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Zusammenfassung

Physikalische Phanomene wie Totalreflexion, Streuung und Interferenz oder Plasmonen-
resonanzen ermdglichen oberflachensensitive analytische Methoden. Diese Methoden
zeichnen sich durch sehr hohe Sensitivitaten aus, welche die Detektion von einzelnen
Molekulen — z.B. Proteinen — ermdglichen. Ein Beispiel fir Proteine sind Kinesine. Ki-
nesine sind relevant fur viele wichtige biologische Prozesse, eingeschlossen Zellteilung und
dem zelluldren Transport und bewegen sich entlang von Mikrotubuli-Filamenten. Um
einzelne Kinesine untersuchen zu kénnen, werden sie typischerweise mit Fluoreszenzfarb-
sto [ed markiert und Uber Interne Totalreflexionsfluoreszenzmikroskopie visualisiert. Um
die Interaktion von Kinesinen mit Mikrotubuli in ihrem nativen Zustand untersuchen
zu kdénnen, wird eine Marker-freie Detektion benétigt. Da Kinesine sehr groRe Molekdle
sind, ist es wahrscheinlich, dass unmarkierte Kinesine mittels optimierter Interferenzre-
flexionsmikroskopie (IRM) oder Interferenzstreumikroskopie (iISCAT) detektiert werden
kénnen. Mdglicherweise kdnnen unmarkierte Kinesine alternativ tber das hochsensitive,
plasmonische Nahfeld detektiert werden. Alle oberflachensensitiven Detektionsmeth-
oden sind jedoch Uber die Qualitat ihrer Oberflachen limitiert. Gerade bei biologis-
chen Experimenten sind die Proben komplex und nicht lange haltbar. Daher mussen
hochqualitativ funktionalisierte Proben sehr hdufig und reproduzierbar hergestellt wer-
den. Daflr habe ich eine Methode entwickelt, welche hochqualitative Oberflachen repro-
duzierbar mit minimalem Arbeitsaufwand ermdglicht. Mit dem neuen Protokoll kdnnen
molekular saubere Oberflachen zuverlassig funktionalisiert und fir Mikrofluidikkanéle
eingesetzt werden. Diese Proben zeichnen sich durch minimierte Hintergrundsignale
und ihre Eignung fir Einzelmolekiilmessungen aus. Auflerdem habe ich fir eine zukin-
ftige, Marker-freie Kinesindetektion ein Program geschrieben, welches ermdglicht IRM
und iISCAT-Mikroskopie parallel durchzufuhren. Dadurch wird aus der urspringlichen
Bildnachbearbeitungsmethode iISCAT eine Echtzeitanwendung. Desweiteren habe ich
eine Methode entwickelt, die es ermdglich plasmonische Goldnanoantennen an Mikro-
tubuli zu binden, ohne dabei das sensitive plasmonische Nahfeld zu blockieren. Mes-
sungen zeigten, dass die plasmonischen Nanoantennen als multifunktionale Mikrotubuli-
Marker verwendet werden kénnen, die weder blinken noch bleichen. In Zukunft und
mit verbesserten Oberflachenfunktionalisierungen und Marker-freien Techniken kénnen
Mikrotubuli-gebundene plasmonische Nanoantennen mdoglicherweise als ultrasensitive
Einzelmolekllsensoren genutzt werden, die einzelne Kinesine im Vorbeilaufen detek-
tieren.



Abstract

Physical phenomena such as total internal reflection, scattering and interference, or plas-
mon resonances enable surface-sensitive detection methods. These methods have high
sensitivities that allow the detection of single nanoparticles or single molecules such as
proteins. Proteins have interesting physiological functions. One example are Kinesins
that are a key to essential biological processes such as cell division and cellular trans-
port. Kinesins are motor proteins that move along microtubule “tracks”. To study
single Kinesins, they are conventionally labeled with fluorescent dyes and detected us-
ing total internal reflection fluorescence (TIRF) microscopy. However, to improve the
understanding of their native interaction with microtubules, a label-free detection is
desirable. Due to the large size of the kinesin molecule, label-free detection can be
envisioned by optimized interference reflection or interferometric scattering microscopy
(IRM and iSCAT). Alternatively, unlabeled kinesins could potentially be detected us-
ing the highly sensitive near-field of plasmonic nanoparticles. One limiting factor of
all surface-sensitive detection techniques is the requirement of a high quality surface.
Especially for biological samples, the assays become complex while exhibiting a short
storage life. Therefore, well functionalized surfaces must be prepared frequently. Here,
| developed a method to generate reproducibly high quality surfaces for high contrast
imaging of microtubules and kinesins with a minimized work e [oft. With the new pro-
tocol, molecularly clean surfaces are obtained that are reliably functionalized and yield
low-background microfluidic chambers suited for all further measurements. To enable
label-free detection of kinesins in the future, I wrote an image acquisition and anal-
ysis program that allows real-time iISCAT imaging with simultaneous IRM detection.
Additionally, | developed a method that enabled the binding of gold nanorods to mi-
crotubules, without blocking their highly sensitive plasmonic near-field. Measurements
suggested that these functionalized plasmonic nanoantennas could serve as multipur-
pose bleach and blink-free in vitro microtubule markers. In the future, with improved
surface preparations and label-free techniques, microtubule-bound plasmonic antennas
potentially can be used as ultrasensitive single-molecule sensors for molecular machines
translocating along microtubules.
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1. Low background microfluidic chambers
for high contrast imaging of
microtubules and kinesins

