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Abstract

Cellular envelopes contain a large number of lipid species that are distributed asymmetrically between the two
leaflets of the bilayer. In particular, prototypical mammalian plasma membranes are composed of an outer
leaflet enriched in cholinephospholipids, while the majority of aminophospholipids is confined to the inner
leaflet. One of the enduring questions of plasma membrane architecture and lipid asymmetry concerns the
possibility of interleaflet coupling even in the absence of proteins. This coupling may influence the membrane
mechanical properties, the function of trans-membrane proteins as well as a number of physiological processes
that require communication between the interior and the exterior of the cell. Among the currently conceived
lipid-mediated coupling mechanisms are intrinsic lipid curvature, headgroup electrostatics, dynamic chain
interdigitation, or thermal membrane fluctuations.

In the first part of the project we attempt to quantify interdigitation of lipids with differently long chains
using small-angle X-ray and neutron scattering (SAXS, SANS). These measurements reveal a linear depen-
dence between the length-mismatch of both chains of the lipid and the localization of the terminal methyl
groups, a potential measure for interdigitation.

In the next part we extend the study to asymmetric membranes using asymmetric large unilamellar lipid
vesicles (aLUVs), produced via cyclodextrin-mediated lipid exchange. Using selective deuteration of lipid
compounds and variation of deuterium content in the solvent, we measure the leaflet-specific thicknesses and
lipid packing densities via SAXS and SANS. We find that interdigitating chains can either induce order or
disorder into the opposing leaflet, depending on the extent of the overlap of the opposing chains. In weakly
interdigitating systems repulsive steric interactions prevail, inducing disorder, in heavily interdigitated sys-
tems, the chains can form van der Waals bonds with the neighboring chains, thereby assuming a more ordered
state.

In the last part we study the influence of lipid asymmetry on bending fluctuations. Starting with an inter-
digitated asymmetric system, we gradually increase the complexity of the alLUVs, adding also intrinsic lipid
curvature, lipids forming hydrogen bonding networks and head group charges. While for some asymmetric
membranes, in particular interdigitated ones, the dynamics of symmetric and asymmetric membranes are
similar, other aLUVs experience a large increase in bending rigidity compared to their symmetric counter-
parts. We hypothesize that the difference in mechanical properties of inner and outer leaflet lipids impedes
the bilayer from effectively exhibit collective undolatory motions.
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Kurzfassung

Zellmembranen enthalten eine grofle Anzahl von Lipidspezies, die asymmetrisch auf die beiden Schichten
der Membranen verteilt sind. Insbesondere prototypische Plasmamembranen von Sdugetieren bestehen aus
einem &ufleren Schicht, das mit Cholinphospholipiden angereichert ist, wihrend der Grofiteil der Aminophos-
pholipide auf die innere Schicht beschrénkt ist. FEine der wichtigsten Fragen im Zusammenhang mit der
Architektur der Plasmamembran und der Lipidasymmetrie ist die Moglichkeit einer Kopplung zwischen
den beiden Schichten, selbst ohne membraniibergreifende Proteine. Diese Kopplung kann die mechanischen
Eigenschaften der Membran, die Funktion von Transmembranproteinen sowie eine Reihe von physiologis-
chen Prozessen beeinflussen, die eine Kommunikation zwischen dem Inneren und dem AuBeren der Zelle er-
fordern. Zu den derzeit angedachten Kopplungsmechanismen, verursacht durch Lipide, gehoren intrinsische
Kriimmung, Kopfgruppen-Elektrostatik, dynamische Ketteninterdigitation und thermische Membranfluktu-
ationen.

Im ersten Teil des Projekts versuchen wir, die Interdigitation von Lipiden mit unterschiedlich langen Ketten
mithilfe von Rontgenkleinwinkel- und Neutronenstreuung (SAXS, SANS) zu quantifizieren. Diese Messun-
gen zeigen eine lineare Abhéngigkeit zwischen dem Léangenunterschied der beiden Ketten des Lipids und des
Aufenthaltsbereichs der terminalen Methylgruppen, einem potenziellen Maf fiir Interdigitation.

