristic phase transition on the temperature range of the human body can

imply the unstabilization of the vesicles5. A slight thermal change can be observed

only above 47 ◦C.

The FF-TEM images, shown in Fig. 5.45, have confirmed the formation of small

unilamellar vesicles due to the extrusion process. The size of the vesicles is in the

range of 60-100 nm in diameter, which is slightly larger than the smallest pore

size of the membrane used. The enhanced flexibility of the vesicles can be the

reason for the latter, namely, the vesicles pass through the pore of the filter by a

small deformation, which allows the resulting larger size. The fact that the FF-

TEM investigation was performed two months after the preparation confirms the

stability of the final product.
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Figure 5.44: DSC curve of the SSV sample. For comparison the curve of the
pure DPPC/water system is also plotted.

Connecting to the basic research of sterically stabilized liposomes, I have performed

SWAXS investigations on a DPPC/DPPE-PEG750 (10:1) system at a total lipid

concentration of 20 w/w%6, the result of which is shown in Fig. 5.46 together with

5This statement does not hold for the so called thermosensitive vesicles, in which, the release
of the drug is achieved through the thermal destabilization of the vesicle in the proper place

6The complex SSV sample, discussed in the previous section, can not be examined with a
laboratory X-ray apparatus, since the detection limit of such a system is 5 w/w% due to the low
photon flux.
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Figure 5.45: FF-TEM images of complex vesicles for drug delivery applica-
tions

0,1 0,2 0,3 1,5

 

 

In
te

ns
ity

 [r
.u

.]

q [Å-1]

Figure 5.46: SWAXS curves of the DPPC/DPPE-PEG750 (blue line) and the
pure DPPC (black line) systems

the SWAXS curve of the pure DPPC/water system. Similarly to the effect of the

divalent metal ions, the loss of correlation between the layers can be seen from the

SAXS curve. The unbinding effect, due to the incorporation of PEGylated lipids

examined by optical interferometry, was reported previously [108], and is thought

to be the key reason that makes the fromation of ULVs possible.

The other SSV sample consisted of the ternary mixture of POPC, DSPE-PEG2000
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Figure 5.47: TEM image of the replica made by the freeze fracturing method
of the extruded liposomes.

and cholesterol loaded with a kinase inhibitor drug7 was investigated by SAXS,

ASAXS, DLS and FF. The size distribution obtained from the dynamic light scat-

tering measurement showed that the final hydrodynamic diameter of the vesicles

after the extrusion process (using a membrane with 100 nm pore diameter) is 129

± 23 nm. (PDI8: 0.113) The measurement was repeated over 4 weeks to check the

stability of the sample, which showed no change in the size distribution. To reveal,

that non-bilayer structures are not present in the sample, freeze-fracture experi-

ments were performed. The TEM image of the replica obtained from the fractured

surface of the sample is shown in Fig. 5.47. The observable spheres with a di-

ameter of approximately 100-150 nm confirm that the sample under consideration

contained only ULVs.

The SAXS curve of the diluted ULV sample is shown in Fig. 5.48. A broad ring

in the q-regime from 0.05 Å−1 to 0.2 Å−1 can be observed on the curve, which

is characteristic for ULV samples. To be able to interpret this scattering curve a

7An epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor drug called PD153035
[109], produced by Vichem Chemie Ltd. (Hungary).

8polydispersity index
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Table 5.6: The parameters of the model fits. ρ is dimensionless, while σ and z are in Å.
Non-linear least square fits were performed by using Eq. 2.17.

Model σin
PEG σout

PEG σHead σCH zin
PEG zout

PEG zHead ρin
PEG ρout

PEG ρCH

Sym. 1G - - 2.7(4) 2.8(8) - - 20.9(8) - - -1.3(5)
Sym. 2G -15.5(7) = σin

PEG 2.6(4) 2.9(3) 45.4(7) = zin
PEG 20.8(0) 0.0(6) = ρin

PEG -1.(4)
Asym. 2G 15.0(9) 15.5(7) 2.6(1) 2.9(6) 45.4(8) 45.4(7) 20.8(1) 0.02(7) 0.08(7) -1.4(3)
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Figure 5.48: The measured and the fitted SAXS curves. Symbols are the
measured data points, black, red and green solid lines are the best fits corre-
sponding to the symmetric 1G, symmetric 2G and the asymmetric 2G models,

respectively. The parameters of the fits are summarized in Table 2.

