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Abstract

The gel-like hyaluronan (HA) rich coat that surrdammany cells has been linked to a variety
of vital cellular functions, but the regulatory rhanisms at the cell-HA matrix interface
remain poorly understood. For the thorough invesitogn of specific interactions between the
cell surface and HA as well as the structural prioge of this supra-molecular matrix, it is
desirable to switch from the complex cellular eamiment to simplified systems. This work
aims to find routes towards the development of mewtro model systems of HA-rich coats.
One approach relies on the immobilization of ectodms of HA's main cell surface receptor,
CD44, on supported lipid membranes (SLBs). Modelases with tunable receptor density
are exploited to investigate the polyvalent intéoacbetween HA and CD44 in a biologically
relevant arrangement. On surfaces that providegh density of receptors, HA binding
increases in a sigmoidal fashion with molecular ghei and becomes reversible below
30 kDa. The physico-chemical properties of thesefiitAs reveal many similarities between
the binding behavior of HA chains and flexible palr chains adsorbing to a homogeneously
attractive surface. On surfaces with low receptofage density binding of HA of sufficiently
high molecular weight is irreversible for all, apdoportional to the amount of receptors.
Quantifying the number of receptors that are ab&lgper HA chain provides insight how
polyvalent interactions stabilize HA binding on eptor covered surfaces. HA binding is
though regulated by both polyvalency and the istdmffinity of individual receptors, and we
outline a method to disentangle the contributidnsodh effects.

Another approach envisages the immobilization of MA a terminal biotin moiety at
controlled anchor separation. The binding and dagtof biotin-receptors on gold and silica is
systematically examined with the objective to stety functionalize gold nanostructured
surfaces. We find that streptavidin adsorbs in @actional conformation on gold while
resisting binding to silica. First attempts to eipthis selectivity on gold nanostructures are
presented.

The confinement of the model systems to solid stppenables qualitative and quantitative
characterization by complementary surface sensiteehniques. Here, quartz crystal
microbalance with dissipation monitoring and eldp=etry - alone or in combination - as well
as microinterferometry provide detailed insightitihe formation, stability and morphology
of the model surfaces and the HA films, and invdlweolecular interactions.

The developed model systems with tunable propertis serve as a well-controlled
experimental platform for the investigation of tinéeractions between proteins and HA in a
supra-molecular context, and between cells and H#rioes.






Kurzzusammenfassung

Viele Zellen umgeben sich mit einer gelartigen Eidus Hyaluron (HA). Solche Hyaluron-
Hullen spielen eine wichtige Rolle bei einer Reikssentieller Zellfunktionen. Die
Mechanismen, welche die Interaktion im spezielled der Grenzflache zwischen HA und
Zelle regulieren, sind jedoch nur mangelhaft edbts Fir ein eingehendes Studium der
spezifischen Wechselwirkung zwischen der Zelloketfe und HA sowie der strukturellen
Eigenschaften dieser supramolekularen Matrix, eisthes sinnvoll, weg von der
Komplexitat der Zelle zu einem vereinfachten Syssengehen. Es war daher das Ziel dieser
Doktorarbeit, Wege zur Entwicklung neue+vitro-Modelsysteme der HA-Matrix zu finden.
Einer der Ansatze bedient sich der Immobilisierwmn Ectodomanen des priméren
Zelloberflachenrezeptors fur HA, CD44, auf subgeaundenen Modelmembranen (SLBs).
Solche Modeloberflachen, deren Dichte an Oberfléadmeptoren kontrolliert eingestellt
werden kann, werden benutzt, um polyvalente Weulideingen zwischen HA und CD44 in
einer biologisch relevanten Umgebung und Anordrzungintersuchen. Auf Oberflachen mit
hoher Rezeptorbedeckung ist die Bindung von HA getingem Molekurlargewicht (unter
30 kDa) reversibel und nimmt sigmoidal mit dem Maiargewicht der HA-Kette zu. Die
physikalisch-chemischen Eigenschaften dieser HA&il zeigen viele Parallelen zum
Adsorptionsverhalten von flexiblen Polymerketten eine homogen attraktive Oberflache.
Auf der anderen Seite, ist die Bindung von HA - gagn das Molekulargewicht ist
ausreichen - auch bei geringen Rezeptordichtemersédbel und proportional zur Menge der
Rezeptoren. Bestimmt man quantitativ die Anzahl Reeeptoren, die jeder HA-Kette zur
Verfigung stehen, wird deutlich, dass polyvalentecéelwirkungen die Bindung von HA
an die oberflachengebundenen Rezeptoren stalsinsiddie Regulierung der Bindung von
HA unterliegt jedoch sowohl Polyvalenzeffekten algch der intrinsischen Affinitat der
individuellen Rezeptoren, und wir leiten hier eikkethode ab, mit der sich die Beitrage
beider Effekte voneinander abgrenzen lassen.

In einem weiteren Ansatz soll HA Uber eine termen&iotin-Einheit in kontrollierten
Abstanden auf einer Oberflache immobilisiert werdgit dem Ziel, gold-nanostrukturierte
Oberflachen selektiv zu diesem Zweck zu funktisatien, werden die Bindung und
Aktivitdt verschiedener biotin-bindender Proteine @old und Siliziumoxid-Oberflachen
systematisch untersucht. Es stellt sich heraus 8a®ptavidin die besondere Eingenschaft
hat, in aktiver Form auf Goldoberflachen zu adsdn, wahrend es keinerlei Interaktion mit



der Siliziumoxid-Oberflache eingeht. Wir zeigenewdiese Selektivitat in ersten Versuchen
zur Funktionalisierung der nanostrukturierten Oldetfen ausgenutzt werden kann.

Alle vorgestellten Modelsysteme basieren auf fesSebstraten, eine Eigenschaft, die die
gualitative  und  quantitative = Charakterisierung  mitHilfe ~ komplementéarer,
oberflachensensitiver Untersuchungsmethoden erofiigliDie Verwendung der Quartz-
Kristall-Mikrowage mit Dissipationskontrolle (QCM)Dund Ellipsometrie - einzeln oder in
einem kombinierten Aufbau - sowie Mikrointerferometerlauben detailierte Einsichten in
die Bildung, Stabilitdt und Morphologie der Modetottdchen, der HA-Filme und der damit
einhergehenden molekularen Wechselwirkungen.

Die hier entwickelten Modelsysteme, die sich dadwaaszeichnen, dass sie gezielt eingestellt
und kontrolliert manipuliert werden konnen, eignesich als gut charakterisierte
experimentelle Plattformen zur Untersuchung der zifipehen supramolekularen
Wechselwirkungen zwischen Proteinen und HA. Sienkdn des Weiteren interessante

Anwendungen bei Studien der Interaktion zwischelfeAaind den HA-Filmen finden.
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Chapter |

Introduction

1.1 Objectives

A major aim of this thesis work was to develop ramsigns foiin-vitro model systems which
enable the in-depth investigation of carbohydratk-cell coats in a biological and physico-
chemical aspect for the quantitative study of raguly mechanisms of in protein-
carbohydrate interactions. Another objective wase thetailed characterization of the
adsorption behavior of biotin-receptors to find aitable and simple method for the
funcionalization of biotechnologically relevant maals: homogenous and nanostructured

surfaces of gold and silica.

1.2 Structure of the thesis

In the present chapter 1 the biological backgroand relevance of the pericellular coat
(PCC), and the experimental, conceptual and theateipproaches that were employed for
this work will be introduced.

In chapter 2 a study on the interaction of proteihthe avidin familiy with various surfaces
will be described, which led to a method for simptetein immobilization on gold surfacés.
The results will be employed in first steps towattle grafting of hyaluronan (HA) to
nanoarrays of gold particles.

Chapter 3 will present the design of model systednblA-rich coats with the premise to
closely resemble the natural coat in its typicahelsions, its ability to self-organize into
supra-molecular assemblies and, wherever possiblese the relevant natural biomolecules.
It will also focus on the quantitative characteti@a of these model systems by means of

quartz crystal microbalance with dissipation manmitg (QCM-D), ellipsometry and
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reflection interference contrast microscopy (RICMiXh special interest dedicated to the
interaction between HA and its main cell surfaceeptor CD44.

Chapter 4 will follow up with unraveling quantitaély the mechanisms and the polyvalent
character underlying CD44-HA interactions underywrag conditions such as amount, type
and presentation of CD44 to HA. The analysis vwake advantage from the use of a new
combined set-up of QCM-D and ellipsometry.

Concluding remarks and perspectives will be dediatechapter 5. A detailed description of
the employed techniques and experimental proceduilede provided in chapter 6. For
additional information on used abbreviations, materand protocols the reader is referred to
the appendix.

1.3 The cell membrane

The outer cell surface represents a fascinatiregfate with utmost importance for the life of
organisms. In animal cells this boundary is defibgdhe plasma membrane, which encloses
the cell and establishes the differences between dytosolic and the extracellular
enviroment The plasma membrane is made up of a bilayer efddy arranged phospholipid
(and few other lipid-) molecules, which self-asséamduch that their hydrophobic tails face
each other, while the hydrophilic head groups atposed to the aqueous environment
(figure 1.1). This lipid bilayer of about 5 nm tkiess contains numerous transmembrane
(integral) proteins. Some function as e.g. trangpsrof hydrophilic species through the
otherwise impermeable membrane. Others act as fispeeceptors to trigger signaling
cascades into and out of the cell. While proteimghe inner cell surface link the membrane
to filaments of the cytoskeleton (actin filamentsicrotubules and intermediate filaments),
protein domains on the outer cell surface medrractions of the cell with the extracellular
environment and with other cells. The latter oftamry carbohydrates, which contribute to
regulate various receptor-ligand interactions draacligands themselves. Additionally, other
carbohydrate residues can be covalently linkeckttam lipids.

Biological membranes have been studied extensivélpdel membranes have emerged as
objects for the investigation of chemico-physicedpertieé ° and have since been exploited
for the study of membrane dynamics and comporfeptstein interaction$? toxins® or as
experimental platforms for the immobilization offdient types of moleculés:*® The model
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membranes that were used for a part of this thesie supported lipid bilayers (SLBs). These
will be introduced in chapter 3.

Carbohyedrate Fibers of extracellular matrix {(ECM)

Glycoprotein \ /B
™, _ : v

Cholesteral

Lipid bilayer

Figure 1.1: Scheme of the cell membrane and extrabdar matrix components. Reproduced from ref*.

1.3.1 Outside the cell

Above the cell surface different coat-like regioren be distinguished. Lipid or protein
linked, membrane proximal carbohydrates are oftdarred to as glycocalix. Further, cells
built, and manipulate their environment by secgnnumber of components that sum up to
what is called extracellular matrix (ECM). This mmatprovides mechanical support and
contributes to the communication of the cell wite environment. The macromolecular
components of the ECM are fibrous proteins (sucHit@enectin, keratin or elastin) and
polysaccharides. Many of these polysaccharidesneio the family of glycosaminoglycans
(GAGs). Some mammalian cells create another spesiglronment in their immediate
surrounding that is different from the rest of theéracellular space. This additional layer has
been termed pericellular coat (PET)° Such coats are typically highly hydrated, and
therefore invisible by conventional light microsgo@hey can be visualized, however, by
particle exclusion assays (PEA)' (figure 1.2). In-vivo and in-vitro PCCs have bestrown

to be sensitive to treatment with hyaluronidase,eanyme that digests hyaluronan (HA),
illustrating that HA forms the backbone of the PEC? HA is tethered to the surface via
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non-covalent, protein-carbohydrate interactions.infg insight into the composition,
structure, properties and function of the PCCnsagn motivation of this thesis work.

It should be mentioned that it is difficult to d&di clear boundaries between the parts of the
extracellular space, which are termed glycocal@Meor PCC. These terms have been used
in the literature in various ways and leave room dmbiguous interpretatiori$® In the
context of this thesis work, | define the PCC asHA dependent matrix that is linked to the

cell membrane.

1.4 How can model systems improve the understanding of biological phenomena?

Working at the crossover of biology, chemistry afid/sics often opens up new points of
view regarding the way to approach an unsolvedtgresdNot least the interdisciplinary work
of scientists with backgrounds, e.g., in biologigtéchnology, (surface) chemistry, physics
and engineering, led to the development of higklysttive analysis methods, gave rise to a
new generation of tools, which reduced the acckstebgth scales to micro-and nanometers
and opened doors to the fusion of scientific comities1 Biological surface scienc® is
today a wide field that includes, for example, a@ray technology, lab-on-a-chip, medical
implants, MEMS (Mcro-Electro-Mechanical $stems) or NEMS _(Bno...) - only a few of
many popular catchwords, which became familiar raprihe last two decadés.? The
gathered knowledge on the fabrication of surfageshe micro-and nanoscale, chemical and
biotechnological methods of surface functional@atiand a pool of available biological
probes can be exploited to create well-defined wsnuf natural systems. Such mimics or
model-systems are, of course, not capable of dagttine entire complexity of a biological
system. Their advantage is their simplified ardtuee. By reducing the complexity of the
system to a few parameters that can be controlled, quantitative investigation of
specifically chosen individual interactions becoraesessible. In contrast, cells often employ
a complex machinery of regulatory mechanisms, whahcompensate for each other and the
effect of an experimental intervention may be vague

It may be difficult to directly correlate a singletail of an entire system with its function. To
add an additional level of complexity, the functiohproteins, compartments of a cell or a
tissue, for example, underlie a highly dynamic tagon and are tightly connected to external
conditions within an organism?> **which can hardly be realized in an artificial yst

Nevertheless, the thorough knowledge about the detgils is an inevitable piece of a puzzle

4
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to be added in order to finally obtain a true ustirding of complex biological systems. It is
the virtue of model-systems that they address @ specific question starting from a rather

simplified point of view, but still remain expandalfor an up-grade in complexity.

Figure 1.2: Pericellular coat (PCC) visualized by garticle exclusion assay (PEA). The erythrocytesdaled

to the cultured cells cannot penetrate to the plassnmembrane when a PCC is present around the cellB(

C). A and B: human breast adenocarcinoma cells (MCH) lacking (A) and expressing (B) hyaluronan
synthase3. Erythrocytes are shown in red, the culted cells in green. Micrographs adapted frorV. Scale

bar applies for A and B. C: A human bladder carcinana cell presenting a PCC visualized by a PEA.
Adapted from®®,

1.5 The pericellular coat (PCC)

1.5.1 Structure and function

The pericellular coat (PCC) is a carbohydrate-rithiltifunctional soft layer around many
cells acting as sensitive regulator for cell bebgwuch as adhesion or cell shapghe cell

is capable to dynamically regulate its coat, ascektension strongly depends on cell type or
state and its thickness covers an amazing rangeebet a few nanometers and several
micrometers (figure 1.2 ** ?* 2Such coats are typical for chondrocytes in articul
cartilage®* vascular endothelial celf§,smooth muscle cefldor oocytes* to mention a few
examples. A long, linear polysaccharide - hyaluronaonstitutes the backbone of the often
hydro-gel-like film** *® As hyaluronan is the cardinal molecule of thisstigit merits an own
paragraph on its nature (see next section). Beadusegel-like, highly viscous behavior and
its extension, HA and the PCC were initially thoughas a cushion-like, protective structure
with the function to damp external mechanical feré€’ The functions of the PCC are,
however, more multifaceted. It is a barrier for th#usion of certain molecules within the

extracellular space® *Furthermore it was found to act as a mechanotrarestl’ “° of fluid
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shear stress in blood vessels to the cytoskeletmmgby also playing a role in different

signaling pathway$"**

8‘?38

Figure 1.3: A) Putative structures of complexes ofHHA with different hyaladherins as proposed to be
involved in inflammation. Scheme adapted from ref® B) Cable-like structure of crosslinked HA (bright

green), which exhibits strong pro-adhesive properties fomonocytes(nuclei in blue). Micrograph adapted

from ref. .

How can a matrix that consists of rather simple ponents (HA and water) display such a
diversity of functions? How can the cell reguldte presence and performance of this coat?
In fact, HA is always in company of various solubled cell membrane bound proteins, so-
called hyaladherin& These interact with the long HA chain - often imaltiple fashion -
thereby modulating the chain's conformation or littkage to the plasma membrane
(figure 1.3)*> *® " pye to this interaction, HA can self-organize irdifferent types of
supramolecular architectures, thus influencingassembly, the morphology and the material
properties of the PCE. CD44, for example, is a main cell surface receficor HA. In
contrast to CD44, aggrecan, product of the tumarases factor-secreted gene-6 (TSG-6),
inter-a-inhibitor (lal), pre-a-inhibitor (Pul) or pentraxin 3 (PTX-3), are soluble proteinsttha
are present in the matrix. Some of them have begpoped to be involved in crosslinking of
HA,* which can result in the formation of cable-likeustures of HA (figure 1.3) or
expanded matricé$. Such ultra-structures often define the performaoté¢he PCC with
different functions. For example, cable-like HA apps to be pro-adhesive for leukocytes
and, therefore could be pro-inflammatory.

Taken together, the PCC is a complex supra-mole@ddice. Investigating the role of the

individual players in their interaction with HA #sfield that is today studied intensively.
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1.6 Hyaluronan is a simple polysaccharide with intriguing properties

1.6.1 Structure and characteristics

Hyaluronan (HA), also called hyaluronic acid, is@urally occurring biopolymer that was
discovered by Meyer in 1934 as a main componetthefitreous hmor of cattle ej@lt is
composed of repeating disaccharide units of gludaracid and N-acetylglucosamine
(figurel.4). HA is a linear, unbranched and highdgatively charged polysaccharide and the

only known glycosaminoglycan that is not sulfated.

CH,

C=
HO —A i ;513 | o |31

C=0

o M3]
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Figure 1.4: Structure of hyaluronan (HA). Top: repeating disaccharide units. Bottom: hydrogen bonds

within the chain (shown for an 8-mer), which stiffe the polymer. Scheme from ref*.

HA is abundant in the pericellular space of manymmlian cells’ It is synthesized by cell
membrane associated enzymes inside the cell - toyeln synthases (HAS1, HAS2 and
HAS3) - which extrude the polymer through the plasmembrane into the extracellular
spacé™ *? (figure 1.5). Typically, molecular masses from®1® 10 Da are reached,
corresponding to up to 25,000 disaccharide unitsootour lengths between 2 and 25 {fm.
However, somewhat shorter HA chains {0° Da) were detected, too, as a product of
HAS12® HA can be degraded into fragments of differené ¢iy hyaluronidase$: ** There is
strong indication that the biological activity ofAHdepends on HA's molecular weight’
Whereas high molecular weight HA was proposed teelaquieting and anti-inflammatory
effect?” °® low molecular weight HA was linked to the expressiof several pro-

inflammatory agent®> *°
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In solution HA readily retains large amounts of eaand ions and forms a viscoelastic
liquid.®> ® This property makes it an essential componentttier maintenance of tissue

integrity, e.g. in cartilad& or during morphogenesis.

N Y i A

HA extrusion during synthesis by HA Multiple binding to one HA chain via CD44
synthases (HAS)

Figure 1.5: Proposed mode of HA anchorage to the lksurface. Left: HA is tethered to the cell surfae
through retention by hyaluronan synthases. Right: K\ is anchored to the cell surface by binding to

specific receptors as CD44. Within the PCC HA cabe associated to other HA binding molecules like ¢h

.I:.lG

proteoglycan aggrecan as depicted here. Cartoon aplieed from ref.” (not drawn to scale).

1.7 CD44 - a main cell surface receptor for HA

1.7.1 Protein structure

CD44 is a type Imembrane glycoprotein that was identified by salvgroups and initially
named differently (as Pgp-1 (phagocytic glycopmt®)®®> ECMRIII,®® HUTCH-1 or gp85.":

%) due to the different context in which it has bestadied®” The established name today
catalogues the protein into a family of cell suefaeceptors mainly involved in immune
response®® The cluster ofdifferentiation (CD...). CD44 consists of a C-teratirtytosolic

tail, which anchors it to the cytoskeleton, a traembrane part and an extracellular part

" Transmembrane proteins are classified into diffetgpes depending on the transmembrane domairthend
orientation of the C- and N-terminus, respectivelyype | means that the protein contains a single

transmembrane stretch with the C-terminal parthenciytosolic site of the membrane.
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consisting of a membrane proximal region and theemfiinal HA binding domain
(figure 1.6A).

The HA binding domain - a sequence of about 100nhanaicids - forms a disulfide-linked
loop and is centered around the link module, thetmonserved region in the structure of the
hyaladheriff’ family (LYVE-1, TSG-6, link protein, aggrecan, se&an, among other§j.In
contrast to link modules of other hyaladherins k#e binding domain of CD44 is extended
towards the membrane proximal region with direée@fon CD44's HA binding affinit§’
The most common form, the so-called hematopoield4£(CD44H - the term arises from its
abundance on hematopoietic cells) has an apparelecuiar weight of 80-100kDZ, which
exceeds the mass as estimated from the amino aeigasition. This deviation has its origin
in posttranslational N- and O-linked glycosylatidNA cloning experiments revealed that
CD44 exists in various isoforms depending on théulee function®® The membrane
proximal region is, additionally, subject to altative splicing, which results in the expression
of variant exons in various isoforms of CD44 (bot m CD44H) (figure 1.6A). The role of
the ECD has not been solved yet. It may be spemilahether the ECD comprises binding
sites for carbohydrates, which could contribute more sterical hindrance among the
receptors, or, on the contrary, stabilize a favieratonformation of the receptor. A study
suggests an ECD specific homodimerization and olgrazation among splice variants of
CD44 (but not for hematopoetic CD44), which resiritscreased HA binding abilit{*

A
R
- T R }— \
BAG- 5 e
oA .
vh \,
vE \Variant exons Membrane
¢ proximal
e region
2 m{ﬁm
v _
BE@-vio . -- [

ﬁ. Cytoplasmic
doma in

C-terminus

N-glycosylation 50, @ O-glycosylation < BX;B HA-binding motif

Figure 1.6: A) Scheme of CD44 showing the intraceillar C-terminal end, the variable membrane
proximal region and the N-terminal HA-binding domain’. B) Model of the CD44 HA binding domain in
complex with a part of the HA chain as derived fromcrystal structures. The HA binding site is shown in
white, whereas the extension lobes are depicted yellow. A representative HA chain(blue) fragment of 8

sugars monomers is embedded into the binding grove.
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1.7.2 Interaction with HA

Although CD44 carries binding sites for a numbeextiracellular molecules, like fibronectin
or chondroitinsulfate, it shows most specificity fojaluronan (HA), for which it constitutes
the primary cell surface receptor (figure 1'5).

The repetitive structure of the long HA chain isiaaportant premise for polyvalent protein-

& %6 4735 has been proposed for CO#4'" A rather small footprint of 4

HA interaction
sugars along the HA chain is embedded into thewgraaf the HA binding domain and
contributes to the core interactihHowever, 6-10 sugars, depending on the cell tipee
been found to effectively compete for binding wgblymeric HA, indicating that it is 6-10
sugars, which constitute one binding site for C44% " A single HA chain can, thus,
display more than a hundred bindings sites.

Recently, Banerji and coworkers successfully ctiyséal CD44 in two conformational states:
alone and in complex with HA. They could thus destmate the structural origin of the HA
binding, which is dominated by hydrogen bonds (fég.6B)’> Noteworthy, this is the first

crystal structure that was obtained for a hyaladtiarcomplex with HA"?

CD44, similar to other hyaladherins, was propose@dtablish polyvalent bindings events
with HA*" 4" ™thereby turning a low affinity system to a highicity system. Such a
strategy is common to many cell surface recpetoliswas shown that HA binding avidity
increases with increasing expression of CB4# or local enrichment of the receptors
induced from within the ceff”

1.7.3 CD44 binds HA with low affinity

The Kp (dissociation constant) was estimated to be ardt80 pM?* ® (at physiological
pH) - which is rather low if compared with, for emple, aggrecan~(20 nM"™) or TSG-6
(< 1uMP? at pH, where the affinity of TSG-6 is high®t

" The termsaffinity andavidity will be employed frequently throughout this thesiss therefore reasonable to
distinguish them clearly. A more detailed descoptof the definitions will be given in chapter Sieraffinity of
binding between two molecular counterparts is annsic measure for the stability of the bindingdais
described by the equilibrium constant for the digstion of the compleXp’®. Avidity, in contrast, describes the
collective effect of multiple receptors, which tdlger can bind to multiple binding sites on a ligaBg acting

collectively, many low affinity interactions can b&bilized to form a persistent complex

10



Chapter 1 - Introduction

The rather wide range d&fp (5-150 uM) raises the question, what determinesdifferent
affinity states of CD44. Several mechanisms hawnlakscussed.

The crystallization of the hyaluronan binding domadf HA revealed two different
conformational states of the binding sitdt was found that upon binding of HA a certain
amino acid residue in the binding groove shifted & position, in which it could additionally
interact with the bound HA, suggesting the possedestence of a high and a low affinity
state of CD44? To date, it is, however, not known, whether suchfermations occuin-
Vivo, too, and if so, whether the high affinity stakéses per se on certain CD44 isoforms or it
is induced by binding of HAZ

CD44’s intrinsic affinity for HA was demonstrated partly arise from the type and the
degree of posttranslational glycosylatfBn®® 8 8N- and O-linked glycans on the protein
were shown to drastically alter the intrinsic aitfinof CD448" 8 Such glycosylations can
have both, positive and negative effect on HA bigdP ® In general, N-glycosylation
reduces HA binding, when terminal sialic acid isgent® It was demonstrated that removal
of sialic acid enhanced HA bindiffg.%> 8" N-glycans with residues of N-acetylglucosamine
(GIcNAC), however, were found to have a positivieetf on HA binding®® O-glycosylation
can have an enhancing effect in the absence ofydagt® % The inhibitory effect on HA
binding was proposed to be caused by the sterdrdunce or charge repulsion between either
the receptor and HA or between the receptors thessegfigure 1.7Y% & & Another
possiblity is that the presence or absence of gly@dfects the conformation of the protein,
which may be critical for HA binding &

Notably, the presence of glycan residues on CD4%k dwt necessarily have to change the
intrinsic affinity for HAZ® For example, if less steric hindrance (due to Ypulsidues) or
charge repulsion allows the receptors to organiaseeby, HA binding would be enhanced
simply due to increased avidity (not afffinif}/).”® Heterogenity in HA binding within one
cell population indicates that (de-)glycosylatian probably not the only mechanism to
regulate CD44-HA interaction, as CD44 expressetthensame cell population was shown to
display the same glycosylation patt&fn.

Unlike other hyaladherins, CD44 does not necesshitid HA constitutively. Lesley et &.
identified three different activation states on pimoid cell lines: 1. inactive (hno HA binding),
2. inducible (binding, if activated by e.g. certamonoclonal antibodies (mAbs) or

11
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phorboleste) and 3. constitutively active (always binding HA)®* #*What is the origin of
different activation states? It has been speculétatla conformational change in the HA
binding domain, as crystallized by Banerji and cdkeos, may be one possible mechanism
for the switching between different activation e&f Alternatively, several studies
demonstrated that N-linked glycosylation on CD44 wesponsible for a decreased affinity of
CD44 to HA'® 8% 87 Cells exposing inducible forms of CD44 could beadered active after
site-specific N-deglycosylatioff: 2> ® These findings suggest that at least part of the
activation state is linked to the intrinsic affiniof the receptors. However, the effect of
inducing monoclonal antibodies (mAbs) implies ateraative activation pathway that is
related to polyvalent interactions and changesvidity, rather that affinity. There is some
evidence that certain mAbs increase the efficiandyA-binding in inducible and active cell

lines by oligomerization of the recepfdr®*

HA binding: = o +
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Figure 1.7: Putative effects of CD44 glycosylatiorReduced HA binding by CD44 can either arise from

steric hindrance (top) or conformational changes(bottom) due to different types of glycosylation. Cartoon

adapted from ref. %,

" Phorbol ester are biologically occuring organienpounds that have been linked to tumor promotien avi

protein kinase C activating pathwdy.
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1.7.4 Modifications on HA can alter binding by CD44

There is evidence that the way in which HA is pnésé to CD44 can alter the interaction of
both molecules. For example, up-regulated leveldAtave been shown to stimulate CD44
dependent leukocyte interacténAlso, soluble hyaladherins like TSG-6 and SHASerum-
derived _Haluronan-Asociated_mteins) can bind to HA and enhance HA binding by
CD443% ™ %1t was proposed that the binding of certain saufyaladherins can crosslink

HA, thus enhancing the interaction with CD#4"> “probably due to increased avidity.

1.7.5 Résumé

HA binding by CD44 is determined by a number otdas like expression level of CD44,"®
post-translational glycosylatidif, * #”activation stat€’ ®® or mode of presentation of HA to
the receptor- *> °* ™Considering the available information on HA birglihy CD44, it
remains difficult to correlate each factor expliciio an affinity or an avidity effect. Different
mechanisms for the regulation of CD44-HA interatctioould be identified. Given the
multiple and sometimes apparently antagonisticutllfunctions the CD44-HA interaction
was proposed to be involved in, it is not clear, yehich mechanisms - alone or in
combination - come into action under specific pbiggiical conditiong® In particular, the
contribution of the specific interaction between42land HA to the relationship of structure

and function of the PCC remains to be elucidated.

1.8 Mimicking the PCC

Although progress has been made in understandegrtpact of protein-HA interactions on
the cellular level and to some extent also on thw@eoular level, there is still a gap of
knowledge for the intermediate scale - the supréeoutar level. One big question is the
mechanism and magnitude of the polyvalent intevactf many hyaladherins with HA.

How different hyaladherins interact with HA and htwvey contribute to the supra-molecular

structure still remains largely elusive. Well-defthmodel systems - mimics of the PCC - are

" SHAPs have been identified as the heavy chainsitef-o-inhibitor (lal).”* So far, the SHAP-hyaluronan

complex represents the only case with covalentungabn-protein linkag&'
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one approach for a qualitative and quantitativeegtigation of HA and its interaction with

selected proteins.