Im néchsten Teil erweitern wir die Studie auf asymmetrische Membranen unter Verwendung asymmetrischer
grofler unilamellarer Lipidvesikel (aLUVs), die durch Lipidaustausch mit Cyclodextrin hergestellt werden.
Durch selektive Deuterierung von Lipidteilen und Variation des Deuteriumgehalts im Losungsmittel messen
wir die spezifischen Dicken und Lipidpackungsdichten der einzelnen Schichten mittels SAXS und SANS.
Wir stellen fest, dass interdigitierende Ketten entweder Ordnung oder Unordnung in die gegeniiberliegende
Schicht induzieren kénnen, je nach dem Ausmaf des Uberlapps mit den gegeniiberliegenden Ketten. In
schwach interdigitierenden Systemen herrschen abstoflende sterische Wechselwirkungen vor, die zu erhohter
Unordnung fiihren. In stark interdigitierenden Systemen konnen die Ketten van-der-Waals-Bindungen mit
den benachbarten Ketten bilden und dadurch einen geordneteren Zustand annehmen.

Im letzten Teil untersuchen wir den Einfluss der Lipidasymmetrie auf Biegefluktuationen. Ausgehend von
einem interdigierenden asymmetrischen System erhohen wir schrittweise die Komplexitat der aLUVs, in-
dem wir auch intrinsische Kriimmung, Lipide mit der Neigung Wasserstoffbriickennetzwerke zu formen und
Kopfgruppenladungen hinzufiigen. Wahrend bei einigen asymmetrischen Membranen, insbesondere bei inter-
digitierenden, sich die Dynamik von symmetrischen und asymmetrischen Membranen dhneln, weisen andere
aLLUVs im Vergleich zu ihren symmetrischen Gegenstiicken einen starken Anstieg der Biegesteifigkeit auf.
Wir vermuten, dass der Unterschied in den mechanischen Eigenschaften der Lipide aus inneren und dufleren
Schichten die Membran daran hindert, effektiv kollektive undolatorische Bewegungen auszufiihren.
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1 Introduction

1.1 Lipids and Membranes

Lipids are molecules that belong to the class of surfactantsﬂ due to their amphiphilic properties. They possess
a hydrophilic part, often called head, and one or more hydrophobicEI tails. Therefore, their energetically most
favorable environments are oil-water interfaces. In aqueous environments they form structures like micelles
or bilayers to shield the tails from the solvent (Fig. . This process is driven by hydrophobic forces and
called self-assembly.

A lipid bilayer is the backbone of the biological membrane, which occurs both as the outer shell of cells,
as well as interface to its inner compartments or organelles. It contains hundreds of different lipid species
and is a quite impenetrable barrier to most molecules and ions. Water however traverses the membrane
rapidly. Embedded in this lipid matrix one finds a complex machinery of other amphiphilic molecules such as
proteins or peptides. They perform a wide range of tasks, ranging from transport of ions and small molecules,
sensoring, signaling, to the maintenance and remodeling of their lipid environment.

This already hints that the membrane is a very dynamic construct. The molecules are strongly confined
to the bilayer plane, but can diffuse therein. Due the large variety of molecules and the resulting lateral
heterogeneity, the cell membrane was pictorially labeled a ”fluid mosaic” in 1972, a concept which is still

valid and widely used [1} [2].
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Figure 1: Different aggregates formed by lipids in aqueous environments. Free-floating bilayers always form
closed structures, like vesicles, to shield the hydrophobic parts from water. Micelles can form from lipids with
large headgroups or only a single chain. The right hand side image demonstrates the asymmetric structure
of a membrane and how the bilayer adapts its shape and composition in the vicinity of a membrane protein.

Heads and Tails

The large variety of lipids is both due to differences in the hydrophilic and the hydrophobic part. An
important class of lipids — and the only one treated in this thesis — are phospholipids. Their name is due to
the prominent negatively charged phosphate group in the head group. Charge or local separation of opposite
charges is the reason for the hydrophilicity of the head group, enabling energetically favorable interactions
with the partial charges in the water molecules. Linked to the phosphate towards the water phase one can
find a wide range of compounds, forming charged or overall neutral, polar head groups.

Towards the oily side a ”lipid backbone” connects head and tail groups. This role is often taken by glycerol,
a rather rigid moiety with three junctions (labeled sn-1/2/3). While the head group takes the sn-3 position,
fatty acids of variable length are usually linked to sn-1 and sn-2. Another common backbone is sphingosine.

ISurface Active Agents: molecules that lower the interfacial tension between 2 substances
2Hydrophilic: attracted by water. Hydrophobic: repulsed by water. Alternatively also named lipophilic: attracted by fat



It fulfills a similar role, but already contains one hydrocarbon chain, leaving one linkage for the head group
and one for a fatty acid.