1.1. Introduction

The interaction of kinesins with microtubules is highly relevant in biological processes
such as cell division and cellular transport [1]. Microtubule-kinesin assays gained popu-
larity in the 1980s with the first single kinesin assay published in 1989 [2-4]. From then
until today, a broad variety of assays optimized for single kinesin-microtubule interac-
tions were published showing that there is still an ongoing need for improvement. In
general, all types of assays have the same goal: o[ering ideal imaging and analysis con-
ditions of undisturbed specific interactions between kinesins and microtubules [5-10].
The interaction of kinesin and/or dynein with microtubules can be assessed in either
gliding or stepping assays. Gliding assays focus more on the Kinesin-driven movement
of the microtubule and stepping assays display the mobile kinesins walking along im-
mobilized microtubules [11-14]. In stepping assays, the rigid fixation of microtubules
is of importance for an optimal resolution and to avoid artefacts when measuring the
kinesin movements [5]. Especially to observe the movement of single kinesin molecules,
unspecific interactions between kinesins and the surface and the presence of contamina-
tions need to be minimized [7]. Imaging methods suited for kinesin-microtubule assays
are typically very surface-sensitive—such as IRM and TIRF microscopy. Thus the re-
spective surfaces must be of high quality with a minimal amount of contamination and
should oled a high signal-to-background ratio (SBR). Typically, surface modification
approaches for stepping assays consist of multiple steps and often comprise a modi-
fication of the glass surface, the adsorption of dilerent macromolecules for blocking
and/or microtubule attachment and sometimes even a further modification of the ab-
sorbed macro molecules [5-10, 15]. An assay that has been successfully performed for
many years by various researchers around the world is based on a hydrophobic sur-
face, that interacts with microtubule-binding antibodies and the hydrophobic middle
part of a blocking agent [15,16]. To perform this assay, glass surfaces are rendered
hydrophobic by spin coating with a hydrophobic polymer or a covalent attachment of
hydrophobic surface groups via silanization [15,17,18]. While the assay itself has been
proven to be functional and reliable, the challenge of this approach occurs with the
di Cculity to obtain high quality hydrophobic surfaces [6]. Even though silanization of
glass surfaces has been used for decades, issues with reproducibility are still addressed
repeatedly [6,19-21]. Reproducible surface functionalizations are often achieved by using



silanes that polymerize in the presence of humidity [5]. However, during single-molecule
measurements performed in close surface proximity, polymers can potentially interfere
with the measurements and are therefore undesirable. Uncontrolled polymerization can
be prevented by working under complete humidity exclusion [19, 21] requiring an ex-
tensive work e[oft and equipment rare in typical biology-based laboratories. On the
contrary, the usage of monoreactive, non-polymerizing silanes prevents polymer forma-
tion but generates unreactive dimers when used in ambient air [22,23]. In 2018, a simple
and reproducible silanization protocol performed under ambient air was reported which
uses the monoreactive silane trimethylchlorosilane and is suited for microtubule-kinesin
assays [6]. However, this protocol used a catalyst during a solvent-based silanization
procedure. Solvent-based silanizations, as well as cleaning procedures, were experi-
enced as work intensive, waste-producing, and most importantly, prone to catch con-
tamination in the available laboratory environment. For the preservation of molecularly
clean high quality surfaces, vapour phase silanization is expected to be more suited.
Molecularly clean and high quality surfaces suited for single-molecule measurements can
be reliably achieved by chemical etching or plasma cleaning [5, 24, 25]. Additionally,
aqueous chemical treatments and plasma cleaning were reported to improve silaniza-
tion e Cciehcies by surface hydroxylation [26-30]. In this chapter, an improved, simple,
quick and reproducible silanization protocol to achieve high quality surfaces suited for
hydrophobicity-based microtubule-kinesin single-molecule assays was developed. There-
fore, glass surfaces were treated with dilerknt chemical or plasma cleaning procedures
and functionalized with di Lerknt silanes rendering hydrophobic groups. Then, the water
contact angles of the resulting surfaces were measured. Furthermore, an unconventional
but e [edtive plasma activation procedure was discovered and the resulting surface was
analyzed using x-ray photoelectron spectroscopy (XPS). Then, the functionality of the
assay on the surfaces prepared with the new protocol was confirmed. The resulting
surfaces were used to systematically investigate the “degree of hydrophobicity” required
for a high quality functional assay in TIRF. Finally, to assess whether the IRM contrast
could be improved by the choice of the assay, | investigated the IRM SBR of microtubules
fixed at diLerkent heights from the surface.

1.2. Theoretical Background

This section briefly explains the theoretical background required for the understanding
of this chapter.