systematic model fitting was performed. In my model fitting procedure I increased

the number of Gaussians for the representation of the bilayer electron density pro-

file. The initial model was the so called (symmetric) 1G model, where one function

represents the headgroup region while another one the hydrocarbon region of the

bilayer. I found that this model is not capable to give back the shape of the mea-

sured scattering curve as seen in Fig. 1. By applying the (symmetric) 2G model,

where two Gaussians represents the headgroups of the lipids, the fit significantly

improved, only a minor discrepancy can be observed between measured and the

fitted curve at the q value of 0.034 Å−1. So far symmetric models were used, i.e.

the difference in electron density of the inner and outer leaflet of the bilayer was

neglected. It was previously reported [63, 110] that in some cases, especially when

the size of the vesicles is small, significant difference can be seen between the elec-

tron density of the two leaflets. On the other hand the symmetric distribution of

the PEG chains is also questionable. In the next step I have enabled to vary the

parameters of the Gaussian functions representing the PEG regions separately for

the inner and outer leaflets, which resulted the best fit to the experimental curve
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Figure 5.49: The bilayer electron density profiles according to the model fits.
Black, red and green solid lines correspond to the symmetric 1G, symmetric 2G

and the asymmetric 2G models, respectively.

as seen in Fig. 1. The electron density distributions corresponding to the above

described models are shown in Fig. 5.49, while the fitted model parameters are

summarized in Table 1.

The contribution of the chains to the overall electron density extends up to ap-

proximately 40-50 Å from the headgroup region, which can be compared to the

theoretical prognosis of the Alexander - de Gennes theory on the configuration of

surface grafted polymers. The used molar ratio of the PEGylated lipid (10 n/n% of

the total lipid) and the estimated area/lipid (70 Å2)[111] imply that the system is

in the so called brush region. This phase is formed when the distance between the

grafting points D (∼28 Å in average, assuming a symmetric distribution of PEG

chains) is less than the Flory-radius RF of the polymer (which is ∼35 Å, with 46

monomers for PEG2000 and with 3.5 Å monomer-length). Based on scaling laws,

Alexander and de Gennes derived, that in the adumbrated case the distance to

which the polymer chains extend (L) can be expressed as:

L = Na3/5D−2/3 (5.7)
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Figure 5.50: Details of the electron density profile obtained from the asym-
metric 2G fit.

Substituting the quantities valid for the system under consideration we got L=40

Å, which fits to that from the electron density profile obtained from the scat-

tering experiments. The asymmetric displacement of the PEG chains between

the two leaflets of the bilayer is confirmed by scattering experiments, since the

asymmetric 2G model gives the better fits to the measured data points. From

the measurements the ratio of the inner/outer PEG chains is 0.24:0.76, which is

in semi-quantitative agreement with the prediction of ∼0.4:0.6 from theoretical

studies[112].

To reveal the distribution of the drug molecules inside the bilayers we used ASAXS.

Exploiting the fact that the drug contains a bromine atom, we performed the mea-

surements with X-ray energies below the absorption edge of bromine. The selected

energies and the corresponding anomalous scattering coefficients are summarized

in Table 1, while the scattering curves in the vicinity of the peak of the form

factor at the three energies are shown in Fig. 5. The closer is the X-ray energy to

the absorption edge, the higher is the intensity of the peak. From this behavior

of the ASAXS curves and with keeping in mind the electron density distribution

we can predict the distribution of the drug molecules. Since the drug is almost
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Figure 5.51: The ASAXS curves of the system with incoming X-ray energies
near to the absorption edge of bromine. The inset shows the simulation of
the scattering curves assuming that the resonant atoms (Br) are located in the

hydrocarbon chain region of the bilayers.