Hyaluronan &°

cell cell
Solid Solid
support support

Figure 1.8: From living cells toward surface basednodel systems of the PCC. Left panel: end-grafted A
in either brush or mushroom conformation. Right parel: HA chains bound to a specific cell surface

receptor. Micrograph adapted from'®,

Pericellular matrices depend on the anchorage oftddthe cell surface, which occurs either
by HA synthases in an end-on manner or by multjiteling of specific receptors along the
chain (figure 1.5). Within this thesis work modsiseems of the PCC that represent both

situations have been employed (figure 1.8).

1.8.1 Existing approaches towards HA immobilization

As the present work introduces new approaches tsvéne immobilization of HA to
surfaces, it is mandatory to mention here whatbesen reported for HA linkage to surfaces

14
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until today. Prominent approaches were recentlieresd and discussed in detail by Motfa.
Next to the simplest approach of passive adsormtidtA to plastic lab ward’ the formation

of polyelectrolyte multilayers by alternating podymnic and polyanionic layers was
investigated, e.g., for combinations of chitosanpoty(L-lysine) with HA?® %° Covalent
coupling of HA chains via carbodiimide chemistrypirotoactivation of azide precursors was
realized on a variety of materials including glapslystyrene and mixed supported lipid
bilayers® % 1%'Whereas the polyelectrolyte multilayers are mositpployed for the
assembly of rather thick layers and the study t#ractions with the HA film, the covalently
linked films were used to investigate the morphgland the behavior of the HA films
themselves®

Sengupta et df? reported HA immobilization by employing the trieak HA binding protein
p32'%. The protein was equipped with a histidine-tag emdpled to a mixed supported lipid
bilayer via Nf*-NTA complex formatiof’>. The viscoelastic properties of the HA film were
probed as a function of film thickness. The thids)ef these films was inhomogenous
(probably due to a big molecular weight distribatiof the HA sample) and did not exceed
250 nm for HA of about 1 MDa in molecular weight.

The grafting of end-biotinylated HA of well-contledl size to streptavidin (SAv) coated
supported lipid bilayers was presented recentlyRimhter et al’? Therein, the grafted HA
chains formed films with thicknesses up to 600 repathding on the molecular weight of HA
and the density of the anchor poifftsThis model system represents the mode of attachmen
pertinent to HA synthases. Another group used the-[8otin interaction for immobilization
of HA, too!®* however lacking the high degree of control over HKixe and HA
functionalization. In this case the HA chains wéietinylated randomly along the chain
resulting in films of different morphology in terna$ thickness and HA organization as those
reported by Richter et af.

Together, these strategies provide a range of [mb8ss to asses the formation of HA films
of different kind. In the context of this thesis ikd investigated two new approaches for the
immobilization of HA with the objective to build mics of the PCC. One of these, aimed to
investigate how the PCC structure depends on tHacgudistribution of HA grafting points,
which mimic the HA synthases. First steps towaro@ lsuch model systems can look like,
are presented in chapter 2. In the second apprakedtribed in chapter 3 and 4, HA is
immobilized through binding to its natural cell faae receptor CD44. With this approach, |
aimed to investigate the polyvalent interactionHo& with its main cell surface receptor
CD44.
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1.9 Proteins and surfaces

The immobilization of fully functional protein laggwas a central point and the basis for the
establishment of reliable model systems in thegmethesis work.

Protein immobilization onto different kind of sucts has become a wide and intensively
studied field"®* 1% On the one hand side this is because the pdteitjaroteins to act as
highly sensitive probes on biochips, and the pdggyilbo investigate protein interactions on
the other side were recogniz€d® Furthermore, protein-surface interactions are refag
interest in, for example, the prevention of bioliog processes or development of
biocompatible implant&® Although progress has been made in the developofemiethods
for the immobilization and characterization of mias, there is need for further
investigations. It is generally accepted that tagrihe sensitive biochemistry of proteins from
solution to the surface requires careful handlifige challenges can be summarized into four
main issues:

1. Denaturation upon surface contact may occurlead to a full or partial loss
of the protein's biological activity®*%

2. Finding the optimum protein surface coverage amentation is essential. Too
little amounts of protein do not provide the degdisensitivity, whereas too
high densities may perturb the protein's actibifysteric effect$?®*!

The adsorbed protein layer must be stable agaamious washing steps.

Unspecific adsorption of the protein has tgphe/ented to optimize the

performance of the functional surface.
A lot of effort was made to find the optimum stigytefor immobilization. The abundance of
literature, however, clearly demonstrates that eaebstigated system has to be reconsidered
individually. A recent review by Rusmini et & has focused on a number of established
protein immobilization strategies.
Another crucial aspect for the study of surfacefioma protein layers is the detection and
characterization of such assembfiéSurface sensitive techniques, like AFM, quartzstaly
microbalance and ellipsometry, originally well ddished for the use in air, have been further
developed for operation in liquid - the proteingitural environment. The development of
these techniques led to a sensitivity level thasugable for detecting surface coverages,
which correspond to a few percent of a protein neyer™ % 3|t is noteworthy that the
above mentioned techniques are label-free. Thisbeaaf critical importance, as engineered
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labels or tags go along with a manipulation of tmginal protein structure and can
potentially influence its biological activit}y" **°in terms of kinetics or binding strength.

| used specially designed fusion proteins, whidbved for highly oriented immobilization,
as well as native proteins for the functionalizatiof surfaces. The use of various
complementary techniques (QCM-D, ellipsometry ah@NR, see next section) in the present
work was vital to improve the qualitative understiaig of adsorption behavior and enable

quantitative insight.

1.10 Surface sensitive characterization techniques

1.10.1 Quartz crystal microbalance with dissipation monitoring (QCM-D)

Already in the 1950s QCM was discovered as a higlelysitive tool to measure adsorbed
species, at that time operated in air or vacttfiThe possibility to detect smallest surface
coverages is based on the resonance behavior wdir&zcprystal. As shown by Sauerbréy,

the resonance frequency is directly proportionah® crystal's thickness; hence, a change in

frequency 4f) upon deposition of material on the crystal isretated to adsorbed mass'®

(figure 1.9). This tool became attractive for bmilally inspired science, once operation in
liquid was possible and adsorption processes asdhie liquid interface could be studiéd.
Despite the high sensitivity, quantitative deteration of adsorbed mass was not accessible
for all kinds of films, as Sauerbrey's mass-freqyemelation is only valid for thin,
homogenous, and rigid adlayers (for details se@tehd&). Many proteins or polymer films,
however, are not homogenous or not rigid. In suabes the accurate estimation of the
deposited film mass fails. Historically, a hugepsterward in the development of this
technique was made in the 1990s, when a secondnptelmwas acquired simultaneously
during the measurement - the dissipatDri*®' *%> The dissipation chang@\D, provides
valuable information about the morphology of thesa@tled film. Qualitatively, a low

dissipation indicates a rather rigid layer, whilkigh dissipation is attributed to soft films.
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- 4 L. N 14k —— biotin-BSA on a SAV covered Au surface
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Figure 1.9: Left: basic principle of Quartz Crystal Microbalance with Dissipation. a) sensor crystal b
sandwiched between two gold electrodes and c) exatdtto resonance. d) and e) show the behavior of the
oscillating crystal loaded with material, which iseither rigid (d) or soft (). The soft material film
contributes more to the damping of the crystal's adllation than a rigid film. Right: difference in t he

evolution of dissipation upon adsorption of a filnthat is either rigid (green) or soft (blue).

The access to both parameters provided improvedpirgtation on, e. g., the conformation of
adsorbed proteins, effect of ambient conditions anformation and adsorption, or
differences between various protetfs, ?* but also the characterization of surface
modifications by a variety of materidi®**’ QCM-D made an important contribution
towards the understanding of lipid bilayer formatishen the phase transition between intact
adsorbed lipid vesicles and the formation of sufgeblipid bilayers could be demonstrated
128-131 (figure 1.10). The investigation of lipid bilayessd the use of model membranes as an
experimental basis by means of QCM-D have sincendobroad applicatioft>**®> The
established technique of bilayer deposition ispécsal interest in the context of this thesis
work, as supported lipid bilayers play a substantie in the development of the model
systems that are presented. Here, the monitoriigeoSLB-formation process by QCM-D is
an important quality control.

The dissipation signal gains even more significamden hyaluronan is introduced. In
solution, this macromolecule entraps large amoahtsater due to its hydrophilic character
and its voluminous conformatidh.It, therefore, forms a very soft fim and genesate
relatively high dissipatiorf which contrasts the protein layers (figure 1.9eToupled also

water gives rise to a signal enhancement in freqqéor an otherwise hardly detectable mass.
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In the frame of this work, QCM-D was the main tedue for the characterization of the
adsorption behavior of proteins and the formatidnvarious biomolecular layers. All
adsorption steps were monitored in real-time, mhoyg information on layer formation
kinetics, the morphology and the stability of thepdsited biomolecular layers. For rather
rigid layers, including SLBs and protein films, thien thickness could also be estimated.

A typical QCM-D experiment is shown in figure 1.10.

SLB Protein
formation adsorption

N
o o
o

Af (Hz)
1 1 1 1 1
N O O W
O O O O o

(s-0T) Qv

o
S
-

0 10 20 30 40 50
time (min)

Figure 1.10: A typical QCM-D measurement of the fomation of a SLB and the subsequent adsorption of
a protein is shown. The frequency(blue) decreases upon mass deposition on the sensor suda
Simultaneously acquired dissipation(red) provides information of the mechanical propertiesof the
adsorbed film. During SLB formation the minimum in Af (and the corresponding maximum inAD)
indicate the typical transition from intact adsorbed lipid vesicles (SUVs) to a supported lipid bilaye In a
successive step a protein (annexinA5-Z) is addedahassociates with the (here) negatively charged 8L
The equilibration of both curves Afand AD) indicates saturation of the adsorption. The absere of any
changes in both signals upon rinsing gives evidender the stability of the deposited layers. Several

overtones, n, are recorded (n =1, 3 .... 13), tA¢h of which is depicted here.

Limitations. Adsorbed material at the solid-liquid interfac#l aiways contain a fraction of
water' " ®The QCM-D senses deposited material as a filmishatechanically coupled to
the sensor surface, i.e. the adsorbed moleculdading water>> **®In most cases, the
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absolute adsorbed biomolecular mass cannot bendett from QCM-D data alone. How
exactly the liquid contributes to the QCM-D signehs and still is subject of intensive
studies®**? It turns out that the contribution can vary coesably for different

§% 139 and also depends on surface covefdge?®In order to quantify absolute

molecule
adsorbed masses, a complementary technique ische@gécal techniques, which only rely
on the changes in the refractive index, like foaraple, ellipsometry, reflectometry, surface
plasmon resonance (SPR) or optical waveguide ligd&rspectroscopy (OWLS) can be used
for the quantification of adsorbed biomolecular sess®® 140 143

Moreover, it is not always straightforward to derithe thickness of adsorbed layers from
QCM-D data. The Sauerbrey equation can provideoredde estimates for homogenous and
rigid films. For soft films, viscoelastic modelingf the QCM-D data can provide reliable
information on thicknes&' in some, but not all cases. An alternative teaithat provides
information on film thickness is colloidal probefleetion interference contrast microscopy

(RICM).

1.10.2 Ellipsometry

Ellipsometry is an optical technique, in which gfenge in polarization of a light beam upon
reflection at a surface (figure 1.11) is measuceddrive information about the thickness and
the refractive index of a surface adlay®r***Thin films (down to less than 1 nm) deposited
on the surface can be detected. The way and degpeethe ellipsometric angles and ¥
change upon reflection depends on the materialgotieg of the interface, more precisely, on
its optical properties.

During the measurement two parameters are obtahehd ¥. These parameters describe
the light wave in terms of phase shift and ampétuatio between the s (perpendicular) and p
(parallel) polarized contributions to the light vea\Fresnel's equations relateand ¥ to the
refractive indexn and the thicknesd of the film. By fitting an appropriate layer modelthe
experimental data)y andd can hence be determined. Framandd, the adsorbed masscan

be obtained with a resolution arouhag/cni**?(see chapter 6.3.3 for details).

20



Chapter 1 - Introduction

1. linearly polarized light ...
E  p-plane

s-plane 3. elliptically polarized light
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Figure 1.11: Basic principle of ellipsometry. Lineay polarized light changes its polarization upon
reflection on a surface. The phase and the amplitdshifts between s- and p-polarized contributionsotthe

light wave are determined. These depend on the prerties of the surface. Cartoon from ref:*®.

Limitations. The dependence of an accurate fitting model & riajor limitation for
ellipsometry. The optical properties of the undiexdysubstrate, as well as the solution and the
angle of incidence of the light enter into this rebénd have to be calibrated carefully. Exact
notion of substrate properties are thus requirembteectly fit values oh, dandm.!** 4

Also, the ellipsometric set-up used here allowsyanie experiment to be performed at the
same time and is more cumbersome in operationttieaQCM-D. The throughput is thus
considerably slower than for the QCM-D set-up inclifup to four measurements can be run
in parallel.

In the frame of this work, ellipsometry was empldyer quantitative analysis of the adsorbed
masses of each layer of the model system as dedcmibchapters 3 and 4. Data obtained
from a typical experiment is shown below (figur&2). Therein, in an analogue experiment
as shown in figure 1.10, a SLB was spread on easiliafer followed by the adsorption of a

protein onto the bilayer.
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Figure 1.12: The ellipsometric parametersA (black) and ¥ (cyan) as obtained during the formation of a
SLB on silica and the subsequent adsorption of a ptein (annexinA5-Z). The incubation steps shown her

are identical to those in figure 1.10.

1.10.3 QCM-D and ellipsometry - combining complementary techniques

The combination of QCM-D with optical (and othemmgaementary) techniques and its role
for the characterization of biomolecular films wamtivated and encouraged as soon as
QCM-D was developetf?* Complementary techniques can compensate for limis of a
given technique. The combination of such techniquesone instrument, has further
advantages: (i) the data from both techniques tigilodd on the same substrate with the same
experimental components. (ii) two datasets areiesdjwith the same time axis and the same

kinetics. (iii) data collection is faster than fero independent experimerits; 140 142 147

Combined ellipsometry/QCM-D set-up. The combination was implemented by using the
standard ellipsometer set-up combined with a pwpmtesigned QCM-D/ellipsometry fluid
cell. similar approach using a combination of QCMabBd reflectometry has been reported

recently.l39’ 140, 147
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Of particular importance for the present work, wihe correlation between the QCM-D
frequency shift,Af, upon adsorption and the biomolecular mass), as determined by
ellipsometry. For a given (bio-) molecule that atisoto a surface thAf signal can be
"calibrated” in terms of adsorbed mass per areaafor value ofAf between zero and
saturation. Such a calibration dff makes it then possible to translate frequency shift

obtained from multiple QCM-D measurements into &ldscadsorbed masses.

1.10.4 Reflection Interference Contrast Microscopy (RICM)

The technique was first introduced in 1964 by Guaind coworkers who observed cells and
visualized focal contacts by identifying areas tifse and loose attachméfit. Aimost 30
years later colloidal beads hovering above diffetgpes of surfaces, combined with RICM,
were used to determine film heights and interfaitit@ractions:***** RICM is based on the
interference of two light beams after reflection different interfaces. For colloidal probes,
close to a transparent interface a characterigtttem, known as Newtonian rings, results
(figure 1.13). Here, the first beam is reflectedret planar substrate surface and the second
beam is reflected at the curved surface of theldicial) probe. The resulting radially
symmetric diffraction pattern represents intensiigxima and minima, the position of which
depends on the distance of the colloidal probe frimesurface and on the wavelength. From
the intensity profile and the geometry of the probe distance between the probe and the

substrate can be calculated.
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Figure 1.13: Basic principle of RICM. An interference pattern is generated by the interference of two
beams reflected from the glass-solution interfacenal the probe-solution interface, respectively. Fronthe
obtained intensity profile the distance of the prok from the glass slide can be determined. The Intsity
profile (rightmost graph) represents the Newtonian rings as intensity maximand minima as a function of
the distance d, from the center of the probe.

For RICM experiments the model systems were builglass cover slips. A 3W-RICM set-
up as reported in réf.and data treatment according to a parallel plapeaximation modéf
130 vere used in this thesis work to asses the thakmé hyaluronan films of different HA

chain lengths with a resolution of a few nm.
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1.11 Concepts from polymer theory

An important physical aspect of the interdisciptinavork in the area of life sciences is the
use of theories and theoretical concepts in ordedescribe or even predict experimental
outcomes. A theoretical field of relevance for tetady is polymer physics. Pioneers like
Debye, Kuhn, Kramers, Flory and Huggins establighedfundamental work during a period
from the 1930s to the 1960s. Main principles of ioaay is considered modern polymer
physics were developed in the following years (:2660) by de Gennes and oth&fsThere

is a growing awareness that an increased dialogtveelen polymer and biological science is
needed to promote the progress of our understamdimgny biological phenomeriz®

In this section a few concepts from polymer thethigt are relevant for the present work will
be introduced. In particular, the physical desaipbf flexible polymers (this concept will be
explained in the following subsection more in dgtisi relevant for the theoretical treatment
of HA.2****®Polymer theory today can give a rather detailestdgtion of surface confined
polymers. | will provide a perspective of expeant about the presentation and
conformation of surface bound HA films in termsagfsorbed masses and film heights as can

be derived from polymer theory.

1.11.1 Polymer chains in solution

The ideal chain. Polymer chains adopt a certain conformations latsm, which depend
on intrinsic properties of the polymer and the salv The simplest model is the so-called
ideal chain, where it is assumed that no interacheither between different monomers
within the chain nor between the chain and theestltake placeThe freely jointed chain
model assumes that the polymer chain is divided iNt@egments of length, which are
connected via flexible joints. Around these joithte chain can be rotated freéfg.a also
stands for Kuhn length. The end-to-end distanceootour length; of a polymer chain is

then given by:
. =aN. (1)

The conformation of the polymer chain is describgdarandom walk i.e., each segmeat
can be oriented into a random direction. The polyat@ach step can take each direction with
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the same probability. A mean end-to-end distants® ealled Flory radiu§’ can then be
calculated:

R. =aN’. (2)

The Flory radius (figure 1.14) is a reasonable patar to describe the effective size of a
polymer in solution. Another useful dimension is 8o-called radius of gyration, which is the
root mean square distance between each segmenhamblymers' center of mass. For an
ideal chain, the radius of gyration is:

1
Ve 3)

Figure 1.14: Left: Flory Radius Re. Right: Radius of gyration Ry,. Schemes from ref:™.

The real chain. In the case of real polymer chains, long-rangeradtions between

different parts of the polymer have to be considgfegure 1.15). The conformation of the
real chain can be described ase#f avoiding random walkHere, two segments of the same
chain cannot occupy the same volume (figure 15 €kcluded volume effect increases the

effective size of the polymer. The radius of gyatbecome's”:

%
R, OaN’s @
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The main difference between ideal chains and réains is the change in the scaling
exponenty, also called Flory exponent, from= 1/2 for ideal tov = 3/5 for real chains (see

equations 2 and 4%’

Flexible polymer chains are characterized by theipersistence length. A parameter
that characterizes the flexibility of a polymer tise so-called persistence lendth The
persistence length is the length, over which theeational memory of the chain is
maintained:>® Short-range interactions (e.g. hydrogen bondsjueci the rigidity of the chain

by imposing a preferential orientation at shorttafises. In contrast, entropy drives the
polymer chain to random orientations over longatises. From the interplay of both factors
the persistence length is determined. Thef a polymer can be assessed depending on the

experimental determination &. |, scales as half of the Kuhn lentith
2l =a. ®)

A polymer is called flexible, if the persistencandgh is much smaller than the polymer's

contour lengthlf << ).

For flexible polymers the relationship betwdgandR, can be approximated by

R, =[5 ©6)

for ideal chains. For real chaiRg is given by:
R, = (@, )12 ™)

Both formulas can directly be derived from combgiequations (2) and (4) with (5),
respectively.

Equations (6) and (7) illustrate that the extensiba polymer coil can be easily estimated, if
the molecular weight (which is proportional Itp and the persistence length of the polymer

are known.
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interaction

Figure 1.15: a) short range and long range intera@ns on a real polymer chain. Scheme from ref®. b)
self avoiding random walk (in 2D) of a real polymerdepicted in a square lattice. The grid size corrg®nds

to the segment siza of the polymer chain.

Concentration regimes of polymer solutions. According to their concentration, polymer
solutions can be classified into a dilute and aiste regimé®® (figure 1.16). In the dilute
solution no or little interaction takes place betwandividual polymer chains, whereas in
semi-dilute regime the chains overlap strongly andrpenetrate each other. The transition
between both occurs at the concentration, at wthiehpolymer chains just start to overlap.
This threshold concentration is termed overlap cotmagon c*. Obviously,c* depends on

the molecular weight of the polymer:

c=— (g x I ®)

whereV, is the volume of the occupied by the polyméy.can be calculated assuming the

polymer coil to occupy a spherical volume with et
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dilute overlap concentration semi-dilute

Figure 1.16: Dilution regimes for flexible polymersrepresenting the diluted (c < c*), the overlap (& c*)

and the semi-diluted (c > c*) state. Adapted fromeferencé>?

1.11.2 The blob model

External constrains, such as the confinement to ac will affect the polymer's
conformation. These conformational changes will bastprominent when the polymer is
considered at a large scale. At smaller scalegath@om conformation of the polymer will be
maintained. A simple but useful way to separatsah®o length scales was introduced with
the "blob" model by de Genné&¥.Herein, the polymer chain is divided into a numbér
successive spheres around parts of the chain blttes (figure 1.17). The size of a blob is
given by ¢. Inside the blob the polymer chain is thought to ibsensitive to external
constrains, i.e. remains unperturb@the polymer chain inside the blob has a free enefgy
KT. This concept, despite its simplicity, proved to beeasonable description for long

polymers in solution, as melts and at interfacé¥: 1%

1.11.3 Polymers on surfaces

Grafted polymer chains When polymers are attached end-on to a surface tw
conformationally different regimes can be distirsn@id: the "mushroom” and the "brush”
regime (figure 1.17). The polymer takes a mushrammformation, if no overlap occurs
between two neighboring polymer chains, i.e., tistadce between the neighboring grafting
pointsD is larger tharRe. In this case, the polymer retains about the esxtenthat it would
have in solution. However, if the distance betwtengrafting point® becomes smaller than

Re, steric and repulsive forces between the chairigelthem to stretch out as so-called
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brushes into the bulk. The simplest and one fanmadel of polymer brushes is known as
Alexander-de Gennes brushes. This model is basethemssumptions of the real chain
model to describe the conformation of polymers. @iegree of stretching depends on the

polymer sizeN and the grafting density, which relates td as:
a 2
o=|—1|. 9
2] ®
The thickness of a brush can then be estimated by:

h= Naa% : (10)

It is notable that the brush thickness scales tipeeth the molecular weight of the polymer.

AN
g
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~
a
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S

Figure 1.17: Different conformations of end-graftedpolymers depicted according to the blob modé&t"

Left: mushroom regime. Right: brush regime.

Adsorbed polymer chains. Single adsorbed chainsThe adsorption of a single
polymer chain to a surface can be described bygusia blob model. **? In the adsorbed
state, each blob (the so-called adhesion blob) ntact with the surface (figure 1.18). The
blob size¢ depends on the segment lengttand the interaction potential (or adhesion

strength) between the polymer and the surface. Tdlgmer chain inside the blob is
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unperturbed with a free energy kif. Consequently, the binding energy of each bloth&
surface is aboutT and the total binding energy of the polymer chai@boutkT times the
number of blobs.

Many adsorbed chaing:or the case of many adsorbed chains, de Genopsg®ed the so-
called self-similar grid of blobs. Essentially, remains the characteristic parameter and
determines the size of the adhesion blob - theaserproximal layer of blobs. The
concentration profile - as evolving into the bulis called self-similar, because every adjacent
"blob-layer" doubles in size compared to the prasitayer (figure 1.18). The blob size of the
outmost blob reaches dimensions of the Flory raBitf§®> Consequently, it can be concluded
that the strength of interaction of the polymerhwibe surface determines the size of the
adhesion blob, but it does not affect the resultiegght of a film of attached polymers. In
contrast to the polymer brush model, the film heigitreases only weakly with surface

coverage. The height increases with the size opdigmer according t&: ~ N*~.
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Figure 1.18: Left: Adsorption of a single chain toa surface. Right: The self-similar grid accordingto de
Gennes describing the concentration profile of thadsorbed polymer as it evolves from the surface tihe

bulk. Schemes adapted from ret>

In the following, the concepts of polymer theoryderive characteristic parameters for HA

will be applied.
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1.11.4 Estimates for the dimensions of HA in solution and on surfaces

Dimensions of HA in solution.  From a polymer physics point of view, HA is well
described as polyelectrolyte:®® With a pk, of the glucuronic acid residues of 3-4, at pH
these groups are predominantly ionized and, hééds a polyaniorf* In solution it forms a
stiffened extended random c&if: % %7 ®8ntramolecular hydrogen bonds stiffen the
polymer!®® % This together with repulsive forces of the carbakgylgroups results in an
extended conformation in solution with water traghpeside the structure (figure 1.19).
Although the hydrodynamic data on HA, as was oleifrom early studies based on light
scattering, sedimentation and osmométPy!"*for example, gave a fair understanding of HA
behavior, the molecular basis underlying HA behavemained controversial. One model
that was proposed suggested chain-chain self-atgow due to hydrophobic interactions of
the hydrophobic patches (figure 1.19) of the HAiBH&” 1"?This, however, would imply that
HA does not behave like a flexible random coil iolusion™> *°® 1 More recent
experimental and theoretical studté%,*’*indicated that HA can be considered a flexible
polymer chain in a good solvetff

The persistence length of HA was determined to beaénrange of, = 4-7.5 nmi."™> *"°|t
should be noted thd} depends on the ionic strength of the solveft’ Interestingly, the
persistence length is about the size of one binsiitggfor hyaladherins. This suggests that the

conformational constrains (or entropic losses) upiading of a hyaladherin are rather small.

Figure 1.19: Model of the extension of a HA chainadution®. HA is depicted as a twisted ribbon structure
with hydrophilic (blue) and hydrophobic (red) faces The model is based on X-ray fiber diffraction and

computer simulations-®® 169173
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The radius of gyration of HA can be calculated adray to a formula that has been derived
experimentally by Takahashi for 0.2 M salt solutions:

R, = 0.021nmxM_? 1)

whereM,, is the molecular weight of the polymer in Daltd»aj. For example, for HA of a
molecular weight of 1 MDa the radius of gyrationudbbe 88 nm. Table 1.1 summarizes the
solution characteristics of different HA chains.

Table 1.1: Solution characteristics of HA. Moleculaweight M,,, contour length |, and radius of gyration
Ry of HA are given for different HA types used withinthis thesis. Overlap concentratiorc* and hydration

of the individual HA chains, H, are estimated from polymer theory.

HA type Mw lc[nm]? Ry’ [nm]  c*[mg ml™] H
[kDa] [%]
HAS50 30£1.5 79 10.2 11.2 99.89
HA250 262 + 13 693 37.4 1.97 99.99
HAS500 450 + 22.5 1190 51.8 1.29 99.99
HA1000 1156 + 58 3056 91.2 0.6 99.99
HA2500 2400 £ 120 6344 141.1 0.34 99.99
b-HA50 58 +£3 155 15.1 6.68 99.93
b-HA1000 1083 £+ 54 2891 87.7 0.64 99.99

a: calculated assuming a size of one dimer to be @it 1 nm and 378,31 Da: bR, after Takahashi.'"

For surface confined HA chains concepts from polytheory allow an estimation of the HA
film thickness created under the given conditions.

Adsorbed HA chains. In the context of this thesis work, adsorbed payichains were
investigated predominantly. From table 1.1 it carsben that the radius of gyration of the HA
chains ranges between 10 and 150 nm. The thickriesfilm of adsorbed HA chains would
be expected to be in the same range.

In order to obtain an order-of-magnitude estimdtéhe mass of films of adsorbed HA, one

may assume that a film of densely packed extendedom coils of HA covers the surface.
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The adsorbed mass can then be calculated from dloleigtrof the expected film thicknes$s,

and the overlap concentratioh

Table 1.2 summarizes expected adsorbed massesdights and hydration of an HA film at
overlap concentratiorc(z c*), i.e. where the blobs are densely packed on fasrbut do

not interpenetrate yet. These values are deriveah ftalculations based on the formulas

introduced before.

It can be seen that the predictions made abovadeorbed HA are covered by the resolution

range of the ellipsometer.

Table 1.2: Estimated characteristics of adsorbed HAilms of different HA polysaccharides according to

predictions from polymer theory.

HA type film mass expected at  expected HA film film hydration
c* (ng cm?) height [nm] [%]

HA 50 3.8 20 99.89

HA250 2.5 75 99.99

HAS500 2.2 104 99.99

HA1000 1.8 182 99.99

HA2500 1.6 283 99.99
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On the Functionalization of Homogeneous and Nanostructured

Surfaces with Biotin-Receptors

The aim of this project was to find a suitable mdthior the functionalization of
homogeneous and nanostructured gold surfaces wihinibinding proteins, such as
streptavidin (SAv), avidin (Av), or neutravidin (NA Despite the popularity of SAv, Av and
NAv as molecular tools, rather little is currendgown about the direct interaction between
these proteins and surfaces of silica, glass at, g@., materials that are commonly employed
in biotechnological applications.

Regular arrays of gold nanoparticles with tunalalgiple size and inter-particle distahte'’
have been reported to serve as fascinating sulsstfar studies on receptor mediated
(integrin) cell attachmert®*® Such substrates provide a material contrast betveedd
nanoparticles and the surrounding silica ($iOwhich can be exploit for selective
functionalization. The gold nanoparticles that dagph highly ordered and tunable spatial
organization can act as little anchors for thecattaent of various targets (figure 2.1). Due to
the size of the nanopatrticles, only very few, itfeahly one protein can interact with a given
particle. The impact of distance rather than ovetaliisity effect on receptor-ligand binding
events can be assessed.