1.2.1. Silicon-based materials and chemicals
The most important silicon-based materials and chemicals that were used in this chapter
(and thesis) are listed below:

Silicon Silicon (Si) is the 14™ element of the periodic table. Silicon is a tetravalent
metalloid and can form by chemical reaction the materials mentioned below [31].



Silicon dioxide and silica A very common oxidized form of silicon is silicon dioxide
(Si03). The term SiO, names either the molecule only consisting of one Si and two
oxygen atoms or any material that consists of the same ratio of silicon and oxygen.
Silica names any material consisting of silicon dioxide. It exists in a pure crystal form
(e.g. naturally occurring rock crystal) but it also can be amorphous as silica gel, silica
glass or silica colloids [31-33].

Glass While the term glass stands for a non-crystalline solid, it often refers to amor-
phous silica-based materials. In multi component silica glasses, some Si atoms are sub-
stituted with alkali or alkaline earth elements such as boron. Due to dilerknt valences
(tetrahedral silicon vs trihedral boron), the crystal structure changes. Thus, the struc-
ture of the glass is rather viewed in terms of small structural units such as boron oxide
and silicates. Therefore, a silica based glass will be called e.g. borosilicate glass if there
are boron substitutes in it. Typically the silica content of commercial borosilicate glasses
can vary from 50% (for substrates) to 80% (for lab ware) [34].

Silicic acids and silicates Silicate anions are the conjugate bases of silicic acids. Sili-
cates can occur in dilerent structures / Si-O ratios, e.g. the nesosilicate SiO, . Silicic
acids and silica can be used to synthesize silica such as silica gels or spheres [31].

Silanes The term silanes refers to organosilicon derivatives of the molecule silane
(SiH4). Subclasses of silanes are siloxanes (R3Si-O-SiR3), silazanes (R3Si-N-SiR3), chlorosi-
lanes (RxSiCly) and alkoxysilanes (RxSiO[CH,]y CHz]) with R being organic residues and

x and y being indices. [35, 36]

Silicone Silicones are polymeric materials that are based on a siloxane backbone and
can be synthesized using e.g. silanes [37, 38].

1.2.2. Glass surface modifications

To plan glass surface modifications, it is important to understand the nature and be-
haviour of glass surfaces. In this context, glass surfaces are usually simplified in the
literature as silica surfaces.

1.2.2.1. Cleaning processes

To modify a silica glass surface, it must be exposed. Even the originally cleanest glass
surface will be contaminated quickly (e.g. total volatile organic compound concentration
of room air: =1.1mg per m®) by the ambient air and must be cleaned freshly to expose
the silica surface for functionalization [39].

Simple sonication and washing Solvent and soap based washing is expected to remove
organic contamination and particles by the aid of sonication. The exposure to solvents
like ethanol and soap is not expected to have any e [edt on the surface properties besides



cleaning. In contrast, sonication has been reported to generate radicals and modify
surface properties [40-42].

Chemical etching In contrast to mild but limited sonication and solvent based pro-
cedures, chemical etching processes quickly decompose high amounts of contaminants
and also etch the glass surface. A relatively harmless chemical etching process (com-
pared to hydrofluoric acid or piranha solution) is the potassium hydroxide (KOH)-
hydrogenperoxide (H,O,) etching process. In this process, the strong oxidant hydro-
gen peroxide is mixed with an agueous KOH solution such that the hydrogen peroxides
conjugate base, the hydroperoxide anion forms:

H,0, + OH™  + K* = HO,; + H,0 + K* (1.1

This anion is considered to be a weak oxidant and a weak reductant but a strong nucle-
ophile which attacks contaminants that have electron deficient functional groups [43,44].
KOH-H,0, etching was shown to e [ciehtly remove organic material [45]. At the same
time, KOH is silicon and silicon dioxide corrosive and etches the glass surface which
involves hydration, hydroxylation and hydrolyzation [46, 47].

Plasma cleaning A user and environmentally friendly alternative cleaning process is
plasma cleaning [48,49]. During plasma cleaning, a gas or gas mixture becomes ionized
and decomposes, together with its residual free electrons, materials under a vacuum
atmosphere [50]. For instance, carbohydrates can be removed e Lciehtly with oxygen
plasma. The plasma-generated reactive oxygen species decompose carbohydrates and
form CO,, CO and H,O which will be removed by the applied vacuum [51]. In addition
to the cleaning process, the surface properties are changed physically and chemically,
e.g. the surface groups of the substrate are changed [26, 52, 53].

