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Abstract

Surface functionalization methods are very important for modern science and technology
in order to endow surfaces with various novel and unique properties. Examples include
slippery property, antibacterial and antifouling properties, superhydrophobicity and
superhydrophilicity, biocompativity and conductivity. As an important branch of surface
functionalization, surface patterning has attracted a lot of attention. Patterned surfaces can
find a wide range of applications in various fields such as microfluids, printing devices,
sensors and diagnose devices to name a few. Photo-based surface functionalization is one of
the most powerful surface modification and patterning methods due to its controllability both
spatially and temporally. Different goals could be achieved by surface modification, for
example, addition or remove of functionalities and formation of 3D morphologies. This thesis
contains three parts, which deal with different topics related to surface functionalization.

Part 1 demonstrates the method of UV control of dopamine (DA) polymerization and
polydopamine (PD) deposition. PD coating is a recent surface modification strategy inspired
by the adhesive performance of mussels. DA is able to self-polymerize in aqueous solutions
under basic conditions. The adhesive nature of the resulting PD, allows it to attach to any
immersed substrates forming a PD layer. Further functionality can be introduced using the
reactivity of PD layer towards thiols, amines and metal ions. The simplicity, generality, and
the possibility of versatile secondary modifications have promoted the PD coating method to
be a promising coating strategy in many fields. Since the first report in 2007, PD coatings
have been widely applied in different fields. Currently, the main drawback of the PD coating
method is the lack of spatial and temporal control during the polymerization process, limiting
its applications and making the mechanism investigations difficult. On the other hand,
photo-assisted methods have been widely investigated and are known to be highly
controllable. The idea of introducing the control offered by photo-assisted reactions into DA
polymerization might result in a more controllable PD coating strategy. In this thesis, it was
shown that reactive oxygen species (ROS), formed upon UV irradiation of oxygen-containing
solutions, could serve as oxidants for DA. Therefore, UV light could be used to achieve a
better control over the DA polymerization. I investigated the effects of UV irradiation on DA
solutions. It was found that DA polymerization was accelerated by UV irradiation, and that
under neutral conditions a well-controlled DA polymerization could be achieved. By
cooperation with an antioxidant, sodium ascorbic acid (SA), DA polymerization in basic

solutions can also be well-controlled. UV-triggered DA polymerization could be used to



perform long term control of DA polymerization, and could be applied on PD coating to result
in PD patterns. DA polymerization and PD deposition was characterized by UV-Vis
spectroscopy, X-Ray photoelectron spectroscopy (XPS), ellipsometry, atom force microscopy
(AFM), infrared reflective absorption specotroscopy (IRRAS), time-of-flight secondary ion
mass spectroscopy (ToF-SIMS), X-ray reflectivity (XRR) and scanning electron microscopy
(SEM).

In the part II, a photo based reversible surface modification strategy is demonstrated.
Reversible surface modification represents a new generation of surface modification strategies
because they are capable of producing reversible surfaces with reversible properties.
Reversible surface exhibits significant advantages compared to normal functional surface, for
example, the capability of “write and erase” process, possibility to renew and reuse the
surface, formation of complex, multi-component and gradient patterns, capture-and-release
properties, and the possibility of in-situ manipulation of local environments. However,
currently most reported reversible surface functionalization strategies suffer from time-cost
reversible cycle and non-controllable processes, which greatly limit potential applications of
the method. In order to develop a smart reversible photopatterning strategy, I introduced a
photodynamic disulfide exchange reaction as a method for surface modification. Surface
photo-disulfide exchange was applied and characterized on a porous HEMA-EDMA surface.
The results showed that reversible photopatterning could easily be achieved and that the
kinetics of the exchange is extremely fast. A reversible photo functionalization/patterning
strategy could also be obtained. The disulfide exchange reaction was investigated and
analyzed by water contact angle (WCA) measurement, SEM, ToF-SIMS and microscopy.

The part III describes a facile method to create a superhydrophobic surface on different
substrates. Superhydrophobic surfaces hold great promise in a variety of applications where
extreme water repellency can lead to novel properties and functionalities. Most of the existing
techniques, however, require multi-step and laborious procedures as well as only applicable to
certain substrates. In the last part of the thesis, I present a facile one-step (“paint-like”)
method for creating superhydrophobic porous polymer coatings. The approach is based on the
anionic polymerization of 2-octyl cyanoacrylate in the presence of aqueous ethanol. This
leads to the formation of a highly porous superhydrophobic polymer film. The morphology of
the porous structure could be controlled by varying the ethanol/water ratio. The method is fast,
convenient, does not require any special equipment, and can be performed in the presence of
oxygen. It was shown that the technique could be used to coat variety of materials, is

applicable to three-dimensional substrates and leads to the formation of stable and strongly



adherent superhydrophobic coatings. The surface was characterized by WCA measurement,

and SEM.






Abstrakt

Oberflichenmodifizierung ist ein wichtiges Thema in der modernen Wissenschaft und
Technologie geworden. Der Grund dafiir ist die Féhigkeit, Oberflichen mit einer Vielzahl an
einzigartigen Eigenschaften, wie Superhydrophilie, Superhydrophobie, Biokompatibilitit,
Leitvermdgen und antibakteriellen oder anwuchsverhindernden Verhalten auszustatten.

Oberflachenpatterning hat als ein wichtiger Zweig der Oberflichenmodifizierung viel
Aufmerksamkeit auf sich gezogen. Oberflichen mit Patterns finden Anwendungen in vielen
Bereichen, wie der Mikrofluidik, Druckern, Sensoren und diagnostischen Geréten.

Dank seiner zeitlichen und rdumlichen Kontrollierbarkeit, die fiir die
Oberflichenmodifizierung entscheidend ist, ist die photobasierende Modifizierung eine der
wirksamsten Methoden. Oberflichenmodifizierung umfasst verschiedenste Strategien, wie
zum Beispiel die FEinfilhrung neuer Funktionalititen, Entfernung oder Austausch von
Funktionalititen auf der Oberfliche oder Formation von 3D Morphologien. Diese
Doktorarbeit stellt die Ergebnisse dreier Projekte vor:

Part I: Kontrolle der Dopaminpolymerisierung durch UV-Strahlung. Part II: Reversible
Funkionalisierung und Patterning durch photoinduzierte Disulfid-Austausch-Reaktion, und
Part III: Formation einer superhydrophoben Oberfliche durch Polymerisierung von
hydrophoben Cyanoacrylate.

Part 1 stellt die Methode der UV-kontrollierten Dopaminpolymerisierung und die
Ablagerung von Polydopamin (PD) dar. Die Polydopamin Beschichtung ist eine
Vorgehensweise, die von den adhdsiven Eigenschaften der Muscheln ispiriert ist. Dopamin ist
in der Lage unter basischen Bedingungen eigenstiandig zu polymerisieren. Die adhdsive Natur
des daraus resultierenden Polydopamine (PD) erlaubt es ihm, an jedes eingetauchte Substrat
zu binden und somit PD Schichten zu bilden. Weiterhin kann die Oberfliche durch die
Eigenschaft von PD, mit Thiolen, Aminen und Metallionen zu reagieren, funktionalisiert
werden. Die Einfachheit, Allgemeingiiltigkeit und die Moglichkeit vielseitiger sekundirer
Modifikationen der PD Beschichtung machen sie zu einer vielversprechenden
Beschichtungsmethode in vielen Bereichen.

Seit der ersten Verdffentlichung 2007 wurden PD Beschichtungen breitflichig in
verschiedenen Gebieten angewendet, wie zum Beispiel zur Bildung von biologischen
Oberflichen oder Arrays und zur Beschichtung verschiedener Applikationen mit
Nanopartikeln. Der zur Zeit grof3te Nachteil ist der Mangel an rdumlicher und zeitlicher
Kontrolle  wihrend des  Ablaufs der  Polymerisierung, was  somit die

Anwendungsmoglichkeiten einschrénkt und die Untersuchung des Mechanismus erschwert.



Lichtunterstiitze Methoden dahingegen wurden weitgehend untersucht und es ist bekannt,
dass diese sehr gut kontrollierbar sind. Die Idee, die Kontrollierbarkeit lichtunterstiitzter
Reaktionen bei Dopaminpolymerisierungen einzufiihren, konnte den Vorgang der DP
Beschichtungen beeinflussbarer machen.

In dieser Doktorarbeit kam heraus, dass die Dopaminpolymerisierung durch
UV-Bestrahlung beschleunigt wird und dass selbst in  saurer und neutraler Umgebung eine
gut kontrollierte Polymerisierung erreicht werden kann. Der Effekt der UV-Strahlung bei
PD-Polymerisierungen wurde im Detail untersucht. Es kam heraus, dass reaktive
Sauerstoffspezies (ROS), die durch UV-Bestrahlung von Sauerstoff gebildet wurden, in den
beobachteten Anstieg der Polymerisierungskinetik von Dopamin involviert sind. Durch
Hinzugabe eines Oxidationsinhibitors, wie zum Beispiel Natriumascorbat (SA), auch unter
basischen Bedingungen eine gut kotrollierbare Dopaminpolymerisierung moglich ist. Die
Uv-gesteuerte Dopaminpolymerisierung konnte genutzt werden um wéhrend des Prozesses
iiber lange Zeit eine kontrollierte Polymerisierung zu haben und konnte fiir Patterning mit
PD-Beschichtungen angewendet werden. Dopaminpolymerisierung und PD-Ablagerungen
wurden mittels  UV-Vis Spektroskopie, X-Ray Photoelektronenspektroskopie (XPS),
Ellipsometrie, Rasterkraftmikroskopie (AFM),
Infrarot-Reflexions-Absorptions-Spektroskopie (IRRAS), Sekundirionenmassenspektrometrie
(ToF-SIMS), X-Ray Reflektion (XRR) und Rasterelektronenspetroskopie charakterisiert.

In Part II wurde eine photobasierende, reversible Oberflichenmodifizierung gezeigt.
Reversible Oberflichenmodifizierungen reprisentieren eine neue Generation der
Oberflichenmodifizierungstrategien und weisen signifikante Vorteile, wie die Fahigkeit des
»Schreiben und Loschen®-Prozesses, die Moglichkeit der Wiederverwendung der Oberfléche,
Formung von Komplex- Multikomponenten- und Gradientenpatterns, Festhaltungs- und
Freigabeeigenschaften und die Moglichkeit von in-situ-Manipulationen lokaler Umgebungen,
auf. Jedoch bringen die meilten der derzeitig berichteten reversiblen
Oberfldchenfunktionalisierungen einen zeitaufwandigen reversiblen Zyklus sowie einen nicht
kontrollierbaren Prozess mit sich, was die Anwendung der Methode {iberaus einschriankt. Um
eine ziigige, reversible, auf PD basierende Photopatterningmethode zu entwickeln, wurde eine
photodynamische Disulfid-Tauschreaktion zur Modifikation der Oberfliche eingefiihrt. Diese
Methode wurde zuerst auf einer porosen HEMA-EDMA Oberfliche angewendet und
beschrieben. Die Ergebnisse zeigten, die Moglichkeit eines reversiblen Photopatterning auf.
Die Disulfid-Tauschreaktion wurde mittels Wasserkontaktwinkelmessung (WCA), SEM,
ToF-SIMS und optischer Mikroskopie untersucht und analysiert.



Part III beschreibt eine einfache Methode superhydrophobe Oberflichen auf
verschiedenen Substraten zu kreieren. Superhydrophobe Oberflichen verprechen eine
Vielzahl an Applikationen in denen die ausgeprigte Wasserabweisung zu neuen Eigenschaften
und Funktionalititen fiilhren kann. Die meiiten der bereits existierenden Techniken jedoch,
benotigen mehrstufige, umstidndliche Abldufe und sind nur auf bestimmten Substraten
anwendbar. Im letzten Teil der Doktorarbeit, wird eine einfache einstufige
(,,Jlackierungsgleiche*) Methode fiir superhydrophobe, pordse Polymerbeschichtungen
vorgestellt. Der Ansatz beruht auf der anionischen Polymerisierung von 2-Octyl Cyanoacrylat
in der Gegenwart von fliissigem Ethanol, welches sowohl als Initiator als auch als
Porenbildner dient. Dies fithrt zur Bildung eines hochst pordsen, superhydrophoben
Polymerfilms. Die Morphologie dieser pordsen Struktur kann durch die Anderung des
Ethanol-Wasser Verhélntisses kontorlliert werden. Die Methode ist schnell, praktisch und
kann ohne spezielles Equipment und unter Sauerstoft durchgefiihrt werden. Die Technik kann
auch fiir eine Vielfalt an Materialien benutzt werden, ist fiir dreidimensionale Substrate
anwendbar und bringt eine stabile, stark anheftende und superhydrophobe Beschichtung mit

sich, die Oberldche wurde mittels WCA-Messung und SEM charakterisiert.
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List of abbreviations

AED 2-aminoethyl disulfide (hydrochloride acid salt)
AFM Atom force microscope

ATRP Atom transfer radical polymerization
BP Benzophenone
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DA Dopamine
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DPPH 2,2-diphenyl-1-picrylhydrazyl
EDMA Ethylene glycol dimethacrylate
FITC Fluorescein isothiocyanate isomer [
HED 2-Hydroxyethyl disulfide

HEMA 2-Hydroxyethyl methacrylate

HEMA-EDMA Poly(2-hydroxyethyl methacrylate-co-ethylene dimethacrylate)
IR Infrared

IRRAS Infrared reflection absorption spectroscopy

LBL Layer by layer

PD Polydopamine

PDDE Photodynamic disulfide exchange

PDMS Poly(dimethylsiloxane)

PET Polyethylene terephthalate

PVD Physical vapor deposition

RAFT Reversible addition-fragmentation chain transfer

ROS Reactive oxygen species



SA

SAM
SEM
ToF-SIMS
UV-Vis
WCA
XPS

XRR

uCpP

Sodium ascorbate

Self-assembled monolayer

Scanning electron microscope

Time-of-flight secondary ion mass spectroscopy
Ultraviolet-visible light spectroscopy

Water contact angle

X-ray photoelectron spectroscopy

X-ray reflectivity

Micro-contact printing
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1. Introduction

1.1 Surface modification and surface patterning
Surface modification is a widely investigated and interesting topic in material sciences.
19 1t can be used to introduce or to vary a specific functionality in a substrate. Surface

modification enables a variety of interface properties, for example, hydrophobicity,'

hydrophilici‘[y,“‘_16 reactivity to special molecules (acids, amines, silanes, thiols, etc.),'

7,21 22,23

antibacterial property,” antifouling property, adhesive/non-adhesive property,

#2629 among others.

biocompatible property,*** conductivity,* stimuli-responsibility,

As a branch of surface modifications, surface patterning has found many applications in
the past years. It is used to create well-controlled physical or chemical patterns.’’ >’ Patterned
surfaces are important in many fields of modern science and technology, with applications

ranging from information storage devices® and sensors,” to microfluids,*** bioarrays***

and diffractive optical devices.*

1.2 Strategies for chemical modification and patterning of surfaces based on

photochemistry

1.2.1 Photoreactions for surface modification

Despite the large number of strategies for surface chemical modification that have been
developed, the principle has remained mostly the same. The strategy consists of the creation
of reactive functional groups (such as hydroxyl and amine group) on the substrate (if no other
reactive groups are present), followed by an introduction of new functionalities via reactions
with the specific functional groups. Different methods have been commonly employed for the
formation of functional groups on surfaces, such as plasma treatment.*® For those surfaces
which already contain reactive functional groups, different chemistries (depending on the
nature of the substrates) can be used for modification, for example, self-assembled monolayer
(SAM)," silane chemistry,*® esterification reactions,® azide-yne chemistry,”® chemical vapor
deposition (CVD),”" physical vapor deposition (PVD),”> layer by layer (LBL),”
electroplating,54 reversible addition-fragmentation chain transfer (RAFT) polymerization,”
atom transfer radical polymerization (ATRP),® among others. Photo-assisted surface
modifications have been widely applied in the past decades in many different fields. The main

advantages of the photo-reactions are (a) the possibility to perform reactions in a non-contact



fashion;”’

(b) the ability to create patterns by applying a photomask;*>***° and (c) the
ability to control the onset and termination of the reaction.

Many photo-reactions have been reported and applied for surface modifications. The
most common surface photo-chemistries could be divided into three different categories:

Photo-induced radical reactions

Many well-known surface photo-reactions are directly based on radical reactions, for
example, thiol-ene (Figure 1.1a)°" and thiol-yne (Figure 1.1b) chemistry,”* in which thiol
reacts with double or triple bonds under UV irradiation; surface initiated photopolymerization
(typically combined with RAFT and ATRP polymerization),” in which light excites
monomers (often acrylates) in a solution to perform radical polymerization; Paterno-Buchi
reaction,” in which light activates ketone or aldehyde to form radicals followed by
cyclization with alkenes (Figure 1.2a); Photografting,” in which activated photosensitizers
(typically benzophenone, BP) subtracts hydrogens from the C-H bond on the substrate and
generate reactive radicals on the surface (Figure 1.2b).