insoluble in water, it can be localized only inside the bilayers. Roughly two pos-

sibility remains: (i) the bromine atoms are in the headgroup region, (ii) they are

in the hydrocarbon chain region. The first case would result a decrease in the

intensity of the ASAXS curves upon approaching the absorption edge, since the

contrast of the guest molecules in the electron-dense headgroup region would de-

crease. When the guest molecules are in the hydrocarbon chain region, the trend

should be reversed, since in this case, the bromine atoms give larger contrast dif-

ference at X-ray energies closer to the absorption edge. To clarify the previous

chain of thought we simulated the scattering curves at the three energies assum-

ing that the Gaussian function representing the hydrocarbon chain region bears

some anomalous character (10%). The corresponding ρk was divided into a non-

resonant and a resonant part, and the latter was supplemented by the anomalous

dispersion coefficients. The results shown in inset in Fig. 5 qualitatively confirmed

that the drug molecules localize inside thy hydrocarbon and not in the interfacial

headgroup region of the bilayers.
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Conclusion

Phospholipid bilayers as representative model systems for biological membranes,

are widely studied in recent years. Because of the complexity of the biomem-

branes, the role of their components can not be studied in details, therefore model

systems are frequently used. In my PhD work, I studied the perturbation effect

of different ions and guest molecules on the structure of multilamellar liposomes

(or with other word vesicles) composed of DPPC, a representative phospholipid

of the human cells. The studied dihalogenated phenol compounds (2,4-dichloro-

and dibromophenol, DCP and DBP, respectively), due to their lipophilic char-

acter, localize inside the bilayer (perturbation in the inter-bilayer interactions),

while the divalent cations modifiy the interactions between the neighboring bilay-

ers in the multilamellar stuck via binding to the headgroups of the lipid molecules

(perturbation in the intra-bilayer interactions).

In my work, I have used different experimental and computational techniques.

With calorimetric investigations I followed the changes in the thermotropic be-

havior, while the scattering methods enabled the structural characterization of

the studied systems. The freeze fracture electron microscopy gave direct, visual

information about the morphological changes in the studied systems. With the

use of molecular dynamics simulations, the description of the bilayer structures at

atomic detail was possible.

96
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Behind the above mentioned fields of basic research, I have also utilized some of

the previously mentioned features in the applied fields of nanoparticle preparation

and targeted drug delivery. Using the prepared liposomal formulation, preliminary

in vitro fluorescent microscopy investigations was carried out by a partner research

group1. These results reveal, that these liposomes do not cross the barrier of the

blood vessels in the normal tissues, but they go through the basement membrane

of the blood vessels of the tumor tissues.

I summarize my results in the following points:

1.) I introduced the anomalous scattering formalism for the structural charac-

terization of guest molecules and ions in macroscopically not-oriented lamellar

systems [1]. The application of Stuhrmann-equations for these systems enabled

the separation of the scattering contribution of the resonant atoms. With quanti-

tative analysis of the anomalous scattering, I estimated the effective ratio of DBP

molecules inside the bilayers.

2.) Based on the small- and wide angle X-ray scattering results together with

the simulations, I gave the structural description of the interdigitated gel phase

of DPPC bilayers induced by DBP at atomic level [3, 10]. Using the quantitative

analysis of the ASAXS curve I described the bounding ratio of the guest molecules

to the phospholipids (based on the procedure described in [5]).

3.) The critical unbinding of the layers is described in DPPC/water MLVs upon

the addition of CuCl2 to the system in the milimolar range of concentration in the

pretransition range [6]. I explain the observed effects with the enhanced electro-

static repulsion via the formation of the rippled gel phase.

4.) The utility of the lipid/divalent metal ion systems as reactors for nanoparticles

is discussed by the determination of the distribution of the ions along the bilayer

normal based on the ASAXS measurements [2, 4]. On the example of Cu(II) ions

I have shown, that the metal ions localize in the headgroup region of the bilayers,

given by a Gaussian distribution with a ≈5Å standard deviation.

1Laboratory for Molecular Therapy, 1st Department of Pathology and Experimental Cancer
Research, Semmelweis University
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5.) It was obtained by means of SAXS, that the distribution of the hydrophilic

chains of the polyethylene glycol (PEG) in sterically stabilized vesicles is asym-

metric. Based on model fitting procedure the ratio of the PEG chains in the

inner/outer leaflet is found to be 0.24:0.76.