Successful immobilization of (bio-)molecules, howevis closely connected to certain
requirements for the employed surface. It shoutddya surface on which (i) the optimum
amount of protein is immobilized, (ii) the protairactivity (here biotin-binding activity) is
maintained, and (iii) unspecific binding is limitethe design of this project is geared to these
requirements. In order to achieve quantitative irbiimation of biotin-binding proteins and,
further, of the biotinylated targets, the adsomptlwehavior of the proteins is investigated
systematically.

Although the functionalization with biotin-bindingnolecules has general applicability to a
great number of biotinylated target molecules, tpreject emerged from the idea of

exploiting nanostructured surfaces as a tool totrobmgrafting of HA. The possibility to
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control the distance between the anchor points seenrticularly interesting in this context,
since polymer theory predicts different film morpdgies depending on the size and the
grafting distance of the polymer (figure 2!%) HA with a single biotin moiety at one of its
ends is commercially available, and homogenousnamstructured surfaces are, in contrast
to an earlier approach by Richter et'allaterally immobile. A well-controlled model can
possibly serve to shed light on how the HA film piwology is affected by spatial
arrangement of HA.

QCM-D was used to follow each adsorption step angdrobe the stability of the deposited
protein layers. The study on the adsorption behavidriotin-binding proteins to gold and
silica was published in Langmtiand will be reproduced here in modified form. Twbey
approaches to surface functionalization with SAasdd on the introduction of a linker layer,
have been examined and will be critically discuskede. Further, initial results on the

transfer of the developed methodology to nanosiradtsurfaces will be presented.

o,

‘ biotin receptor

M% e

Figure 2.1: Sketch of a model system of HA chainsd-grafted to a regular gold nanoarray. A: schemat

end-biotinylated HA

drawing of a silica surface decorated with a quadiexagonal (red) pattern of gold nanoparticles. B:
possible switching of end-grafted HA chains betweehrush (top) and mushroom (bottom) conformation

by creating different inter-particle distances on he nanostructured surfaces.
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2.1 Experimental design

2.1.1 Biotin binding proteins

The interaction between biotin and Av or its anaEsgg&Av and NAv is known to be one of
the strongest non-covalent biomolecular bindinghesjewith an affinity of 18to 10 M8
These proteins consist of four monomeric subunigetteer forming a globular tetrameric
protein with a total of four independent biotin dimg sites (figure 2.2). The molecular origin
of this strong interaction as well as the structofdoth the protein and the protein-biotin
complex, have been studied in det&fl'®’ Biotin-binding proteins are stable in aqueous
solution over a wide range of temperature, pH aaitlc®ncentratiori®® Streptavidin differs
from avidin in the source from which it is obtaine®s a product of bacterial synthedts
(from Streptomyces avidiniit is, unlike Av, not glycosylated. NAv stems finothe original

Av, which was chemically deglycosylated. The biokatipn of a variety of target molecules
is well established and easily accomplishable imyneases. These features have rendered

biotin-receptors very popular for biotechnologiaad biochemical applications.

Figure 2.2: Model of the structure of streptavidin. Four biotins (displayed as ball-and-stick model) g
shown in complex with the four binding sites availble on the protein (shown colored in green, red, Jlew
and blue). Image adapted from ref:%.
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2.1.2 Existing immobilization strategies for biotin-binding proteins

With a total of 4 biotin binding sites, located twmo opposing faces of the molecule, such
biotin-binding proteins are particularly attractifer the functionalization of macroscopic
surfaces or nanoparticles (see réf.and references therein). Knoll et'dl. *%for example,
have successfully employed SAv as a “bridge” betwadiotinylated surface - a mixed self-
assembled monolayer (SAM) made from biotinylated aon-biotinylated alkyl thiols on
gold - and a biotinylated target. Other biotin-bimgimolecules have also been immobilized
on layers of biotinylated thiofS® and photochemical approaches that use either photo
activated or photo-cleaved biotin groups have reported:** **°In all these approaches, the
multivalency of the biotin-binding proteins is ditly exploited to link a biotinylated target to

a surface exposing biotin-groups.

Such sandwich strategies are not unique to gofdaes'*® Huang et at'' used assemblies of
grafted copolymers of poly(L-lysine) and partiafiotin-derivatized poly(ethylene glycol) to
immobilize biotin-binding proteins on niobium oxidarfaces. Supported lipid bilayers that
contain a fraction of biotin-functionalized lipidse attractive for the functionalization of
mica and silica: the biotin-concentration can bsilgauned and biotin-binding proteins are
immobilized in a highly oriented manne 132 138, 139,197

In other strategies, biotin-binding proteins weeowalently immobilized. Reznik et &i® for
example mutated SAv with a C-terminal cystein-tagifnmobilization to maleimid-coated
surfaces. Primary amines or carboxyl groups on ghateins’ surface have also been
employed for covalent bonding to suitably pre-fimtalized surfaces of sili¢®" 2°° and
gold*®? The nature of the coupling chemistry seldom alldas the orientation of the
molecule on the surface to be controlled. Here,nlndtivalency increases the likelihood for
biotin-binding sites to remain accessible for targelecules in solution.

All above-described functionalization approacheseh&n common that they require the
presence of an additional linker layer between gbhkd support and the biotin-receptor.
However, spontaneous adsorption of SAv and Av tid @md silver has been reported and
suggested for potential immobilization applicatiéfsThe preparation of a suitable linker
layer is not a trivial task: careful tuning of tteyer assembly is often required to optimize
performance in terms of biotin-binding activity amesistance to unspecific binding. For
example, and contrary to what intuition may suggist display of too many biotin groups by
the linker layer typically has adverse effects de biotin-binding capacity of the final
functionalized surface: an excess of biotin grogos densely packed molecular layers
imposes steric constraints that limit binding obtiy-receptors, as nicely demonstrated for
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SAMs:**! a too high biotin density in a layer of flexibieKers can lead to the occupation of
all four of the biotin-receptor’s binding siteslaurial of the biotin-receptors in the interior of
the linker layer, thereby rendering the receptaraciive or inaccessibfé® Also, the

uncontrolled orientation of biotin-receptors upavalent linkage has been reported to limit

the functionality of immobilized target molecuf&é.

2.1.3 Biotinylated linker

In complementary studies a bridge-like architectafethe form biotin- Av- biotin was

employed to mediate the immobilization of bioticeptors to gold. Two linkers were tested.
HPDP-biotin (N-(6-biotinamido)hexyl)-3-(2-pyridylit)propionate) consists of a spacer-
linked biotin and a pyridylthiol, which form a digde. The second linker was a homodimer
of two thiolated polyethylene-glycol spacers wiibtlm as end-functional head group (biotin-
PEG-SS) (figure 2.3). Both display a double funaidyg, which enables the linkage to gold

surfaces by the thiol group and to immobilize ad for SAv.

o) [ o |
HN//<NH HN/Z(NH
o o)
MNH\/\/\/\NHJK/\S/S | N MNH\/\(O/\)/O\/\NHJK/\S
o N~ o 8
B d2
HPDP-biotin Biotin-PEG-SS

Figure 2.3: Chemical structures of both linkers, H®OP-biotin and biotin-PEG-SS.
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2.2 Physisorption of biotin-receptors to gold and silica

This study focuses on a systematic examination ef ithmobilization of biotin-binding
proteins by direct deposition on bare gold and Isgliea surfaces. We start, however, by
recalling and extending data for another immobii@a platform: biotin-functionalized
supported lipid bilayers. The adsorption of SAv totinylated supported lipid bilayers
(biotin-SLBs) has already been characterized imidby QCM-D and other method¥ 3
139, 197

and was found to perform well in various applicag!? **% |t will serve as a

reference system for the present study.

2.2.1 Results

Biotinylated SLBs - the reference system

Upon exposure to biotinylated SLBs, SAv adsorbedlifg, as indicated by the monotonously
decreasing frequency (figure 2.4A). The adsorpteathed a plateau within less than 15 min,
yielding overall changes in frequency of -28 Hzjahhcorresponds to a thickness of 5.2 nm,
and dissipation of 0.5x10 The adsorption kinetics and the final QCM-D resmorare
consistent with earlier reports, and indicate trenation of a dense monolayer of SAv on the
SLB.132' 138, 139

Biotin-BSA, successively added to the SAv-covere®8,Sound with a maximum frequency
change of -14 Hzd= 2.4 nm, figure 2.4C). Considering the shape &AB a flattened
ellipsoid of 3 nm x4 nm x 8 nm in siZ€, this frequency shift suggests that the protein
adsorbs with its long axis parallel to the surfdgke for SAv, equilibrium was reached rather
quickly, and the change in dissipation was low,ststent with the formation of a monolayer
of globular proteins. Binding was irreversible apected for the strong interaction between
biotin and SAv. Native BSA did not bind to the SAevered SLB |f| < 0.5 Hz,
figure 2.4B), confirming that the binding of biotBSA was specific and SAv thus active.
Similar responses were observed for other biotnalibig proteins (figure 2.4A-C). Av and
NAv adsorption to biotinylated SLBs equilibratedtiin about 15 min, with final frequency
shifts of -26 Hz (4.7 nm) and -32 Hz (5.7 nm), exgjvely, indicating monolayer formation.
Biotin-BSA bound stably to Av and NAv, while natih®&SA did not bind, indicating that
these two proteins retain their activity upon imntihtion. Some peculiarities were though

notable for NAv: the dissipation shift for the NAilm (1x10°) was considerably larger than
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for Av (0.6x10° and SAv, and biotin-BSA binding was reduced, frd Hz to -9.5 Hz. We
did also observe that the adsorption of NAv was wetl reproducible. In some cases,
absolute frequency shifts of 40 Hz and more wersenked. The binding of biotin-BSA was

not affected by this variability (data not shown).

time (min)

Figure 2.4: A: Representative QCM-D responses\f and AD, for the formation of biotinylated supported
lipid bilayers and subsequent adsorption of biotinbinding proteins - SAv (blue triangles), Av (green
rectangles) and NAv (red circles). Typical Af (-25Hz) and AD-shifts (<0.5x10P) were measured for the
formation of the SLBs!?* **°B: Subsequent binding of native BSA on the same gaces. C: Subsequent
binding of biotin-BSA on the same surfaces. Each aubation step starts at 0 min, except for the
incubation of SAv, Av and NAv which start at 20, 40and 20 min, respectively; rinses in buffer are
indicated (arrowheads).

SAv adsorbs firmly to gold surfaces. Next, the adsorption of SAv to gold was
investigated. Av and NAv were tested for comparisalh proteins adsorbed well to gold-

coated sensor crystals (figure 2.5A). Adsorptionekics and final frequency shifts for SAv
(-30 Hz) and Av (-32 Hz) were similar to, albeigsitly higher than those observed on biotin-
SLBs, indicating the formation of a dense monolafnding of both molecules was stable
upon rinsing in buffer. These experiments supparlier findings of spontaneous and direct

binding of Av and SAv to gold and silver surfaéés.
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The dissipation shifts for both proteins on gold evsignificantly smaller (<0.2x1%) than on
biotin-SLBs, indicating subtle differences in theode of immobilization. Indeed, the
unspecific binding to gold is direct, and likelypooceed via one of the extended faces of the
cuboid-shaped proteins, while specific binding itatib-SLBs is mediated by one or two short
but flexible linkers. We suggest that it is thidfelience in linkage that gives rise to the
different dissipation signaf§?

The adsorption behavior of NAv differed markedlynfréhe other two biotin-receptors. While
the adsorption of Av and SAv reached a plateau ateund 15 min of incubation, NAv
continued to bind, albeit more slowly. Frequencitsibeyond -60 Hz were reached, which is
two-fold the response for SAv or Av. The large diffiece is surprising, given that the
dimensions of all proteins are simil&f. = -60 Hz would correspond to a thickness of around
11 nm, or about two-fold NAv’'s molecular dimensipagggesting that the adsorption of NAv
on gold is not restricted to a monolayer. We spedl that aggregates in the stock solution
may be the cause of increased adsorption. Indeedkiftgation of freshly thawed aliquots at
10,000g for 10 min resulted in decreased QCM-D respondata(not shown). The frequency
shift remained though still at least 10 Hz higheart what was observed for SAv and Av. It is
likely that gentle centrifugation is insufficierd temove all aggregates. It cannot be excluded,
however, that surface-induced denaturation of NAm also contribute to the unexpected
adsorption behavior. Notably, the apparent instgimf NAv may also explain the variability
on the binding behavior, the increased dissipasind the reduced activity of NAv that we
observed on biotin-SLBs.

Biotin-BSA was used to test if the immobilized nmiées retain their biotin-binding activity.
In order to reduce and exclude any unspecific bigdihe surface was incubated with native
BSA prior to exposing the biotinylated target. heingly, binding of native BSA was low
(JAf] = 1.0 Hz for SAv, 3.0 Hz for Av and <1.0 Hz NAvigure 2.5B). Since BSA adsorbs
readily to bare goff® (figure 8), it could be concluded that the bidtinding proteins
themselves confer rather good resistance to urfgpeprotein binding. In contrast,
biotinylated BSA bound stably to Av, SAv and NAvitkvbinding rates similar to those found
on SLBs (figure 2.5C). The final frequency shiftsl dhough vary from -12.5 Hz for SAv to
-15.5 Hz and -18 Hz for Av and NAv, respectivelyff@ences in the arrangement of biotin-
BSA most likely explain these variations: given BSAlongated shape, adsorption in a
slightly tilted orientation would easily result &nfew Hz of additional frequency shift.

In addition to biotin-BSA binding of biotinylatedyldluronan (biotin-HA) of 58 kDa to SAv
was tested. In control experiments, HA was found toeointeract unspecifically with the
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underlying SAv layer nor with the gold substratet(shown). Physisorbed SAv bound biotin-
HA with shifts for Af = -30 Hz andAD = 12 x 1(° (figure 2.5D). The high dissipation is
characteristic for the formation of HA brushes,itading a strongly hydrated and viscoelastic
film being deposited® The obtained values are, however, lower than obksefor the HA-
brush model systems on biotin-SLBY & -50 Hz andAD ~ 21 x 10°).'% Both biotin targets
thus confirm that, although unspecific adsorptienikely to lead to adsorption in various
orientations, a large fraction of SAv retains itading activity after immobilization. From
comparison of the final values for grafted HA orthheystems (biotin-SLB and Au), the

fraction of active physisorbed SAV can be estimateabout 60%.

R RRN LA RLAN LI aa e aa s it e

time (min)

Figure 2.5: A: Representative QCM-D responsedf and AD, for the adsorption of biotin-binding proteins
to gold - SAv plue triangles), Av (green rectangles) and NAv (red circles). B: Subsequent exposure of
native BSA on the same surfaces. C: Subsequent bing of biotin-BSA on the same surfaces. D: binding
of biotin-HA to a SAv covered surface. Each incubabn step starts at O min; rinses in buffer are indtated

(arrowheads).

SAv does not adsorb to silica surfaces. The binding behavior of SAv on silica differed
strikingly from that observed on gold: no adsorptiwas observed (figure 2.6). Adsorption

was pronounced for Av and NAv (figure 2.6A), wittisarption rates and maximum shifts in
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frequency and dissipation similar to those obsefeedespective protein on gold. In contrast
to gold, however, a fraction of the proteins deedrbpon rinsing with buffer, indicating that

binding was not entirely stable.

time (min)

Figure 2.6: A: Representative QCM-D responsedf and AD, for the adsorption of biotin-binding proteins
to silica - SAv (blue triangles), Av (green rectangles) and NAv (red circles). B: Subsequent exposure of
native BSA on the same surfaces. C: Binding of bimt-BSA on other surfaces, prepared identically to

those shown in (A). Each incubation step starts & min; rinses in buffer are indicated(arrowheads).

The lack of adsorption of SAv was unexpected andtetefurther examination. To this end,
the effect of the buffer solution on binding wastéel. A large range of pH was sampled (3.5,
4.5, 5.5, 6.5, 8.0, 9.0, and 10.0) at a salt camagon of 150 mM NacCl, and no significant
adsorption could be foundiAf | < 0.5 Hz) (figure 2.7A). The use of Hepes instea®B& at
similar ionic strength (150 mM NacCl) and pH did mesult in any significant binding either.
Variation of the NaCl concentration, in the randdddo 200 mM NaCl, at neutral pH also
resulted in no or minor adsorption. The highest deetpy shifts of -6 Hz were attained in
Hepes buffer without NaCl. Even in this case, howewmst of the adsorption was reversible,
with only -2 Hz remaining after rinsing (figure B), corresponding to less than 7% of a SAv

monolayer on gold.
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Figure 2.7: QCM-D frequency shifts upon exposure osilica surfaces to SAv as a function of pH (A) and
ionic strength (B). Measurements in (A) were perfamed in 150 mM NaCl. Measurements in (B) were
performed at pH 7.4. Values beforeg(green) and after (blue) rinsing are shown. Error bars are derived

from noise and drift instabilities during the measuements.

Exposure of Av and NAv-covered surfaces to biotinABfesulted in binding with final
frequency shifts of -14 Hz and -16 Hz for Av and WAespectively (figure 2.6C, table 2.1).
No binding occurred on surfaces, which had beearoiriact with SAv solution before. Native
BSA did not bind (figure 2.6B), confirming that timamobilized Av and NAv retained their
binding activity.

Physisorption of BSA to silica depends on proteinancentration. It should be stressed
that biotin-BSA did not bind to a bare silica seda Even native BSA showed very low
adsorption (figure 2.6B). This may at first appeaapsising, given that BSA is widely used as
a surface blocking agent. This observation, howeigeconsistent with previous findings.
Notably, the BSA concentrations that are typicalbplied for blocking are 1000-fold higher
than the concentrations employed H&fé¢” Indeed, when incubating BSA at 10 mg/mL (1%
BSA solution), frequency shifts of about -30 Hz eebserved, confirming the formation of a

stable protein layer of about 5 nm thickness (&g2i8).
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Figure 2.8: QCM-D responsesAf and AD, for the adsorption of native BSA to gold lue triangles) and to

silica (black squares). Incubation starts at 0 min with concentrations & 20 pg/mL on gold and 10 mg/mL

on silica, respectively. Rinsing steps in buffer @& indicated @rrowheads).

Table 2.1: QCM-D responses upon incubation of surfaes with biotin-binding proteins, BSA and b-BSA.

Responses after rinsing in buffer are given.

on b-SLB on gold on silica
Af | AD IAf | AD IAF | AD

(Hz) (10°) (Hz) (10°) (Hz) (10°)

SAv SAv 28+2  0.50.1 30+2  0.10.1 <0.5 <0.1
BSA <0.5 <0.1 1+1 <0.1 <0.5 <0.1

b-BSA 13.51 0.3:0.1 1251 0.50.1 <0.5 <0.1
Av Av 26t1  0.6:0.1 3242 0.120.1 2044  0.3:0.2
BSA <0.5 <0.1 3+1 <0.2 <0.5 <0.1
b-BSA 151  0.6:0.1 15.52  0.40.1 14+2  0.50.1

NAV | NAv >32 >0.9 >40 >1.2 >60 >3
BSA <0.5 <0.1 0.50.5 0.%0.1 <0.5 <0.1
b-BSA 951 0.20.1 >10 +0.5 16+£2  -0.3:0.2

Errors correspond to the spread of experimentad, dalbtained from 2 to 5 measurements per sampk (se
figs. 2.4, 2.5 and 2.6 for representative measunéshi€' adsorption values on biotinylated SLBs taken from
Wolny et al’.
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2.2.2 Discussion

The immobilization of streptavidin, and other bietateptors, to different surfaces has been
investigated. Two main observations are particylaginarkable: First, SAv, as well as Av
and NAv, bound well to gold and retained their inidiinding activity after physisorption.
Second, SAv was uniquely resistant to adsorpticsilica.

Physisorption of SAv to gold as a biofunctionalizabn method. The results
demonstrated that the physisorption of streptavidmother biotin-binding proteins, such as
avidin) to gold presents a simple way to equip ifase with a high density of biotin-binding
sites. The functionalized surfaces were stable,exinibited little, if any, unspecific binding
of BSA. Gold is an interesting and widely used matdor biotechnological applications, in
particular for biosensorS® In comparison to established strategies that requiinker layer
between the solid support and the biotin-bindingeptor, physisorption is attractive by its
simplicity. Although unspecific adsorption is likelto lead to adsorption in various
orientations, a large fraction of the immobilizedletules retained their biotin-binding
activity. It should be noted, however, that senapproaches that rely on fluorescent
detection, may find a drawback in the direct imnfiahtion of biotin receptors to gofd’ The
limited distance between the gold surface and #scent biotinylated targets can potentially

qguench the fluorescence.

The absence of SAv binding to silica surfaces. No significant response was observed by
QCM-D upon exposure of SAv to silica over a widega of pHs and ionic strengths. Given
that the detection limit of our setup is betternttta5 Hz, and considering that the solvent
contributes by about 80% to the measured massaasiloface coverage of SAY we can
derive an upper limit for the bound protein mas2afg/cni, or about 1% of a complete
monolayer.

What may explain the absence of binding for SAvc@®pared to the strong binding of Av
and NAv? In the simplest scenario, one may solehsier mean-field electrostatic and van-
der-Waals interactions (DLVO-theory). Av has areisetric point of 10.5% and thus carries

a net positive charge at neutral pH. Electrostatieractions would thus promote the
adsorption of Av to the negatively charged silioaface, which was indeed observed. Several
observations, however, argue against electrostatidse the key interaction that prevents
binding of SAv. Firstly, NAv readily bound to sific although its isoelectric point of 6% is
similar to that of SAv (6.49). Secondly, SAv did not adsorb even at pH valuss/een 3.5

47



Chapter 2 - Surface functionalization with bioteceptors

and 7, a range in which silica and SAv would beeexgd to carry opposite net charges. A
rigorous comparison of the magnitude of the surfdwrges of SAv and silica as a function
of pH and ionic strengti'and of the binding behavior of SAv on other metdtle surfaces,
such as titanium,may provide further insight irtte tole of electrostatics inSAv’s resistance
to binding but is outside the scope of this worka# from these mean-field considerations,
discrete molecular interactions and steric effety of course also be at pf&y

To the best of our knowledge, the absence of unfspetieraction between SAv and silica or
glass has not yet been reported in the literalOree earlier work, however, contradicts the
finding of the present study: Bushan ef®3lobserved binding of FITC-labeled SAv to silica.
Using QCM-D, no significant adsorption to cleandit@ could be detected (data not shown).
The presence of the fluorescent dye alone thus taxpdain binding. Instead, variations in
the surface preparation may explain the differeisiogption behavior: the surfaces employed
by Bushan et al. exhibited a contact angle of adodf° while complete wetting was
observed for the cleaned surface that have beed khieee. Indeed, the preparation and
cleaning of surfaces have previously been foundstrongly affect protein adsorption
behavior**?

In conclusion, it could be demonstrated that thgsigorption of biotin-binding proteins, such
as streptavidin or avidin, to gold presents a senwphy to equip a surface with a high density
of biotin-binding sites. The functionalized surfacesre stable, and exhibited little, if any,
unspecific binding of BSA. Given the plethora obdable biotinylated biomolecules, such a
surface represents an interesting immobilizatioatfpfm In comparison to established
strategies that require a linker layer betweerstiiel support and the biotin-binding receptor,
our approach is attractive by its simplicity. Itrains rather crude, however, in that the
orientation of the biotin-binding sites on the sgd is not well controlled.

In stark contrast to gold, streptavidin did notadsto silica over a wide range of pHs and
ionic strengths. As part of the effort to develope tselective functionalization of
nanostructured surfaces, the simple strategy ofsipbgption of SAv to gold and the

resistance of silica to SAv seem to be more attrat¢han its crudeness may at first suggest.
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2.3 Linker mediated immobilization of streptavidin to homogenous gold surfaces

Physisorption of SAv on gold is an interesting noethas shown in the present study.
However, this strategy does not provide controlrakie orientation of the protein, and SAv is
likely to adsorb in random orientations, which ganssibly limit the fraction of active protein
on the surface. Another limitation of direct adsmmp is that proteins can undergo
denaturation upon close contact with the surfaeé,thus loose their biological activity?*%

To overcome these limitations various linker stregediave been proposed in the literature
and reported to be successful*' 191 290 2ncouraged by these reports, two alternative
binding strategies were also tested using biotin+SGand HPDP-biotin as linker. The
results below illustrate that the immobilization®4Av through linkers is not a trivial task and

rationalize, why this is so.

2.3.1 Results

HPDP-biotin. The frequency response upon exposure of a goldcsuto HPDP-
biotin was found to be -10.5 1.5 Hz (figure 2.9A) corresponding to a layer kiniess of
around 2 nm. The thickness is comparable to, althdagrer than the molecule’s contour
length (2.9 nm for the spacer arm). The spacer e&rd to be tilted with respect to the
surface normal according to what is known aboutdmeformation of SAMs, which could
explain the difference.

Strong variations in the binding of SAv to HPDP1bidayers were observed. In 50 % of the
measurements a final frequency shift of 220 Hz was found. In all other measurements the
frequency shift was loweAf -values in the range of -30 Hz (as observed fgsjglorption on
gold) were never reached.

Successively added biotin-BSA showed a decreafeqguency of -16- 1 Hz (figure 2.9). A
control measurement with BSA, however, revealegeadic interaction with the underlying
surface in the range of several Hz (Figure 2.9B)otJaddition of biotin-HA (which did not
interact unspecifically), only minor binding wasseloved Af = -1+ 0.5 Hz) (Figure 2.9A),
indicating that SAv did not retain its biotin-bimgj activity.

The strong variations in SAv binding may originat®ni the history of HPDP-layer
formation. An altered protocol for HPDP-layer fortioa (overnight incubation in ethanol
outside the QCM-D instead of-situ addition in buffer just prior to SAv addition) imgved

49



Chapter 2 - Surface functionalization with bioteceptors

the binding of biotin-HA with values aif ~-24 HzAD = 10 10°, while the adsorption of
SAv remained lowAf =~ -16 Hz) (data not shown). Values comparable teehexpected for

SAv monolayers (as on biotin-SLBs, or physisorbed\a) were not reached.
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Figure 2.9: A: Representative experiments of SAv imobilization on HPDP-biotin with two different
biotinylated targets: SAv + biotin-BSA (Ieft panel) and SAv + biotin-HA of M,, = 58 kDa(right panel). The
addition of biotin-HA to the SAv layer is shown witout the previous steps, and the SAv layer is offsé
zero. The increase inAf and AD upon rinsing after incubation with HPDP-biotin reflect a buffer change
effect, which arises from the diluted solvent of ta HPDP-biotin stock solution (DMF) being exchangetbr
pure Hepes buffer. B: Control measurements for theinspecific binding of biotin-HA (left) and biotin-BSA
(right) to a HPDP-biotin layer in the absence of SAv. Starand duration of all incubation steps are

indicated (arrows)
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Biotin-PEG-SS. Biotin-PEG-SS adsorbed stably to the gold surfagéh va final
frequency change of -9:61.5 Hz (figure 2.10) corresponding to a thicknefs%.7+ 0.3 nm.
The thickness remains significantly smaller than t¢batour length (6.4 nm as calculated
from bond lengths of the molecule). We hypothesiwd the surface-bound PEG chains are
stretched weakly and form a brush. The increasdsisipdtion, by 1.0 x 1f) is consistent
with the formation of a flexible layer of ratherash grafted PEG chairfs®

SAv bound readily to the linker film with kinetiead a final frequency shift (-30 Hz) similar
to those observed on gold, indicating the formatba dense monolayer (figure 2.10A). The
dissipation shift was small (< 0.1x%0and significantly lower than observed on SLBs.sThi
response may reflect a tight coupling of SAv ontewen partially into the film.

Despite the typical response for a monolayer of SAetin-BSA did not bind to the biotin-
PEG-coupled SAV|{Af| < 0.5 Hz, Figure 2.10). Biotin-HA gave a shift-af5 Hz, which is
also small compared to values obtained on physesb®Av (-30 Hz) or those reported by
Richter and coworkers on biotin-SLBY-50 Hz). The response to both biotinylated targets
thus suggests that SAv's binding activity is almargirely lost, although the surface can be
decorated with a dense layer of the protein.
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Figure 2.10: A: Representative experiments of SAurimobilization on biotin-PEG-SS with two different
biotinylated targets: SAv + biotin-BSA (Ieft panel) and SAv + biotin-HA of M,, = 58 kDa(right panel). The
addition of biotin-HA to the SAv layer is shown witout the previous steps. The SAv layer is offset @ B:
Control measurements for unspecific binding of biah-HA (left) or biotin-BSA (right) to a biotin-PEG- SS

layer in the absence of SAv. Start and duration adill incubation steps are indicated arrows)

2.3.2 Discussion

The introduction of a linker molecule constitutes aaditional experimental step to be

performed and controlled. In the context of thisrkyol found that the employed linker
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molecules, tested on homogenous gold surfacesditulfill the demands for an appropriate

bio-functionalization method.

On the effect of linker molecules for the biofunctnalization of gold surfaces. Among
some studies, in which linkers were employed fomishilization of SAy®> 191 193 200. 21
has been pointed out that the use of a linker wastrivial. Huang et al*'for example,
employed PLL-g-PEG with varying ratios of biotinyldtand not functionalized PEG. They
found a clear decrease of SAv binding activity abav critical biotin surface coverage,
although the amount of bound SAv further increasetdotonously with increasing amount of
biotin linkers. Interestingly, parallel experimemsth Av instead of SAv did not reveal a
similar transition. Similar steric crowding effedtave been reported previousy. % #The
low signal in dissipation that was obtained for thenolayer of SAv on biotin-PEG-SS
implies tight coupling of the protein to the linkiayer. It is therefore likely that in a similar
scenario, as described above, a high density dfnbjoattached to flexible linker, in the
biotin-PEG-SS film is capable of blocking all founding pockets of SAv. The use of HPDP-
biotin as a linker and promoter of SAv immobilizatihas been reported earlier, though the
low efficiency of this method was indicated, ©86%?° It has been speculated that a high
density of biotins may inhibit the optimum interact with the protein.

