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Zusammenfassung

Die synovialen Gelenke zeigen herausragende Schmiereigenschaften. Die Reibungs-
koeffizienten sind selbst unter hoher Last und bei verschiedenen Scherraten die nied-
rigsten, die in der Natur beobachtet werden konnen. Gleichzeitig ist der Verschleif3
durch Abnutzung minimal. Verantwortlich fiir die fast reibungslose Bewegung der
Gelenke ist die Synovialfliissigkeit, die die Bewegung von zwei Knorpelgegenstiicken
schmiert. Die Synovialfliissigkeit ist eine komplexe Mischung aus Proteinen, Hyalu-
ron (HA) und Phospholipiden. Allgemein wird angenommen, dass das Zusammen-
spiel dieser verschiedenen Komponenten fiir die niedrigen Reibungskoeffizienten in
den synovialen Gelenken verantwortlich ist. Die genauen Mechanismen und Funk-
tionen des Zusammenspiels sind aber noch nicht hinreichend untersucht.

Um die grundlegenden molekularen Interaktionen besser zu verstehen, wurde ein
Modellsystem bestehend aus HA und dem Phospholipid DPPC untersucht.Es wird
angenommen, dass beide Bestandteile einen grofien Einfluss auf die Schmiereigen-
schaften der synovialen Gelenke haben. Zwei experimentelle Designs wurden fiir die
Untersuchungen genutzt: (i) DPPC-Vesikel in einer HA-Losung, um das Verhalten
in Losung zu untersuchen (ii) DPPC auf Silizium-Wafern mit adsorbiertem HA,
um Informationen iiber die Strukturen zu bekommen, die sich auf den Knorpel-
grenzflachen bilden konnen. Im Rahmen der Experimente wurden sowohl das Mo-
lekulargewicht von HA als auch die Losungsbedingungen (der Effekt von CaCl,)
systematisch untersucht, um deren Einfluss auf die Interaktion von DPPC und
HA zu ergriinden. Des Weiteren wurde der Effekt von hohen Lasten, wie er auch
wahrend ganz alltaglicher Tatigkeiten vorkommt, untersucht. Zu diesem Zweck
wurden hoher hydrostatischer Druck auf die Proben auf den Silizium-Wafern auf-
gebracht.

Um ein moglichst vollstandiges Bild der sich formenden Strukturen und der Inter-
aktionen zwischen den beiden Komponenten zu bekommen, wurden, DPPC-Vesikel
in HA-Losung mittels DSC, DLS und SAXS untersucht. Die Proben auf Silizium-
Wafern wurden mit XRR und Fluoreszenzmikroskopie untersucht, um Informatio-
nen iiber die horizontale und die vertikale Struktur zu bekommen.

Die Untersuchungen zeigen, dass HA vorrangig in der Region der Kopfgruppen der
Lipide adsorbiert. Da HA mit niedrigem Molekulargewicht einen hoheren Einfluss
auf die Doppelschichtstruktur von DPPC hat als HA mit einem hohem Molekular-

gewicht, kann davon ausgegangen werden, dass HA mit niedrigerem Gewicht starker



mit DPPC interagiert. Messungen in Losungen mit CaCl, machen deutlich, dass
die Anwesenheit von Ca?"-Ionen die Interaktion deutlich verstiirkt. Dieses Ergebnis
lasst darauf schliefen, dass die Interaktion von elektrostatischen Kraften dominiert
wird. Die Untersuchungen bei hohem hydrostatischen Druck zeigen, dass sowohl
HA als auch CaCl, in vielen Féllen zu einer Stabilisierung der Proben, die auf

Silizium-Wafern aufgebracht sind, fithren.



Abstract

Synovial joints show outstanding lubrication properties. Even under high load or
at different shear conditions the friction coefficients are the lowest found in nature.
At the same time they show a very high wear resistance. The almost frictionless
motion is provided by the synovial fluid mediating the motion of two cartilage
counterparts. The synovial fluid is a complex entity of different proteins, hyaluro-
nan (HA) and phospholipids. It is assumed that the complex interaction of these
molecules is responsible for the fantastic lubrication properties. However, the in-
terplay of the molecules and its functions are not fully understood yet.

To shed light on the molecular interplay responsible for low friction, a model system
was investigated to study basic aspects of the molecular interactions. The model
was composed of HA and the phospholipid DPPC. Both are supposed to have a
major influence on the lubrication properties of the synovial joint. Two different
experimental designs were chosen: (i) DPPC vesicles in a solution containing HA
to study the behavior in bulk and (ii) Si supported DPPC bilayers with adsorbed
HA to reveal the structures forming at the cartilage surface. During the course of
this study the molecular weight of HA and the solution condition (effect of CaCl,)
were systematical varied to investigate their influence on the interaction of DPPC
and HA. Further, the effect of high loads as they occur during every day activity
was simulated. For this purpose high hydrostatic pressure (up to 2000 bar) was
applied to the Si supported samples.

DPPC vesicles in HA solution were studied using DSC, DLS and SAXS to obtain
a comprehensive picture of the formed structures and interactions. Si supported
samples were studied using XRR and fluorescent microscopy to examine the verti-
cal structure of the sample and the lateral arrangement, respectively.

The measurements show that HA adsorbs to the headgroup region of DPPC bilay-
ers. Furthermore, they show that low molecular weight HA interacts stronger with
DPPC bilayers than high molecular weight HA as the bilayer structure of DPPC
was stronger affected by low molecular weight HA. Measurements in a solution con-
taining CaCl, reveal a strongly enhanced interaction due to the presence of Ca®*
ions. Thus, it can be assumed that the interaction is mainly driven by electrostatic
forces. Studies at high hydrostatic pressure reveal that HA and CaCl, in many
cases lead to a stabilization of the Si supported DPPC bilayer at high hydrostatic

pressure.
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Chapter 1
Introduction

Evolution created biological materials and complex systems with extraordinary
properties: like the tensile strength of spider silk, the adaption of bone to changed
external stress by remodeling, the adhesion ability of gecko feet and many more.
Understanding the principles of such systems opens possibilities for versatile appli-
cations from clinical or medical applications to new engineering solutions. One of
these very interesting systems is the synovial joint (e.g. the knee), which allows an
almost frictionless movement of our limbs. In synovial joints two cartilage counter-
parts slide upon each other, lubricated by the synovial fluid. This system provides
exceptional good lubrication properties even under harsh conditions and has been
in the focus of scientific interest for about 80 years [1]. However, the lubrication
mechanisms are still not completely understood. A deeper insight into the lubrica-
tion mechanisms would be of huge interest for medical applications, like synthetic
lubricants for artificial joints (e.g. after hip replacements) or the development of
new therapies for patients suffering from arthritis. Further, new approaches for
lubrication are also of high interest for technical applications. Lower friction would
lead to tremendous savings in energy consumption. 28 % of the fuel energy in cars
is for example needed to overcome friction losses [2]. Another important point is
that lubricants which are effective in aqueous solutions would provide wide-ranging
environmental benefits compared to oil-based lubrication systems. Finally the syn-
ovial joint is a very flexible lubrication system. Thus, it is favorable for technical
applications, as it works for example very well under high and low loads and shear
forces.

Friction coefficients found in the synovial joint are lowest in nature with values
between 0.01 and 0.001 [3-5]. Most remarkable, these friction coefficients are main-

tained at very different conditions, like different shear rates ranging from stagnant



up to values of & 106 —107s™! [3] and under very high loads (loads up to five times
the body weight have been reported [5]). A sketch of the structure of a synovial
joint can be found in figure 1.1. The synovial joints consist of two articulated
bone plates which are covered with cartilage. Between the two cartilage covered
bone plates the synovial cavity can be found. It is surrounded by a fibrous capsule

[6]. The main function of the bone plates and the cartilage cover is to absorb and

Bone Cartilage Synovial fluid

Capsule \ ]

/
Joint cavity ﬁ
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Bone Cartilage Lipid lamellars

Figure 1.1: Sketch of the structure of a synovial joint. The inset on the right shows
a magnification of the gap between the two cartilage covered bone counterparts.

transfer the load on the joints to the underlying bones. Cartilage is a soft tissue
and consists mainly of water, collagen and proteoglycants. Therefore, it can eas-
ily deform under load conditions and thereby absorb these loads up to a certain
degree [6, 7]. High loads, as they occur even during normal every day activity
(e.g. during walking, climbing of stairs etc.), lead to a pressurization within the
synovial capsule, as the two cartilage counterparts get squeezed together. On top
of the cartilage of the hip joint pressures up to 180 bar were reported for every-
day movements [8, 9]. The cartilage is covered with olligolamellar lipid structures,
which consist mainly of three different lipid types: phosphatidylcholine (41 %),
phosphatidylethanolamine (27 %) and sphingomyelin (32 %) [10]. The space be-
tween the two cartilage counterparts, i.e. the synovial cavity, is filled with the
synovial fluid, which is a very efficient lubricant. The synovial fluid is a complex
mixture of various macromolecules in an aqueous solution. It is assumed that pro-
teins like lubricin, albumin, globulin and hyaluronan (HA) are responsible for the
lubrication properties of the synovial fluid [3]. HA is very important for the vis-
coleastic properties of the synovial fluid [11, 12]. As it alleviates pain after being
injected into the synovial joint, it is claimed to be one of the key factors in joint
lubrication [7]. The concentrations of the most important proteins and HA were
summarized in a review by Ghosh et al. 2014 [13]: albumin (12 — 13 mg/mL),
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globulin (7 — 8 mg/mL), lubricin (0.05 — 0.35 mg/mL) and HA (1 —4 mg/mL).
Most likely, the interplay of lamellar lipid structures on top of the cartilage [14, 15]
and the synovial fluid [13] is responsible for the actual low lubrication coefficients.
Several studies have shown that lamellar structures, as well as single components
of the synovial fluid are able to reduce friction on there own. Liu et al. 2012 [16]
showed that the friction coefficient between two Si supported lipid bilayers was
close to the ones found in the real synovial joints. Further, Murakami et al. 2014
[17] measured friction coefficients between two cartilage in an aqueous solution and
reached values below 0.01 if HA was added to the solution. Also albumin and lu-
bricin have the ability to act as lubricants at boundaries [18, 19]. However, non of
these single components is able to reach the lubrication properties (friction coeffi-
cient under various conditions and wear resistance) of the whole system. Therefore
it is assumed that complex interaction of the different components and synergistic
effects are responsible for the lubrication properties. Murakami et al. 2013 [20] dis-
covered that different mixtures of the four components HA, globulin, albumin and
DPPC showed a wide variety of different friction coefficients. Moreover, the wear
resistance depended strongly on the actual mixture. Best results were obtained by
mixing all four components. Also the composition seems to be very important as
for example the concentration of the different proteins were found to be different
in the synovial fluid of healthy people and people suffering from osteoarthritis [13].
Further, the molecular weight of the HA seems to be an important factor as it is
decreased in joints of patients suffering from arthritis compared to healthy patients
[21, 22]. Also higher molecular weight HA seems to be more efficient in terms of
wear reduction [23].

There is not only a single lubrication mechanism, which is responsible for the lu-
brication properties but a synergistic combination of different lubrication modes
depending on load and cartilage separation [17]. However, it is assumed that bound-
ary lubrication at the cartilage surface plays a major role especially under high load
and low shear rates. In this situation the two cartilage counterparts are almost in
contact with each other and only separated by a thin fluid film [10, 14, 24, 25].
Therefore, the abilities of lipid layers to reduce friction has raised attention and it
could be shown that solid supported lipid bilayers prepared of DPPC enable very
low friction coefficients [26, 27], which even come close to friction coefficients in
the synovial joint. The question how DPPC bilayer structures interact with the
synovial fluid and how this changes the friction forces was addressed by Liu et al.
2012 [16] and Wang et al. 2013 [28]. Here QCM (quartz crystal microbalance) and

friction force measurements were used to study how the properties of DPPC get



altered in the presence of HA, which is claimed to be one of the key components in
the synovial fluid and especially determines the viscosity of the synovial fluid [13].
QCM revealed that HA adsorbs to solid supported DPPC bilayers. These solid
supported DPPC bilayers with adsorbed HA show very low friction coefficients, al-
though the friction coefficients are slightly higher than those of sole DPPC [16, 28].
All of the above cited studies focus almost exclusively on the lubrication properties
or they are clinical studies, investigating solely the composition of the synovial
fluid. Only little focus was put on experiments studying the molecular structure of
complexes formed by the interaction at ambient conditions, but most important no
studies under simulated load conditions have been done. Deeper insight into the
behavior of the synovial fluid and the structures at the cartilage surface is abso-
lutely necessary to understand the molecular mechanisms. Therefore it is the aim
of this work to look into these properties, to contribute to a understanding and to
help closing the gap at this point.

For this study a simple model system containing of two of the important com-
ponents responsible for lubrication in the synovial joint - DPPC and HA - was
chosen. DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) is a typical phospho-
lipid. Phospholipids play an import role in biology since they are essential for the
formation of membranes, e.g. in cell walls. They are amphipillic molecules with a
hydrophilic and polar group (usually revered as 'head group’) and a hydrophobic
group (’tail group’), as illustrated in figure 1.2a. The head group is zwitterionic,

with a positivity and a negatively charged part. Due to this molecular structure of

(a) (b)

i
Tailgroup Tt A

group

Figure 1.2: (a) Sketch of a single phospholipid. (b) Sketch of phospholipid bilayer
m water.

the phospholipids they self assemble in water to minimize their free energy. The
simplest structures are bilayers where the lipids organize into large 2D layers, which
can be seen in figure 1.2b. The layers are organized in such a way that the tails
(black lines in fig 1.2) point to each other. Thereby, they form a hydrophobic re-
gion. The lipid heads (blue circles) are in contact with water. Stacked on each
other such bilayers form multilamellar structures. In water the layers are curved

and form closed hollow spheres (lipid vesicles), whereas at solid liquid interfaces flat
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layers are found. In the synovial joint lipid layers can be found in both conditions.
In the synovial liquid lipid vesicles are present and flat lamellar lipid structures can
be found at the cartilage - synovial fluid interface.

The phospholipid DPPC (which is used for this work) is a very abundant lipid in
the synovial joint [10, 24] and it is also well characterized in literature [29-32]. It
belongs to the group of saturated diacyl phosphatidlcholines, i.e. DPPC molecules

have two symmetric saturated hydrocarbon chains as tails and a phosphocholine

) DPPC
(a) (b) s aL(, (fluid)
70 % Ly; (gel)
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Figure 1.3: (a) Drawing of a DPPC molecule. (b) Temperature - pressure phase
diagram of DPPC' in water. Reproduced from [32] with permission of The Royal
Society of Chemistry.

head group. In figure 1.3a the chemical structure is shown. The two hydrocarbon
chains are build up of 16 carbon atoms each and connected by a glyceride group
to the head group. The head group itself consists of two basic building blocks: a
negatively charged PO,-group and a positively charged choline group.

Layered DPPC structures show usually three different phases depending on pres-
sure and temperature: fluid phase (L, ), rippled phase (Ps ) and gel phase (Lg). At
ambient pressure DPPC undergoes the phase transition from the gel to the ripple
phase at around 34 °C and a transition from the ripple to the fluid phase at around
41 °C [30]. The phase transitions can be induced by pressure as well. [32] Increas-
ing the pressures leads to a transition from the fluid phase to the ripple phase to gel
phase (see figure 1.3b). In the gel phase the fatty acid chains of the lipids are in an
all-trans configuration, whereas in the fluid phase the chains are molten, i.e. they
have a random conformation [30]. Due to the random conformation of the lipid
chains in the fluid phase the bilayer thickness is lower than in the gel phase. At the
same time DPPC molecules in the fluid phase occupy a bigger area (parallel to the
bilayer) than molecules in the gel phase [33]. The ripple phase is more complicated
and its structure has just recently been better understood [34]. In general in the
rippled phase the bilayer is partly molten. The melting occurs along straight lines

with a fixed distance. The different thicknesses of the bilayer in the molten lines
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and in between leads than to the formation of ripples with a certain periodicity.
Former studies demonstrated that solid supported lipids do not form a ripple phase
[35, 36], but there are still studies claiming the existence of a ripple phase for solid
supported bilayer [37, 38]. The second component of the used model system is
HA, which is a very common molecule in the human body. It can be found e.g.
in the extracellular matrix, the eye vitreous humor, the intercellular space of the
epidermis and in the synovial fluid, where it fulfills very different functions from
the maintenance of the elastoviscosity of liquid connective tissue up to playing a
receptor-mediated role in inflammation processes [39-41]. Especially its viscoelastic
properties are important in the synovial joint. HA shows very unusual rheological
properties with a very high viscosity that decreases with increasing shear force. It
is extraordinary hydrophilic and can trap large amounts of water (up to 1000 times
of its own weight) [40].

HA is a linear polysaccharide, consisting of repeating disaccharides units of 51-4
D-glucuronic acid and $1-3 N-acetyl-D-glucosamine [42]. The chemical structure

of the repeat unit is shown in figure 1.4. HA has one carboxyl group per repeat

O~ OH
O\
O O
— H
HO Oo
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O— |
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A

O

Figure 1.4: Basic disaccharide repeat unit of the HA molecules (left: f1-4 D-
glucuronic acid, right: B1-3 N-acetyl-D-glucosamine).

unit which makes it a polyelectrolyte that is a negatively charged at physiological
pH values. Each repeat unit has a length of approximatly 1 nm and a weight of
~ 400 Da [40]. Since HA molecules could consist of up to 10.000 disaccharides a
molecule could extend up to 10 pm.

The structural conformation of HA is a matter of debate, which is mainly due to
the fact that conformation strongly depends on the environment (ions, pH, etc.).
Solid state fibre investigations of HA and HA in aqueous solution claimed left-
handed helix structures with two, three and four disaccharide unites per turn [41].
Double helices have been found as well [43, 44] e.g. in the presence of Cla** [42].
A combined NMR (nuclear magnetic resonance) and computer simulation study
stated that a left handed 4-fold helix (see fig. 1.5, PDB code 2BVK) is the av-
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erage conformation of HA in aqueous solution [45]. Different groups also claim

Figure 1.5: Strucutre of HA in aqueaus solution. From PDB 2BVK [}5].

that the structure of HA is stabilized by hydrogen bonds [40, 46], whereas others
claim that these hydrogen bonds are rather weak and show a rapid interchange
with the solvent [45]. But it is widely agreed that HA (especially high molecular
HA) forms expanded random coiled structures in aqueous solution [39-42, 46]. HA
with low molecular weight (oligosaccharides) instead, tend to be in more rod like
conformation [39]. For persistence length of HA values between 4 and 9 nm can
be found in literature [41, 42, 47].

Despite being in general extremely hydrophillic it is believed that HA form hy-
drophobic patches [42, 46]. This combination would makes HA an amphiphilic
molecule (like DPPC).

HA solutions are very viscous and some groups believed that the HA chains form
stable networks [11, 44, 48]. Recent studies argue that HA does not form networks
(at least not at physiological NaCl conditions), but that the viscous properties arise
only from entanglements of the single chains [40-42]. This could also explain the

non newtonian behavior of HA solutions.

Objective

As the full system would be to complex, simple model systems were studied to get
a better understanding of the molecular mechanisms which are responsible for the
good lubrication properties of the synovial joint. A special focus was put on the
effect of high loads. As mentioned before, two of the important components re-
sponsible for lubrication in the synovial joint are DPPC and HA. They were chosen
as model system. For these systems information about the friction characteristics
was gathered by other groups [16, 28]. Further, HA of different molecular weight
was used as a low molecular weight of HA has been related to joint diseases like
arthritis [12, 21, 49].

The aim of the present work is to approach the following questions:
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1. What structures are formed by interaction of DPPC bilayers and HA?
2. What structures might form at the cartilage interface?

3. How does the molecular weight of HA influence these structures?

4. How does the solution composition change the interaction?

5. How are these structure affected by high loads?

To answer these different questions two experimental arrangements were chosen
and studied with different methods. For the first setup DPPC vesicles with HA
were used and studied with small angel X-ray scattering (SAXS), dynamic light
scattering (DLS) and differential scanning calorimetry (DSC). This setup and the
used methods are well suited to obtain information about the structures formed by
DPPC and HA (question 1) and how these structures are influenced by the molec-
ular weight of HA and the solution composition (question 3 and 4). Using SAXS
and DLS structural information on different length scales can be obtained. DSC
provides information about the phase behavior. To study which structures might
form at the cartilage interface (question 2) and how these structures are affected by
high loads (question 5) a second setup was used: Si supported DPPC bilayers with
HA. The influence of high loads was probed by applying high hydrostatic pressures
to the sample. Structural changes of the molecular arrangement were studied in
situ using X-ray reflectivity, which is a surface sensitive technique. Further, the
influence of the molecular weight of HA and the solution conditions (question 3
and 4) were investigated. Information about the lateral organization of this sample

system was gathered by fluorescent microscopy.



Chapter 2
Materials and methods

In this chapter first the sample preparation will be explained and afterwards the
theory behind the different measurement techniques will be presented together with

a description of the actual measurements and the data evaluation.

2.1 Sample preparation

In this section the preparation of the different samples will be described. In gen-
eral two different kinds of experiments have been carried out: (i) investigation of
the interaction of DPPC vesicles and HA and (ii) investigation of Si supported
DPPC/HA at different hydrostatic pressures. The preparation of the samples for
the first kind of experiments are described in the section 2.1.1 whereas the prepa-
ration of the samples for the latter kind of experiment is described in section 2.1.2.
Table 2.1 shows an overview of the used materials. All chemicals were used as

received, without further purification.

Table 2.1: List of the used chemicals and the corresponding suppliers.

Name Short Supplier Order No
Name

1,2-dipalmitoyl-sn-glycero-3- DPPC Avanti Polar Lipids 850355P

phosphocholine Inc. (Alabaster, USA)

1-palmitoyl-2-12-[(7-nitro- NBD- Avanti Polar Lipids 810131C

2-1,3-benzoxadiazol-4- DPPC Inc.

yl)amino|dodecanoyl-sn-
glycero-3-phosphocholine




Name Short Supplier Order No
Name

Hyaluronan (M, = 1500 kDa) - Creative PEGWorks HA-704

with 5/6-carboxy-tetramethyl- (Chapel Hill, USA)

rhodamine

Hyaluronan (M, = 10 kDa) - Creative PEGWorks ~ HA-705

with 5/6-carboxy-tetramethyl-

rhodamine

Hyaluronan M, = 10 kDa HA10 Creative PEGWorks HA-101

Hyaluronan M,, = 250 kDa HA250 Creative PEGWorks ~ HA-103

Hyaluronan M,, = 750 kDa HAT750 Creative PEGWorks ~ HA-104

Hyaluronan M,, = 1500 kDa  HA1500 Creative PEGWorks ~ HA-106

Hyaluronan M, = 2500 kDa  HA2500 Creative PEGWorks ~ HA-107

Calcium chloride dihydrate CaCl, Carl Roth (Karlsruhe, 5239

Germany)

4-(2-Hydroxyethyl)-1- HEPES Sigma-Aldrich (St. 54457

piperazineethanesulfonic Louis, USA)

acid

Sodium chloride NaCl Sigma-Aldrich 31434

Trichloromethane Chloroform  Sigma-Aldrich C2432

28% Ammonium hydroxide so- NH,OH Sigma-Aldrich 338818

lution

‘ultrapure’ water of Typ 17 Milli-Q EMD Millipore (Bil-

quality (ISO 3696) lerica, USA)

30% hydrogen peroxide H,0, EMD Millipore 1072980250

2.1.1 Vesicle solutions with hyaluronan

To prepare DPPC vesicles in solution with homogenous well defined size three steps

had to be followed: 1. dissolving of the lipids in chloroform 2. formation of multi-

lamellar vesicles with a random size distribution 3. creation of almost unilamellar

vesicles with well defined size. For this study two different buffer solutions were

used. Omne containing NaCl only (cy.c; = 150 mM) and another one containing
NaCl (eyaci = 150 mM) and CaCly (coacr, = 10 mM). The solutions were pre-
pared by dissolving the needed amount of salt in Milli-Q water, followed by five

minutes sonication.