The main part of fatty acids are hydrocarbon chains, containing between 14 and 24 carbons in natural
membrane lipids. These can be linked to each other by single or double bonds, which is labeled saturated
or unsaturated, respectively. The tails are confined to the interior of the membrane and interact with the
neighboring tails only via van der Waals (vdW) and steric forces. Fully saturated chains can assume ordered
states where the attractive vdW forces dominate. Unsaturations however create a kink in the chain, making
the membrane looser packed and more fluid. Most membrane lipids contain at least one unsaturated fatty
acid chain with up to 4 double bonds. The kink induced by unsaturation also makes the chain buckle, which
is why unsaturated chains are generally shorter than saturated ones of the same number of carbons.

saturated fatty acid o PS O

Figure 2: Chemical structures of common phospholipids, which were used in this thesis to mimic natural
membranes: 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPCE[), palmitoyl sphingomyelin (PSM) and
the headgroups phoshphoglycerol (PG), phosphoethanolamine (PE), phosphoserine (PS).

The Liquid Crystalline State

The structure of lipids in biological membranes is a liquid crystalline smectic phase. It is however not the only
phase lipids can assume. Each lipid has a characteristic temperature 7;,, below which the chains condense
into a hexagonal lattice, which increases the packing density, thickens and stiffens the membrane. This gel
phase only occurs at very low temperatures (often below 0 °C) for unsaturated lipids, fully saturated ones
can stay in the gel phase up above physiological temperatures. Also a small headgroup, as in the case of
phosphoethanolamines, can force the chains to pack tighter and thereby stabilize the gel phase at higher
temperatures.

Lipid mixtures can have complicated phase diagrams with regions of coexisting gel and fluid domains. This
particularly happens for mixtures of di-saturated and di-unsaturated lipids. Generally, the main transition
temperature T}, of a mixture does not exceed T, of the highest melting component.

Trans-Bilayer Asymmetry and Interleaflet Coupling

Another important feature of natural membranes is that the inner and outer leaflet are different in lipid com-
position. The outer layer consists mostly of choline-lipids, namely phosphocholine (PC) and sphingomyelin
(SM), while the inner leaflet is mainly composed of PC, phosphoethanolamine (PE) and phosphoserine (PS).
Furthermore, there is an asymmetry in chain composition. Inner leaflet lipids contain a high number of
polyunsaturated chains, while SM in the outer leaflet is largely saturated.

This asymmetric state is evidently not in thermodynamic equilibrium and therefore has to be specifically
produced. In nature this is done by a pair of membrane proteins named flipases and ﬂopasesEL which consume
energy to maintain a certain asymmetric lipid composition. Also proteins with the ability to rapidly destroy
this asymmetry, scramblases, exist.

A long-lasting question in membrane research is the function of this asymmetry and its consequences on

4The first 2 letters designate the fatty acids, the second 2 the head group. D in first position means both chains are equal. An
alternative way of naming the chains is by numbers XX:Y, where XX is the number of carbons, Y the number of unsaturations.
5Flip-flop is the process of a lipid translocating to the opposite leaflet.



membrane structure and mechanical properties. Function is a question of membrane biology, which provided
some answers early on. To name a few of them: A more saturated, tighter packed outer leaflet provides more
protection to the cell from outside. Membrane proteins are often asymmetric and require an asymmetric lipid
matrix to function. Constraining charged lipids to the inside (notably PS) gives the possibility to transmit
signals by flipping them to the outside.

The more biophysical questions of structure and dynamics required more time, as membrane biophysics
heavily relies on simplified model systems to study certain aspects of membranes. Producing appropriate
asymmetric samples is only possible for a short period, both in experiment as well as in simulation[3]. It
was soon clear that an asymmetric membrane is not necessarily the combination of two independent leaflets,
introducing the term inter-leaflet or trans-bilayer coupling. Several instances have been observed, where one
leaflet would influence the properties of the opposing one, some of which are introduced in the following
section.
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Figure 3: Composition of inner (cytoplasmic) and outer (exoplasmic) leaflet of red blood cells (figure adapted
from [4]). Its main components comprise the lipids introduced in Fig. PEp lipids are plasmalogens with
the same PE headgroup but a slightly different chain-structure.