The findings of the present thesis provide addifioflastration and insight into the

complexity that can be associated with the funetiization of surfaces.
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2.4 Selective decoration of nanostructured surfaces with SAv - an initiating study

The resistance of silica to SAv binding over a wiglege of experimental conditions suggests
a very simple yet promising strategy for the se@kectunctionalization of the gold nanoarrays.

2.4.1 Results

Generation of nanostructured arrays on QCM-D sensa. SEM micrographs (figure
2.11) revealed that gold nanoparticle arrays cheldsuccessfully generated on silica coated
QCM-D sensor crystals by block copolymer micellanalithography (see chapter 6.1 for
details). Three different polymers (451, 1056 and4)0vere used to obtain different mean
nearest neighbor particle distances of about 5&nd5110 nm, respectively (figure 2.11).

In comparison with nanostructures from the sameyss®r solution on glass cover slips, a
difference in the appearance of the backgroundwsble. While the background on glass
was totally homogenous, the QCM-D sensors exhiba&edoudy-like and heterogeneous
appearance. This difference is likely to originatenf the roughness of the sensor surface,
which features typical corrugations of about 5nnighieand a lateral extension of about
50 nm?* Indeed, sensor surfaces that were not decoratédnanostructures had a similarly
heterogeneous appearance (figure 2.12B). The baokdrbeterogeneity of QCM-D sensors
should not be confounded with a type of cloudy,woek-like structure around gold
nanoclusters that has been observed earlier whect imicelles were imaged?

It can already be appreciated from figure 11 that long-range order of gold nanopatrticle
arrays on QCM-D sensor surfaces was slightly wtraa on glass. To quantify the degree of

the order within a regular (hexagonal) structuhe, order parametey was employed (see

chapter 6.3.1 for details). Far > 0.5, the structure is generally regarded to bgawd
quality?*? Analysis of random samples revealed order parametey > 0.55 on QCM-D
crystals andy > 0.65 on glass. It is reasonable to suggest thit the nanoscale surface
roughness of the QCM-D sensor crystdithat gives rise to the decrease in order.

The generated gold-nanostructures were stable thootigthe experimental procedure as

shown by SEM imaging after use of the surface (Bgud 2A).
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451 1056 2074

glass

QCM-D sensors

Figure 2.11: SEM micrographs of nanostructured suréces. Nanostructures were generated with three
different polymers (451, 1056 and 2074) on glagapper panel) and on QCM-D sensor crystalg(bottom
panel). The arrays of bright dots represent the quasi-heagonal gold nanostructure. A cloudy-like
background is visisble on QCM-D sensors (see insgtbut not on glass surfaces. Insets show the stituce

at higher magnification. Scale bars are representate for all images in a given row.

Figure 2.12: A: SEM micrograph of a QCM-D crystal with nanostructure generated from Polymer 451
after an experiment. Therein the nanostructured suface had been exposed to solutions of SAv and biwti
BSA subsequently and underwent successive rinsinteps in H,O and SDS 3% in the Q-CM-D chamber.
After the experiment the crystal had been rinsed inwater and blow-dried with N, before being
transferred to the SEM. The integrity of the nanostucture is preserved. B: SEM micrograph of a QCM-D
sensor surface without nanostructure shows the sameloudy-like, heterogeneous features that were

observed for nanostructured QCM-D sensors.
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Functionalization of gold-nanoparticles by physisobed SAv. From all tested
biotin-binding proteins only SAv formed dense mayars on gold by physisorption while
resisting any interaction with silica (section 2.Therefore, SAv seemed best suited for the
direct functionalization of gold nanoparticles, aut the need for passivating the
surrounding silica areas.

SAv adsorbed to nanostructured surfaces with aer-pdrticle distance of about 50 nm
yielding QCM-D responses in the range &f = -2 to -7 Hz. This range of values was
obtained on different surfaces with comparable riptaticle distances. Representative
experiments are shown in figure 2.13. There washwoas explanation for why the results
spread over several Hz. The reproducibility of QCMrEsponses typically lies within
1to 2 Hz, and can hence, not explain the obsedeadations. To exclude failures in the
nanostructure, some surfaces were imaged aftem#esurement by SEM. The integrity of
the nanostructure was preserved (figure 2.12A).

To probe whether the response for the adsorptio®Af to the gold nanoparticles was
specific, control measurements were performed,hithvsurfaces without nanoparticles were
used. These surfaces underwent the same pre-tra¢aste@s, i.e. they were dipped into a
diblock-copolymer solution that did not contain thed precursor salt and were subsequently
exposed to oxygen plasma (see chapter 6.1.1)n&nMiith previous results on bare silica
surfaces (see adsorption behavior of SAv on,5i response was detected, indicating that
adsorption was not caused by residues of polymatign and that binding was specifically
due to the gold nanoparticles (inset figure 2.13B).

Notably, the the kinetics of SAv binding - regasiieof the final value - was very slow
(figure 2.13) Adsorption rates of about 0.2 Hz/miare found to be compared with values of
about 10 Hz/min for the initial rates on SLBs ormtagenous gold surfaces. The slower
kinetics indicates that the binding of SAv to theldynanoparticles must be kinetically
hindered, in contrast to initial binding to SLBstmmogenous gold, which is mass transport
limited.*?® It could be speculated, that the size of the gwldoparticles (5-10 nm) was not
sufficient to be recognized as an accessible satiestor SAv. The gold nanoparticles have a
diameter of typiclly 5-10 nm which is similar toetlsize of SAv (4x5x6 nf¥). The cuboid
shape of SAv and the spherical shape of the gaticjgamay limit the effective interaction
area and thus binding of SAv.

Addition of biotin-BSA in a subsequent step resiilie fast binding with distinct frequency
shifts (figure 2.13B). The obtained responses tated with the frequency shift of the
previously deposited SAv and varied betwddn= -2 to -6 Hz in various measurements. In
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contrast to SAv, binding kinetics were comparaldebtotin-BSA binding on other SAv
decorated surfaces (such as on SLBs (figure 2.4€C)hamogenous gold surfaces
(figure 2.5C).

SAv - biotin-HA‘ SAv biotin-BSA
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Figure 2.13: Af (blue) and AD (red) for the physisorption of SAv to gold nanostructuredsurfaces with
inter-particle distances of= 50 nm. Black arrows indicate the supply of SAv andhe biotinylated target,
respectively. A: Adsorption of SAv followed by addion of biotin-HA of M ,, = 1083 kDa. The three curves
correspond to three different overtones recorded byQCM-D in order to demonstrate the separation of
overtones in AD, which is a typical response for end-grafted HA. BAdsorption of SAv followed by
addition of biotin-BSA. Inset: Control measurementon a non- nanostructured surface. A surface, which
had been treated with a diblock-copolymer solutiorwithout gold precursor salt was exposed to SAv. St

of incubation is at t = 0. Start of rinsing is indcated (arrowhead).

Grafting of hyaluronan to streptavidin decorated nanostructured surfaces. Initial
tests have been performed with the grafting of leiatinylated HA of about 1 MDa to SAv-
decorated gold nanoparticles with interparticletatises of about 50 nm. Whereas only a
small, if any, response could be detected in frequethe change in dissipation was
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pronounced (figure 2.13A). As typical for graftedAH, the various overtones, which were
monitored simultaneously, spread as a respondeetéotmation of a very soft and hydrated
film. The obtained responses in dissipation wergydwer, about three fold smaller compared
to HA chains that were grafted to SAv covered SLB&h a grafting distance similar(
60 nm)? to the gold nanoparticle separation 60 nm). These results indicate that a
considerable fraction of the gold nanoparticles matsproperly functionalized.

These initial measurements illustrate that HA camnir@obilized to nanostructured surfaces.

Improving the immobilization of SAv will be crititdor future work in this direction.

Functionalization of gold-nanoparticles with biotinPEG-SS. To probe, whether the
accessibility to the gold nanoparticles could berioved if a molecule was smaller than SAv,
nanostructured QCM-D crystals were exposed toriB&EG-SS.

Exposure of bare silica substrates to the linkeeatd unspecific interaction with the surface
(data not shown), which induced adsorption of Séeitica. This interaction was influenced,
but not abolished, by changing the solution fromSPRuffer to various organic solvents
(ethanol, toluene or DMF). To passivate the silicdaxe, a layer of mPEG(2000)-urea was
attached covalently by silanization using an eshbt protocol (see chapter 6.1.2). The
sensor was then installed into the QCM-D chambdrthe linker was introduced followed by
rinsing and exposure to SAv. A change in frequenayg observed when the linker was added
(figure 2.14A). This change, however, was transaént the frequency returned to its initial
value after rinsing. Such transient changes inueegy can be explained by the way the
QCM-D senses the environment of the sensor. Theeptiep of the solution, in particular its
density and viscosity, and any changes of thespepties are reflected in the response$ of
andD due to coupling of the bulk liquid to the sensarface. For the biotin-PEG-SS it is the
comparably high concentration of the solution (h&/ml) that gives rise to transient changes
in the QCM-D responses.

The successful functionalization of the gold nantgas with the linker could be shown by
binding of SAv to the substrate. Responses of abouiiz could be detected (figure 14A).
Controls showed that binding of SAv was specificstly, no response for SAv was observed
on surfaces lacking the nanostructure (figure 2)14%econdly, the exposure of SAv to
passivated, nanostructured surfaces (figure 2.tddBnot result in any significant response.
The absence of any response upon SAv physisorptagnamginate from a "shielding effect"
exerted by the PEG layer. XPS measurements havaleglva thickness of the dry PEG film

of 2.2 nm and a grafting point density of 1.3 nmsvaeduced® It can be expected that in
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solution the PEG will form a brush resulting in nfithickness that may partly cover the gold
particles. An alternative explanation for the alugenf the QCM-D response relates to a
scenario in which SAv would be embedded into the Hl® when binding to the gold
particles. Then, the contribution by the exchangadsorbed mass and water and, thus the
QCM-D response would be small, if not canceled. Tdas be explained by the fact that
QCM-D senses water that is embedded in a viscoeelaser, such as a PEG film, as part of
the layer. Given the similar densities of proteithe PEG and watep (= 1.4'%, 1.22"° and

1 g/cn?, respectively) the absolute change in sensed mhasgo exchange of one of these
components by another will induce minor, if anygpense.

When biotin-BSA was added, no binding could be ole® on biotin-PEG-SS/SAv pre-
functionalized gold nanoparticles, similar to whats observed on homogenous gold surfaces
coated with the linker. When a nanostructured, ipatsd surface was directly exposed to
SAv, and then to biotin-BSA (Figure 2.14B), a clesgponse of about -3 Hz was detected for
biotin-BSA. Control measurements, in which bioti6f was added to the nanostructured,
passivated surface prior to SAv exposure did nawskany response (not shown). This
indicates that SAv did physisorb to the gold nambglas and retained its biotin-binding
activity.

It can be concluded that, immobilization of SAvaihgh biotin-PEG-SS is accompanied by a
at least partial loss of biotin-binding activity. i$hesult is in line with the effects observed on
homogenous gold surfaces in the presence of bREG-SS and likely to arise from the same

origin, already discussed in this context.
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Figure 2.14: Immobilization of SAv via the biotin-FEG-SS linker. Top panels: frequency shifts as a
function of time. Bottom panels: Dissipation shiftsas a function of time. A: A nanostructured (blue
triangles) and a SiG (green squares) surface passivated with mPEG-urea were exposed tbe linker and
subsequently to SAv and biotin-BSA. The continuoudecrease and increasaf and AD, respectively stems
from a drift during the measurement. B: A nanostrudured (blue triangles) and a SiG (green squares)
surface passivated with mPEG-urea are exposed to 8A&nd subsequently to biotin-BSA in the absence of

the linker. Start and duration of all incubation steps are indicated(arrows).

2.4.2 Discussion

Regular arrays of gold nanoparticles have beentamean silica-coated QCM-D sensor
crystals by block copolymer micellar nanolithogrgphand initial steps to the
functionalization of these particles with SAv weerformed.

Physisorption of SAv to gold nanoparticles was detele and specific, but strongly
kinetically limited in contrast to homogenous gaslarfaces. Final frequency values showed
only poor reproducibility, for reasons which hawa been identified as yet and which remain
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to be investigated in further experiments. As ombgenous gold surfaces, SAv retained its
biotin-binding activity.

The experimental data indicates that QCM-D has #msisvity to detect the adsorption of
proteins to the nanoparticles, and can providerim&ion on binding kinetics. Based on the
mean inter-particle spacing of about 50 nm, oneazdoulate that only 2% of the surface is
covered with gold and the adsorbed amounts areehexyected to be small. However, rather
high frequency changes of up to -7 Hz were measime8Av, which correspond to almost
25% of the frequency shift of a SAv monolayer. Asgible explanation may come from the
way that QCM-D senses adsorbed mass. It has besyngiecently that an isolated adsorbed
particle contributes more strongly to the frequeresponse than a particle that adsorbs into
an already rather dense monlayer. This effect weabwutied to variations of hydrodynamically
coupled water at different surface densitf&a. similar effect may be responsible for the high
frequency shifts observed here. However, the albosetioned study employed homogenous
surfaces, and it remains to be elucidated to wkiainé such signal enhancement can occur on
nanostructured surfaces.

Functionalization of the gold nanopatrticles witbtm-PEG-SS, in line with previous findings
on homogenous gold surfaces, resulted in a lobgoth-binding activity of the subsequently
immobilized SAv.

Initial results also indicated successful graftiofy biotin-HA to the gold nanoparticles
decorated with SAv. These, however, remain prelinyin@s immobilization of SAv has to be

improved.
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2.5 Conclusion

From the obtained results it could be demonstrttatithe spontaneous binding of SAv (and
other biotin-binding proteins) to bare gold suracman be advantageously exploited for
surface functionalization. Biotin-binding activitys maintained throughout surface
functionalization. The direct physisorption of SAv gold surfaces is therefore a promising
approach to successful SAv immobilization avoidiagy prior surface preparation or
functionalization.

Exemplified on two different biotin containing thadéd linkers, which were supposed to
promote SAv immobilization, unexpected complexitresre discussed. For HPDP-biotin the
reproducibility of SAv binding was poor, and thespenses remained significantly below
expectations. Binding of biotin-targets was strgndependent on the history of surface
functionalization and partly unspecific. Immobilima of SAv to a layer of biotin-PEG-SS
resulted in a loss of biotin-binding activity, algh a SAv monolayer formed. The lack of
control over the system that arises from introdgdhre linker motivates SAv physisorption as
the method of choice for further experiments.

As | could further show in the present study, timelerlying material played a crucial role,
whether and/ or to which extent a protein bindth&surface. Spontaneous adsorption of SAv
to gold surfaces was found, while no binding of S#ocurred on silica surfaces. The same
observation was made for biotin-BSA and for natB®A. However, other biotin binding
proteins (Av, NAv) did adsorbed.

Functionalization of gold nanostructured substrabgs physisorption of SAv could be
demonstrated. Initial binding experiments of bigtA indicated HA-film formation on the
nanostructured surface with qualitatively typicabeit far lower responses than reported on
other substrates that had been decorated with JhAese results indicate the need of
improving the immobilization of SAv to gold nanopeles, which will be essential for further
studies in this direction.

QCM-D was sensitive to the specific interactiorpasteins with the gold nanostructures. This
is remarkable, given that the gold particles cavdy a small fraction (~2%) of the surface.
Notably, the QCM-D response could also providernmiation on binding kinetics

Taken together, the direct physisorption of SAv tddgis attractive for its simplicityand
should be a valuable alternative to establishednyete complex strategies that require a
linker layer between the soldipport and the biotin receptor.
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In contrast to gold, streptavidin did not adsorbsiicca over a wide range of experimental
conditions. This contrast suggests a particuladsactive application of physisorption as a
simple route for the selective functionalizationnaino- or microstructures of gold on silicon-
based devices. Such devices include small-scaleeprémicrocantilevers and atomic force

microscopy tips) and nanostructured surfaces.
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Chapter 3

Novel CD44 Based Model Systems for the Investigation of

Polyvalent Interactions with Hyaluronan

The aim of this project was the establishment of eh@gstems that allow investigating the
binding of HA to a receptor covered surface in dl-aentrolled environment. An assembly
of biomolecular layers was designed which enalihedirnmobilization of CD44 receptors in
biologically relevant arrangement. This design opedeors to the study of the specific
interaction between the receptor CD44 and its lighiA. Despite a multitude of existing
literature in the field, a biophysical approachuwatie the questions of the molecular and
supra-molecular mechanisms underlying CD44-HA adgons is still missing.

These model systems were characterized by meansaakzcrystal microbalance (QCM-D),
ellipsometry and reflection interference contrasicroscopy (RICM). QCM-D allowed
tracking each adsorption step in real-time and ipiex information on hydrated mass, the
conformational properties and the stability of #tlsorbed layers. RICM measurements added
further information about the morphology of the Hins. The absolute biomolecular mass

of the deposited layers could be quantified usihigsemetry

3.1 Motivation

The propensity of CD44 to bind HA varies stronglyoss cell types and state of maturation,
and such modulation of binding is thought to becfiomally important. Whereas the
structural origins of HA binding by CD44 are quiteell understood? little is currently
known about the mechanisms on the supra-moleceéeel lof CD44-HA interactions.
Multiple low affinity interactions, which can resuin a high total avidity system by
polyvalent binding of CD44 to HA are proposed ae arechanism of the dynamic regulation
of the PCC"
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Since the affinity between an individual ligand a@6®44 was found to be rather weak
(Ko = 5 to 150 pM®® ? it is likely that much of the regulatory potaitlies in the spatial
arrangement of receptors on the cell surface. Ajpam a range of studies that highlighted
the role of dimerization in the regulation of HAnting’® %> methods are scarce to
investigate such effects in a controlled mannemv@ationalin vitro binding assays are
sensitive to interactions of individual ligand rpt@ pairs, but ignore the spatial confinement
and arrangement of HA receptors in two dimensitias tharacterizes the cell membréhe.
Cellular assays have provided valuable insights ouerall patterns of regulation, but the
complexity of the living cell makes it difficult tdisentangle the relative contributions of the
different types of interactiorf§> A simple yet pertinent question, for example, ttadate not
been addressed. How many receptors are requitdadddiA stably to the cell surface?

The aim of the present project was the developmietwt@new supported lipid bilayer based
model systems for examining quantitatively polymhl€D44-HA interactions. This approach
differs from other HA immobilization methodg? % 1% 1%n that it employs HA's natural
cell surface receptor CD44 itself for binding of HBD44 is immobilized such, that it retains
mobility in two dimensions in two dimensions simita the cell surface confinement. Such
an architecture can serve as a platform for thdystd polyvalent CD44-HA binding events
with less complexity than the cellular level, yegyond the single interaction of CD44 and
HA.

3.2 Concepts of polyvalent binding events

It appears to introduce concise definitions of samportant concepts related to polyvalent

molecular interactions, which are commonly usethencontext of this work.

Affinity. Affinity is the measure for the strength of a bdmetween a receptor and a
ligand. It is an intrinsic characteristic of thengoglex made of the receptor-ligand pair. The

higher the affinity, the longer is the lifetime thfe bond. The affinity is commonly expressed
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in form of the dissociation constaldy (instead of the association constinthe equilibrium
constant for the dissociation of the receptor-ldyaomplex®:

R <[’

K, =
° [RL,

(12)

with [R], [L] and [RL] being the concentrations of the receptor, thandyand the receptor-
ligand complex, respectively, amgdythe number of the respective componé&jtmarks the

ligand concentration, at which half of the receitimding sites are occupi&d
The association constant for the formation of a beitd free energyAG is given by:
AG = - RTIn(K). (13)

The affinity of a receptor-ligand pair can be infiged by intermolecular interactions like
electrostatic or van-der-Waals forces. It may disosensitive to temperature, pH and ionic
strength conditions.

Polyvalency. The valency,N, of a molecule is defined by the number of equ@msgl
independent sites that are able to form connectwita other molecules by specific
interactions?® In fact, many biological systems rely on polyvalgnand polyvalent
interactions (see, e.g., Mammen eft?l. For example, receptor-ligand interactions betwee
the influenza viri€” ??®or HIV??® and host cells employ polyvalent interacti6ffs.

Polyvalent interactions can occur if both the recepand the ligand are polyvalent
(figure 3.1).

" Both constants are related to each otherly= ZI/KOI . The units ar&1™ andM for K andKg, respectively.
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Figure 3.1: Polyvalent receptor-ligand interactions Sketch of key-lock-like binding events between
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|

respective molecular entities and systematic nomefature as proposed by Mammen et. &°.

The energy balance of polyvalent interactions is enag from enthalpic and entropic
contributions, and can be writterf&s

AGHY = AH Y - TASE™, (14)
where the indexpoly" indicates that polyvalent interaction is considesedN is the valency

(see figure 3.1). The average free energy per iddalibond in a polyvalent system can be

written as:

AG poly
ol
AGLY) = I\T : (15)

From eq. 13 and 14 the association constant fatyvalent interaction can be deduced:

K2 = (K 2o (16)

avg

Increase in binding strength by avidity. Avidity refers to the combined effect of multiple
binding events of a receptor to a ligand. In casttta affinity it is not an intrinsic parameter

of the binding strength of a complex. Rather, ih ¢& regarded as a synergistic, effective
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binding strength that depends on the supra-mole@ngronment. By acting collectively,

multiple weak interactions, otherwise unable tonfostable binding, can result in a total

binding strength, which is higher than the bare smfirthe involved individual bond®®

(eq. 16).

The enhancement of binding)(can be described by the ratio of the dissociatimmstants of
mono

an individual componentg ™, affinity) and the total dissociation constaKt,p()'y, avidity)

of the polyvalent system:

Kmono
B=—" (17)
de ly
The enhancement is strong for high valueg. of
Cooperativity. A binding event is cooperative if the affinity foinding changes as a

function of the ligands already boufido a polyvalent receptor. By comparing the free

energy of binding of the unperturbed monovalengrattion, AG™", with the average free

energy per individual interaction in a polyvalentplex, AG?®” | the degree of cooperativity

avg !

can be defined:

AG poly
a= AG ;Vc?no ’ (18)
The interaction is: positively cooperative fora < 1,
non-cooperative for o=1,

negatively cooperative for a > 1.

The binding of oxygen to hemoglobin is one of thestmpopular examples for positive
cooperativity.”*® #** Here, binding of the first oxygen molecule ince=saghe affinity for
binding of additional oxygen molecules.

" Cooperativity can be described quantitatively. Fhader is referred to the method by Rill, where the

cooperative binding of oxygen to hemoglobin wadyxeal.
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In general, cooperative effects arise from confdiomal changes of the receptor upon its
interaction with the ligand, such that the new ocomfation adopts an altered affinity for the
second ligand®** The phenomenon that an effector molecule changedigand binding
properties of a receptor by binding to it (at aippos different from the ligand binding site -
the allosteric site), is also known as allost@ryn the special case of cooperativity the
allosteric site corresponds to another ligand lnigdiite on the receptor (figure 3.2).
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Figure 3.2: Allosteric cooperativity. The binding d the first ligand (blue) stabilizes a modified
conformation of the receptor, thereby rendering itinto a higher affinity form. The interacting ligands can

be identical or different, and any number of ligand can be involved. Image adapted from ref2

It should be stressed that cooperativity is noumegl in polyvalent interactions to enhance
the binding between receptor and ligand. In fatding can be enhanced even for negative

cooperativity & < 1). This can easily be seen from eq. 16, 17 &1d 1

K = (ko) = (ko™ (19)
This equation shows that the avidity of the comptelarger than the affinity of individual
bonds (> 1) even for4 < 1), as long as > 1/N.

| should be noted that the above given definitibcaoperativity is not used consistently in
the literature. Frequently,> 1 is considered a sufficient criterion for (do&) cooperativity.
For example, cooperativity is often attributed tdiading enhancement by configurational
pre-organization of a polyvalent ligafitf. The chelation of metal ions is one of the most
prominent example$? 23 After the first connection has been establishadsequent
interactions with the same ligand become more fver by reducing the entropic cost of

69



Chapter 3 - CD44-based model systems of HA-righdil

bringing an independent receptor into a bound stdte total affinity constant in this scenario
is higher than the bare sum of the individual dbations {3 > 1), whilea can, in principle,
be smaller or larger than 1.

In the context of this thesis | will repeatedly uke term avidity effect for the enhancement

of binding between of receptors and ligands asaltref polyvalent interactiong ¢ 1).

3.3 Design of the model systems

Two different model systems for the immobilizatioheither monomeric or dimeric CD44
constructs were constructed. The choice of the Bpdmiilding blocks and the step-by-step
assembly will be described below.

3.3.1 Supported lipid bilayers as model membranes

Supported lipid bilayers (SLBs) have found wide leggpion as models for biological
membrane$® > Comprising the same molecular components as hi@bgembranes, they
are the most natural mimics with compositions, éectures and dynamics similar to their
natural counterpart. Moreover, and importantly $orface functionalization processes, the

bilayer withstands unspecific binding of most bisuoled #*

thus leaving its surface
accessible for direct immobilization without theedeof an additional passivating step.
Nowadays, SLB preparation and formation on a waradtsolid supports, like e.g. silica or
mica, is well characterized and controlfédi}*" 23> 2Bjlayer properties are tunable by the
possibility of using different lipids or mixtures different lipids, which expose a number of
functionalities. Such, doors are opened to variapgplications as for example, protein
immobilization.

Within this work, SLBs play a major role as i. diable immobilization platform, ii. a
functional mimic of the outer cell surface and #&. passivating layer against undesired
biomolecule interactions. Three types of phosphddipivere employed: first, DOPC (1,2-
dioleoyl-sn-glycero-3-phosphocholine), a zwittermminsaturated phospholipid with a zero
net charge. DOPC is one of the standard phospHtslipivhich constitutes the main
component in the lipid mixtures that were prepai@dthis study. Secondly, DOPS (1,2-
dioleoyl-sn-glycero-3-phosphoserine), in which #sgine headgroup gives rise to a negative

charge. Finally, OEOA-bis-NTA (bis-NTA-Octadec-9-emytadecyl-amine) which contains
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two NTA moieties on its headgroup was used for riake mediated complex formation.
The divalent presentation of NTA improves the bindstepility of histidine-tagged proteins,
with dissociation constants in the lower nM raftfe.?® OEOA-bis-NTA was kindly

provided by Prof. Jacob Piehler (Universitat Osiiaky Germany).

3.3.2 Annexin A5-Z

Annexin A5 (AnxAb) is a 35 kDa soluble protein widimensions of 3x3x5 nm with slightly
bent shapé® ?*°|t is known to bind to negatively charged phosfdidl membranes. The
convex face of the protein faces the membrane. AnnA5 was subject to a number of
studies, in which the binding behavior was investtg on model membranés™* 24
Therein, it was shown that Annexin A5 forms 2D cajston negatively charged lipid
membranes spread on mica surfacesereas closely packed assemblies of AnxA5 trimers
exhibiting no long-range order are found on SLB#hwilica as underlying substrdtg: 2
Protein A, a protein from the bactef@saphylococcus aureusonsists of 5 N-terminal, equal
subunits, each of which contains a 58 amino adidiesiece, the so-called Z fragméfftEach
subunit is capable to bind to the Fc-domain of imoalobulins (IgGs). The crystal structure
of the complex between a subunit of Protein A (Bt)uand the Fc domain shows that the
interaction takes place at the hinge region betwesavy chains CH2 and CH3 with a high
binding affinity (Ko = 10° M).?** The model in figure 3.3C illustrates this interantf**

The coupling of the Z-fragment was realized at thé&e@inal end of AnxA5, which is
situated at the face of the protein that does mat to lipid membranes. It has been previously
shown that this modification does not perturb trehrane binding or the 2D crystallization
of AnxA5.2*® The protein was kindly provided by Prof. Alain Bxis (Université Bordeaux 1,

France). A model structure of the annexinA5-Z fagiootein is shown in figure 3.3B.

71



Chapter 3 - CD44-based model systems of HA-righdil

Figure 3.3: Annexin A5-Z. A: Top view (top) and side view(bottom) of a monomer of annexin A5. B:
structure of the A5-Z fusion protein. C: Binding of the Fc-domain of an immunoglobulin (IgG) by A5-Z.

Schemes adapted from ref®,

3.3.3. CD44 constructs
The CD44 receptors consisted of the hyaluronan bgndomain (HABD) of the protein only.

For oriented immobilization on a planar surface @244 constructs were equipped with two
different functional tags, which were both presianthe same fusion protein: The CD44 was
expressed as a Fc-linked dimer ((HABFX) and used in one of the model systems. For the
second model system, the (HABEHC construct was cleaved, releasing his10-tagged
monomers of HABD (His-HABD). This strategy providadcess to monomeric and dimeric
HABD constructs from the same production cycle. @hstructs have been kindly provided
by Prof. David Jackson and Dr. Suneale Banerji (Wezall Institute of Molecular Medicine,
Oxford, UK). The CD44 constructs used for the present studydrensatically depicted in
figure 3.4.

" Fc domain was derived from IgG (see chapter 6.2.3)
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(HABD),-Fc his-HABD
C—_ . _ - HABD “—
TEV cleavage site ® his-tag10
CH2
Fc domain
CH3 @ glycosylation site

Figure 3.4: Schematic drawing of employed CD44 cotrsicts. Left: Fc-domain fused with two hyaluronan
binding domains (HABDs) (HABD),-Fc. Right: Monomeric HABD with a his;-sequence at its C-terminal
end (his-HABD). Cartoon kindly provided and adapted from S. Banerji (Weatherall Institute of
Molecular Medicine, Oxford, UK).

