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Zusammenfassung

Die Funktionalisierung von Oberflachen und Materialien durch kovalentes Anbinden
organischer Monolagen hat viele Anwendungen in der chemischen/biologischen Sensorik,
gezielter Arzneimittelfreigabe, selektive Gasseparation, Krebsdiagnostik, u.a. Hier sind Klick-
Chemie-Reaktionen, besonders die, welche ohne Metall-Katalyse auskommen, machtvolle
Kandidaten. Dieses Arbeit beschaftigt sich mit der Funktionalisierung von Glas- und
Diamantoberflachen mittels verschiedener Klick-Reaktionen mit dem Ziel mikroskalige Muster
fur Sensoranwendungen zu erzeugen. Vor der Funktionalisierung wurden die Oberflachen
mittels Estrifizierungs- und Silanisierungstechniken mit passenden funktionalen Gruppen
modifiziert. Die Glasoberflachen wurden in drei Gruppen unterteilt: Die erste Gruppe wurde
mittels dibenzocyclooctyne-Azid (DBCO-Azid) modifiziert, einem cyclooctyne mit
Carboxylgruppe (DBCO-terminierte Glasoberflachen). Die zweite Gruppe wurde mit (3-
mercaptopropyl)trimethoxysilan (MPTMS) modifiziert, einem Mercaptosilan (thiol-terminierte
Glasoberflachen). Zuletzt, die dritte Gruppe, welche mit (3-glycidiloxypropy)trimethoxysilan
(GPTMS), einem Glycidoxysilan modifiziert wurde (epoxy-terminierte Glasoberflachen). Auf
dieser Grundlage wurden dann in verschiedenen Experimenten alle Glasoberflachen mittels
Mikrokanalspitzen Spotting (UCS) mit unterschiedlichen fluoreszierenden und nicht-
fluoreszierenden Tinten funktionalisiert: Die DBCO-terminierten Glasoberflachen mit Tinten
welche Azid- oder Thiolgruppen enthalten, die thiol-terminierten Glasoberflaichen mit Tinten
welche Maleimid oder DBCO-Gruppen enthalten, und die epoxy-terminierten Glasoberflachen
mit Tinten welche Thiol-, Amin- oder Azidgruppen enthalten. Experimente mit verschiedenen
Fluorophoren haben gezeigt, dass alle Routen erfolgreich in kurzer Zeit und bei geringer
Temperatur die funktionalen Gruppen an die Oberflaichen binden konnten. In diesen
Experimenten wurden auch die optimalen Reaktionsbedingungen flr die jeweiligen Routen
ermittelt. Um die Verwendbarkeit der Ansédtze und mittels ihrer erzeugten Mikrostrukturen in
biologischen und biomedizinischen Anwendungen zu untersuchen wurden Protein-bindungs-
experimente durchgefuhrt. Ein Vergleich in Streptavidin-Bindungsexperimenten auf
verschiedenen Biotin-Spot Arrays (Biotin-Azid und Biotin-Thiol auf DBCO-terminierten
Oberflachen, Biotin-Maleimid und Biotin-DBCO auf thiol-terminierten Oberflachen und Biotin-
Thiol, Biotin-Amin und Biotin-Azid auf epoxy-terminierten Oberflachen) enthillte die hdchsten

Dichten an immobilisierten Biotin fir das System Biotin-Maleimid auf thiol-terminierten



Oberflachen, sowie Biotin-Amin auf den expoy-terminierten Oberflachen. Die erstere eine thiol-
ene Michael Addition (TEMA) und die letztere eine Ringdffnung des Epoxids durch ein Amin.
Mit Hinblick auf die erhaltenen Resultate zur Funktionalisierung der verschiedenen
Glasoberflachen mit fluoreszierenden und nicht-fluoreszierenden Tinten, wurde eine sensitiver
Immunosensor fur den Nachweise von Alphafetoprotein (AFP) entworfen und hergestellt. AFP
ist der meistverbreitete Biomarker fir das Screening und die Diagnose des hepatozelluldren
Karzinoms (HCC). Fur den Aufbau dieses Immunosensors wurden drei (bio)chemische
Techniken, die Klick-Chemie, die Biotin-Streptavidin-Biotin Sandwich Technik, sowie das
Prinzip der Antigen-Antikorper Interaktion, kombiniert. Abschlielend wurden die Experimente
auf den Glasoberflachen auf DBCO-, thiol- und epoxy-terminierten Diamantoberflachen
wiederholt, da diese einen exzellenten Transducer in optischen Sensoren darstellen. Die durch
diese Arbeit erreichten Ziele und erhaltenen Ergebnisse sind beim Entwurf und der Herstellung
von Biosensoren fir die Proteindetektion und anderen biologischen/biomedizinischen

Anwendungen anwendbar.
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Introduction



1.1. Lithography, DPN and pCS

Lithographic methods - which rely on patterning of a resistive film, followed by a chemical
etch of the substrate - are at the heart of modern-day microfabrication, and molecular electronics
(Figs 1.1 and 1.2). Dip-pen technology, in which desired inks on a sharp object are transported to
a substrate via capillary forces, has been used extensively throughout history to transport
molecules on macroscale dimensions. Merging these two techniques has developed a new type of
scanning probe microscopy-based nanolithographic method known as dip-pen nanolithography
(DPN). However, DPN was first used to deposit thiols on gold surfaces but was quickly adapted
for a wide range of biological inks. In DPN, an atomic force microscope (AFM) tip is used as a
“nib”, a solid-state substrate as a “paper” and molecules with a chemical or physical affinity with
the solid-state substrate as “ink”. Surface immobilization of bioactive molecules by spotting and
printing methods is a base technique for the preparation of structured, bioactive surfaces.
Capillary transport of biomolecules from the AFM tip to the solid-state substrate in DPN is used
to directly “write” patterns with nanometer resolution. DPN is a perfect technique to create a
potentially useful tool for creating and functionalizing nanoscale devices and biologically active
chips (Fig. 1.3) &, Contactless techniques like microchannel cantilevers spotting (UCS) allow for
the deposition of femtoliter sized droplets of ink, offering high throughput spotting at larger
length scales. In this technique as shown in Figs. 1.4 and 1.5, after loading of the microchannel
cantilevers, spotting is performed by bringing the substrate into contact with the apex of the
microchannel cantilever of the surface patterning tool (SPT) for controlled amount of time and
allow the ink to flow down to the substrate by capillary forces 2. The NLP 2000 System is a
versatile desktop nanolithography platform designed for patterning a variety of materials using
the proven technique of DPN (Fig 1.6).