1.2 Previous Work on Vesicles and Asymmetric Membranes

The title includes 'work on vesicles’, as vesicles (or liposomes) are the model system used in this project.
In particular, large unilamellar vesicles (LUVSs) are used, which have only a single lipid bilayer and diame-
ters around 100 nm. LUVs can be produced in adequate amounts for small-angle scattering, also with an
asymmetric membrane composition, and are sufficiently large so that the membranes can be considered flat.
Other model systems include multi-lamellar vesicles, flat bilayers and bilayer stacks, lipid nano-discs and
unilamellar vesicles of different size (small < 100 nm, giant > 1000 nm).

Trans-Membrane Structure

While it is possible to observe the lateral structure of membranes via microscopyﬂ the trans-bilayer structure
is for now only accessible using X-ray and neutron scattering or molecular dynamics (MD) simulations. Due
to the liquid nature of the membrane, the positions and configurations of the lipids fluctuate, which is why
membrane structures are usually represented by probability distributions. From simulations they can be

6There is a wide range of techniques to study lateral inhomogeneities and molecular interactions between molecules in the
membrane including electron microscopy and optical microscopy using fluorescent labels.



retrieved for every single atom, in scattering coarser models are used, where the molecule is parsed in several
groups. Fig. [dh shows a model which represents the limit in resolution to which trans-bilayer structures
can be determined experimentally. This model was originally designed to describe diffraction data from
bilayer stacks|b] and was later adapted to the use for small-angle scattering for symmetric@ and asymmetric
vesicles[7].
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Figure 4: a) Volume probability based model of the bilayer cross-section of DOPC (dil8:1-PC). z = 0 marks
the bilayer center. The lipid is parsed in choline head (CholCH3), phosphate group (PCN), carbonyl-glycerol
backbone (CG), saturated carbons (CHs), unsaturated carbons (CH) and terminal methyl ends (CHjz), which
are described by Gaussians and Error-functions. CHs, CH and CHj3 are components of the hydrocarbon chains
and fill the whole space in the bilayer center. In the headgroup region (CG, PCN, CholCHj) the remaining
space is filled with water. D¢ is the width of the chain region, Dpg the bilayer thickness. Figure adapted
from @ b) shows a simplified model of the lipid unit cell and demonstrates the connection to the area per
lipid.

To build such a model, using volume probability density functions for each part of the lipid, it is necessary
to know the volume of each of them. Total lipid volumes are accessible via density measurements. The chain
segment and total head group volumes can also be determined quite accurately by measuring the volume of
lipids with varying chain length and extrapolating. For the head group segments one has to rely on estimates
based on X-ray diffraction and MD-simulation .

Finally, the lipid volume also connects the membrane thickness to the the area per lipid A (Fig[db), which
corresponds to the packing density of the membrane. Typical values for A of phospholipids in the fluid phase
are around 60 to 70 A3,

Production of Asymmetric Membranes

Even though lipid asymmetry was discovered in the 1970s ﬂgﬂ, research on model membranes continued
using symmetric systems. Only recently, several techniques have emerged that are able to produce stable
asymmetric membranes. Among these methods, cyclodextrin-mediated exchange is the only one suited
to produce asymmetric LUVs (aLLUVs) in large enough quantities for X-ray and neutron scattering studies
. The protocol relies on the amphiphilic properties of the ring-shaped oligosaccharide cyclodextrin, which
solubilizes lipids and inserts them into the outer leaflet of symmetric LUVs. There is several ways to prove
that the resulting vesicles are indeed asymmetric, among them small-angle neutron scattering (Sec.
nuclear magnetic resonance (Sec. and differential scanning calorimentry (Sec. . Vesicles produced
this way have been shown to stay asymmetric for several days in the fluid phase and even longer in gel

phase[11].

Interleaflet Coupling

Currently conceived lipid-mediated coupling mechanisms consider either intrinsic lipid curvature, headgroup
electrostatics, cholesterol flip-flop, dynamic chain interdigitation, thermal membrane fluctuations and differ-
ential stress . Several cases of interleaflet coupling have been observed in the past.



Lipid curvature is a consequence of the shape of a lipid. Lipids with a head group that is either larger or
smaller than the chain region are cone-shaped and form curved surfaces if arranged in a monolayer. Con-
sequently, the cone-shaped PE-lipids are generally found at the inside of plasma membranes. Asymmetric
vesicles with PE inside and PC outside were found to have a coupled phase transision, whereas the other
way round they would melt independently from each other [14].