3.3.4 Model system 1 - Annexin A5-Z for the immobilization of HABD dimers

In model system 1, HA was bound to a surface désdravith dimeric HABD constructs
((HABD),-Fc). A 4-level model system of the following stuie was created: 1. negatively
charged SLB (containing a fraction of DOPS lipidg). attachment of AnxA5-Z, 3.
immobilization of CD44 Fc-tagged dimers and, figalt. binding of HA by immobilized
receptors (figure 3.5A).

3.3.5 Model system 2 - Niz*-NTA for the Immobiliaztion of HABD monomers

HA binding was realized by the building a 3-levebael systems of the form: 1. SLB
containing bis-NTA headgroups, 2. immobilizationhi$-HABD, and 3. binding of HA by

immobilized receptors. The model system is shovirestatically in figure 3.5B.
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Figure 3.5: Design of the in-situ, multistep builtup of two model systems of the PCC. A: Annexin A5-Z
based model for the immobilization of (HABD)-Fc (dimers). B: NTA-based model for the immobilizéion
of his-HABD (monomers).
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3.4 Results

3.4.1 Establishment of the model systems

All adsorption and rinsing steps were tracked ial teme by QCM-D. The results on both
immobilization systems will be presented separatethe following sections.

Construction of model system 1. Exposure of small unilamellar vesicles (SUVs) matia o
mixture of DOPC and DOPS revealed the characteristsponse for SLB formation
(figure 3.6A). Subsequent incubation with AnxA5-ielged an additional frequency shift of
about -27+1 Hz (figure 3.6A), or an acoustic thieka of 4.9 nm. It was previously shown
that AnxA5-Z retains the capacity of native AnxA5kimd to negatively charged SLBs in a
stable and highly oriented manner, with the Z-fraginbeing exposed into the bulk
solution®® The acoustic thickness of 4.9 nm is in reasonabteeanent with the expected
thickness of the AnxAS5 layer (2.8 nfffjand the size of the Z-fragment (~3 nm). Changes in
dissipation of about 1.0+0.2 x $@vere observed for AnxA5-Z, while only minor chasgee
typically found for native AB> %% The increased dissipation can be attributed to the
presence of a flexible linker that confers rotagloireedom to the bulk exposed Z-
fragment*’

(HABD),-Fc readily bound to AnxA5-Z covered SLBs (figur€8). Adsorption was initially
fast but slowed down progressively until stabili@atof frequency and dissipation after about
30 minutes. Binding was specific (figure 3.6B) atdble to rinsing in buffer solution. The
total acoustic thickness of the AnxA5-Z/(HABBRc layer was about 12 nm. For
comparison, the lengths of the HABD**®and the Fc-domain are 3.5 and 7 nm, respectively,
while the thickness of AnxA5 and the average sizéhe Z-fragment are each about 3 nm.
Since the Z-fragment binds to the hinge regiorheffEc-domain (figure 3.3C), it is likely that
about half of the Fc-domain intercalates into #gel of Z-fragments. The resulting protein
layer would then have a total thickness of aboutb3 in reasonable agreement with the
acoustic thickness. From the design of the profesion constructs, and the QCM-D
response, it is well-founded to conclude that tierkiceptors are immobilized in a stable and
suitably oriented manner on the surface.

HA with a selected molecular weight of 262kDa (HA2Bound fast to the receptor covered

surface (figure 3.6A). Equilibrium was reached withiess than 10 min, yielding
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Af = -7.5%1 Hz and\D = 1.7+0.2 x 18. Binding of HA to the HABD construct was specific
(figure 3.6C), as no response could be observefinaA5-Z covered surfaces in the absence
of CD44. Although the interaction between HA andiwdual HABD domains is rather weak
(Ko >5pM 2%, no or little desorption was observed upon rigsifigure 3.6A). This
provides a first indication that the interactionindlividual HA chains with several surface-
bound receptors must be stabilizing HA binding.nAal decrease in dissipation upon rinsing

hints at a minor reorganization of the HA film upamsing.
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Figure 3.6: (A) Step-by-step assembly of model system 1, followbég QCM-D. Start and duration of all
incubation steps is indicated d&rows). SLBs were formed by spreading of 5@g/ml small unilamellar
vesicles (SUVs), made of DOPC and DOPS (3:1), tosdica surface. The two-phase behaviour together
with final changes in frequency blue circles) of Af = -25 Hz and in dissipation (ed squares) of AD < 0.3x10
® characterise the formation of an SLB of good qualy'®® ?* Responses for the sequential incubation of
10pg/ml AnxA5-Z and 10pg/ml (HABD).-Fc indicate formation of stable monolayers. Bindig of
10 pg/ml HA250 was readily detected. ) (HABD)»-Fc, incubated at 10ug/ml, did not bind to native
AnxA5, confirming that binding to AnxA5-Z was specfic. (C) HA250 (10pg/ml) did not bind to AnxA5-Z,
indicating that binding to (HABD) »-Fc was specific. For simplicity, SLB formation isnot displayed for the

assays inB) and (C), and only frequency shifts are shown.
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Figure 3.7: (A) Construction of model system 2, followed by QMI-D. SLBs were formed by spreading of
50 ng/ml SUVs, made of DOPC and bis-NTA functionalizedipids (9:1), to a silica surface. The final
absolute frequency shift, Af| = 29 Hz, was slightly higher than in fig. 4A, met likely due to the presence of
the bulkier bis-NTA headgroups?*°. his-HABD, incubated at 10pg/ml, formed a stable monolayer, and
binding of 10 pg/ml HA250 is readily detected. (B) HA250 (1@g/ml) did not adsorb to SLBs containing
NTA-functionality, and the bound monolayer of his-HABD could be fully eluted by 200 mM imidazole.
Changes inAf and AD at about 130 min do not reflect any changes on ¢hsurface, but resulted from a
change in the viscosity and/or density of the surrnding solution due to the presence of imidazoleCj

his-HABD (10 ng/ml) did not bind to SLBs that were made of pure @PC and thus lacked NTA

functionality.

Construction of model system 2. SUVs that contained a fraction of bis-NTA
functionalized lipids formed stable SLBs (figur& &) with frequency and dissipation shifts
of aboutAf = -29+1 Hz andAD = 0.4+0.2 x 10, respectively. In a second step, his-HABD
was added. In contrast to the dimeric HABD, the armer adsorbed fast with saturation
being reached within 15 min. The acoustic thickregghe protein film, about 5 nm\{ = 26
Hz), corresponds well to the size of the HABD?*® The magnitude of the dissipation shift,
1.0+0.2 x 1, and the slight maximum at intermediate coverageira accordance with the
molecules being linkedia a flexible linker to the SLB?" The proteins remained stably
bound upon rinsing in buffer. Control experimerfigure 3.7B-C) confirmed the stable and

specific anchorage by the protein’s C—terminalthg-and the lipid’s bis-NTA functionality.
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Subsequent addition of HA250 resulted in shiftsAbf -7+1 Hz andAD = 1.2+0.1 x 10.
Again, binding was specific (figure 3.7B) and ireesible upon rinsing in buffer (figure
3.7A). Notably, theAD/-Af ratio of the HA films, both on monomeric and dimeedABD,
exceeded the values for the protein or lipid fillms at least 2.5-fold, indicating that the
carbohydrate film is considerably softer.

The results for all functionalization steps are swanped in table 3.1.

Table 3.1:Af and AD values for each step of the formation of both modedystem&.

bi omql ecular model system 1 model system 2
film Af (HZ) AD (10°) Af (Hz) AD (10°
SLB -25+1 0.25+0.1 29+1 04+0.2
AnxA5-Z 27+1 1.0+0.2 - -
CD44-HABD -37+2 25+0.1 -26 £ 2 1.0+£0.2
HA250 -1.5+1 1.7+0.2 " 1.2+0.1

¥ Values were determined after rinsing in bufferpefars correspond to variations between 2 or
more measurements, and experimental noise.

3.4.2 Quantifying the adsorbed amounts of CD44 and HA

After having characterized the thickness, morphplegd stability of the functionalized
surfaces in both model systems by QCM-D | aimedei@rmine the total amount of adsorbed
material as absolute adsorbed mass per surfaceTaré¢lais end the model systems were built
on a silicon wafer with a native silica top layer in-situ ellipsometry measurements, which
allowed for the step-by-step tracking of the depasiof each layer (figure 3.8). From the
measured parametefsand ¥, the optical mass of each layer was obtained &fterg of an
appropriate model to the experimental data (foritketsee chapter 6.3.3). The results are
tabulated in table 3.2.

Adsorbed amounts of lipids, AnxA5-Z and CD44. The amounts of lipids in the SLBs
were 380 and 360 ng/énfor model systems 1 and 2, respectively. Withifslérror, these
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values are in agreement with previously reporteth@4 The amount of surface bound
AnxA5-Z was about 220 ng/cmor 5.0 pmol/crh This is similar to, although slightly less
than the values expected for two-dimensional chysealayers of AnxA5. For a monolayer of
p6 symmetry, for example, a surface density ofp®l/cnf would be expectetf® These
values validate the quantitative ellipsometric aggh within an error of about 10%.

A maximal surface density of 150 ng/&or 4.2 pmol/crhiwas obtained for his-HABD (table
3.2). This corresponds to a surface area per ma@fuO nm or to a mean distance between
neighboring anchor sites of 6.8 nm, which is akowdfold the size of the peptidic core of
HABD (3.5 nm). It is likely that the heavy glycoasion of HABD increases the receptor’s
effective size and thereby limits the packing dgndn comparison the mean surface area per
HABD monomer at saturation was about 50% highetttier(HABD)-Fc (75 nm) than for
his-HABD. Since the surface density of AnxA5-Z idodd higher than (HABDj}Fc, and
hence unlikely to limit HABD binding, it is probablthe elongated and rather bulky Fc
domain that hinders further adsorption stericallje pronounced slowdown of binding with
increasing coverage that we observed for (HABEY (figure 3.6) would be consistent with
such a scenario.

Notably, and in line with results from QCM-D, aligtein layers were found to be stable upon
rinsing in buffer, illustrating the stability oféhassembled multilayer systems.

Quantification of HA binding. HA250 adsorbed in maximal amounts of about
11.5 ng/crh, or about 45 fmol/ch on (HABD)-Fc and of about 15 ng/cémnor 60 fmol/crf,

on his-HABD (figure 3.8, table 3.2)The bound masses of HA are hence an order of
magnitude below those observed for any of the &@sbproteins, yet still well above the
detection limit (~0.5 ng/cf).

From the surface densities estimated by ellipsométwas possible to quantify the mean
number of HABD monomers that are available per blodA chain. For HA250, a ratio of
CD44 per HA of about 50 for (HABR)c and about 70 for his-HABD was found.
Ellipsometry experiments revealed a higher surfaesitly of monomeric receptors, and it is
reasonable to assume that the higher ratio of tereper HA arises from a difference in

surface cove rage.
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Figure 3.8 Adsorbed amounts, as determined by ellipsometry, fanodel systems 1(black squares) and 2
(blue circles). SLB-formation (A), and the sequential adsorption 6 AnxA5-Z (B, model system 1 only),
HABD constructs (C) and HA250 (D) were followed. Eeh incubation step started at 0 min;
concentrations as in figs. 2 and 3 were employedhé start of rinsing in buffer is indicated (arrowheads in

respective color).

Influence of HA size on HA binding. The results obtained above suggest that the
system provides an abundance of CD44-HA interactdoe to both, a high density of
receptors and a large number of binding sites atbegHA chain of HA250As a logical
consequence, it would be expected that HA bindingaosurface saturated with CD44
becomes reversible, once a critical lower numbeCB#4-HA interaction is reached. To test
this hypothesis, the effect of HA size on binding iteceptor covered surfaces was
investigated. Given the similarity in the stabildy binding and in the adsorbed amount, that
both model systems exhibited for HA250, this systeeranalysis was restricted to (HABD)

Fc covered surfaces (figure 3.9, table 3.2).

For molecular weights above 250 kDa, variationstia adsorbed mass were below the
detection limit. It should be pointed out that astant adsorbed mass implies that the number
of molecules that bind to a given surface areaedesgs with increasing molecular weight, and
hence increases the number of receptors that aitlale per HA chain (table 3.2). Below
250 kDa, the adsorbed masses decreased considenatiiyhalf maximal coverage being
reached around 30 kDa. It is further notable that teversibility of binding was strongly
dependent on HA’s molecular weight. At 250 kDa andre, HA was stably bound while
binding was fully reversible for 10 kDa and less.
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Figure 3.9: Dependence of HA binding on the molecat weight of HA, for model system 1. Adsorbed
amounts at solution concentrations of 10 pg/mb{ue circles) and 50 pg/ml (ed triangles) and after rinsing
(black filled squares) are shown. Error bars correspond to variations bawveen typically two measurements

and experimental noise.

Table 3.2: Adsorbed amounts of HABDs and HA as detmined by ellipsometry and stoichiometry of the

interaction?.

HABD HA HABD
monomers
My adsorbed amount My adsorbed amount available

(kDa) (ng/cr?) (pmolicm?) | (kDa) (ng/en?)  (fmolicm?) P& HA

his- 39 162 4.2 262 15 57 73
HABD

(HABD), 116 146+15 1.26+0.183 30 6.1+20 20070 B+
-Fc

122 +15 1.05+0.13 262 11.5%+2.0 44 + 8 4+ 1
140+15 1.21+0.13 1156 135+15 12+1.3 206
133+15 1.15+0.13 2400 11.0+x2.0 4.6+0.8 03050

 Values were determined after rinsing in bufferoemars correspond to variations between 2
measurements, and experimental noise.
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3.4.3 Thickness and morphology of HA films

Colloidal probe reflection interference contrastrascopy (RICM) was employed to estimate
the thickness of stably bound HA films. Again, (HBB-Fc covered surfaces were chosen
for a systematic investigation. Film thicknessesengetermined after addition of each layer
of the model system (figure 3.10) using PEG-passd/aticrospheres (see figure legend for
details).

A change in the intensity in the center from daskbtight of the obtained interferographs
(figure 3.10A) was observed for samples, in whiongl HA was present, indicating a
considerable change in the film height. HA of diffiet sizes in the range of 30 to 2500kDa
was probed. For HA250, an apparent thickness airefdb0 nm was found. The thickness
increased with the molecular weight of HA, alberakly (figures 3.11 and 3.12). For the
shortest employed HA (30 kDa) the determined theslsncould not be distinguished from the
height of the underlying receptor layer.

On a given substrate, the variations in measureghtsewere within a range of 15 to 25 nm,
which is much smaller than the thickness of theftiAs. This indicates that the HA film was
laterally homogeneous on length scales that cleraetthe contact area between the bead

and the substrate, which is on the order of 1 um.

82



Chapter 3 - CD44-based model systems of HA-righdil

Probes no no es es es es
passivated Y y Y y
d'ayer_ts g baregass SLB SLB SLB SLB SLB

eposite +ANXAS-Z  +ANXA5-Z  +AnxAS5-Z

+(HABD),-Fc +(HABD),-Fc
+HA250

A
B 0.25pum

t 7 % § f%

1 | 1 1 [ ] ] 1 ]
c 100
- 80 [
= N
= [
o [
L _ 60
-+ E =
c L
©S 40t
= N
% N
"o ]

o LI

Figure 3.10 RICM data acquired at different stages (noted ondp) of the assembly of model system 1. (A)
Representative interferographs § = 490 nm, image size 20 um), displaying the chatacistic pattern of
concentric rings (Newtonian rings). (B) Typical traces of the in-plane movement of a bead’s center o
period of 10 s. Non-passivated colloidal probes sWwono significant in-plane movement on SLBs, i.e.hey
are immobilized due to strong adsorption. Passivateprobes show increasing diffusive motion on SLBs,
and films of AnxA5-Z, (HABD),-Fc and HA250, indicating little or no attractive interaction with the
surface adlayer. (C) Apparent heights. Error bars epresent standard deviations from measurements at
A =490 nm with 5 to 10 different beads at various gsitions on the same sample. An apparent height of
15 nm, instead of 0 nm, was found for non-passivateprobes adsorbed to glass. Most likely, and as

discussed in ref.**

this discrepancy stems from limitations in the acuracy of the simple model. The
nanoscale roughness of the probe may though alsontobute. Addition of the SLB increased the thickness
by only few nanometers, as expected. The increase height of 11+4 nm for PEG passivated probes on
SLBs is likely to reflect the hydrated PEG layer tkat now separates the bead from the surface. Indeed,
height of around 10 nm would agree with the thicknss of rather dense brush of moderately stretched
PEG chains. Upon addition of AnxA5-Z and (HABD)-Fc, the height increases by another 16+4 nm. This

is similar to the dimensions of the adsorbed biometular layer (~15 nm).
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Figure 3.11: RICM data acquired for different sizes of HA (noted on top) on model system 1. (A)

Representative interferographs ¥ = 490 nm, image size 20 um), displaying the chatacistic Newtonian

rings. (B) Typical traces of the in-plane movementf a bead’s center over a period of 10 s. (C) Appant

heights. Displayed values represent the increase the total measured film thickness upon addition of

(HABD),-Fc and HA of different molecular weight. Error bars represent standard deviations from

measurements ak = 490 nm with 5 to 10 different beads at variousgsitions on the same sample.
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Figure 3.12: Apparent thickness of HA films, as detrmined by colloidal probe RICM on model system 1.
Displayed values represent the increase in the tdtmeasured film thickness upon addition of (HABD)-Fc
and HA of different molecular weight. Error bars represent standard deviations from measurements at

A =490 nm with 5 to 10 different beads at variousgsitions on the same sample

3.5 Discussion

In the framework of this project we have developeditro model surfaces that reproduce the
presentation of HA receptors on the plasma membratige sense that they expose the HA
binding domain of CD44 in an oriented and stablenmea and in a two dimensional
configuration. The surface density of receptors bancontrolled, and their rotational and
lateral mobility is likely to be retained. Using@lbox of surface sensitive characterization
techniques, these model surfaces allowed for thdimg of HA to be studied in a highly
controlled, quantitative and systematic manner.

This new approach of studying receptor-HA interactffers from conventional binding
assays (plate assay etc.) in that pbé/valentinteractions between multiple binding sites on
each HA chain and multiple receptors on the surtacebe investigated directly. The affinity
of individual receptors for HA is rather loviK$ > 5 uM ?*%), and the lifetime of individual
bonds is thus short, as observed forgtdd molecular weights up to 10 kDa (figure 3.9 F
large My of HA (> 250 kDa), binding was found to be irreversible.sTtrastic increase in

stability is a direct consequence of the avidityr@ase incurred by polyvalent interactions.
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3.5.1 Probing the magnitude of polyvalency in the binding of HA by CD44

From the ellipsometric measurements it was posgiblderive a figure on the number of
available receptors per HA chain. At transitionviztn reversibly and irreversibly bound HA,
i.e., for HA of 30 kDa, this number was found to &kout 12. This molecular weight
corresponds to about 15 receptor binding sitesjnaisg a footprint per receptor of HéA
Interestingly, both values were of similar magnéutt is instructive to relate these values to
the number of ligand-receptor interactions that Mdae required for stable binding from the

point of view of binding energies. The effectieg of polyvalent interactions increases as the
power law of the number of individual interactioft§ ) 9. Assuming an individual affinity

of CD44 for HA ofK4 =~ 0.1 mM (which represents the lower range), théective action of
three receptors would already result in a totatligwiof Kq~ 0.1 mM =1 pM, i.e., a very
strong interaction. One may speculate that entriggiges upon stretching of the HA chain by
the high occupancy of binding sites may have todrapensated by more binding events. The
number of available binding sites on HA and the benof available receptors must thus be

considerably higher than would be expected fronbihding energies.

3.5.2 Comparison between monomeric and dimeric HABD

HA250 adsorbed stably and in similar amounts téesess covered with either monomeric or
dimeric HABD constructs, suggesting that the sttierad binding is not strongly affected by
the dimeric presentation of HABD in the form of the fusion. It should be noted, however,
that the HABD surface density, in terms of monomeas about 75% higher for monomeric
HABD.

3.5.3 Theoretical considerations

HA in aqueous solution exhibits many features #ratcharacteristic for a flexible polymer in
a good solvent (see chapter 1.11.4). It is instradb compare the theoretical predictions for
the conformation of flexible polymers upon adsamptito surfaces with the adsorption
behavior of HA.

For the adsorption at sufficiently high coveragee(so called pseudo-plateau regifté)a
film thickness comparable to the polymer’s radifigyration and a rather strong decrease of
the polymer concentration as a function of theasisé from the surface would be expected
(figure 3.13). For HA250Ry = 37 nm, in reasonable agreement with the expetmhalata
(figures 3.11 and 3.12). The film thicknesses, aasued by colloidal probe RICM, tended
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to be smaller thaRy for higher molecular weights. This discrepancyas imnexpected since
the colloidal probe is likely to compress very siftns to some extent, resulting in
underestimated thickness values. In this respeahould be noted that the surface-distal
region of the HA film is likely to exhibit very lowoncentration of HA and thus a rather high

degree of softness (figure 3.13).

v

M surface

layer of surface
proximal HA
chain

Gy bound HA

CA
— de Gennes model
(simplified)
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>
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Figure 3.13: Theoretical prediction for the adsorpton of flexible polymers in good solvent to an at@ctive
surface. The total film thickness is aboulR, and the polymer concentration (c) depends stronglpn the
distance from the surface (z). The black solid linen the lower plot indicates the concentration proile
according to de Genne's self-similar grid model®® A linear approximation is also shown(dashed yellow
line). The area under both curves, corresponding to thadsorbed amount, was chosen to be identical. The
linear approximation (co) is likely to underestimate the HA concentration m the vicinity of the surface.

Only the surface proximal region(yellow area) of the HA film is accessible for the receptors.

Theory also predicts that the adsorbed amount becamdependent of molecular weight for
high molecular weight&? and that adsorption to weakly adhesive surfacesedses

drastically below a threshold molecular weight. Bxpentally, two different regimes could
be distinguished. For high molecular weights of KA250 kDa), binding was irreversible

and independent of molecular weight, with adsoraetmunts of about 12 ng/émFor low
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molecular weights (< 30 kDa), adsorbed amountsedsed strongly, and binding became
progressively weaker, or reversible, with decraasmy. Stable half maximal binding
occurred at M,>° = 30 kDa and binding was fully reversible afM 10 kDa.

It should be pointed out that theory assumes a lgemawusly attractive surface, whereas the
experimental system displays discrete binding gitee receptors). However, the surfaces
employed here are saturated with receptors, andeapected to provide a statistical
distribution of receptors across the surface. Swctuitions can hence be considered to mimic
a homogenously attractive surface.

Taken together, these observations indicate thalirgrof HA can be described well in terms
of the adsorption of a typical flexible polymer.

HA may occupy a large fraction of surface bound reeptors. At high My, of HA

(> 250 kDa), 50 and more receptors were availableH#erchain (table 3.2). Are all these
receptors indeed engaged in binding at any giveie?i The total amount of surface bound
HA would indeed be sufficient to saturate all saefdound receptors. This can easily be seen
by expressing the maximal HA surface density insunf HAjp, the minimal footprint per
receptor that is required for binding of several 4@Dreceptors to HA> ??° The result,
6.0 pmol/cni HA1o, exceeds both the (HABB)c and the his-HABD density, by 150% and
40%, respectively. The HA film, however, has a téokatkness of about 50 nm (and more),
whereas the receptors can only sample its surfamenpal part of 5 to 10 nm in thickness. A
model of the conformation of adsorbed HA and thpreximated concentration profile are
depicted in figure 3.13. Amounts of 1.1 to 2.2 pfoof HA1, would be estimated for the
surface proximal region, when assuming that theceotration of HA in the film decreases
linearly with the distance from the surface (figid:d3). Polymer theory predicts a steeper
gradient®®? and the estimates are thus likely to represenefdimits for the amount of HA
that is accessible to the receptors. These numberstidl in the same range as the total
receptor concentration, suggesting that HA mayeddeccupy a large fraction of the surface

bound receptors.

3.5.4 Comparison to the cell surface

The model surfaces that we have investigated he&septed a very high surface density of
receptors, at least 60-fold higher than the ovetalisities that are typically found on CD44
expressing cell&® #*Presumably, the total amount of adsorbed HA walddrease with

decreasing receptor density while the moleculaghtethat is required for stable binding of
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HA would increase. The extent of these changes aadmpact of the lateral mobility of
receptors on binding will be treated in chapter 4.

The receptor distribution on the cell surface isutitolikely to be heterogeneous, and local
enrichment, e.g., in membrane domains, has indeed propose' > The model surfaces
may thus represetcal receptor concentrations well, and hence providenttative insight
into the mechanism of local accumulation of HA ba tell surface.

It is worth to emphasize that the receptor boundfitAs in the model systems remain rather
thin, when compared to the typical thickness oflimgman-rich cell coats that can be found
on the endothelial cell surfaée or around chondrocytés® >’ for example. The thickness
and HA surface density is also considerably lowantwhat has been reported previously for
HA films in which the molecules were grafted by oofetheir ends to the surfaé® in
agreement with theoretical predictions for adsorbed end-grafted polymers, respectively.
These observations imply that binding of HA to d salface that is covered with CD44 or
other HA receptors alone is not sufficient to ceeabats of several 100 nm or more in
thickness. Other molecules, e.g., aggrétamr TSG-6"* must affect the morphology of HA

films by interaction with the film, in ways thatmain to be elucidated.
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3.6 Conclusions

Model systems have been developed that providetdamed quantitative information about

the binding of HA to an assembly of HA receptorsibiologically relevant arrangement. It

could be shown that the polyvalent interaction afiveen HA chain with a receptor covered
surface confers stable binding, provided that ti#edHains are long enough, while binding
decreased rapidly for HA smaller than 30 kDa. Ttsellts indicate that a rather large number
of receptors per HA chain is required to stabilize binding.

From a physico-chemical point of view, there arenynaimilarities between the binding

behavior of HA and the typical behavior of a fldrilpolymer adsorbing to a homogenously
attractive surface.

Our methodological approach can readily be extendexther HA receptors, and provides a
rather simple tool for the quantitative investigatiof HA with receptors in a biologically

relevant and well-controlled environment.
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Chapter 4

Tunable Model Surfaces - Untying the Supra-molecular Cues of
CD44 and HA Interactions

In chapter 3, a model system has been developechvetiows investigating the polyvalent
interaction between HA and surface bound recepltovwgas demonstrated that this interaction
relies on polyvalent binding events in order todhible HA film stably on the surface. Binding
of HA of large M, (> 250 kDa) was found to be irreversible. Binding l#A became
reversible for low N, HA. It was the aim of the present project to iriggge how other
parameters affect the binding of HA, in particular:

* receptor surface density

« the interaction of isolated receptors in solutiathvgurface bound HA

 Structural variations of the CD44 constructs, saslhe glycosylation pattern and the

presence of the membrane proximal region.

* HA concentration in solution.

91



Chapter 4 - CD44-HA interactions on model surfaces

4.1 Results

4.1.1 The effect of CD44 surface density on HA binding

In chapter 3 it was shown that HA binding is stadody above a critical molecular weight of
HA. Here, the effect of receptor surface density b binding was studied by creating
surfaces with varying amounts of immobilized hyahan binding domains (HABDs).

HA250 was chosen as a model molecule for this sekperiments for two reasons. Firstly,
HA250 has been used for the study in chapter 3 tlamslis already well characterized in its
binding behavior to surfaces covered with a highsttg of receptors. Secondly, this size of
HA was found to form stable films on HABD coveradfaces (chapter 3).

The immobilization of CD44 constructs and subsequentling of HA were recorded by
QCM-D. Lower surface coverages of the receptorsewachieved by interrupting the
incubation at different times. Both CD44 constru¢te HABD monomer (his-HABD) and
dimer ((HABD)-Fc), were investigated (figure 4.1A and 4.2A)

(HABD)2-Fc. HA binding was probed for receptor surface cogesacorresponding to
frequency shifts Afyasp, between -5 and -40 Hz giving rise to responsesHAr Afya,
between -2 and -7.5 Hz (figure 4.1B). HA bindingreased monotonously with the density
of receptors on the surface. The absolute finalueegy shifts for HA, Afua|, increased
linearly with Afyasp| for Afuasp| < 25 Hz. Upon further increase in receptor densifya
remained constant at a level of about -7.5 Hz.

Notably, HA binding remained largely irreversibleea at lowest receptor surface densities.
His-HABD. The monomeric CD44 construct was deposited at ceirfaverages between
Afuasp = -7 and -27 Hz, yielding\fya between -4 and -8 Hz (figure 4.2B). As observed fo
the (HABD)-Fc HA, binding depended on the HABD surface dgraitd was irreversible at
all receptor densities. Agaimyf;a| increased linearly witi\fuagp| for low receptor densities
(|IAfuaep| < 20 Hz), and reached a plateadify = -8 Hz) at high receptor densities.

| remind the reader that frequency shifts from QOMe not directly related to the absolute
adsorbed mass, sined includes coupled solvent and viscoelastic propentif the adsorbent
affect Af.1*9 123 13¢The relative contribution of solvent to the totahsa depends on surface
coverage and the shape and size of the molé€lle.is therefore unclear, if the linear
relationships observed betweetfy, and Afyagp indeed reflect a linear relationship in

adsorbed amounts.
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Figure 4.1: HA binding as a function of surface desity of (HABD),-Fc (dimer). A: Selected QCM-D
curves for low and intermediate coverage of (HABD}Fc. (HABD),-Fc was incubated at O min, for 1, 2
and 3 min, respectively, as indicated. Incubation foHA is also indicated (arrow). B: Afy, plotted as a

function of Afyagp. Errors represent noise and minor drifts of the QQM-D set-up.
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Figure 4.2: HA binding as a function of surface desity of his-HABD (monomer). A: Selected QCM-D
curves for low and intermediate coverage of his-HAB. his-HABD was incubated at O min, for 1, 2 and 3
min, respectively, as indicated. Incubation of HAS also indicated(arrow). B: Afy, plotted as a function of

Afuasp. Errors represent noise and minor drifts of the QQVI-D set-up.