There are also well-studied chemistries which are indirectly based on radical reactions.
For example, photo induced Diels-Alder reaction,”” where methylphenyl ketone is rearranged
under irradiation forming hydroxyl diene, which in turn reacts with maleimides via
Diels-Alder reaction (Figure 1.2¢); photo induced azide-yne reaction,’® in which Cu®" is

photo-reduced to Cu" and then worked as a catalyst for the azide-yne reaction (Figure 1.2d).
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Figure 1.1: Examples of surfaces photoreactions based on radical reactions. (a) Thiol-ene

chemistry (b) thiol-yne chemistry (¢) Surface initiated photopolymerization.

Photo-induced decomposition

A different strategy is based on the light-induced decomposition of molecules to form
functional groups, which can be involved in further modifications. Some strategies based on
this route have been reported. For example, photo-induced oxime ligation,”” where light
degrades the nitrobenzyl-based structure forming a benzaldehyde group, which reacts with
hydroxylamine derivatives via the Schiff base reaction (Figure 1.3a); photoactivated
copper-free azide-yne chemistry,”® in which cyclopropenone decomposes under irradiation
forming a triple bond, followed by the copper-free azide-yne click chemistry (Figure 1.3b);

tetrazole-based photoreactions,” where light leads to decomposition of tetrazole to form a



nitrile imine intermediate, which reacts with alkenes via 1,3-dipolar cycloaddition (Figure

1.3¢).
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Figure 1.2: Surface photoreactions indirectly based on radical reactions. (a) Parton-Buchi
reaction. The carbonyl group is activated under irradiation to form two radicals, followed by
the cyclization reaction between alkene and radicals. (b) Photografting. Light activate
photoinitiator (typically benzophenon) to form radicals, and the resulted radical attracts a
hydrogen from the C-H bond on the organic surface, leading to a reactive radical on the
surface which enables further grafting polymerization. (¢) Photo induced Diels-Alder reaction.
The methylphenyl ketone is activated and rearranged to an o-xylylene intermediate, followed

by the Diels-Alder reaction with maleimides.
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Figure 1.3: Surface photoreactions based on photo-induced decomposition. (a) Photo induced
oxime ligation. Light induces the cleavage of 2-[(4,5-dimethoxy-2-nitrobenzyl)oxy]
tetrahydro-2H-pyranyl derivative to form an aldehyde group, and subsequent oxime ligation
occurs between the aldehyde group and the hydroxylamine derivatives. (b) Photo-activated
copper-free azide-yne chemistry. The cyclopropenone decomposes under UV irradiation and
results in an alkyne group. (c¢) Tetrazole-ene chemistry. Tetrazole decomposes under UV
irradiation, the resulted nitrile imine intermediate could quickly reacts with alkenes by

cycloadditon.

Photo-assisted oxidation

Light, especially UV light, is able to trigger or accelerate oxidation via the formation of
reactive oxygen species (ROS).” For reactions requiring an oxidation process, photo-assisted
oxidation is a good alternative since it increases the controllability of the reaction. UV-Ozone
71,72

irradiation, which is a well-known surface modification method, follows this mechanism.

UV-Ozone irradiation is normally employed to oxidize molecules on the surface for
5



“detachment”, for example, to remove thiols from gold surfaces by oxidation to sulfonates
(Figure 1.4a).”' However, photo-assisted oxidation could also be used to attach molecules to
the surface. For example, thiol-ol chemistry® involve the oxidation of thiols to sulfonates,

which can further react with the hydroxyl groups on the surface (Figure 1.4b).
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Figure 1.4: Examples of surface photoreactions based on photo-assisted oxidation. (a)
UV-Ozone irradiation. UV is capable of oxidizing thiols to sulfonates, which could be washed
away from gold surface. (b) Thiol-ol chemistry. UV irradiation of a hydroxyl surface in the
presence of thiols and oxygen leads to the immobilization of the thiol via the sulfonate formed

in situ.

1.2.2 Strategies of photochemical surface patterning methods

In general, surface patterning methods are based on existing surface modification
strategies. Three methods have been reported to achieve the control needed during surface
patterning. In the first method, the contact between a substrate and a modification solution is
controlled, thus avoiding reaction where no modification solution is present. Currently most
patterning strategies are based on this principle. Commonly used strategies include
micro-contact printing (Figure 1.5a),” photolithography,”* microfluidic patterning (Figure
1.5b),” dip-pen nanolithography (DPN, Figure 1.5¢),” and inkjet printing.”” In the second
method, the initiation of the modification reaction is controlled. In this case, the whole surface

is in contact with the modification solution but the reaction is only initiated in the selected



7881 {5 the most important strategy following this method. The principle

areas. Photopatterning
of photopatterning is that the modification reaction is initiated by light (Figure 1.5d), therefore
when the area is protected by a photomask, the modification does not take place. Advantages
of photopatterning are the better controllability and the possibility of in-situ pattern formation.
The third method involves partial removal of a modified layer on the surface. AFM
nanolithography is a method based on this strategy (Figure 1.5¢).%

For surface patterning through photoreactions, photopatterning is most often used.

However, other patterning strategies, such as puCP and DPN, could also be employed to avoid

the use of photomasks or increase the contrast of patterns in some cases.
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Figure 1.5: Commonly employed strategies for surface patterning. (a) Micro-contact printing.
A polydimethylsiloxane (PDMS) mold is wetted by the modification solution and then printed
onto the substrates. (b) Microfluidic patterning. A microfluidic stamp is added on the
substrate and the modification solution is continuously injected through the microchannel. (c)
Dip-pen nanolithography. An AFM tip wetted with modification solution is used as a “pen” to
“write” on the substrate, the contacted area is modified. (d) Photopatterning. The substrate is
completely wetted with modification solution, followed by exposure to light under a
photomask. No reaction occurs in the masked area, thus obtaining a pattern. (e) AFM
nanolithography. Substrate is first flood modified, and part of the surface is then removed by
scratching the surface with an AFM tip.



1.2.3 Disadvantages of photo-assisted surface functionalization

Despite the advantages of photo-assisted surface functionalization, there are still some
drawbacks of the current methods. The first drawback is that most photoreactions are limited
to very specific functional groups. Therefore, in some cases in order to perform a surface
functionalization or photopatterning, a pre-functionalization is required. The second drawback
is the fact that light is very easy to be scattered and absorbed. For opaque surfaces and very
thick films, photo-assisted functionalization does not work well. The third drawback is that
light is a single-direction wave, thus sometimes the modification of 3D objects can be

problematic.

1.3 Polydopamine coating: an inspiration from the sea

For decades mussels have attracted attention of scientists due to their strong attachment
skills that allow them to adhere to all kinds of solid surfaces. In the sea they can attach to a
variety of marine surfaces in order to survive in a dynamic and harsh marine environment, or
attach to the bottom of ships. The understanding of the secret of mussel adhesion is not only
necessary for the research in antifouling materials, but is also important for the development
of new adhesives. Modern technologies point out that mussel foot proteins play a very
important role on the strong adhesion performance of mussels. Investigations on the Mytilus
edulis foot proteins indicate a high concentration of 3,4-dihydroxyphenylalanine (DOPA),

4
68384 The broad research on the

which is believed to be the main reason for mussel adhesion.
adhesive performance of mussels led to the idea of using polydopamine (PD) to create a new
coating material. The PD coating, inspired by mussels, was reported in 2007 by P. B.
Messersmith et.al. (Figure 1.6).%

PD coating is based on the fact that dopamine (DA) can be polymerized in aqueous
solutions under basic conditions, and the resulted polydopamine is an adhesive material which

can be deposited onto virtually any substrate immersed in the solution. Therefore, after

polymerization, a PD layer is formed on the surfaces of immersed objects.* PD is a reactive

5 86,87 85,88

polymer which can react with thiols,” amines and metal ions, to introduce further

functionalities. In other words, PD coating is a surface-independent coating method which can

lead to a reactive layer on any substrate.
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Figure 1.6: Mussel-inspired PD coatings.” (A) Photograph of a mussel attached to
commercial PTFE. (B and C) Schematic illustrations of the interfacial location of Mefp-5.
Simplified molecular representation of the characteristic amine and catechol groups. (D) The
amino acid sequence of Mefp-5. (E) DA contains both amine and catechol functional groups
found in Mefp-5. It was used as a molecular building block for polymer coatings. (F) A
schematic illustration of thin film deposition of polydopamine by dip-coating an object in an
alkaline DA solution. (G) Thickness evolution of polydopamine coating on Si as measured by

AFM of patterned surfaces.

1.3.1 Mechanism of PD coating

1.3.1.1 Mechanism of DA polymerization under basic conditions

The question of how DA polymerizes is not only of interest for PD coating research, but
also for melanin chemistry. PD is believed to have a similar structure as eumelanin.*
Currently the mechanism of DA polymerization is not fully understood, it is believed to be
similar to the pathway from DOPA to melanin in the biosynthesis of melanin. For the early
stage of investigation (2007-2009), DA was proposed to be a polymer of poly(3,4-dihydroxyl
indole). The mechanism of DA polymerization was believed to involve first the oxidation of

DA and rearrangement to 3,4-dihydroxy indole, followed by further oxidation and

9



polymerization (Figure 1.7).
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Figure 1.7: Proposed mechanism for DA polymerization.”” DA (A) is first oxidized by
oxygen to form quinone (B) (DA to dopamine quinone + 2H' +2¢’), followed by an
intramolecular Michael addition leading to (C). Further oxidation and rearrangement lead to

the formation of indole-quinone (F) followed by a polymerization step.

However, different hypotheses have been proposed in the following years. J. A. Swift
proposed that Diels-Alder reaction occur between indole quinones, resulting in polyindoles
after further cleavage reactions (Figure 1.8a).”' Dreyer et al. proposed that polydopamine
structure is based on H bonding rather than C-C linkages (Figure 1.8b).”> Hong et al. reported
that a large amount (~18% wt) of DA physical trimers are presented in polydopamine layers
(Figure 1.8c). More recently, a more complicated hypothesis for PD structures was proposed.
Liebscher et. al proposed that PD is a copolymer of DA, leucodopamine chrome,
3,4-dihydroxyl indole, and 3,4-dihydroxyl indole quinone (Figure 1.8d).”> Vecchia et al.
reported similar results, but in their hypothesis the linkage of catechol units may occur at
different positions on the benzene ring, and the partial oxidative cleavage might occur during

the polymerization.”

10
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Figure 1.8: Schematic illustration showing the different proposed structures of PD. (a)
polyindole structure based on Diels-Alder reaction and further cleavage reactions. (b) PD
structure based on H bonding. (c) Proposed structure of DA physical trimer. (d) PD structure

based on DA with different oxidation states.

Oxygen plays a very important role as oxidant during DA polymerization. Its effect has
been proved by experiments in both oxygen-rich® and oxygen-poor solutions.* Interestingly,
it has been reported that DA polymerization can only occur under basic conditions, because
neutral and acidic solutions would strongly inhibit the first step of DA oxidation (Figure 1.7,
A—B).*?" However, it has also been demonstrated that by adding strong oxidants, DA

polymerization can occur in neutral and acidic conditions.”®®’

1.3.1.2 Mechanism of adhesion of polycatechols

Although not well understood yet, some investigations have been done on the mechanism

9101 Different interactions are believed to be involved in this

of adhesion of catechols.
process. For adhesion on metal or metal oxide surfaces, the proposed mechanism includes:
Coordination bonding
Moser et al. investigated the surface complexation of TiO, with catechol, and reported
that the binding reaction involves the replacement of a hydroxyl group on TiO, surface by
deprotonated ligand (Figure 1.9a).'"> The very stable nature of these chelates makes the
complexation of titanium ions located at the surface of TiO, feasible.®!%?

Bidentate chelating bonding

11



Rajh et al. proposed that the adhesion depends on the chelating interactions. They
believed that for the binding of catechol to Fe,O; and TiO, surfaces, two oxygen atoms of the
catechol bind to a single metal center of Fe (Figure 1.9b) or Ti (Figure 1.9c¢). 103,104

Bridged bidentate bonding

Messersmith ez al. did a series of investigations on the adhesive performance of catechol
structures'®® and reported a bridged bonding mechanism. In their hypothesis, on TiO, surface,
the Ti-OH groups were depleted upon the adsorption of catechol. The hypothesis was also
confirmed by other investigations (Figure 1.9d)'°*'%".

For the adhesion on organic substrates, Lee at al. investigated the catechol adhesion on a
molecular level by grafting a single DOPA residue to an AFM cantilever and measuring the
force required to pull the molecule from contact with a substrate.”® They reported that the
strong interaction between DOPA and organic surfaces could be attributed to the covalent
reactions (probably Michael addition or Schiff base reactions) between quinines and

nucleophiles present on organic surfaces (Figure 1.9¢).

12
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Figure 1.9: Proposed mechanism for PD adhesion. (a) Complexation reaction of catechol

with hydroxylated TiO,.'”

103

(b) Structures of DA-binding configurations with Fe,O3
nanoparticles.'” (c) Structures of DA-binding configurations with TiO, nanoparticles.'® (d)
Bidentate bonding of catechol with TiO, surface. The phenol group covalently binds to the

105

metal atoms on the surface.”~ (e) Adhesion of catechol to organic surfaces. The quinone

groups react with the nucleophiles on the surface forming covalent bonds.”®

1.3.1.3 Mechanism of PD deposition

Only few investigations have been done on the mechanism of PD deposition.'”*'"? A
simple explanation of the mechanism would be that PD nanoparticles are aggregated during
the polymerization and then attached onto the substrates. However, the real mechanism and
kinetics of PD deposition might be much more complex. Bernsmann et a/. found that no PD
deposition could occur if DA is allowed to first polymerize for 4.5h and then immerse the
substrate.''? Likewise, it was observed that, after a typical PD coating process, the substrate is
covered by a layer of PD particles, which could easily be washed away by rinsing with

108

water. ~ Therefore, the adhesive performance of PD polymer should not be the key reason for

13



the formation of a PD layer on the substrate. It has been proposed by Ball ef al. that the PD
deposition process may present strong analogy with the deposition of polyaniline films.''? In
this case, the formation of the polymer layer is due to the adsorption of oligoaniline cations on
the surface, followed by radical polymerization. However, this hypothesis has not been

proved yet.

1.3.1.4 Mechanism of PD secondary modification

PD can react with thiols, amines and metal ions allowing the introduction of different
functionalizations. For the reaction with thiols and amines, the mechanism is believed to be
similar to the DA polymerization mechanism.*> As shown in Figure 1.10a, under basic
conditions, the catechol group on the PD surface is oxidized and rearranged to quinone, and
thiols or amines can be added via Michael addition. For the secondary modification with
amines, Schiff base reaction is also proposed to be involved.® The catechol group is also

capable of reacting with metal ions such as copper and silver ions, leading to metallization

(Figure 1.10b) 56113114
o 27 i
Rearrange
R\
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Substrate 4//7 I on
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Substrate
Figure 1.10: Proposed mechanism for secondary modification reactions on PD surface. (a)
PD reacts with thiols and amines through Michael addition or Schiff base reaction. (b) Metal

deposition on PD surface through electroless metallization.

1.3.2 Applications of PD coatings
PD coatings exhibit many advantages compare to the existing surface functionalization
strategies. The first advantage is the generality. PD is adhesive to virtually all kinds of

materials regardless of their nature, including low surface energy (Teflon) and soft biological
14



surfaces, such as tomato surface.''> Another advantage is the simplicity of the coating
procedure, which allows PD coating to be a not substrate-shape selective method. A PD layer
can be formed on large flat, curved, or rough substrates as well as on small 3D objects.
Finally, both PD coating and secondary modifications can be carried out in aqueous solutions,
making the procedure economical and pro-environmental.

PD coating offers an ideal solution for surface functionalization in many cases. Due to its
advantages, PD coating has been widely applied in many different fields. The most common

applications are listed below.

1.3.2.1 Applications for surface functionalization

The most common application for PD coating is to work as a general reactive coating for
further functionalization (Figure 1.11). Many functional surfaces formed by PD coating were

86,116-120 . 87,121-123
peptide  surface,

reported, for example, antibacterial surface,
superhydrophobic surface,'” and specific chemical functionalized surfaces (Figure
1.11a)."'*" With the combination of patterning strategies, PD patterns could be formed on
substrates and microarrays could be formed after further functionalization (Figure 1.11b).