In a first step the needed amount of DPPC was dissolved in chloroform in a small
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glass vial. Afterwards the solvent was evaporated under a constant stream of ni-
trogen and as a result a lipid film formed on the walls of the glass vial. To remove
any residual chloroform, which might be caught in the multilamellar structures,
the vials were placed in a vacuum oven at 55 °C and 0.1 mbar for several hours.
After removing the vials from the oven buffer solution was added and the solution
was heated to 55 °C. The mixtures have then been vortexed for 1 min leaving a
turbid solution of multilamellar vesicles with a random size distribution. To ensure
a complete hydration of the lipids the solution was kept at 55 °C and a mixing
rate of 350 rpm for about 2 — 3 h using a thermomixer (BioShake Series, Analytik
Jena, Jena, Germany) just interrupted 2-3 times by vortexing.

In the last step the multilamellar vesicles were extruded and thus almost unilamel-
lar vesicles with defined size were obtained. The solution had been extruded 35
times through a membrane with 0.2 pum pore size (Nuclepore Track-Etched Poly-
carbonate Hydrophilic Membranes, GE Healthcare Life Science, Little Chalfont,
UK) making use of the Avanti Mini-Extruder (Avanti Polar Lipids Inc., Alabaster,
USA) in order to form large almost unilamellar vesicles [50]. Extrusion was done
at 55 °C and the solution was kept at 55 °C until it was used.

For DPPC-vesicle/HA samples a HA solution was prepared by adding HA to the
buffer and stirring the solution until the HA was completely dissolved. The mass
concentration of HA in the solution was set to be equal to the mass concentration
of DPPC. Finally HA solution was mixed with the vesicles solution in ratio of 1:1

at 55 °C and was kept at this temperature until usage.

2.1.2 Silicon supported samples

Solid supported samples composed of DPPC and DPPC/HA were used for XRR
measurements. They were prepared on silicon wafers with a surface area of 7.5 x

7.5 mm?

in a stepwise adsorption approach at a temperature of 55 °C. Before us-
age the wafers were cleaned following the RCA-1 cleaning protocol [51, 52]. They
were first immersed into a hot (70 °C) solution containing 5 parts purified water,
1 part 27% NH,OH and 1 part 30% H,0,, for 15 min. Afterwards the wafers
were rinsed with large amounts of Milli-Q water. To prepare the samples buffer
solution, DPPC solution (0.5 mg/mL) and HA solution (0.5 mg/mL), all prepared
as described in section 2.1.1, were used.

The preparation procedure for sole DPPC samples is shown in the upper part of
figure 2.1. During the preparation process it has been ensured that the wafers

remained covered with liquid. The samples were prepared in a solutions containing
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NaCl (cyac; = 150 mM). Additional samples were prepared in a solution contain-
ing CaCly (ccact, = 10 mM) as well. To prepare the samples cleaned wafers were
immersed into the vesicle solution (step 2 in fig. 2.1) and kept there for 10 min
(step 3). During that time the vesicles in the solution adsorbed and subsequently
burst at the Si-surface and thereby formed a bilayer. This so called vesicle fusion
process has already been described in former studies [53, 54]. Afterwards wafers
were rinsed with buffer solution and the DPPC covered wafers could be used for
experiments (step 4).

To prepare DPPC/HA samples additional steps, which are shown in the bottom

(1) (2]

DPPC
sample

|33

vesicle
Solution

i 1]
i

ki) i [ il
IR i L e

it
Silicon Silicon Silicon

i Hik
il

Silicon

DPPC/HA
sample

T
7]

Figure 2.1: Sketch of the preparation procedure for Si supported DPPC and
DPPC/HA samples.

part of figure 2.1, were appended after step 4. In step 5 the wafers were immersed
into a buffer solution containing 0.5 mg/mL HA (either HA with a MW of 10kDa
or 1500kDa) and kept there for 50 min to let the HA adsorb (step 6). Afterwards
the wafers were rinsed with buffer solution (step 7) and the wafers could be used

for experiments.

2.2 Methods

2.2.1 Small angle X-ray scattering

Small angle X-ray scattering (SAXS) is a powerful technique to study the structure

of particles with a typical size of several nm in solution, like proteins, lamellar
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structure (e.g. lipid bilayers), polymers or nanoparticles. Therefore SAXS was well
suited to study the interaction of lipid bilayers and HA in solution. In the following
the necessary theory, the experimental set up and the measurements itself as well

as the evaluation of the obtained data will be described.

Theory

If an incoming X-ray wave (wave vector k;) hits a scattering center (electrons) it
might get scattered, which results in a change of the direction of the wave vector

of the outgoing wave (k,). This is illustrated in figure 2.2. The wavelength of

Figure 2.2: Scheme of the scattering of X-rays on two single electrons (gray
circles). k;, k, are the wave vectors of the incoming and outgoing wave respectively.
T s the position vector.

the incoming and the outgoing wave shall be the same (k = |k;| = |k,|), i.e. the
scattering shall be elastic. Additionally multiple scattering events are negligible,
meaning that the outgoing wave won’t get scattered themselves. This assumption
is valid for diluted samples of low electron density. If the incoming wave hits not
only one, but many scattering centers, each will be the source of an outgoing wave
(see figure 2.2). The different outgoing waves have all the same wavelength and
they only differ by their phases ¢, which is due to their different positions in space.
[55, p.114] ¢ can be expressed like follows:

p=(k—ky) -r=q-r (2.1)

T is the position vector and q is the so called scattering vector. The amplitude of

the summation of all the single outgoing waves F'(q) can be described as:
F(q) = Z bje % = Z bje "% (2.2)
J J

b; is here the scattering length of the single scattering center. Since the number
of scattering centers is usually very high and their position can not be exactly

determined the sum over the position of single scattering centers (eq. 2.2) get
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replaced by an integral over the scattering length density (> b; = p(r)dV) in a

certain volume element dV: [56, p.19]

Fa= [ [ [av-pme (2.3)

F(q) can also be described as the Fourier transform of scattering length density
of the investigated object. The intensity of the scattered wave is the conjugate

complex of F' and is usually expressed in such a way:
I(q) = FF* (2.4)

This equation is for example valid for a dilute solution of particles, i.e. there is no
long range order of the particles. As soon as the assumption of a dilute solution
does not hold anymore and the particles start to affect each other a structure factor

S(q) has to be introduced that accounts for this.

I(q) = |F(q)|*- S(q) (2.5)

For special cases different approximations and simplifications can be made. In
the case of two dimensional structures, where the structure is much larger in two
directions than in in the third, which are isotropically distributed in the irradiated
volume the intensity I can be expressed as I(q) oc ¢ 2Iyp [56, p.35]. Iyp could be
described as a ’thickness-factor’. with the following amplitude Fyp [57]:

f@@szwwwz (2.6)

z denotes the direction of the small dimension of the structure. Such two dimen-
sional structures could for example be lipid bilayers. In the case that the two
dimensional objects arrange into new complex structure (e.g. lamellar structures)
I,p can not only be described by Fsp(gq) but a structure factor describing the inter
lamellar organization has to be introduced. The intensity can then be written as:
[58]

) - [Fl@)S(a) (27)

Measurements

The small angle scattering (SAS) measurements were been carried out at desig-

nated small angle X-ray scattering beamlines. For the measurements a typical
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SAS-setup has been utilized, which is illustrated in figure 2.3. The incoming beam
gets collimated to define the beam size and shape before it hits the sample. Behind
the sample in large distance (from 1 m up to several 10 m) the detector is placed

to detect the scattered beam waves. Parts of the X-rays hitting the sample are not

Monochromator Sample Beamstop
Optics 1

Incoming Beam
Scattered Beam Detéctor

Figure 2.3: Sketch of a SAS setup. The beamstop blocks the transmitted beam to
avoid a damage of the detector.

scattered by it and get just transmitted. This part is usually blocked by a beam-
stop to avoid a damage of the detector due to the large intensity of the transmitted
beam.

Small angle X-ray scattering (SAXS) measurements were done at the BioSAXS
beamline [59] (P12, Petra III, Hamburg, Germany) at energies of 10 keV'. The sam-
ples were usually measured in glass capillaries with a diameter of 1 mm (0.01 mm
wall thickness). To measure at different temperatures a temperature controlled
sample stage from Linkam (Tadworth, UK) was used.

DPPC and DPPC/HA samples were studied with SAXS in two buffer solutions
(150 mM NaCl and 150 mM NaCl with 10 mM CaCl,). The concentration of
DPPC and HA was 4 mg/mL, respectively and HA with a molecular weight of
250 kDa was used. Measurements were performed at three different temperatures:
25 °C, 37 °C and 55 °C.

Evaluation

To evaluate the measured data of the SAXS experiments, in a first step, the
recorded 2D images were converted into 1D function of the scattered intensity
as a functions of the length of the scattering vector transfer q. To obtain the 1D
scattering curve all pixels of the images, which have the same radial distance to
the beam center were binned. In the last step the background (measurement of the
buffer without DPPC and HA) gets subtracted.

To fit the obtained SAXS data sets the equations 2.6 and 2.7 were used. A model
electron density profile (a function describing the electron density p(z) perpen-

dicular to the lamellar surface) was build and the resulting theoretical scattering
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intensity was compared to the data sets of the samples. The scattering curves of
the DPPC-vesicles usually show two characteristic kinks or humps at ¢ ~ 1 nm~!
and ¢ ~ 1.8 nm ™!, which are clear signs for the existence of 'multi’ (> 2) lamellar
structures. Therefor a combination of form factors was used to fit the scattering
curves of the samples, to account for the simultaneous presence of 'multi’ and single
bilayer structures. Different electron density profiles were used for the form factors.

For the form factor of single bilayer structures (Fs) the density profile pg and for

10* - —
——double Bilayer
—single Bilayer

102 & —— combination

Intensity
S

0 05 1 15 2 25 3
q [1/nm]

Figure 2.4: Theoretical scattering curves of a single bilayer structure (green) a
double bilayer structure (blue) and a combination of both (red).

double bilayer structures (Fp) the density profile pp were used. The effect of the
combination of the two different form factors is illustrated in figure 2.4. Single
bilayer structures give rise to a very broad oscillation whereas the oscillations of
the double bilayer structure is much shorter. After combining the form factors one
obtains a broad oscillation with two characteristic humps, which are also present
in the measured data (see fig. 3.3a and b). A similar approach of combining multi
bilayer and single bilayer structures was also applied by Pabst et al. 2003 [58]. To
describe a single bilayer structure a combination of three Gaussian curves with two

curves for the head and one curve for the tails was used:

2
20%

2)? 2+ zy)?
+Apr exp <—%) + Apg exp (—%)

ps(2) = pwater + Dpr exp (—M) o (2.8)

The resulting electron density profile is symmetric with its center of symmetry

set to z = 0. zy gives the distance of the headgroup to the center (see figure
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pWater A p

Figure 2.5: Schematic drawing of the used electron density profile.

2.5) and oy and o describe the width of the Gaussian curves for the headgroup
and tail group, respectively. Apy and Apr are defined as difference between the
electron density of the headgroups and the tail group to the electron density of
water (ApH/T = PH/T — Pwater), as it is illustrated in figure 2.5. As a constant
electron density does not give a scattering pattern (see eq. 2.3) the term pyater in
equation 2.8 can be skipped [56, p.21]. For a further reduction of the parameters
space pg(z) is normalized by Apy, which leaves only one parameter (p,) describing

the ratio of the electron densities of the headgroups and tails:

. |pTails - prlt67"| (29)

pr =
’pHeads - pWater|

Thus, ps(z) can now be written as [58]:
zZ—z 2 4 2 ZTZz 2
ps(z) =exp (—%) — pr €Xp (—%) + exp (—%) (2.10)

For the electron density profile of the double bilayer structure pp the structure of
the single bilayer was doubled and an additional parameter d (see fig. 2.5) has
been introduced, which determines the distance of the centers of the bilayers to

each other:

(2 — 2w — 9)° (z = 9)° (2 + 2 — )
pp(z) =exp (—TZ — prexp —Tg + exp _TQ

2z — 2y + 3)? z+ 9)2 24 zg + 2)?
Fexp (g) e <<_> Y G CR R i

2
20%
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To calculate the scattering intensity of mixtures of single and double lamellar struc-

tures the following formula is used:

1

I(q)=A 7

(|IFp|* + n|Fs|?)) + BG (2.12)
A is a scaling factor and with BG a constant incoherent background is taken
into account. The factor n scales the amount single bilayer and double bilayer
structures. The model can easily be extended for mixtures with vesicles that having

an arbitrary number (z) of maximum layers, by introducing new form factors:

@
I(q) :A-i?- <n|FS|2+Z|Fa|2> + BG (2.13)
q a=2
As the scattering from single, double, triple, etc. lamellar structures is calculated
by single form factors for each structure, no structure factor is needed to account
for multilamellar structures. Additionally it is assumed that the measured solution
is very dilute, so that the particles are not affected by each other. Thus, in this case
no structure factor is needed to calculate the scattering intensity. For mixtures with
a maximum number of x layers the ratio of unilamellar to multilamellar vesicles

(Ryar) can be calculated as follows:

n
z—1

Ruy = (2.14)

The approach to use a combination of two form factors for the double bilayer (or
more for multi bilayers) instead of a structure factor has the big advantage that it
is easily possible to add extra layers to account for the adsorption of for example
HA. Since vesicles were used for the study additional substances can only adsorb
to one side of the bilayer structure. A sketch of such a case is shown in figure 2.6.
The adsorbed layer (HA) was also described by a Gaussian curve and added to the
p(z) profiles from equation 2.10 and 2.11:

z2—2za)?

ps-na(z) = ps(2) + pria - exp (—%) (2.15)
z—zga—2)2

pp-ma(2) = pp(2) + pria - exp <—$> (2.16)

with p,ga being defined similar to p, (eq. 2.9):

Dria = PHA — PWater (217)
PHeads — PWater
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HA

Figure 2.6: FElectron density profile of single and double bilayer vesicles with an
adsorbed layer on one side.

The fitting was done with MATLAB (MATLAB version 8.2, MathWorks, Natick,
USA) making use of the non-linear curve-fitting routine ’Isqcurvefit’ (part of the
MATLAB Optimization Toolbox), which uses a least-square method [60, 61].

2.2.2 Dynamic light scattering

Dynamic Light Scattering (DLS) is a very commonly used to obtain information
about the size of particles in solution. Therefore it has been used to examine the
interaction of lipid vesicles and HA by studying how the size of the vesicles changes
due to the presence of HA. In the following the theory of DLS will be summarized

and afterwards the measurements and data evaluation will be described.

Theory

DLS is a well suited technique to determine the hydrodynamic properties of par-
ticles, like the diffusion coefficient which is, correlated to the size and shape of
the particle. In DLS light from a laser hits the sample solution and gets partially
scattered by the particles in the solution. The intensity of the scattered light (I)

/ Laser Sample

QG

Detector\
Figure 2.7: DLS setup.
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gets measured under certain angle 6. A sketch of a typical set up is shown in figure
2.7. The light scattered from particles at different positions causes interference
patterns. As the particles are in constant motion, caused by the Brownian mo-
tion of the molecules of the solution, these patterns and thus the intensity of the
scattered light fluctuates with time. Fluctuations arising from small particles have
a low amplitude and a high frequency, whereas large particles cause fluctuations
with a higher amplitude and low frequency. The intensity fluctuations under a
certain angle are measured and transformed into a time correlation function of the
intensity of the scattered light [62-64]:

(I(q,t)I(q,t+ 7))
(I(q,1))*

Clq,7) = =149} (n)? (2.18)

7 is a setup constant and in an ideal case v = 1 and ¢(")(7) is the normalized first

order autocorrelation function.
gV (1) = exp(—¢*Dr) (2.19)
D is the so called translational diffusion coefficient. It is directly connected to the

hydrodynamic radius R}, of the particles [65]:

kgT
D= 2.20
6mn Ry ( )

where kg, T and 7 denote Boltzmann’s constant, the absolute temperature and the
viscosity of the fluid, respectively. The hydrodynamic radius is not the real radius
of the particle, it is the radius of a sphere that would migrate with the same speed in
the fluid as the examined particle. This radius does not only depend on the size and
shape of the particle itself, but also on the thickness of the so called hydration shell
around the particle and further on the thickness of the electrical double layer formed
around charged particles by ions the solution. Both, the hydration shell and the
double layer increase the effective size of the particle and, thus, the hydrodynamic
radius. The thickness of the double layer depends on the Debye length in the

solution. Therefore a high ionic strength reduces the thickness of the double layer.

Measurements

Measurements were performed using the SpectroSize 300 (Xtal concepts GmbH,
Hamburg, Germany). It is equipped with a laser with a wavelength of 660 nm.

The scattering angle was set to 90° and measurements were performed at room
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temperature. The sample solutions were all measured in the same quartz cu-
vette. Usually every sample has been measured 10 times for 20 s. Six differ-
ent sample (DPPC, DPPC/HA10, DPPC/HA250, DPPC/HA250, DPPC/HA1500,
DPPC/HA2500)have been measured at two different solution conditions (150 mM
NaCl and 150 mM NaCl with 10 mM CaCl,). The concentration of DPPC and
HA was 1 mg/mL, respectively.

Evaluation

Data evaluation was done using the instrument software. An evaluation was done
for every measurements separately. At first the evaluation routine transforms the
measured intensity over time function into a so called auto-correlation function
and does a fit of this function using equation 2.18 to obtain the diffusion coefficient
and with that the hydrodynamic radius. The routine also accounts polydispersity
and particles with different sizes. The resulting ten size distribution functions per
sample were then averaged using MATLAB.

For the interpretation of the results it has to be taken into account that the inten-
sity of scattered light from large particles is much bigger as from small particles.
Depending on the size of the particles and the wavelength vesicles with a ten times

higher radius can have a 10° times higher intensity.

2.2.3 Differential scanning calorimetry

Differential Scanning Calorimetry (DSC) is a well suited method to study the
phase transitions materials. It has been used to investigate how the presence of
HA changes the phase behavior of DPPC-bilayers. In the following first the theory
behind this method will explained. Afterwards the experimental procedures and

the evaluation of the data will be described.

Theory

In DSC the heat capacity difference of two solutions, sample solution and reference,
gets measured, where the sample solution contains a substance of interest in a
solvent and the reference contains only the solvent. The measured difference is
then the heat capacity function C'p of the substance of interest. In contrast to
liquids like water organic matter has in most cases a very low heat capacity, i.e.
the amount of heat it can take up without changing its temperature. [66] This

changes when the organic matter (e.g. proteins or other biomolecules) undergoes a
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change in their structure. A molecule might have two structural states (A and B)
within a certain temperature range, where B is the state with the higher enthalpy.
The equation of the standard Gibbs free energy change AG of such a system is
(66, 67]

AG® = AH° + TAS" = —RTIn K (2.21)

where AH? is the change of enthalpy and AS is the change of entropy between
system A and B, T is the absolute temperature and R the gas constant. K is
an equilibrium constant defined as the ratio of the fractional occupancies of state
A and B (K = [B]/[A]). [68] The system is in equilibrium if [A] = [B] and
therefore AG® = 0. The temperature for this is the equilibrium temperature 7, =
AH°/ASC.

All important parameters defining the thermodynamical behavior of the system
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Figure 2.8: (a) Heat capacity function of DPPC lipids. The position of the
mazximum is approximately T,,. (b) Integrated heat capacity function.

can be derived from the heat capacity function (the change of enthalpy with time)
measured by the DSC [67]

d(AH(T)) K AH"
dT 1+ K)? RT?

(2.22)

with (AH(T)) = AH® - K/(1 + K) and n being a factor to normalize on the
concentration of the sample. A typical heat capacity curve for lipid vesicles is
shown in figure 2.8 a. The integral under the curve of C,, gives the enthalpy change
(AH?) between the two states A and B (see fig. 2.8 b) and the position of the
maximum is roughly the equilibrium temperature (see fig. 2.8 a ). From these two

parameters also the entropy change ASY can be determined.
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Measurement

For the measurements a VP-DSC MicroCalorimeter (MicroCal, Northhampton,
USA) was used. The instrument is equipped with two Tantaloy 61 ™ cells (one
for the sample and one for the reference). Every sample was scanned 5 times from
low to high and five times from high to low temperatures. The scanning rate was
20 K/h for all measurements with a waiting time of 15 min between each scan.
The temperature range was usually 20 — 55°C'. Care has been take to avoid air
bubbles and to have the same volume (& 0.5 mL)in the sample as well as in the
reference cell. Before measurement all solutions have been degased.

Samples composed of DPPC vesicles and DPPC vesicles with HA of different molec-
ular weights (10 kDa, 250 kDa, 750 kDa, 1500 kDa and 2500 kDa) were probed
in to different buffers solution (150 mM NaCL and 150 mM NaCL with 10 mM
CaCl,). The concentration of the samples was 1 mg/mL for each, HA and DPPC

vesicles.

Evaluation

Data recorded with the DSC were processed with a specific instance of Origin
developed to visualize data generated by the DSC (MicroCal’s Origin). From the
recorded raw data a water-water measurement was subtracted. For the water-water
measurement both cells have been filled with ultra pure water. In theory the re-
sult of such a measurement should be a line at zero since both cells are filled with
the same material and therefore there should be no measurable difference of the
heat capacity of between the two curves. However due to instrumental effects the
measured curve is not flat and not zero. To eliminate these instrumental effects
the data of the water-water measurement was subtracted from the sample mea-
surements. Even after subtracting the water-water measurement the DSC curve
is usually not zero on either side of the peak, as the heat capacity of the sample
is, even in the absence of a phase transition, temperature depended. Therefore a
baseline correction was done for a proper evaluation.

In a second step a background subtraction of constant backgrounds was done.
These backgrounds do not contain information about the reaction and have to be
removed in order to determine the change of enthalpy (AH?) between state A and
B of the system, in this case between the gel and the fluid phase of the DPPC
lipids.

From the final curves it was possible to calculate the enthalpy change between the

gel state and the fluid state of the lipids and the transition temperature (or equi-
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librium temperature). The heat capacity functions of DPPC show usually a small
peak before the main transion, which is due to the pre-transition from gel to ripple
phase (as explained in chapter 1). To obtain AH? an integration over the whole

measured temperature interval (including the pre-transition) was done.

2.2.4 X-ray reflectivity

X-ray reflectivity measurements have been performed to study the structure of
silicon supported DPPC and DPPC/HA samples as it is an excellent tool for this
task. It allows to resolve the electron density of the samples with a very high
resolution (in the Angstrém range). The measurements have been performed at
different hydrostatic pressures of up to 2 kbar to study how the pressure changes
the structural arrangement of the samples. In the following the theory behind X-
ray reflectivity will be explained, followed by a description of the measurements

and a description of the data evaluation.

Theory

The basic principles of X-Ray Reflectivity (XRR), like Snell’s law and the Fresnel

equations, are already well known from classical optical physics. If a plane wave

Figure 2.9: Scattering geometry for reflectivity and transmission at the interface
between the two media with the refraction coefficients ny and ny. k;, k, and k;
are the wavevectors of the incoming, reflected and transmitted waves respectively. 6
denotes the scattering angle of the incoming and reflected wave and 6" denotes the
scattering angle of the transmitted wave.