It is useful to compare the slopesD/-Af, in the limit of low HA coverage for various
receptor surface densities (figure 4.3). These sloplate to the viscoelastic properties of the

HA film and, by extension, to its morphology. THepe decreases with increasing receptor
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density, indicating that HA adopts a more rigidd &r@nce more flattened conformation when
binding to a surface that exposes higher recemnosity. In contrast, the slopes were similar
when comparing HA binding on (HABBJc and on his-HABD at similar molar receptor

surface densities, suggesting that the mode ofptecg@resentation does not have a strong

effect on the conformation of HA.
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Figure 4.3: Parametric AD/Af plot for HA binding on different receptor surface densities of his-HABD
and (HABD),-Fc. His-HABD and (HABD),-Fc are shown in red and blue, respectively, withhie different
symbols indicating different surface densities. Thesurface densities were chosen such that the molar
adsorbed amount of HABD monomers was comparable. Agimilar molar receptor surface density, theD-
f-plots for both HABD constructs overlap. The slopeof the D-f-plots decreases with increasing receptor

surface density.

4.1.2 Translating Af into adsorbed masses per surface area

To determine the absolute adsorbed masses of resepta HA, measurements with a
combined QCM-D/ellipsometry set-up were performé&te set-up provided simultanous
access to data from both techniques on the sanmiaceuand under identical adsorption
conditions (figure 4.4A and 4.5A). From the comlgirexperiment it was possible to correlate
Af to the corresponding biomolecular mass (as obtained from ellipsometry) at any time
point of the measurement, i.e., for any surfacesi@ge range (figures 4.4B-C and 4.5B-C).
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Calibration of Af for immobilized CD44. Both constructs, (HABD)Fc and his-
HABD, revealed adsorbed masses at saturation tvaéspond within 8 % error to those
previously found for identical model systems thaerev built on silica wafers and
characterized with a conventional ellipsometry \get{see chapter 3). Also the QCM-D
response in the combined set-up was similar (withi¥) to results from the stand alone
QCM-D system (figures 4.1B and 4.2B), as expectédis agreement validates the
quantitative data obtained in the combined set-up.

The correlation of both datasets allows for the di@ion of Afyagp into absolute surface
densities of immobilized receptors. The calibratonmves (figures 4.4B and 4.5B) illustrate
that the relationship betweeffyagp and Amyagp IS not linear, as already reported for a
number of other protein monolayérs. This non-linearity is particularly apparent for -his
HABD (figure 4.5B).
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Figure 4.4: Correlation of the frequency shifts of(HABD),-Fc and HA to adsorbed amounts from a
combined measurement of QCM-D and ellipsometry. AQCM-D data Af and AD (top) and biomolecular
mass as obtained from ellipsometrybottom). The receptor was added at time 0. Incubation wittHA is
indicated (arrow). B: Parametric plot correlating Afyagp and Amyagp. C: Parametric plot correlating Afya

and Amga. A linear approximation of the data is indicated(solid black line).
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Correlation of adsorbed amounts of HA toAfya. Final adsorbed masses of HA were
found atAmua = 15 ng/cr at a frequency shift okfya = -7.5 Hz andAmya = 16 ng/cm at a
frequency shift ofAfya = -8 Hz, for (HABD)-Fc and his-HABD, respectively. The similar
obtained masses on both HA receptor types inditetenaximum HA binding capacity of

these surfaces.
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Figure 4.5: Correlation of the frequency shifts ofhis-HABD and HA to adsorbed amounts from a
combined measurement of QCM-D and ellipsometry. AQCM-D data, Af and AD (top) and biomolecular
mass as obtained from ellipsometrybottom). The receptor was added at time 0. Incubation wittHA is
indicated (arrow). B: Parametric plot correlating Afyagp and Amyagp. C: Parametric plot correlating Afya

and Amy,. A linear approximation of the data is indicated(solid black line).

4.1.3 Quantification of bound material per surface area

The correlation oAfuagp andAfya with Amgagp andAmya, respectively, from the combined
QCM-D/ellipsometry measurements (figures 4.4B-C ah®B-C) enabled the direct
translation ofAf into Am from previous QCM-D experiments (figures 4.1B @n2B). Afyasp

was translated intdamyagp using the calibration curves in figures 4.4B an8iB4 Afya at
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maximal coverage was translated inmy, using the data drom figures 4.4C and 4.5C. The
finding that the morphology of the HA film at lowowerage depends on receptor surface
coverage (figure 4.3) implies that the correlatimtween frequency shift and adsorbed mass
for HA at high receptor coverge (figures 4.4C an8CG} may not be readily employed to
calculate the adsobed mass of HA at low receptoergae from the QCM-D frequency
shifts. As a first approximation, we assume instied there is a linear relationship between
adsorbed mass and frequency shift (black soliglindigures 4.4C and 4.5C).

The results are shown in figure 4.6. As fliys, a fairly linear dependence afmya on
Amuagp Was found for low receptor densities upAimyagp ~ 65 ng/cnf for his-HABD, and
AMypasp = 90 ng/cn% for (HABD),-Fc. This linearity indicates that the ratio of dabie
receptors per HA is nearly constant at low recegémsities.

As already argued, the masses of HA at low receparsity represent estimates with
uncertainties that stem from the conversion of QDMhifts for HA binding into adsorbed
masses. To get an idea of the quality of these at#sn binding was quantified by
ellipsometry for two selected (HABBJc densities (about 20 and 30ngfxnThe resulting
values were only slightly below those estimatednfr @CM-D data (figure 4.6B). The

correlation betweeAmya andAmyagp at very low receptor coverage should thus be daghr

tentatively.
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Figure 4.6: Absolute quantification of bound HA asa function of CD44 surface density. The monomer
construct his-HABD is represented by pink circles(left) and the dimer (HABD),-Fc by blue triangles
(right) for data derived from the parametric plots (figure 4.4B-C and 4.5B-C). Data from independent

measurements by ellipsometry at low surface coveragpf (HABD),-Fc are shown as red triangles.
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In order to compare the HA binding behaviour orfeszes covered with the monomeric (his-
HABD) and the dimeric ((HABD)Fc) construct directly, the adsorbed masses were
converted into molar surface densities (figure .4ldjerestingly, the data points of both
constructs coincide within the error bars. The daiggests that the presentation of HABD in

the form of a Fc-dimer does neither enhance nomilstm HA binding.
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Figure 4.7: Estimated molar surface density of HA28 as a function of the molar surface density of his
HABD (pink circles) and (HABD),-Fc (blue triangles). For (HABD),-Fc the results from independent
ellipsometric measurements at low receptor densitare shown additionally (red triangles). A linear fit

(through the origin) for low receptor surface dendies is also showr{solid black line).

The regime of close-to-linear increase of adsorbédebtends to 1.5 pmol/ciof HABD
monomers. Assuming a hexagonally ordered arrangeofedABDSsS, this corresponds to a
mean distance between neighboring receptors oftdldoom. A linear fit (through the origin)
in this regime provides a slope of 0.037 = 0.00®pof HA250 per pmol of surface bound
HABD for both HABD constructs, or 27 + 4 HABD monens per HA chain.
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4.1.4 The interaction of soluble receptors with HA

Both CD44 constructs were able to bind HA irreMassieven at surface densities as low as
0.2 pmol/cni. Results in chapter 3 already indicated that staitiding requires polyvalent
interactions. To provide further evidence, we inigaged the role of surface confinement of
the receptors on their ability to establish stabteraction between HA and isolated (soluble)
receptors. To this aim a model system with surfamend HA was used, in which HA brushes
were exposed to isolated his-HABD and (HABIBL constructs.

Such a model system, in which HA with a single ibianoiety at one of its ends was
immobilized on a SLB decorated with a monolayestoéptavidin (SAv), has been introduced
recently® (figure 4.8). HA of 58 kDa (biotin-HA50) was empted, providing about 30
available binding sites per HA chain for the reocept

(o-0T) QV

0 20 40 60 80 100 120 140

time (min)

Figure 4.8: Representative QCM-D curve for the estalishment of a HA-brush model system as reported
by Richter et al*2.

In strong contrast to receptors which were immabdi on the SLB, both constructs showed
only transient interaction when exposed in solutmthe surface bound HA film (figure 13).

Upon addition of soluble his-HABD or (HABBR)c (at 10 ug/ml) a drop in frequency was
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observed. The frequency shift was small comparetfig¢osalues for the deposited HA brush
(figure 4.9B) and for HA binding to receptor cow@r8LBs (figure 4.9A). The (HADB)Fc
construct yielded an about two fold higher shifif (f 5 Hz) than the his-HABDAF |= 3 Hz),
probably due to its higher molecular weight. Upaihsequent rinsing, the frequency shifts
fully recovered for both CD44 forms, indicating pnveak and reversible interaction with the
bound HA. From these results it can be confirmed iolated CD44 receptors can not confer
stable binding of HA, but can do so under condgiarnere they can organize into polyvalent
assemblies. Such conditions are provided by thenpdamembrane, the natural residence of

the receptor.
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Figure 4.9: A: An assembly of multiple receptors, Wich are confined to the surface, confers stable tding
of HA. The dashed lines indicate the frequency leVebefore addition of HA to immobilzed receptor.
(HABD) ,-Fc was added at time 0. Rinsing is indicate¢(arrowheads). B: Soluble receptors bind reversibly
to a HA film. The dashed red lines indicate the frquency level before addition of his-HABD(cyan) or
(HABD) ,-Fc (blue) to grafted HA. HA was added at time 0. Rinsing isrnidicated (arrowheads).

4.1.5 Effect of structural variations in the receptor construct on HA binding

We employed several additional CD44 constructsnteestigate how different molecular

features of the receptor affect the binding of H#250 was again used as a model molecule,

100



Chapter 4 - CD44-HA interactions on model surfaces

and receptors were immobilized at close-to maxicnakrage. The receptors can be classified

into three groups:

* CDA44 constructs comprising the whole extracelldlamain (ECD), which consists of
the HABD and the membrane proximal region, withiatale exon extensions (\/
These constructs were available as Fc-dimers oBI€),-Fc, see chapter 6.2.3 for
details).

* A monomeric CD44 construct that lacked glycosylafibis-HABD: coi).

* A CD44 construct with a critical mutation at the H#nding pocket at amino acid
Arg4l (R41A). This extracellular domain mutant ((E&R)2-Fc) had previously been
shown to exhibit an about 10fold lower affinity thene native fornf?

Influence of the membrane proximal region on HA birding. A standard ECD construct,
(ECD),-Fc and a variant with extended membrane proxiregion, (ECD-\§),-Fc, were
compared with (HABDy)Fc for differences in HA binding by means of QCM{bgure
4.10 A). All dimers could be successfully immobeldz on the standard platform of model
system type 1 (see chapter 3). Qualitatively, tinelibg curves for all CD44 constructs were
similar, showing a monotonous decrease of frequekupon rinsing, all receptor types
remained stably bound to the surface. The frequshdis at saturation of receptor binding
varied between the constructs (table 4.1) as eggddodbm the differences in their size. Some
differences between the CD44 forms were observehdrirequency shifts upon HA binding.
However, these differences were small comparebdddtal shift (~ 30%). Highest frequency
shifts were obtained for (HABR)Yc with Af = -7.5 Hz, whereas (ECBRJ-c and (ECD-V¥),-

Fc showed shifts ofif = -6 Hz andAf = -5.6 Hz, respectively. Also, the changes in gigtson

were comparable for all constructs (table 4.1).
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Figure 4.10: Differences in HA binding by different CD44 constructs. A: Three different dimeric CD44
constructs are shown, HA binding domain(HABD, orange asterisks), full length extracellular domain
(ECD, black sguares) and full length V3 exon variant(blue triangles). Injection of HA was started at 0 min.
Arrowheads indicate start of rinsing. B: Two extrenme cases for HA binding are represented by the R41A
mutant, with ~10 fold lower affinity for HA (red triangles) and the non-glycosylated form of the HA
binding domain, which shows maximun HA binding of & constructs (green circles). In both graphs

injection of HA was set to t = 0. Arrowheads indicte start of rinsing. Only injection of HA is shown.

Influence of glycosylation on HA binding. Monomeric non-glycosylated HABD (his-
HABDEe coi) Was stably immobilized on a type 2 model systsge(chapter 3). The absolute
frequency shift upon exposure to HA afa| = 12.5 Hz was at least 50% higher than for all
other tested constructs, indicating a significanhamcement in binding (figure 4.10B,
table 4.1). The dissipation, in contrast, was clms¢he dissipation of standard his-HABD,
(AD = 1.4 x 10P), implying differences in the morphology of theumol HA film. The
receptor layer gave a frequency shift that was wlafj= 3 Hz higher than for the
glycosylated HABD (table 4.1).

Interestingly, a clear slow-down in the apparenekics of HA binding for the his-HABE:i
was observed (figure 4.10B). The parametric plotA@f as a function ofAf provides

information on the conformation of the HA chains e surface, and it is instructive to
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compare theD-f-plots for different constructs (figure 4.11). lrcbe seen thdd for his-
HABDEg coi Increases only slowly during the initial adsorptiphase, suggesting that HA
adopts a rather flattened conformation upon coniattt the surface. The slopaD/ -Af)
gradually increases with increasing HA coveragedicating the development of a
progressively softer film. In comparison, the iaitslope on (HABDy)Fc is significantly
larger than on his-HABPci, indicating that HA adopts a less flattened comiation.

2.0

o his-HABD__,
(ECDmutant)Z_FC

(HABD),-Fc

=
(6]
P B

=
o
o

AD,, (109)
o
i

o
o
A I

Afy, (H2)

Figure 4.11: AD-Af-plots for HA binding at high surface density of dfferent receptors: his-HABDg ¢
(bluecircles), (HABD)-Fc (black squares) and (ECDyuant)2-FC (green triangles) are shown.

A CD44 mutant with reduced binding affinity. The mutant CD44 construct, (EGLan)2-

Fc was immobilized on a type 1 model system, wejda stable protein layer with similar
frequency shifts as observed for native (EEBJ constructs (table 4.1). Addition of HA
resulted in little, but detectable binding (figytd0B). HA binding was partly reversible upon
rinsing, and resulted in a final shift af = -2 Hz. The capacity, to bind a fraction of HA, is
likely to be the result of collective interactiowgh the polyvalent receptor surface. Although
the affinity of an isolated (ECR:an)2-FC is very low, the interaction with a small amboh
HA can be stabilized due to avidity. The (EGkn)2-Fc remains the construct with far lowest
values for HA binding of all tested CD44 types (&a8.1). TheAD/-Af-plot reveals further
differences between the mutant and other CD44 nmist The slope AD/-Af) is
significantly larger than for all other constru¢tgyure 4.11). From this behavior it can be

concluded that the HA chains experience leaseftatg upon contact with the surface.
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Table 4.1: QCM-D responses for different CD44 constcts.

construct tag receptor binding HA binding
Af (HzZ)  AD(10%) | Af (H2) AD (10°)
his-HABDE coii his 28+0.5 0.4+0.0p12.5+ 0.5 1.4+ 0.05
his-HABD his 26+ 2 1+0pR7+1 1.2+0.1
(HABD) »-Fc Fc 372 25+0[175+15 1.7+0.2
(ECD),-Fc Fc |38+1 3+0p6+1 1.8+0.2
(ECD-V3),-Fc Fc |50 4(55.6 1.5
(ECDmuytant)2-FC Fc 38+1 3[32.5+0.5 0.6+0.2

Errors are derived from deviations betweed measurements (1 in case of (ECE)\Fc).

4.1.6 Effect of HA concentration on HA binding

In order to figure out, how HA binding depends oA Ebncentration in the bulk, a series of
QCM-D measurements with varying concentrations hie tange of 1 to 50 pg/ml was
performed. These assays were performed on both (HAB® and his-HABD

", Binding of HA to his-HABD revealed a dependencetie concentration (figure 4.12A).
The adsorbed amount increased monotonously ovematige of 1 to 10 pug/ml HA250. For
higher HA concentrations, a plateau was obsertezhduld be noted that most other assays
reported earlier in this work were performed atubdml, i.e., at a concentration that
corresponds to plateau coverage.

Binding of HA on (HABD)-Fc did not vary significantly across the employ@age of
concentrations (figure 4.12B). Apparently, the @dat was already attained at concentrations
around 1 pg/ml. Notably, HA binding remained stabj@on rinsing even at the lowest
concentration tested on both CD44 constructs.

" Note that for this particular series of experinseatmouse-derived construct was used, in conwastiman-
derived constructs for all other studies.
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Figure 4.12: Effect of HA concentration on HA bindng, measured by QCM-D for (HABD)-Fc (A) and
mouse his-HABD (B). HA was added to receptor covetesurfaces either by successive increase of the
concentration in steps of 1, 5 and 50 pg/nfgreen squares) or by directly applying a defined concentration
(blue circles). Mean values are shown; error bars correspond toariations from 2 or more independent

measurements.
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4.2 Discussion

Within the presented set of experiments | have cagke question, how the interaction
between CD44 receptors and HA depends on recegiasitg, molecular features of the
receptor and HA concentration. The in-situ comborattf QCM-D and ellipsometry allowed
correlating the surface density of receptors amutibg of HA quantitatively. The data
provided insight into the kinetics of formation atie stability of the HA films, as well as a
quantification of the number of receptors availgt#e bound HA chain.

4.2.1 HA binding at low surface density of receptors

We found that the amount of bound HA depends ilosecto-linear manner on the amount of
immobilized HABD up to a surface coverage of abbtpmol/cni of HABD. This linearity
implies that the ratio of available HABDs per HAaoh is constant. For HA250 this ratio is
about 30. This number is two fold smaller than #uwgorfound on CD44 covered surfaces at
maximum coverage (chapter 3), although still ratagge.

Polyvalent interactions at low receptor coverage. HA binding remained irreversible
at even low receptor densities in our experimehiss result contrasts our previous finding
that reducing the molecular weight of HA leadsdwarsible binding (see chapter 3).

From the experiments on HA brushes (figure 4.9etomes obvious that neither the dimeric
nor the monomeric constructs can bind HA stably wheting as an isolated receptor. HA
binding must hence be stabilized by an avidity @&ffeOne may ask how polyvalent
interactions are accomplished on a surface thatlispoorly covered with CD44.

It is instructive to compare the surface area peeptor that can be attained in our assays (150
to 2000 nrf) with the dimensions of HA in solution. In diluselution, HA chains adopt the
shape of an extended random coil with dimensionthefradius of gyratiomR,.'®" *°® For
HA250, Ry is about 40 nm. The projected surface area (figui®) of such a coiln&z)
would then be ~5000 rfimThis value is only slightly larger than the sug@rea per receptor
at the lowest coverage investigated here. On therdtand, a stoichiometry of about 30:1
between HABD and HA was found to be largely presdreven at lowest receptor coverage.
Two scenarios appear plausible to explain this dncy. First, the HA chains may stretch
and adopt a flattened, pancake-like conformationtten surface, thereby increasing their
projected area and the number of accessible rese@econdly, the receptor density may

increase locally in the vicinity of a bound HA chaNotably, the design of the model systems
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used here allows lateral displacement of the baendptors with diffusion constants similar
to those of the lipid bilayer (1&m%s for DOPC/DOPS, 1§cn/s for the same SLB
with a layer of Anx5*).

At present, neither of these two scenarios canxotu@ed. TheAD-Af-plots in figure 4.3
though provide insight into the conformation of fage-bound HA. These plots revealed
some tendency of HA towards a flattened confornmatim surfaces that exhibited high
densities of receptors in the initial phase of goison. Flattening was found to be weaker at
low receptor coverage. Given that the receptordediflattening of HA chains is rather weak,
we speculate that local enrichment of receptordribartes to the constant ratio of HABD per
HA.

Clustering or oligomerization of CD44 was, indepthposed as one possible mechanism to
enhance HA binding to cell surfacés ' ™ 20 Further experiments with model surfaces
carrying immobile receptors will be useful in orderinvestigate, inhowfar ligand-induced

reorganization of receptors can enhance liganditognd

Immobilized
CD44

—

Projected area
(rRg2)

Figure 4.13: Projected area of a free HA chain.

4.2.2 Avidity vs. affinity

We found that the final frequency shift for HA oarfaces that are densely covered with
receptors varied as a function of the employed Céphstruct (table 4.1). One may ask, if the
changes in the responses for HA are the consequeincbanges in the affinity of the

individual receptor, or of variations in the awdiue to differences in the receptor surface

density.
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Out of the selection of CD44 constructs the (E&k})2-Fc showed lowest binding. Given its
structural similarity with (ECD}Fc and the qualitatively and quantitatively simila
adsorption curves, the surface coverage of botleptecs should be nearly equal. The
difference in HA binding between mutant and wilgpeymust hence originate from different
affinities. This example is the only case withinstigtudy in which the response of HA
binding unambiguously reflects a difference inrafj.

The presence of the membrane proximal region hagl latie effect on HA binding. When
comparing CD44 constructs of varying membrane pnakiregion, a general, albeit weak,
trend was that HA binding was reduced with incneg®xtension of the membrane proximal
region. The membrane proximal region can be as lagge-25 nm. It is likely that this
additional extension reduces the receptor surfaosity due to increased steric hindrance. In
line with such a scenario, we previously found tiet smaller, monomeric CD44 construct
formed denser monolayers than the dimeric (HABBY) (see chapter 3).

Along the same line, the surface density of his-HAB,; at saturation is probably higher
than that of his-HABD due to the lack of glycosidat It is thus likely that HA binding
correlates with receptor density. It is at presesttclear inhowfar variations in the avidity of
receptors do also contribute to the variations Abihding.

How can avidity and affinity effects be disentangle experimentally? To address the
effect of affinity on HA binding to a receptor coed surface, it is critical to exclude any
contribution from avidity effects by creating swés with identical receptor coverage.
Parametersto quantify the binding strength of HA on receptor covered surfaces. Two
parameters emerge from this study that providectlirdormation about the binding strength
of HA.

(i) AD-Af-plots in figure 4.11 revealed significant strueludifferences between the bound
HA on the (ECDRutan)2-FC, the construct which is known to exhibit redli@dfinity for HA,
and the his-HABI cqi, Wwhich exhibited highest responses for HA bindithile a soft film

of HA formed on (ECRuwan)2-Fc, the initially bound HA chains on his-HABDR,; adopt a
strongly flattened conformation. From a polymerattetical point of view, the conformation
of an adsorbing polymer chain is determined byatieesion energy per surface area. From
these considerations it can be conjectured thanthal slope of theAD-Af-plots can serve as
a parameter to determine the polymer's conformatioa given receptor covered surface, and
thus its binding strength.

(i) A second parameter to obtain information on charnigdinding strength is the final mass
of bound HA. The difference in final shifts betwetie (ECDyuwan)2-FC and the structurally
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akin (ECD)-Fc (figure 4.10 and table 4.1) illustrates thdfedent levels of affinity are
reflected in final response for binding of HA.

It can be hypothesized that by determining these parameters at equal receptor density,
changes in the affinity of different receptor tymes be quantified even on a surface of high

avidity.

4.2.3 Comparison to cell surface

The receptor surface densities accessible with @proach range from about 0.1 to
4 pmol/cnf corresponding to a surface area per receptor @ 20 150 nrh It is interesting

to compare these with receptor densities foundedinsarfaces. Alves et &% for example,
reported a CD44 density of 233 receptors per unanoarea per receptor 84300 nmi, on
colon carcinoma cells. In another study the nunaf&€D44 on monocytes was estimated to
be in the range of 150000 to 300000 receptors @éf°¢ Assuming a cell diameter of about
15 pm®** these numbers yield a surface area per CD44 afitab®00 to 4700 nfn The
receptor densities on the cell surface are thugeoable to the surface densities attainable in
our model systems.

It should be pointed out that the local concerdratof CD44 on cell surfaces may be
significantly higher, e.g., due to enhanced expoeser clustering. Hence, we can conclude
that the experimental approach presented here roamidp receptor surface densities that are

likely to represent than-vivo situation.
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4.4 Conclusions

The developed model surfaces could be decorated @iM4 constructs in a highly
controlled manner. The receptor densities could dmed down to average inter-receptor
distances of about 45 nm or surface distributiotsckv represent well the upper limit of
average receptor densities on cell membranes.

Tuning of receptor density allowed for the invediiga of CD44-HA interactions at various
conditions. By using a combined set-up of QCM-D afligpsometry, the adsorbed amounts of
HA as a function of receptor coverage could benesid. For HABD densities up to
1.5 pmol/cm, the number of available receptors per HA250 cheinained nearly constant at
around 30. HA binding was irreversible at lowesteqgor densities. It is proposed that the
binding of HA can induce local enrichment of the 2iDbile receptors, thereby enhancing the
stability of HA binding. Studies with immobile rgqaers will be useful to test this hypothesis.
The amount of adsorbed HA to surfaces that wereredveith various receptor types at
saturation decreased weakly with increasing sizeéhef membrane proximal region, and
increased strongly upon deglycosylation of the HABBystematic measurements at
comparable receptor densities will be needed tarsép the contributions from changes in
affinity and avidity effects in these polyvalentaractions.

The ratio of AD/-Af and the final adsorbed mass of bound HA, were dotanbe suitable
parameters to determine changes in the intringepter affinity, provided that the surface
densities of different receptors are identical.nfkrthese and polymer physics considerations a
model for the conformational dynamics of HA on sgds with different affinities was

derived, which, however, remains to be validateslyistematic studies.
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Synopsis and Outlook

The major objective of this thesis was the develapned in-vitro novel model systems of

HA-rich films and their application as experimerpétforms for the investigation of specific
protein-HA interactions. Finding a suitable methiody for the bio-functionalization of gold

surface with SAv was another goal. Both have beejegted in order to find new designs for
the model systems. The developed model systemsté&hZ@and 4) and the study on protein
adsorption to gold and silica (chapter 2), howewage conceptually and methodologically
very different approaches. In the framework of thieesis, they have also advanced
differently. It is therefore worthwhile to draw a@w between these two major blocks with

some concluding remarks.

5.1 Towards model systems of grafted HA

The physisorption of SAv represents a simple styatdggeneral applicability to equip gold
surfaces with a high density of biotin-binding siteThe deposited protein layers were
functional, stable and largely resistant to undpedinding of non-biotinylated probes.
Although the immobilization remains rather crudethat adsorption is likely to happen in
random orientations, a large fraction of SAv regdiits biotin-binding activity. This approach
is attractive by its elementariness and should igean alternative to established, yet more
complex strategies, which employ linkers to medth binding between a surface and the
biotin-receptor. In the context of this work we baalso tested and critically discussed two
alternative methods that rely on linkers. The rasilustrated that the use of linkers is a
complex additional step in the process of surfagectionalization, which requires careful
tuning. None of the linker methods was superidhtphysisorption of SAv in our studies.
Among the biotin-binding proteins tested, SAv wasque in resisting adsorption to silica
surfaces, a selectivity that was promising for thelective functionalization of gold
nanostructuresia physisorption of SAv. The transfer of this methndluded the depositions
of gold nanostructures on silica coated quartztatydor the analysis by means of QCM-D.

Gold nanostructures could be successfully generdbgd block-copolymer micelle
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nanolithography resulting in regular arrays of golthnoparticles. The selective
functionalization of the gold nanoparticles by pkgsption of SAv could be demonstrated. In
first attempts to bind biotin-HA to the functioredd gold nanoparticles typical, albeit low
responses were obtained, indicating that only etitra of nanoparticles was functionalized.
Nevertheless, the potential and specificity of ththod could be demonstrated.
Impressively, QCM-D was sensitive to the interactmf proteins with the nanostructured
surfaces, even though the functional surface aseanly about 2%, and could provided
information on binding kinetics on different levelsthe functionalization.

The results of the initial steps to immobilize HA manostructured surfaces in order to gain a
high control over the distance between the indiaiyugrafted HA chains, indicated the need
for improvement of the nanoparticle functionalipati which has to be addressed in future
studies. These studies have to include the physieaical characterization of the resulting
HA films under different nanoparticle spacings acmmparison with existing HA-brush
models on mobile substrates. Grafting of HA to rgarticles that have been deposited on soft
substrate€? such as hydrogels appears particularly interessimgce such substrates would
allow for the dynamic regulation of the inter-pelei distance on the same sample.

Given the sensitivity of QCM-D to monitor adsorptigorocesses on nanoparticles we
conjecture that this tool can be exploited to geamtrol over specific reactions on such
nanostructures. For example, the binding of varibidated molecules could be investigated
in further studies.

Taken together, the methods developed here prowddlaharacterized and promising basis
for the immobilization of biotinylated probes inrggal, an HA in particular, to homogeneous
and nanostructured gold surfaces. The spontaneowsispiption of SAv to gold in a
functional state together with its resistance talsasilica holds the promise to become a
simple, yet useful strategy for the functionaliaati of small-scale devices, such as
microcantilevers, atomic force microscopy tips anosructured substrates, which find

increasing application in biophysical or bioteclomital studie$®32%°

5.2 Model systems with CD44 bound HA

Two model systems have been developed that enablentmobilization of ectodomains of
either monomeric or dimeric CD44 constructs in dl-aentrolled manner. Both methods
provided stable and specific binding of both theemor and HA, and receptor surface

densities were tunable up to average receptormistaof about 45 nm. These model systems
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were exploited for the quantitative investigationspecific polyvalent interactions between
HA and an assembly of receptors in a biologicalevant arrangement under different
experimental conditions. On surfaces with high peaoedensities, binding of HA increased
sigmoidally with molecular weight of HA, and becanawersible for HA below 30 kDa, i.e.,
a HA chain that accommodates about 15 binding $te€D44. Interestingly, this number
was in good agreement with the number of availadteptors for the same HA (~12), as was
quantified for the adsorbed amounts. Our findings/ijgle evidence that multivalency plays a
crucial role in stabilizing the intrinsically weakteraction between CD44 and HA. For this
type of HA films we found many parallels betweee tiinding of HA to receptor covered
surfaces and the behavior of flexible polymers duieg to a homogeneously attractive
surface according to polymer theory.