Different PD-based bioarrays, such as cell arrays, peptide arrays and metal arrays, have been
,4344.85,128-130
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Figure 1.11: Schematic illustration of the application of PD as functionalization platform. (a)
PD as a platform for surface functionalization. (b) PD as a platform for surface patterning. (c)

PD as a platform for nanoparticle functionalization.

Since PD deposits over all the immersed substrate, the modification of nanoparticles was
15



achieved by PD coating (Figure 1.11c). Superhydrophobic nanoparticles and magnetic drug

carriers were reported.®®!’!

1.3.2.2 Applications as adhesives

The adhesion properties of the PD polymer have been employed to form adhesives. For
example, DA modified poly(acrylic acid) and alginate were used as adhesive links for silicon
nanoparticles in the Lithium-ion batteries (Figure 1.12a);'** by combining gecko foot
structure and PD coating, an adhesive surface in both dry and wet conditions was obtained
(Figure 1.12b).”> DA can be used to modify polymers and small molecules, and the obtained
133-135

catechol-containing molecules can attach to substrates in the same way as PD coatings.

PD was also used to coat graphenes and worked as adhesives for graphene paper.'*°
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Figure 1.12. Examples for PD applications as adhesives. (a) DA modified alginate and
poly(acrylic acid) was used as a linker for silicon nanoparticles in lithium batteries.'* (b) PD
is coated onto a substrate which has morphology similar to gecko foot, and an adhesive

surface in both dry and wet conditions could be obtained.?

1.3.3.3 Other applications of polydopamine coatings

Some other applications for PD coatings have been also reported:

PD coated electrodes

Coated PD layer on a polyethylene terephthalate (PET) surface could be transformed to
transparent conductive electrodes by pyrolysis at 1000 °C under hydrogen atmosphere (Figure
1.13a)."%’

PD as a free radical scavenger

PD is highly reactive to free radicals and therefore could be used as a free radical

16



scavenger.””® Ju et al. synthesized PD nanoparticles and demonstrated that the obtained
nanoparticles were capable of reducing 2,2-diphenyl-1-picrylhydrazyl (DPPH), which
suggests the free radical scavenging activity of the material.'*’

PD as templates for nanostructures

Lee et al. synthesized mono-dispersed PD spheres with tunable diameters and used them
as templates for the convenient synthesis of various nanostructures, e.g., MnO, hollow
spheres or PDA/Fe;O4 and PDA/Ag core/shell nanostructures. They demonstrated that these
complex nanostructures could be used as fillers in nano-composites for high performance
capacitors.'*

PD as high efficiency catalysts

Lu et al. synthesized mono-disperse PD nanoparticles and then transformed them to
carbon particles by thermal treatment at 700 °C. They found that the obtained sub-micrometer
carbon spheres are highly suitable nonprecious metal catalyst for oxygen reduction
reaction.'*’

PD for water purification

Since PD is reactive to many metal ions, it can be employed to trap the metal ions in the
water. Voelcker et al. prepared PD nanoparticles and found that PD particles could be used to
remove the copper (II) ions from aqueous solutions.'*’

PD as drug carriers

PD capsules were used as drug carriers in some reports. The PD capsule was prepared by
DA polymerization in emulsion, or by using SiO, nanoparticle as template. After further
functionalization with pH responsive polymers, the PD capsules were capable to release drugs

under specific pH (Figure 1.13b).'*'#
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Figure 1.13: Examples of PD applications in other fields. (a) Conductive electrodes on

137

surface formed by pattern PD coating on PET film. >’ (b) PD capsules for drug release. PD

capsules were formed by performing DA polymerization in emulsions, followed by the
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removal of emulsion templates by ethanol. A pH-response polymer, polymethacrylate acid
(partly modified with thiol groups, conjugated with doxorubicin, PMAgy-Dox), was
conjugated to the capsules by secondary modification. The modified PD capsules are then

capable of releasing Dox under acidic pH.'*

1.4. Reversible surface functionalization

Reversible surface functionalization methods are becoming more and more attractive.
Reversible nature of such methods allows the functionalization step to be carried out by
“write and erase” procedure,'** which is very controllable and convenient; due to the

145

reversible properties, the substrate can be reused for many times; complex,

multi-component and gradient surface patterns could be easily made by using reversible

146,147

strategies; reversible surface can trap and release molecules through reversible reactions,

thus controlled surface transportation and controlled surface release are possible; '**'* in-situ

. . . . . 146
manipulation of local environment are also possible for reversible surface.

During the last decade, reversible surfaces have been reported, *!*+147149715% the
chemistries employed included electrically assisted ionoprinting,’* Schiff-base reaction,'**
DNA  hybridization,"””'  Diels-Alder  reactions,'””  cyclodextrin-based  host-guest

153,157 - - 158
»°" and alkoxyamine-based chemistry, ™ efc.

interaction,

Here I would like to propose three types of reversible surface functionalization strategies
In the first type, the reversible modification procedure can be separated into two steps, the
first step is to turn a surface back to the original, and the second step is to modify this original
surface again with a different reagent (Figure 1.14a). The two steps are completely separated
and cannot be carried out together. Currently most of the reported strategies are following this
type. In the second type, the reversible chemistries are highly dynamic, which means the
modification and recovery steps are not separated but done as a “one-pot” procedure.
However, the reaction is poorly controllable. An example of this strategy is the alkoxyamine
surface (Figure 1.14b)."*® Alkoxyamine forms radicals under heat, and dynamic exchange
reaction could occur if another alkoxyamine is present in the solution. Since this process
depends on heating, it is difficult to control this process. The third type of the reversible
reactions includes highly dynamic reversible reactions which at the same time can be well
controlled. To my best knowledge, only two methods of this type have been report. The first
one is thiol-naphthoquinone methide reaction (Figure 1.14c), which is based on a photo

reversible reaction between a thiol and 2-naphthoquinone-3-methide (cNQM). The second

18



one is Addition-Fragmentation Chain Transfer chemistry, which is based on the reversible

reaction between thiols and allyl sulfides.
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Figure 1.14: Examples of reversible surface modification strategies. (a) Schiff-base strategy.
The modification-recovery cycle contains two separated steps, first is hydrolysis of imine to
amine, followed by the Schiff-base reaction to form imine again. (b) Strategy based on the

alkoxyamine exchange reaction. (¢) Thiol-cNQM reaction for reversible surface modification.

1.5 Superhydrophobicity and superhydrophobic surfaces

Superhydrophobicity refers to a property of a surface which is extremely hydrophobic
and highly water repellent."”'® For a superhydrophobic surface the water contact angle
(WCA) is higher than 150° (Figure 1.15a), and the rolling angle of the surface is below 10°,
indicating that water droplets can easily roll off the surface. Superhydrophobic surfaces are

164-169 which can

attractive for their unique water repellent and self-clean properties,
potentially find numerous applications in a variety of industrial and research fields ranging
from coatings for solar cells and biotechnological reactors to coatings for microfluidic devices
and microarrays.

Superhydrophobicity is a result of a combination of hydrophobicity of the material and

surface roughness.'”’ Figure 1.15b shows a SEM image of a well known natural
19



superhydrophobic surface, lotus leaf. The surface is very rough and contains micro-nano
hieratical structures, leading to the entrapment of air and formation of an air-solid compositte
interface between the surface and a water droplet. Thus to make a superhydrophobic surface,
the key is to increase hydrophobicity of the material and produce highly rough structures on
the surface. During the past decade, a number of methods for the fabrication of
superhydrophobic surfaces have been reported. '’ '* However, despite a lot of research, most
reported methods exhibit significant drawbacks. For example, most of the methods still

1 . . . .
1 Wwhich is not convenient and time consumable. Many

require multi-step procedures,’
methods require harsh conditions,'™ and most strategies use the specific interactions between
the substrate and the reactants,”® which means the preparation methods are limited to specific

substrates. A more general and convenient strategy is still demanded in this field.

(a)

Figure 1.15: (a) Water droplets on a superhydrophobic surface.'® (b) SEM image of the lotus

. . . . . 1
leaf surface showing its micro-nano hieratical structure.'*®
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2. Materials and methods

2.1 Chemicals and materials

Dopamine hydrochloride was purchased from Sigma-Aldrich (Germany). Acetone,
ethanol, cyclohexanol, decanol, 4-(Dimethylamino) pyridine (DMAP), dichloromethane
(DCM) and other solvents were obtained from Merck KGaA (Germany). The glass plates
used in the experiments were Nexterion B glass from Schott AG (Germany). Silicon wafers
(CZ-Si-wafer 4 inch) were obtained from MicroChem GmbH (Germany). Dibutyl disulfide
(DBD),  2-hydroxyethyl disulfide @ (HED), 2-carboxyethyl disulfide (CED),
2,2-dimethoxy-2-phenylacetophenone (DMPAP), fluorescein isothiocyanate isomer I (FITC),
N,N'-diisopropylcarbodiimide (DIC), cystamine dihydrochloride (aminoethyl disulfide
dihydrochloride, AED), 2-hydroxyethyl methacrylate (HEMA), hydrogen peroxide (30% wt.
in water) and ethylene glycol dimethacrylate (EDMA) were obtained from Sigma-Aldrich
(Germany). Dimethyl sulfoxide (DMSO) and dimethylformamide (DMF) were obtained from
Roth GmbH (Germany). Ethyl cyanoacrylate (containing 5-10% PMMA) and butyl
cyanoacrylate (98%) were obtained from WPI Inc (Europe). 2-Octyl cyanoacrylate was
obtained from Glulnc (Canada). Didodecyl disulfide (DoD) was synthesized according to the
literature.'’

An OAI model 30 deep-UV collimated light source (San Jose, CA, USA) fitted with a
500 W HgXe lamp was used for UV irradiation. The lamp was calibrated to 7.5 mW/cm® at
260 nm with the OAI 306 UV power meter. UV-Vis spectroscopy was performed with a
HR2000+ high resolution spectrometer (Ocean Optics Inc., USA) with DH-2000-BAL light
source (Mikropack GmbH, Germany). The microscopy images were obtained by a BIOREVO
BZ-9000 microscope (Keyence GmbH, Germany).

2.2 Description of experiments and preparation techniques

2.2.1 Dopamine polymerization under UV irradiation

Dopamine (DA, 2 mg/mL) Tris buffer solution (10 mM, pH at 2.0, 3.0, 4.0, 5.0, 6.0, 7.0,
and 8.5, respectively) was filled into cuvettes and irradiated under UV for predetermined time.

The UV-Vis absorbance (300-1000 nm) of the solution was measured at different time points
(0, 5, 10, 20, 30, 45, 60, 90 and 120 min, air as the reference).

2.2.2 Polydopamine deposition on silicon wafers
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The setup used in this experiment is described in Figure 2.1. The silicon wafers were
cleaned by an UV-Ozone cleaner (UVO Cleaner Modell 42-220, Jelight Company Inc., USA)
to reduce any organic contamination. DA solutions (2 mg/mL, in 10 mM Tris buffer pH 7.0
and pH 8.5) were filled into the setup, and the samples were irradiated under UV light for 2 h.
For each time point, samples were taken out from the UV lamp, opened, washed with water
and acetone, dried with nitrogen and the thickness of PD layer was measured by ellipsometry.
The same experiments were carried out in dark environment. For the UV-induced PD coating
on other substrates, the same procedure was used. For patterning polydopamine, a photomask

was added above the device.

NN

/

Silicon plate 125 um spacer

Figure 2.1. The device used for PD deposition on silicon wafer. (a) Scheme of the device

structure. (b) Photo of the device used in the experiment.

2.2.3 Formation of porous HEMA-EDMA surface

Poly(butyl methacrylate-co-ethylene dimethacrylate) (HEMA-EDMA) polymer surfaces
were prepared as follows: for nanoporous HEMA-EDMA, 2-hydroxyethyl methacrylate
(HEMA, 24% wt.), ethylene glycol dimethyacrylate (EDMA, 16% wt.), 1-decanol (12% wt.),
cyclohexanol (48% wt.) and 2,2-dimethoxy-2-phenylacetophenone (DMPAP, 1% wt. with
respect to monomers) were injected into mold made of two glass plates separated with 12.5
um polyimide film. The mold was then placed under UV lamp for 15 min. After irradiation,
the glass slides were carefully opened with a scalpel. The polymer surface on the upper glass
plate was ready for use after washing extensively with methanol (immersing into methanol
overnight, and then drying with a nitrogen gun). For macroporous HEMA-EDMA, the
procedure was similar, with a different porogen (1-decanol 40% wt., cyclohexanol 20% wt.),

and a different spacer (25 pm polyimide film).

2.2.4 Formation of carboxyethyl disulfide (CED) surface
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The CED surface was formed by esterification of HEMA-EDMA hydroxy groups with
CED (Figure 2.2). 240 mg (1.14 mmol) CED was added into a 50 ml Falcon tube containing
45 ml acetone, followed by the addition of 176.5 pL DIC (1.14 mmol). Then porous
HEMA-EDMA surface was placed into the tube, and the solution was stirred with a small
magnetic stirrer for 7h after the addition of 56 mg (0.46 mmol) DMAP. The HEMA-EDMA

surface was then washed with ethanol and acetone and dried by N,.

(e]6]
DIC,DMAP (1 €q) .
Acetone, 7h

+ HOOC™™~S\c~_COOH

HEMA-EDMA

Figure 2.2: Scheme representing the formation of a CED disulfide surface.

2.2.5 Modification of disulfide surface

Disulfide surface can be modified by different molecules, such as thiols, alkenes, and
disulfides. The procedure of the modifications is as follows: a few drops of a modification
solution (20% wt in DMF, containing 1% wt DMPAP as photoinitiator) were applied on CED
surface, then the surface was covered by a quartz slide and irradiated under UV for 2 min.
After washing with acetone and drying under a stream of Nj, a new disulfide surface was

obtained.

2.2.6 Photopatterning on disulfide surface

A few drops of disulfide solution (20% wt. in DMF with 1% wt. DMPAP, for
FITC-disulfide is 10 mg/mL in DMSO containing 0.5 mg/mL. DMPAP) were added to a
disulfide surface, then the surface was covered by quartz glass and irradiated under UV for 2
min through a photomask (for FITC-disulfide, 5 min). The surface was then washed with
acetone and dried under a stream of N».

For the reverse patterning of FITC-disulfide, the disulfide surface was first flood
irradiated by UV for 5 min, followed by a washing process. Then, a few drops of DBD
solution were applied on the surface and it was irradiated under UV for 2 min through a
photomask. Afterwards the surface was washed with acetone overnight and dried under a

stream of N.
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2.2.7 Formation of rewritable superhydrophobic-superhydrophilic (SH-SL) patterns

The SH-SL pattern was formed on a microporous HEMA-EDMA surface. To a CED
surface, didodecyl thiol (DoD) solution (10 mg/mL in hexadecane, containing 0.5 mg/mL
DMPAP) was added and the surface was covered by a quartz glass and irradiated under UV
for 5 min through a photomask. Then, the SH-SL pattern was erased by modifying with CED
solution for 5 min to form a SL surface. The SL surface was then transformed to a SH surface
by modifying it with DoD solution for 5 min and the SH surface could be returned to SL

surface by modification with a CED solution for 5 min.

2.3 Methods and theoretical background
2.3.1 UV-Vis spectroscopy

UV-Vis spectroscopy refers to the absorption, transmition, or reflection spectroscopy in
the ultraviolet-visible light range.'™ Substances exhibit different colors because they absorb
light at different wavelengths. When molecules are exposed to light with an energy that
matches a possible electronic transition within the molecule, some of the light energy will be
absorbed as the electron is promoted to a higher energy orbital.'"® A UV-Vis spectrometer has
a light source which offers light in whole UV-Visible range, and a spectrometer which
measures how much light is absorbed/transmitted/reflected at each wavelength. For the
commonly used absorption spectrum, the result is presented as a graph of absorbance versus
wavelength (Figure 2.3). The absorbance is a logarithmic ratio of the intensity of the emergent

light to the intensity of the incident light (Equation 2.1):'*°

I
Al S L0g1070 (2.1)
Where A is the corresponding wavelength, [y is the intensity of incident light and / is the
intensity of emergent light. Typically the absorbance is ranged between 0 and 2, in which 0 is

no light absorption, and 2 is 99% absorption.
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Figure 2.3: A typical UV-Vis spectrum.

In this thesis, UV-Vis spectroscopy was performed with a HR2000+ high resolution
spectrometer (Ocean Optics Inc., USA) with DH-2000-BAL light source (Mikropack GmbH,
Germany). The absorbance data were exported to ASC II files and the UV-Vis absorption

curves were drawn by Origin 6.0.

2.3.2 Water contact angle measurement

Water contact angle (WCA) is a parameter that represents the wettability of the surface.
On smooth surfaces the WCA can be determined by Young’s equation (Figure 2.4a, Equation
2.2):1!