1.2. Surface and material functionalization

In the last decade, the search for efficient functionalization routes of surfaces and materials
through the covalent attachment of organic monolayers has dramatically increased because of
numerous applications in chemical/biological sensing, drug delivery, selective gas separation,
cancer detection, etc. In this regard, using click reactions, especially those that require no metal
catalyst, is a powerful and widely used tool B, Before functionalization, the surface should be
modified using attachment of suitable functional groups through esterification or silanization

techniques. In silanization approach, hydroxyl-terminated surface reacts with methoxy or ethoxy
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groups of organosilane molecules. In esterification, molecules containing COOH react with
hydroxyl groups of surface. Fig. 1.7 shows examples of silane coupling agents used in the

silanization technique.
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Figure 1.1. Schematic illustration of soft lithography 1!
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actuated in the x-, y- and z-direction with a precision of less than 100 nm. The substrate can be brought into contact

with the apex of the microchannel cantilever of the SPT (3) By raising the stage in the z-direction 22,
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Figure 1.7. Examples of silane coupling agents used in the silanization technique

1.3. Click chemistry: history and types

Click chemistry reactions - which were introduced by Kolb, Finn, and Sharpless in 2001 © -
are excellent candidates for functionalization of surfaces and materials due to having unique
characteristics such as mild reaction conditions, compatibility with different kinds of solvents
specially water, high reaction rate, and easy post-treatment and for many applications. Click

reactions provide high yields without generation of by-products, need readily accessible starting
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materials and reagents, and do not require any complicated purification techniques B!, There are
different kinds of click chemistry reactions. Fig. 1.8 summarizes the most significant metal-free
click reactions used in the modification of solid surfaces and materials during the last ten years
including strain-promoted azide-alkyne cycloaddition (SPAAC), thiol-ene coupling (TEC), thiol-
yne coupling (TYC), thiol-ene Michael addition (TEMA), and Diels-Alder (DA) cycloaddition.
In summary, the catalyst-free click reactions have been established as an elegant methodology in
the modification of surfaces and particles in the last decade. Hence, it is to be expected that this

field will develop not only in quantity, but also in variety 5231,

Strain-promoted azide-alkyne cycloaddition Thiol-ene coupling

‘ -N\
i @

‘N=g=g+©\._.. @\. .—SH + =) — L.
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i
f &
@D - ;
s S '
SH + = _— ! .—SH + —_—
o -m i Q.
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o o E o 9
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+ —— E % + f —
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Figure 1.8. Most significant metal-free click reactions used in the modification of solid surfaces and materials

during the last ten years. Newly formed bonds after performing click reaction are highlighted in blue.

13



1.4. Biomarkers for hepatocellular carcinoma (HCC)

Hepatocellular carcinoma (HCC) is the major cause of morbidity and mortality in patients
with chronic liver disease, the sixth most common cancer, and the fourth leading cause of
cancer-related deaths worldwide. The last release of the Global Cancer Observatory (GCO)
database in September 2018 estimated about 840,000 new cases and 780,000 deaths of liver
cancer in 2018 for both sexes and all ages (Fig. 1.9) ©l. Cirrhosis of the liver, hepatitis B virus
(HBV) and hepatitis C virus (HCV) infections, heavy alcohol consumption, ingestion of
aflatoxin and certain diseases like hemochromatosis, alpha 1-antitrypsin deficiency (A1AD or
AADT) and nonalcoholic steatohepatitis (NASH) are the most important risk factors for HCC
development 4,

Life expectancy of HCC patients depends on the stage of the disease at detection. Diagnosis
of HCC at early stage through surveillance methods provides highly effective treatment and
prolongs the lifetime of patients; whereas, as the disease is detected in advanced stage, available
therapies are restricted to palliative care and local treatment and have no satisfactory effect 1,
Current methods of the HCC diagnosis are divided into two main categories: imaging and
biomarker tests. Cancer biomarkers are measurable molecules or substances which present in
cells, tissues, or body fluids and the level of them predicts the presence of cancer or even
indicates the stage of cancer. Whereas the measurement of biomarkers level always leads to a
specific numeric value, the obtained result, although not necessarily accurate, is generally more
objective than images produced by imaging techniques, whose interpretation of them is often
subjected to the judgment and experience of physicians. Additionally, there is a strong economic
argument for the acceptance of biomarkers in cancer detection, especially in the countries where

advanced imaging instruments are limited or even unavailable -,

Recent studies identified a number of biomarkers in the early detection of HCC including
alpha-fetoprotein (AFP) 29 Lens culinaris agglutinin-reactive alpha-fetoprotein (AFP-L3) [0
U des-gamma-carboxy prothrombin (DCP) [19 10b 1161 - glypican-3 (GPC-3) 122, cytokeratin 19
(CK19) 128 golgi protein 73 (GP73) 23 microRNA (miRNA) B4 osteopontin (OPN) [0 151
Annexin A2 28 midkine (MDK) &4 and others.
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Figure 1.9. Cancer incidence and mortality statistics worldwide. Number of (a) new cases and (b) deaths in 2018, in
185 countries of the world, for 36 types of cancer, for both sexes and for all ages. These results are available at

Global Cancer Observatory (GCO) web site of the International Agency for Research on Cancer (IARC)

1.5. Diamond substrate for printing

Diamond is a very well-known semiconductor having unique physical and mechanical
properties such as high band gap, high thermal conductivity, chemical inertness, optical
transparency from ultraviolet to infrared, high mechanical stability and corrosion resistance.
Diamond can be used in different areas like field emitters in electronic industry, chemical and
biological sensors, DNA and protein chips, and electrodes for electrocatalytic reactions.