On surfaces with low receptor densities bindingufficiently long HA (HA250) increased in
a close-to linear manner with the amount of reasptQuantifying the adsorbed amounts
revealed the number of available receptors per Ha&ircto be about 30. Notably, binding of
HA was irreversible even at lowest receptor deesiti

For various CD44 constructs the experimental déga mdicated subtle differences in the
final adsorbed amount of bound HAf(,) as well as in the conformation of the adsorbing
HA chains to the various CD44 constructs (revealedD/-Af-plots). These two parameters
were identified as measures of the binding strebgtiveen HA and CD44 covered surfaces.
Both avidity effects (polyvalency) and the intrinsaffinity of the individual receptor
determine binding of HA. We were able to outlinmathod that has the potential to disclose
these two contributions. Predictions about thecefdé affinity changes can be experimentally
tested using surfaces with identical receptor serfdensities of the different constructs in
order to exclude any contribution from avidity eff® In-vivo both avidity and affinity,
probably in combination, are likely to regulate CBHA interaction. The degree to which
either mechanism is involved under certain phygiglal conditions remains to be elucidated,
and may have important biological function.

The nearly constant number of available receptorsH?® over a wide range of surface
densities together with the particular propertyhaf SLBs to provide 2D mobility of receptors
support the idea that HA binding leads to localdmment of receptors on the surface thereby
enhancing binding of HA. To prove or reject this btesis in follow-up studies, it would be
desirable to use analogue model systems, whicerdifily in that they do not provide the 2D
mobility that is present in the current models. dftlds routes could employ SLBs in the gel-

phase as a substrate for the immobilization of Cia¢éptors.
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The results that were obtained on various aspecthefmodel HA films, such as film
formation, morphology, stability and compositiompressively demonstrate the benefits of
the use of complementary techniques in the exaomadf these highly hydrated films in
combination with a well-controlled model system.n@mning these techniques provided
access to quantitative information about the impdavidity as a regulatory mechanism for
the specific interaction between CD44 and HA, arsb aabout the physico-chemical
properties of the supra-molecular assemblies. Tén@ oombined set-up of QCM-D and
ellipsometry that was employed in this thesis cariunther exploited for the quantification of
the interaction between soluble hyaladherins and H# experiments with soluble CD44 on
HA-brushes imply the possibility to determine aitynconstants, and to investigate for
potential cooperative behavior of the hyaladherin.

Taken together, these new approaches open doorsditvee investigation of HA-rich films
with average receptor amounts close to those amalatell membranes. They can readily be
expanded to other HA binding proteins of interasby introducing further components, and
serve as well-controlled experimental platforms tfog study of cell-HA interactions. These
model systems provide access to the supra-molecedmme of biochemical processes and
have the potential to fill the gap between the mualer and cellular scale as an important
piece of a puzzle for understanding the PCC andrteehanisms of its dynamic regulation.
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Methods

6.1 Nanostructure based model systems

6.1.1 Block-copolymer micelle nanolithography

General method. Block Copolymer Micelle Nanolithography (BCML) alWs for the
controlled generation of periodic arrays of metakters on a length scale below 100 Hin.
178 Besides giving access to surface patterning asually hardly attainable length scale,
BCML has the advantage to be applied for a vara@dtgubstrates like for example glass,
silicon or mica'’’ The principle of this technique is the use of amphic polymers, which

spontaneously form micelles above a critical meethncentration (CMC).

A
| =
PS

P2VP

e . g j e, o
Figure 6.1: sketch of amphiphilic block copolymersand formation of micelles. A: block copolymers
consisting of the hydrophobic block of polystyrene(blue) and the hydrophilic block of poly-2-vinyl-

pyridine (yellow). B and C: dissolved block copolymer and micelle fomed above the critical micelle

concentration. D: micelle loaded with gold precurspsalt (red).
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The block-copolymer typically used consists of polysne (PS) as the hydrophobic and
poly-2-vinyl-pyridine (P2VP) as the hydrophilic lola When dissolved in toluene, the
preference of the PS for toluene as solvent drikiesformation of spherical micelles with a
hydrophilic core of P2VP and a hydrophobic shellR&®® (figure 6.1). The polar core of
such micelles can be loaded with a metal salt,yircase a gold precursor (HAuLf®’

The gold-loaded micelles are transferred to therdésiurface by dip coating of the substrate
into the gold-copolymer solution. During retractidghe micelles self-assemble into a
hexagonally packed, micellar monolayer driven byiltary forces during fast evaporation of
the solvent’’ at the dipping edge (figure 6.2). Subsequent plagseatment of the micelle
decorated surfaces has two effects: i. the precursgal salt transforms into a pure metal
cluster, and ii. the residual polymer matrix is camd’’. The gold (or other metal) clusters
reveal a quasi-hexagonal pattern with tunable gartsize and inter-particle distant®s
(figure 6.2).

O, plasma treatment . . .

Figure 6.2: Generation of gold nanostructured surfaes. Left: dipping process. After dipping of a glas
slide into a gold-polymer solution, a monolayer ofmicelles remains on the surface. Right: Plasma
treatment removes organic material and discloses aarray of gold clusters (yellow dots) with a quasi-

hexagonal pattern(red line). Top right: SEM micrograph of a representative narostructured surface.

The size of the gold clusters can be adjusted byittee of the hydrophilic block (P2VP) of
the used polymer and the loadibgthe amount of gold salt per VP unit) resultingairsize

range between 1 and 15 Affi.
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Predominantly, it is the length of the hydrophobiock of the polymer (PS¥® which
determines the inter-particle distance. Other patars, however, such as retraction speed
270 or surface propertié§” 2°®of the substrate also have an influence on theirspaDistances
between-30 and~200 nm can be generatéd.

Within this work BCML was mostly employed for themostructuring of QCM-D sensor

crystals. The procedure changes slightly as a coeseg of the substrate (see next section).

Substrate cleaning. Glass slides (20x20 mm or 24x24 mm) were immersgal Piranha
solution (HO, : H,SO, = 1 : 3) for 1h. The glass slides were then extemgirinsed with
ultrapure water, blow-dried in nitrogen and stoliedsealed petri-dishes under nitrogen

atmosphere until further use.

Silica coated QCM-D sensors were immersed intd@aSDS solution for 30 min followed by
thorough rinsing with ultrapure water and 25 min/oxbne treatment.

If cleaned substrates were not used immediatebr afieaning, they were exposed to a 5
minute plasma treatment before dip-coating. Gléideswere exposed to hydrogen plasma

(0.4 mbar, 150W), and QCM-D sensors to oxygen pakh85 mbar, 200 W).

Table 6.1: Characteristics of used block copolymerand typical parameters of gold-polymer solutions.

polymer inter-particle

PS(X)b- M. PS M., PVP . .
L concentration distances

P2VP(y) (gmor?) (gmor?) (mg/m) (nm)
PS(451)b- 47000 24000 0.4 5 40-55nm
P2VP(228)
PS(1056)e- 110000 52000 0.5 5 60-90nm
P2VP(495)

PS(2074)- 216000 60000 0.3 5 100-200nm

b-P2VP(571)

Gold-copolymer solutions. Diblock-colymers poly(styrene)(lock
poly(2)vinylpyridine(y), abbreviated generally asS(R)-b-P(2)VP(y) were dissolved in
toluene and stirred at room temperature for 24 $iar allow homogeneous micelle
formation. A list of the used polymers, typicalljnployed concentrations and volumes is
given in table 6.1. After full dissolution, the presor metal salt (tetrachloroaureate(lll)-
trinydrate HAuUC}x3H,0O) was added in stoichiometric amounts dependintheroadingL,

which is defined as:
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o n[HAuCL] [M,,(VP)
- m(VP)

(20)

with M,, = m/n wheren is the molarity anan the mass amount of the given compound. The
amount of gold precursor to be added to the polyswution can then be calculated

according to:

m( polyme})

HAuCJ, [(BH,0) =
m(HAC, C3H,0) M., (polyme)

[vPunits€1 )M, (HAuCI, (BH,0)  (21)

whereM,, is the molecular weight.
The solution was stirred for at least 24 hourslané precursor was completely dissolved and
the mixture appeared as a clear yellowish solufigmical loading parameters for different

polymers are listed in table 6.1.

Sample preparation. For the deposition of a micellar monolayer on tubstrate,
cleaned glass slides or QCM-D sensors were dippedthe gold-copolymer solution and
immediately retracted at constant speed of abouhrh2min. To remove the polymer and to
induce the formation of metal clusters, the gldg$es were exposed to hydrogen plasma
during 45 minutes (0.4 mbar,H150 W) (plasma chamber TePla 100-E, PVA TePla AG,
Feldkirchen, Germany). As the coating of the QCMsénsors is sensitive to hydrogen
plasma, QCM-D surfaces were exposed to oxygen gutirhour, instead of 45 min, at
conditions optimized for the treatment in (0.35 mbar @, 200 W).

The quality of the surface pattern of a batch wesessed by scanning electron microscopy.
As scanning electron microscopy (SEM) requires cotide samples, a thin (a few nm)
carbon layer was evaporated on top. Analysis @riparticle distances was performed with
ImageJ software as described elsewh&re.

6.1.2 Passivation of nanostructured surfaces with mPEG-urea

In order to inhibit unspecific adsorption to othp@aces but the gold clusters, the silica area

between the gold dots was coated with a covaleotiypled mPEG2000-urea film
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(figure 6.3)*"* MPEG200-urea was kindly provided by Jacques BIU(REl Universitat

Heidelberg). Nanostructured surfaces were shortlwated by exposure to hydrogen or
oxygen plasma, for glass slides or QCM-D sensaspeactively, (for respective conditions
see above) and immediately immersed into dry t@uémM of mPEG2000-urea was added
under N stream together with 0.05 % of triethylamine asatalyst. The mixture was heated
to 80°C and left for reaction for at least 16 hours. Afteoling down, the samples were
removed from the solution, rinsed thoroughly witihy acetate and methanol to remove
residual PEG molecules and dried in. Because of the propensity of PEG to oxidation,
which changes the properties of the polymer chtkia, samples were used directly after

passivation to ensure maximal integrity of the PlRger.

O
\\/U“SiMNJLN"_/\\/O%“

Y | |
H H "

n = 43 (PEG2000)

Figure 6.3: Chemical structure of mPEG-urea.

6.1.3 Functionalization of gold nanostructures with bi-functional linker molecules

Two different linkers were studied for the funct@bimation of gold surfaces, N-(6-
biotinamido)hexyl)-3-(2-pyridylthio)propionate (HFbiotin) and biotin-PEG-SS
(figure 6.4). HPDP-biotin was purchased from PieBtetechnology (Rockford, IL, USA).

Biotin-PEG-SS was obtained from Polypure (Oslo,Way). HPDP-biotin was dissolved in
DMF to a concentration of 2 mg/ml, and further t#llito a final concentration of 100 pg/ml
in working buffer. Biotin-PEG-SS was dissolved irEPES buffer (pH 7.4) to a final

concentration of 1 mM (1.54 mg/ml).
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Figure 6.4: Chemical structures of both linkers: Tg: HPDP-biotin. Bottom: biotin-PEG-SS.

6.1.4 General protocols for the immobilization of proteins

Avidin (Av), streptavidin (SAv), FITC-labeled strgvidin (FITC-SAv), bovine serum
albumin (BSA) and biotinylated bovine serum albur{fanotin-BSA) were purchased from
Sigma-Aldrich (Schnelldorf, Germany). NeutravidiNAv) was purchased from Invitrogen
(Karlsruhe, Germany). Proteins were dissolved theeiPBS (10 mM phosphate, 137 mM
NaCl, 2.7 mM KCI) or Hepes buffer (10 mM Hepes, 18 NaCl, with or without 2 mM
CaClb) at a concentration of 1 mg/ml, aliuoted andedaat -20°C. Before use, the proteins
were diluted in working buffer. The pH of the bufewvas 7.4, unless otherwise stated, and
adjusted with either HCI or NaOH.
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6.2 Supported lipid bilayer based model systems

6.2.1 Preparation of small unilamellar vesicles (SUVs)

SUVs were prepared of either 1,2-Dioleoyl-sn-Glge8rPhosphocholine (DOPC) alone or
from mixtures of DOPC with 1,2-Dioleoyl-sn-GlyceBPhospho-L-serine (DOPS 25%
molar ratio), with Bis-nitrilotriacetic-acid (bis-N\) functionalized Octadec-9-enyl-
octadecyl-amine (OEOA-bis-NTA, 10% molar ratio) arid2-Dioleoyl-sn-Glycero-3-
Phosphoenolamine-N-cap-biotinyl (DOPE-cap-biotiA%l molar ratio). DOPC, DOPS and
DOPE-cap-biotin were purchased from Avanti Polgpids (Alabaster, USA). OEOA-bis-
NTA was obtained from Jacob Piehler (DepartmenBioiphysics, Universitdt Osnabruick,
Germany) (figure 6.5).

For the preparation of a lipid solutfdfAthe dry lipids were dissolved in chloroform in sga
vials, which had been rinsed carefully with chlemfh beforehand. For lipid mixtures, the
desired amounts of lipid solution were mixed. Aftards, the chloroform was removed by
blowing N, into the glass vial. By rotating the vial contimsty in the N stream, a thin lipid
film was deposited on the walls. Further dryinganvacuum oven during 2 hours was
necessary to remove residual chloroform. Largeitaniellar lipid vesicles formed, when the
thin lipid film was hydrated upon addition of Hepesffer (10 mM Hepes, 150 mM NacCl,
pH = 7.4) to a final concentration of 1-2 mg/ml.rHmmogenization the suspension was
subjected to 5 cycles of freeze-thawing (in liqtigland room temperature water bath) and
subsequent vortexing. To obtain small unilamelksigles (SUVs), the liposomes were either
extruded (membrane with a pore size of about 30 engonicated with a tip sonicator. If
sonicated, the vesicle mixture was placed in arbath under nitrogen atmosphere to prevent
oxidation of the lipids upon heating. Sonicationswaarried in pulse mode at 30 % duty
cycles until the solution appeared clear (aboutn80). After sonication the solution was
centrifuged (10-15 minutes at 10,000 g) to rematanium particles sedimented from the
sonicator tip. SUVs were stored &CA(previously flushed with Nand sealed) for up to 12

months.
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Figure 6.5: Structures of used lipids.

6.2.2 Bilayer formation on silica surfaces

Supported lipid bilayers (SLBs) were formed on e@ithlass, silicon wafers or silica coated
QCM-D sensor crystals. All substrates were cleane2Po SDS solution during 30 minutes
followed by a 25 minute UV/ozone treatment. Duexaization of the surface, the substrates
were highly hydrophilic (as shown by contact angieasurements). Surfaces cleaned in this
way were exposed to a SUV solution in Hepes bu#fex concentration of typically 50 pg/mi
under flow conditions and 100 pg/ml under staticulvation conditions. The formation of a

SLB passes two phasES.Initially, intact SUVs adsorb on the surface. Atritical surface
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coverage, the vesicles start to rupture, promahegupture of further vesicles until complete
bilayer formation. For mixtures of DOPC with DOP$% $0A-bis-NTA the presence of
divalent cations facilitated for bilayer fromati6fi.A Hepes buffer containing 2mM CaCl
was used for DOPC/DOPS and DOPC/DOPE-cap-biotiriuras; for DOPC/SOA-bis-NTA
vesicles, 5 mM NiGlwere added. Doing so, the NTA headgroups werewosmntly loaded
with the divalent Ni*, later required for complex formation with the-bégged protein. SLBs
were formed within 15 minutes on silica coated talgs as tracked by QCM-D. The
incubation time for incubation in standing solutias extended to 30 minutes followed by

thorough rinsing with buffer.

6.2.3 Annexin A5-Z and CD44 fusion proteins

Annexin A5-Z. The fusion protein consisting of annexin A5 (AnY¥A%nd an
immunoglobulin binding sequence (Z-fragment) dedif®m one of the homologue subunits
of Protein A was generated by C. Gounou in therkooy of Prof. Alain Brisson (Bordeaux,
France).

The coupling of the Z-fragment to the annexin Asswealized at the C-terminal end of the
protein. The fusion protein had a molecular weightM,, = 43.7 kDa. The protein was

received as stock solution and stored°at.4

The hyaluronan receptor CD44. All CD44 constructs used in this thesis were otsdi
from Sunneale Banerji from the laboratory of PrbBfavid Jackson (Oxford, UK). The
constructs were recombinant fusion proteins thatvexpressed in either HEK 293T cells or
E.Coli (see appendix for details on protein expagsand purification). The constructs were
lacking the cytosolic and transmembrane part ohttese protein and consequently consisted
either of the full extracellular domain (ECD) oktprotein, or the hyaluronan binding domain
(HABD) only. Each protein was equipped with an Nx@aal histidine-tag (his-tag, 6-10
repeats), which was adjacent to a double Fc dosejnence of an IgG, thus creating a CD44
dimer. The presence of a cleavage site (TEV) betwssth tags allowed for enzymatic
cutting and dividing the dimer into two monomersisTstrategy provided direct access to a
monomeric and dimeric receptor from the same baiths is of particular interest, as
posttranslational modifications occur abundantlg are responsible for different degrees of

glycosylation, which can account for differenceghe affinity of the receptor for its ligand
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HA.® Different subtypes of CD44 ECD and HABD were tdsfehe different constructs are
depicted schematically in figure 6.6.

Fc fusion proteins his-tag,, fusion proteins
- % - ® e . o ® e __ o °—: -
- e Tme e e =L e — = —
s==: === ¢ ‘
sss3 o o o
o o T o
® o © - = g
- o0 - his-HABD non-
: oo : monomer  glycosylated
- his-HABD g ;i
e 2% - monomer

0 his-tag ¢ 4,

S

(HABD),-Fc (ECD),-Fc (ECD-V,),-Fc @ Fc domain

dimer dimer dimer

Figure 6.6: Cartoon of various CD44 constructs as sed for the thesis. The prefix "h" denotes the

particular amino acid sequence for the human form 6CD44.

A mutant construct R41A (single mutation at R41jthvan about 10 fold reduced affinify
was used next to the constructs shown above. Thetstal features of the mutant correspond
to the full length ECD in form of a Fc dimer (figu6.6).

The molecular weights of these CD44 constructs wstienated by gel electrophoresis under

reducing conditions. The average size of employetems is listed in table 6.2.
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Table 6.2: Molecular weights of CD44 constructs adetermined by gel electrophoresis under reducing

conditions.
CD44 type size (kDa) average size (kDa)
monomer dimer

(ECD),-Fc (dimer) 64-97 160
(ECD-V3),-Fc (dimer) 200 400
(HABD),-Fc (dimer) 51-64 116
his-HABD (monomer) 39 -
non-glycosylated his-HABD (monomer) 18 -

6.2.4 Hyaluronan

Hyaluronic acid of defined chain length (Select-RAme-HA), and hyaluronic acid with a
single biotin moiety at the reducing end (biotin-HAvere purchased from Hyalose
(Oklahoma City, USA) at different chain sizes (&l.3). Oligo HA (HA) was kindly
provided by Prof. Anthony Day (University of Manahter, UK). HA was delivered as
lyophilized powder and reconstituted in ultrapuratev at a stock concentration of 1 mg/ml.
For complete dissolution of HA the vials were kaptler smooth shaking on a shaking plate

(about 250 rpm) over night. The stock was therualigd, and stored at -2D until use.

Table 6.3: Exact molecular weights for Select-HA aprovided by the supplier. The molecular masses aill
HA 50K/ 250K/ 1000K and b-HA 50K were obtained by Milti-Angle Laser Light Scattering-Size
Exclusion Chromatography (MALLS-SEC). The molecularmass for HA 2500 was determined by agarose

gel electrophoresis as an average of three gets Data from the provider.

HA type Mn(kDa) M(kDa) Mw/ My,
prime-HA 10-12 - -
HA 50K 30.2 30.3 1.004
HA 250K 261 262 1.005
HA 1000K 1148 1156 1.007
HA 2500K 2400 + 30 - -
b-HA 50K 57 58 1.007
b-HA 1000K 1043 1083 1.039
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6.3 Surface analysis techniques

6.3.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) belongs to tlestmmportant and common surface
imaging techniques with nanoscale resolution. Tlavelength limit here is given by the
wavelength of electrons and thus, a resolution mbgher than for light microscopy
techniques is attainable. Modern SEM systems caoiwe objects below 1 nm.

The incident electron beam generates a numbergolls when hitting the sample: back
scattered electrons (BSE) and secondary elect@Bsdre most commonly detected in order
to collect information about the sample. BSE witlergies of typically more than 50eV are
scattered at the atom nucleus, thus, directly piogi information about the chemical
composition of the material. Elements with highcelen density appear bright, those with
low electron density rather dark. The lower eneBfy € 50eV) are more sensitive to the

topography of the sample.

electron gun

aperture

vacuum tube electron beam

electromagnetic lens

Electron beam

Cathodoluminescence " Back scattered electrons

) ) Xerays Auger
scanning coil % electrons

vacuum chamber A secondary electrons

secondary electron detector

stage \ e

vacuum turbo pumps TR ——

Figure 6.7: Left: schematic drawing of a SEM electon path. Right: Interaction of the electrons with te

sample.

In this work a field emission SEM (LEO 1530) wasdirimarily for the imaging of gold-
nanostructured surfaces. The high electron dewsigold provides a high contrast between

the clusters and the underlying substrate (silidd)e system was typically operated at
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accelerating voltages of 1 to 5 kV. An In-lense @&Hector was used for image acquisition.
Image acquisition can be perturbed due to chargifegts caused by the electron beam if the
sample is not capable to lead off irradiating etats. As the investigated surfaces were not
conductive, a thin (a few nm) layer of carbon hadé evaporated on top of the samples

before imaging.

Image analysis SEM micrographs of gold nanostructured surfacesevanalyzed with

ImageJ (Research Service Branch NIMH, image arglgsftware) using a special ImageJ
Plugin for particle analysis. The Plugin was impéted by Dr. Phillipe Girard (EMBL,

Heidelberg). The order parameter of a hexagondkeqaiand the average spacing of the
nanoparticle array were calculated. The underlyivepretical approach to this calculation is
based on the radial distribution function (RDA) The two-dimensional melting of a crystal
theoretically resembles the transition of a nantg@arpattern from perfect hexagonal order to

disorder,™ #"®wherefrom an orientational order parametaran be derived. With respect to

the six nearest neighbors of a center particlex-dosil bond-orientational order parametgy

is obtained, which can describe the global ordearpater of a hexagonal lati¢€: >’

p=1 perfect order
O0<1¥ <1 degree of disorder

Y

0 total disorder

A detailed description of the theoretical approaah be found ii*? and references therein.

6.3.2 Quartz-crystal microbalance with dissipation monioring (QCM-D)

Surfaces QCM-D sensors with a resonance frequency of MBIz, coated with either
gold or silica, were purchased from Q-Sense AB (M&Brdlunda, Sweden). In some cases,
an additional silica layer of 100 nm thickness waaporated on the gold-coated sensors (G.

Albert PVD Beschichtungen, Silz, Germany). Diffetea between this additional silica layer
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and the silica coating provided by Q-Sense withpees to protein adsorption or SLB
formation were not observed.

Gold-coated sensors were cleaned by immersion antmixture of NH:H,O,:H,O in a
volume ratio of 1:1:4 at a temperature of 70°C &brleast 5 min, rinsed thoroughly with
ultrapure water (Barnstead, model D1193, DubuquBA)lUand blow-dried in B Silica-
coated sensors were immersed in an aqueous soloti®@¥% sodium dodecyl sulfate for
30 min, rinsed abundantly with ultrapure water, didw-dried in N. Prior to use, the
crystals were exposed to oxygen plasma (200 W, i0l34&r) (TePla 100-E, PVA TePla AG,
Feldkirchen, Germany) or to UV/ozone for 25 min.

Method. QCM-D is an electro-mechanical method that allegsorption processes on a
solid surface to be followed in real-timfié. The underlying principle is the piezoelectricity o
guartz. A quartz crystal is sandwiched between elertrodes and excited into a shear
movement by applying an oscillatory electric fielthe cut off of the electric field results in a
dampened oscillation curve (figure 6.8). Fitting tecay of the damping curve provides
information on both, the resonance frequeificgf the crystal and the degree of damping - the

dissipative losseB. The changes inf andAD are the parameters that are acquired during the

measurement. As shown by Sauerbt®yn the 1950s, the mass uptakem, is directly
proportional to the frequency chang#f, of the oscillating sensor crystal, provided the
adsorbed film is sufficiently thin, rigid and honmeswus:

Am=-C af, , (22)
n

whereC is the mass sensitivity constant (for a 4.95 MHz@I C = 18.06 ng/crfHz), andn
the overtone number. In solution, the QCM-D is asasitive to water that is coupled to the
adsorbed molecular film. The mass determined byatou (22) therefore typically exceeds
the biomolecular mass of the fith¥’

The change in dissipatiomD, is related to frictional (viscous) losses in thelayef’®
(figure 6.8).D is related to the Q factor, and describes the rati stored and dissipated

energy in the system (per oscillation cycle).
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D=
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A soft adlayer will not fully couple with the indad shear movement of the crystal, leading to
energy dissipation increases).

For operation in liquid, the bulk solution above #ensor surface causes a response reflecting
the properties of the liquid. The relationship betw the QCM-D response and the properties
of the liquid can be written as:

1
A =————,/nfn, o (24)
\WqPq
AD = —=——=,[—1 P, (25)

With fp being the fundamental frequencythe overtone number, angd andp, the liquid's
viscosity and density, respectively andhe speed of sound in quartz.
When proteins are adsorbed, the interaction ottistal with the liquid changes and, again,

gives rise to an increase in dissipation, whichettejs strongly on trapped liquid within the
protein layer-?3: 136 139, 280

crystal adlayer fluid

| (Ps sy 1) (Pu )
4
maximum
i ; displacement
I:l eﬂDt
—

[y

Figure 6.8: working principle of the QCM-D. Left: Oscillating, loaded sensor crystal with characterist
frequency and decay curve. Right: The viscoelastimodel. The shear wave excited by the quartz crystal
propagates and is dissipated depending on the progies of the adsorbed film (viscosityy;, shear modulus

K and densityp;) immersed in a Newtonian fluid like water.
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Quantitative data analysis. For a sufficiently rigid biomolecular film at Higcoverage, the
frequency shift typically corresponds rather wellthe biomolecular mass together with the
mass of the solvent that is contained inside the tHence, it appears reasonable to represent

the adsorbed film in terms of acoustic thickn€és.

q= Am _ C Af,
Ph,0 Ph,o N

@6)

The acoustic thickness neglects the density diifse between the biomolecules

(0= 1.4 g/cnd for proteind® **) and water p,, , = 1.0 g/crl). With typically 50% or more

water being present in the filli? d may thus overestimate the geometrical thicknesspbip
20%. Within this work | chose to speak in termsméasured shifts in frequency and
dissipation AD, Af), as well as acoustic thickneds

The change in dissipatiohD provides further qualitative insight. Whé&D is high and the
ratio AD/ Af exceeds 0.2xIDHZz' the mass estimation according to Sauerbrey cab@ot
applied. This rule of thumb could be establishedeoquantitative analysis was enabled by the
development of models to derive the viscoelastaperties of the bulk and of adsorbed
films.»*" 22 viscoelastic models have been develdped®® (figure 6.8), which relate
properties like thickness, density, viscosity ahdas modulus to the measured parametérs
andAD.

Experimental set-up. QCM-D measurements were conducted with a Q-Sense E4
system. The system was operated in flow mode, aitontinuous liquid flow of typically

20 pl/min being delivered by a peristaltic pump.ohder to switch between sample liquids,
the flow was interrupted for a few seconds withdigturbing the QCM-D signal. The
working temperature was 23.0° C. Resonance frequand dissipation were measured at 6
harmonics simultaneously (n = 3, 5 ... 13), coroesiing to frequencies df = 15, 25 ...

65 MHz. For simplicity, only changes in dissipatiamd normalized frequencxf = Af/n, of

the 7" overtone =7, i.e., [(B5 MHz) are presented, if not otherwise mention€de

experimental data was analyzed using the softwdi@f(3 (Q.Sense).

Sample preparation The samples were diluted to a final concentratibtypically 50 pg/mi

for SUVs and, 10 ug/ml for proteins and HA. Theyrevadded after a stable baseline was
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acquired in buffer. The incubation was performedaistant flow with a flow rate of about
20 pl/min using a peristaltic or a syringe pumptefAfequilibration ofAf andAD signals the
chamber was rinsed during at least 10 minutesnimve residual and loosely bound material.
The same conditions were maintained for gold, aibmd nanostructured surfaces. In few

cases higher protein concentrations were usediftra measurements.

6.3.3 Ellipsometry

General method. Ellipsometry is an optical, non-destructive tecjud, which allows for
the characterization of thin films deposited onaiety of surfaces. Upon reflection at a
surface the polarized incident light beam undergaeshange in polarization state and
becomes elliptically polarized. The ellipsometeraswges the change in polarization in terms
of two parameterd and¥. From the obtained values, several parameterbealerived, e.g.,
the film thickness, the refractive index, and abledrmass by fitting an adequate model to the
measured values af and ¥.*** The applied model relates both parameters to phiead
properties of a multilayer system, which consigtthe substrate, the adsorbed layer or layers

and the ambient (figure 6.9).