In a study using neutron scattering on asymmetric vesicles, it was found that if lipids in gel and fluid phase
are opposed to each other, the gel phase lipids can impose their more ordered structure on the opposing
lipids [15].

In MD-simulations, long chain sphingomyelins have been found to penetrate deep into the opposing leaflet
and influence the conformational order of the lipids therein [16] .

A recent theoretical study [13] also predicts that asymmetry can lead to a drastic increase in bending rigid-
ity in the presence of differential and curvature stress (Fig. . And in fact, such stiffening effects have
been observed in giant unilamellar vesicles (GUVs) using saturated and unsaturated phosphocholines (PC)
opposed to each other [17] (18], but also in unilamellar vesicles containing posphoethanolamine (PE) and
sphingomyelin [19].
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Figure 5: Schematic of the effects of lipid curvature and differential stress on asymmetric bilayers. Lipids
with intrinsic curvature naturally tend to assume a curved geometry. In a symmetric bilayer of such lipids,
curvatures from both leaflets cancel and the membrane is flat, but stressed. If the opposing leaflet has not
intrinsic curvature to resist this drive, a membrane bends. The same can happen in the presence of differential
stress, if one of the leaflet contains less lipids then the other. As flip-flop is generally slow, the membrane
might relax into a curved state to compensate for the excess area of the depleted leaflet. The stress induced
by these membrane properties can lead to a overall higher membrane rigidity [13].



2 Experimental Techniques

2.1 Preparation of Lipid Vesicles

The property of lipids to self-assemble in aqueous environments makes the preparation of vesicles a simple
task, various measures are usually taken to ensure sample homogeneity and to avoid undesired aggregation.
Dispersed in water most lipids form multilamellar structures. If the desired vesicle diameter is sufficiently
small (< 100 nm), the undesired layers can removed via extrusion through a filter with the respective pore-
size. To stabilize the unilamellarity over time it is also crucial to include at least a small amount (> 5 %) of
charged lipids |20].

In this work, the following protocol was applied:

e Lipids are purchased in powder form and stored in a sealed glass container at —20°C or lower. To
weigh lipids to a satisfying precision (down to 0.1 mg), it should only be opened at room temperature
to avoid water condensation inside the vial. Unsaturated lipids are prone to oxidation and should be
stored in an inert gas environment (e.g. Na, Ar)

e The weighed lipids are dispersed in organic solvent and vortexed until all aggregates dissolve. Very
dilute solutions can be used for increased accuracy, but should be handled at a rapid pace to avoid
evaporation of solvent. If aggregates remain after vortexing, heating, sonication or adaption of the
solvent mixture can help. We used Chloroform/Methanol 2:1 (vol/vol) for PC, SM and PE; 9:1 for PG
and PS.

e After mixing solutions to the desired lipid composition, the solvent is evaporated using a soft beam of
inert gas (e.g. Na, Ar), forming a film over the bottom of the vial. Thereafter, films should be kept
in vacuum (< 100 Pa) for > 6 h to ensure the removal of all organic solvent. Alternatively, a rotary
evaporator can be used, especially for large samples (> 50 mg lipid).

e Dry films are hydrated in water or the desired aqueous buffer, which should be pre-heated to a tem-
perature of about 10 oC above T;,, of the lipid mixture. The solution is kept at this temperature for 1
h with intermittant vigorous vortexing (e.g. 1 min every 15 min). To further improve the uniformity
of the sample, one can perform cycles (3-5) of freezing (freezer/dry ice/liquid nitrogen) and thawing
by heating above T,,, for 15 min followed by vigorous vortexing.

e The vesicles are extruded 31 times through a 100 nm polycarbonate membrane using a hand-held
extruder, while heating well above T},. The resulting vesicle size is monitored by DLS (see sec. . If
large particles are present or polydispersity is high (> 10 %), the solution can be extruded more times,
perhaps it is necessary to change the membrane. Unilamellarity can be confirmed by the absence of
Bragg-peaks in SAXS (sec. .

Asymmetric Vesicles by Cyclodextrin-Mediated Exchange

The protocol to produce asymmetric free-floating membranes via lipid exchange makes use of the amphiphilic
properties of methylated cyclodextrin (CD). It is ring-shaped and water soluble, but possesses a hydrophobic
cavity in its center. If added to an aqueous lipid suspension, it solubilizes lipids by covering their hydrophobic
tails. In the exchange-protocol this is used to transfer lipids from one population (donors) of lipid vesicles to
another (acceptors).