Diamond has recently been employed as transducer for designing of advanced electronic devices

15



(181 Sensing technologies used for detection and identification of molecules, cells, and tissues
could be divided to direct and indirect (lock-and-key) approaches. The direct method is based on
interaction between the analyte and the sensing element that can be result in a change that can be
transduced into a specific and recognizable signal. But, in indirect method, sensors are based on
specific recognition events such as antibody-antigen interaction which in this case different
methods like enzyme-linked immunosorbent assay (ELISA) and fluorescence-immunoassays
(FIA) or radio-immunoassays (RIA) can be named. Different parameters including reaction
between antigen and antibody, immobilization of antibodies on the surface and the choice of
transducer and signal probes can affect sensor efficiency 282 181, Optical sensors are another class
of sensors which gives us chemical information from analyte concentration. First light is coupled
into the microring resonators through the linear waveguides and in the following, the phase shift
can be measured. After functionalization of microring surface with an analyte, refractive index is
affected by the binding of the analyte. In other words, binding turn into changes in the local

refractive index at the sensor surface 29,
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Design and fabrication of biosensors are of great importance. One of the newest applications
of these sensors is the rapid and accurate detection of protein substances like avidin or cancer
biomarkers. For this, the molecules which have affinity with the protein substances and known as
bioreceptor should be immobilized on the functionalized surface. This immobilization can be
performed via click chemistry reactions having unique characteristics such as mild reaction
conditions, high yields, high reaction rate, compatibility with different kinds of solvents specially
water and easy post-treatment. There are different kinds of click chemistry reactions which in
this project we have used strain-promoted azide-alkyne cycloaddition (SPAAC), thiol-yne
coupling (TYC), thiol-ene Michael addition (TEMA) and ring opening of epoxy click reactions
for immobilization of bioreceptor. The obtained results from this project have been presented in
chapters 3-7.

In chapter 3, two different catalyst-free click approaches, namely strain-promoted azide-
alkyne cycloaddition (SPAAC) and thiol-yne coupling (TYC) click chemistry have been used for
the immobilization of microarrays of azide or thiol inks on the DBCO-terminated glass surfaces.
Although both routes work reliable for surface functionalization, the protein binding experiments
revealed that using a thiol-alkyne route will obtain the highest surface density of molecular
immobilization in such spotting approaches. The results of this chapter have been published in
“Small” journal as a paper titled “Site-specific surface functionalization via microchannel
cantilever spotting (UCS): comparison between azide-alkyne and thiol-alkyne click chemistry

reactions”.

In chapter 4, TYC and thiol-ene Michael addition (TEMA) click approaches have been used
for the immobilization of microarrays of DBCO or maleimide inks on the thiol-terminated glass
surfaces. Both routes could successfully couple functional moieties to the surface as became
evident from experiments with different fluorophores. However, when comparing the intensities
obtained by protein coupling, the TEMA reaction yielded most efficient surface immobilization.
Considering the findings of chapter 3 and this chapter and present, it can be concluded that the
surface density of molecular immobilization on the glass surface via click reaction is in order:
TEMA > TYC > SPAAC. The results of this chapter have been published in “Advanced Material

Interface” journal as a paper titled “Site-specific surface functionalization via microchannel
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cantilever spotting (LCS): comparison between azide-alkyne and thiol-alkyne click chemistry

reactions”.

In chapter 5, ring opening click reaction has been used for the immobilization of microarrays
of thiol, amine or azide inks on the epoxy-terminated glass surfaces. When comparing these
immobilization routes, the biotin-amine on the epoxy-terminated glass surfaces yielded higher
fluorescence intensity. The results of this chapter will be submitted in the form of a paper titled

“Ring opening of epoxy by thiol, amine and azide” in the future work.

In chapter 6, considering the obtained results from chapters 3-5 and combining click
chemistry, biotin-streptavidin-biotin sandwich-type strategy and antigen-antibody interaction
techniques, novel sensitive fluorescent immunosensors have been designed and fabricated for
alpha-fetoprotein (AFP) detection which is the most commonly biomarker for early screening
and diagnosis of hepatocellular carcinoma (HCC). In the presented setup with different biotin
compounds, a functionalization by thiol-silane with subsequent biotin immobilization by biotin-
maleimide and functionalization by epoxy-silane and subsequent biotin immobilization by
biotin-amine showed best performance. The results of this chapter have been submitted in the
form of a paper titled “Evaluation of click chemistry microarrays for immunosensing of alpha-
fetoprotein (AFP)”.

In chapter 7, the experiments performed on the glass surfaces were repeated on the DBCO-,
thiol- and epoxy-terminated diamond surfaces. Diamond is used as an excellent transducer in
optical sensors. The obtained results from this chapter can be used for manufacturing optical

biosensor based on waveguides and rings in the future works.
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3.1. Introduction

The most popular click method is copper-catalyzed azide-alkyne cycloaddition (CuAAC)
which was independently developed by Meldal et al. and Sharpless et al. in 2002 (Fig. 3.1a) 24,
However, concerns about the toxicity of copper catalysts limit the utility of this fast and versatile
process in applications involving living systems or biomolecules. Therefore, there has been a
special interest in developing novel azide-alkyne click reactions that do not require any metal
catalyst 22, In 2004, Bertozzi and co-workers developed the first copper-free, strain-promoted
azide-alkyne cycloaddition (SPAAC) click reaction which was based on the use of cycloalkynes
instead of linear alkynes (Fig. 3.1b) 2. Some commonly used activated cyclooctynes for
SPAAC include Bicyclo[6.1.0]nonyne (BCN), dibenzocyclooctyne (DIBO), biarylazacyclo-
octynone (BARAC), monofluorinated cyclooctyne (MOFO), and difluorinated cyclooctyne
(DIFO) (see Fig. 3.2 for structures). Additionally, azadibenzocyclooctyne (ADIBO)
or dibenzoazacyclooctyne (DIBAC) is often known simply as DBCO in the literature, which we
will also use as common abbreviation for these two. Depending on the chemical structure of
cyclooctyne, reaction rates of SPAAC are different. Reaction rates of these reactants in SPAAC
click reaction are in the order: MOFO < DIBO < DIFO < DBCO < BARAC [24],