W, in a medium with the refractive index n; hits the interface to a second medium
with a refractive index ns a part of the wave gets reflected ¥, and the other
part transmits into the second medium W, (see figure 2.9). A plane wave can be
described by:

T, = A e (2.23)



A denotes the amplitude of the wave and k is the wavevector. From the continuity

equations of these three waves at the interface:

Continuity W: A=A+ A (2.24)
Continuity VW: Ak, = Ak, + ALk, (2.25)

Snell’s law can be derived [69]:
ny cos(f) = nq cos(d') (2.26)

where 6 is the angle between the wavevector of the incident and reflected wave and
the surface between the two media and 0 is the angle between the wavevector of
the transmitted wave and the surface. The refractive index n for X-rays is smaller

than unity and can be described as follows:
n=1—6+if (2.27)

where (3 (the absorption coefficient) is much smaller than § and ¢ is a function the

2

electron density p, the absolute value of the wavevector k = <

and the scattering

length of an electron ry: [55, p. 71]

_ 2mpro

J 12

(2.28)

For X-rays, at sufficiently small angles total external reflection can be observed.
Setting ny to unity the critical angle of total reflection 6. can be calculated from
equation 2.26 (with ¢’ = 0) and 2.27. Using the fact that § << 1 and assuming
that g is negligible 6, can be approximated by: [70, p. 6]

0. = V20 (2.29)

The reflectivity coefficient r for a perfectly flat surface is given by the well known
Fresnel equation: y y

iz~ Kz

r= —ki,z . (2.30)

k;. and k., are components of the respective wavevector perpendicular to the

surface: k;, = mksing and k;, = noksing’. The actual reflectivity R is the

modulus square of the reflectivity coefficient: R = |r|%. Using the equations 2.26

and 2.27 together with 2.30 and assuming the simple case of n; = 1 the reflectivity
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can be written as: [71, p. 91f]

0 JeE—02—2p|

R() =
O =7 02 — 62 — 2if3

(2.31)

Since R(#) changes with the wavelength of the used radiation, it makes sense to

4msinf .

rewrite 1% as a function of the wave vector transfer ¢, with ¢ = =5

q-— \/q 2 327,71'2,3 2

q— \/ q 32z7r26

In the following I will refer to R (eq. 2.32) as Fresnel reflectivity (Rp). For large

R(q) =

(2.32)

q (¢ > 3q.) Rp is proportional to ¢~*. [71, p. 92]
Adding a slab with a different refractive index and a finite thickness to the surface
between a medium 0 and a substrate leads to extra reflections at the additional

surfaces (see fig. 2.10). The different path lengths of the waves lead to oscillation

0 \f+ +\ [+

1 IA

S
Figure 2.10: Sketch reflections occurring at the interfaces of a single slab (1) of
the thickness A on top of a substrate (S).

of the intensity of the specular beam, the so called Kiessig fringes [55, p. 83]. It
is assumed that the substrate is semi infinite and that therefore waves which are
transmitted into the substrate will be completely absorbed. For this simple case

the reflection coefficient (r44,) can be written as: [55, p.83]

To1 + TlgeiqlA

(2.33)

Tslab = -
1 —royrygelas

ro1 and ;g denote the reflection coefficient at the interface between medium 0 and
1 and between medium 1 and the substrate (S), respectively. A is the thickness
of the slab (medium 1). Extending this model by adding a second slabs of finite

thickness and a certain thickness A, would lead the following expression for the
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reflection coefficient r [71, p. 105]:

To1 + 7~126il11A1 + rzsei(%AlJrQQAz) + 7“017’127"256iq2A2
. (2.34)

L+ 7017126021 4 r1orageit2fz  rogrg ellBfitaais)

By extenting the equation in a recursive approach ([72]) to N layers it is possible
to describe any possible layered system.
In the frame of the Kinematic theory, which neglects for example multiple scatter-

ing, a much simpler expression for the reflection coefficient can be described: [71,

p. 107ff]
1 & -
r(q) = \/R_Fp_/ —d/;(;) e'Pdz (2.35)

z is as illustrated in figure 2.9 the position perpendicular to the surface and p(z)
is the average electron density perpendicular to the surface. p, is a normalization
constant equal to electron density at very large z: p, = p(z — 00).

The above described equations for an exact analytical calculation of the reflectivity
coefficient (eq. 2.34) are only valid for sharp interfaces which do not occur in reality.
Real systems always show a certain interfacial roughness o. In general roughnesses
lead to a decrease of the reflected intensity especially in the high q region. If the
roughness is much smaller than the thickness of the respective layer (o; << A;) the
roughness can easily be incorporated into the existing equations by replacing the
reflectivity coefficient for sharp roughness (7 j+1) by coefficients for rough interfaces
(7j54+1). [70, p. 16] To derive these new reflectivity coefficients it is assumed that
the interface can be found at slightly different position around a certain value,
which are weighted with an probability function. The specific expression of 7; ;1
depends on the used probability function. For a gaussion distribution the following

expression can be found: [70, p. 16]
fj}j-i—l = Tj,j—i—l €Xp (—2]{32,7]‘]{72,]'_;,_10']2-) (236)

Another possibility to account for interfacial roughness is the so called ’effective
density model’. This model is especially interesting if the assumption o; << A;
does not hold anymore. For this model a very different approach is followed to ac-
count for interfacial roughnesses. Instead of assuming that there are fixed interfaces
between two media with certain values for the dispersion, ¢;, the real dispersion
profile d(z), with §(z) = [ [dxdy 6(x,y, z), is used [70, pp. 26-31]. To calculate
the reflectivity from such a continuous profile with the exact Parrat algorithm,

the dispersion function gets sliced into very thin sections of equal thickness, with
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Figure 2.11: Schetch of the principle of the ’effective density model’.

a constant dispersion and sharp interfaces (see fig. 2.11). In the past the big

disadvantage of this model was that it needs a lot computational power.

Measurements

A reflectivity setup which allows applying hydrostatic pressure up to 5 kbar [73]
was used for the measurement. The setup consist of a cell housing the sample and a
high pressure hand pump (SITEC-Sieber Engineering AG, Switzerland) which was
connected with a tubing to the sample cell (see fig. 2.12 ¢). The tubing was filled

with water to generate high pressures within the cell. Additionally a refrigerated-

pressure transmitting
liquid

( b) 1mm diamond sample liquid

Kapton

Figure 2.12: (a) Sketch of the Sample Cell. S: inner cell compartment O: opening
to place the inner cell compartment in the sample cell W: diamond windows D:
cylinders to keep the windows in place (b) Drawing of the scattering geometry.
Both adapted from Wirkert et al 2014 [13] with permission of the IUCr. (c¢) Photo
of the sample cell installed at beamline 107, Diamond. The red broken line indicate
the path of the beam. 1: Sample cell 2: Detector 3: Hexapod to align the cell 4:
Diffractometer 5: Beam defining slits 6: High pressure connecting tubing.

heating circulating bath was connected to the sample cell, allowing very accurate

28


http://dx.doi.org/10.1107/S1600577513021516

control of the sample temperature (+ 0.2 K). The samples cell has been devel-
oped especially for X-ray reflectivity measurements at the solid-liquid interface by
TU-Dortmund. A sketch of the cell can be seen in figure 2.12 a and b. The Si sup-
ported sample itself was placed in a closed inner cell which was filled with buffer
solution. Thereby it was ensured that the sample did not came in direct contact
with the pressure transmitting medium. The inner cell allowed a maximum size

2. A membrane at the end of the inner cell prevent

of the wafers of 7.5x7.5 mm
a contamination of the sample with and ensured the transfer of pressure from the
medium into the inner cell. The cell design made it necessary to measure at high
energies with high intensities to obtain a sufficient scattering signal. In the course
of this experiments were performed at the following sources: (1) B19, Delta, Ger-
many [74] at 27 keV with a beamsize of 100 x 1000 pm (2) 107, Diamond, UK
[75]at 30 keV with a beam size of 150 x 300 pum (3) X04SA, SLS, Switzerland [76]
at 27 keVwith a beam size of 50 x 100 um (4) ID15, ESRF, France, at 70 kel with
a beam size of 1 x 50 pum. All beamelines were equipped with a diffractometer. A
typical setup of the sample cell in the beamline is shown in figure 2.12 c.

A more schematic picture of the arrangement of the whole set up with the sample

Inlet: pressurizing
Capton windows (inner medium

cell compartement) \

Detector —,

Beam guide

Slits ™~ si-Wafer

Figure 2.13: Sketch of the geometry of the measurement set up with the sample
and sample cell.

and the sample cell within the beamline is shown in figure 2.13. The sample was
prepared on top of the silicon wafer, which was mounted into the buffer filled inner
sample compartment. First, the X-ray beam passed the buffer and then hit the
sample and the Si-wafer. The intensity of the reflected beam was detected by a
detector as a function of the scattering angle 26.

Three different samples composition on Si-wafers were measured: DPPC, DPPC
with HA10 and DPPC with HA1500. They were measured in 150 mM NaCl at
25 °C, 39 °C and 55 °C and in 150 mM NaCl with 10 mM CaCl, at 39 °C and
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55 °C. Pressures up to 2000 bar were applied to the samples.

Since the shape of the reflectivity curves (sample structures) does not differ signif-
icantly between 1 bar and 60 bar (see appendix A.4), we preferably measured at
60 bar. This experimental procedure was chosen to avoid artifacts like bubble for-
mation, which may occur especially after decreasing the pressure to ambient values.
At 60 bar the air is solved in the liquid phase. In the following the measurements

performed at higher pressures will be presented.

Evaluation

To evaluate the data, theoretical scattering curves were fitted to the experimental
data using the Paratt algorithm [72]. For the fits electron density profiles consisting
of 6-7 layers have been used. A sketch of the layer system is shown in figure 2.14.

The layers represent the different sections of the sample in the following order

Head-to-Head
. Distance

Electron Density

h'd Y
Lower Leaflet Upper Leaflet

Figure 2.14: FElectron density of DPPC sample together with a sketch of a Si
supported DPPC-bilayer to illustrate how the six layer model was built.

starting from silicon on the very far left (see figure 2.14): silicon dioxide, head-
group, tailgroup, C'H3 terminal group, tailgroup, headgroup, HA (for DPPC/HA
samples). The thickness of the silicon dioxide layer was determined from measure-
ments using the bare Si-wafer before building the DPPC bilayer (with or without
adsorbed HA) in order to minimize the number of fitting parameters and ambigu-
ities in the fitting process. The electron densities of Si and water were calculated,
where the mass density of water at different pressures and temperatures was taken
from [77]. All other parameters were determined from the fitting. Since biological
system, like lipid bilayers, show high interfacial roughnesses classical box models
could not be used. These models only allow roughnesses, which are small compared
to the thickness of the box. Instead the effective-density model has been applied

to account for high roughnesses [70, pp. 26-31]. As a consequence of the effective
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density model the layer thickness could not be determined with a reasonable accu-
racy, therefore the head to head distance is as a measure for the bilayer thickness.
The reflectivity curves were always plotted as so called "Fresnel normalized’ curves,
i.e. the curves were normalized by the Fresnel reflectivity Rp (see eq. 2.32). Fres-
nel normalized curve have the advantage that the oscillations of the curves become

amplyfied, which is shown in figure 2.15.

2.2.5 Fluorescence microscopy

Fluorescence microscopy provides information about the distribution of molecules
on the micrometer scale. This method has been used to investigate the distribu-
tion of DPPC and HA of Si supported DPPC and DPPC/HA samples. First the
method will be explained in more detail and afterwards the measurements and data

evaluation will be described

Theory

Using a fluorescence microscope it is possible to localize certain specific elements
of a sample by labeling them with fluorescent dyes. These dyes absorb light of
a well defined wavelength and get excited. Consequently they emit light with a
wavelength that is higher than the wavelength for the excitation. By implying
different sets of two bandpass filters into a microscope it is possible to visualize
only the specific dyes. The first bandpass (Filter 1 in figure 2.16) determines the
excitation energy by only allowing light with the wanted wavelength to pass and
reach the sample. The second bandpass (Filter 2 in figure 2.16) determines the
wavelength of the light that reaches the ocular lens of the microscope and the

detector.
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Figure 2.15: Comparison of a Fresnel normalized curve and a non normalized
curve.
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Measurements

The Nikon Eclipse Ni-E (Nikon Corporation, Tokyo, Japan) fluorescence micro-
scope (resolution: 0.23 pum/pizel), was used to take images of Si supported DPPC
and DPPC/HA samples in 155 mM NaCl and 155 mM NaCl / 10 mM CaCl, solu-
tion. DPPC was labeled with a fluorescent dye called [(7-nitro-2-1,3-benzoxadiazol-
4-yl)amino]dodecanoyl (NBD), which was incorporated to the fatty acids of DPPC.
For the measurements labeled DPPC was mixed with conventional DPPC (1 w%
of labeled DPPC), to keep the phase behavior close to that of pure DPPC [78].
The excitation wavelength of NBD is 460 nm and the wavelength of the emitted
light is 534 nm. HA was labeled with 5/6-carboxy-tetramethyl-rhodamine (Rho-
damine, degree of substitution: 5mol % dye labeling). It was used as received and
not mixed with conventional HA. The excitation wavelength of NBD is 552 nm
and the wavelength of the emitted light is 575 nm. Two filter blocks from Semrock
Inc (Rochester, USA) were used to visualize the fluorescent markers: i) for NBD-
DPPC a filter block which emits blue and detect green light (FITC-3540C) was
used and ii) for rhodamine labeled HA a filter block emitting green and detecting
red light (TXRED-4040C) was used. The measurements were performed at room
temperature with an immersion (or dipping) objective to be able to measure in
water.

The images were recorded at room temperature and the samples were measured
in petri dishes filled with ether a NaCl or a NaCl/ CaCl, solution. To attach the
wafers to the bottom of the petri dish, the bottom was covered with agarose be-
fore use. Unfortunately the agarose layer was not completely homogenous, which
caused a tilt of the wafer. Therefore not the complete field of view was in the focal

plane.

/

/i \Detector
Filter 1 ——
: ’ | Filter 2
/ N
Light Source ____— Sample

Figure 2.16: Sketch of the filter arrangement in a fluorescence microscope.
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Evaluation

After recording the microscopy images were further processed using the program
ImageJ [79]. The images show spots with strongly increased intensity, showing an
accumulation of material. To evaluate the size and number of these structures, the
"Particle Analysis’ plug-in of ImageJ was used. Before the evaluation the structures
were defined by setting a threshold value to the intensity. All parts with an intensity
above this value belong areas of accumulated material. After these spot were
defined the "Particle Analysis’ plug-in determined size and number of the spots.
The estimated error of the size of the structures is around 10 %, as the definition

threshold yield a certain inaccuracy.
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Chapter 3
Results and discussion

In the framework of this thesis the interaction of HA and DPPC phospholipids was
examined. In the synovial joint DPPC multilayers can be found in the synovial
fluid (unbound) and on top of the cartilage (supported). To account for both cases
two different experimental designs were chosen: (i) mixtures of DPPC vesicles with
HA and (ii) DPPC bilayers, prepared on Si wafers with adsorbed HA. Further sim-
plification of the system was made by only investigating bilayers, which are the
basic building blocks of multilayer structure. DPPC vesicles with HA were ana-
lyzed by different comprehensive methods (DSC, DLS, SAXS). The interaction of
Si supported DPPC bilayers and HA was studied using XRR and fluorescent mi-
croscopy. Further, the scenario of a joint under load was addressed, by evaluating
the influence of pressure on Si-supported DPPC/HA composites.

In the course of the experiments the solution conditions and the molecular weight
of the used HA were systematically varied. Molecular weights of HA from My, =
10 kDa up to My, = 1500 kDa were used. Different studies claimed that the molec-
ular weight of the HA in joints of patients suffering form arthritis was significantly
reduced compared to healthy patients [21, 22]. Therefore it is very interesting to
study if and how the molecular weight of HA has an influence on the interaction
of DPPC and HA. For the experiments with different molecular weights, HA solu-
tions were always prepared with the same mass concentration of HA. This ensured
that for all experiments the same number of disaccharide units and with that the
same number of charged groups were present in the solution. All samples were
studied under two different solution conditions. The first solution contained only
sodium chloride at a physiological concentration (cyq.c; = 150 mM), as found in
synovial joints. For the second solution condition calcium chloride was added in

a low concentration (ccqo, = 10 mM). With the addition of CaCl, the influence
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of divalent ion Ca** should examined. Calcium can be found in low concentration
(1.2 — 2.4 mM/L) in the synovial fluid [80, 81] and it is well known that CaCl, is
able to alter the structure of DPPC bilayers [53, 82-87] and the charge density of
HA [88]. The CaCl, concentration was chosen to be higher to obtain a stronger
and clearer effect.

In the following first the results obtained from studies of DPPC vesicles and HA and
afterwards the results from Si-supported DPPC bilayers with HA will be presented.
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3.1 Interaction of DPPC vesicles and hyaluronan

This chapter will cover the result from studies of DPPC vesicles and HA solution.
This experimental design was chosen to mimic the condition in the synovial fluid,
were DPPC is the most abundant phospholipid [89] and interacts with HA under
bulk conditions.

DPPC vesicles were studied extensively over the last decades. Therefore they
are well understood, which makes them very well suited to study how HA effects
structures formed by phospholipids. To obtain a complete picture of the interaction
three comprehensive methods have been chosen, covering a broad range of accessible
length scales from the sub-nanometer (SAXS) to sub-micrometer (DLS) range and
information about the phase behavior of the sample system (DSC). Using this very
simple model system it might be possible to derive information about the basic
interaction between the two components DPPC and HA. HA with five different
molecular weights was probed to study the influence of the chain length of HA
on the structures forming. The results from the two different solutions conditions
can be found in two separate sections: (i) sodium chlorid (¢yq.cr = 155 mM)
in section 3.1.1 (ii) sodium chloride (cyqc; = 155 mM) with calcium chloride
(ccact, = 10 mM) in section 3.1.2.

In table 3.1 a summary of all probed samples can be found, with the respective
examination method. The preparation of the samples was done as explained in
section 2.1.1. Vesicles were prepared via the extrusion method and mixed with
HA. For DLS and DSC concentration of 1 mg/mL was chosen for DPPC and HA.
For SAXS a higher concentration of 4 mg/mL each was necessary for a sufficient

scattering signal.

Table 3.1: Collection of all samples compositions and the respective methods with
which they were studied.

DSC DLS SAXS
NaCl NaCl/ NaCl NaCl/ NaCl NaCl/
CaCl, CaCl, CaCl,
DPPC X X X X X X
DPPC + HA10 X X X X
DPPC + HA250 X X X X X X
DPPC + HAS00 X X X X
DPPC + HA1500 X X X X
DPPC + HA2500 X X X X
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3.1.1 Interaction in sodium chloride solution

3.1.1.1 Differential scanning calorimetry

Using DSC it was possible to study how the phase behavior of DPPC was changed
in the presence of HA with different molecular weights. Five scan with a scanning
speed of 20 K/h were performed for every sample. Shape and position of the
two phase transition (pretransition and main transition) peaks were evaluated.
Pretransition denotes the transition from the Lg (gel) to the Pg (ripple) phase
and main transition denotes the transition from Pg (ripple) to L, (fluid). HA did
not show a phase transition visible in the DSC curve in the studied temperature
range, therefore DSC measurements were only sensible to the signal from DPPC.

As a control sample sole DPPC in 150 mM CaCl, was measured. The DSC curves
of all samples along with a magnification of the pretransition (transition from Lg
to Py ) region can be found in Figure 3.1a. Two transitions can easily be identified
for all samples: the pretransition around 32 °C — 34 °C and the main transition
(transition from Py to L,) slightly below 42 °C. In general, no strong changes
of the DSC profiles, like vanishing of transition peaks or strong shifts of the peak
positions, can be observed. However, a small change is observed for the shape of
the main transition. While the profile for pure DPPC is symmetric, the profiles
becomes asymmetric for mixtures of DPPC and HA. Additionally the profiles show
a shoulder on the left side. Both observations hint at changed transition dynamics.
The main transition temperature is calculated by averaging the maxima of the
five main transition peaks and the standard deviation is used as error.The values
for the main transition temperatures are collected in figure 3.1b. For sole DPPC
the temperature of the main transition is 41.83 + 0.02 °C and does not change
significantly in the presence of HA. T The pretransition of the samples (see inset in
fig. 3.1a) is not very distinct and it seemed as if there were two broad peaks, with
the peak at higher temperatures being the dominant one. Sole DPPC showed the
maxima at 31.74+0.1 °C and 34.1£0.5 °C. For DPPC with HA the position of the
first peak changed to values between between 31.1£0.1 °C and 31.540.1 °C and the
second maximum could be found between 33.8£0.5 °C and 34.1£0.5 °C. From the
area under the complete DSC curve the enthalpy of the phase transition of DPPC
(L to L, ) was calculated. The results (average of the five scans) are collected
in figure 3.1c. For the errors the standard deviation was used. The enthalpy for
sole DPPC was 1.17 £ 0.01 mJ and HA lead to a decrease of the enthalpy. The

decrease was stronger for HA with a higher molecular weight.
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Figure 3.1: Results of the DSC measurements of DPPC and DPPC with HA of
different molecular weights. (a) DSC curves of all samples. The inset shows a

magnification of pretransition area. (b) Transition temperature (c¢) Enthalpy of the
transition process

3.1.1.2 Dynamic light scattering

DLS measurements have been performed to investigate the influence of HA on the
hydrodynamic radius of DPPC vesicles. Measurements were performed at 25 °C.

The intensity over radius curves of all samples are presented in figure 3.2a. They
show two peaks: one at roughly 100 nm and the second one in the micrometer region
(see fig. 3.2a). It shows that two size populations of particles had developed in
the solution. The population with a radius of around 100 nm represented probably
single vesicles, since the vesicles were formed by extrusion through membranes with
a pore size of 200 nm, which results in a radius of 100 nm for the formed vesicles.
The second population (micrometer region) is probably caused by aggregation of
vesicles. It has to be noted that, although the area under peaks of the smaller
particles is lower than the area under the peak of the bigger particles, the number

of particles belonging to the population with the smaller radius is much higher
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Figure 3.2: Results from DLS measurements on DPPC and DPPC with HA of
different molecular weight. (a) DLS intensity of radii curves. (b) Center of mass
of the first and second peak in the DLS curve for the different samples.

than the number belonging the to other population. This is due to the fact that
light gets scattered much stronger by larger particles.

The addition of HA led to a change of the area and the position of the two peaks
as a function of the molecular weight of the HA, indicating a major role of the
molecular weight. In figure 3.2b the positions of the center of mass of the two
peaks are collected for the different samples. For both peaks the value increases
with an increasing molecular weight of the HA. Sole DPPC vesicles and vesicles
with HA10 show the lowest values. Looking at the curves in figure 3.2a it can
easily detected, that the area under the curve of the first peak changes also as
function of the molecular weight. The addition of HA10 to the vesicle solution
lead to an decrease of the area under the peak. With increasing molecular weight
of the HA the area increases again. Also the width of that peak depends on the
molecular weight of the HA. For HA with a molecular weight of My, = 1500 kDa
and My, = 2500 kDa the width is considerably increased compared to the other

samples.

3.1.1.3 Small Angle X-Ray Scattering

Information about the bilayer structure of DPPC vesicles in NaCl solution (cy.cr =
150 mM ) with or without added HA were obtained from SAXS measurements. HA
with a molecular weight of 250 kDa was used and measurements of DPPC, HA and
DPPC with HA were performed at three different temperatures to get information
about the bilayer structure of the vesicles in all three DPPC phases: 25 °C (DPPC
in Lg phase), 37 °C (DPPC in Py phase) and 50 °C (DPPC in L, phase).

The scattering curves of sole DPPC vesicles at the three different temperatures,

which are shown in figure 3.3a, are clearly dominated by a broad oscillation reach-
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Figure 3.3: Results from SAXS measurements of DPPC vesicles at three different
temperatures. (a) Scattering curves. (b) Scattering curves with fits. Arrows indi-
cate the positions of multilamellar peaks. Vertical offset is for clarity. (c) Relative
electron density profiles of the bilayer at the three temperatures, calculated from fits
of the scattering curves.

ing from around 0.5 nm~! to 2 nm™!

, which stemmed from the scattering of single
bilayers. However the oscillation is superposed by two peaks that are narrower.
The position of the peaks is indicated by an arrow in figure 3.3b. The first of these
peaks can be found at around 1 nm™!, which fits to the d-spacing (bilayer thick-
ness plus width of the water layer between two bilayer) of DPPC multilayers [33].
Already from these observation it could be concluded, that the studied vesicles
are a mixture of unilamellar and a smaller amount of multilamellar (> 1 lamellar)
vesicles. In general the curves at 25 °C and 37 °C look quite similar. The width
of the oscillation is a little bit smaller for the sample measured at 37 °C compared
to the sample measured at 37 °C, hinting at a slightly increased bilayer thickness.
Further the multilamellar peak is shifted to a lower g-value (from 0.9940.02 nm ™!
for 25 °C to 0.94 4 0.02 for 37 °C) for this samples and it can be concluded that
the d-spacing is increased. The curve of the measurement at 50 °C shows a much
broader oscillation than the other two curves, showing that the bilayer thickness

decreased. Also the d-spacing from the multilamellar vesicles is decreased, which
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can be concluded from the shift of the multilamellar peak position to higher q-
values (1.01£0.02). The multilamellar peak was also much more distinct at 50 °C,
which could hint at a higher amount of multilamellar vesicles.