1.2.2.2. Hydration & hydroxylation

The ratio of siloxane and silanol groups determines the reactivity of a silica surface, as
only silanol groups are reactive towards silanes. The increase of the amount of present
silanol groups is called hydroxylation [54]. The processes of hydroxylation and dehy-
droxylation are schematically described by the Zhuravlev model (Fig. 1.1) [30]:

a fully dehydrated and dehydroxylated glass surface (Fig. 1.1A) can become fully hy-
droxylated (Figure 1.1B-D) upon immersion at 100 [inlwater (Arrow 1). The thereby
generated surface OH-groups bind to water molecules via hydrogen bonds and even a
surface appearing “dry” by eye will be covered by multilayers of water (Fig. 1.1B) [31,34].
These multilayers can be reduced to a water monolayer (Fig. 1.1C) by exposure to vac-
uum at room temperature (25 [L_Akrow 2). Upon exposure to ambient air (Arrow 3),
a multilayer of water builds up, again. To fully remove all adsorbed water, a heating
of the surface to T > 190 [_uhder vacuum (Arrow 4) is required. Even at these tem-
peratures, the hydroxy groups remain intact. To fully dehydroxylate the surface (Arrow
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5), temperatures higher than T > 800 [ake required, or if performed additionally
under vacuum, temperatures above 400 [—arg su [cieht. Therefore, hydroxy groups are
rather stable. However, a fully hydroxylated surface (4.6 hydroxy groups per nm? for
an amorphous silica surface [30, 31,55]) without adsorbed water layers (Fig. 1.1D) can
only be maintained in vacuum, as exposure to ambient air allows the built-up of water
multilayers [30, 31].

1.2.2.3. Silanization

A very common approach to modify glass surface properties is the covalent binding
of silanes to the surface-silanol-groups rendering the desired surface properties to the
substrate. This modification has the advantage over other non-covalent methods that
long term storage and chemical stability is reached. The silanes that were used within
this work can be divided into three basic subgroups that will be introduced briefly within
the next paragraphs.



Chlorosilanes (Mono-) chlorosilanes have three organic residues (R) and one reactive
chlorine group (Cl). When a chlorosilane encounters a surface silanol, HCI will be formed
and the silane will form a siloxane bond with the surface [22]:

R5SiCl + =SiOH — =SiOSiR; + HCI (1.2)

Alternatively, the chlorosilane can encounter an adsorbed water molecule and hydrolyse
into a silanol molecule, again under the generation of HCI [23]:

R5SiCl + H,0 — R,SiOH + HCI (1.3)

Such molecular silanol can condensate with the surface silanols to form a stable siloxane
bond and functionalize the surface [56,57]:

R;SiOH + =SiOH — =SiOSiR; + H,0 (1.4)

However, the above described reactions do not only apply to reactions between silanes
and surface silanols but also to reactions between the silane molecules themselves. Thus,
as soon as molecular silanol is generated, unwanted dimerizations between two molecular
silanol molecules or between a molecular silanol and a chlorosilane can occur.

Silazanes can carry the same organic residues (R) as chlorosilanes and generate in
principal the same type of surface (Figure 1.2). However, the reaction mechanism is
slightly dilerknt and involves the decomposition of the disilazane. When encountering
a surface silanol, one silyl group will form a stable siloxane bond with the surface while
the other groups form an aminosilane [58]:

(R3Si),NH + =SiOH — =SiOSIiR; + R3SiNH, (1.5)
In a second step, this aminosilane reacts with another surface silanol under generation
of ammonia (NH3) [58]:
Alternatively, two aminosilanes can dimerize back into a silazane and start the reaction
all over again [58]:

Additionally, silazanes can hydrolyse when they encounter adsorbed water. Upon hy-
drolysis, the silazane decomposes into one molecular silanol and one aminosilane [58]:
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These aminosilanes and molecular silanols can react with a surface as described earlier
in the text. Overall, chlorosilanes and disilazanes undergo diLerknt chemical reactions
but the resulting monolayer at the surface is chemically identical. Figure 1.2 summarizes
how the applied chemicals chlorosilane and disilazane as well as their potential hydrolysis
products (molecular silanol and aminosilane) can react with a surface silanol under the
generation of identical surface siloxanes but with di Lerent byproducts (HCI, aminosilane,
H,O and NHy).

Triethoxysilanes (TES) Similar to the above described reactions, TES can directly re-
act with surface silanols under the generation of surface siloxanes and ethanol (Fig. 1.3A,
horizontal reaction). Small amounts of water are necessary to replace the remaining
ethoxy groups of the surface siloxanes with hydroxy groups to further condensate into
fully cross-linked siloxane backbones (Fig. 1.3 right column, vertical reaction).

However, when water is present during the reaction, the ethoxy groups of yet unreacted
TES molecules can be replaced with hydroxy groups as well (Fig. 1.3 vertical reaction
from A to B). Nevertheless, the resulting molecular silanols can react with the sur-
face silanols to form surface siloxanes (Fig. 1.3B, horizontal reaction). These surface
siloxanes can further continue to condensate into the desired fully cross-linked silox-
ane backbones (Fig. 1.3 right column, vertical reaction). Alternatively, the molecular
silanols can condensate into siloxane polymers (Fig. 1.3 vertical reaction from B to C)
that subsequently can react with the surface silanols to directly form fully cross-linked
surface siloxane backbones (Fig. 1.3C, horizontal reaction) [56,57,59]. Note: this is a
simplified and schematic description of possible reactions. The condensation reactions
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Figure 1.3.: Triethoxysilanes (A) react with surface silanols to surface siloxanes (hor-
izontal reaction). When water is present, the remaining ethoxy groups of the surface
siloxanes can be replaced by silanols which then can condensate into fully cross-linked
siloxane backbones (reaction favoured at 120 [, vdrtical reaction). The triethoxyilanes
(A) can hydrolyse alternatively into molecular silanols (B). The molecular silanols can
either condensate with surface silanols to surface siloxanes (horizontal reaction) or with
other molecular silanols to form siloxane polymers (vertical reaction from B to C). Alter-
natively, siloxane polymers (C) can react with surface silanols to form surface siloxanes
(horizontal reaction).