The photoinitiated addition of thiols to alkynes is another important type of catalyst-free
click reactions which was introduced by Fairbanks et al. in 2008 231, This radical-mediated click
reaction has rapidly become an important tool for scientists in recent years, especially in the
synthetic materials and polymer arenas. Addition of thiol to linear alkyne consists of a two-step
reaction and two thiol molecules react with one alkyne group (Fig. 3.1c). In the first step, a thiyl
radical generated from a parent thiol is added to an alkyne, resulting in a vinyl sulfide. In the
second step, another thiyl radical is added to the vinyl sulfide, yielding the 1,2-bis-thioether
product. Reaction between a thiol and a cycloalkyne is slightly different. In this click reaction,
the resulting vinyl sulfide does not permit subsequent thiol addition (Fig. 3.1d). Addition of a
single thiol to a cycloalkyne is relatively rapid and this reaction can be performed spontaneously
even in the absence of light and photoinitiator in an unpurged atmosphere. Cyclooctynes used for

SPAAC (shown in Fig. 3.2) can be usable for doing click reaction with thiol as well 28],
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Figure 3.1. Different types of click chemistry reactions between (a) azide and linear alkyne (CUAAC); (b) azide and
cycloalkyne (SPAAC); (c) thiol and linear alkyne and (d) thiol and cycloalkyne.
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Figure 3.2. Some commonly used cyclooctynes for strain-promoted azide-alkyne cycloaddition (SPAAC)

Wijdeven et al. prepared a biotin-modified glass slide via the SPAAC reaction of

azidocoumarin-functionalized glass surface and a biotin-linked BCN derivative 27, Also, in a

comparative study, two targeting peptides with azide-terminated groups were conjugated to

BCN-functionalized porous silicon nanoparticles via copper-free azide-alkyne cycloaddition 28I,

Similarly, Manova et al. described the metal-free functionalization of BCN-terminated SizNa

surfaces with an azide-labeled dye 2. Davydova et al. introduced a new route for the

functionalization of nanocrystalline diamond films via catalyst-free click chemistry utilizing
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spotting with microchannel cantilever spotting (uCS) B4, Jung and Yi reported a strategy for
protein immobilization onto a chitosan-PEG hybrid system activated with ADIBO BY, Kuzmin et
al. described a fast methodology for the immobilization of biotin onto ADIBO-coated glass
substrates and subsequent avidin selective immobilization B3, Pfeifer and co-workers used
ADIBO-based SPAAC reaction to construct a diagnostic peptide microarray for tumor auto-
antibody tests in cancer detection B2, In continuation of previous works, Orski et al.
functionalized the alkyne-derived polymer brushes through click-type cycloadditions with azido-
containing compounds by two mechanisms: a SPAAC with DIBO and ADIBO or a CUAAC to a
propargyl group B2 Finally, Gobbo et al. reported the preparation of ADIBO-modified gold

nanoparticles (Au NPs) which underwent a SPAAC reaction with azide-decorated polymersomes
[3_4]

Guerrouache et al. immobilized Au NPs on a porous monolith surface with alkyne
functionality through radical-mediated thiol-alkyne addition reaction B3I, Similarly, Escorihuela
et al. used the same approach for site-specific immobilization of DNA on silicon surfaces =,
Bhairamadgi et al. reported a comparative study of thiol-alkene and thiol-alkyne click chemistry
reactions for modification of silicon surfaces B4, A photoinitiated thiol-alkyne click reaction
strategy was used by Sun et al. for fabrication of a novel responsive biomimetic nanochannel
platform which was applicable to sensing in urine samples 28, Feng and co-workers developed a
fast and initiator-free approach for the fabrication of superhydrophilic-superhydrophobic
micropatterns via UV-induced thiol-alkyne click chemistry B9, Lastly, in an interesting study,
Fairbanks et al. examined the photoinitiated addition of octanethiols to five terminal alkynes (1-
octyne, propargyl acetate, methyl propargyl ether, methyl propargylamine, and ethyl propiolate)
as well as two internal alkynes (2-octyne and cyclooctyne). The most rapid addition of thiols to
alkynes was that to cyclooctyne, while ethyl propiolate and methyl propargylamine showed very
small reaction rates with thiols. For other alkynes, the reaction rates with thiols were in order of

1-octyne > propargyl acetate > methyl propargyl ether > 2-octyne 261,

In this chapter, we used two different catalyst-free click approaches for the highly localized
and site-specific surface modification of glass and creating small-scale patterns suitable for
different applications. For this purpose, we first functionalized the surface of hydroxyl-

terminated glass with dibenzocyclooctyne-acid (DBCO-acid) which is a cyclooctyne with a
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carboxyl group. Then, separately, the DBCO-terminated surfaces were functionalized via pCS
(491 \with different azide and thiol inks in order to compare the efficiency of azide-alkyne and
thiol-alkyne click reactions in the fabrication of micropatterns (Fig. 3.3). Lastly, the protein
binding experiments were performed to study the feasibility of these micropatterns in biomedical
and biological applications.