0 =V¥s¢ — VsL — Y1cCc0SH. (2.2)

Where 6. is the contact angle, ys;, Y5, and y;, are the surface tensions between
solid/gas, solid/liquid and solid/gas, respectively.

Typically a surface with a static water contact angle greater than 90° is defined as a
hydrophobic surface (Figure 2.4b), and a surface with a static water contact angle of less than
90° is considered a hydrophilic surface (Figure 2.4c). However, according to the work from

Berg et al., 65° (Berg limit) rather than 90° is the WCA limit between hydrophobicity and

192 193-195

hydrophilicity. "~ This is confirmed by theoretical calculation and experimental report.
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Figure 2.4: Water droplets on a smooth surface. (a) Schematic of a liquid drop showing the
quantities in Young's equation. (b) A water droplet on hydrophobic surface, the WCA is
higher than 65°. (c) A water droplet on hydrophilic surface, the WCA is lower than 65°.

The wettability of rough surfaces is more complicated. Typically for a water drop on the
rough surface, there are two different states: Wenzel state (Figure 2.5a) and Cassie-Baxter

state (Figure 2.5b). In the Wenzel model,'”®

water penetrates into the space between the
protrusions. In this case the WCA is calculated by equation 2.3, in which r is the surface
roughness defined as the ratio of the actual surface area to the projected area. For
Cassie-Baxter model,"” air is trapped between the protrusions on the surface, therefore the
interface between the water drop and the surface is a composite of air and solid. The WCA in
this case is described by equation 2.4, in which fs refers to the fraction of the solid on the
surface.
cosly, =1 * cosOy 2.3)

coslg = fox (1 +cosfy) —1 (2.4)

a b

Rough hydrophobic surface Rough hydrophobic surface

Figure 2.5: Different state of water droplet on rough surfaces. (a) Wenzel state, the gaps
between the protrusions are filled by water. (b) Cassie-Baxter state, air is trapped in the gaps

between the protrusions.

In this thesis, the WCA of the surfaces is measured by sessile drop method. A water drop
is added onto the surface, and a photo is recorded by a camera (from a home-build device).

The WCA is calculated from the image by using ImagelJ with a DropSnake plugin.
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2.3.3 Scanning electron microscopy

The scanning electron microscope (SEM) is used for micro and nano scale imaging
measurements.'”® SEM scans the sample (in a raster way) with a focused beam of electrons,
which interacts with the sample and produces various signals, such as backscattered
electrons, secondary electrons, auger electrons and characteristic X-rays (Figure 2.6), which
contain information about the composition and topography of the sample surface.'”” SEM can
achieve a resolution better than 1 nm.

The most common mode of SEM detection is secondary electron mode, where SEM
detects emitted secondary electrons coming from electron-beam-excited surface atoms. The
secondary electron measurement offers the information related to the surface morphology,

thus displaying the topography of the surface.

Lens

Detector
Electron beam

Sample surface

Figure 2.6: Scheme representing the main components of a SEM.

In this thesis, the SEM measurements were performed on a LEO 1530 Gemini scanning
electron microscope (Zeiss, Germany). The accelerating voltage was 2 kV. The samples were
sputtered with a ~ 30 nm thick gold layer using a Cressingtonl08 auto sputter coater

(Cressington Scientific Instruments Ltd. UK) before the measurements.

2.3.4 Time-of-flight secondary ion mass spectroscopy (ToF-SIMS)

ToF-SIMS is a technique used to detect the mass fragments from a surface. ToF-SIMS

uses a pulsed primary ion beam to desorb and ionize species from a sample surface. The
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ejected secondary ions are then collected and detected by mass spectroscopy.”” Unlike other
SIMS methods (sector and quadrupole), the time-of-flight mass analyzer separates the

secondary ions in a field-free drift path according to their velocity.*'

The time of flight varies
accordingly to the mass of the ions, thus all generated ions can be detected simultaneously.

An illustration for a typical ToF-SIMS device is shown in Figure 2.7.
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Figure 2.7: Schematic representing a typical ToF-SIMS instrument. High energy (usually
several keV) ions are supplied by an ion source and focused on to the target sample, which
ionizes and sputters some atoms off the surface. These secondary ions are then collected by

ion lenses and filtered according to their atomic mass, then projected onto a detector.

In this thesis, ToF-SIMS measurements were done by a TOF-SIMS 5 machine (ION-TOF
GmbH, Miinster, Germany). The analysis chamber was held at ~8+10~° mbar during the
experiment. A pulsed of 25 keV Bi;+ primary ion beam was used for all image and spectral
data acquisition. All data were collected in high mass resolution bunched mode. A new

sample area was used for each analysis.

2.3.5 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a high-resolution scanning microscopy technique,

which offers the topography of the sample surface.”’> The AFM test is performed through an
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AFM tip consisting of a cantilever with a sharp probe (Figure 2.8a), which is used to scan the

203

sample surface.”” When the probe approaches the sample surface (Figure 2.8b), forces

between the probe and the sample lead to a deflection of the cantilever according to Hooke's
law (Equation 2.5):2**
F=—k., (2.5)

Where k. is the stiffness of the cantilever and &, is the deflection of the cantilever.

The deflection is measured through the movement of the laser spot reflected from the top
surface of the cantilever into a photodetector. Typically, there are two modes for AFM test,
the contacting mode and the tapping mode. For the contact mode, the tip is "dragged" across
the surface of the sample, and the cantilever is controlled to be at a constant height position
above the surface, the recorded movement of the cantilever is therefore related to the height
change of the surface. For the tapping mode, the cantilever is forced to vibrate up and down
around its resonant frequency, with amplitude of 100-200 nm. When the probe comes close to
the surface, the interaction between the surface and the probe (Van der Waals forces,
dipole-dipole interactions, electrostatic forces, etc.) decreases the amplitude of probe vibration.
During the test the amplitude of the probe vibration is controlled to be constant, the
movement of the AFM tip is recorded and the height change of the surface is obtained (Figure
2.8¢).
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Figure 2.8: Principle of an AFM test (a) and (b). (¢) A typical AFM image.
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In this thesis, AFM measurements were done in the Institute of Functional Interfaces
(IFG) in Karlsruhe Institute of Technology (KIT), with the help of Zhenbang Wang. The data
were achieved by a Bruker Dimension Icon AFM, using a cantilever with platinum silicide

probe (NanoAndMore GmbH).

2.3.7 X-ray photoelectron spectroscopy (XPS)

XPS is a surface characterization method which is based on the photoelectric effect.?*>*%

The principle of XPS measurement is that electrons of an atom can absorb a photon and then
be emitted as photoelectrons (Figure 2.9a). For a XPS test, the energy of the emitted electron
obeys the equation 2.6:

Ex = Ep— (Eg + 0) (2.6)

Where Ey is the energy of the emitted electron, Ep is the energy of each photon from
the X-ray, Ep is the binding energy of electron, and @ is the work function of the system
(which means how much energy is required for an electron to be emitted from the surface). In
a typical XPS test, Ep and @ are known values, Ex and the corresponding amount of the
emitted electrons could be measured by the detector. A spectrum of the number of the
electrons (intensity) versus the binding energy of the electrons detected could be obtained
(Figure 2.9b). Since binding energy is characteristic to elements, the element type and

concentrations on the sample surface can be concluded from the XPS test.
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Figure 2.9: Principle of XPS test. (a) Schematic diagram of the principle of XPS test. (b)

A typical XPS spectra (silicon wafer as the sample).

In this thesis, the XPS measurements were done in IFG in KIT, with the help of Chengwu
Yang and Dr Nefedov. The XPS data were acquired by using a specifically designed ultrahigh

vacuum Fourier transform infrared (UHV-FTIR) apparatus (Prevac, Rogéw, Poland) fitting
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with a hemispherical electron energy analyzer (VG-Scienta R4000) and a non-monochromatic
AlKa X-ray source at pass energies (PE) of 100 eV and 200 eV for narrow scans. A Shirley
background was used to fit XPS spectra using CasaXPS 2.3.16. An energy calibration was
conducted by successive XPS measurement on gold and silver, using the Au 4f binding

energy of 84.00 eV and Ag 3d binding energy of 368.27 eV as the reference.

2.3.8 Infrared (IR) spectroscopy

IR spectroscopy measurements are based on the fact that almost all covalent bonds in
molecules vibrate.*”” The vibrating covalent bonds could be activated by absorbing radiation

at specific frequencies (equation 2.7):

1 k
UV=— |[— (2.7)
2TCAl U

Where v is the frequency of the radiation, c¢ is the speed of light in vacuum, k is the

stiffness of the covalent bond, and p is the reduced mass of the bonded atoms (equation 2.8):

magmpg

w=—""— @3

maq+mpg

Since k and u are specific to different bonds, it is possible to distinguish the type of the
covalent bonds by their corresponding absorption. IR test measures the light absorption (or
transmission) of the molecules in the infrared range. The possible functional group in the
molecules can be deduced by analyzing the peaks on the obtained spectra.””®

Figure 2.10 shows a typical IR absorption spectrum. Normally, different vibrations might
exist in one covalent bond: symmetric (sym.) stretching, asymmetric (asym.) stretching,
scissoring, rocking, wagging and twisting. Therefore, one covalent bond could have several

absorption peaks.
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Figure 2.10: A typical IR absorption spectrum. The sample tested is dopamine

hydrochloride and some peaks in the spectra are assigned.

It should be pointed out that, in order to show efficient absorption in IR spectra, changes
in the dipole during the vibration are necessary. Therefore, for covalent bonds which do not
have dipole change (or dipole change is very small) during the vibration (e.g., disulfide bond,
triple bond), no corresponding absorbance (or very weak signals) can be found on the IR
spectra.””

In this thesis, the IR spectroscopy measurements were done in IFG of KIT, with the help
of Stefan Heisser. The IR absorption spectra were obtained using a Bruker VERTEX 80 FTIR
spectrometer (Bruker Optics, Ettlingen, Germany), equipped with a liquid nitrogen cooled
mercury cadmium telluride (MCT) detector and a grazing incidence external reflection
accessory, at an incidence angle of 80° relative to the surface with a spectral resolution of 2
ecm’. The polydopamine layers were deposit on gold substrates. Perdeuterated
hexadecanethiol SAMs on a gold substrate was used as reference. Dry air was purged
continuously through the spectrometer and the sample compartment. Samples were measured
when the water absorption bands from ambient air disappeared. The data were processed

using the Bruker OPUS® software version 7.2.

2.3.9 Raman infrared spectroscopy

Raman spectroscopy is related to IR spectroscopy. While IR spectroscopy measures the

intensity change of the incident IR beam (measurement is done at same wavelength), Raman
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spectroscopy measures the opposite, which means that the measurements are done at all
wavelength different from the incident IR beam.”’® Raman spectroscopy is based on the
“Raman effect”. When an IR beam pass through a material, some of the light would be
absorbed and some would be scattered. Raman effect refers to the phenomenon that the
scattered light contains not only the light at the same wavelength as incident light, but also
light at other wavelengths.?'' The mechanism of the phenomenon is explained in Figure 2.11a.
First, a photon excites the molecule (either in ground rovibronic state or in an excited
rovibronic state) to a virtual energy state; this is followed by the restoration of the rovibronic
state and the emission of a new photon. In this procedure, most molecules go back to the
original rovibronic state and release a photon with the frequency of the excitation photon
(elastic scattering, Rayleigh scattering). However, a little amount of the molecules would not
go back to the same rovibronic state, but to a different rovibronic state either in higher energy
level or lower energy level (inelastic scattering), releasing a photon with lower frequency

211
Raman

(Stokes Raman scattering) or higher frequency (anti-Stokes Raman scattering).
scattering results into scattered lights having different wavelength shifts (or wavenumber
shifts, Raman shift). The value of the shift only depends on the chemical nature of the
molecules (the bonds in the molecules), therefore Raman spectra offer information about the

chemical composition of the tested samples.
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Figure 2.11: Raman scattering and Raman spectra. (a) Schematic diagram of the principle of

Raman scattering. (b) A typical Raman spectrum.*'?

Raman spectroscopy allows the analysis of transitions that might not be IR active, for
example, centrosymmetric structures such as alkyne and disulfide. Bands which have high
intensities in Raman spectra may exhibit weak intensities in IR spectra, and vice versa.
Raman spectroscopy is considered to be a complementary characterization method for IR

spectroscopy.
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In this thesis, Raman spectroscopy analysis were done in IFG of KIT, with the help of
Stefan Heisser, by a Bruker Senterra confocal Ramanmicroscope (Bruker Optics, Ettlingen,
Germany), which provides a frequency doubled NdYAG Laser = 532 nm, P = 20 mW as

excitation source.

2.3.10 X-ray reflectivity (XRR)

XRR is a surface characterization method for thin films and multilayers.””® In the XRR
test, the intensity of the specular reflection of an X-ray beam on a flat surface is measured. By
changing the incident angle of X-ray and measuring the corresponding specular reflection
(graphic of reflectivity versus incident angle), XRR could offer physical information of the
tested films, for example, refractive index, density, thickness, etc.?!

The XRR analysis is dependent on the reflection and refraction of the X-ray. As shown in
Figure 2.12a, when an X-ray is reflected by a surface, the incident X-ray normally generates 3
different waves: a specularly reflected wave, a refracted wave and a diffused reflection. X-ray
undergoes total reflection when the incident angle is smaller than the critical angle for total
reflection (6,). 8. could be given by the equation 2.9:215

0, = V26 (2.9)

Where § is the density of the material, thus by measuring the total reflection angle 6.,
the density of the surface could be obtained.

When X-ray is reflected by 2 surfaces (single-layer film, Figure 2.12b), interference
would occur between the reflected X-rays, and the obtained reflectivity vs incident angle
curve would show oscillations (Figure 2.12¢). After the Fourier transformation of the curve

(Figure 2.12d), the oscillation is related to the equation 2.10:*"°

p = cos( (2.10)

4md
Vointo=25)

In which p is the oscillation, d is the layer thickness and & is the density of the layer.
Thus the thickness of the layer could be obtained in this case.

When a multilayer is analyzed, the conditions are much more complicated, and typically

a sample model would be used to fit the results.
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Figure 2.12: Background and principle of XRR measurement. (a) X-ray reflection and
retraction on a film. (b) Interference of reflected X-rays on a single-layer surface. (c)
Reflectivity vs incident angle results from a XRR measurement.”'” (d) The Reflectivity vs

incident angle curve after Fourier transformation.*

In this thesis, XRR measurements were performed with a sealed X-ray tube (D8 Advance,
Bruker, Germany), operating with Mo Ka radiation (£ = 17.48 keV, A = 0.0709 nm) and with
the help of Nataliya Frenkel. The incident beam was collimated by various slits, reducing the
beam size to 200 pm in the scattering plane. Automatic attenuator settings were used to avoid
radiation damage. The scans were completed in approximately 3 h. The Si wafer
functionalized with PDA was placed on the sample holder horizontally. The momentum

transfer perpendicular to the interface is given as a function of the angle of incidence o;,

4T
q, = TSID a;.

For each measurement point, the reflectivity was corrected for the beam footprint and for
the beam intensity with an aid of an in-beam monitor. To minimize the artifacts from
radiation damage, we carefully checked the reproducibility of the results by translating the
sample position in the direction perpendicular to the beam. The data was fitted by using the
Parratt formalism?'® with a genetic minimization algorithm implemented in the Motofit

software package.

2.3.11 Ellipsometry

Ellipsometry is an optical method for investigating the dielectric properties of thin layers

on a mirror surface.”’” Normally, ellipsometry is used to analyze the thickness and refractive
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index of transparent layers. The principle of ellipsometry is shown in Figure 2.13. When
polarized light is reflected by a thin film, the polarization (from linear polarized light to
ellipse polarized light) and the amplitude of the light would change depending on the
thickness of the layer and the optical parameters of the material. Ellipsometry measures the

amplitude change ¢ and the phase change A of the light, and setup a sample model to fit

the results. Ellipsometry is a high accuracy method which can be used to measure layers with
thickness down to a few atoms.?'®

Light source Detector

Ploarizer Analyzer

Sample

Figure 2.13: Principle of ellipsometry. The light source offers monochromatic light, and
the light becomes linear polarized after passing through the polarizer. The detector is capable
of recording the intensity of the reflected light at all polarization directions with the help of

the analyzer (a polarizer which can rotate).