In order to obtain more quantitative information about the bilayer structure a
model, given by equation 2.12 was fitted to the data sets. The model is described
in detail in section 2.2.1. It uses a combination of the scattering from unilamellar
and multilamellar vesicles. The electron density of a bilayer was described by three
Gaussians, to account for two head group regions and the tail group region. In
figure 3.3c the electron density profiles for the DPPC vesicles measured at 25 °C,
37 °C and 50 °C are shown, which were obtained from the fitting procedure. The
fits itself are presented in in figure 3.3b and the fitting parameters are collected in
a table 3.2. In the region below ¢ ~ 0.8 nm~! deviation between the fit and the
experimental data can be observed. These deviation are attributed to the use of
new glass capillaries for every sample. As the capillaries show small differences of
their dimensions (diameter and wall thickness) they cause differences in the scat-

tering signal, especially in the low ¢ region However, the fits confirm the conclusion,

Table 3.2: Parameters of the fits of DPPC vesicles. opr gives the half width
of the Gaussian curve for the head -/ tail group, zy describes the distance of the
headgroup to the bilayer center, p, give the relative electron density of the tail group,
d is the d-spacing, n is a measure for the amount of unilamellar structures, A a
scaling factor and BG the background level

25 °C 37 °C 50 °C
og [nm] 0.36 +£0.02 0.38 +0.02 0.35+0.03
or [nm] 0.45+0.02 0.48 £0.03 0.50 +0.04
zp [nm)] 2.14+£0.04 2.144+£0.04 1.90=£0.08
Pr 0.79+0.04 1.00+0.06 1.10=+0.07
d [nm)] 6.7+ 0.2 6.9+ 0.2 6.3 £0.2
n 201 45+ 4 18£2
A 6.5+ 0.5 21+0.1 41403
BG 26 + 3 14+1 25+ 3
no. of layers 3 4 5

which were already drawn from the scattering curves. From 25 °C to 37 °C a very
small increase of the bilayer thickness can be observed (see fig. 3.3b). However,
the head-to-head distance stays constant (see parameter zy in tab. 3.2, which
is half of the head-to-head distance). The small increase of the bilayer thickness
(head-to-head distance plus the width of the head groups) of ~ 0.05 nm is caused
by a higher width of the head groups at 37 °C (see oy in tab. 3.2). It is below

the uncertainties. Further, the d-spacing increases slightly from 6.7 nm to 6.9 nm
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(see tab. 3.2). A further increase of the temperature to 50 °C leads to a strong
decrease of the head-to-head distance (0.5 nm) as well as the d-spacing (0.6 nm).
Beside a change in thickness of the bilayer, changes of the electron density could
be observed. With increasing temperature the parameter p, increases. p, describes
the ratio between the electron density of the head group and the tail group. This
change could be caused by a decrease of the absolute electron density of the tail
group or a decrease of the absolute electron density of the head groups. Since the
relative electron density of the head group in this model is equal to unity (eq. 2.9),
an increase of p, causes a decrease of the relative electron density of the tail group
region. Using equation 2.14 the ratio of unilamellar to multilamellar vesicles can be
calculated. It is 3.6 : 1 at 50 °C and was above 10 : 1 for lower temperatures. Also
the number of maximum layers is higher at 50 °C (see tab. 3.2). Thus the tendency
to form multilamellar vesicles is higher at 50 °C. This was already suspected from
the scattering curves in figure 3.3a.

After the measurements of sole DPPC-vesicles have been presented, the measure-
ments of DPPC vesicles with HA will be introduced to investigate how the structure
of DPPC vesicles is changed in the presence of HA. The scattering curves of DPPC
with HA showed a superposition of the scattering from vesicles and free HA (see
appendix A.1). Due to the low concentration of DPPC, vesicle occupy only a small
fraction of the sample volume. Therefore it can be assumed that a large fraction
of the HA is not in contact with the vesicles and, thus, can be regarded as free
HA. To use the same model for fitting as for sole DPPC the scattering of the free
HA had to be subtracted first, so that only the scattering from the vesicles and
bound HA was left over. The resulting scattering curves (measured at 25 °C, 37 °C
and 50 °C) are shown in figure 3.4a. Additionally the scattering curves of sole HA
at the three different temperatures are shown in figure 3.4b. Since the curve of
HA are almost identically it can be supposed that the structure of free HA does
not change as a function of the temperature. Comparing the scattering curves of
DPPC with HA (fig. 3.4a) to the curves of sole DPPC (fig. 3.4a) it can be seen
that the addition of HA does not cause strong effects. However, small differences
are present, so that the fits that were used for the measurements of sole DPPC do
not match the DPPC/HA very well as it is shown in figure 3.5. From the results
of the DLS measurements, it was suspected that these changes result from HA ad-
sorbed to the outside of the vesicles. To account for such an adsorption the model
used for fitting has been adapted as described in section 2.2.1. An extra layer was
added to the model used to fit the curves of sole DPPC vesicles. To minimize the

parameter space the parameters for DPPC bilayer/ multilayer was not changed in
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Figure 3.4: Results from SAXS measurements of DPPC wvesicles with HA and
sole HA at three different temperatures. (a) Scattering curves of DPPC with HA.
The scattering of free HA has already been subtracted. (b) Scattering of HA. (c)
Scattering curves of DPPC with HA with fits of the data. Arrows indicate the
position of multilamellar peaks. The offset is for clarity. (d) Relative electron
density profiles of the bilayer at the three temperatures, calculated from fits of the
scattering curves (solid lines). Additionally the relative electron density profiles of
a sole DPPC bilayer is shown (broken lines)

a first step. Only if necessary to achieve a sufficient fit the parameters for zy and
the d-spacing were changed. Fits of the scattering curve are shown in figure 3.4c
and the obtained fitting parameters can be found in table 3.3. The relative electron
density profiles in figure 3.4d show a small additional layer on the left side of the
bilayer. It has to be noted, that the shape of the additional layer is restricted to
a Gaussian curve. It could be observed that the center of this extra layer moved
with increasing temperature closer to the bilayer, while the thickness of the layer
decreased. The electron density reached its maximum at 37 °C. In general it seems
as if the layer is most pronounced at 37 °C. Furthermore changes of the bilayer
thickness and the d-spacing were observed (see tab. 3.3). The d-spacing of the
vesicles with HA at 37 °C (7.1 & 0.3 nm) and 50 °C (6.6 £ 0.2 nm) was slightly
increased compared to DPPC vesicles without HA (6.9 4+ 0.2 nm at 37 °C and
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Figure 3.5: Segment of the scattering data of DPPC wvesicles with HA at three
different temperatures, together with the calculated scattering from two model (solid
lines). The gray scaled line show the fits of the data calculated with the described
bilayer model with an added layer for HA. Red lines show the scattering of the same
model without the extra layer.

6.3 £0.2 nm at 50 °C). At the same time the head-to-head distance of the bilayer
with HA at 37 °C is a little bit smaller than the head-to-head distance of a bilayer
without HA.

The obtained differences between sole DPPC vesicles and DPPC vesicles with

Table 3.3: Parameters of the fits of DPPC wvesicles with HA. op/r/ma gives the
half width of the Gaussian curve for the head -/ tail group / HA layer, zp/ma
describes the distance of the headgroup/ HA layer to the bilayer center, p,jma give
the relative electron density of the tail group/ HA layer, d is the d-spacing, n is a
measure for the amount of unilamellar structures, A a scaling factor and BG the
background level

25 °C 37 °C 50 °C
oy [nm] 0.36 £0.01 0.384+0.02 0.35+0.03
or [nm] 0.45+0.03 0.48+0.02 0.50+0.03
2 [nm] 2.14+0.04 2.06+£0.03 1.90=+0.05
Dr 0.79+£0.03 1.004+0.04 1.1040.05
d [nm] 67402 71403 66+0.2
n 1942 29 +2 29 +2
A 62+03 31+01 32+02
BG 22 +3 1742 25+3
no. of layers 3 3 )

DA 0.07+£0.02 0.0940.03 0.05+0.03
zpa [nm] 26+09 1.34+£05 1.04+0.05
opa [nm] 1.2+0.6 0804  030+£0.1
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HA are quite small (especially for 50 °C) and special care has to be taken when
interpreting the electron density profiles. As the quality of the data is not very
high and the used model restricts the shape of the added layer there are some
uncertainties in the electron density profile are existing, which is reflected in the

high relative errors for the HA layer (see tab. 3.3).

3.1.1.4 Discussion

In this section the interaction of DPPC vesicles with HA will be discussed on the
basis of the presented results. The three applied methods allowed to obtain a
comprehensive picture of the interaction as they probe different length scales and
different properties. Together, the results of the three methods convincingly show
that HA adsorbs to DPPC vesicles and that the molecular weight of the used HA
influences the interaction. It seems reasonable to divide the used HA into two
groups when describing the interaction: low molecular weight (< 800 kDa) and
high molecular weight (> 1500 kDa).

First the result from DSC will be discussed, which give insight into the phase
behavior of the samples systems. Measurements of DPPC showed the two char-
acteristic peaks for the pretransition (Lg to Pg) at around 34.1 £ 0.5 °C and for
the main transition at around 41.83 4+ 0.02 °C. The results are in agreement with
literature with respect to the transition temperatures of DPPC [30, 67]. Koynova
et al. [30] report in their review a value of 34.4 + 2.5 °C for the pretransition and
41.3 = 1.8 °C for the main transition. The division of the pretransition into two
peaks might be due to small impurities, as the pretransition is known to be very
sensitive to any kind of contamination [67]. For the mixed system of HA and DPPC
vesicles changes in the DSC signal are observed. The temperature of the main tran-
sition did not change considerably, but a shoulder evolved on the lower temperature
side of the main transition. The development of a shoulder while the transition
temperature is relative unaffected was already well described by McElhaney et al.
1982 [90] for the interaction of small molecules with phospholipid membranes. It
was claimed that this behavior is a sign for molecules which interact mainly with
the glycerol backbone at the hydrophobic-hydrophilic interface of the membrane.
Such an interaction scenario is possible for HA as it was reported that HA has
hydrophobic patches which can bind to lipids [41, 44]. For HA with low molecu-
lar weight the assumption of a small molecule might be valid, but for HA with a
high molecular weight the assumption gets very questionable, especially since the

transition enthalpy decreases. It seems therefore reasonable that the interaction
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mechanisms for high molecular weight HA differ slightly from those of HA with a
small molecular weight. However it can be excluded that HA interacts considerably
with the alkyl chains of the lipids. Molecules that are present in this region, like
for example cholesterol [91], cause a change of the main transition temperature and
an increase of the width of the main transition [90]. Further it is known that even
small amounts of contamination lead to a disappearance of the pretransition [92].
DLS measurements showed the existence of two different populations of vesicles, as
two intensity peaks at two different positions were found. One at around 1 pum and
one at around 100 nm. It seems reasonable that the peak at ~ 1 pum stems from
aggregated vesicles. As a membrane with a pore size of 200 um was used for the
extrusion of the vesicles it can be assumed that the peak at around 100 nm belongs
to non aggregated vesicles. Two different trends could be observed, after adding
HA of different molecular weight to the solution: i) an increase of the hydrody-
namic radius of the vesicles as a function of the molecular weight ii) a decrease
of the amount of non aggregated vesicles with a stronger decrease for HA of low
molecular weight HA.

An increased hydrodynamic radius for DPPC vesicles with HA has already been re-
ported by Wang et al. 2013 [28], who used HA with a molecular weight of 620 kDa.
The HA induced change of the hydrodynamic radius is comparable with the here
presented results. From the increase of the hydrodynamic radius it could be con-
cluded that HA adsorbs to the DPPC vesicles, which fits to the here presented
results obtained from SAXS where an additional layer at the outside of the vesicles
was supposed. The increase of the hydrodynamic radius as a function of the HA
can be explained by the different conformations of HA with a low and high My,. At
very low molecular weights (e.g. 10 kDa) HA can be regarded as a stiff rod, while
high molecular weight HA in aqueous solution has a random coil conformation with
a radius of gyration, that increases as a function of the molecular weight [93]. A
HA coil with a larger radius of gyration adsorbing to a DPPC vesicle will lead to
large increase of the hydrodynamic radius.

The second trend implied that HA promoted the formation of aggregates, which
can be deduced from the decreased intensity of the peak at around 100 nm for sam-
ples with HA. This hints at formation of supramolecular HA-DPPC structures, as
illustrated in figure 3.6i. Such a formation has already been claimed by Crescenzi
et al. 2004 [94], who visualized the aggregates with electron microscopy. The effect
got weaker for HA with a higher molecular weight, which hints at an increased
interaction strength of HA with low molecular weight. High and low molecular

weight HA have the chemical structure and the number of charged carboxyl groups
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Figure 3.6: Sketch illustrating the possible structure of DPPC/HA aggregates
(1) and possible structures of single DPPC wvesicles enveloped by HA (ii) or with
attached HA chains (1ii).

in the solution is the same as the same mass concentration was used for all molec-
ular weights of HA. Thus, the reason for the increased interaction is most likely
the changed conformation (rod vs. random coil). HA of a higher molecular weight,
has, due to its coiled structure, a high amount of mass that is excluded from an
interaction with the vesicles since it is situated within the coil. Like the results
from DSC, DLS measurements imply an interaction of DPPC vesicles with HA.

For the SAXS measurements DPPC vesicles were mixed with HA (My, = 250 kDa)
and measured at three different temperatures (25 °C, 37 °C and 50 °C). The tem-
peratures correspond to the three bilayer phases: gel phase (Lg ), rippled phase
(Pg) and fluid phase (L,) [30]. This was also confirmed by the DSC measure-
ments presented here. As the different phases go along with different structural
conformations of the lipids the structure of the bilayer changes, while the lipids
undergo a phase transition [30]. This is most obvious for the changed d-spacings
and head-to-head distances, which were higher in the Pg and Lg phase than in
the L, phase. The head-to-head distance of 4.3 nm and 3.8 nm for the Lg L,, fit
well to the values reported by Nagle et al. 1996 [95]. In contrast to that the results
for the d-spacing do not match those reported in literature [95]. A reason for this
might be the different preparation methods. The vesicles used for the studies in
literature are large multilamellar vesicles, while the here presented results stem
from small vesicles with a low number of lamellar. They are called pauci-lamellar
vesicles and are well known for PC vesicles prepared by extrusion with membranes
of a pore size of 200 nm [96]. The smaller vesicle size induces higher stresses due
to the high curvature, which could have a strong effect on the d-spacing. Another
effect that is observed during the phase transition is the changed electron density

pr. This effect can be explained by an increased volume per DPPC molecule, which
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could be the result of higher degree of disorder, due the molten alkyl chains after
the phase transitions. An increased volume per molecule for the L, and Pg phase
compared to the Lg phase has already been reported [31].The addition of HA did
not change the scattering profiles considerably, which shows that the bilayer struc-
ture did not change much. It could be observed that the d-spacing for the Pgs
and the L, was increased by HA. A possible explanation could be that HA moved
between the bilayers and thereby increases the d-spacing as it was suggested in a
study by Kreuzer et al. 2012 [97]. The question arises, how HA should enter the
space between two lamellae, as vesicles consist of closed shells of lipids and the
presented results do not imply a strong interaction between the HA and DPPC.
Thus, an induced disruption of the DPPC bilayers seems very unlikely. Also a
penetration through the bilayers is not very likely as the electron density profiles
and especially the DSC measurements rule this out. Also Kreuzer et al 2012 [97]
did not find an evidence for such kind of interaction. In general some parts of
the multilamellar structure could arise from aggregated vesicles, where it is easily
possible for the HA to accumulate. The electron density profiles showed a diffuse
layer of HA with low electron density. At 37 °C the layer seemed to be most com-
pact. At this temperature the bilayer was in the Pz phase which should give the
HA chains a better possibility to interact with DPPC molecules, due to its rippled
structure. However, it is difficult to give a detailed information about the formed
structures as the shape of the layer in the used model is restricted to a Gaussian
form and the limited g-range restricts the resolution of the density profile.

The combination of the three methods could confirm that HA and DPPC vesicles
do interact with each other, although the interaction is not very strong. In general
the interaction of HA and DPPC could be facilitated by two different mechanisms.
First, by an electrostatic interaction of the negatively charged carboxyl groups of
HA with the positively charged part of the zwitterionic headgroup of DPPC (as
indicated by the sketch in fig. 3.7a) and, second, the hydrophobic patches of HA
might enable the interaction with the alkyl chains in the inner part of bilayer. The
here presented SAXS measurements showed only a diffuse layer on top of the bi-
layer and no changes of the inner bilayer (tail group region) structure. Further,
the results from DSC measurements do not hint at an interaction of HA with the
alkyl chains. Thus an adsorption of HA at the headgroup water interface seems
very likely. It can be presumed that the positive charge of the NH' group, which
is located directly at the vesicle interface (see fig. 3.7b), binds to the negative car-
boxyl group of HA| i.e. the interaction is dominated by electrostatic forces. This

is in agreement with result from recent other works that claimed that HA adsorbs
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Figure 3.7: (a) Sketch of a DPPC wvesicle in HA solution. (b) Sketch illustrating
the charge distribution in the headgroup of a lipid.

to the headgroup region [97, 98]. However DSC results hint also at a low amount
of HA at the glycerol - headgroup interface. The sketch in figure 3.7a summarizes
the results, where HA binds to the interface of the vesicles via its charged groups.
The measurements with different HA show that the molecular weight has a sig-
nificant influence on the interaction of the two components. It is already known
from several other studies that the molecular weight plays an important role in
the synovial joint. It has been claimed that high molecular weight HA shows a
better wear resistance [23] and that the molecular weight plays an important role
in arthritis [22, 49]. While it is difficult to interpret the result from the DSC mea-
surements which show a somehow stronger effect of the high molecular weight HA
on the phase behavior of DPPC, the results from DLS hint at a stronger interac-
tion of low molecular weight HA with DPPC. Also in the literature the important
question, if high or low molecular weight HA has a different effect on the bilayer is
a matter of discussion [98, 99]. Since, up to now, there are no studies, investigat-
ing the effect of the molecular weight on the lubrication properties of DPPC/HA
mixtures it is hard to conclude from the presented results if a stronger interaction
between HA and DPPC is beneficial or not. Only indirect information about the
effect of the molecular weight is available as the molecular weight of HA in the
synovial fluid of arthritic joints was found to be lower compared to healthy joints
21, 22].
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3.1.2 Interaction in sodium chloride solution with calcium

chloride

3.1.2.1 Differential scanning calorimetry

DSC measurements of DPPC and DPPC/HA (using HA with different molecular
weights) in a solution containing sodium chloride (cyacr = 150 mM) and calcium
chloride (ccqc1, = 10 mM) have been performed to evaluate how divalent Ca"
ions change the phase behavior of DPPC vesicles with HA.

The DSC profiles of the six samples are shown in figure 3.8a. An inset in this figure
shows a magnification of the pretransition region. The data shows two typical
peaks, which belong to two phase transitions of DPPC: the pretransition (Lg to
Py phase) at around 34 — 35 °C and the main transition (Pg to L, phase) at
around 42 °C. For the calculation of the main transition temperature the average
position of the peak maximum of five scans is used and the standard deviation
is given as error. The temperature of the main transition of DPPC in sodium
chloride with calcium chloride is determined to be 42.72+0.02 °C, which is around
1 K higher than for DPPC in sole NaCl. Adding HA leads to a decrease of the
transition temperature, as it can be seen in figure 3.8b, depicting the transition
temperature as a function of the molecular weight of the HA. As seen in chapter
3.1.1.1, in a solution without CaCl, no significant change of the main transition
temperature is detected. In the presence of CaCl, HA10 has the strongest effect on
the transition temperature and decreases it by 0.7 °C. The transition temperature
increases with increasing molecular weight until it reached a maximum temperature
of 42.29+0.02 °C for a molecular weight of 800 £Da and then stays constant. The
shape of the profiles of the main transition shows deviations which are caused by
the molecular weight of the HA. In general all profiles are asymmetric (with or
without HA). In the presence of HA with a molecular weight lower 800 kDA the
main transition shows two distinct peaks, which can be seen in figure 3.8a. The
second peak vanishes for higher molecular weight HA (> 800 kDa). In contrast
to the main transition temperature the temperature of the pretransition of DPPC
increases in the presence of HA (see fig. 3.8a). Sole DPPC has a pretransition
temperature of 35.3 + 0.1 °C, whereas the addition of HA leads to an increase of
the temperature by 1.2 °C for HA10 and by 1.7 °C for HA2500. In figure 3.8c
the enthalpy of the transition for the lipids from the Lg phase to the L, phase
is plotted as a function of the molecular weight of the added HA. In general the
enthalpy is increased in the presence of HA, but the effect is very small for HA
with high molecular weight (> 1500 kDa).

o1



(a) 1 B T T T T T T
——no HA
——HA10  __0.03}
— L HA250 X
v 0.8 =
= ——HAB00 2
2 ——HA1500 %0
> 0.6 HA2500 §
§ § 0.01
@ 0.4 3
o T ]
-'g 0
I o2+ 32 33 34 35 36 37 38
Temperature [°C]
0 T 1 1 — ! ! .
32 34 36 38 40 42 44
Temperature [°C]
43 . 1.3 .
(b) (c)
0428 12} %
< [
= @
Sa2e 2 t
= —=11r
o 9 2
S 424 T
£ ® . a %
(0} [ ] >
= 422 { o
5 09t
Z 42f 3 g
S
=418} 0.8
41.6— : - - : : 0.7 — . . . : :
no HA 10 250 800 1500 2500 no HA 10 250 800 1500 2500
Weigth of the Hyaluronan [kDa] Weigth of the Hyaluronan [kDa]

Figure 3.8: Results of the DSC measurements of DPPC and DPPC with HA of
different molecular weights. (a) DSC curves of all samples. The inset shows a

magnification of pretransition area. (b) Transition temperature (c) Enthalpy of the
transition process

The results show that HA in the presence of CaCl, modifies the phase behavior
of DPPC. Furthermore it can be observed that the effect on the phase transition
depends on the molecular weight of HA.

3.1.2.2 Dynamic light scattering

DLS measurements of DPPC vesicles with HA in aqueous solution (containing
150 mM NaCl and 10 mM CaCl,) were performed to obtain information about
the formed structure on micrometer range. The measurements were performed at
25 °C.

The size distribution functions of sole DPPC vesicles and DPPC vesicles with
HA, which were obtained from the DLS measurements, are shown in figure 3.9a.
The addition of CaCl, causes strong differences between sole DPPC samples and

samples with HA. DPPC vesicles in a solution containing CaCl, only show a single
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Figure 3.9: Results from DLS measurements of DPPC and DPPC with HA of
different molecular weight in NaCl with CaCl,. (a) DLS intensity of radii curves.
(b) Center of mass of the first peak in the DLS curve for the different samples.

peak at a radius of around 100 nm, which corresponds well with the pore size of the
membrane used for the vesicle preparation. No peak is visible at larger radii which
hint at an absence of aggregates of the single vesicles. The addition of HA results
in a drastic change of the curves (see fig. 3.9a). For all used molecular weights
of HA a peak in the micrometer range is visible. Further, a large difference in
the curves can be recognized between samples with HA of a high molecular weight
(> 1500 kDa) and HA with low molecular weight (< 800 kDa). CaCl, causes
a vanishing of the peak at around 100 nm for HA with lower molecular weight.
For the sample with HA1500 the peak reappears and increases its amplitude for
the sample with HA2500. Comparing the position of the center of mass of the
peak around 100 nm (for those samples where the peak was observed) it could be
recognized that HA leads to an increase of the hydrodynamic radius (see fig. 3.9b).
No conclusion can be drawn about a possible change of the peak position with
increasing molecular weight of the HA, since no peak can be observed for samples
with HA of low molecular weight. Also the position of the peak in the micrometer
range is different for samples with HA of low and high molecular weight. While
the peaks show very similar shapes and do not change its positions significantly for
samples with low molecular weight HA, the peak position shifts to higher values
for samples with HA1500 and HA2500.