of the silanols can be catalyzed under acidic or basic conditions or by the addition of
primary, secondary or tertiary amines [56]. When the TES residue contains a primary
amine as in the case of aminopropyl-triethoxysilane (APTES, R=C3HgN), the molecule
undergoes self-catalysis [56,57].

1.2.3. Proteins: microtubules and kinesins

Microtubules are part of the cytosceleton where they provide mechanical support and
tracks for cellular transport. They are micrometer long and typically 25 nm thick protein
tubules that consist of polymerized a-3 tubulin subunits (Figure 1.4). Positions along the
microtubule are described with the “microtubule lattice” [60,61]. Longitudinally viewed,
the tubulins are arranged in a head-to-tail fashion building up polar protofilaments with
an exposure of the B tubulin at the so-called “plus end” and the a tubulin at the “minus



Figure 1.4.: - tubulin dimers
can polymerize into micro-
tubules. Due to the negatively
charged E-hooks, microtubules
carry negative surface charges.

end of the microtubule. This terminology is derived from microtubule polymeriza-
tion dynamics where the microtubule polarity is re ected: Microtubules grow faster at
the plus end and only grow slowly at the minus end [62,63]. Microtubule growth

is guanosine triphosphate (GTP)/guanosine diphoshpate (GDP) and Mg* dependent.
For polymerization, tubulin with bound GTP and Mg 2* is required and the hydroly-
sis state of the GTP is an important factor in the stability of the polymerized micro-
tubule [62,64 66]. GTP-tubulin has a di erent length compared to GDP-tubulin [67].
Thus, the energy released upon GTP hydrolysis is stored as strain between the lateral
contacts of the microtubule lattice and nally results in depolymerization and shrink-
age [67]. Therefore, microtubules can be stabilized by using the non-hydrolyzable GTP-
analogue GMPCPP [68]. Alternatively, microtubule stabilization can be achieved by
the usage of drugs such as the anti-cancer drug taxol or microtubule associated proteins
(MAPSs) [69 71]. Typically, interactions between MAPs and microtubules are based on
hydrophobicity or electrostatic charge neutralization [72,73]. In electrostatic terms, mi-
crotubules and their tubulins have very interesting properties. Single tubulin dimers
carry a bare (vacuum) charge of -52 under physiological pH. Out of this charge, 24e
(46 %) are spread among the tail-like C-termini of the two monomers. These negatively
charged C-termini are called E-hooks. The charges of the E-hooks originate from aspar-
tic (Asp or D) and glutamic (Glu or E) acid residues that make 49 % of the C-terminus.

If the resulting dipole moment (about 4000D per monomer) is summed up within a
microtubule, their longitudinal components generate a length-dependent net dipole mo-
ment for a microtubule [60, 74,75]. The microtubule surface mainly carries a negative
electrostatic potential (about 1KkT/e) and only small regions with positive potential
(+1kT/e) are present. Interestingly, the electrostatic potential di ers on the two ends

of a microtubule: the plus end's electrostatic potential is negative similar to the rest of
the microtubules surface while at the minus end the areas with a positive electrostatic
potential are increased [76].

Kinesins are microtubule-associated motor proteins that can move processively along
a microtubule track to perform crucial tasks within cells such as the transport of
vesicles, organelles, chromosomes, protein complexes and the regulation of microtubule
dynamics [77 79]. This processive motion is driven by adenosine triphosphate (ATP)-
binding and hydrolysis induced conformational changes. Thus, ATP is considered to
be the fuel of the kinesin motor [80 82]. The kinesin superfamily is composed of
subfamilies (Kinesins 1-14) with kinesin-1 called conventional kinesin [78, 83].



1.2.4. Principles of microtubule attachment to surfaces

Electrostatic interactions  The electrostatic properties of microtubules can be exploited
to attach them to surfaces forin vitro assays and imaging. As microtubules are negatively
charged, surfaces must be rendered positively charged to electrostatically attract the
microtubules. Therefore, typically amino groups are introduced by adsorbed layers of
polylysine or covalent layers of 3-aminopropyl-triethoxysilane (APTES) [5,84 87]. Upon
exposure to water or aqueous bu ers with neutral or acidic pH, the amino groups are
protonated, become positively charged and are thought to bind the negatively charged
microtubules due to electrostatic interactions (Fig. 1.5) [5].

Figure 1.5.: An aminated glass
surface becomes protonated and
positively charged upon expo-
sure to the aqueous buer of a
microtubule solution. The nega-
tively charged microtubules are
thought to bind to the surface
via electrostatic interactions [5].