3.2. Results and discussion

3.2.1. XPS and contact angle measurements

To check the substrate preparation prior to the further experiments, the bare and
functionalized glass surfaces were characterized by XPS and contact angle measurements. XPS
confirms the presence of DBCO after functionalization (Fig. 3.4a and Table 3.1). The OH-
terminated glass shows a nitrogen contamination of less than 0.3 at% whereas the DBCO-
terminated glass shows two clear peaks: a first one at 400.2 eV attributed to the amide
functionality and a second one at 402.7 eV which could stem from a positive charged nitrogen
(41 To be able to spot coupling reagents in high-resolution arrays, the contact angle of water
droplets on the substrates should not be too low, as otherwise the spotted water-based inks will
spread and destroy the ordered arrays. To elucidate the evolution of the contact angle over time,
we compared a hydroxyl-terminated glass sample (plasma-treated) with a DBCO-terminated one
(Fig. 3.4b). Freshly plasma-treated glass had a contact angle of 0" meaning complete spreading
of applied droplets. DBCO-terminated glass directly after functionalization has a higher contact
angle of 18", as expected from the more hydrophobic terminal groups. Still both samples were in
an activated state right after functionalization, as became obvious by a rise of contact angle on
both surfaces when monitoring the contact angle over the course of several days. After oxygen
plasma, the glass surface is completely covered with a layer of hydroxyl groups, rendering it
very hydrophilic with a low contact angle. Over time, this plasma activation will decay due to
exposure to the ambient air and the moisture and other contaminants it contains. This reaction is
rapid in the beginning and then slows down, approaching the contact angle of untreated glass. A
DBCO covered surface shows a higher contact angle as an OH-terminated glass surface, as
expected from the chemical structure. Nevertheless, even in case of DBCO coating, one can still
observe a rise in contact angle over time, probable by remaining OH-groups on the surface that

decay in similar time scale as the solely plasma activated surface. After about 3 weeks, the
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contact angles reached a plateau at about 60° for DBCO-terminated and 45  for hydroxyl-
terminated glass (see Table 3.2).

o
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Figure 3.3. Comparison between azide-alkyne and thiol-alkyne click reactions: (a) bare glass; (b) hydroxyl-
terminated glass; (c) DBCO-terminated glass; (d) treatment of the DBCO-terminated surface with TAMRA-azide
and biotin-azide; (e) treatment of the DBCO-terminated surface with Cy5 thiol and biotin-thiol.
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Figure 3.4. Characterization of OH-terminated and DBCO-terminated glasses by XPS and contact angle
measurement. (@) N 1s XP spectra of OH-terminated (bottom) and DBCO-terminated (top) glasses; (b) Contact
angle over time on DBCO- and OH-terminated glass. The experimental data was fitted using MATLAB software.
The dashed horizontal line represents the contact angle of the bare glass which is about 46°. The red dashed line
represents a curve of y = (47.4x+5.1)/(x+3.3) and the green dashed curve y = (63.9x+65.1)/(x+3.1), respectively.

Table 3.1. Elemental composition determined by XPS

a b c d e f
assignment Binding energy (eV) Elemental composition (at%o)

S 2p9s sC 163.4 - - - - 0.2 0.1
C-C,C-H 285.0 5.9 4.7 38.3 9.1 15.8 29.2

C-N, C-O 286.5 0.8 1.6 8.4 6.8 5.1 6.4

Cls C=0, O=C-N 288.1 - - - 2.6 1.0 1.1

0=C-0 289.0 0.6 0.9 2.6 - 1.1 1.4

O=C-N, C-N, N-N=N 400.2 0.2 0.6 15 2.5 1.6 1.3

N1 N* 402.7 0.1 0.3 0.2 0.4 0.3 0.3

01 Oo=C 531.2 12.4 9.2 3.5 8.6 6.1 9.0
0O-Si, O-C 532.5 51.4 55.1 27.7 46.5 46.1 30.9
Si 2psp SiO; 102.9 23.5 23.9 14.7 19.9 19.9 16.5

K 2psp 293.8 2.1 1.9 0.7 2.1 1.7 1.3

Zn 2pzi2 1022.6 0.8 0.5 0.1 0.4 0.3 0.2

Na 1s 1072.6 2.0 1.3 0.3 15 0.9 0.7
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& OH-terminated glass
b DBCO-terminated glass
¢ DBCO-terminated glass after click reaction with TAMRA-azide at optimum time (20 min) and temperature (37 ‘C)

4 DBCO-terminated glass after click reaction with Cy5 thiol at optimum time (40 min) and temperature (37 “C)
¢ DBCO-terminated glass after click reaction with biotin-azide at optimum time (20 min) and temperature (37 “C)

f DBCO-terminated glass after click reaction with biotin-thiol at optimum time (40 min) and temperature (37 “C)

Table 3.2. Static contact angles of water droplets on the bare and functionalized glass surfaces

Sample After treatment () After 4 weeks ()
Bare glass (no treatment) 46.0+1.9

DBCO-terminated glass 17.7+1.2 62.0+3.1
OH-terminated glass 0 435+29

3.2.2. Array immobilization of TAMRA-azide and Cys5 thiol

To explore the potential of the azide-alkyne reaction to generate microarrays by uCS,
micropatterns of 10 x 10 spots with a pitch of 50 um were prepared. Different spotting
humidities in the range of 20 to 70% were trialed to elucidate the influence of this parameter.
Typical results at relative humidities of 20 and 70% can be seen in Fig. 3.5a. As shown in Fig.
3.5b, there is a sharp decrease in the observed fluorescence intensity and a slight rise in the
radius with rising humidity. Based on these results, we chose to keep a spotting humidity of 20%
for the rest of experiments. At this humidity, we can have spots with narrow size distribution,

smaller radius, and higher fluorescence intensity.