In this thesis, ellipsometric data were acquired using a SENpro ellipsometer (SENTECH
Instruments, Germany) in the rotating analyzer mode at an angle of incidence of 45° in the
spectral range of 370—1050 nm. The optical constants of PDA in air were taken from a

219

previous study,” ~ and the Cauchy model was used to determine the thickness of the deposited

PD layer.”*’
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3. Results and discussion

3.1 UV-Triggered Dopamine Polymerization: Control of Polymerization,

Surface Coating and Photo-Patterning
3.1.1 Background

Efficient surface modification strategies are crucial for the development of novel
functional materials, surfaces and nanoparticles.**'***?'2*> Among different surface coating
methods, polydopamine (PD) coatings® have attracted great interest due to their ease and
generality, as well as their applicability to almost any substrate.®'?!139226227 A typical PD
coating can be performed by immersing a substrate into a DA aqueous solution at basic pH.*

In addition, PD coatings are reactive and can be post-modified by a variety of functional

5 86,87 8

molecules, such as thiols,*” amines, acyl halides,”® or by metal ions such as Ag" and

Cu®".*® Owing to these advantages, PD coatings were applied for new adhesive surfaces,”

44,229

for surface immobilization of proteins and nucleic acids, and for the formation of

43,128,230,231

bio-arrays. These PD coated surfaces have been exploited to create anti-bacterial

86,229

surfaces, adhesive binders, *“ conductive electrodes ' as well as for the functionalization

88,232-234

of nanoparticles. However, the current PD coating method exhibits some critical

limitations. The main drawbacks are the inability to effectively control the onset and

89097113 a5 well as the very slow kinetics of the process,

termination of DA polymerization,
which can take from several hours™ to a few days.* This limits the scope of possible
applications of DA polymerization and makes formation of functional PD micropatterns
difficult 43:85128.230.231.234,235

In this section, I describe that DA polymerization can be triggered by UV irradiation.
Moreover, the polymerization can be induced or stopped using UV light as a trigger.
UV-assisted PD coating and photopatterning were demonstrated on different substrates. The
UV-triggered DA polymerization and deposition was investigated by ellipsometry, X-ray
photoelectron spectroscopy (XPS), X-Ray Reflectometry (XRR) and Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS).

A possible mechanism of DA polymerization is shown in Figure 3.1. DA is first oxidized
and rearranged/further oxidized into different quinone structures, which finally participate in
the polymerization step. It has been shown that partial removal of oxygen by purging with
argon slows down the kinetics of DA polymerization,® indicating an important role of oxygen
in this process. In addition, basic conditions (pH 8.5) are required to promote and accelerate

the dopamine-quinone oxidation and the DA polymerization (Figure S1).”” However, strong
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oxidants, such as ammonium persulfate and sodium periodate, were shown to induce DA

polymerization even under neutral or acidic conditions.”**°
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5, 6-Dihydroxyl- 5, 6-Indole-quinone

indole
Figure 3.1: Schematic illustration of a possible mechanism of DA polymerization. DA (A) is
first oxidized by oxygen to form quinone (B) (DA to dopamine quinone + 2H" +2¢"), followed
by an intramolecular Michael addition leading to (C). Further oxidation and rearrangement
lead to the formation of indole-quinone (F). PD is formed from the copolymerization of (B),

(D) and (F).

Reactive oxygen species (ROS), including singlet oxygen ('O,), superoxide radicals
(0,7, or hydroxyl radicals (-OH), are more active than molecular oxygen and are known to be
generated under UV irradiation.”®** Taking this into account, I hypothesized that ROS
could play the role of the oxidant required to initiate the DA polymerization, thereby

controlling the process in situ upon UV irradiation (Figure 3.2).
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Figure 3.2: DA polymerization under different conditions. (a) Acidic conditions — no
polymerization. (b) Basic conditions — fast polymerization. (c) Acidic, neutral or basic
conditions, with strong oxidants — fast polymerization. d) Acidic, neutral or basic conditions,

with UV irradiation — fast polymerization.

3.1.2 UV-Vis absorption test on dopamine solutions

In order to verify that DA polymerization can be initiated by UV light, the UV-Vis
spectra of DA solutions (2 mg/ml) were measured after UV irradiation. The experiment was
performed using Tris buffer solutions at pH 8.5 (commonly used for PD coatings®’) and at pH
7.0 (at which DA polymerization is usually very slow). The solutions were irradiated with UV
light (260 nm, 7.5 mW cm™, HgXe lamp) to achieve continuous generation of ROS. Figure
3.3 shows the time-dependent change of color (Figure 3.3a), as well as the change of
absorbance at 420 nm (Figure 3.3b) of the irradiated DA solutions (open symbols), and the
non-irradiated samples used as a control (filled symbols). As depicted on Figure 2a, for DA
solutions at pH 7.0, UV-irradiated solutions turned dark yellow after 2 hours, while the color

change was almost imperceptible in the non-irradiated solutions.
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Figure 3.3: Color and absorbance change of DA solutions. (a) Photographs of the
corresponding DA solutions at different time points. (b) Absorbance of the DA solution (2

mg/ml) at 420 nm as a function of time and pH.

The observed color changes were also confirmed by UV-Vis spectroscopy (Figure 3.3b
and Figure 3.4). The absorbance at 420 nm of the irradiated sample increased from 0 to 1.4
after 2 hours of irradiation, while the non-irradiated solution showed only a small absorbance
change from 0 to 0.26 (Figure 3.3b). The basic solutions at pH 8.5 exhibited the same
tendencies. UV-irradiated solutions showed darker color (Figure 3.3a) and higher change in
the UV-Vis absorbance at 420 nm after 2 hours of UV (Figure 2b, 0 - 1.6 under UV, and 0 -
0.75 in the dark). Moreover, for the DA solutions at pH 8.5, precipitation of large PD particles
visible with the naked eyes was observed after 90 min of UV irradiation. On the contrary, no
PD particles were observed in the non-irradiated samples after 120 min. The above

experiments clearly indicate that UV irradiation accelerates DA polymerization.
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Figure 3.4: Time-dependent UV-Vis absorbance of DA in Tris buffer solutions. The DA
concentration in each sample is 2 mg/mL, the concentration of Tris is 10 mM. Samples: (a)
Dark environment, pH 8.5. (b) Under UV irradiation, pH 8.5. (¢) Dark environment, pH 7.0.
(d) Under UV irradiation, pH 7.0.

DA polymerization at different pH were also tested. To do this, DA (2 mg/mL) in
buffers (10 mM) with different pH (KCI-HCI buffer pH 2, NaOAc-Acetic acid buffer pH
3/4/5/6, and Tris-HCI buffer pH 7/8.5) were irradiated under UV for 1h, and UV-Vis
absorption measurements (300-1000 nm) were recorded before and after irradiation (pure
buffers as reference). The same solutions in the dark environment were also used as control

samples.

Previously, it was shown that polymerization of DA under acidic conditions was

9719 which was confirmed by our

completely inhibited in the absence of strong oxidants,
results (Figure 3.5). However, the irradiation of the DA solution with UV light triggered the
DA polymerization even under acidic conditions (Figure 3.5). On the other hand, a clear
decrease of the kinetics of DA polymerization upon decrease of pH from 8.5 to 2.0 (Figure

3.5) was also observed.
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Figure 3.5: UV absorbance (A = 420 nm) change after 1 h irradiation of DA solutions of
different pH. UV-induced DA polymerization was carried out in solutions with different pH
(2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.5, respectively). UV-Vis spectra were measured (at 0 min and 60

min), and absorbance change at 420 nm was calculated for each sample.

According to the previous reports, DA polymerization under basic conditions can be
slowed down by reducing the amount of O, in the solution, which plays the role of an oxidant
in the course of DA polymerization. In order to test whether the DA polymerization under UV
light is based on a possible radical mechanism, oxygen-rich and oxygen-scarce argon-purged
solutions were irradiated with UV light as well as were kept in the dark. DA (2 mg/mL) Tris
buffer solution (10 mM, pH 7) was filled into cuvettes and irradiated with UV for 2h, UV-Vis
absorption spectra (300-1000 nm) were taken at the following time points: 5s, 10's, 20 s, 30 s,
1 min, 2 min, 5 min, 10 min, 15 min, 30 min, 45 min, 60 min, 90 min and 120 min. The
results (Figure 3.6) showed that the reduction of oxygen in the DA solution led to a decrease
in the polymerization kinetics even under UV irradiation. Since oxygen is well known for its
ability to trap radicals and inhibit radical polymerization, the result confirmed that

UV-initiated DA polymerization was not based on a free radical mechanism.
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Figure 3.6: UV irradiation on deoxygenated DA solutions (pH 7.0), time dependent
absorbance change at 420 nm. Samples: B Argon-purged solution after UV irradiation. @
Non-purged solution after UV irradiation. W Argon-purged solution in the dark.
Non-purged solution in the dark. The experiments were carried out using a Tris buffer (pH 7.0)
purged with argon for 10 min. For the non-irradiated samples ('¥), the absorbance (420 nm) of
the argon-purged DA solution remained constant after 2 hours, suggesting that DA
polymerization in this case is an oxygen-triggered polymerization. Under UV irradiation, the
absorbance of a non-purged DA solution ( ® ) increased faster than that of the
low-oxygen-containing (l) sample, demonstrating that UV-induced DA polymerization is
indeed oxygen dependent. However, the absorbance (420 nm) of UV-irradiated argon-purged
DA solution still increased significantly after 2 hours, in contrast to the invariable absorbance
of the non-irradiated argon-purged DA sample. This outcome indicates that UV-triggered DA
polymerization can occur even in solutions where oxygen concentration is considerably low,
diverging to the oxygen-rich environment needed for the conventional DA polymerization.
This phenomenon can be explained by considering that ROS are the species that trigger the
oxidation. Since ROS are more active than oxygen, even traces of ROS can trigger DA

oxidation.

The observed acceleration of the DA polymerization under UV light may be explained
by ROS, which can be generated even from traces of O,. To confirm that UV-triggered DA

polymerization is an oxidation-induced process, 2 mg/mL of sodium ascorbate (SA, an
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236239 was added to the DA solution in order to avoid

efficient antioxidant and ROS scavenger)
the generation of ROS during UV irradiation. No polymerization was observed even after 2
hour UV irradiation at pH 7.0 or at pH 8.5 (Figure 3.7a). This confirms that UV-triggered DA
polymerization also depends on DA oxidation which can be triggered by ROS. Additionally, I

also showed that hydroxyl radicals (-OH, an active ROS), produced using the Cu**+H,0,

system,”****! could stimulate the DA polymerization at pH 7.0 without UV irradiation (Figure
3.7b).
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Figure 3.7: Absorbance change (at 420 nm) of DA solutions (2 mg/mL) as a function of time.
(a) With and without the addition of SA (2 mg/mL) as an anti-oxidant. With the addition of
SA, no polymerization occurred within 60 min. Curves: B pH 7.0, with SA, UV irradiated

for 60 min. @ pH 8.5, with SA, dark for 60 min. ¥ pH 7.0, UV irradiated for 60 min.

pH 8.5, dark for 60 min. (b) With H,O; as a hydroxyl radical generator and the control sample
(at pH 7.0). The solutions without hydroxyl radicals kept their absorbance almost constant,
while the solutions with hydroxyl radicals (both UV- or CuSOjs-generated) increased their
absorbance much faster. Curves: @ DA solution in the dark, with 5 mM H,0O, and 0.5 mM
CuSOy as hydroxyl radical generator. ® DA solution under UV irradiation, with 5 mM H,0,

and light as hydroxyl radical generator. DA solution in the dark with 0.5 mM CuSO4 (pH
7.0, no hydroxyl radical formation). W DA solution in the dark with 5 mM H,O, (pH 7.0, no
hydroxyl radical formation).

The half-life of the generated ROS is usually very short (e.g., ~4 ps for singlet oxygen
in water, 1 us for hydroxyl radicals).”*® Taking this into account, I hypothesized that under
neutral and acidic conditions, UV triggered DA polymerization can be controlled by the UV.
To investigate this, an argon-purged DA aqueous solution at pH 7.0 (Tris buffer) was

irradiated with UV for 10 min (ON), followed by 30 min without UV (OFF). The ON-OFF

44



cycle was repeated three times and the absorbance of the solution at 420 nm was tested after
each step. The result depicted in Figure 3.8 shows that absorbance of the DA solution only
increases upon UV irradiation. No absorbance increment was observed when the solution was
not irradiated. This phenomenon can be explained by the high reactivity and short half-life of
the UV generated ROS. Thus, as opposed to the base-induced DA polymerization, the
UV-triggered polymerization at neutral or acidic pH can be conveniently controlled by

properly regulating the “ON/OFF” mode of the respective irradiation.
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Figure 3.8: Change of absorbance (at 420 nm) of a low oxygen containing DA solution under
UV irradiation at 254 nm (@) and in the dark (@). DA solution (pH 7.0, purged with argon for
10 min) was irradiated for 10 min, followed by 30 min in the dark. The cycle was repeated 3

times.

3.1.3 UV triggered polydopamine coating and patterning on different substrates

Having shown the effect of UV irradiation on triggering and controlling DA
polymerization, UV-promoted formation of PD layers on silicon substrates was investigated
by ellipsometry, X-ray Photoelectron Spectroscopy (XPS), X-Ray Reflectometry (XRR) and
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS).

Four silicon wafers coated with PD under the following conditions were studied: (a) dark,
pH 8.5; (b) UV, pH 8.5; (c¢) dark, pH 7.0; (d) UV, pH 7.0. According to the XPS spectra
(Figure 3.9a), the peak corresponding to nitrogen (N1s) was found only in samples prepared
by UV-triggered DA polymerization (pH 8.5 and pH 7.0) and by non-irradiated
base-catalyzed DA polymerization (pH 8.5), confirming the existence of PD on the substrates.
Cls XPS data are presented in Figure 3.9b. For samples where PD coating was found (“UV,

pH 8.5”, “UV, pH 7.0” and “dark, pH 8.5”), the N/C ratios were 1:6, 1:8 and 1:8, respectively.
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The last two N/C ratio values are the same as was previously reported for the PD structure.”)

However, the N/C ratio for the “UV, pH 8.5” sample (1:6) indicates possible binding of the

Tris molecules to the PD.

a bA UV, pH 8.5
= : = —e—UV,pH7

s ;\Jf s » Dark, pH 8.5
> H»"é > ll "s* —=—Dark, pH 7.0
® o @ %

0:9 ﬁp&‘fﬂ?‘ e &\‘*' b % / ix'\

E (b #ﬁ""‘.@-ﬁ nafed € o \

SO T BT =L e
406 404 402 400 398 396 200 288 286 284 282

Binding energy (eV)

Binding energy (eV)

Figure 3.9: Surface characterization on surfaces coated with UV triggered PD. (a) N1s XP
spectra of “UV, pH 8.5”, “UV, pH 7.0”, “dark, pH 8.5 and “dark, pH 7.0” samples. (b) Cls
XP spectra of “UV, pH 8.5, “UV, pH 7.0”, “dark, pH 8.5 and “dark, pH 7.0” samples.
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Figure 3.10: Thickness measurement on PD layer by ellipsometry and XRR. (a)

Time-dependent PD thickness during the coating process, measured by -ellipsometry.

Samples:

O pH 8.5, UV. @ pH 8.5, dark. O pH 7.0, UV. B pH 7.0, dark. (b) XRR

result of the PD layer coated on silicon wafer. The sample tested is a (UV, pH 8.5) sample at

the time point of 60 min. XRR at high energy (17.48 keV), was measured at the solid/air

interface on the sample “UV, pH 8.5” at 60 min time point. The thickness obtained with XRR

(2.8 nm) is similar to the value acquired by ellipsometry (3.2 nm).

A time-dependent ellipsometry measurement of the PD thickness on silicon wafers is

shown in Figure 3.10a. An acceleration of PD deposition under UV irradiation is clearly
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observed. As shown in Figure 3.10a, for surfaces in neutral solution, without UV irradiation
(dark, pH 7.0) no PD layer was formed on the wafer, while for the UV-irradiated samples
(UV, pH 7.0), a PD layer of 4 nm was obtained after 2h of irradiation. Similarly, samples at
pH 8.5 with UV irradiation exhibited higher PD deposition rate (~4 nm in 2h) than the
non-irradiated samples (~2 nm in 2h). These results confirm that UV irradiation can

accelerate both the DA polymerization and formation of PD layers on solid surfaces.