6.) I have developed a computer program for desmearing of the small-angle scat-

tering curves obtained from a laboratory X-ray apparatus. The program uses

the direct and indirect methods described in the literature simultaneously, so the

optimal method for the concrete curve can be selected.
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Conclusion (hungarian)

A foszfolipid kettősrétegek, mint modellmembrán rendszerek, vizsgálata napjaink-

ra széleskörűen elterjedt a biofizika területén. Mivel a valódi biológiai membránok

egyes komponenseinek pontos szerepe ezen sejtalkotók összetettségénél fogva ne-

hezen tanulmányozható, a különböző modellrendszerek használata szükségszerű.

Munkám során a humán sejtmembránok fő foszfolipid komponensét adó 1,2-dipal-

mitoil-sn-glicero-3-foszfatidilkolinból (DPPC) valamint v́ızből álló multilamellás

liposzómákban (vagy más szóval vezikulákban) bekövetkező szerkezetváltozásokat

vizsgáltam a halogénezett fenolok illetve a kétértékű fémionok jelenlétének példáján

keresztül. Az első esetben a foszfolipidekkel kölcsönható vendégmolekula egy

új fázist indukál (perturbáció a kettősrétegben), mı́g az utóbbi esetben a v́ız

- lipid határfelületen bekövetkező változások módośıtják a kettősrétegek közti

kölcsönhatásokat (perturbáció a rétegrácsban).

Munkám során mind ḱısérleti, mind szimulációs módszereket felhasználtam: kalori-

metriás vizsgálatokkal a vizsgált rendszerek termikus tulajdonságaiban bekövetkező

változásokat követtem nyomon, a röntgenszórásos módszerek a rendszerek szerke-

zeti léırását tették lehetővé, mı́g fagyasztva töréssel kombinált elektronmikrosz-

kópiai vizsgálatok a liposzómák morfológiájában bekövetkező változásokról szolgál-

tattak direkt, vizuális információt. A rendszereket molekuladinamikai számı́tások-

kal is modelleztem, amely lehetővé tette a rendszerekben atomi szinten lejátszódó

szerkezeti és dinamikai változások nyomonkövetését. A ḱısérleti és szimulációs
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eredmények összevetésével lehetőség nýılt a szimulációknál alkalmazott paraméte-

rek validálására.

Az emĺıtett két jelenség (szerkezeti zavaró hatás a kettősrétegben ill. a lipid-v́ız

határfelületen) megfigyeléseés léırása után azokat az alkalmazott kutatási területe-

ken is felhasználtam: vizsgáltam, hogy az emĺıtett effektusok miként használhatók

fel liposzómás rendszerekben, mint nanoreaktorokban történő nanorészecske előálĺı-

tásra, illetve célzott gyógyszerhatóanyag-bevitelre alkalmas liposzómás késźıtmé-

nyek fejlesztésére. A dolgozatomban bemutatott sztérikusan stabilizált vezikula-

rendszerek a partner-intézet1 által elvégzett előzetes in vitro vizsgálatok alapján

csak a daganatos szövetekben kerülnek az érfalon ḱıvülre.

Eredményeimet az alábbi tézispontokban foglalom össze:

1.) Megadtam az anomális röntgenszórás formalizmusát lamellás, térben izotróp

rendszerekben periodikusan elhelyezkedő vendégmolekulák és ionok lokalizációjá-

nak meghatározására [1]. 1,2-dipalmitoil-sn-glicero-3-foszfokolin(DPPC)/v́ız rend-

szerben a Cu2+ ionok illetve 2,4-dibrómfenol (DBP) kettősrétegen belüli lokalizáci-

ójának meghatározásához, az ún. Stuhrmann egyenletek, az emĺıtett rendszerekre

érvényes alakjainak felhasználásával kifejeztem a rezonáns atomok (Br ill. Cu2+)

szórási járulékát. A anomális szórás anaĺızisével becslést adtam a dibrómfenol és

Cu2+ ionok a vezikula rendszeren belüli megoszlási hányadára ([5]-ben léırt eljárás

alapján).

2.) A kis- és nagyszögű röntgenszórásos, illetve szimulációs eredmények alapján

megadtam a DBP ill. az azzal rokon 2,4-diklórfenol (DCP) molekulák által a

DPPC/v́ız rendszerben a vendégmolekulák magas koncentrációja esetén indukált

ún. összefűződött (”interdigitated”) gél fázis atomi szintű szerkezeti léırását.