3.1.2.3 Small angle X-ray scattering

So far DSC and DLS experiments have been discussed. As these methods do not
provide detailed information about the bilayer structure, SAXS experiments were
performed to resolve how CaCl, changes the bilayer structure of DPPC vesicles
with HA. The samples were probed in three different phases of DPPC: Lg (25 °C),
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Py (37 °C) and L, (50 °C).
The scattering of DPPC vesicles at the three different temperatures, which are

shown in figure 3.10a, are strongly dominated by a broad oscillation reaching from

1

around 0.5 nm™' to 2 nm™!. Such oszillations are typical for unilamellar vesi-
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Figure 3.10: Results from SAXS measurements of DPPC wvesicles in a solution
containing 150 mM NaCl and 10 mMCaCl, at three different temperatures. (a)
Scattering curves of DPPC with HA. The scattering of free HA has already been
subtracted. (b) Scattering curves with fits. Arrows indicate the positions of multil-
amellar peaks. Vertical offset is for clarity. (c) Relative electron density profiles of
the bilayer at the three temperatures, calculated from fits of the scattering curves.

cles. In contrast to the scattering curve for vesicles at 25 °C and 37 °C the curve
measured at 50 °C shows in addition to the oscillation a distinct peak at around
1 nm~! and a second less pronounced peak at 1.8 nm~! (marked by the arrows in
fig. 3.10b), indicating multilamellar(> 2 lamellae) structures. Such peaks are char-
acteristic for multilamellar vesicles, therefore it can be assumed, that the vesicles
at 50 °C are partially multilamellar. The oscillation width of the measurements at
25 °C and 37 °C do not show strong difference, while the width increases strongly
from 37 °C to 50 °C. This hints at an decreased bilayer thickness for the vesicles at
50 °C. Although the oscillation width of the scattering curve at 25 °C and 37 °C

are similar, clear differences of the oscillation shape are visible. Around ¢ = 1nm™!
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the intensity of the curve measured at 37 °C is significantly higher than the inten-
sity of the curve measured at 25 °C, which might be due to changes in the bilayer
structure.

For an quantitative analysis the model described in section 2.2.1 was fitted to the

data. The model for the bilayer was build up by three Gaussian curves (eq. 2.10)

Table 3.4: Parameters of the fits of DPPC vesicles. opr gives the half width
of the Gaussian curve for the head -/ tail group, zy describes the distance of the
headgroup to the bilayer center, p, give the relative electron density of the tail group,
d is the d-spacing, n is a measure for the amount of unilamellar structures, A a
scaling factor and BG the background level

25 °C 37 °C 50 °C
oy [nm] 0.22+0.01 0.454+0.04 0.3240.02
or [nm)] 0.40 £0.03 0.484+0.03 0.48+0.04
zg [nm] 2.16 £0.05 2.15£0.05 1.90+0.04
Pr 0.524+0.04 1.004+0.07 1.224+0.04
d [nm) - - 6.0+0.2
n 20+ 2 19+ 2 17+ 2
A 19+ 2 6.5+£0.5 12+1
BG 16 £2 25+5 30+4
no. of layers 1 1 3

and to account for multilamellar vesicles the scattering of uni- and multilamellar
models was combined (eq. 2.13). All fits together with the data are shown in figure
3.10b and the fitting parameters can be found in table 3.4. For 50 °C deviations
between the fit and the experimental data are observed. The reason for this might
be found in the use of different capillaries for the samples, which makes a back-
ground subtraction very difficult. Especially the low ¢ region is strongly affected
by scattering from the glass capillaries. In figure 3.10c the resulting model electron
densities are shown. While the DPPC vesicles at 25 °C and 37 °C were fitted with
a exclusively unilamellar model, the model for the vesicles at 50 °C contained also
a multilamellar fraction. The fits show a head-to-head distance of 4.3 nm (double
of zg, see tab. 3.4) for the bilayers at 25 °C and at 37 °C. However the bilayer
appears to have a higher thickness at 37 °C compared to 25 °C (see fig. 3.10c),
which is mainly caused by an increase of the width of head group (see parameter
og in tab. 3.4). Also the tail group region shows strong structural differences
between 25 °C and 37 °C. The parameter p,, which is a measure for the ratio
between the absolute electron density of the head groups and the tail groups (see
eq. 2.9) increases considerably from 25 °C to 37 °C. This indicates that either

the electron density of the head group and/or the tail group decreases. However,
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due to the definition of p, as relative electron density, which is normalized to the
head group density, no absolute statements can be made. A further increase of
the temperature to 50 °C leads to a clear change of the vesicle structure (see pa-
rameters in tab. 3.4). The head-to-head distance decreases to 3.8 nm, a certain
fraction multilamellar structure develops with a d-spacing of 6 nm and the value
of p, increased further.

The scattering curves of DPPC vesicles with HA are a superposition of the scatter-
ing of DPPC vesicles and the scattering of free HA. To determine the structure of
the vesicles with bound HA, it was necessary to seperate the scattering of free HA.
Therefore, measurements of HA in a solution containing NaCl and CaCl,, were per-
formed. The resulting scattering profiles were subtracted from the curves obtained
for DPPC vesicles with HA. The scattering curves of sole HA can be found in fig-
ure 3.11b. They do not show any significant differences. The resulting scattering
curves of the DPPC vesicles in the presence of HA are shown in figure 3.11a. They
have a completely different shape than the curves of sole DPPC vesicles (see fig.
3.10a). At all temperatures the curves are a superposition of a broad oscillation
from 0.5 nm™! to around 2 nm ™! and two peaks at roughly 1 nm~! and 1.8 nm™!
(marked by arrows in fig. 3.10). These peaks are a sign for multilamellar struc-
tures. The shape of these multilamellar peaks found for the DPPC/HA samples
in NaCl/CaCl, solution differs strongly from those found for DPPC/HA sample
in sole NaCl solution (see fig. 3.4a). Compared to the multilamellar peaks of the
samples in sole NaCl solution the peaks of the samples in figure 3.11a show higher
width and are better defined, which hint at a lower number of lamellae and a higher
ratio of multilamellar to unilamellar vesicles, respectively. The position of the first
peak varies slightly for the different temperatures. It shifts from 0.96 & 0.02nm !
t0 0.93 +0.02nm ! for samples at 25 °C and 37 °C. Further heating to 50 °C leads
to shift of the first peak to 0.99 £ 0.02nm~'. From these shifts it can be concluded
that the d-spacing reaches its lowest value at 50 °C and its highest value at 37 °C.
While the width of the bilayer oscillation does not show a strong difference between
the measurements for 25 °C and 37 °C, it shows a strong increase after heating the
samples from 37 °C to 50 °C and thus the bilayer thickness decreases.

To fit the scattering curves the model described in section 2.2.1 was used. To
improve the fitting results the model for the bilayer was complemented by an ex-
tra layer (eq. 2.16) that should account for adsorbed HA. The parameters of the
model DPPC bilayer from the fitting of sole DPPC vesicles were in a first step not
changed and only the parameters of the additional layer were changed. In a second

step also the parameters of the bilayer were changed, if necessary. To show that
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Figure 3.11: Results from SAXS measurements of DPPC vesicles with HA (My, =
250 kDA) in a solution containing NaCl and CaCl, at three different temperatures.
(a) Scattering curves of DPPC with HA. The scattering of free HA has already been
subtracted. (b) Scattering curves of HA. (c) Scattering curves of the samples with
fits.  The arrows indicate the position of multilamellar peaks. Vertical offset for
clarity. (d) Relative electron density profiles of the bilayer at the three temperatures,
calculated from fits of the scattering curves (solid lines) and relative electron density
profiles of sole DPPC wvesicles from figure 3.10b (broken lines).

a modification of the model was necessary, the calculated scattering curves from
two different models (bilayer with additional layer and bilayer) are compared to
the scattering data of DPPC/HA samples at the three different temperatures in
figure 3.12. The figure shows only the parts of the scattering curves where a sig-
nificant difference between the two models can be observed. The first model is the
model that was used to fit the DPPC/HA data, a bilayer plus an extra HA layer.
For the second model (red lines in fig. 3.12) the extra layer has been removed.
Thus the model is very similar to the model that was used to fit the data of sole
DPPC. The only difference between the models is the combination of unilamellar
and bilamellar vesicles. It can be clearly seen that the model without the extra
layer for HA shows a lower intensity than the measured data in the g-range from

around 0.7 — 1.3 nm~!. For ¢ > 1.3 nm~! the model fits the data almost as good
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Figure 3.12: Segment of the scattering data of DPPC vesicles with HA at three
different temperatures, together with the calculated scattering from two model (solid
lines). The gray scaled line show the fits of the data calculated with the described
bilayer model with an added layer for HA. Red lines show the scattering of the same
model without the extra layer.

as the more complex model with the extra layer. This comparison shows that a
modification of the model was necessary, but it cannot be excluded that other mod-
ification of the model might work as well. The chosen model with an additional
Gaussian shaped layer is the most reasonable choice for a modification, as it allows
to simulate the adsorption of a HA layer to the vesicle with a low amount of extra
parameters. It has to be noted that it is not possible to distinguish if the HA is at
the outside of a bilamellar lipid or between the two bilayers.

The fits together with the data are shown in figure 3.11c and all fitting parameters
can be found in table 3.5. In figure 3.11d the calculated relative electron density
profiles are shown together with the profiles of figure 3.10b. Obviously the struc-
ture of the bilayer itself does not change dramatically by adding HA, although the
curves of scattering intensity of DPPC vesicles and DPPC vesicles with HA do look
very different. The difference between the sample arises mainly from a transforma-
tion of unilamellar to multilamellar systems. Interestingly the curves can be fitted
with a model that combines exclusively unilamellar and bilamellar vesicles. The
fits also reveal that the amount of bilamellar vesicles is quite high (compared to the
amount of multilamellar vesicles in a solution containing sole NaCl). For samples
at 25 °C and 37 °C the ratio of unilamellar to bilamellar vesicles is 3 : 1 and for
samples at 50 °C it is 5 : 1 (calculated by eq. 2.14 with values from tab. 3.5). The
head-to-head distance is comparable to the samples of sole DPPC, around 4.4 nm

at 25 °C and 4.3 nm at 37 °C. It decreases to 3.9 nm as the samples was heated up
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Table 3.5: Parameters of the fits of the DPPC vesicles and DPPC vesicles with
HA. opjr/ma gives the half width of the Gaussian curve for the head -/ tail group
/ HA layer, zg/na describes the distance of the headgroup/ HA layer to the bilayer
center, pryma give the relative electron density of the tail group/ HA layer, d is
the d-spacing, n is a measure for the amount of unilamellar structures, A a scaling
factor and BG the background level

25 °C 37 °C 50 °C
og [nm] 0.25+0.02 0.454+0.04 0.3240.03
or [nm] 046 +0.04 0.484+0.04 0.48+0.04
zg [nm] 2.20+£0.06 2.15+0.05 1.9540.07
Pr 0.52+0.05 1.00+0.07 1.2240.06
d [nm] 70+£02 73402  6.6+0.2
n 30+04 29403 50+0.5
A 78+ 6 25 +2 21 £2
BG 45£5 45+5 44 +4
no. of layers 2 2 2
PHA 0.08£0.04 0.184+0.05 0.08+0.04
Zra [nm] 1.6£06 1.3+04 15406
opa [nm] 07403 07+£02 06+0.3

to 50 °C. In contrast the values found for the d-spacing are considerably higher for
DPPC in the presence of HA than for sole DPPC. The lowest value can be found
at 50 °C, while the highest is found at 37 °C (see tab. 3.5).

On the left side of the bilayers in figure 3.11d the extra layer of HA can be ob-
served. It is most distinct at 37 °C, while at 25 °C and 50 °C it is much weaker.
The parameter for the relative electron density of the HA layer pg4 is highest at
37 °C and the distance to the bilayer center z; is lowest at 37 °C, while the layer
width does not change considerably. At 25 °C and 50 °C pgya as well as zy have
similar values. From the figure it seems that the extra layer is hardly connected
to the bilayer at 25 °C and 50 °C, but this might be an artifact as the shape of
the layer is restricted to be Gaussian like. In general it is necessary to be careful
when evaluating the results, since the data quality is not perfect and the evalu-
able g-range is small. Particularly in the low g-region the fit quality is low. One
reason is probably that every sample was measured in a different glass capillary,
which have slightly different inner diameters and wall thicknesses. Therefor every

capillary has a different scattering signal, especially in the low g-region.
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3.1.2.4 Discussion

Besides Nat and Cl™ also a variety of other ions can be found in the synovial
fluid, like the divalent Ca®". Such multivalent ions can have a strong influence
on the structure and interaction of molecules. Therefore a small amount of CaCl,
(ccact, = 10 mM) was added to the sample solution to study the influence of
divalent ions on the interaction of DPPC vesicles and HA. The amount of CaCl,
is higher, but in the range of what can be found in the synovial joint [81]. Again
DSC, DLS and SAXS studies were performed to obtain a comprehensive picture
about the formed structures and interactions. The overall parameters of the ex-
periment (temperature, sample and ion concentrations, molecular weight of HA)
were the same as for studies in sole NaCl solution to have a good comparability.
Nevertheless, even the addition of low amounts of CaCl, (10 mM) induces strong
changes to the sample system.

The phase behavior of DPPC with and without HA was changed significantly by
CaCl,. First of all, pure DPPC shows an increase of the main and the pretransition
of t0 0.89 K and 1.2 K, respectively. The increase fits in general to results reported
in literature, where an increase of the main transition of DPPC of 3.5 K was re-
ported for 1 M CaCl, [30]. An increase of the temperature of the pretransition for
low CaCl, concentration was described by Hayashi et al. 2005 [100]. Since such
strong changes of the phase behavior between DPPC in NaCl and DPPC in NaCl
with CaCl, could be detected it is obvious that Ca®* ions bind to the membrane of
DPPC. The addition of HA leads to a strong decrease of the pre- and main transi-
tion temperature, while the transition enthalpy is increased. Interestingly the effect
on the phase behavior is much stronger for HA of low molecular weight (< 800 kDa)
than for HA of high molecular weight (> 800 kDa). Wieland et al. 2016 [98] also
observed a stronger influence of low molecular weight HA on phase behavior of
DPPC monolayers. A decreased main transition temperature of lipids, as induced
by the HA, is usually regarded as a sign for an impurity that distracts the lipid
packing [67]. The shape of the main transition is strongly altered, especially in the
presence of low molecular weight HA. For HA with low molecular weight a second
peak at higher temperature could be observed, that disappeared with increasing
molecular weight. According to McElhaney et al.1982 [90] the development of a
second separate peak might be the result of a molecule interacting with the head
group of the lipids. The peak of the pretransition becomes more distinct for high
molecular weight HA, while it is very weak for HA with My, = 10 kDa, which also

implies that high molecular weight HA has a weaker effect on the tail group region.
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DLS results for sole DPPC show only particles with a radius of 100 nm which
fits very well to the size that was expected for vesicles. The absence of a peak
in the micrometer range denotes an absences of aggregates, as they were detected
for DPPC vesicles in sole NaCl. The reason for this behavior is probably that the
Ca”" ions that have been adsorbed to the membrane and lead to a positive charg-
ing of the vesicles [87], so that there is a repulsion force between the vesicles. The
addition of HA changes the DLS curves dramatically. For low molecular weight
HA the peak at 100 nm vanishes and reappears for high molecular weight HA. Fur-
ther, a peak in the micrometer range appears, indicating an aggregation of vesicles.
For sole NaCl solution such a strong aggregation is not observed, but this can be
explained by a stronger attraction between the negatively charged HA chains and
the DPPC bilayer, which might be positively charged. Due to their divalent nature
Ca?" ions can bridge two negatively charges and, thus, work as ’cross-linkers’ as it
is indicated in figure 3.13. The reason for the stronger interaction of low molecular
weight HA with the vesicles might be found in the different conformation of HA.
Low molecular weight HA (e.g. My = 10 kDa) is assumed to be more rod-like
while HA with a high molecular weight has in aqueous solution the structure of a
semiflexible random coil [39, 40]. It might be more difficult for coiled structure to
interact with the membranes, since most of the chain volume is not exposed to the
membrane surface. At least for DPPC vesilces with HA of My, = 1500 kDa and
My, = 2500 kDa the radii of the not aggregated particles could be compared to
those of sole DPPC vesicle. HA causes an increase of the radius, as it has already
been shown in the previous section 3.1.1 and reported in literature [28] for DPPC
vesicles and HA in pure NaCl solution. The increase is comparable to these earlier
results and also a dependence of the particle size from the molecular weight of the
HA could be detected. This dependence is probably caused by the increase of the
radius of the coil as a function of the molecular weight [93].

The scattering curves show that at 25 °C and 37 °C only unilamellar vesicles can be
found as it was reported by Uhrikova et al. 2008 [87]. This effect is well described
for PC vesicles which are doped with charged lipids (like PS lipids) [96]. Ca®*
ions seem to have a similar effect, i.e. they lead to a charging of the membrane.
Only at 50 °C oligolamellar structures can be detected, which is in contrast to the
findings from Uhrikova et al. 2008 [87]. A reason for this might be that the here
presented results were recorded in solution containing a high concentration of NaCl
which screen [101] the Ca®" induced charging of the membrane. Such a screening
of Ca?" ions adsorbed to DPPC membranes was also reported by Lis et al. 1981
[85]. This and a higher thermal fluctuation at 50 °C might explain the different
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results. Besides promoting the formation of unilamellar vesicles the addition of
Ca®" has also a strong effect on the electron density in the tail group region. The
profile of the sample at 25 °C shows a much higher electron density level as profile
of a DPPC bilayer in sole NaCl. The higher level of the electron density in the tail
group region is probably due to closer packing of the alkyl chains induced by Ca*"
ions, as it was already suggested by Kataoka et al. 1985 [83] and Aruga et al. 1985
82].

To probe the samples at different phases, measurements were performed at differ-
ent temperatures. They reveal the typical phase induced structural changes of a
bilayer. At 25 °C and 37 °C the head-to-head distance has the same value. It
decreases when the sample was heated up to 50 °C. This change is due to a phase
transition of the bilayer to fluid (L, ) phase [30, 87, 95]. The head-to-head distance
of the DPPC bilayer in NaCl with CaCl,, showed the same values as the bilayers in
sole NaCl. This is only partially consistent whith the results reported by Uhrikova
et al. 2008 [87]. They report a CaCl, induced increase of the bilayer thickness in
the L, phase of about 0.2 nm. Unfortunately, a comparison of the values for the
bilayer thickness is not possible, as they used a different model. The increase was
claimed to be due to a changed arrangement of the lipids which was caused by a
long range electrostatic potential of the adsorbed Ca®* ions [86]. However, there
are also studies claiming that Ca®" ions don’t have an impact on the bilayer thick-
ness [85]. Further, the electron density level of the tail group region changes as a
function of the temperature. At 25 °C the relative electron density profile shows
a very defined structure and a high electron density level in the tail group region,
which differs very much from the profiles at elevated temperatures in the Pz and
L, phase, where the packing density seems to be decreased by molten chains.
Instead of exclusively unilamellar vesicles a mixture of unilamellar and bilamellar
structures is found for DPPC vesicles with HA, indicating a strong interaction. It
has to be noted, that the maximum number of lamellae is only two and that the
amount of bilamellar structures is quite high. The question arises if the bilamellar
structures are the result of a disruption and reorganization of the vesicles due to
the presence of HA, or if the HA causes an aggregation of the vesicles leading to a
favorable distance of the vesicles to each other. A strong aggregation of the vesi-
cles is also seen in the DLS data. A disruption of the vesicles would hint at very
a strong interaction between the HA and the vesicles with a considerably strong
interaction with the alkyl chains. DSC measurements do not hint at a interaction
with the alkyl chains. Also the SAXS measurements do not hint at a strong inter-
action of HA with the tail group region. The electron density profiles do not show
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strong differences of the bilayer structure between vesicles with and without HA.
Furthermore, after a disruption the lipids would form new vesicles by self assembly,
which would probably lead to vesicles with more than just two layers.

The bilayer structure itself does not change dramatically due to the addition of HA,
but the bilayer model used to fit sole DPPC had to be adapted slightly. An extra
layer was added on top of one side of the bilayer to account for the differences.
The layer is most pronounced at 37 °C, where the rippled structure of the bilayer
would lead to an increase surface area [34]. This might improve the possibility of

the HA chains to interact with the bilayer. In general, the extra layer seems to

Outside

Figure 3.13: Sketch of a DPPC vesicle in HA solution with CaCl, (orange circles).

be a little bit more compact as for the measurements of DPPC and HA in sole
NaCl solution. This could be due to stronger bonds between the single HA chains,
caused by a cross-linking through the Ca®" ions. This is also illustrated in figure
3.13. As for the results for DPPC and HA in sole NaCl care has to be taken in the
interpretation of the results, since the shape of the layer is restricted to Gaussian
like and the possible resolution is limited.

DSC and SAXS measurements show that the structure and phase behavior of the
DPPC vesicles change due to the addition of CaCl, which is a sign for an adsorption
of Ca?" ions. It seems reasonable that the ions are bond via coulomb attractions
to the negatively charged phosphate groups of the lipids [82, 83, 87]. It has even
been claimed that the concentration of Ca?' in the plane of the lipid head group
is strongly increased compared to the concentration in in bulk solution [86]. The
adsorption of a Ca?" ion to the phosphate group leads to a charge inversion from
—1 to +1 and, thus, changes the originally zwitterionic nature of the lipid to be
cation ionic (double positive). Such positively charged lipids will strongly attract

the negatively charged HA chains and will bind them to the lipid bilayer, which is
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illustrated in figure 3.13. The binding between HA and DPPC vesicles is probably
also responsible for the observed aggregation of the vesicles. Furthermore, the Ca®"
ions could cause an inter-chain cross-link of the HA molecules, which could lead
to more compact layer of HA on top of the DPPC vesicle. The obtained results
from DSC, DLS and SAXS show a much stronger interaction of DPPC and HA in
the solution with CaCl, than without CaCl,. To obtain a more detailed picture
of the actual supramolecular structures that have formed other techniques (e.g.

cryo-TEM) and sample systems could be helpful.

3.1.3 Summary

Studies on the interaction of DPPC vesicles and HA in two different solution con-
dition (NaCl and NaCl/CaCl,), which were presented and discussed in the last

chapter can be summarized in the following four main findings:

e CaCl, has a strong influence on the phase behavior and structure of the
DPPC vesicles. The transition temperatures are increased and the formation
of unilamellar vesicles is promoted. These effects are very likely induced
by Ca*" ions binding to the phosphate group of DPPC and, thus, induce
a charge inversion. Thereby the packing and attraction of the lipids in the
vesicle bilayer are changed, which influences the phase behavior, and the
bilayer get a positive overall charge, which causes repulsion force between

single bilayers.

e In a solution containing only NaCl HA and DPPC vesicles show only a weak
interaction. Results from DSC, DLS and SAXS hint at an adsorption of HA
at the headgroup region, but DSC and SAXS show that the bilayer structure
is not strongly altered by the HA. The interaction is probably driven by
electrostatic interaction between the negatively charged carboxyl groups of
HA and the positively charged NH;" group of the lipid heads.

o After CaCl, is added to the solution the interaction of HA with the DPPC
vesicles becomes much stronger. A considerable change of the phase transition
temperature is observed and a strong tendency of the vesicles to aggregate.

The enhanced interaction is claimed to be due to a bridging of the Ca*" ions
between the HA chains and the DPPC bilayer.

e It can be observed that HA of low molecular weight (< 800 kDa) generally
showed a stronger interaction with the DPPC vesicles. Its effect on the

transition temperature is larger and a stronger aggregation can be seen.
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3.2 Interaction of DPPC and hyaluronan at the

solid liquid interface

In the synovial joint lipid bilayers can not only be found unbound in the synovial
fluid but also in large quantities at the cartilage surface. It is assumed that these
bilayers play a major role for the boundary lubrication. As these bilayers have to be
regarded as supported bilayers and not as unbound bilayers another experimental
scheme was chosen to study the organization of DPPC with HA at interfaces:
Si supported DPPC/HA layers. Of special interest was how the system reacts
to high hydrostatic pressure, as it occurs at high loads at the cartilage surface
[5, 8, 9]. The sample system was studied in two different solutions. First the results
obtained for sample systems in 155 mM NaCl solution will be presented. This
concentration of NaCl matches the physiological NaCl concentration quite well. In
the synovial joint also divalent Ca®" ions can be found in low concentration. To
study their effect on the structure, the DPPC/HA samples were also investigated
in a solution containing 150 mM NaCl and 10 mM CaCl,. To study the influence
of the molecular weight of HA on the interaction two different molecular weights
were used. Results from measurements of DPPC vesicles and HA (section 3.1)
indicated a strong difference between HA with a low molecular weight and HA
with high molecular weight. Thus, short HA chains with My, = 10 kDa and long
HA chains with My, = 1500 kDa were used for the experiments. The sample
system was investigated using fluorescent microscopy and XRR. Using XRR it was
possible to apply high hydrostatic pressures (up to 3 kbar) to the samples and
to measure at different temperatures, to study the response of the layers to the

varying conditions.