With the purpose to validate the results obtained by ellipsometry, the thickness of PD
coatings obtained after 30 min in the DA solution was also characterized by XPS. From the
attenuation of the Si 2p substrate signal in XPS measurements and assuming a homogeneous
overlayer I estimated the PD thicknesses to be 1.3 nm, 0.4 nm and 0.8 nm for the “UV, pH
8.5”, “dark, pH 8.5 and “UV, pH 7.0” samples, respectively. These values are close to those
obtained by ellipsometry (1.8 nm, 0.5 nm and 0.5 nm, respectively). X-Ray Reflectivity (XRR)
measurement was also employed to confirm the results of the ellipsometry measurements
(Figure 3.10b). The morphology and thickness of a UV-triggered PD layer prepared on a
silica surface was also measured by AFM and the result confirmed the formation of a
homogeneous PD layer of several nanometer thickness with a nanostructured surface (Figure

3.11 and Figure 3.12).
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Figure 3.11: AFM of a PD coated silicon wafer (a) and a silicon wafer before PD deposition
(b). The sample tested is a (UV, pH 7.0) sample after 120 min of PD deposition. (a) AFM
image of the (UV, pH 7.0) PD surface. The height variation is less than 1.6 nm. (b) AFM

image of a control uncoated silicon wafer. (c) Height change of the PD layer along the red

line in (a).
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Figure 3.12. AFM scanning image on PD coated silicon wafers gently scratched by tweezers.
AFM measurement was performed at the scratch site. (a) Sample: UV, pH 8.5, 60 min. (b)
Height change along the red line shown on (a). The calculated thickness of the PD layer is
around 3 nm and is similar to the ellipsometry result (3.2 nm). (c) Sample: UV, pH 7.0, 90
min. (d) Height change along the red line shown on (c¢). The calculated thickness of the PD

layer is ~4 nm, which is similar to the ellipsometry result (4 nm).

The structure of UV-triggered PD was investigated by ToF-SIMS. Figure 3.13 shows the
negative ion mass spectrum of the PD formed by UV-triggered polymerization (30 min UV
irradiation, pH 7.0, Tris buffer). A strong signal corresponding to the DA dimer fragment can
be observed at m/z 297. The results obtained by ToF-SIMS confirm that the UV-triggered PD

has a similar structure to the base-triggered PD.
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Figure 3.13: ToF-SIMS spectum obtained from the UV triggered PD surface. The mass
spectrum of the coated PD (DA concentration 2 mg/mL, pH 7.0, UV for 30 min) shows a
dimer structure of 5,6-dihydroxyindole, possibly fragmented from a long-chain polymer of
similar composition. A series of peaks, referring to different fragments of the polymer, could

be observed in the spectrum.

Considering that one of the major advantages of the base-induced PD coating is its
applicability to different substrates,® I investigated the UV-triggered deposition of PD on
glass, gold, silicon wafer and alumina surfaces (Figure 3.14). The water contact angles (WCA)
on these surfaces varied from 11~64° before coating and changed to ~40° after 30 min of UV

irradiation at pH 7.0, indicating coverage of the substrates with a PD layer.

50



2 mg/mL dopamine
solutionin Tris buffer
pH7, UV 30 min

— 1
Substrate coated
with polydopamine

Substrate

e 3 =
- % g 3
-

Figure 3.14: Water droplets on different substrates before and after UV-PD coating. Static

water contact angles are shown on the pictures.

One of the main advantages of all photochemical surface functionalization methods is
the ability to create two-dimension functional surface patterns. Formation of 2D patterns of
PD using the base-catalyzed method is difficult due to the poor controllability of the
polymerization. Here I show that the UV triggered PD deposition is perfectly suited for the
formation of 2D PD surface patterns. As shown in Figure 3c, no PD is deposited on the
silicon wafer after 120 min in neutral solution without UV light, while a 4 nm PD layer is
obtained in the corresponding UV-irradiated sample. Figure 3.15a depicts the TOF-SIMS
mapping results of a PD pattern prepared by irradiating a DA solution (2 mg/ml) at pH 7.0
through a photomask (see supporting information for details). Figure 3.15b shows a
microscopy image of a silver nanoparticle pattern, which is formed by immersing a PD
pattern, produced on a porous polymethacrylate substrate, into a 50 mM AgNO; aqueous
solution for 18 hours.® Figure 3.15¢ shows a fluorescence image of a dye pattern formed by
immersing the PD pattern in a Rhodamine-SH solution for 24 hours, followed by washing

with acetone.
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Figure 3.15: Photopatterning of PD. (a) ToF-SIMS characterization of a PD pattern produced
by photopatterning on a silicon wafer surface (CN" intensity map). (b) Bright-field microscope
image of a silver nanoparticle pattern produced on a PD patterned surface. (c) Red
fluorescence pattern formed by a treatment of the PD pattern with a Rhodamine-thiol solution .

The scale bars are 1 mm.

3.1.4 Control of dopamine polymerization in basic solutions

From the above part, it was confirmed that it is possible to control DA polymerization by
using neutral/acidic. However, this method cannot be applied in basic solutions, as in this case
the polymerization can only be accelerated but not really controlled. The second problem is
that, since in neutral solutions oxygen is not able to trigger DA polymerization, in order to
keep the polymerization going on, a large amount of oxidants is required. Thus, in the reports
where oxidants (Cu®*, ammonium persulfate and sodium periodate) were added to trigger the
polymerization, the amount of added oxidants was similar or even higher than that of DA;’*"’
for UV triggered DA polymerization, the solution should be continuously irradiated.

The goal of this part was to improve controllability of DA polymerization under basic
conditions. Fortunately, a possible way to achieve this goal could be identified in Fig 3.7a.
DA polymerization (in dark) under basic conditions could be efficiently inhibited by the
addition of a large amount of an antioxidant, SA, which probably prevents DA from the
oxidation by oxygen, thus inhibiting the first step of DA polymerization. Therefore, SA works
as a kind of “inhibitor” for the DA polymerization. On the other hand, under UV irradiation,
more of reactive oxygen species (ROS) are formed.”” ROS plays the role of an oxidant —
either to oxidize DA to trigger DA polymerization, or to oxidize the antioxidant in the
solution to “consume” the inhibitor for the DA polymerization. Therefore, it’s reasonable to
assume that by adding a small amount of an SA as an inhibitor, it will be possible to “control”

the start point of DA polymerization in basic solutions (Figure 3.16).
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Figure 3.16: Schematic illustration for the mechanism of UV controlled DA polymerization
in basic solutions. The antioxidant existing in the solution prevents the DA oxidation reaction
and, therefore, inhibits the DA polymerization. After exposure to UV light, antioxidant is
exhausted by the ROS generated from UV irradiation, thus DA starts to oxidize and

polymerize.

To investigate the possibility of UV controlled DA polymerization in basic solutions,
sodium ascorbate (SA) was used as antioxidant. The kinetics of DA polymerization in the
presence of SA was first tested. DA solutions with different SA concentrations (0% to 1% wt.
with respect to the DA) were prepared and tested with UV-Vis spectrometry. Both the
polymerization in dark and under UV were tested for comparison. Figure 3.17 shows the
UV-Vis absorption curves of the solutions at different time points. It is obviously that, for the
DA solutions in the dark (Figure 3.17, a-e), with the addition of SA, kinetics of DA
polymerization become slower, and an induction period could be seen. Figure 3.18 shows the
time dependent absorbance change of the solutions at 420 nm, increasing for the time of
induction period could be seen along with the increase of SA concentration. SA is a highly

active antioxidant, while for DA polymerization, the first step is an oxidation process (DA —
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dopamine quinone). Therefore, in the presence of SA, DA oxidation cannot occur (either

because the oxidized dopamine quinone is reduced back to DA, or because SA consumes

oxygen first), the polymerization is inhibited.
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Figure 3.17: UV-Vis spectra of DA solutions (with different SA weight concentration with

respect to the DA) at different time points. (a)-(e) in dark, (f)-(h) under UV. (a) without
SA .(b) 0.1% wt. SA. (c) 0.2% wt. SA. (d) 0.4% wt. SA. (e) 1% wt. SA. (f) without SA. (g)

0.1% wt. SA. (h) 1% wt. SA.
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Figure 3.18: Effect of SA on DA polymerization under dark conditions. Time dependent
absorption change (420 nm) of DA solutions (2 mg/mL, pH 8.5, in dark) with different SA
concentration were tested. DA polymerization showed longer induction period with higher

concentration of SA.

When irradiated under UV, however, the results are completely different. As shown in
Figure 3.19, DA starts to polymerize immediately after UV irradiation (also see in Figure 3.17,
f-h), no induction period could be clearly observed, and the polymerization speed under UV is
much higher than the polymerization speed in the dark. The phenomenon could probably be
attributed to the formation of reactive oxygen species (ROS) under UV irradiation.”**** When
exposed to UV light, oxygen forms ROS quickly, thereby exhausting SA and leading to DA
polymerization .

The hypothesis is also confirmed by the UV-dark OFF-ON test. As shown in Figure 3.20,
when being kept in dark for 3h, DA solution (1% wt. SA with respect to the DA) exhibits no
polymerization at all. While after 2 min UV at any time point, DA starts to polymerize even in
dark environment. This means the SA is completely consumed during the UV irradiation step,

therefore the polymerization in the dark could not be inhibited anymore.
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Figure 3.19: Effect of SA on DA polymerization under UV irradiation. Time dependent
absorption change (420 nm) of DA solutions (2 mg/mL, pH 8.5, under UV irradiation) with
different SA concentration were tested. No induction period could be observed, solution with

different SA concentrations exhibit no difference in absorption change.
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Figure 3.20: Absorbance change of the DA solution during ON-OFF experiment. For the test,
DA solution (2 mg/mL, pH 8.5, containing 1% wt. SA with respect to the DA) was kept in the
dark during 3h, and samples were UV irradiated for 2 min at different time points. The
absorbance of the solution at 420 nm was recorded after each 30 min. From the graph it is

obvious that SA cannot inhibit DA polymerization in the dark after 2 min of UV irradiation.

By increasing the concentration of SA, it is possible to achieve long-term control of DA

polymerization in basic solutions. As shown in Figure 3.21, DA solution without SA starts to
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polymerize immediately after the formation of the solution, while with 5% wt. SA (with
regard to DA) it is possible to inhibit DA polymerization for over 24h. Nevertheless, 6 min
UV irradiation is able to “initiate” the polymerization at any time points in between, therefore
enabling a better control of DA polymerization.

SA is also able to inhibit DA polymerization after the onset of polymerization. As shown
in Figure 3.22, by adding 5% wt. SA (with respect to the DA) into a polymerizing DA
solution, the polymerization of DA could be completely stopped. However, 1% wt. of SA is

not enough for complete inhibition of DA polymerization.

0h 30 h

[ Dark Dark Dark Dark
6 h 6 h 6 h 6 h

0% SA 5%SA 5%SA 5%SA

10 h 24 h

[ Dark Dark Dark Dark [ Dark Dark Dark Dark

10 h 10 h 99h 10 h 14 h 14 h 14 h 13.9h
uv uv
6 min 6 min

Figure 3.21: Long term test for the UV controlled DA polymerization at pH 8.5. SA (5% wt.
corresponding to DA) was added into the DA solution to inhibit polymerization, and DA
polymerization could be inhibited for about 30h. The polymerization could be initiated at any

time point by a 6 min UV irradiation.
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Figure 3.22: SA can “stop” DA polymerization during the propagation. Polymerization can

be stopped by adding 5% wt. of SA to a 2 mg/mL of DA solution..

By combining SA and UV irradiation, it is possible to achieve full control on DA
polymerization in basic solutions. As shown in Figure 3.23, by adding 1% wt. (with respect to
the DA) of SA, DA polymerization was completely inhibited for 1h. By UV irradiation for 2
min, DA started to self-polymerize in the dark and the absorbance of the solution increased.
After the addition of 3% wt. SA at the time point of 2h, PD propagation was stopped, the
absorbance of the solution was constant for 1h. 5 min UV irradiation could restart the
polymerization, as proved by the increase of absorbance at 420 nm. The “inhibition-initiation”
cycle could be repeated by a sequential perform addition of SA and UV irradiation,
demonstrating a good control over the DA polymerization. However, it should be point out
that, as the DA polymerization goes further, the amount of SA required for inhibition also

increases.
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Figure 3.23: Full control of DA polymerization by combining SA and UV irradiation. 2
mg/mL DA solution with 1% wt. (with respect to DA) SA was placed in the dark for 1h,
followed by 5 min UV irradiation to initiate the polymerization. After another 1h, 3% wt.
(with respect to DA) SA was added into the solution to stop the polymerization. The
inhibition-initiation cycle was repeated twice and the absorbance of the solution (at 420 nm)
was recorded at each time point. The percentage of the SA refers to the weight of DA in the

solution.

The detailed mechanism for the inhibition effect of SA is not clear yet. However, from
the former reports on the antioxidation effect of SA and catechol, a possible mechanism could
be proposed. SA is a highly reactive antioxidant and could react with oxygen quickly in

243244 .
“** The reaction was

aqueous solution, which has been used in grape wine protection.
believed to result in dehydroascorbic acid and hydrogen peroxide (Figure 3.24a).***** While
in basic solutions, hydrogen peroxide would be decomposed to form water and oxygen
(Figure 3.24a),”*>*° thus in the oxidation process of SA, oxygen works partly as a “catalyst”.
The SA oxidation reaction can occur repeatedly until SA is completely consumed, and then
DA oxidation starts. Since the oxidation reaction of catechol was also reported to produce
H,0, (Figure 3.24b),*” in this case the oxidation process should be similar to the oxidation
process of SA. Therefore, I can propose a hypothesis for the inhibition effect of SA (Figure
3.25): in DA solution without SA, DA reacts with oxygen to produce different quinones
(Figure 3.25, reaction a), followed by the polymerization step. If SA is added previously,
however, the oxidation reaction is limited to the reaction between oxygen and SA (Figure

3.25, reaction b). The oxidation reaction continues until the SA is completely consumed, and

then DA oxidation starts (Figure 3.25, reaction a). If SA is added during the propagation, SA
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will react with oxygen (Figure 3.25, reaction b) prior to DA, and reduce the oxidized quinones
back to catechols (Figure 3.25, reaction c), thus inhibiting the polymerization.

This hypothesis can explain many unexpected phenomena occurred during our
experiments. For example, (1) why does the addition of H,O, inhibits the DA polymerization
(Figure 3.7b, Figure 3.26)? This can be explained by the fact that the addition of H,O, would
push the equilibrium of the DA oxidation reaction (Figure 3.25b) to the DA side, thus
inhibiting the DA oxidation. However, the decomposition of H,O, (increase of O;
concentration) will finally push the equilibrium of the reaction to the DA quinone side,
triggering the start of DA oxidation and polymerization. (2) Why is more SA required to
inhibit DA polymerization as the propagation goes on (Figure 3.23)? In this case, SA reacts
not only with oxygen in the solution, but also with the produced quinones in the solution
(which were previously oxidized in the DA oxidation cycle reaction).”*’ As the
polymerization goes further, more and more DA molecules are oxidized. To completely
inhibit the oxidation, the amount of SA should be more than the total amount of oxygen and
quinone. Thus, as the polymerization goes on, more SA is required for inhibition. This
hypothesis can explain the observed experimental data. However, more evidence is required

to confirm this.

HO H o " _0
g = 02 (@]
Hojlfo HO% + H202
.- (0]
Na* O OH 0]
Basic pH
2H202 —p> 2H20 + 02
b ] ]
(0]
— 2 Q + HyO,
HO OH 0 (0]

Figure 3.24: Reported oxidation reaction for SA and catechol. (a) The oxidation reaction of

243,244

SA in basic solution. (b) The oxidation reaction of catechol structure in basic

. 24724
solution,>*7%4

60



Oxygen in the air

R; 2
HO OH

Dopamine
oxidation

Quinone
Quinone reduction
R
o o
l Polymerization

Polydopamine

Catechol (dopamie or it's rearranged structures)

HO, H

Figure 3.25: Proposed mechanism for the inhibition effect of SA on DA polymerization. (a)

Oxidation of catechol structure under basic conditions. (b) Oxidation of SA under basic

conditions. (c¢) Reaction between quinone and SA, quinone is reduced back to catechol and

SA is oxidized to dehydroascorbate.
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Figure 3.26: UV-Vis absorbance curves of DA solutions containing different concentrations

of H,0,, stored in the dark. By addition of H,O,, DA polymerization and presumably

oxidation is inhibited. The percentage in the graph refers to the weight percentage with

respect to the DA concentration.
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From the UV-Vis absorbance measurements it can be concluded that DA polymerization
in basic solutions could be well controlled by the cooperation of SA and UV irradiation.
However, whether the addition of SA would affect PD deposition is unknown. To investigate
the effect of SA on the PD deposition, two PD surfaces on glass substrate were prepared. One
PD surface was prepared by normal DA deposition method (10 mM Tris pH 8.5 buffer, 2
mg/mL DA, dark 24h), and the other one was prepared using the UV-SA method DA
polymerization. 3% wt. of SA was added to the DA solution. This leads to the inhibition of
polymerization for 6h, followed by 6 min of UV irradiation (7.5 mW/cm?) at 260 nm to start
the polymerization. The coating procedure was allowed to last 24h. Figure 3.27a shows a
photograph of the two PD surfaces. No difference in color and light transmittance could be
seen by naked eyes. SEM was performed on the two PD surfaces (Figure 3.27b and Figure
3.27¢). The surface topography of the obtained PD layers are very similar. The thickness of
the PD layers was investigated by AFM scratch test. Results indicate that in both cases the
thickness of the coated PD layers was around 17 nm. In summary, the UV-SA method offered
a way to control DA polymerization without affecting the thickness and topography of the

resulting PD coating.