After spotting in the optimum humidity of 20%, the spotted microarrays were left either at
room temperature (25 "C) or physiological temperature (37 "C) for different times to study the
influence of click reaction time and temperature. Fig. 3.6a shows the average fluorescence
intensity of the TAMRA-azide spots immobilized on the DBCO-terminated glass after doing
click reaction and rinsing with deionized water. At both temperatures, the observed fluorescence
intensity (i.e. amount of linked azide) is rising with increasing binding time. This increase is
gradually at 37 "C for all the times; while at 25 "C, a sudden rise in the intensity is observed when
the time increases from 30 to 60 min. Furthermore, at physiological temperature, the binding
process takes place more rapid and so, generally, the fluorescence intensity is higher for the 37
°C samples. It is worth mentioning that for both temperatures after about 4 h, it was observed no
obvious increase in fluorescence intensity. In other words, the reaction between azide and

cycloalkyne is completed within about 4 h and no more coupling will occur after this time.
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Finally, by simultaneous consideration of both time and temperature parameters, the 37 "C and
20 min treatment - which had the best intensity at the lowest time - was chosen as the optimum
one for further experiments. Fig. 3.6b illustrates an image of micropattern obtained at optimum
time (20 min) and temperature (37 "C). As a first indication that coupling reaction worked as
intended, spotting was repeated also on an unfunctionalized glass, where washing completely
removes the array, while on DBCO terminated surfaces, only excess ink gets removed and a
stable bound monolayer of fluorescent azide remains (Fig. 3.7). Also, characterization by XPS
further proofs the chemical reaction taking place (Fig. 3.6¢ and Table 3.1). The intensity of the
peak at 400.2 eV stemming from N-C=0O as well as from N-N=N present in the triazole ring
formed after reaction of the azide increased [“2. A further peak at 402.7 eV is still present and
can be attributed to N-N=N, which also refers to the triazole ring.
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Figure 3.5. Array immobilization of TAMRA-azide on the DBCO-terminated glass: (a) fluorescence microscope
images of two micropatterns at two different relative humidities. The inset shows the size distribution of the spots.
Scale bars equal 50 pm. Dwell time was 0.1 s and exposure time for imaging 10 s; (b) effect of humidity on average

radius and fluorescence intensity of the spots. Values with different letters differ significantly (p<0.05), based on

Duncan’s test.
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Figure 3.6. (a) Influence of reaction time and temperature on average fluorescence intensity of the TAMRA-azide
spots immobilized on the DBCO-terminated glass through click reaction. For the same temperature, values with
different lower case letters and for the same time, values with different capital letters are significantly different
(p<0.05), according to Duncan’s test; (b) a fluorescence microscope image of micropattern obtained at optimum
time (20 min) and temperature (37 "C) with a spotting humidity of 20% and dwell time of 0.1 s. The exposure time
for the image was 10 s, the inset shows the size distribution of the spots, scale bar equals 50 um; (c) N 1s XP spectra
of the DBCO-terminated glass after click reaction with TAMRA-azide at optimum time (20 min) and temperature
(37 °C) (top) and of DBCO-terminated glass (bottom).
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Figure 3.7. Lithography of (a) DBCO-terminated and (b) unfunctionalized glass with TAMRA-azide. Spotting

(a)-
humidity = 20%, dwell time = 0.1 s, reaction time = 4 h, reaction temperature = 37 °C, and exposure time = 10 s.

Scale bars equal 50 pum.

As an alternative route for microarray formation, UCS utilizing the thiol-alkyne click
reaction was implemented. Again, samples were spotted with an array of 10 x 10 spots with a
pitch of 50 um in the optimum humidity of 20%. After spotting, the microarrays were left either
at room temperature (25 "C) or physiological temperature (37 ‘C) for different times to study the
influence of click reaction time and temperature. Fig. 3.8a shows the average fluorescence
intensity of the Cy5 thiol spots immobilized on the DBCO-terminated glass after lithography,
click-reaction, and rinsing with deionized water. Similar to what was observed in the azide-
alkyne route (Fig. 3.6a), at both temperatures, the observed fluorescence intensity (i.e. amount of
linked thiol) is rising with increasing binding time. Compared to the azide-alkyne results,
temperature seems to have a negligible influence on the speed of the thiol-alkyne coupling. At
both temperatures, the observed fluorescence intensity is much closer together and generally
rising with time. Only at the 40 min time point, the fluorescence intensity at physiological
temperature is a little higher than for room temperature. It is important to note that for both

temperatures, it was achieved no noticeable rise in fluorescence intensity after about 40 min and
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the reaction between thiol and cycloalkyne was completed within this time. From Fig. 3.8a, it is
evident that temperature of 37 °C and time of 40 min is the optimum one for the thiol-alkyne
click reaction via pCS. So, this treatment was chosen as the optimum one for further experiments
(Fig. 3.8b). Likewise to the previous section, XPS measurements ensured that the reaction took
place as intended (Fig. 3.8c and Table 3.1). The attachment of Cy5 thiol is clearly demonstrated
by the significant increase of the C-O component at 286.5 eV 81 due to the long ethylene glycol
chain present in the molecule (about 60 units). Furthermore, an increase of the nitrogen
concentration from 0.9 at% up to 2.9 at% can be observed. Like expected, because of the weak
sulfur concentration due to the size of the molecule, we can note the absence of S 2p signal.
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Figure 3.8. (a) Influence of reaction time and temperature on average fluorescence intensity of the Cy5 thiol spots
immobilized on the DBCO-terminated glass. For the same temperature, values with different lower case letters and
for the same time, values with different capital letters are significantly different (p<0.05), according to Duncan’s
test; (b) fluorescence microscope image of micropattern obtained at optimum time (40 min) and temperature (37 °C)
with a spotting humidity of 20% and dwell time of 0.1 s. The exposure time for the image was 5 s, the inset shows
the size distribution of the spots, scale bar equals 50 um; (c) C 1s XP spectra of the DBCO-terminated glass after
click reaction with Cy5 thiol at optimum time (40 min) and temperature (37 °C) (top) and DBCO terminated glass
(bottom).

As an important result and with comparison of the results depicted in Fig. 3.6a and Fig. 3.8a,

it can be concluded that the reaction between thiol and cycloalkyne is faster than the reaction
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between azide and cycloalkyne and this reaction will be completed in lower time. As mentioned
earlier, the azide-alkyne reaction continued until 4 h while the thiol-alkyne reaction was finished
within about 40 min. To the best of our knowledge, there are no references in the literature
comparing reaction rates of azide/alkyne and thiol/alkyne in the context of surface
functionalization by spotting. In addition to required time for finishing the reaction which is a
very significant parameter, other parameters like volume, structure, and number of reactant
molecules (azide or thiol) as well as potential differences in the dye intensity of the fluorescent

thiol and azide must be considered for comparison of reaction rates.