3.2.1 Silicon supported DPPC with hyaluronan in sodium

chloride solution

As the the distribution of the lipids at the cartilage surface probably has a strong
influence on the lubrication properties, fluorescent microscopy was used to obtain
results about the lateral structure of the DPPC and DPPC/HA layers on the micro
meter scale. These images will be presented first and afterwards the vertical struc-
ture of sole DPPC on the nanometer scale will be described at different pressures
and temperatures. After the evaluation of the sole DPPC structure the influence
of HA will be discussed. To ensured that all physiological relevant phases of the
DPPC bilayer (Lg , Py , L, ) were studied, samples were probed at three different
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temperatures: 25 °C, 39 °C and 55 °C. Additionally, it was studied how the lay-
ers behave under extreme outer conditions. Therefore hydrostatic pressures up to
2000 bar (180 bar are reported for every day activity [8, 9]), which should be well
above the phase transition of DPPC at 55 °C (see fig. 1.3b) were applied during
the measurements. Measurements were preferable done at 60 bar instead of 1 bar
to avoid air bubbles in the XRR sample cell and it has been shown before (see

appendix fig. A.4) that the sample did not change between 1 bar and 60 bar.

3.2.1.1 Lateral structure on the micro meter scale

Images of Si supported DPPC and DPPC/HA samples in 150 mM NaCl, recorded
with a fluorescence microscope are shown in figure 3.14. The samples were prepared
as described in section 2.1.2 and according to the used fluorescent labels DPPC
appears green in the microscope images and HA appears red. As explained in
section 2.2.5 the wafer was slightly tilted during the measurements. Therefore, not
the complete field of view was in the focal plane.

The images in figure 3.14A-C reveal that the Si wafers are completely covered
with DPPC. In the presence of HA (fig. 3.14B-C), the coverage with DPPC seems
to be less homogeneous than for sole DPPC. The images indicate that HA with
My, = 1500 kDa has a stronger impact on the lateral distribution of DPPC than
HA with My, = 10 kDa, since more bright spots hinting at a strong accumulation
of DPPC can be found in the image for HA with My, = 1500 kDa (see fig. 3.14C).
The distribution of HA is shown in figure 3.14D-F. Care has to be taken when
interpreting these images as even for the image of the sole DPPC layer (fig. 3.14D)
a faint red background can be detected even though there were no labels present
emitting in the red wavelength spectrum. However, the images of DPPC/HA
samples (see fig. 3.14E-F) show a much higher intensity with a clear texture.
The signal from labeled HA that has adsorbed to the DPPC layer can be clearly
distinguished from the background.The preparation protocol involves a rinsing of
the sample with large amounts of NaCl solution. Therefore, it can be concluded
that the HA is strongly bound to DPPC and distributed over the whole wafer.
However, the distribution is not homogenous, which suggests the HA does not
form a compact layer at the bilayer surface. A colocalization of bright red spots,
with areas where also the fluorescence from DPPC is enhanced can be detected

(see fig. 3.14H-I). This suggests local aggregation of the two components.
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Figure 3.14: Fluorescence microscopy images of Si supported DPPC and

DPPC/HA composites in 150 mM NaCl solution. DPPC was labeled with NBD
(green channel) and HA was labeled with Rhodamine (red channel)

3.2.1.2 Structure of DPPC

Before studying the interaction of Si-supported DPPC bilayer and HA the structure
of sole Si-supported DPPC bilayers is described. Si-supported DPPC was studied
at three different temperatures (25 °C, 39 °C and 55 °C) and different hydrostatic
pressures between 60 bar and 2000 bar. The samples were prepared as described
in section 2.1.2. The pressure was first increased stepwise with measurements at
60 bar, 100 bar, 500 bar, 1000 bar and 2000 bar, and afterwards the pressure was
released and a final measurement was performed at 60 bar (in the following '60 bar
D’). Since the structure of the bilayer did not change as function of the pressure for

25 °C and 39 °C only measurements at two pressure points were evaluated (60 bar
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and 2000 bar). As described in section 2.2.4 the measured reflectivity data was
fitted with a model electron density for a bilayer consisting of six slabs (see fig.
2.14).

The Fresnel normalized reflectivity curves and the calculated model electron densi-
ties of the samples measured at the three different temperatures are shown in figure
3.15 a and b, respectively. Measurement at 60 bar and 2000 bar are compared with
each other, only at 55 °C no model is shown for 2000 bar, as no reasonable fit of the
reflectivity data was possible. All shown electron density profiles exhibit the shape
of a typical bilayer [33]. From left to right the following parts could be identified:
a high electron density of the Si-support (pure Si and SiO,), the DPPC bilayer
(head - tail - CH; group - tail - head) and water (see fig. 2.14).

At 25 °C the Fresnel normalized reflectivity curves (see fig. 3.15a) show only
small differences between 60 bar and 2000 bar. Mainly the positions of the min-
ima is shifted. The position of the first minimum shifts from ¢ = 1.66 nm™! to

I as the pressure is increased from 60 bar to 2000 bar, indicating a

q= 171 nm~
decreased layer thickness. The calculated electron density profiles (see fig. 3.15b)
confirm these assumptions. It can be observed that the head-to-head distance de-
creases from 4.6 £ 0.1 nm to 4.5+ 0.1 nm. To calculate the head-to-head distance
the center of head group was determined by Gaussian fits. Further it can be ob-
served that the electron density level is increased at 2000 bar, compared to 60 bar.
This effect can be seen for the bilayer itself as well as for the water phase and is
attributed to a higher mass density due to the compression of the media induced
by increased hydrostatic pressure. From the density profiles it can be told that no
strong structural change occur between 60 bar and 2000 bar. It should be noted,
that the roughness of Si support is much lower as the roughnesses of the all other
presented samples, which is due to different wafers that were used. The wafer used
for DPPC at 25 °C had an exceptional low roughness.

The sample at 39 °C shows the same behavior as the sample at 25 °C. The position
of the first minimum of the fresnel normalized reflectivity curves (see fig. 3.15a)
shifts from ¢ = 1.66 nm ™! to ¢ = 1.69 nm ™" as the pressure is increased from 60 bar
to 2000 bar, which indicates a decrease of the layer thickness. This is confirmed
by the electron density profiles (see fig. 3.15b), showing a decrease of the head-to-
head distance from 4.8 £ 0.2 nm to 4.7 & 0.3 nm. Further, at 2000 bar a generally
increased electron density can be observed, which is caused by an higher mass den-
sity due to the increased hydrostatic pressure. No strong structural change occurs
between 60 bar and 2000 bar.

Fresnel normalized reflectivity curves of DPPC at 55 °C, measured at different pres-
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Figure 3.15: (a) Fresnel normalized reflectivity curves of DPPC samples at dif-
ferent temperatures and two pressures. Black lines indicate fits of the curves and
the vertical offset between the different temperatures is for clarity. (b) Calculated
electron density profiles. The vertical offset between the different temperatures
is for clarity and the sketch below the curves illustrates the Si-supported bilayer.
(¢)Fresnel normalized reflectivity curves of DPPC at 55 °C at all pressure steps.
Black lines indicate fits of the curves and the vertical offset is for clarity.

sure steps between 60 bar and 2000 bar, are shown in figure 3.15c. The position of
the first minimum is the same at 60 and 100 bar, but at a pressure of 1000 bar it
is shifted to lower g-values (from position B at ¢ = 1.92 nm to A at ¢ = 1.66 nm).
From the shift it can be deduced that high pressure induces a structural change,
which results in an increased layer thickness. Further the intensity at high ¢ is very
low at pressures above 1000 bar, indicating a very high roughness of the sample. No
significant change in the reflectivity profile is observed when further increasing the
pressure to 2000 bar. After decreasing the pressure from 2000 bar back to 60 bar
(60 bar D) the reflectivity curve changes its shape again, but it does not look iden-
tical to the curve measured in the beginning of the pressure cycle (measurements
of an other DPPC sample showed similar results). Especially the position of the
first minimum does not return to its original position and the oscillations at high

q disappear. It was not possible to fit the last three curves (1000 bar, 2000 bar,
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60 bar D) with a reasonable bilayer model, therefore, only the measurements at
60 bar and 100 bar were fitted. The corresponding profile for 60 bar can be found
in figure 3.15b. It shows a head-to-head distance of 3.8 + 0.1 nm, which is con-
siderably lower than the values for bilayers at 25 °C and 39 °C. Compared to the
structure of the electron density profiles of samples at 25 °C and 39 °C the profile

of the sample at 55 °C has a more indistinct structure.

3.2.1.3 Structure of DPPC with hyaluronan at different temperatures

XRR measurements of DPPC and HA were performed at 60 bar and three different
temperatures: 25 °C; 39 °C and 55 °C. For the experiments HA of two different
molecular weights was used. Low molecular weight HA with My, = 10 kDa and
high molecular weight HA with My, = 1500 kDa. However mainly results from
samples with HA with My, = 1500 kDa will be shown, as HA with a molecular
weight of My, = 10 kDa show qualitatively the same effects. The samples were
prepared as described in section 2.1.2 and the measured reflectivity curves were
fitted with model electron density build up of six to seven slabs as described in
section 2.2.4.

Fresnel normalized reflectivity curves of measurements of DPPC and HA with a
molecular weight of My, = 1500 kDa at 60 bar and three different temperatures,
25°C, 39 °C and 55 °C are shown in figure 3.16a along with to the reflectivity curves
of sole DPPC for comparison. The shape of the curves gives a first hint about the
effect of HA on the layer structure. DPPC/HA layers seem to show a higher rough-
ness compared to layers composed of pure DPPC. This can be concluded from the
stronger decrease of the intensity of the reflectivity curves of DPPC/HA at 25 °C
in the higher q region. The effect is only weak for measurements at 55 °C and
39 °C, but at these temperatures the oscillations, which were more pronounced for
pure DPPC hint at the same direction. The disagreement of the fit with the last
two data points for DPPC/HA at 25 °C is due to a high background intensity for
this measurement.

The electron density profiles of DPPC/HA are shown in figure 3.16b and are com-
pared to the profiles of sole DPPC. They show typical bilayer structures. At
25 °C and 39 °C the head-to-head distance is determined to be 4.7 + 0.2 nm and
4.5+ 0.2 nm, respectively, while it was considerably smaller at 55 °C: 3.8 +0.1 nm.
The electron density profiles of DPPC and DPPC with HA of a molecular weight
of My, = 1500 kDa at 25 °C show significant differences. This is especially obvi-

ous for the head group region that is oriented towards the water phase, which is
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Figure 3.16: (a) Fresnel normalized scattering curves of DPPC and DPPC/HA,
recorded at 60 bar and 25 °C , 39 °C and 55 °C. Solid black lines indicate the
fits. (b) Electron density profiles of DPPC and DPPC/HA, recorded at 60 bar and
25°C, 39 °C and b5 °C. The curves of a and b are shifted vertically for clarity and
the sketch below the curves illustrates the Si-supported bilayer. (c) Magnification of

the electron density of the head group region for DPPC, DPPC with HA1500 and
DPPC with HA10, measured at 55 °C and 60 bar.

very distinct with a low roughness for pure DPPC. DPPC with HA in contrast has
a much broader electron density distribution, i.e. the roughness is much higher.
Additionally, the electron density of the head group is smaller for DPPC with HA
compared to sole DPPC and the electron density in the tail group region is in-
creased in the presence of HA. The samples measured at 39 °C and 55 °C show the
same trend, with a lower electron density and a higher width of the head group
region of the upper leaflet for DPPC with HA compared to sole DPPC. However
the differences are not as pronounced as for the measurements at 25 °C, where
sole DPPC shows much lower roughness as sole DPPC at 39 °C and 55 °C. The
increase of the roughness as a function of the temperature for sole DPPC samples
is probably due to larger thermal fluctuation at higher temperatures and a different
phase of the lipids.

The molecular weight of HA causes slight structural differences at the interface

71



between the layer and the liquid phase. This can be seen in figure 3.16¢, where a
magnification of the electron density profiles of the head group region of the up-
per leaflet of the DPPC bilayers with HA is shown. From the profiles it can be
concluded, that HA1500 has a stronger effect on the broadening of the head group
of DPPC that is oriented towards the water phase than HA10. The broadening
results in a higher overall layer thickness (the thickness from the top of the Si-
support until the beginning of the water phase) of DPPC/HA samples compared
to sole DPPC samples. This is indicated by the arrows in figure 3.16c. However,
the head-to-head distance does not seem to be significantly effected by HA.

3.2.1.4 Structure of DPPC with hyaluronan at high hydrostatic pres-

sures

To elucidate how samples composed of DPPC and HA (My, = 10 kDa and
My = 1500 kDa) adapt to high pressures, XRR measurements were performed
at pressures up to 2000 bar (200 MPa). The samples were prepared as described
in section 2.1.2 and probed with a pressure cycle at three different temperatures
(25°C, 39 °C and 55 °C). The pressure was first increased in steps (60 bar 100 bar,
500 bar, 1000 bar, 2000 bar and a final reflectivity curve was measured at low pres-
sures (1 bar or 60 bar) to determine if the potential pressure-induced structural
changes were reversible. As described in section 2.2.4 the measured reflectivity
data was fitted with a model electron density for a bilayer consisting of six to seven
slabs (see fig. 2.14). For 25 °C and 39 °C only the results from 60 bar and 2000 bar
are presented, as no considerable structural change took place during the pressure
cycle. Further, due to limited beamtime, for 25 °C and 39 °C measurements were
performed only for HA of a molecular weight of My, = 1500 kDa.

The Fresnel normalized reflectivity curves and electron density profiles of DPPC
with HA at two pressures (2000 bar and 60 bar) and two temperatures, 25 °C and
39 °C, are presented in figures 3.17 and 3.18, respectively. At both temperatures
only small differences between the electron density profiles at 60 bar and 2000 bar
can be observed. The increase of the electronic density can be attributed to the
increased mass density at high hydrostatic pressures. The increase of the electron
density of water, due to the high pressure, is in good agreement with theoretically
calculated values. Compared to the electron density profiles of sole DPPC it can be
seen that the electron density of samples composed of DPPC and HA have much
higher roughness. The head-to-head distances of the samples are collected in fig.

3.20. They are in same range for all samples at 25 °C and 39 °C. However, we
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Figure 3.17: (a) Fresnel normalized scattering profiles of DPPC/HA1500,
recorded at various pressures between 60 bar and 2000 bar and 25 °C. Solid black
lines indicate the fits. (b) Resulting electron density profiles. The curves are shifted
vertically for clarity and the sketch below the curves illustrates the Si-supported bi-
layer.
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Figure 3.18: (a) Fresnel normalized scattering profiles of DPPC/HA1500,
recorded at various pressures between 60 bar and 2000 bar and 39 °C. Solid black
lines indicate the fits. (b) Resulting electron density profiles. The curves are shifted
vertically for clarity and the sketch below the curves illustrates the Si-supported bi-
layer.

note that the head-to-head distance of pure DPPC bilayers at 25 °C and 39 °C de-
creases at high pressure (2000 bar), whereas the head-to-head distance of samples
composed of DPPC with HA seems to stay constant or even increase slightly (see
fig. 3.20).

In figure 3.19a and b the Fresnel normalized reflectivity curves and the calculated
electron density profiles of DPPC with HA1500 at 55 °C are shown, respectively.
The curves and profiles for DPPC with HA with My, = 10 kDa (see appendix fig.
A5 a and b) show similar structural changes as those obtained for DPPC with
HA with a molecular weight of My, = 1500 kDa. As for pure DPPC a significant

structural difference can be recognized as the pressure is increased from 100 bar to
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Figure 3.19: (a) Fresnel normalized scattering profiles of DPPC/HA1500,
recorded at various pressures between 60 bar and 2000 bar and 55 °C. Solid black
lines indicate the fits. (b) Resulting electron density profiles. The curves are shifted
vertically for clarity and the sketch below the curves illustrates the Si-supported bi-
layer.

1000 bar. The head-to-head distance determined from the electron density profiles
at pressures < 100 bar is 3.8 & 0.1 nm, whereas it increased to 4.7 = 0.2 nm at
pressures > 1000 bar. The head-to-head distance obtained from the reflectivity
curves determined at high pressures and 55 °C is comparable to the head-to-head
distance measured at 39 °C and 25 °C at low pressures, i.e. with DPPC in the gel
state. Especially for DPPC with HA of a molecular weight of My, = 1500 kDa
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Figure 3.20: (a) Head-to-head distances of the electron density profiles of DPPC
and DPPC with HA at different temperatures and pressures. (b) Head-to-head
distances for DPPC and DPPC with HA of different molecular weights different
pressure steps and 55 °C. The black broken line show the head-to-head distance of
for the Lg phase (= 4.4 nm) and the L, phase (~ 3.8 nm) [35].

it seems that there is a slight further increase of the head-to-head distance while
increasing the pressure from 1000 bar to 2000 bar. It has to be stressed that in

contrast to the pure DPPC measurements the pressure induced structural changes
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of the sample system composed of DPPC with HA are reversible and the layer
returns to its initial structure as the pressure is decreased to 1 bar. The structures
exhibit stable transitions in both cases for DPPC with HA with My, = 1500 kDa
and DPPC with HA with My, = 10 kDa.

3.2.1.5 Discussion

In the following the results obtained from fluorescent microscopy and XRR will be
discussed. First the lateral structure of DPPC and DPPC with HA considered.
Afterwards the vertical structures will be discussed, followed by a section about
the influence of HA on the vertical structure of DPPC and a section about the
influence of HA on the phase behavior of DPPC.

Lateral structure of DPPC/HA

From the fluorescent microscopy images information about the lateral structure
and organization on the micrometer scale of Si supported DPPC and DPPC/HA
can be obtained. The images show red structures, indicating an adsorption of HA
(labeled with a red marker) to the DPPC bilayer. This is in line with the results
from experiments on DPPC vesicles with HA, which also indicated an adsorption
of HA to DPPC bilayers. Findings from other studies which have used QCM [16]
or electron microscopy [99] also support the results. Further the images show that
DPPC and HA are distributed over the whole wafer, and that the distribution
of HA is not homogeneous. It can be also seen that the distribution of DPPC
became less homogenous in the presence of HA as more bright green spots can be
observed. This is consistent with AFM images of DPPC-HA layers on Si-wafers
as they have been recorded and shown by Wang et al. 2013 [28]. It could also
be shown that the molecular weight of HA influences the interaction of DPPC
and HA, as the the distribution of DPPC is less homogenous in the presence of
HA with My, = 1500 kDa, compared to HA withMy, = 10 kDa. This is also
claimed by Pasquali-Ronchetti et al. 1997 [99] ,who saw different structures for
the supramolecular arrangement of DPPC and HA, depending on the molecular
weight of HA, and most recently by Wieland et al. 2015 [98]. Wieland et al. 2016
studied the interaction of a DPPC monolayers with a water subphase containing
HA at the air water interface using Brewster angle microscopy, GID and XRR.
They saw a stronger effect of low molecular weight (My = 10 kDa) HA on the
DPPC monolayer, which is in contrast to the here presented results suggesting a
stronger impact of HA1500 to the lateral structure. This can be attributed to the

differences in the sample preparation. Wieland et al. studied a monolayer of DPPC
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at the air-water interface, where the monolayer formed on a subphase containing
HA. In contrast the herein studied sample system was an already formed bilayer,
which came in contact with HA. Therefore some of the interaction mechanisms
described by Wieland et al. 2015 may not fully apply here (e.g. the interaction of
hydrophobic patches of the HA with the chains of single DPPC molecules).

Vertical structure of DPPC

Before discussing the influence of HA on the vertical structure and the phase
behavior of DPPC it is necessary to consider the phase behavior (as a result of
temperature and pressure) of Si supported DPPC bilayers. DPPC in contact with
excess water in bulk can be present in three different phases: L, , Py and Lg
phase. At ambient pressure the transition from Lg phase to Pz phase occurs at
around 35 °C and the transition from Py to L, phase (also called the 'main transi-
tion’) can be observed at around 41 °C [30]. Each phase has a characteristic chain
configuration. This results in different bilayer thicknesses. The bilayer thickness,
and with that the head to head distance, for the fluid phase is lower as compared
to the gel phase [30, 32, 33]. This is also observed for our samples. The head to
head distance is found to be either 3.7 — 3.9 nm or 4.6 — 4.8 nm, depending on the
actual pressure and temperature (see fig. 3.20). Thus, at 55 °C and 60 bar DPPC
bilayers are in the fluid phase and at 25 °C and 60 bar the lipids are in the Lg
phase, which has a stretched chain conformation and, therefore, a higher head to
head distance [33]. At 39 °C DPPC in bulk solution is in the Py phase [30, 32].
However, different studies on solid supported bilayer systems show that, due to
the constraints induced by the solid support, no Ps phase can be observed [35]
[36]. This is supported by our measurements as the shape of the electron density
at 39 °C is similar to the shape of the electron density for DPPC in the Lg phase
(25 °C). We note that the shape of the electron density profile of a single solid
supported ripple phase bilayer would differ significantly from that of a bilayer in
the gel phase. Either would the bilayer partly disassociate from the Si wafer (see.
fig. A.6) or the layer should become asymmetric, if only the upper leaflet is in the
Pg phase. Hence, we conclude that at 39 °C the DPPC bilayer on the Si support
is in the Lg phase.
At 55 °C a drastic change of the head to head distance of sole DPPC can be ob-
served when the pressure is increased above 1000 bar. The head to head distance
increases from 3.9 + 0.2 nm to 4.6 £ 0.2 nm from the thickness of a fluid phase
bilayer to the thickness of a gel phase bilayer. Such a pressure-induced transition
from fluid to gel state has been observed for DPPC in bulk solution at 55 °C and is
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well described [102] [103]. It has been reported that the temperature of the main
transition shifts to higher values with increasing pressure, at a rate of 20 K /kbar
[32], which is consistent with our data. In contrast to what has been found in liter-
ature for multilamellar vesicles, the Si supported DPPC bilayers are destabilized at
high pressures. An explanation might be found in the area occupied by a DPPC-
molecule, as it is larger in the L, phase compared to the Lg phase [33]. Thus, in
addition to rearrangements in the vertical structure of the single DPPC chains, the
fluid to gel phase transition might result in a patchy structure of the bilayer, as the
lipids "move closer together” (e.g. the formation of water filled voids or cracks).
It seems also likely that the constraints of the solid support induces strains (e.g.
due carbon chains exposed to water), which inhibit the rearrangement of the lipids
after a phase transition. As a result, the structural changes the bilayer undergoes
at high pressure at 55 °C are not reversible. At 25 °C and 39 °C an increase in
pressure does not result in significant changes of the head to head distance or the
shape of the electron density profiles. This was expected for DPPC at 25 °C as it
should be in the Lg phase at all pressures [32]. At 39 °C in bulk a phase transition
from the Py phase to the Lz phase would be expected [32]. No such transition is
observed, underlining that the supported bilayer is in the gel phase at all pressures
investigated at 39 °C.