Hydrophobic interactions  Alternatively, microtubules can be attached to surfaces ex-
ploiting hydrophobic and antigen-antibody interactions (Fig. 1.6). Here, glass surfaces
are rendered hydrophobic by either spin coating with a hydrophobic polymer or a co-
valent attachment of hydrophobic surface groups via silanization [15,17]. Subsequently,
anti-tubulin antibodies are bound to the surface. How antibodies bind to surfaces is
not yet fully understood. Some authors consider van der Waals interactions, others as-
sume that upon contact with a hydrophobic surface, the antibody denatures partially
and orients such that hydrophobic antibody parts stay attached to the surface avoiding
contact with the surrounding aqueous solution [88 90]. This principle of dehydration
of the hydrophobic surface is also exploited for the surface passivation of the remaining
surface: the hydrophobic middle part of the triblock copolymer Pluronic F-127 orients
towards the hydrophobic surface while the hydrophilic polyethylene glycol (PEG) outer

Figure 1.6.: Glass surface func-
tionalized with a hydrophobic
layer binds anti-tubulin anti-
bodies and the triblock copoly-
mer Pluronic F-127 through hy-
drophobic interactions. Micro-
tubules attach speci cally to the
antibodies while the rest of the
surface is passivated by F-127.
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parts protrude in the aqueous solution for surface passivation [15,91]. Hydrophilic mi-
crotubules will attach speci cally to the respective antibodies [12,15,92,93].

1.2.5. Surface-sensitive microscopy methods

Surface-bound microtubules can be visualized with high SBRs using surface-sensitive
microscopy methods such as total internal re ection uorescence (TIRF, when uores-
cently labeled) and interference re ection microscopy (IRM, label-free detection). These
methods are described in the following.

1.2.5.1. Total internal re ection uorescence microscopy

TIRF microscopy exploits the properties of the evanescent eld that is created upon
total internal re ection of a laser beam at a sample surface. Total internal re ection
is achieved by re ecting the excitation laser beam at the interface between cover glass
(refractive index n1) and sample (12) under the critical angle giticar = Sin Y(n1=ny).
The thereby generated evanescent eld only penetrates the sample by the wavelength
dependent penetration depthd, = = (4 )(n3sin? n?) ¥2. The eld can excite
uorophores with an intensity decaying exponentially with distance from the surface:

|, = lge Z°% (1.9)

with I, being the intensity at the depth z and | ¢ the initial intensity [94]. This restriction

of the excitation volume to the focal plane improves SBRs compared to epi uorescence
microscopy. Close to the critical angle, the intensity of the evanescent eld can be up to
5 times greater than the intensity of the incident beam [95].

1.2.5.2. Interference re ection microscopy

IRM is a surface-sensitive, label-free microscopy method in which monochromatic light
with the intensity 1 illuminates a specimen containing glass surface (Fig. 1.7). Light is
re ected by the glass surface (1) or transmitted into the sample, where the light can
then be re ected by the specimen (2). Only upon the re ection at an interface with a
higher refractive index, a 180 phase shift occurs. Typically the refractive index of glass
(borosilicate glass,ng 1.52 [96]) is higher than the refractive index of the medium
(water, n; 1.33 [97]). Thus, no phase shift occurs upon re ection at the glass-water
interface. In the contrary, the refractive index of the specimen (e.g. protein, 1.36< n ; <
1.55[98]) is typically higher than the refractive index of the mediumn;. Therefore, a 180
phase shift occurs typically upon re ection at the medium-specimen interface. When
the specimen is directly located at the glass surface, a fully destructive interference dof
and |, occurs which results in a black IRM signall rm . If the specimen is located at a
di erent height, the e ective phase shift between the two interfering waves depends on
the optical path di erence. The optical path is the product of the physical path of the
light and the refractive index of the medium through which the light travels. When all
refractive indices (ng, N1, N2) can be considered as constant, the physical path di erence
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h between glass surface and specimen can be quanti ed according to the interference
patterns resulting from it. Theoretically, the intensity of the IRM image |grm can be
directly related to the height of the specimen above the surfacén according to [99, 100]:

4n1h

P —
lirm =112+12 2 1I1l,cos (1.10)

with  being the illumination wavelength. However, for a realistic understanding of the
experiment, Eq. 1.10 requires to be corrected for the objective's point spread function
according to [100, 101]:

siny oS 4n 1h

2 |IRM;corrected =S+ D (l sin = 2) (111)
The point spread function is modeled byy = 2kh sin( = 2)2 were =arcsin(INA=n,) is
half the angle of the cone of the illumination numerical aperture (NA ). The interference
amplitude D scales the function to the intensity values obtained by the setup and cam-
era settings. The factor S corrects the intensity values for a background [99 101]. Fig-
ure 1.7B compares the results of Eq. 1.10 (black) and Eq. 1.11 (magenta). Here, absolute

intensity values are neglected and only the pattern of the cosine functionsos 2211 and

Si% cos 4n1h (1 sin =2) are compared for a wavelength of =450 nm, the refractive

index of water n; =1.33 [97] and anINA of 1.15. It becomes clear, that considering
realistic illumination conditions leads to a noteworthy deviation from the theoretical
interference.