Elvégeztem ezen fázis atomi szintű molekuladinamikai szimulációját [3, 9].

3.) Kimutattam, hogy kritikus szétcsatolódás következik be a DPPC/CuCl2 rend-

szerben, a fémion mM-os koncentráció-tartományában [6]. Megállaṕıtottam, hogy

1Molekuláris Terápia Labor, 1sz. Patológiai és Kı́sérleti Rákkutató Intézet, Semmelweis
Egyetem
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a szétcsatolódás a hullámos gél fázisban kialakuló modulált felületek hatására az

elektrosztatikus kölcsönhatásokban bekövetkező változásokra vezethető vissza.

4.) A lipid/fémion rendszerekben az ionok rétegnormális irányú eloszlásának

ASAXS mérésekre alapozott megadásával kiindulópontot adtam arra, hogy ezen

rendszerek miként alkalmazhatók nanorészecskék előálĺıtására [2, 4]. A Cu(II)

ionok példáján keresztül megmutattam, hogy ezen ionok a lipidek fejcsoport-régi-

ójában lokalizálódnak, azok eloszlása egy ≈ 5 Å szórású Gauss-függvénnyel jelle-

mezhető.

5.) A sztérikusan stabilizált vezikulák kisszögű szórásgörbéjének modellillesztésével

ḱısérletileg kimutattam a polietilén-glikol (PEG) láncok aszimmetrikus elhelyezkedé-

sét a kettősréteg két oldalán. Modellillesztésre alapozva a PEG láncok megoszlási

hányadára a belső illetve külső monorétegek között 0,24:0,76 értéket kaptam.

6.) Programot fejlesztettem a laboratóriumi röntgenberendezésen mért kisszögű

szórási görbék véges nyalábméretből következő elkenődésének korrekciójára. A

program két, az irodalomban jól ismert eljárást szimultán használ, ı́gy azok össze-

hasonĺıtásával az adott szórásgörbe esetén az optimális módszer kiválasztható.



Appendix A

Finite slit-width correction for

laboratory SAXS apparatus

A number of smearing effects contribute to the distortion of the scattering profiles

obtained with a typical SAXS apparatus. The finite slit-width is the main effect,

in this appendix the basis of its correction is described. Two alternative methods

will be discussed here to overcome this problem. In the second part, my program,

named desmear is introduced for the SAXS data evaluation.

A.1 Direct method

The main idea of this method [90] is the construction of an upper-triangular trans-

formation matrix (A), which contains the information about the smearing effect.

With this matrix the measured intensities at the ith pixel (Ĩi ) can be expressed

as a product of this matrix and the unknown pinhole collimated intensities (Ij):

Ĩi =
∑

j

AijIj (A.1)
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The construction of the matrix A starts with

Ĩ(x) =

∫
∞

0

[H(y) +H(−y)]I(
√
x2 + y2)dy (A.2)

where H(y) is the intensity profile of the beam1. To be able to handle this equation

on computer, its digitized form is

Ĩi = ∆0H0Ii +
n∑

j=1

∆j(Hj +H−j)I√x2+y2
(A.3)

where ∆j is the size of increment in the jth step. I√
x2+y2

is expressed via linear

interpolation between pixels as

I√
x2+y2

= Ik(1 − l) + Ik+1l (A.4)

where

l = int
(√

x2 + y2
)
and l =

√
x2 + y2 − l (A.5)

Substituting this into Eq. A.3, the matrix elements can be easily determined.

Having the A matrix, one can get the desired Ii by solving the linear equation

system A.1 with standard computational techniques. (It must be mentioned, that

this method works well when only the slit-width effect is considered. The matrix

A is upper-triangular only in that case. In general cases, numerical instabilities

can occure.)