_ PD with
, : SA

Figure 3.27: PD surfaces coated by a standard method in basic conditions and the UV-SA
method. (a) Photograph of the obtained PD surfaces formed by standard DA polymerization
and the UV-SA controlled DA polymerization. No visual difference can be seen. (b) SEM
micrograph of the PD surface formed by the standard DA polymerization. (c) SEM image of
the PD surface formed by the UV-SA controlled DA polymerization. Scale bars: 1 1 m.

Since SA can efficiently inhibit DA polymerization in the dark, and exhibit almost no
effect on DA polymerization under UV, it is possible to make PD patterns by using a
photomask. Figure 3.28a and Figure 3.29 shows a CN" intensity map on a PD coated glass

surface. A clear pattern could be observed, confirming the successful formation of PD pattern
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on the surface. By immersing a PD pattern into a AgNOj solution for 18h, silver nanoparticles
were deposited on the PD surface, and the pattern could be easily observed by naked eye

(Figure 3.28b) or by SEM (Figure 3.28c and 3.28d).

Figure 3.28: PolyDA patterns obtained by UV irradiation of a DA solution through a
photomask. (a) ToF-SIMS mapping results, a CN" intensity map. (b) Photo (from the opposite
side) of a silver nanoparticle pattern obtained by immersing PD coated glass into a AgNO;
solution for 24h, silver nanoparticles are deposited on the PD coated (irradiated) areas. SEM
of the (c) irradiated area and (d) masked area. The scale bars in the (c¢) and (d) refer to 200

nm.

100 100

Z "NH NH NH NH
o o )
HO O HO O HO OHHO O

Figure 3.29: Fragments of the repeat units found in the ToF-SIMS results corresponding to
Figure 3.28a. (a) m/z=148, corresponds to 3,4-dihydroxy indole. (b) m/z=150 corresponds to
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another common repeat unit in PD (see structure above). (¢c) m/z=299, corresponds to a dimer

of the fragment in (b).
3.1.5. Summary

In this section, a novel method allowing for the effective control of dopamine (DA)
polymerization by UV light is described. Irradiation of a DA solution with UV light at both
acidic and basic conditions showed a strong increase in the absorption of the solution at 420
nm — a characteristic peak of PD. Interestingly, the decrease of oxygen concentration in
solution slowed down both the UV- and base-stimulated DA polymerization, indicating that
both reactions involve an oxidation step and require oxygen. Additional experiments showed
that ROS, such as hydroxyl radicals could accelerate the DA polymerization even under
acidic conditions, while the addition of a ROS scavenger could inhibit both the base- and
UV-induced polymerization of DA at different pH. This indicates that the UV-triggered DA
polymerization is based on the ROS generated under UV irradiation. Owing to the short
half-life of ROS, it was shown that the UV-induced DA polymerization could be controlled
by UV light (ON/OFF possibility). By controlling the concentration of sodium ascorbate (SA)
in the solution, DA polymerization in basic conditions could also be controlled, and a possible
mechanism for the inhibition effect of SA is proposed. The UV-induced DA polymerization
could be used to coat different materials including glass, silicon, or gold. It was also shown
that the method was compatible with photopatterning and could be used to generate
micropatterns of PD coating on different materials. The photopatterning method can
potentially be employed on curved surfaces, porous surfaces, or particles, where the micro

contact printing method is difficult to apply.
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3.2 Reversible and Rewritable Surface Functionalization and Patterning via

Photodynamic Disulfide Exchange
3.2.1 Background

Light-promoted precise spatial control of target molecules on surfaces is crucial in the
development of novel bioanalytical, diagnostic or sensor tools. Proteins, DNA fragments,

78-81,249,250

peptides and antibodies, as well as hydrogels,”' have been immobilized and

1 . 252
thiol-ene,”

patterned using a number of photochemical methods, such as, thiol-yne,’
azide-yne (by photoreduction of copper II),*® terazole-ene,” photo-triggered Diels—Alder
reaction,” Paterno-Buchi reaction,”* and some other chemistries capable of photo-triggered

formation of reactive functional groups.®®***>%

However, most of the existing photochemical
methods lead to irreversible permanent surface functionalization, which limits possible
applications in the formation of materials and surfaces with dynamic and responsive
properties or reusable functionalities. Reversible surface functionalization methods can be
applied to introduce, exchange or remove a functionality and, thus, generate “smart” surface
and patterns. Examples of possible functionalities of such dynamic surfaces are reusability of
substrates, possibility to perform “write and erase” procedures (i.e. rewritable surfaces),
formation of complex, multi-component and gradient patterns, capture-and-release properties,
and the possibility of in-situ manipulation of local environment.

Reversible surface functionalization could be achieved by using reversible chemistries. A

34,144-147,149-158

number of reversible chemistries, such as, electrically assisted ionoprinting,’

Schiff-base reaction,'” DNA hybridization,””' Diels-Alder reactions,'”> host-guest

133157 and alkoxyamine-based chemistry,'”® have been applied on surfaces for

interaction,
reversible functionalization or reversible functionalization/patterning applications.

However, currently most of the existing reversible surface functionalization/patterning
strategies have limitations. For example, the time required for modification-recovery cycle of
most strategies takes from several to dozens of hours,'#*!#>150-13%133:135°158 Gtratesies based on
thermal treatment cannot be well controlled."”*"*® Furthermore, for patterning applications,
most of the reported strategies employ contact-based methods, which can be poorly
controllable and not suitable for in-situ manipulations.”’

Although photochemistry could offer a solution to most of the existing weaknesses of the
reversible surface functionalization and patterning methods, the commonly used photo
chemistries are based on irreversible reactions.®’'****%° To our knowledge only two
photo-induced reversible patterning strategies have been reported so far. Popik et al.'®

showed that reactive o-naphthoquinone methides (0NQMs) produced under UV light from
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3-(hydroxymethyl)-2-naphthol could react with surface thiol groups to yield thioether
conjugates, which could be subsequently cleaved by a secondary UV irradiation to regenerate

9 In a recent publication, Anseth et al. described the use of allyl sulfides

the surface thiols.
incorporated into a hydrogel to achieve reversible modification with thiol containing
biomolecules.'*

In this section I present a new reversible photopatterning strategy based on a
photo-induced disulfide exchange reaction, that allows for the reversible
photo-functionalization, patterning as well as exchange or removal of surface functional
groups (Figure 3.30). The disulfide bond is known to undergo reversible cleavage under basic
conditions via thiol-disulfide exchange reactions through intermediate thiolate anions.”**2%
However, disulfides can also undergo dynamic exchange reactions by homolytic
photo-cleavage to sulfenyl radicals (Figure 3.30a). This reaction was recently adopted for the

263264 T hypothesized that dynamic nature of the disulfide

synthesis of self-healing polymers.
homolysis and recombination under UV irradiation could be used to achieve reversible

dynamic functionalization of disulfide surfaces (Figure 3.30b).
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Figure 3.30: Principle of the UV induced disulfide exchange on disulfide surface. (a)
Schematic representation of a photo dynamic disulfide exchange reaction (PDDE). Disulfides
are converted into two sulfenyl radicals under UV irradiation, which can combine with each
other to form new disulfides. The new disulfides can again be activated to sulfenyl radicals,
thus making the process reversible. (b) Schematic representation of the reversible surface

modification based on the PDDE.
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3.2.2 Modification on disulfide surface

The disulfide surface was obtained by esterification of carboxyethyl disulfide (CED)
with the hydroxy groups on a porous HEMA-EDMA surface. The obtained CED-modified
disulfide surface (CED surface) is hydrophilic with a static water contact angle (WCA) of
44+2° (Figure 3.31a). After 2 min of UV irradiation (260 nm, 7.5 mW/cm?) in the presence of
dibutyl disulfide (DBD) the static WCA increases to 128° indicating the modification with the
hydrophobic butyl sulfide groups. The produced BD surface can be again modified with CED
by wetting the surface with a CED solution in DMF and irradiating with UV (260 nm, 7.5
mW/cm?) for 2 min restoring the original hydrophilicity of the surface (static WCA 45°).

In order to show the reversibility of the photoinduced disulfide exchange, the reaction
was repeated 20 times (10 cycles). The results shown in Figure 3.31b confirm perfect
reversibility of the surface modification without significant change of wettability even after
20 consecutive UV-induced functionalizations performed on the same substrate. The SEM
images of the disulfide surfaces demonstrate no morphology change during the esterification
and disulfide exchange process (Figure 3.32).

The fast kinetics of photo-induced transformations is vital for reducing irradiation time
and reducing UV damage to the surface, thereby resulting in patterns of better contrast and
higher resolution. In order to investigate the kinetics of the PDDE, a CED surface was
pre-wetted with a DMF solution of DBD (20% wt. in DMF, containing 5% wt. DMPAP as a
photoinitiator), followed by UV irradiation (260 nm, 7.5 mW/cm?) through a quartz slide for 5
s, 155,30, 60 s, 120 s. After irradiation was finished, the quartz glass was removed and the
surface was washed with acetone, dried under a stream of N, and static WCA was measured.
Figure 3.31c shows that static WCAs increases from 43 + 4° up to 114 + 2° within the first 5 s
followed by stabilization at 125+3° at around 15 s. The same experiment was performed using
the butyl disulfide modified surface (BD surface), which was modified by the hydrophilic
CED solution. The kinetics of this reaction is very similar to the modification with DBD
(Figure 3.31c) with completeness of the reaction at ~15 s. The reaction kinetics was also
investigated using different UV light intensity and wavelengh: (a) low intensity (~0.2
mW/cm?) 254 and 365 nm and medium intensity (~2 mW/cm?) 254 and 365 nm. The kinetics
of disulfide exchange was the same for both wavelengths, while the reduction of light
intensity resulted in a slight decrease of the rate of transformation (Figure 3.35). Even in the
case of a simple handheld TLC irradiation lamp and 365 nm UV light, the surface

modification was complete in 5 min
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Figure 3.31: Kinetics and reversibility of the PDDE on a disulfide surface. (a) Schematic

showing the change of surface hydrophilicity upon switching between CED and BD-surfaces

using the PDDE. (b) Static WCA as a function of surface modification cycle number. The
CED surface was modified with DBD under UV (1 min, 7.5 mW/cmz, 260 nm), followed by
the modification of the produced BD-surface with CED, etc. The DBD-CED modification

cycle was repeated 10 times and the WCA of the surface was measured after each

modification. (c) Graph showing the static WCA as a function of the irradiation time.

Modification of CED surface by DBD solution.# Modification of BD surface by CED

solution.
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Figure 3.32: SEM images of the HEMA-EDMA surface before and after disulfide
modification. No differences could be found on the morphology of the surface. (a)
HEMA-EMDA surface. (b) CED surface after the esterification of HEMA-EDMA with CED.

(c) BD surface after disulfide exchange on CED surface. The scale bars in the images refer to

1 um.
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Figure 3.33: Kinetics of photodynamic disulfide exchange on the surface. (a) Disulfide
exchange under medium (~2 mW/cm?) UV intensity at the wavelength of 254 nm and 365 nm,
respectively. Samples: l CED surface modified by DBD solution under 254 nm UV light.
® BD surface modified by CED solution under 254 nm UV light. ¥ CED surface modified
by DBD solution under 365 nm UV light. A BD surface modified by CED solution under
365 nm UV light. (b) Disulfide exchange under weak (~0.2 mW/cm?) UV intensity at the
wavelength of 254 nm and 365 nm, respectively. Bl CED surface modified by DBD solution
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under 254 nm UV light. @ BD surface modified by CED solution under 254 nm UV light.
V¥ CED surface modified by DBD solution under 365 nm UV light. BD surface modified
by CED solution under 365 nm UV light.

3.2.3 Patterning performance on disulfide surface through UV induced disulfide
exchange

The reversible nature of the PDDE allows for two possible surface functionalization and
patterning strategies, where a functional group can be either (a) introduced onto a disulfide
surface, or (b) deleted by replacing a functional group with a background functionality. In
order to show these possibilities, I prepared a CED disulfide surface on HEMA-EDMA
porous substrate by esterification. Figure 3.34a shows that the CED functionality can be
conveniently replaced by a new fluorescent group to generate fluorescent FITC-disulfide
surface (Figure 3.34b and Figure 3.34c). In the next step, the fluorescent FITC groups can be
replaced with new non-fluorescent functional groups. I used a quartz photomask to generate a
micropattern of fluorescent FITC-disulfide areas (non-irradiated areas) and the newly
introduced non-fluorescent butyl disulfide areas where the surface was irradiated with UV
light (Figure 3.34d). All PDDE steps were finished in less than 5 min of UV irradiation.
Patterns with variety of different shapes could easily be obtained by using different
photomasks (Figure 3.34e). In this case, a DB-surface was used to directly pattern
FITC-disulfide using a photomask. The smallest feature size of the produced pattern was 10
um (Figure 3.34f), which was limited by the porous nature of substrate and disulfide diffusion.
Increasing the viscosity of the solution and reducing the roughness of the surface can

potentially increase the resolution of the patterning.
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Figure 3.34: (a) Schematic of the surface functionalization using the PDDE. First, fluorescent
FITC-labeled disulfide was introduced by replacing the CED groups with the FITC-disulfide
to generate a fluorescent FITC-surface. In the second step, non-fluorescent dibutyl disulfide
was patterned through a photomask on the surface by replacing the FITC-labeled disulfides.
The disulfide surface was covered with a 10 mg/mL FITC-disulfide DMSO solution and
irradiated with UV for 2 min. (b, ¢ and d) Fluorescence microscope images of the CED,
FITC-surface and the DB-FITC patterned surfaces, respectively. (e)Patterns of
FITC-labeled disulfide with different geometries. FITC-disulfide was introduced by replacing
butyl disulfide modified surface (DB-surface). (f) FITC-CED patterns showing the possibility
to pattern features as small as 10 pm using the PDDE method.

The PDDE was confirmed by ToF-SIMS (Figure 3.35). ToF-SIMS examination of a
BD-CED pattern shows a homogenous distribution of sulfur (S°, Figure 3.35b) and disulfide
(S2, Figure 3.36a) ions on the surface, while the butyl sulfide fragment is only found in the
areas irradiated with UV light in the presence of DBD (Figure 3.35b and 3.36b). Other
corresponding ions were also detected by ToF-SIMS (Figure 3.36¢ and Figure 3.36d).

The chemical tolerance of surface modification and patterning methods is critical for
direct patterning of non-protected biomolecules and other chemicals in sensor or bioanalytical
applications. The tolerance of the surface PDDE reaction to carboxy, hydroxy, and amino
groups has been evaluated. ToF-SIMS results, shown in Figure 3.35, confirm the formation of
both hydroxyl- and amino- patterns when 2-hydroxyethyl disulfide (HED) or 2-aminoethyl
disulfide (AED) were used in the PDDE, respectively.
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Figure 3.35: (a) Schematic representation of the surface patterning using the PDDE. (b)

ToF-SIMS maps corresponding to the surface patterns from (a).