Influence of HA on the vertical structure of DPPC

The electron density profiles of DPPC bilayers with and without HA show many
similarities. In particular the bilayer structure remains unchanged in presence of
HA, and the head to head distance is not much affected. However, there are some
differences. The increase of roughness and gradient at the head group region -
water interface (broadening of the head group region), demonstrates adsorption of
HA, consistent with the fluorescence microscopy images in figure 3.14. The less
distinct electron density profile in presence of HA can be modeled with a high
roughness, suggesting that HA does not form a compact layer. This is schemati-
cally illustrated in figure 3.21b. Additional, agglomeration seen in the microscopy
images (figure 3.14), could contribute to a smearing of the electron density. The re-
sults from SAXS measurements show very similar structures with a faint additional
layer, which could also be interpreted as a high roughness. Slight difference in the
structure of DPPC/HA1500 and DPPC/HA10 composite layers can be ascribed to
the different chain length as HA1500 is more prone to form extended structures.
Further, the electron density of the layers composed of DPPC with HA show a
higher roughness of the single slabs, than for sole DPPC. Therefore the profile of
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DPPC with HA appears more smeared out and less distinct. A lower electron den-
sity in the head group region and a higher density in the tail group region hints at a
changed packing of the molecules in the upper leaflet of the DPPC/HA composites.
This might be induced by HA chains adsorbing at the surface of the bilayer and in
particular, among the lipid head groups. This assumption is also supported by DSC
measurements of DPPC vesicles with HA. The measurements show the formation
of a shoulder on the lower temperature side of the main transition, which can be
attributed to an adsorption of HA between the head groups. Results from SAXS
measurements can not be used to support or weaken the assumption as the param-
eters for the bilayer structure were kept fixed for DPPC vesicles and DPPC vesicles
with HA. Thus, the changed electron density is most likely the result of a changed
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Figure 3.21: (a) Sketch of a supported bilayer composed of DPPC only. (b) Sketch
of a supported DPPC/HA layer.

packing organization of the lipid molecules and the adsorption of HA between the
head groups. Also a partial penetration of HA between the tail group region might
be possible. The situation is schematically shown in fig. 3.21b. An infiltration
of the tail group region by the HA chains might be facilitated by the hydrophobic
patches present along the HA chains [42] [46] [104]. It seems likely that electrostatic
attractions between positively charged NH,* groups in the DPPC head groups and
the negatively charged carboxyl groups of HA facilitates the adsorption, further
may hydrophobic interactions between the non-polar patches along the HA chain
and the alkyl chains of DPPC contribute. Association between phospholipids and
hyaluronan in biological systems, not at least in the synovial joint area, is well doc-
umented (see e.g. [99] [105]) and adsorption of HA to DPPC bilayers is consistent
with previous findings [16] [28].

Influence of HA on the phase behavior of DPPC

The measurements show that the phase behavior of composites of DPPC and

78



HA composites is very similar to the phase behavior of pure DPPC (see fig. 3.20).
No transition can be observed at 25 °C and 39 °C as the pressure is increased up
to 2000 bar, i.e. DPPC is in the gel phase at all pressures investigated. At 55 °C
the head to head distance of the layer increases from 3.8 nm to 4.6 nm when the
pressure is increased to 1000 bar, signifying a fluid to gel phase transition of the
supported lipid bilayer. A striking difference between bilayers of DPPC with HA
and pure DPPC bilayers is the reversible phase change observed upon decompres-
sion for the system composed of DPPC with HA. This means that the composite
layer of DPPC and HA has a higher robustness against high pressures than sole
DPPC bilayers. One reason could be that the DPPC bilayer with HA has a higher
rigidity, caused by HA adsorbed to the lipid head groups. Friction-force measure-
ments indicated a lower load bearing capacity of DPPC with HA compared to sole
DPPC [28] [16], which was suggested to be due to a higher rigidity /lower flexibility
of the layer. [106] Other studies also claim a higher robustness of DPPC/HA mul-
tilayers as compared to DPPC multilayers against high temperatures [97], which is
complementary to our results.

Some further differences between sole DPPC and DPPC/HA with respect to pressure-
induced changes in the Lz phase are observed. The head to head distance for pure
DPPC bilayers shrinks up to 0.2 nm as the pressure is raised to 2000 bar, which
is in the range of what has been reported previously for multilamellar DPPC sys-
tems [107]. In contrast, for composite DPPC/HA layers we could not observe any
decrease of the layer thickness. The electron density profiles rather indicate that
the head to head distance of the layers remains constant or even increases slightly
at high pressures (1000 bar and 2000 bar). Such behavior has only been reported
for the so called Gel III phase of multilamellar DPPC vesicles which has been ob-
served at pressures above 2kbar [107]. This indicates a changed phase behavior of
the supported bilayer due to the interaction with HA. A reason for this might be
that the HA induced changes of the packing organization make a compression of

the bilayer parallel to the Si surface more favorable.
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3.2.2 Silicon supported DPPC with hyaluronan in sodium

chloride solution with calcium chloride

After the sample system of Si supported DPPC/HA composite layers was exten-
sively studied in a solution containing a physiological concentration of sodium chlo-
ride the salt composition was slightly changed. Besides monovalent ions also diva-
lent ions can be found in the synovial fluid. To study their impact on the samples
structure a small amount of CaCl, was added. Divalent ions can act as bridging
agents [108] and DPPC is known to bind Ca®" [86]. Therefore CaCl, might influ-
ence the interaction of HA and lipids and, thereby, change the properties of the
system, which was also shown in chapter 3.1.2. To investigate this effect calcium
chloride (ccaci, = 10 mM) was used and the system was studied under similar con-
ditions as the system without calcium ions present. The lateral organization was
studied using fluorescent microscopy, while the vertical structure of the DPPC and
DPPC/HA layers was studied using X-ray reflectivity. Reflectivity measurements
have been performed at 55 °C and 39 °C. Due to a limited time at the synchrotron
beamlines no measurements were performed at 25 °C. The sample was probed at
different pressures up to 2 kbar. Measurements were preferably done at 60 bar
instead of 1 bar to avoid air bubbles in the XRR sample cell and it has been shown
before (see appendix fig. A.4) that the sample did not change between 1 bar and
60 bar. The samples were measured at the ID15 beamline, ESRF, Grenoble (for
details see sec. 2.2.4).

In the following, first the result obtained from fluorescent microscopy are presented.
Afterwards the results from XRR measurements are shown, starting with the re-
sults of sole DPPC samples in a solution containing NaCl and CaCl, at different
temperatures and pressures. After DPPC as reference system is described results
for samples composed of DPPC with HA in NaCl/CaCl,-solution are shown, to
evaluate the influence of HA on DPPC layers in the presence of CaCl,,.

3.2.2.1 Lateral structure on the micro meter scale

Images of Si supported DPPC and DPPC/HA samples in 150 mAM NaCl with
10 mM CaCl, were recorded with a fluorescence microscope are shown in figure
3.22 together with images of samples in 150 mM NaCl (left half of the images).
Full images of the samples in NaCl/ CaCl, solution can be found in the appendix
(A.7). The samples were prepared as described in section 2.1.2 and according to
the used fluorescent labels DPPC appears green in the microscope images and HA

appears red. As explained in section 2.2.5 the wafer was slightly tilted during the
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measurements. Therefore not the complete field of view was in the focal plane.

Images A-C in figure 3.22 show that the wafers are completely covered with DPPC
and in the presence of HA (images B and C) the coverage appears less homogenous
as for sole DPPC (images A). It also seems that HA1500 (image C) had a stronger

DPPC DPPC+ HA10 DPPC+ HA1500

NaCl NacCl/CaCl: NaCl  NaCl/CaCl NaCl NaCIaCIz

A)

Red Green
channel channel

Red+Green
channel

Figure 3.22: Fluorescence microscopy images of Si supported DPPC and
DPPC/HA composites in two different solutions: 150 mM NaCl (left) 150 mM
NaCl with 10 mM CaCly (right). DPPC was labeled with NBD (green channel)
and HA was labeled with Rhodamine (red channel)

impact on the coverage of the DPPC bilayer than HA10 (image B). These finding
are valid for samples in both solution.

Images of sole DPPC in 150 mM NaCl with 10 mM CaCl, solution show a slight red
background (image D in fig. 3.22). Since this background differs significantly from
the structures seen for DPPC/HA samples (images E and F) it can be concluded
that the signal seen for DPPC/HA stems from the labeled HA that had adsorbed
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to the DPPC bilayer. The coverage of HA is very inhomogeneous, which can
be concluded from the striking bright red spots hinting at accumulations of HA
at certain places. These spots are usually colocalized with bright green spots
(accumulations of DPPC) as it can be seen in the images H and I in figure 3.22).
The images of DPPC and DPPC/HA in a NaCl/ CaCl, solution show similar
trend as the images of the samples in sole NaCl solution (fig. 3.22). However,
the DPPC/HA samples in NaCl/CaCl, solution show less homogenous coverage
of DPPC, with more and larger areas showing a strong accumulation of DPPC

(bright green spots), than in sole NaCl solution. This effect is illustrated in figure
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Figure 3.23: Histograms illustrating the size and count of spots with an increased
accumulation of DPPC. Full versions of the images found in figure 3.22 were eval-
uated. (a) DPPC (b) DPPC with HA10 (¢) DPPC with HA1500.

3.23 where histograms showing the size and number of these spots of samples in
NaCl and NaCl/ CaCl, are compared. The spot size as well as the number of the
spots is larger for samples in a solution with 150 mM NaCl and 10 mM CaCl,.
These figures show that CaCl, has a strong impact on the distribution of DPPC
and that it also amplifies the effect of HA on the DPPC bilayer.

3.2.2.2 Structure of DPPC in a calcium chloride solution

First the influence of CaCl,, on the interaction of solid supported sole DPPC bilay-
ers will be studied. The influence on DPPC/HA samples will be shown in the next
section. Solid supported DPPC bilayers were studied at two different temperatures

(39 °C and 55 °C) and different hydrostatic pressures between 60 bar and 2000 bar
in a solution with 150 mM NaCl and 10 mM CaCl,. The samples were prepared
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as described in section 2.1.2. The pressure was first increased stepwise with mea-
surements at 60 bar, 100 bar, 500 bar, 1000 bar and 2000 bar, and afterwards the
pressure was released and a final measurement was been performed at 60 bar (in
the following 60 bar D). As described in section 2.2.4 the measured reflectivity data
was fitted with a model electron density for a bilayer consisting of six slabs (see
fig. 2.14). Fresnel normalized reflectivity curves of the complete pressure cycle
together with the fits and the model electron densities are shown in the appendix
in figure A.9 and A.10, for 39 °C and 55 °C, respectively.

Model electron densities for the measurements at four pressure steps at 39 °C are

shown in figure 3.24a. The electron densities show the typical shape of a solid
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Figure 3.24: FElectron density profiles of DPPC samples at 39 °C and 55 °C and
different pressures in 150 mM NaCl with 10 mM CaCly. (a) DPPC sample at
55 °C. (b) DPPC sample at 55 °C.

supported bilayer. Starting left with a very high electron density of the Si-support
(pure Si and SiO,), followed by a slab for the head group of the lower leaflet, the
tail group of the lower leaflet, a slab for the CH; group of both leaflets, the tail
group of the upper leaflet, the head group of the upper leaflet and finally the water
phase. Lower and upper leaflet are very symmetric and show a low roughness.
The model for the DPPC sample shows only small changes due to the increased
hydrostatic pressures, like the general level of the electron density, which rises as a
function of the hydrostatic pressure. Also the electron density of the water phase
increases. The layer thickness does not change strongly. It looks a as if the layer at
60 bar has a slightly decreased width, but the calculated head-to-head distances in
figure 3.25 show only minor differences: 4.4 nm for DPPC at 60 bar and 4.5 nm at
1000 bar. This small difference of 0.1 nm is within the error for the head-to-head
distance.

Electron density profiles for DPPC samples at four different pressures at 55 °C are
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Figure 3.25: Head-to-head distances of DPPC in 150 mM NaCl with 10 mM
CaCly for all pressure steps at 39 °C' and 55 °C. The black broken line show the
head-to-head distance of for the Lg phase (= 4.4 nm) and the L, phase (~ 3.8 nm)

[33].

shown in figure 3.24b. The profiles show also typical symmetric bilayer structures.
A clear structural difference of the structure can be observed between the profiles
for 60 bar and pressures > 1000 bar (the transition occurred between 500 and
1000 bar, see appendix fig. A.10). At 60 bar the bilayer has a lower thickness than
at pressures > 1000 bar. For 60 bar a head-to-head distance of 3.9 nm was found
while it was 4.6 nm at 1000 bar, which is comparable to the values found for DPPC
at 39 °C (see fig. 3.25). From 1000 bar to 2000 bar a further, very small increase
of the thickness can be observed in the electron density profiles in figure 3.29a.
However, these differences are in the range of the uncertainties (=~ 0.1 — 0.2 nm)
and the head-to-head distance stays constant. Besides having different thicknesses
the two different states (at low and high pressure) differ in the shape of the electron
density. At 60 bar the bilayer is very symmetric and has a high overall roughness.
At pressures > 1000 bar the roughness of the lower leaflet decreases, while the
upper leaflet still shows a high roughness. The structural transition, occurring be-
tween 60 bar and 1000 bar, is almost completely reversible. Only small differences
in the head group region of the upper leaflet can be observed, which also lead to

different (in the range of the uncertainties) head-to-head distances.

3.2.2.3 Structure of DPPC with hyaluronan in a calcium chloride so-

lution at different temperatures

XRR measurements of DPPC and HA were performed at 60 bar and two different
temperatures: 39 °C and 55 °C. For the experiments HA of two different molecular
weights was used. Low molecular weight HA with My, = 10 kDa and high molec-
ular weight HA with My, = 1500 kDa. The samples were prepared as described in
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section 2.1.2 and the measured reflectivity curves were fitted with model electron
density build up of six slabs as described in section 2.2.4.

The Fresnel normalized reflectivity curves and fits of all sample are shown in figure
3.26a along with to the curves of sole DPPC. The electron density profiles calcu-
lated from these curves are shown in figure 3.26b and they are not deviating much

from the shape for Si supported lipid bilayers. First structural differences between
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Figure 3.26: (a) Fresnel normalized scattering curves with fits of DPPC and
DPPC with HA (Mw = 10 kDa and My = 1500 kDa), recorded at 60 bar and
39 °C and 55 °C in a solution containing 10 mM CaCl,. (b) Calculated electron
density profiles. The offset between 39 °C and 55 °C is for clarity.

samples studied at 39 °C can be directly derived from these Fresnel normalized
reflectivity curves without further analysis. The position of the first minimum
indicates that he layer composed of sole DPPC has the highest thickness, as the
minimum can be found at the lowest g-value: @i, = 1.64 + 0.03 nm™.
the calculated electron density profiles (see fig. 3.26b) the head-to-head distance
was determined to be 4.4 £+ 0.2 nm for DPPC at 39 °C (see tab. 3.6). In contrast
the sample composed of DPPC and low molecular weight HA (My, = 10 kDa)

has the lowest thickness of the three samples, as the minimum can be found at

From

the highest g-value: ¢, = 1.90 & 0.03 nm~'. The corresponding head-to-head
distance (determined from the electron density profiles) is 4.0 £0.2 nm. This value
is comparable to the thickness of sole DPPC at 55 °C. DPPC with HA1500 has
a head-to-head distance which is only 0.1 nm lower than for sole DPPC which
is also reflected in the fact that the Fresnel normalized scattering curves of these
two samples are very similar. DPPC/HA composite samples show a much higher
overall roughness than the samples of sole DPPC, especially the sample with low
molecular weight HA. Further, they show an asymmetry between the upper and
lower leaflet. The electron density of the tail group region of the upper leaflet is

strongly increased and considerably higher than the electron density of the lower
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leaflet. In general the structure of the lower leaflet is not as pronounced as the
structure of the upper leaflet, i.e. the roughnesses of the single slabs is higher in
the lower leaflet. In contrast, the electron density profile of sole DPPC sample
is very symmetric. However, all profiles show a high roughness at the composite
layer-water interface.

The shape of the Fresnel normalized reflectivity curves of the DPPC and DPPC/HA
samples measured at 55 °C differs considerably from the curves of the samples mea-
sured at 39 °C, as it can be seen in figure 3.26a. The position of the first minimum
of the samples measured at 55 °C can be found at higher g-values than the position
of the samples measured at 39 °C, which hints at lower layer thicknesses. Conse-
quently the head-to-head distance of the samples at 55 °C, determined from the
electron density profiles (see fig. 3.26a), is around 0.5 nm smaller than for samples
at 39 °C. Almost no differences of the positions of the minimum and therefore also
just very small differences of the thickness (see tab. 3.6) can be found between
samples of pure DPPC and DPPC/ HA composite layers measured at 55 °C. The

Table 3.6: head-to-head distance of DPPC and DPPC/HA layers at two different
temperatures and 60 bar.

no HA HA10 HA1500
39°C 44+02nm 40+£02nm 43+02nm

5 °C 394+02nm 3.8+02nm 3.8+0.2nm

shape of the Fresnel normalized curves of the DPPC sample and the sample com-
posed of DPPC and low molecular weight HA show in general a very similar shape.
In contrast the curve of DPPC with high molecular weight HA has a slightly differ-
ent shape, which results in large differences of the electron density profiles. While
the profile for the DPPC/HA1500 layer shows a very high roughnesses between the
different slabs, which can already be deduced from low oscillations of the Fresnel
normalized curves at high ¢, the DPPC/HA10 profile is very pronounced with a
generally higher electron density. The head group of the DPPC/HA composite
layer is broader than the head group of sole DPPC and the electron density of the
tail groups is lower for sole DPPC. In contrast to the electron density profiles of
the samples measured at 55 °C (see fig. 3.26b), the profiles from 39 °C are quite

symmetric.
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3.2.2.4 Structure of DPPC with hyaluronan at high hydrostatic pres-

sures

Measurements of samples composed of DPPC with HA were performed at high hy-
drostatic pressures up to 2000 bar at two different temperatures (39 °C and 55 °C).
Again, HA of two molecular weights, My, = 10 kDa and My, = 1500 kDa, was
used for the experiments. The samples were prepared as described in section 2.1.2.
All samples were probed with the same pressure cycle. The pressure was first in-
creased stepwise from 60 bar to 2000 bar, with a measurement at 60 bar, 100 bar,
500 bar, 1000 bar and 2000 bar, and afterwards the pressures was released and a
final measurement was performed at 60 bar. In the following this pressure step
will be denoted as 60 bar D, as it was measured after decreasing the pressure. The
collected reflectivity curves were fitted with model electron density, as described in
section 2.2.4. Fresnel normalized reflectivity curves with fits and electron density
profiles can be found in the appendix in figure A.11 - A.13.

In figure 3.27 the electron density profiles obtained for samples composed of DPPC
and HA measured at 39 °C in 150 mM NaCl and 10 mM CaCl, are shown. Com-
paring the profiles of sole DPPC samples (see fig. 3.24a and b), the profiles of
the sample composed of DPPC and HA with a low molecular weight of 10 kDa
(see fig. 3.27a) a strong modification of the structure and a different response to
high hydrostatic pressures is obvious. As already described in the chapter before,
the bilayer of the DPPC/ HA10 sample is in general very asymmetric. Further, a
strongly differing structural transition can be observed within the pressure cycle.
The structural changes are also not reversible. At 60 bar the lower leaflet of the
bilayer is very smeared out with a high roughness between the head group and the
tail group as it was observed for sole DPPC at 55 °C. An increase of the pressure
lead to a structural transition between 100 bar and 500 bar as it can be concluded
from figure A.11 in the appendix, where the electron density profiles for all pres-
sures are shown. At pressures of 500 bar and above the head-to-head distance of
is increased to 4.4 nm — 4.5 nm, as illustrated in figure 3.28. At lower pressures
the value is 4.0 nm. The increase of the head-to-head distance is mainly caused
by a structural change of the lower leaflet. For pressures > 500 bar the structure
of the lower leaflet became similar to the structure of sole DPPC, well defined
interface between the head group region and the tail group region and a strong
increase of the electron density. But also the upper leaflet changes, especially the
head group region. Its width increases massively. In general the bilayer does not

become symmetric, also the electron density of the tail group region of the upper
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Figure 3.27: Electron density profiles of DPPC/HA composite samples at 39 °C
and different pressures. (a) Sample composed of DPPC and HA with My, = 10 kDa
at four pressures. (b) Sample composed of DPPC and HA with My = 1500 kDa
at four pressures. (c) Profiles of DPPC/HA10 at all pressures. Offset for clarity.
(d) Profiles of DPPC/HA1500 at all pressures. Offset for clarity.

and lower leaflet have considerably different levels (with a higher density of the
upper leaflet). After the pressure was decreased to 60 bar D a further structural
change can be observed. The lower leaflet rearranges into its original structure,
while the structure of the upper leaflet keeps the shape it has at high pressures.
Consequently the head-to-head distance of the bilayer is 4.2 nm. This value is in
between the observed head-to-head distance of the layer at 60 bar and 2000 bar.

The profiles of the sample composed of DPPC and HA with a molecular weight
of My, = 1500 kDa are shown in figures 3.27b and d. This sample show overall
the same behavior as the sample with low molecular weight HA (My, = 10 kDa).
Around 100 bar a transition of the structure can be observed (see fig. 3.27d). At
all pressures the layer is asymmetric with a higher electron density in the tail group
region of the upper leaflet than in the tail group region of the lower leaflet. Increas-
ing the pressure from 60 bar to 1000 bar lead to an increase of the head-to-head

distance from 4.3 nm to 4.7 nm (see fig. 3.28) and an alteration of the bilayer
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Figure 3.28: Head-to-head distance of the samples measured at 39 °C as function
of the hydrostatic pressure. The black broken line show the head-to-head distance
of for the Ly phase (= 4.4 nm) and the L, phase (=~ 3.8 nm) [33].

shape can be observed. Especially for the lower leaflet an increase of the electron
density and a decrease of the roughness can be detected. A further increase of
the hydrostatic pressure to 2000 bar causes mainly a higher electron density. De-
creasing the pressure back to 60 bar has a similar effect as for the low molecular
weight HA. While the original shape of the lower leaflet is mainly restored, the
upper leaflet kept roughly the shape of the bilayer from high hydrostatic pressures
(> 1000 bar). Thus, the head-to-head distance of the bilayer at 60 bar D has a
value of 4.5 nm.

In figure 3.29a and c the electron density profiles of a sample composed of DPPC
and HA with a molecular weight of My, = 10 kDa are shown, which were measured
at 55 °C. Like the profiles of sole DPPC (see fig. 3.24b) a clear bilayer structure
can be seen, with a structural transition that occurs between 500 bar and 1000 bar
(see fig. 3.27c). At low pressures (< 500 bar) the bilayer structure is symmet-
ric, only the roughness of the lower leaflet is a little bit lower. At high pressures
(> 1000 bar) the bilayer is not symmetric anymore. The upper leaflet shows a
significantly higher electron density compared to the lower leaflet. Interestingly
the asymmetry is mainly caused by a change of the upper leaflet. The lower leaflet
shows only a changed thickness (especially of the the tail group region) of ~ 0.6 nm.
The upper leaflet in contrast changes its shape considerably. An increase of the
pressure to 2000 bar lead to a strong overall increase of the electron density. After
decreasing the pressure to 60 bar D the original shape of the bilayer structure is
nearly restored. The head-to-head distance of the bilayer increases as function of
the hydrostatic pressure (from < 500 bar to > 1000 bar) from 4.0 nm to 4.5 nm,
which can be seen in figure 3.30. A further increase from 1000 bar to 2000 bar
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Figure 3.29: Electron density profiles of DPPC/HA composite samples at 55 °C
and different pressures. (a) Sample composed of DPPC and HA with My, = 10 kDa
at four pressures. (b) Sample composed of DPPC and HA with My = 1500 kDa
at four pressures. (c) Profiles of DPPC/HA10 at all pressures. Offset for clarity.
(d) Profiles of DPPC/HA1500 at all pressures. Offset for clarity.

leads to a small decrease (0.1 nm) of the head-to-head distance, which is within
the uncertainties.

The electron density profiles of samples composed of DPPC and HA with a molec-
ular weight of My, = 1500 kDa, which were measured at 55 °C, are presented in
figure 3.29b and d. They show as well as the profiles of samples composed of sole
DPPC and DPPC with low molecular weight HA a bilayer shape and a structural
transition between 500 bar and 1000 bar (see fig. 3.29d). A very dominating CH,
group region could be detected (see fig. 3.29b). At low pressures (< 500 bar)
the bilayer is symmetric and shows a very high roughness. Increasing the pressure
above 1000 bar lead to slight changes of the bilayer shape, as it can be seen in fig-
ure 3.29b. The bilayer becomes slightly asymmetric with a higher electron density
of tail group region for the upper leaflet compared to the lower leaflet. Further,
the CH; group region is also at high pressures very dominant and the roughness

between the CH; group region and the tail group region is very high. A further
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Figure 3.30: Head-to-head distance of the samples measured at 55 °C as function
of the hydrostatic pressure. The black broken line show the head-to-head distance
of for the Ly phase (= 4.4 nm) and the L, phase (=~ 3.8 nm) [33].

increase of the hydrostatic pressure to 2000 bar causes only a slight increase of the
bilayer thickness (0.1 nm). After decreasing the pressure back to 60 bar D the
original structure of the bilayer is completely restored. The structural transition
between 500 bar and 1000 bar leads also to different head-to-head distances: 3.8 nm
for pressures < 500 bar and 4.4 nm for pressures > 1000 bar, as shown in figure
3.30.