A.2 Indirect method

This method [113, 114] starts with the approximation of the desmeared intensity,

I(q), by a linear combination of a finite number of spline functions φk :

I(q) =
N∑

k=1

ckφk(q) (A.6)

1In the case of a line focused beam, H(y) can be approximated by a trapezoid, the shorter
basis of which equals to the width of the beam.
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The program desmear uses the following spline functions

φ(a,b)(x) =
(x− a)2(x− b)2

(a− b)4
(A.7)

for x in interval [a, b], and 0 elsewhere. These splines are continously differentiable

on their domains. In the case of a real scattering curve (with M measuring point),

one have to define N pieces of splines on the interval [1,M]. In the program, this

is defined as

φk(x) = φ((k−1/2)δ,(k+1/2)δ)(x) (A.8)

where k = 1 . . .N and δ = M/N . With the expansion A.6, one can calculate the

smeared curve as

Ĩ(q) =

N∑

k=1

ckψk(q) (A.9)

where the ψk(q)’s are the smeared spline functions. The task is to determine the

constants ck, taking into account the measured intensities (Iexp(q)) . This can be

done, for example, with the weighted least-squares method:

L =

M∑

i=1

(
Iexp(qi) −

N∑

k=1

ckψk(qi)

)2

/σ2
i = min (A.10)

where σi is the variance of the ith point. Solving eq. A.10 leads to the following

normal equations:

Bjkck = dj; j, k = 1, 2, . . .N (A.11)

where

Bjk =
M∑

i=1

ψj(qi)ψk(qi)/σ
2
i (A.12)

and

dj =

M∑

i=1

Iexp(qi)ψk(qi)/σ
2
i (A.13)

Solving Eq. A.11, one can notice that this task is not easy because of the stability

of the system. It comes from the nature of the integral equation, A.2, actually it

determines an ill-posed problem. To overcome this, the standard technique is to
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use a stabilizing matrix, and minimize the following functional

(L+ λS)) = min (A.14)

with

S =
N−1∑

k=1

(ck+1 − ck)
2 (A.15)

This leads to

(Bjk + κKjk)ck = dj (A.16)

where

K =




1 −1 0

−1 2 −1 0

0 −1 2 −1
. . .

−1 2 −1

−1 1




and κ is the stabilizing parameter. The calculation process is as follows. First, one

has to determine the matrix B and the vector d, then, solve the normal equations.

The last step is to substitute the vector c into Eq. A.6, and the result is the

desmeared curve we need.

A.3 The desmear program

This MATLAB program reads the SAXS dataset from a one-dimensional positive

sensitive detector. First, one has to copy the .m and .fig files and the file that

contains the data to a working directory. The program can be started by typing

desmearK to the MATLAB promt.

The starting window of the program is shown in Fig. A.1. Now, one shoud type

the name of the input file into the proper box. Note, that this program reads the

files which have one column with measured counts, starting with -1. During the
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Figure A.1: Starting window of the desmear program

calculation, the program approximates the beam profile with a trapezoid, so one

should type the parameters, which fit to the primary beam, into the field ”Beam

properties”. Furthermore, the wavelength, and the sample-to-detector distance

fields, as well as the hight of one pixel in microns2 must also be filled up. In this

stage, one can plot the scattering intensity as a function of the scattering variable

pushing the ”Plot” button.

After this step one has two options, namely calculating the corrected intensity

with direct or indirect method. Both of them has advantages and disadvantages,

the given situation decides which is better.

The direct method uses the algorithm by M. A. Singh et al. [90]. For this, a click

on ”Calculate” yields what is shown Fig. A.2.

One can change the preliminary spline smoothing of the dataset (the more closer

is the parameter to 1 the more smoothed is the dataset).

If one is not satisfied with the result of the direct method, the indirect method may

help. This method was introduced by Glatter et al., and it uses spline interpolation

to solve the problem (More details in [113, 114]). By chosing the indirect from the

2This can be obtained from the calibration measurement with e.g. silver-behenate



Appendix A. Finite Slit-Width Correction for Laboratory SAXS 108

Figure A.2: Direct desmearing of the SAXS curve

Figure A.3: Indirect desmearing of the SAXS curve

pop-up menu, the ”Number of splines” and ”Kappa” fields become active. After

setting them, click on ”Calculate” starts the calculation. The window shown in

Fig. A.3 will appear.

One will get three curves: The first one is the desmeared curve, the second belongs

to the original dataset, and the last one is the original data fitted with the smeared
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spline functions. The last one should fit to the original dataset, if not, more number

of spline functions and/or lower kappa parameter is needed.

Clicking on the cross in the up, left hand corner will exit the program.
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