Figure 1.7.: (A) The incident

light 19 is re ected at a glass sur-
face (1) and by a microtubule

(I2). The height h of the micro-
tubule above the surface deter-
mines how (1) and (I) inter-

fere. In the depicted example,
(I1) and (I,) interfere destruc-
tively and the detected intensity

l\rm is reduced. Figure adapted
from Ref. [102]. @B) Plots of
the IRM intensity calculated ac-

cording to Eq. 1.10 (black) and
the IRM intensity corrected for

an INA of 1.15 according to
Eqg. 1.11 (magenta).
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1.2.6. X-ray photoelectron spectroscopy

For x-ray photoelectron spectroscopy (XPS), a sample is irradiated with soft x-rays
of a known wave length h < 6 keV). At the sample surface, the x-ray energy b ) is
transferred to a core level electron which is then emitted as a photoelectron (photoelectric
e ect). The kinetic energy (KE) of the photoelectron is detected and its previous binding
energy (BE) calculated according to:

BE=h KE  spec (1.12)

with  spec being the spectrometer work function. The emission of the photoelectron
generates a core hole that can be lled with an electron from a valence orbital. This re-
laxation process releases energy either as x-ray uorescence (not detected) or the emission
of an Auger electron. Auger electrons are denoted using the K, L and M nomenclature
for atomic orbitals. For instance, the term KLL states the following: rst, the x-ray
radiation ejected an electron from a K orbital. Second, the thereby generated core hole
was lled by an electron of the L orbital. Third, the ejected Auger electron originates
from an L orbital. The binding energy of both photoelectrons and Auger electrons di ers
for di erent elements and further depends on the state of oxidation and the chemical en-
vironment of these elements. Therefore, with XPS the chemical composition of a surface
can be analyzed [103].

1.3. Materials & Methods

1.3.1. Materials

All chemicals were purchased from Sigma Aldrich and used without further puri cation
unless noted otherwise. Puri ed Type 1 water was used for all experiments (18.2 M cm,
Nanopure System MilliQ reference with Q-POD and Biopak lter). Glass staining jars
(BRAND — Soda Lime Glass Staining Troughs with Lid, Fisherscienti ¢, US) were used
to store and treat all cover slides. Te on (TE) racks (custom-made at the university
workshop) were used for glass slide treatments unless noted otherwise. All procedures
were performed at room temperature (20 28%o) unless noted otherwise.

Glass slide speci cations For the construction of ow cells, square cover glasses with
di erent thicknesses (d) and surface areas A) were purchased:

1. 0.08mm<d< 0.12mm andA = 18 mm 18 mm (Thermoscienti c #0 Menzel-
Glaser, Braunschweig, DE). These cover slides are for the top of the ow cell and
thin enough for the nal ow cell to tinto a speci c setup (called Aswad [104]).

2. 0.13mm<d< 0.16 mm andA = 18mm 18 mm (Thermoscienti c #1 Menzel-
Glaser, Braunschweig, DE). These cover slides are an alternative for the top of the
ow cell and thick enough to not oat when KOH/H ,0, etched.
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3. 0.16mm<d < 0.19mm andA = 22mm 22mm (Corning Square #1.5 cover
glasses, Corning, New York, US). These cover slides are the bottom part of the ow
cells, tin all used sample holders and their thickness is optimized for reducing
optical aberrations [105]. Additionally, this slide thickness o ers a good stability
for supporting the ow cell.

All glasses were pure white borosilicate glasses (D263) suited for uorescence microscopy
and of high chemical resistance ( hydrolytische Klasse 1). For these glasses it is addi-
tionally guaranteed that no bubbles or streaks are present [106, 107].

1.3.2. Surface preparations
1.3.2.1. Cleaning and surface activation

Sonication and solvent based cleaning Glass slides were sonicated (Ultrasonic cleaner
USC-THD, VWR, US) in 5% Mucasol (Schillke & Mayr GmbH, Norderstedt, DE) for
3min and washed with water. Subsequently, they were sonicated foBmin in acetone
and washed again with water. Drying was performed by a combination of blow drying
with nitrogen and placement in an 65%. warm oven (ULM 500, Memmert, Biichenbarch,
DE).

Potassium hydroxide / hydrogen peroxide etching Potassium hydroxide / hydrogen
peroxide etching [45, 108] was performed as instructed by Ronny L6 er [109] except
that cover slide racks were used: TE racks with cover slides were immersed in 0.9M
KOH and slowly heated up to 60%. while carefully adding 10% HO, in water until a
molarity of 0.13 M was reached. Heating and HO, addition needed to be done carefully
as an increased gas formation during the etching process needs to be monitored closely,
especially to prevent the slides from oating out of the holder. Only glass slides thicker
than 13 mm were used during BO, etching processes as they were heavy enough to not
oat out of the holder. After 1h of exposure, the solution with the racks was allowed to
cool down and the slides were extracted and washed 3 in deionized water.