In brief, acceptor unilamellar vesicles are produced by the above protocol (sec. with the lipids desired
in the inner leaflet. Donor vesicles are produced without extrusion, but in a sucrose solution. They are
incubated with CD for an elongated time while being heated above Tj,, enriching the solution with CD-
donor lipid complexes. Acceptor vesicles are added and solubilized lipids exchange with lipids from their
outer leaflet (Fig. @ The heavy, sucrose-filled donor vesicles are finally removed by centrifugation. A full
step-by-step description of this protocol can be found elsewhere|10].

The amount of lipid exchanged is determined by the ratio of acceptor and donor vesicles, the duration of the
joint incubation of donors and acceptors before separating them and possibly also by temperature. However,
in the presence of CD, lipid flip-flop is accelerated, due to defects in the membrane created by interactions
with CD. Elongated incubation can therefore lead to higher exchange, but at the cost of lower asymmetry. In
this study we did not systematically vary these parameters but used a ratio of 2:1 (mol/mol) donor/acceptor
lipids and let them exchange for 15 min at 50 °C. All other parameters were chosen as stated in the cited
protocol.



Figure 6: Schematic representation of lipids exchanging from a donor (blue) to an acceptor vesicle (green),
mediated by cyclodextrin (orange).

Lipids Used in this Work

Table 1: Lipids used for experiments in this project. m denotes te molecular weight, T}, the main phase
transition temperature. d62 denotes the number of hydrogens replaced by deuterium in the acyl chains.

* These lipids are charged and are delivered as sodium salt

t These lipids are natural extracts and therefore a mixture of different species. The most abundant acyl
chain composition and the average molecular weight are given.

Abbr. Full name Chains m [g/mol] T, [°C]
DPPC 1,2-dipalmitoyl-sn-glycero-3-phosphocholine dil6:0 734 41
DPPCd62 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine dil6:0 796 41
DPPG 1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol ) * dil6:0 745 42
DPPGd62 1,2-dipalmitoyl-d62-sn-glycero-3-phospho-(1’-rac-glycerol)*  dil6:0 807 42
MSPC 1-myristoyl-2-stearoyl-sn-glycero-3-phosphocholine 14:0/18:0 734 39
SMPC 1-stearoyl-2-myristoyl-sn-glycero-3-phosphocholine 18:0/14:0 734 31
PMPC 1-palmitoyl-2-myristoyl-sn-glycero-3-phosphocholine 16:0/14:0 706 28
POPC 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine 16:0/18:1 760 -4
POPG 1-palmitoyl-2-oleoyl-glycero-3-phospho-(1’-rac-glycerol)* 16:0/18:1 771 ~

SOPC 1-stearoyl-2-oleoyl-glycero-3-phosphocholine 18:0/18:1 788 6
SOPG 1-stearoyl-2-oleoyl-glycero-3-phospho-(1’-rac-glycerol)* 18:0/18:1 799 ~

POPE 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine 16:0/18:1 718 26
POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine* 16:0/18:1 784 14
MSM Sphingomyelin (Milk, Bovine)’ 23:0 785 35
ESM Sphingomyelin (Egg, Chicken)' 16:0 785 38

2.2 Small-angle Scattering

X-rays and neutrons are two kinds of radiation, which both penetrate through a wide range of materials, in
particular organic matter. Besides absorption, which is exploited in imaging methods, there is also collisions
with atoms, through which the particles are scattered away from their incident trajectory. In small-angle
scattering (SAS or SAXS/SANS, for X-rays or neutrons) a sample is irradiated with a focused, monochro-
matic beam and the outgoing radiation is recorded on a 2D-detector (Fig. @, where it leaves an interference
pattern characteristic to the structure of the material. This effect is heavily used in crystallography, where
a static lattice leads to peaks in the scattering pattern according to the Bragg lawm In soft matter lattices

"nX = 2dsin 0, with n being the diffraction order and d the spacing of the crystal lattice.



are rare, however, any repeatedly occurring distance in a sample leaves a distinct oscillation in the scattering
pattern. This way, quantities such as the radius of monodisperse vesicles or the thickness of lipid bilayers
can be measured.
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Figure 7: Experimental setup of small-angle X-ray or neutron Scattering.