Quantitative data analysis. The relationship betweeA and ¥ can be expressed in

form of the ratio of the Fresnel coefficients:

% =tan(¥) e =p @7)

wherer, andrsare the complex Fresnel reflection coefficientstfar s- (perpendicular to the
plane of incidence) and p-(parallel to the planenafdence) polarized waves, respectively.
These coefficients describe the reflection of éttgdly polarized light upon encounter with
planar, multilayered materiafé (figure 6.9). Their ratio depends on the wavelerg), the
angle of incidenced), the refractive indices of the surface, the adedrfilm and the

ambient, and the film thickness of the involvedeidy).
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Figure 6.9: Interaction of polarized light with a bare surface (top) and a film covered surface (botta). Ny
N, and N, are the complex refractive indices of the ambientthe adsorbed film and the substrate,
respectively.®, denotes the angle of incidenc®, the angle of transmission and?,the angle of adsorption

and d; the thickness of the film. Sketch adapted from ref®*

o/ rs can be expressed as a funciaof the mentioned parameters and be written as:

o0 =f(N,,N,;,N,,1,0,) (28)

with No, N; andN; being the complex refractive indices of the amhidm adsorbed film and
the substratel the wavelength of the incident light am# the angle of incidence. The
complex refractive indedN consists of a reah and a complex componeRi the optical

constants of the material:
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N(A)=n(1)+ik(1) (29)

wheren is the refractive index anklthe damping constant. The optical constants describ
how light propagates through the given material. tFansparent materialg,is close to zero
and can be neglecté®

To extract information about the refractive indextlee film thickness from the determined
parametres! and ¥, a model-dependent analysis has to be perfornredn Figure 6.9 and
equations (27) and (28) it becomes clear that bbifrsometric parameters, can be related to
the properties of the filmNy, dy), if the parameterdly, No, 2 and ®y are known. Thus, the
refractive indexn and the film thicknessl can be fitted to the experimentally obtained
parameters.

Quantification of adsorbed biomolecular material The simplest way to calculate adsorbed

masses from andd was developed by deFeijt&r.

Amoptic = d |:ﬂnbmld_ n(/‘)solvent)
dc

(30)

with d being the film thicknessy,m the refractive indices of the biomolecular layedan
N()soventthe refractive index of the solvent with= 632.5 nm. Here only the real component
represents the refractive index, as for transpareterials (like biomolecular filmsj takes
values close to zer3! Values for the refractive index incremedn/dc have been
experimentally determined for a number of adsobemd can be found in the literature.
Within this workdn/dcvalues of 0.169, 0.18 and 0.15 were employed E@sS>*® ?*°protein
layer$®® #”and HA films!” respectively. For protein layers, and within aroeof less than
5%, the refractive index increment is constant oWer range of concentrations typically
found in this study (up to 600 mg/mt¥

Moreover, the exact determinationcb&ndn simultaneously, becomes difficult in practice for
very thin films (a few nm) due to limitations byetisignal-to-noise-ratio. The adsorbed mass,
however, can typically be derived accurately, @ptoduct oh andd is well determined and
proportional to the adsorbed mass?®!

In the context of this thesis, the adsorbed masses determined by numerical fitting of the
ellipsometric parameters and¥? over the full range of accessible wavelengths.
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Experimental set up. Measurements were conducted with a spectroscopating
compensator ellipsometer (M22000V, Woollam, NE, JSFhe system was operated at an
incident angle of 70° and at wavelengths in thegeaof A = 370 to 1000 nm with a time
resolution of about 5s. Two different liquid chaenbset-ups were used, which will be

described separately in the following.

elliptically linearlly

polarized pelarized

linearlly
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(null)
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unpelarized
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Figure 6.10: Sketch of a typical ellipsometry setyu Adapted from ref.?®* B: custom-designed open glass

chamber.

Open chamber

Measurements were performed in a homebuilt opessglavette (figure 6.10B) of about 2 ml
volume under continuous stirring with a magnetidgrrest (= 200 rpm$®® to ensure
homogenisation of the cuvette content within a f¥eonds. A volume of about 1 ml of
buffer was filled into the chamber. The materialb® adsorbed was added directly to final
concentrations as used for QCM-D experimeAfser equilibrium was reached the cuvette
content was diluted by repeated addition of attlaeds/o fold excess of buffer and removal of
excess liquid, until the concentration of solutdenple was below 10 ng/ml.

Surfaces Silicon wafers with a native oxide layer 2 nm) were cleaned in the same
way as silica coated QCM-D sensors. Prior to ulsey twere submitted to a 25 minutes
UV/ozone treatment. The glass chamber was cleaiteédSRS followed by thorough rinsing
with ultrapure water and dried with,NBefore use, the chamber was passivated with a
10 mg/ml BSA solution for about 15 minutes, rinsaghin with ultrapure water and dried
with N,. Wafers were fixed to the ellipsometer holder byagnetic clip.

Calibration of the cuvette In order to verify that only negligible windowfeéts (1-offset)

were provoked by the cuvette, reference measuremesare performed before each
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experiment. To this end, first a reference wafes weeasured in air, and secondly, inside the
cuvette in air. The cells were used, if they indliag-offset of less than 0.5°.

Fitting routines. The deposited films were analyzed in terms of dosthrmass in order
to quantify absolute amounts present on the swsfaldee experimental data was fitted using
the software CompleteEASE (Wollam, NE, USA). Tylicapplied models will be described
in the following.

Substrates  The cleaned silicon wafers were characterizediinand in buffer prior to
each measurement based on a three-layer modektingof solvent, native silicon oxide and
silicon. For bulk silicon tabulated optical conggafimplemented in CompleteEASE software,
Woollam) were used. The native oxide layer wastékas a transparent Cauchy layer. The

Cauchy model is typically applied for fitting of tigally transparent, dielectric filh&:

B, C
n(ﬂ)=A+?+F+... 31)

A (dimensionless)B (unr), and C (un) are the so-called Cauchy parametdrss zero
assuming a transparent material. Practically, tmribution fromC is very small, and it was
neglected for the evaluation of the data here.

To obtain the optical constantd,(B) and the thicknessl(Si%,)) of the silica layer and the
angle offset, a multiple sample analysis (msa) performed. The datasets in air and buffer
(before thein-situ measurement) were combined and analyzed simukanéa enable the
accurate fitting of two pairs of determined setpafametersA and ¥ from both datasets for

a range oft) and derive four free parametefs B, d(SiQ), angle offset). The resulting values
for the silica layer exhibited a thickness of tyglig 1.8 + 0.1 nm and optical constants of
Aoxige= 1.505 anBoyige = 0.0186 prii Mean squared errors (MSE) around 1 were obtained,
indicating a good fit. The aqueous bulk solutiorsvedso treated as a Cauchy medium. The
refractive index fsovent = 1.325 + 0.00322 pfi?) was calculated from tables in the
289, 290

literature?

Biomolecular films All adsorbed layers were treated as a single Bauntedium. A four-

layer model (solvent, biomolecular film, nativeicin oxide, silicon) was used to model the
biomolecular film** It seems well suited for protein films, as sudmé are hydrated by

50 % and moré®® as well as for hyaluronan films with a water contef about 99 %.
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The previously derived optical constants of thessiatbe were implemented. To obtain the
thicknessd and the refractive index of the biomolecular layeBym was fixed to the buffer
value (0.00322), whiléy,n, and Abml were fitted. The MSE was usually found&osmaller
than 1.5.

The adsorbed mass of each layer was calculateddiegao eq. (30). Typically, multiple
biomolecular layers were deposited in the coursth®fexperimentd andn were determined
for each step, but all layers were treated as Ici@alayer. To obtain the properties of the
individual layers, the final value of the respeetifiormer layer was subtracted (taking into

consideration eventual differences in the emplagéactive index increment}®

Experimental set-up for combined ellipsometry/QCM-D

Sensor crystals The nominal thickness of the titania and silicaelawas 100 nm for

both materials. The QCM-D sensors for combinedpstimetry/QCM-D measurements
differed from usual sensors in that the titaniaetayas thicker. For fitting, the thick titanium
layer could be considered as substrate bulk matemal was modeled as a single layer.
Cleaning and pre-treatment of the crystals was#mee as for QCM-D measurements.

Flow chamber A combined flow chamber for simultaneous measurdésbg ellipsometry
and QCM-D was provided by Q-Sense AB. The chamlzes eonnected with the E1 module
of the QCM-D and operated with standard QCM-D safev (QSoft). For combined
measurements the module was mounted on the hakigr ef the ellipsometer (figure 6.11).
As a consequence of the chamber architecture,llibsagneter had to be set to an angle of
65° (instead of 70°). The chamber was supplied wighid by one inlet tubingThree outlet
tubings attachend to a peristaltic pump were camdet the chamber to ensure an effective
rinsing.

Sample preparation For adsorption steps the material was injected00 pl of the sample)

quickly followed by incubation until equilibratioof the adsorption curves. Incubation in still

solution was chosen to ensure homogenous adsorgtes across the surface. The final
concentration of all samples was doubled with respe standard QCM-D measurements.
During rinsing of the chamber (at least 10 minytés¢ pump was operated under constant
flow (= 300 ml/min).

Fitting routines
Substrates For the specialized silica-coated QCM-D sensortatyshree layers determine
the optical properties: titanium as bottom layetitanium oxide (titania) interlayer and silica
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as a topmost layer. The substrate was thus chaesctewith a four-layer model (solvent,
silicon oxide, titanium oxide, titanium). The sohtewas treated as a Cauchy medium as
described above. The titanium layer was treatedudls. A B-spline derived model with
titanium as starting material (tabulated values fpolycrystalline titanium from
CompleteEASE) was used to fit the optical constangmdk. The silica and titania layers

were treated as Cauchy-layers, with optical constas tabulated below (table 6.4).

Table 6.4: Refractive indeces of silica and titanifor QCM-D sensor crystalls for ellipsometric applcation.

Material optical properties
A B C
silica 1.461 0.00451 0.00007
titania 2.159 0.02770 0.00467

The optical constants(1) andk() of titanium and the thickness of both oxide layeeye
determined by multiple sample analysis (msa) ofdhtasets obtained in air and in buffer
(obtained before the in-situ measurement). Typicaldlues for the both, the titania and the
silica layer of about 1 nm and 76 nm, respectivelgre obtained with an MSE of about 3,
indicating a fit of good quality.

Biomolecular films For modeling of the adsorbed biomolecular filnttse previously

determined optical constants and oxide layer treskes were loaded as substrate into a
model with a sequence of Cauchy layé&tsind treated further as described for the open
chamber set-up. Good fits with a MSE of around2iwere obtained.

Both datasets (from QCM-D and ellipsometry) werestfianalyzed separately with the
corresponding equipment software (QTools for QCM&bdd CompleteEase for the
ellipsometer). For further evaluation and correlatof both datasets, the analyzed data was

transferred to Origin software (Origin 8).
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Figure 6.11: Images of the combined QCM-D/ellipsontey set-up.

6.3.4 Reflection Interference Contrast Microscopy (RICM)

Method. The interference of two beams, one reflected ettdp surface of the substrate
with intensity I; and the second reflected from bottom surface ofoloidal probe ()
(figure 6.12) gives rise to a characteristic irgeghce pattern (figure 6.13B). For spherical
objects, the interference pattern consists of asmical rings of intensity maxima and minima
(Newtonian Rings), from which the distance of theby@ from the surface can be determined.

The intensity of the resulting interference beamiven by:
L(h(x,y),A)=1, =1, +2 Illzco{erJJ (32)

with n being the refractive index of the mediufn(neglected in the simple model) the phase
shift upon reflection from the objectthe wavelength ank the distance separating the probe

from the surface at the lateral position (x,y).
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Figure 6.12: Principle of reflection interference.A beam with intensity |, is reflected first on the top
surface of the substrate and a second time at thetiom surface of the object. Both reflected beamswth

intensities|; and |,) interfere and give rise to a characteristic inteference pattern.

Reflection contrast was implemented by a so-cadetiflex illumination, which reduces the
undesired contributions from stray liglit. The antiflex method implements a polarizer, a
quarter-wave-plate (4 plate) and an analyzer into the standard setdupe polarizer
generates linearly polarized light, which becomeésutarly polarized after passing the
quarter-wave- plate. Upon reflections within theec@men the polarization direction of the
light is inverted. After passing the quarter-wavat® a second time, the reflected beam
changes its polarization back to linear, but witllieection perpendicular to the incident
beam. The analyzer ensures, that only light with ¢brrect direction (perpendicular to the

incident beam) can pass and be detected, whiseaitered beams are blocked (figure 6.13A).
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Figure 6.13: A: a typical RICM set-up. Sketch fromref. 2. B: Newtonian rings generated by RICM

imaging of a colloidal probe. C: Lateral Brownian notion of a colloidal probe hovering above a HA film

Dual/ Triple-wavelength RICM. A drawback of conventional RICM is that for each
wavelength a number of heights are in agreemeitt thié¢ experimentally obtained intensity.
This is, because the intensity profile is a pexofdinction, meaning that with each period
another height corresponds to the given inten3ityovercome this problem, Schilling et al.
introduced dual wavelength RICM (DW-RICM). The authcompared the periodicity of two
interferographs, which had been taken simultangoasstifferent wavelengthS® A unique
solution for the distance of the object from thefate can be found, for a given pair of
intensities, i.e. where the periodicities of bothserved wavelengths overlap at a given
intensity (figure 6.14). The choice of a pair of wekengths not only allows for the
unambiguous determination of height, but also eddahe range within which the height can
be determined® #** The range is determined by the common periodioftythe chosen
wavelength€® The use of a third wavelength has been reporteitlyter et al”* where the
upper limit of the unambiguity was pushed beyon@ &8t as proposed By In principle,

any combination of wavelengths can be (Séd.
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Figure 6.14: The relative Intensities of three wavengths as obtained from 3WRICM. At overlap (red

line) a unique solution for the height of the probeabove the surface can be determined.

Reconstruction of film heights. From equation 32 it turns out that the intensiépehds
on the distance of the probe from the surface (ti¢igand the wavelength. There are several
methods, by which the height can be reconstruatad the information behind the intensity
profile, which have recently been reviewed by Liincand Sengupt®?

For colloidal probes the interference pattern cstssef concentric circular fringes. The radius
r from the center (of the radially averaged intenfeetric intensity profile) to the first
extremum (maximum or minimum) consequently changés the intensity in center (figure
6.15). The height can then be determined accotofiy

h(r,) :—;” -R+,/R*-r? (33)
n
for maxima, and:

h(r )= R+,[R?-r?, (34)

for minima, by considering the radius of the b&aand the radius of thel-th extremum. In
real experiment the position of two or three frisgan be determined in order to gain higher

accuracy for the value ot
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Figure 6.15: Top: RICM images showing fringe patten of a colloidal bead at different heights from the
surface 1, h2, h3). The intensity in the center changes as a functioof the height, and the radius of the
first fringe r, changes accordingly (scale bar: 2um). Bottom: schmatic of the intensity profile
corresponding to different bead heights. The solidines represent intensity minima, the dashed linehe

maxima. Figure adapted from ref?**

Experimental set-up. A 3-wavelength RICM setup as described *bywas
implemented. The setup was based on an invertedosaimpe (Zeiss Observer Z1) with
antiflex technique consisting of a filter cube witftossed polarizers and an antiflex objective
(EC Plan Neofluar Antiflex, 63x/1.25, Zeiss). A Xanlamp (XBO 75, Zeiss) was used as
light source. Reflected light was split by a custouit beam splitter unit with integrated band
pass filters (with 10 nm width)Two cameras (Orca-ER Hamamatsu Photonics, Massy,
France) took images at three different wavelengthauiltaneously A = 490, 546, 630 nm)
using the software SimplePCI (Hamamatsu). Integephs at 490 nm and 546 nm were
recorded in one camera and at 630 nm in the second.

Sample preparation A glass slide was glued with two component degiake (Picodent
Twinsil, Wipperfurth, Germany) to a custom-madeldefholder with an opening (diameter
0.5 cm) placed in the center. The assembly provadedinder shaped reaction chamber with
a volume of about 50 pl (figure 6.16). The modedtegns were prepared on the glass cover
slip with incubation steps as established in QCMFBe samples were directly injected into a
volume of about 50ul at the desired concentratfiocubation took place in still solution with
two fold increased concentrations and incubatiomes with respect to QCM-D

measurements. Excess material was removed by egiaidding a threefold amount of
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buffer, pipette assisted homogenization and withdfeof excess liquid. The surface was
maintained wet at any time.

Polystyrene beads (Polyscience, Eppelheim Germaitj) an average diameter of 25 um
were used as colloidal probes. The beads were wWashenes with ultrapure water before
further use. Additionally, some beads were funalmed with a polyethylene-glycol layer
(PEG-layer) to prevent interaction with the HA filffor PEGylation of the beads a triblock-
copolymers with a number averaged molecular weidht,= 8.4 kDa and a fraction of
80 weight-% PEG was used (poly(ethylene glycol)-block-(polypropye glycol)-block-
(polyethylene glycol), Pluronic F68, Sigma). Thethuel by Kinf® based on solvent-
assisted entrapment of the triblock-copolymer oe farticle surface, was applied with
adjusted parameters with respect to the Plurored asd the bead size. The detailed protocol

used here can be found in the appendix.

Figure 6.16: Teflon holder for RICM experiments. Ldt: top view. Right: bottom view. The glass covergb

is fixed up-side down with two-component dental gle to the bottom of the holder.

Data analysis. The interferographs were analyzed with a custenrebbped algorithm

implemented in MATLAB software. The layer thicknesk the adsorbed HA films was
determined following a simple methddl (parallel plate approximation with incident light
parallel to the surface normal), from the radiasipon of the extremum in the interferometric

" From theM, of the triblock-copolymer the average size of e®#G block results in 3.4 kDa, or N = 76
monomer units. This corresponds to a radius oftgyraf 2.2 nn?>° and a contour length of ~30 nm.
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intensity profile (see section: height reconstiut)iThe diameter of the observed beads was
calculated from bright field images taken priothe RICM images for each bead. Based on
the estimated accuracy in the determination ofltbéad diameter (0.5 um) and the focus
position (0.2 um), and the noise in the intengtpfile, we estimate the setup-specific
variations in the apparent height to be smallen th® nm. The heights determined from all
three wavelengths\(= 490, 546 and 630 nm) were usually found to agnéiein an interval

of less than 10 nm. Bead random movement was taickplane over about 100 frames to

check for interaction of the beads with the undedysurface layer.

6.3.5 Contact angle measurements

The contact angle of a droplet of liquid on a stefa@rovides information on the interaction
energy between the liquid and the surface. Wheroplet of liquid is placed on a surface,
two situations can occur: 1. complete spreadinthefliquid (complete wetting), or, 2. a drop
with a finite angle to the surface forms (partiaétting)®’ The degree of wetting is
determined by a force balance between the surfaegies of the liquid and the solid phase.
Young's equation relates the surface energiesethtee phases solid, liquid and gaseous

assuming equilibrium:

ysv = ysl - yIv COS@ (35)

representing the surface energy of the solid-vggaseous), solid-liquid and liquid-vapor

interface, respectively. As illustrated in figurd B, complete wetting occurs whérr 0.
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Figure 6.17: A: Principle of contact angle measurmets and dependence on the wettability of the surfac

B: Images of two surface exhibiting different degres of wetting.

Contact angle measurements within this study weréopmed using a DSA100 goniometer
(Kriss GmbH, Hamburg, Germany) instrument. Theicstadntact angle of a water droplet
(ultrapure water) was measured at three spotseo$dame surface. Contact angle values were
determined on the right and the left contact pointhe droplet and averaged. Cleaned glass
slides, silicon wafers and QCM-D sensors were sathgPretreatment of the surfaces, if not

otherwise noted, corresponded to the treatmenhgduhie usual experimental procedure.
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Abbreviations

AnxA5
Au

Av
Ca2+
CD44
DOPC
DOPE-cap-biotin
DOPS
ECD
Fc-domain
HA
HABD
Hepes
N2
NaCl
NAv
Ni2+
NTA
O,

PBS
PCC
PEG
PPG
QCM-D
RICM
SAM
SAv
SDS
SEM

Appendix

Annexin A5

Gold

Avidin

Divalent Calcium ion

Cluster of differentiation 44; main HA surfaceegtor
1,2-dioleoylsnglycero-3-phosphocholine
1,2-dioleoylsnglycero-3-phosphoethanolamine-N-(cap-biotinyl)
1,2-dioleoylsn-glycero-3-phospho-L-serine
Extracellular domain

Stalk-like domain of an IgG

Hyaluronan (altern. hyaluronic acid, hyaluronate)
Hyaluronan binding domain

2-(4-(2-Hydroxyethyl)- 1-piperazinyl)-ethansult&iure
Nitrogen

Sodium chloride

Neutravidin

Divalent nickel ion

Nitrilotriacetic acid

Oxygen

Phosphate buffered saline

Pericellular Coat

Polyethylenglycol

Polypropylenglycol

Quartz Crystal Microbalance with Dissipation Mning
Reflection Interference Contarst Microscopy

Self assembled monolayer

Streptavidin

Sodiumdodecylsulfate; surfactant

Scanning Electron Microscopy



Sio, Silicon dioxide, silica

SLB Supported Lipid Bilayer
OEOA Octadec-9-enyl-octadecyl-amine
-Z Z-fragment, sugar binding domain from a subuhjtrotein A

Mathematical abbreviations

a Kuhn length

c Concentration

C Material constant of a QCM-D sensor crystal
D Distance

d Thickness

G Free energy

H Enthalpy

h Height

Hz Hertz

k Imaginary component of the refractive index
ks Botzmann constank,= 1.38 * 107 J/K

Kb Dissosiation constant

I Contour length

lp Persistence length

m Mass

MSE Mean square error

Mw Molecular mass

n Real component of the refractive index
N Refractive index

Na Avogadro constantyla= 6.022 * 16° mol™*
Nm Number of monomers

R- Flory radius

Ry Radius of gyration

S Entropy
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List of machines

Temperature

Delta

Shift in dissipation (as measured by QCM-D)
Shift in resonance frequency (as measured by QCM-D)
Viscosity

Surface coverage

Wavelength

Excluded volume exponent (Flory exponent)
Characteristic dimension of a blob

Density

Grafting density

Psi

Orientational order parameter

Centrifuge, Eppendorf, MiniSpin Eppendorf AG, Hamdp Germany
Combined QCM-D/ellipsometer flowchamber E1 Q-€8eAB, Vastra Frolunda, Sweden

Contact Angle Meter

DSA100, KrigasbH, Hamburg,

Germany

Diener Pico, plasma chamber Diatectronics GmbH + Co KG,

Ellipsometer EC-400

Nagold, Germany
J. A. Wooll&nu., Inc., Lincoln, USA

Hamamatsu Camera Cntroller ORCA-ER Hamamtsu PheddfK., Japan
Liposome Extruder, LipoFa<t Avestin, Inc., Mannheim, Germany
NANOpure Diamond” water system Barnstead, Dubuque, USA

QCM-D, E4 Q-Sense AB, Vastra Frolunda, Sweden

SEM, LEO1530
Shaker, Vibramax 100

Zeiss SMT, OberlathGermany
Heidoplpkkilo GmbH & Co. KG,
Kelheim, Germany



Sonicator EImasonic S

Syringe pump KDS230

Tepla Dry Plasma Etcher, 100E

Thin Film Coating Chamber

Tip Sonicator Branson Sonof@rS-450A

UV tip cleaner, model UV.TC.220
Zeiss Observer Z1, RICM

List of Materials

Ammonia
Annexin A5-Z

Biotin-PEG-disulfide
CD44 fusion proteins

Cysteamin

Chloroform CHC}

Dental 2 component glue picodent twinsil

EGTA

Ethanol p.A.
Glas coverslips

Elma Hadsnsidtbauer GmbH & Co.
KG, Singen, Germany

KD Sciéatinc., Holliston MA

PVARIBEAG, Asslar, Germany

BAL-TERRED 020 Modular High
Vaccum Coating System, Witteny Ge
many
Branson Ultrasonics Corp., Danbury,
USA

BioterNanoscience, Ames, USA

Carl ZeMicrolmaging GmbH, Jena,

Germany

Scharlab S.L., Barcelona, Spain
Prof. Alain Brisson, Université de Bieaux 1,
France

Polypure AS, Oslo, Norway

Dr. Suneale Banerji, Prof. idalachson, Ox-
ford, UK

Sigma-Aldrich Chemie GmbH, Munich, Ger-
many
Scharlab S.L., Barcelona, Spain

picodeenfal-Produktions- und Vertriebs-

GmbH, Wipperfiurth, Germany)
Sigma-Aldrich Chemie GmbH,

Germany

Munich,

Scharlab S.L., Barcelona, Spain

Menzel Glaser, Braunschweig, Geyman



Hepes

HPDP-biotin

Hyaluronan oligomers (HA8)
Hyaluronic acid, Select-H&
Hydrogen peroxide 30%
Imidazole

methanol p.A.

MPEG-urea

Neutravidin

NiCl,

PBS

Phospholipids, bis-NTA EOEA

Phospholipids, DOPC, DOPS, DOPE
Pluronie®, F-68

Polystyrene Microbeads, 25um
QCM-D sensors

SDS

Streptavidin, Avidin, BSA, biotin-BSA,
Sulfuric acid 98%

Toluene

Triethylamine

Ultrapure water

Sigma-Aldrich Chemie GmbH, Munich,
Germany
Pierce Biotechnology, Thermo Scientific
Rockford, USA
Prof. Anthony Day, Unisity of Manchester,
UK
Hyalose L.L.C., Oklahoma City, USA
Scharlab S.L., BarcelonairSpa
Sigma-Aldrich Chemie GmbH,

Germany

Munich,

Scharlab S.L., Barcelona, Spain

Jaques Blummel, Universitat Heidelberg
Pierce Biotechnology, Thermo Scientific
Rockford, USA

Sigma-Aldrich Chemie GmbH, Munich,
Germany
Sigma-Aldrich  Chemie GmbH, Munich,

Germany
Prof. Jacob Piehler,ivdrsitat Osnabrick,
Germany
Avanti Polar Lipids, Alabaster, USA
Sigma-Aldrich Chemie GmbH,

Germany

Munich,

Polyscience, Eppelhé&@rmany
Q-Sense AB, Vastra Frolunda, Sweden
Sigma-Aldrich Chemie GmbH, Munich,
Germany
Sigma-Alath Chemie GmbH,
Germany

Munich,

Scharlab S.L., Barcelona, Spain
Merck

Sigma-Aldrich  Chemie GmbH, Munich,
Germany

in house



Protocol for the PEGylation of polystyrene microspheres

Material:
0 microbeads (2R = 25um)
o Ultrapure water
0 PEG-PPG-PEG triblock-copolymer (Pluronic®)
0 Toluene

Step 1:

* Prepare a 1wt% solution of Pluronic in distilledtgran a 5ml Schlenk:

o 2.25mlHO

0 22.5 mg Pluronic

* Add washed particle solution (2R = 25ul; concemdrastock: solid % = 2.68g/100ml)
0 22.4ul

» Stir on a magnetic strirrer (stirring at 300rpmy) %oh at RT (cap Schlenk).

Step 2:
e Add 45ul of toluene and keep on stirring for 2 h3@0rpm).

Step 3:
» For toluene stripping heat an oil bath to 98°C
» Place the reaction vial in the bath and keep sgr(at 300rpm)
* Apply a slight nitrogen blow over the open Schlémkemove toluene vapors
» Keep stirring until no toluene can be smelled armyen

Step 4:
* To remove excess Pluronic add 1ml ultrapure water
» Centrifuge at 4100 rpm for 12 minutes
* Repeat procedure 5 times (if the solution remainsid repeat up to 10x)

Original citation: A. J. Kim, V. N. Manoharan
and J. C. Crocker “Swelling-Based Method for
Preparing Stable, Functionalized Polymer Col-
loids” JACS 2005, 127, 1592-1593.

Protocol adapted from H. Bohm, MPI Stuttgart,
Swel Germany

with toluene

PEG PEG f
+
PPG

F-108 Pluronic Polystyrene
particle

—
Adsorb :

—>

Strip toluene
(heat to 98 =C}

\Y



Expression and purification of proteins

CD44 fusion proteins. The HABD,-Fc construct was prepared in a modified versiothef
expression vector pPCDM71g which encodes the hidi#¢2 and CH3 regions of human IgG1.
The modification consisted of a linker insertedithte BamHI site such that a ten histidine
tract followed by a TEV protease cleavage site (¥NQG) was placed in frame with the Fc
coding sequence. The HABD region consisting offilst 170 residues of human CD44 (in-
cluding the N-terminal signal peptide) was amptifiesingPyrococcus furiosugPfu) DNA
polymerase from full length human CD44 cDNA usihg following primers:

huCD44 -12 Hindlll For 5CGCGaagcttCGCTCCGGACBATGGACAAG3’

huCD44 465 Bglll Rev 5’CGagatctGGGTAGATGTCTTGSATTCG3
Appropriately digested PCR products were ligated ihe modified pCDM7Ig vector that
had been digested at the Hind Il site and at a BamH]I site created at the 5’ end of the
linker. Candidate recombinant plasmids were seceeete confirm integrity of the clones.
HEK 293T cells were transiently transfected anducet in CHO-S-SFM Il serum free me-
dium (Invitrogen) for 3 days before supernatant wallected and passed over protein A
sepharose (Sigma) before elution of the Fc fusidh @1 M glycine pH 3 followed by addi-
tion of 1/20 volume 2 M Tris HCI pH 8 to eluted dteons.
To produce monomeric his-HABD, DTT and EDTA weralad (to final concentrations of
0.1 and 0.05 mM respectively) to samples of HABI2 prior to addition of ACTEV protease
(Invitrogen) at a rate of 1 unit pen protein and digested for 2 h at’@before removal of
uncleaved fusion protein and digested Fc by pagbiagligest over protein A sepharose and
removal of ACTEV protease by passing the sample diieNTA agarose (Invitrogen). Fi-
nally, the digested monomeric HABD was subjectedjgbfiltration using a HiLoad 26/60
Superdex 75 pg chromatography column (GE Healthcare

Vii
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