3.2.3. Protein coupling by biotin-azide and biotin-thiol

In the previous sections, we demonstrated the fruitful immobilization of arrays of
fluorescent TAMRA-azide and fluorescent Cy5 thiol on DBCO-terminated glass through click
reaction. To compare both coupling routes despite potential differences in the dye intensity of the
fluorescent thiol and azide compound that make it unreliable to compare arbitrary intensities
directly for judging binding efficiency, we utilized specific protein binding between biotin and
streptavidin. This widely used binding motif © also underlines the potential for application of
these arrays in protein presentation, as it builds a bridge to immobilizing a plethora of
biotinylated proteins, antibodies and small molecules. Furthermore, this approach can
demonstrate the feasibility of using the uCS spotting for design and manufacturing of small-scale
patterns suitable for biomedical and biological applications. For that, biotin-azide and biotin-
thiol were immobilized separately on the surface of DBCO-terminated glass via UCS. After
grafting of fluorescent-labeled streptavidin, patterns were evaluated for fluorescence intensity.
The study of the fluorescence intensity of streptavidin adsorbed on the surface provides a more
reliable judgment of the amount of linked azide or thiol, and consequently reaction rates of
azide-alkyne and thiol-alkyne. Fig. 3.9 compares two microarrays of biotin-azide and biotin-thiol
(10 x 10 spots with a pitch of 50 um) that were immobilized on the DBCO-terminated glasses
through click reaction, and subsequently incubated with fluorescent-labeled streptavidin. In the
direct comparison, the fluorescence intensity of streptavidin coupled with biotin-thiol was
approximately 3.9 times higher than that of streptavidin joined with biotin-azide ((5508 + 538)
a.u. vs. (1397 = 142 a.u.)). On the other hand, molecular weights of biotin-azide and biotin-thiol
shows that the initial molecular concentration of the second compound has been about 4.5 times

lower than that of the first one. Considering both initial molecular concentration and
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fluorescence intensity of streptavidin coupled, we can confidently conclude that the reaction
between thiol and cycloalkyne is more efficient than the reaction between azide and cycloalkyne
for uCS arraying. To exclude steric effects introduced by different linker length (hence possibly
different accessibility of the biotin moiety for the streptavidin), control experiments with
different linker length were implemented. These showed, that for the used length variations in
the present study, no significant difference could be found (Fig. 3.10), hence all linkers were
already long enough to allow free access to the biotin moiety. The attachment of biotin-thiol can
here be proved by the apparition of a S 2p doublet with S 2ps» at 163.4 eV B4 whereas the
immobilization of biotin-azide is again evidenced by an increase of the nitrogen concentration,
with 2 peaks attributed to the formed triazole ring (Fig. 3.9c-d and Table 3.1).
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Figure 3.9. Fluorescence microscope images of microarrays of (a) biotin-azide immobilized on the DBCO-
terminated glass after incubating with streptavidin-Cy3, click reaction time = 20 min, click reaction temperature =

37 °C; (b) biotin-thiol immobilized on the DBCO-terminated glass after incubating with streptavidin-Cy3, click
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reaction time = 40 min, click reaction temperature = 37 °C. For both microarrays, spotting humidity was 20% and
dwell time of 0.1 s was used. The exposure time of both images was 10 s, and the insets show the size distribution of
the spots. Scale bars equal 50 um; (c) N 1s and (d) S 2p XP spectra of DBCO-terminated glass (bottom), biotin-
azide immobilized on DBCO (c, top) and biotin-thiol immobilized on DBCO (d, top).
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Figure 3.10. Effect of molecular weight / spacer length of biotin-azide or biotin-thiol on the intensity of spots after
incubation with fluorescent-labeled streptavidin. Molar concentrations of biotin-azide and biotin-thiol solutions were
about 2.2 and 0.5 mM, respectively. The numbers in the parentheses present the molecular weight of compounds.

Values with the same letters do not differ significantly (p<0.05), based on Duncan’s test.
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3.3. Summary

In summary, we presented and compared two catalyst-free immobilizing routes (azide-
alkyne and thiol-alkyne) for the generation of covalently bound microarrays via pCP. Click
reactions were performed at different temperatures and times and the optimum conditions of 37
“C/20 min and 37 "C/40 min were found for azide-alkyne and thiol-alkyne reactions, respectively.
While the thiol-alkyne reaction was completed within about 40 min, the azide-alkyne reaction
continued until 4 h. Although due to lack of need for catalysts or additional additives, mild
reaction conditions and high reaction rate both routes worked reliable for surface
functionalization, the thiol-alkyne route showed much higher efficiency when compared with the
azide-alkyne route over assessment by binding of a fluorescent-labeled protein. Therefore, in a
free choice, our results recommend using a thiol-alkyne route to obtain the highest surface
density of molecular immobilization. Furthermore, the protein binding experiments proved the
potential for application of these microarrays in protein detection and other
biomedical/biological applications.

35



Chapter 4

Functionalization of
thiol-terminated glass surface
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4.1. Introduction

Thiols can take part in the click reactions through three different routes including thiol-ene
coupling (TEC), thiol-yne coupling (TYC) and thiol-ene Michael addition (TEMA) reactions (2
26b] TEC reaction is initiated with the generation of a thiyl radical from the thiol by direct UV
irradiation (often 365 nm) in the presence of a photoinitiator like 2,2-dimethoxy-2-phenyl-
acetophenone (DMPA) “51. The radical addition of thiols to linear alkynes, TYC, has shown to
have the same attractive features of TEC, with the additional benefit of increased reactivity, as
two thiol molecules can react with one alkyne group. Similar to the TEC reaction, this reaction is
induced by photo-irradiation via a radical initiator. The reaction between thiol and cycloalkyne is
a little different from the reaction of thiol with linear alkyne. In this type of TYC reaction,
however only one thiol can be added to cycloalkyne, the reaction is relatively rapid and can be
performed spontaneously even in the absence of light and photoinitiator in an unpurged
atmosphere. In general, TYC reactions have recently become more favored over TEC ones 2525
@.