The performance of reversible patterning of disulfide surface could easily be confirmed by
the reversible formation of superhydrophobic-superhydrophilic patterns.
disulfide disulfide
superhydrophobic-superhydrophilic pattern could be obtained. The pattern could be erased by

By modifying

macroporous surface with didodecane (with photomask), a

modifying the surface using CED solution (Figure 3.37).
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Figure 3.36: ToF-SIMS mapping results on a patterned BD-CED surface. The pattern was
formed by UV irradiation on CED surface in DBD solution with a photomask: (a) and (b) are
in negative mode, (c)-(e) are in positive mode. The negative and positive mode tests were
done in different areas. (a) Mapping result of the fragment with m/z=63.93, which refers to
the disulfide anion. No pattern could be observed since the sulfur is homogeneous distributed
on the surface. (b) Mapping result of the fragment with m/z=120.98, which refers to the
fragment of butyl disulfide anion. A clear pattern can be observed on the irradiated area. (c)
Mapping result of the fragment with m/z=57.06, which refers to the butyl cation from the
butyl sulfide chain. Only the irradiated area showed signal of this fragment. (d) Mapping
result of the fragment with m/z=325.1, which probably refers to a CED-HEMA side chain

derivative. Only non-irradiated area showed signal of this peak.
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Figure 3.37: Rewritable superhydrophobic-superhydrophilic patterns formed by UV-induced

exchange of didodecyl disulfide (DoD) and CED on a macroporous surface. (a) Schematic
illustration of the principle of the modification. (b) Photo of the resulted surfaces. CED
surface is a highly hydrophilic surface. Modification of the CED surface with DoD solution
takes place under UV irradiation for 5 min with a photomask, resulting in a
superhydrophobic-superhydrophilic pattern. After flood UV irradiated 5 min in CED solution,
the surface becomes superhydrophilic again. After 5 min of UV irradiatedion in the DoD

solution, the surface becomes superhydrophobic.
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3.2.5 Summary

In summary, in this section a strategy to produce reversible surfaces and rewritable
patterns was demonstrated. By introducing disulfide bond onto HEMA-EDMA surface, a
disulfide surface capable of reversible functionalization was obtained. The disulfide surface
can be reversible modified by using different disulfide solutions. Rewritable patterns with
different functionalities could be obtained by applying a photomask. The method could be
potentially used to control the on-off states of microchannels in microfluidic devices. Other
possible applications may include in-situ control of the environment of cell incubation,

reusable surfaces and patterns, and surfaces for controlled release of thiols.
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3.3 Paint-like Superhydrophobic Coating based on cyanoacrylates
3.3.1. Background

Superhydrophobic surfaces, i.e. surfaces with both advancing and receding water
contact angles (WCAs) above 150° have attracted much attention during the last decade
mainly because of their extreme water repellent and self-cleaning properties.'>”'6%!164169
Superhydrophobic surfaces can potentially find numerous applications in a variety of
industrial and research fields ranging from coatings for solar cells and biotechnological
reactors to coatings for microfluidic devices and microarrays. During the past decade, a
number of methods for the fabrication of superhydrophobic surfaces have been reported.
718 However, despite a lot of research, most of the methods still require multi-step

182 ST . 183,184
UV-irradiation or oxygen-free conditions. """ Clearly,

procedures,181 harsh conditions,
paint-like methods, i.e. methods equally applicable to different substrates and non-planar
surfaces under ambient and oxygen rich conditions, are desirable in the field of

superhydrophobic coatings.

Previously, a method for the preparation of porous superhydrophobic surfaces by
photopolymerization induced phase separation was reported.184 In this method, a mixture of
alkyl methacrylates, porogen and initiator was irradiated by UV light, which led to the
formation of a highly porous polymer surface with superhydrophobic properties. Although the
method is very versatile, it still requires oxygen-free environment, thus the surface should be
covered by a glass plate to form a closed system during the polymerization. As a result, the

method cannot be applied to nonflat surfaces and under air environment.

It was hypothesized that by substituting alkyl methacrylates used in the previous method
with alkyl cyanoacrylates, the method for the preparation of superhydrophobic coatings could
be improved. Due to the anionic mechanism of the polymerization of cyanoacrylates, the
polymerization could be performed without UV-irradiation. Because of the very high activity
of cyanoacrylates, no oxygen-free atmosphere should be necessary and, therefore, the method
could be applicable to 3D substrates. In addition, due to the good adhesion of
polycyanoacrylates to different substrates, no special surface pretreatment should be required.
Alkyl cyanoacrylates are well known for their use as a “super-glue” and as a surgery
adhesive.”® Their polymers were found to be biocompatible and biodegradable, making them
suitable for applications in biology and medicine.”®® Cyanoacrylates are also known to be
more reactive than corresponding acrylates and methacrylates and polymerize via anionic

polymerization instantaneously in the presence of traces of water, usually forming a strong
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bond to the substrate.

In this section, a novel paint-like method for making superhydrophobic polymer coatings
on different substrates is developed. The method is based on creating a film of the 2-octyl
cyanoacrylate on a substrate followed by brief immersion of the film into aqueous ethanol.
This treatment initiates anionic polymerization of the cyanoacrylate and simultaneously
triggers the phase separation leading to the formation of a highly porous superhydrophobic
poly(octyl cyanoacrylate) film strongly adhered to the substrate. Contrary to the free-radical
polymerization,”®’ anionic polymerization of 2-octyl cyanoacrylates is not inhibited by
oxygen, thereby allowing for the fabrication of superhydrophobic coatings on both planar and

three-dimensional open substrates without protection from oxygen.

To make a rough surface, I empolyed a painting-immersing method (Figure 3.38). The
procedure is described as follows: a monomer drop was added onto the substrate and spread,
either by spin coater, glass plate or a finger. After spreading, the substrate was immersed into
a mixture of water and ethanol (with different water/ethanol volume ratios: 1/100 for ethyl
cyanoacrylate; 8/100 for butyl cyanoacrylate, and various ratios for 2-octyl cyanoacrylate).
The immersion time was varied between 5 and 40 s. The substrate was then removed from the
solvent and dried in air, which gave a thin highly porous polymer film attached to the
substrate. By the one-step process described above, a porous coating could be formed in a

minute.

WOOd s\ee\
glass S

substrate coated with

___— aliquid film of 2-octyl
cyanoacrylate

p\ast'lc

‘ immersing in aqueous
ethanol

- _\_, i iz ol o superhydrophobic
; :.;d‘b';"':_‘:'-f“-" i G S —— Coating

Figure 3.38: Schematic representation of the method of making superhydrophobic porous

poly(alkyl cyanoacrylate) coating on different substrates.
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3.3.2. Porous surfaces prepared by using different cyanoacrylates

Since superhydrophobicity is a result of the combination of surface roughness and
hydrophobicity of the material itself, I decided to test how the length of the alkyl tail in the
cyanoacrylate affects the morphology as well as the resulting superhydrophobicity. I produced
three porous polymer surfaces using the above procedure from ethyl, butyl or 2-octyl
cyanoacrylates. Only poly(2-octyl cyanoacrylate) film showed superhydrophobicity (Table
3.1), while butyl and ethyl cyanoacrylate led to hydrophobic surfaces with static, advancing
and receding WCAs of 152+3°, 163+3°, 146+4°, and 126+1°, 13042°, 0°, respectively.

Table 3.1: Static, advancing and receding WCAs of the obtained porous poly(alkyl

cyanoacrylate) surfaces.

Alkyl Static Advancing Receding
group WCA WCA WCA

Ethyl 126+1°  130+2° 0
Butyl 15243°  163+3°  146+4°

Octyl 159£3°  164£2° 153+2°

Figure 3.39 shows scanning electron microscopy (SEM) images of the produced
poly(alkyl cyanoacrylate) coatings. The polymerization of a liquid layer of the monomer
spread on the surface is triggered by the water contained in the ethanol solution. However,
since only the monomer but not the polymer is soluble in ethanol, the polymerization is
accompanied by simultaneous phase separation resulting in the formation of a highly porous
polymer network distinguishable in the SEM images. Poly(butyl cyanoacrylate) and
poly(2-octyl cyanoacrylate) based surfaces exhibited similar morphology, however,
poly(ethyl cyanoacrylate) surface showed much smaller globule and pore sizes — in the order
of 11030 nm. This was probably caused by the higher activity of the ethyl cyanoacrylate
than that of the other two monomers, which resulted in more nucleation sites at the onset of
polymerization. Another possible explanation is that ethanol-water mixture is a better solvent
for the initially formed poly(ethyl cyanoacrylate) chains, which could lead to a later onset of

phase separation and, thus, smaller pores and globules.
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Figure 3.39: (a) Photographs of the porous polymer films made by anionic polymerization of
ethyl, butyl and 2-octyl cyanoacrylates. Water/ethanol volume ratio for each sample: ethyl
cyanoacrylate  (1:100),  butyl cyanoacrylate  (8:100), 2-octyl  cyanoacrylate
(water:ethanol=20:100). (b) SEM images of the porous polymer films (cross-section and top
view). Scale bars: 20 pm (top left), 30 um (left column, middle and bottom), 5 pm (middle

column), 2 um (right column).

3.3.3. Effect of the water concentration in ethanol on the morphology of porous surfaces.

268

As morphology of the porous structure may depend on the amount of initiator™" as well

184.269270 1 gecided to analyze how the ethanol/water

as on the composition of the porogen,
ratio influences the morphology and hence superhydrophobicity of the produced porous
poly(2-octyl cyanoacrylate). Six water-ethanol mixtures were tested and the results, presented
in Figure 3.40, confirmed that both the superhydrophobicity and morphology of the porous
polymer structures significantly depended on the amount of water present in the mixture. As
shown in Figure 3.40a, the receding WCA of the samples increased from 77° to 153° as the
amount of water increased from 2% to 16.7%. The static and advancing WCAs changed only
slightly. When water concentration reached about 16.7% (10 ml in 50 ml ethanol), the surface
exhibited the most superhydrophobic behavior, with the static, advancing and receding WCAs
of 159£3° 164+2° 15342° respectively. The reason for the difference in hydrophobicity
becomes clear when morphologies of the corresponding porous structures are compared
(Figure 3.40b, 3.40c). As can be seen from the Figure, the size of pores and polymer globules
increased gradually upon the increase in water concentration, thereby resulting in larger

multiscale roughness of the surfaces and more pronounced superhydrophobicity.'***"!
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Figure 3.40: (a) Relation between WCAs and the concentration of water in the water/ethanol
mixture used to produce porous poly (2-octyl cyanoacrylate) surfaces. (b) Mophologies of the
samples produced using water/ethanol mixtures with different water content. Scale bar 5 um.

(c) Relation between average polymer globule size and the water content.

3.3.4. Long term stability of the porous polycyanoacrylate surface

Long term stability of the superhydrophobic property is very important for practical
applications of such coatings. Stability of the superhydrophobic poly(2-octyl cyanoacrylate)
surface both in indoor and outdoor environments for several weeks was tested. The results
showed that WCAs decreased only by ~2° in the case of the 4 weeks indoor test (Figure
3.41a). Even after 5 month, the test surface still exhibited superhydrophobicity, with static,
advancing and receding WCA of 154+£3°, 162+2° 152+2° respectively. Storing a sample
outdoor for 6 weeks resulted in a decrease in static advancing and receding WCAs by 6°, 4°

and 5°, respectively, thereby showing in part faster deterioration of the superhydrophobic
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properties of the produced poly(2-octyl cyanoacrylate) coating in the outdoor environment

(Figure 3.41Db).
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Figure 3.41: Stability of the produced superhydrophobic surfaces. (a) WCA (static, advancing
and receding) of a poly(2-octyl cyanoacrylate) superhydrophobic film over 4 weeks (indoor).
(b) WCA of a poly(2-octyl cyanoacrylate) superhydrophobic film over 6 weeks (outdoor)

3.3.5. Application of the coating method on different substrates

The ability to create a strongly adherent superhydrophobic coating on different
materials is important for many applications. However, most of reported methods for making
superhydrophobic coatings are still limited to only specific materials.'**’**"> An advantage
of our method, known from the use of “super-glue”, is that polymerized alkyl cyanoacrylates
usually form a very strong bond with the substrate. Figure 3.42 shows examples of prepared
superhydrophobic porous poly(2-octyl cyanoacrylate) coatings on different substrates. The
polymer film adhered well to such materials as acrylic coated cloth tape, paper, cotton cloth,
glass and wood. Due to the biocompatibility of the polymer and gentleness of the procedure, a

superhydrophobic poly(2-octyl cyanoacrylate) film could be even formed on skin.
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Figure 3.42: Superhydrophobic poly(2-octyl cyanoacrylate) coatings on different flat and
nonflat substrates. Pictures are showing water droplets dyed with Rhodamine. (a) TLC plate,
(b) acrylic coated cloth tape, (c) steel, (d) paper, (e) polypropylene, (f) cotton gauze, (g)

mesh-like plastic surface, (h) curved tube-like surface, (i) cotton fibers.

Creating superhydrophobic coatings on 3D substrates is usually challenging. I show that
our method is applicable to nonflat surfaces (Figure 3.42). Static, advancing and receding
WCAs on different substrates after coating are summarized in Table 3.2. The coated surfaces
are stable to some organic solvents such as methanol, ethanol and n-hexane, however, can be
damaged in diethyl ether, acetone, dimethyl sulfoxide, tetrahydrofuran, chloroform and

dimethyl-formamide.
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Table 3.2: WCA of porous poly(2-octyl cyanoacrylate) surface on different materials.

Static Advacing Receding
WCA WCA WCA
acrylic tape 161° 162° 157°
TLC plate (silica) 157° 163° 149°
polypropylene 162° 164° 152°
cotton gauze 162° 165° 145°
steel 159° 164° 151°
paper 155° 163° 141°
wood 157° 165° 143°

3.3.6 Summary

In summary, a novel, fast and convenient “paint-like” method for coating surfaces with a
superhydrophobic porous polymer film is demonstrated. By using commercially available and
biocompatible 2-octyl cyanoacrylate as a monomer and water/ethanol mixture as both the
porogen and initiator, a variety of different substrates could be made superhydrophobic within
seconds. The method does not require complex equipment, air-free atmosphere, harsh
conditions and can be applied to surfaces of complex non-flat geometries. The method shows
good reproducibility and the obtained superhydrophobic surface is stable for at least several
weeks in the outdoor environment. I expect that this low-cost, fast and convenient method

will find numerous applications in a variety of research and industrial areas.
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4. Conclusions and outlook

This PhD work describes three projects aimed at the improvement of existing or
development and investigation of new ways to control surface chemical functionality, surface
topography or hydrophobicity spatially and/or temporally. The first part focuses on the UV
control of dopamine (DA) polymerization and polydopamine deposition. The second part
deals with reversible surface functionalization and patterning based on photodynamic
disulfide exchange, and finally, a facile method to generate superhydrophobic surfaces on
different substrates is presented.

In the first part, it was hypothesized that DA polymerization could be triggered by
reactive oxygen species (ROS) formed under UV irradiation, thus enabling UV control of DA
polymerization. It was found that UV irradiation could significantly accelerate DA
polymerization, and could trigger DA polymerization under acidic and neutral pH where DA
polymerization without UV is inhibited. By cooperation with an antioxidant, sodium
ascorbate, well controlled DA polymerization in basic solutions was also demonstrated. UV
controlled DA polymerization was applied for surface coating, and polyDA patterns were
obtained both on smooth and rough surfaces.

In the second part, disulfide functionality was introduced onto porous HEMA-EDMA
surface. The obtained disulfide surface could react with other disulfides through a disulfide
exchange reaction under UV irradiation. It was shown that the exchange reaction was very
fast and reversible. Different disulfide surface could be obtained by the modification of the
surface with a new disulfide. It was also shown that the process was perfectly reversible.
Rewritable patterns were successfully obtained by applying a photomask during modification.
Peptides and proteins could be patterned on the disulfide surface, and rewritable
superhydrophobic/superhydrophilic patterns were demonstrated.

Finally, I employed the anionic polymerization of cyanoacrylates and polymerization
induced phase separation to form porous superhydrophobic coatings. Cyanoacrylates are
known to easily undergo anionic polymerization, which cannot be stopped by radical
inhibitors such as oxygen. The approach to form porous surface is based on creating a liquid
film of an alkyl cyanoacrylate on a substrate followed by treating the film with aqueous
ethanol. This treatment initiates polymerization of the cyanoacrylate and simultaneously
triggers phase separation leading to the formation of a highly porous poly(alkyl

cyanoacrylate) film strongly adhered to the substrate. Stable superhydrophobic surfaces were
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obtained by this method and the method was successfully applied on different materials with
different shapes.

Despite the progress, there are also challenges in each project, which need to be resolved
in the future. For UV triggered DA polymerization project, the polymerization speed needs to
be improved, the mechanism of UV initiation and SA inhibition should be better understood,
and more applications should be tested. For the disulfide surface project, the stability of the
surface should be investigated, more application of the method should be present. For
polycyanoacrylate surface project, currently the mechanical strength of the obtained
superhydrophobic polymer layer is quite low because of its porous structure. Possible
solutions include the use of a cyanoacrylate crosslinker and optimization of the porous
structure.

The methods developed in this thesis can be potentially applied in the field of surface
modification for different purposes. For example, UV controlled DA polymerization can be
applied in industrial fabrication of polydopamine coatings under more controlled conditions;
it can also be employed in research to control the kinetics of DA polymerization to understand
the detailed mechanism of DA polymerization. The disulfide-based photo-reversible surface
modification can be employed to form reusable surface and patterns for different applications
such as reversible ink printing device. It can also be used for closing or opening microfluidic
channels in-situ or to manipulate the cell environment in-situ. Polycyanoacrylate based
superhydrophobic surfaces can be used to make superhydrophobic surface on different
materials to simply transform them to superhydrophobic, it can be a potential method for

superhydrophobic coatings in our daily life.
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