3.2.2.5 Discussion

In the following the results obtained from the measurements of Si supported DPPC
bilayers and DPPC/HA in a solution containing NaCl and CaCl, will be discussed.
First the influence of CaCl, on the structure of DPPC and DPPC with HA will be
discussed, followed by a discussion on the influence of CaCl, on the phase behav-
ior of DPPC (in the absence and presence of HA) at high hydrostatic pressures.
Finally the results from Si supported samples will be compared to the results from

vesicles samples.

The effect of Calcium on the structure of DPPC and DPPC/HA at low
pressure

From the fluorescent microscopy images conclusions about the lateral structure
and organization on the micrometer scale of Si supported DPPC and DPPC/HA
layers can be drawn. The images show in general similar trends as the images
from samples in sole NaCl solution. DPPC and HA are distributed over the whole

wafer. HA shows a non homogenous distribution of HA and many bright red spots
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indicate a accumulation of HA. Therefore, the existence of a compact HA layer
can be excluded. Further, the DPPC coverage looks less homogenous in the pres-
ence of HA. The number and size of spots with strong accumulation of DPPC is
much higher in the presence of HA, as it can be seen in the histogram figure (fig.
3.23). This is consistent with the results from samples in sole NaCl solution and
AFM images by Wang et al 2013 [28]. Again, it could seen that HA with a higher
molecular weight seems to have a stronger effect (more and larger areas of DPPC
accumulation) on the lateral structure of the sample than HA with low molecular
weight. However, comparing the images from samples in sole NaCl solution with
samples in NaCl/ CaCl, solution it can be observed that CaCl, induces a stronger
inhomogeneity of the DPPC bilayer especially for DPPC/ HA composite samples.
This can be explained by a stronger interaction between DPPC and HA due to
the presence of divalent Ca’" ions, acting as bridging agents, as it was already
proposed for the interaction of DPPC vesicles and HA in the presence of Ca’".
Wieland et al. 2016 [98], who recently studied the interaction of DPPC monolayer
at the air liquid interface on a subphase containing HA, report on a quite simi-
lar effect. Brewster angle microscopy images of the DPPC layer at the air liquid
interface show a strong alteration of the structures on the micrometer scale when
CaCl, was added to the solution. Especially for HA with a molecular weight of
My, = 1500 kDa the structures also became very inhomogeneous. The changes of
the structures are claimed to be due to an increased interaction of DPPC and HA,
caused by divalent Ca®" ions. Besides increasing the interaction of DPPC and HA,
Ca*" could also facilitate a stronger interaction between the Si support and DPPC
or between the Si support and HA, which could also lead to a higher inhomogeneity
of the DPPC bilayer. It is already reported that Ca?" ions do strongly change the
interactions at the Si-water interface, as the ions could enable a bridging between
the negatively charged Si surface and negatively charged molecules like HA or be-
tween the Si surface and DPPC [53, 108]. This would also explain why even the
sole DPPC bilayer in the NaCl/ CaCl, solution shows a lower homogeneity than a
DPPC bilayer sole NaCl.

Results from XRR experiments, performed at 60 bar, provide information about
the vertical structure of the samples. XRR measurements with CaCl, were per-
formed at 39 °C and 55 °C, corresponding to the Ps and the L, phase in bulk,
respectively (see DSC results in sec. 3.1.2) [30]. However, as discussed for the
DPPC samples in sole NaCl solution it is very likely that the Pg phase is sup-
pressed for DPPC bilayers on solid support and that the DPPC bilayer is instead
in the Ly phase at 39 °C [35, 36]. The shape of the electron density profiles of sole
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DPPC as well as the values found for the head-to-head distances (see fig. 3.25) are
comparable to the results from supported DPPC in sole NaCl solution and to the
results from SAXS measurements on bulk solution (see sec. 3.1.2.3). They confirm
that the bilayer is in Lg phase at 39 °C and in L, phase at 55 °C [30, 33, 87, 95].
After the effect of CaCl, on Si supported sole DPPC layers has been discussed the
effect on DPPC HA composite layers will be discussed now. The profiles of DPPC
with HA in a solution containing NaCl and CaCl, are asymmetric. The electron
density of the tailgroup of the upper leaflet is slightly higher than the electron den-
sity of the tailgroup of the lower leaflet (see fig. 3.26b). As such a strong asymmetry
is not observed in sole NaCl solution, it can be concluded that it is facilitated by
divalent Ca*" ions. The asymmetry is probably caused by changed packing of the
lipids in the upper leaflet, due to a stronger interaction between HA and DPPC. It
is known that Ca®" ions are enriched in the plane of lipid head groups [86] and as
Ca*" can lead to charge inversion of the negatively charged phosphate group it is
very reasonable that the negatively charged HA can accumulate easily between the
head groups. Much better than for samples in sole NaCl were it gets repulsed by
the phosphate groups. The asymmetry can also be interpreted as a decoupling of
the two leaflets. A decoupling was already claimed for mica supported DMPC and
DPPC bilayers studied with AFM [109-111] and is facilitated by a CaCl, induced
strengthened binding between the lipids and Si substrates [53]. The two leaflets
therefore are in contact with two very different environments, that both strongly
interact with the DPPC molecules. At 55 °C the asymmetry is weaker than at
39 °C. Here, the lipid tails are more flexible and the molecules have a higher mo-
bility. This higher flexibility is probably the reason for lower asymmetry.

Further, the head-to-head distance of the samples composed of DPPC and HA in
a solution containing NaCl and CaCl, shows a very interesting effect. In general,
the head-to-head distance is the same as for sole DPPC samples (see tab. 3.6),
within the the range of the uncertainties. This was also observed for samples in
sole NaCl solution. Only for the sample containing HA with a molecular weight
of My = 10 kDa CaCl, lead to a strong decrease of the head-to-head distance of
around 0.4 nm at 39 °C. The thickness of this sample is closer to the thickness of
the DPPC sample at 55 °C than to the thickness of the DPPC sample at 39 °C
and also the shape of the electron density profiles of this sample show the typical
characteristics (high roughness between the single slabs of the bilayer) of a sample
at 55 °C. This was not observed for DPPC/ HA10 samples in sole NaCl solu-
tion. Therefor it seems that at 39 °C CaCl, does change the phase of the bilayer
from Lg to L, for samples composed of DPPC and HA of a molecular weight of
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My =10 kDa. A transition from Lg to Pg can be excluded as the head-to-head
distance of lipid bilayer in these two phases should be almost identical [34, 112].
Since the DSC measurements only revealed a small decrease of the transition tem-
perature in the presence of HA (to 42 °C), HA alone cannot be responsible for this
effect. Further, such an effect was not observed for DPPC and HA in solution con-
taining only NaCl. Therefore the origin must be a complex interplay between the
Si support, the Ca®' ions and the low molecular weight HA. It can be speculated
that the bilayer at 39 °C is in a energetically unfavorable state, due the suppressed
ripple phase. This leads in combination with the disturbance of the lipid ordering
by HA to a change in the phase behavior. The fact that both leaflets, the lower and
the upper leaflet, are disturbed might be explained by the low molecular weight
of the HA. HA with a molecular weight of 10 kDa is, in contrast to the coiled
structure of high molecular weight HA [45, 93], rod like [113]. Thus it may diffuse
through small voids and cracks in the bilayer between the Si surface and DPPC
bilayer. The adsorption of HA at the Si surface might can be facilitated by Ca*"
ions, as it is known that they can bridge the negative charge of the Si surface and

negative charge of molecules [53, 108].

The effect of HA on the phase behavior and structure of DPPC at high
pressures

First the behavior of sole DPPC samples at high pressure in NaCl/ CaCl, solu-
tion will be discussed, followed by a discussion of DPPC/ HA composite samples.
At 39 °C the DPPC bilayer does not show a structural transition, as for Si sup-
ported DPPC in NaCl, and the head-to-head distance correlates with the value for
DPPC in the Lg phase (see fig. 3.28). At 55 °C the head-to-head distance of the
bilayer indicates that the bilayer is in the L, phase below 500 bar and in the Lg
phase above 500 bar (see fig. 3.28 and 3.30), which is in accordance with the lit-
erature [103, 114]. Thus the measurements DPPC samples at different hydrostatic
pressures between 60 bar and 2 kbar at 39 °C and 55 °C show the expected phase
behavior [32, 103, 114] with a suppressed rippled phase [35, 36] as for DPPC in
sole NaCl. The absence of the Pg phase can be for example deduced from the fact
that no structural transition was observed at 39 °C. According to Winter et al.
2009 [32], who studied the phase behavior of DPPC vesicles at high hydrostatic
pressures, an increased hydrostatic pressure should lead to a phase transition from
Pg to Lg at around 500 bar. This transition should alter the structure of the

bilayer (as discussed in section 3.2.1.5). However, at 55 °C a differing behavior of
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DPPC in the two solution conditions is revealed. Bilayers in a solution containing
NaCl and CaCl, shows a reversible phase transition (L, - Lg - L, ). For bilayers
in sole NaCl solution it was observed that DPPC bilayers at 55 °C get damaged
by the phase transition at high pressures. It seems likely that Ca®" ions leads
to a stabilization of the bilayer. Several studies already claimed that these ions
bind to the negatively charged phosphate groups of the lipid heads [82, 83, 86, 87].
Thereby a bridging between the single lipids occurs (as already discussed in section
3.1.2), that probably inhibits a break down of the bilayer structure. Further, it is
known that Ca*" ions do alter the properties of solid supported bilayers as they
induce a strong interact of the lipids and the surface [115], which leads to a further
stabilization.

After the phase behavior of sole DPPC samples has been discussed, the influence
CaCl, on the samples composed of DPPC and HA can be examined. HA with two
different molecular weights was studied to investigate the effect of the molecular
weight on the interaction between DPPC and HA. CaCl, causes strong differences
in the phase behavior as well as in the structure of the DPPC/ HA composite
layers. Especially at higher pressures new structures form, which do not look like
typical bilayers.

HA/DPPC composite samples at 39 °C show an asymmetry at all pressures (see fig.
3.27), with a higher electron density of the tailgroup of the upper leaflet than of the
lower leaflet. It has been discussed before that this hints at a strong accumulation
of HA between the lipids, due to a stronger interaction between DPPC and HA in
the presence of Ca*" ions, as also reported by Wieland 2016 [98]. This increased
interaction has the effect that the sample composed of DPPC and low molecular
weight HA (My, = 10 kDa) is in the L, phase at 60 bar. At increased pressure the
electron density profiles show structural changes between 100 bar and 500 bar and
between 60 bar and 100 bar, for HA of molecular weight of 10 kDa and 1500 kDa,
respectively. This can be seen in figure 3.27¢c, figure 3.27d and also concluded from
the head-to-head distances in figure 3.28. For DPPC with HA10 this change seems
to be a sign for a phase transition. Above 100 bar DPPC/ HA10 is in the Lg
phase while below 100 bar it is seems to be in the L, phase. DPPC with HA1500
probably remains in the Lg phase at all pressures, which means that the structural
change is not associated with a phase transition. The structural modification and
especially the phase transition were not expected, as such a behavior is neither
observed for sole DPPC in NaCl/ CaCl, solution nor for DPPC and DPPC/HA
in sole NaCl solution. After the modification the shape of the electron density
profiles of the DPPC/HA samples is strongly altered and the asymmetry iss even
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more increased. Especially the electron density level of the tail group of the upper
leaflet is further increased. This might be due to a reordering at high pressures, as
exemplary illustrated in figure 3.31 for DPPC with HA10. At high pressures after

i T :
A A

Figure 3.31: Sketch of the structure of Si supported DPPC/HA samples at low
(left) and high (right) pressure.

the transition HA gets squeezed into tail group region and increases thereby the
electron density. It is well known that hydrophobic interaction gets weaker at high
hydrostatic pressure [116], which could facilitate an adsorption of HA in the tail
group region. After releasing the pressure the electron density profiles show that
the upper leaflet of the DPPC/HA samples does not restore its original structure
(see fig. 3.27a and b), which means that the HA chains remain within the tail group
region. In contrast, the transition of lower leaflet, where no HA is incorporated,
is fully reversible. It should be noted that the two bilayer leaflets of the DPPC/
HA10 composite sample seem to be completely decoupled with the lower leaflet
being in the L, phase and the upper leaflet in the Lg phase.

At 55 °C the head-to-head distances (see fig. 3.30) at different pressures indicate
that the phase behavior of the sample is similar to sole DPPC and also to DPPC
with HA in sole NaCl solution and in accordance with the literature [30, 32, 103].
Below 500 bar the head-to-head distance of the bilayer corresponds very well to
a DPPC bilayer in the L, phase and above 500 bar it corresponds to a DPPC
bilayer in the Lz phase [33]. At least no differences for the measured pressures
and temperatures could be observed. However, the exact phase behavior was not
in the scope of this thesis as other techniques like e.g. DSC are more appropriate
to explore the phase behavior as a function of pressure or temperature. Here the
focus is set on the structure of the composite layers. As long as the DPPC/HA
samples are in the L, phase their electron density profiles do not show a consid-
erable asymmetry (fig.3.26). However, after the transition to the Lg phase the

structure shows an asymmetry, which was not observed for DPPC/HA samples in
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sole NaCl solution. Again samples composed of DPPC and HA with a molecular
weight of My, = 10 kDa shows a stronger effect, very likely due to its rod like con-
formation. Another explanation might be that there are more HA molecules of the
low molecular weight HA, as always the same mass concentration of HA was used.
As the asymmetry occurs after the transition to the Lg phase, it is very likely that
the strong intercalation of the HA chains is correlated with the Lg phase. Lipids
in the Lg phase occupy a lower area per molecule than in L, phase [31, 33]. Thus
it is very likely that Si supported bilayers in the Lg phase, which were prepared
at 55 °C, show an increased number of defects, which are probably very suitable
interaction sights for HA. After releasing the pressure the electron density profiles
restore their original shape and the structural transitions are completely reversible.
This was not observed for the measurements at 39 °C. A reason might be that the
lipids at 55 °C in the L, phase show a much higher flexibility and mobility (the
lateral diffusion coefficient is reduced up to three orders of magnitude [117] in the

Lg phase), which enhances a reorganization of the sample.

Comparison of DPPC vesicles with HA and Si supported DPPC bilayer
with HA in the presence of CaCl,

Results from both experiments settings, vesicles and solid supported layers, show
strong effect of CaCl, on the structure and properties of DPPC and DPPC/HA.
The results from SAXS and DLS revealed a positive net charging of the vesicles
which lead to stronger interaction with the HA chains. An increased interaction
strength was also observed for Si supported DPPC/HA samples. All methods ex-
cept, fluorescence microscopy, show a stronger effect for small molecular weight HA.
There are different reasons for this. First the results from fluorescence microscopy
give information on the lateral structure of the samples on the micrometer scale,
while XRR and DSC provide information on the molecular level of the sample and
XRR in particular information on the vertical structure of the sample. The differ-
ence between results from DLS and microscopy is, that DLS shows an aggregation
of vesicles which are not fixed in space, while a bilayer in the case of the Si sup-
ported samples for microscopy is fixed to the support. The visible effect of a large
molecule is therefore probably much stronger.

By comparing the results from the two experimental designs it could be observed
that the phase behavior is significantly influenced by its environment (Si support).
DSC results show that HA decreases the main transition temperature slightly (max-
imum 0.8 K of HA10). However the XRR measurements indicated that the Si sup-
ported DPPC/ HA10 composite sample is in the L, phase at 39 °C (3 K below the
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main phase transition temperature). One reason for this might be that the vesicles
that were studied in DSC are closed structures without strong defects, while DPPC
layer on top of the Si support shows many defects and inhomogeneities as shown
by fluorescent microscopy. These defects probably make an interaction of HA and
DPPC much easier. Further is the Si supported DPPC layer in an energetically

unfavorable state, as the Py is suppressed.
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Chapter 4
Summary

Information about the interaction of lipid bilayers and HA is essential for a better
understanding of the processes leading to the exceptional good lubrication prop-
erties found in the synovial joint. Therefore, the interaction of DPPC (a common
lipid in the synovial joint) and HA was studied by means of two different sample
systems which are both inspired by the synovial joint: DPPC vesicles with HA in
solution (studied using DSC, DLS and SAXS) and solid supported DPPC bilayer
with HA (studied using fluorescent microscopy and XRR). These sample systems
allowed to investigate aspects of the interaction of unbound structures as they may
occur in the synovial fluid and the structures forming on the surface of the carti-
lage. One main aspect in this thesis is to elucidate how the samples system gets
impacted by high pressure, which simulates high loads as they occur in synovial
joints during daily motion [8, 9]. Further two solution conditions (150 mAM NaCl
and 150 mM NaCl with 10 mM CaCl,) have been probed to examine the influence
of divalent ions.

The results obtained from the two samples systems strongly indicate that the HA
chains interact mainly with the zwitterionic head group region of the DPPC phos-
pholipid. No modifications of the tail group region could be detected for samples
consisting of DPPC vesicles and HA. Thus, it is very likely that the interaction
is mainly driven by electrostatic forces. Results from measurements in a solution
containing divalent Ca®" ions strenghened this hypothesis. The addition of Ca*"
ions strongly altered the interaction and allowed HA chains to enter deeper into the
bilayer structures. HA chains in sole NaCl solution are attracted by the positively
charged part of the head groups. As a result they preferably stay at the surface
of the bilayer. On the other hand, divalent Ca®" ions have the ability to bind
the negatively charged HA chains to negatively charged deeper parts of the head
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group regions. As Ca®' and other positively charged multivalent ions are found
in the synovial fluid it can be presumed that the interaction in the synovial joint
between HA and DPPC is rather strong. In contrast to the bilayer structure of
DPPC vesicles, which only shows minor modification due to interactions with HA,
the structure of supported bilayers is strongly affected by HA (especially in the
presence of CaCl,). Defects in the structure of the supported bilayers are probably
the reason this effect. Such defects can facilitate a stronger accumulation of HA
between the head groups of the lipids.

At high pressure it was observed that sole DPPC bilayers are not stable. They
broke down after pressure induced phase transitions. The addition of HA or CaCl,
lead to a stabilization of the bilayers at high pressures, so that the bilayer with-
stands the pressure induced phase transitions. The stabilization might be caused
by a fastening of single lipid molecules due to adsorbed HA or Ca®" ions. The
integrity of the bilayer, even at high hydrostatic pressure (i.e. at high loads), is
of great importance for the lubrication properties, as only intact bilayers provide
low friction. This shows that the interaction of different components can have
beneficial effects for the joint lubrication. However, if HA is added in combination
with CaCl, the HA chains strongly affect the bilayer structure at high pressure. At
temperatures below the phase transition it was observed that the DPPC bilayer
structure was strongly changed at high pressures and the original structures was
not restored after releasing the pressure, i.e. the structural modification was irre-
versible. It is questionable if such a irreversibly changed structure is beneficial for
the joint lubrication.

HA found in the synovial fluid of patients suffering from arthritis show a decreased
molecular weight. Therefore, it was of high interest to explore if the molecular
weight of HA has an influence on the interaction with DPPC for biological rel-
evant experimental settings. The results from the experiments presented in this
thesis confirm that the molecular weight has an influence on the organization of
the DPPC/ HA structure. HA with a low molecular weight has a much stronger
effect on the structure of DPPC bilayers than HA with high molecular weight. It
is assumed that the different strength of interaction is caused by differences in the
global structure of the HA.
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Chapter 5
Conclusion

To shed light on the mechanisms leading to low friction in the synovial joints the
molecular arrangement of a simple binary model system consisting of the phospho-
lipid DPPC and HA was studied. The results obtained from the here presented
experiments underline the complexity of the interaction of the different molecules in
the synovial joint. Even for such a simple model system many different parameters
can be found which all have strong influences on the interaction. Three parameters
have been systematically varied in this study: phase of the DPPC bilayer, solution
condition and molecular weight of the HA. It could be demonstrated that these
different parameters have a major impact on the assembly and performance of the
system under high pressure. The results of this study proved that HA and DPPC
interact mainly via electrostatic interactions, which makes it highly sensitive to
changed solution conditions (e.g. the addition of CaCl,). Further, it leads to an
adsorption of HA to the head group region of DPPC. Most important for the lu-
brication properties of synovial joints is probably that HA and divalent calcium
ions lead to a stabilization of the lipid bilayer against high hydrostatic pressure. It
could also be shown that HA with a low molecular weight tends to alter the bilayer
structure stronger than high molecular weight HA. This might be another reason
why high molecular weight HA is beneficial for the treatment of different joint dis-
eases, besides the well known fact that solutions with high molecular weight HA
show a higher viscosity. The ambivalent response of the system to the molecular
weight of HA proofs that the interplay between the single components is a key
factor for the joint lubrication.

With the here presented results an important contribution was made to get a better
insight into the complex molecular interplay enabling the exceptional good lubrica-

tion properties of the synovial joint. To further improve the understanding of these
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mechanisms it will be necessary to study the interaction of the different compo-
nents also under other outer conditions (e.g. different shear rates). Also additional
constituents of the synovial fluid need to be added to obtain a more realistic model

in order to completely understand the molecular mechanisms.
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Appendix A

Appendix

Small angle scattering

150mM NaCl
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Figure A.1: Scattering curves of measured at 25 °C. The concentration of DPPC

and HA250 was 4 mg/mL, respectively. For 'HA250 + DPPC" the curves from
DPPC and HA250 were summed up.
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Figure A.2: Relative electron density profiles of a double layered vesicle at the
three temperatures in NaCl, calculated from fits of the scattering curves. (a) DPPC
(b) DPPC with HA My, = 250.
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Figure A.3: Relative electron density profiles of a double layered vesicle at the
three temperatures in NaCl with CaCl,, calculated from fits of the scattering curves.
(a) DPPC (b) DPPC with HA My, = 250.
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X-ray reflectivity
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Figure A.4: Fresnel normalized reflectivity curves of several samples measured at
1 bar and 60 bar.
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Figure A.5: (a) Fresnel normalized scattering profiles of DPPC/HA10, recorded
at various pressures between 60 bar and 2 kbar and 55 °C. Solid black lines indicate
the fits. (b) Resulting electron density profiles. The curves are shifted vertically for
clarity.
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Figure A.6: Comparison of simulated electron density profiles of a St supported
bilayer in the Lg phase and in the Pg phase.
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Figure A.7: Fluorescence microscopy images of Si supported DPPC and
DPPC/HA composites in two different solutions: 150 mM NaCl (left) 150 mM
NaCl with 10 mM CaCly (right). DPPC was labeled with NBD (green channel)
and HA was labeled with Rhodamine (red channel)
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Figure A.8: Fresnel normalized scattering curves of DPPC and DPPC with HA
(two molecular weights). Black lines indicate fits of the data and the offset is for
clarity.
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Figure A.9: (a) Fresnel normalized scattering profiles of DPPC, recorded at var-
tous pressures between 60 bar and 2 kbar and 39 °C'. Solid black lines indicate the
fits.  (b) Resulting electron density profiles. The curves are shifted vertically for
clarity.
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Figure A.10: (a) Fresnel normalized scattering profiles of DPPC, recorded at
various pressures between 60 bar and 2 kbar and 55 °C'. Solid black lines indicate
the fits. (b) Resulting electron density profiles. The curves are shifted vertically for

clarity.
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Figure A.11: (a) Fresnel normalized scattering profiles of DPPC/HA10, recorded
at various pressures between 60 bar and 3 kbar and 39 °C. Solid black lines indicate
the fits. (b) Resulting electron density profiles. The curves are shifted vertically for

clarity.
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Figure A.12: (a) Fresnel normalized scattering profiles of DPPC/HA1500,
recorded at various pressures between 60 bar and 2 kbar and 39 °C. Solid black

lines indicate the fits. (b) Resulting electron density profiles. Curves are shifted
vertically for clarity.
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Figure A.13: (a) Fresnel normalized scattering profiles of DPPC/HA1500,
recorded at various pressures between 60 bar and 2 kbar and 55 °C'. Solid black

lines indicate the fits. (b) Resulting electron density profiles. The curves are shifted
vertically for clarity.
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Figure A.14: (a) Fresnel normalized scattering profiles of DPPC/HA10, recorded

at various pressures between 60 bar and 3 kbar and 55 °C. Solid black lines indicate

the fits. (b) Resulting electron density profiles. The curves are shifted vertically for
clarity.
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