In 2012, Wu et al. coated alkene and alkyne-functionalized polymers on various substrates
via chemical vapor deposition (CVD) polymerization process. Next, the coated surfaces were
conjugated with thiol-terminated molecules via TEC and TYC reactions by UV activation using
a photomask, allowing the selective preparation of patterns ¥4, In another study of modification
of polymer surfaces published in 2012, Norberg et al. produced lectin sensors by modification of
alkene and alkyne-functionalized polystyrene with thiolated carbohydrates through TEC and
TYC reactions “8, In a valuable effort published in 2013, Bhairamadgi et al. reported a
comparative study of TEC and TYC modification of oxide-free Si(111) surfaces which was the
first study that obviously showed the TYC strategy yielded higher surface coverage than the TEC
approach due to double addition of thiols to linear alkyne BZ. In addition to the mentioned
examples, the TYC click reaction has been applied for the functionalization of another surfaces
and particles including microporous membrane 9 porous monolith surface B, boron-doped
diamond electrodes 284 superparamagnetic fluorescent nanoparticles B, graphene oxide B,
oxide-free Si(111) B2 poly(ethylene terephthalate) (PET) nanochannel B8 gold [
micropatterned hydrogel B4 poly hydroxyethyl methacrylate (pHEMA) hydrogel B3,

polyurethanes B8, silica nanoparticle-graphene oxide composites 7 and degradable polylactides
[58]
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In addition to the radical-mediated TEC and TYC reactions, thiols can also react with
alkenes having electron-withdrawing groups (EWG) such as maleimides, acrylates, vinyl
sulfones, and acrylamides B2 4559 However, this reaction was first reported by Komnenos %,
but it gained popularity by Arthur Michael ©. So, this click reaction is known as thiol-ene
Michael addition (TEMA). The reactivity of TEMA reaction can be accelerated by the addition
of catalytic amounts of a weak base, such as an amine (base-initiated mechanism) or by a
nucleophile, such as a phosphine compound (nucleophile-initiated mechanism). The most
common catalysts used in this reaction are listed in Fig. 4.1. It is important to note that catalysis
by a nucleophile gives considerably faster reaction and higher conversion than catalysis by a
base, however, nucleophilic pathway results in the formation of some amount of by-product ©2,

In 2007, Kimura et al. described the local attachment of maleimide-modified peptides onto
thiol-modified surfaces through a thiol-maleimide Michael addition for its use in the fabrication
of DNA microarrays 6. In 2012, Tedja et al. reported the attachment of poly(oligo(ethylene
glycol) methyl ether methacrylate) onto thiol-functionalized titanium oxide (TiO2) nanoparticles
using the thiol-acrylate Michael addition 4. In the same year, Seto et al. functionalized the
maleimide-terminated surface of siliceous materials using thiol-terminated polystyrene,
poly(acrylic acid), poly(N-isopropylacrylamide), and poly(p-acrylamidophenyl-a-mannoside).
Immobilization of poly(p-acrylamidophenyl-a-mannoside) onto the surface provided a
microarray for the detection of FITC-Con A [, One year later, in 2013, this group fabricated
streptavidin biosensor in an analogous manner using functionalization of maleimide-terminated
silicon and nickel surfaces with thiolated biotin ©8, In 2013, another example of a surface
modification strategy using a TEMA was described by Gobbo and co-workers. They synthesized
the gold nanoparticle (AuNP)-carbon nanotube (CNT) hybrids through the click reaction
between thiol-functionalized single-wall CNT and maleimide-functionalized AuNP 7, In 2016,
Fensterbank et al. combined the copper-catalyzed alkyne-azide cycloaddition (CUAAC) and
thiol-maleimide Michael addition methods to functionalize a fullerene platform in a stepwise
process 8. In another study in 2016 by Xu et al., maleimide-containing tannic acid (TAMA) as
a new surface anchor was developed to introduce the maleimide moieties onto the stainless steel
(SS) surface. In this study, the surface conjugation efficiency of TAMA with the thiol-containing
compounds via Michael addition was examined ©9. Also, in 2016, Gaitzsch et al. discussed and

compared a variety of metal-free conjugation methods (such as thiol/maleimide conjugation) to
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attach dyes to an amphiphilic block copolymer which can be used for imaging in optical
microscopy or for tracing and marking macromolecules 9. Recently, in an interesting study,
Aktan et al. fabricated multifunctionalizable nanogels containing maleimide and thiol functional
groups which can be easily conjugated with various appropriately functionalized molecules to
tailor them for various applications in delivery and imaging 2. Other studies in the field of
modification using TEMA reaction have been reported for different surfaces and particles
including glass and polymer surfaces 2, salmon calcitonin (sCT) 21, hydrogels 41, AuNPs 2,
magnetic nanoparticles (FesOs) 8, porous cellulose nanocrystals (CNC)/poly(vinyl alcohol)
(PVA) nanocomposite films on glass /4, porous polymeric monolith I8, and a mixed macrodiol
polyurethane and tantalum [,
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Figure 4.1. Examples of catalysts used in the (a) base-catalyzed and (b) nucleophile-catalyzed thiol-en Michael

addition reaction.

As seen from the brief review, TYC and TEMA click reactions are frequently used in
diverse modification applications. Nevertheless, a comparison of these approaches for
immobilization purposes is still lacking. Our aim in this chapter is to compare the efficiency of
TYC and TEMA click reactions in site-specific surface modification. It seems to be the first
study that unequivocally compares these two approaches. For this purpose, the surface of

hydroxyl-terminated glass was initially thiolated using (3-mercaptopropyl)trimethoxysilane
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(MPTMS) which is a mercaptosilane. Subsequently, in the separate experiments, the thiol-
terminated surface was reacted with different fluorescent and non-fluorescent inks containing
cycloalkyne or maleimide groups via microchannel cantilever spotting (UCS). Finally, the