HCl-sonication-based cleaning and hydroxylation HCI-sonication-based surface acti-
vation was performed as described earlier [18]. Clean glass slides stored in TE racks
were sonicated in 7%o hot 1M HCI for 1 h. To remove all residual Cl| ions, the slides
were sonicated thrice for 5min in deionized water.

KOH-sonication-based etching and hydroxylation  This surface activation procedure
was performed similar as described for the HCI-sonication-based surface activation, ex-
cept that the slides were immersed in a 1 M aqueous solution of KOH for only 5min,
followed by a sonication-free nal washing in water.

Plasma-based cleaning and hydroxylation Sonicated and solvent cleaned slides were
plasma activated and cleaned for 5mins. A TePla plasma cleaner (Plasma system 100E,
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PVA TePla AG, Wettenberg, DE) was used to generate O, (0.7 mbar process gas pres-
sure, 300 W radio frequency (RF) power) and N (0.5 mbar process gas pressure, 300 W
RF power) plasma. Air plasma was generated at the plasma system Zepto (Diener,
Ebhausen, DE) with 0.7 mbar process gas pressure and 100 W RF power. For polypropy-
lene (PP)-assisted treatments (see results), glass infused PP holders (Wash-N-Dry cov-
erslip racks WSDR-1000, Diversi ed Biotech, Doylestown, US) were used instead of TE
holders. An increased pressure in the vacuum chamber observed during PP decomposi-
tion in oxygen plasma was compensated by reducing the process gas stepwise to maintain
the 0.7 mbar process pressure. The closing of the process gas valve after nishing the
plasma process was performed within milliseconds to reduce the amount of process gas
reacting with the plasma treated surface.

1.3.3. Silanizations

Sonication- and solvent-cleaned glass slides were either KOH / JD, etched, HCI cooked,
KOH etched, or plasma treated for further hydroxylation. Dryed hydroxylated glass
slides were silanized according to one of the following procedures.

1.3.3.1. Trimethylchlorosilane (TMCS)

800 L TMCS was evaporated in a dessicator by alternating intervals of vacuum gener-
ation (20 mbar, PC 3004 Vario with CVC 3000 display, Vacuubrand, Wertheim, DE) as
described earlier [18].

1.3.3.2. Hexamethyldisilazane (HMDS)

HMDS silanization was performed as described in Ref. [110] except that 4.5 mL HMDS
were added to the bottom of glass staining jars containing freshly hydroxylated slides in
TE racks. The slides were incubated in the closed staining jars for 48 h at 2%..

1.3.3.3. Octadecyltriethoxysilane (OTES)

OTES treatment was slightly modi ed from Ref. [111]: Hydroxylated glass slides were
submerged within a mixture of 200 mL toluene, 4 mL OTES (abcr, Karlsruhe, DE) and
1mL n-butylamine (nBuNH,) catalyst for 90 min. To remove residual chemicals, the
slides were swirled in toluene, sonicated 3 min in acetone and were subsequently swirled
in water and dried (dry, Itered and pressured air).

1.3.3.4. Aminopropyl-triethoxysilane (APTES)

Vapour silanization was performed similar as described in Ref. [112]: 500 mL of APTES
were lled in a small petri dish located at the bottom of a dessicator containing clean
and dry glass slides.
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Next, a 15 mbar vacuum was generated within the dessicator (Vacuum pump PC 3004
Vario with CVC 3000 display, Vacuubrand, Wertheim, DE). Then, the dessicator was
closed and the slides were incubated in APTES vapour for 30s.

Liquid silanization was performed as described earlier [5] by immersing cleaned cover
slide racks rst in acetone, then in a 2% APTES-tolouene solution for 10s and subse-
guently in acetone.

To remove adsorbed polymers, APTES functionalized slides were sonicated in ethanol
for 10 min and in deionized water for 5min, respectively. Both sonication steps were
repeated. Finally, the glass slides were dried and stored in a vacuum dessicator.

1.3.4. Glass chamber constructions

Four di erent types of glass chambers were constructed from readily functionalized glass
slides (Fig. 1.8). All chambers used the 22 mm glass slide as a bottom slide and a 18 mm
glass slide as a top slide but di ered in the choice of spacers and sealings:

A Droplet volume is spacer and sample at the same time, sealed with nail polish
(Volume gloss, P2).

B Double-sticky tape (Tesa, part of Hexagon AB, Stockholm, Sweden) as spacer, no
sealing [5,18].

C Melted para Im (Bemis Company Inc., Neenah, US) spacers, no sealing [5, 18].

D Silicone Im (thickness d =0.4mm, SIPZBS0,4UT30C250x250-PSA100, MVQ Sil-
icones GmbH, Weinheim, DE) spacers, ultrathin pipette tips (Microloader, Ep-
pendorf) as channel entries and epoxy (5 min Epoxy Harz und Harter, R & G
Faserverbundwerksto e GmbH, Waldenbuch, DE) sealing.

Figure 1.8.: Schematic drawings
(top) of dierent types of ow
cells (A D, speci ed in the main
text) built from two di erently
sized coverslides (grey), spacers
(light blue) and sealings (yel-
low). Pictures of the respective
ow cells are shown below.
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