Scattered particles are detected in dependence of the scattering angle 26, however data are usually repre-
sented through the magnitude of the scattering vector ¢ = 4x sin #/A. This quantity represents the momentum
exchange between radiation and sample, which is independent on the wavelength \. At the same time it
corresponds to a distance in reciprocal or Fourier space. This means that features at large g-values in a
SAS-curve correspond to small objects in the sample and vice-versa, the dimension d of the object roughly
following the relation d = 27 /q. Small-angle scattering probes angles of about 0.1-10°, which corresponds to
length-scales from nano to micrometers.

Every object seen through SAS has a form factor F(q), which corresponds to the amplitude of the wave
scattered the object. It is given by the Fourier transform of its scattering length density (SLD) profile p(r),
a quantity resulting to its structure and composition.

F(q) = / 4V plr)e’ar (1)

The SLD p(r) = b/V of a material is calculated from its volume and scattering length b, which is related
to the scattering cross-section of an atom for a certain radiation (see next section). For objects in solution
the absolute value of p however is not decisive, but only the contrast with respect to the solvent Ap(r) =
p(r) — Psolvent- Inhomogeneities within the object can also be detected if their SLD is sufficiently different
from their surrounding.

If the objects of a monodisperse ensemble are sufficiently far from each otherﬂ, the intensity I (q)ﬂ measured
on the detector is given by the absolute square of the form factor of the object and is scaled by the particle
density n. It also contains a flat background originating from incoherent Scatteringiﬂ If the objects are
isotropical, such as lipid vesicles, the resulting scattering pattern is rotationally symmetric and one can work
in one dimension using the magnitude of the scattering vector q.

1(q) = n| Fob (a; Ap(r)) | + Line (2)

F(q) has usually the shape of a decaying wave, which can have real and imaginary parts. Upon calculating
the absolute square, the phase-information of this wave is lost, as everything is converted to a real value and
zero-crossings turn to minima. This complicates the task to retrieve the actual form factor, as there is no
unique solution. There is techniques to inverse Fourier-transform the data, the result is however a correlation
functiorm which again has to be interpreted. It is therefore often necessary to make a mathematical model

8Compared to the coherence length of the radiation. Else, a structure factor has to be included, for example for very
concentrated samples or multilamellar vesicles.

9Here, purely elastic scattering is assumed, meaning that all change in q is a change in angle. Naturally, also inelastically
scattered particles are detected, however their contribution is usually negligible and a purely elastic theory can be applied.

10Tn an incoherent scattering process the phase of the wave changes.

HThe pair-distance-distribution function. A correlation function contains information about the frequency of an event occur-
ring at a certain distance. In this case the presence of a scattering center at a distance in space.



of the investigated object, using known properties such as shape or composition, and assign parameters to
adapt until the form factor of the model matches the data. In this work we used the SDP-model (see sections

2 1),

A more detailed description of scattering theory can be found for example in Squires’ textbook[21].

Differences of X-ray and Neutron Scattering

X-rays are scattered from the electron cloud, which makes the scattering length b of an element proportional
to its number of electrons or atomic number Z (bx_my = Zr., where r, = 2.81 x 107 cm is the classical
electron radius). In lipids, phosphorus stands out as the heaviest element, making the distance between the
phosphates in inner and outer leaflet the most reliable parameter of a lipid bilayer.

Neutrons, however, interact with nuclei, which not only results in a more complex relation between atomic
number and b, but also makes them sensitive to individual isotopes. Particularly important for the research
of organic material is the difference between hydrogen (-3.74 fm) and deuterium (6.67 fm). Replacing one
isotope with another in parts of the sample gives the possibility to change the contrast between solvent and
object or between parts within the object — without effects on its chemical and with only minor effects on
its physical properties. Tab. [2 shows an overview of b-values for the atoms contained by lipids.

Table 2: Coherent scattering lengths of some atoms for both X-ray and neutron radiation

Element /Isotope bX-ray (fm) bneutron (fm)
Hydrogen (1H) 2.82 -3.74
Deuterium (D) 2.82 6.67
Carbon ('2C) 16.9 6.65
Nitrogen (14N) 19.7 9.36
Oxygen (1€0) 22.5 5.80
Phosphorus (*'P) 42.3 5.13

Tab. refers only to the c