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“Ring the bells that still can ring
Forget your perfect offering
There is a crack in everything
That’s how the light gets in.”
L.Cohen
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Abstract
In nature, adhesion-dependent organisms have developed elaborated strategies for the
anchoring to diverse surfaces and under different environmental conditions. This non-specific
adsorption, further termed biofouling, affects adversely the performance and function of a
broad range of materials and devices, such as marine constructions, heat exchangers, filtering
systems and biomedical devices. There is a great need for efficiently preventing biofouling
with application of non-fouling coatings. Such coatings have to compete with fouling species,
in particular proteins, bacteria, cells and higher organisms. They should be highly durable
and stable, preferentially over the lifetime of a device. To this end, strong surface-coating
interaction and stability under difficult environmental conditions (aqueous environment, salt
and low/high pH) are key requirements. A similar interaction as used by the competing fouling
organism. Approaches that exploit biomimetic concepts and translate them into engineering
approaches have therefore become very popular in the biointerface community.
Natural adhesives are frequently protein-based. Examples include mussel adhesive proteins
(MAP’s) that consist of different amino acids, partly post-translationally modified, with surfaceactive side chains e.g. DOPA, lysine, hydroxyproline, phosphoserine.
Bioadhesives are often compatible with a great variety of different artificial substrates, ranging
from metals to ceramics and polymers. This is typically achieved by a combination of different
anchor chemistries and presentation of multiple anchors, thus exploiting multivalency to greatly
increase affinity to surfaces.
To this end, we exploit the combination of electrostatic and coordinative binding sites. The
graft-copolymer poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) was used as a wellcharacterized model system and starting material that has been successfully applied in
the past as a non-fouling coating. PLL-g-PEG consists of a poly(L-lysine) backbone that is
positively charged at neutral pH and can adsorb to negatively charged substrates through
multiple electrostatic interactions. Long PEG chains are grafted to some of the lysine side
5
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chains forming a PEG brush surface after self-assembly to a surface.
This polymer system was then modified with catechol, an aromatic molecule also found in the
side chain of DOPA and presumed to be one of the major adhesion compound of the MAPs.
Catechol can perform reversible binding, by coordination to metal oxides, and also irreversible
binding, with polymers and it is known to interact with various substrates.
With three different functions of such a polymer (PEG, lysine and catechol) and the importance
of screening many different assembly parameters (concentration, adsorption time, buffer,
temperature), the matrix of experiments to be conducted becomes exceedingly large. There
was thus a need to first develop a surface modification device (termed SuMo device), developed
for conducting 70 independent and parallel experiments (different polymer types, different
assembly conditions and tests of non-fouling properties) and utilizing low volumes of polymer
solution (20 µL). The device was designed and validated with PLL-g-PEG and fluorescently
labeled fibrinogen (FITC-Fbg). The SuMo device is compatible with different substrate types
and allows direct readout with a fluorescence scanner (when using labeled polymers or
proteins) as well as with ellipsometry in a label-free manner.
In the second part of the project, two polymer architectures of PLL-g-PEG (Mr,PEG = 2 000,
PEG grafting density of dPEG=0.29 and Mr,PEG=5 000, dPEG=0.27) were functionalized by linking
catechols (3,4-dihydroxyphenyl acetic acid (DHPAA)) to the lysine side chains resulting in two

sets of six polymers each, containing varying grafting densities of DHPAA (dDHPAA).
The self-assembly of all PLL-g-(DHPAA; PEG) copolymers from aqueous solution was tested
on three substrates: titanium oxide, silicon oxide and gold, and with variation of the assembly
parameters: temperature and ionic strength of the assembly solution and assembly time. All
adsorption experiments were performed with the SuMo device. Assembly of the polymer
depended strongly on the value of dDHPAA. Polymers with a large dDHPAA range adsorbed on TiO2

and were found to result in surfaces that resisted protein (fibrinogen) adsorption. In contrast,
on SiO2 and gold surfaces, only polymers with a specific, narrow range of DHPAA adsorbed

in sufficient density to protect the surface against non-specific protein adsorption. This is most
likely a consequence of lower interaction strength of the DHPAA with these two materials
when compared to TiO2. Higher temperature of the assembly solution (50 °C instead of room
temperature) and lower ionic strength (1 mM instead of 100 mM) resulted in thicker adlayers

(higher coverage) and improved non-fouling properties. Polymer adsorption kinetics were
found to be fast; saturation coverage was reached within 30 min.
A drawback of the PLL-g-PEG coating is the purely electrostatic nature of adhesion. This
copolymer desorbs at low and high pH, and at high ionic strength as a consequence of screening
of the electrostatic interaction. In strong contrast, the PLL-g-(DHPAA; PEG) copolymers were
stable when exposed to solutions of high (5 M NaCl) ionic strength and preserved their nonfouling as judged by ellipsometry (film thickness) and fluorescent assays. Consistent with these
findings, the surface-assembled DHPAA-functionalized polymers, but not the control PLL-g6
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PEG, resisted fibrinogen adsorption. Additionally, the polymer-coated surfaces were incubated
with cyanobacteria Lyngbya sp. EAWAG 140 and prevented attachment and colonization for
up to 100 days
In conclusion, the novel polymer class characterized by both, multiple cationic sites and
multiple catechol binding moieties proved to provide confluent monolayers of excellent stability
on metal oxide surfaces. The concept of the dual (electrostatic/coordinative) binding approach
is an attractive one: the electrostatic interaction of the polycationic copolymer with oppositely
charged surfaces favors a fast assembly and controlled interfacial pre-organization thanks to
long-range electrostatic forces (particularly at low ionic strength and higher temperature). In a
second step, the catechols, already organized at close distance to the substrate, can efficiently
engage in a coordinative, strong and site-specific binding to the surface metal cations. These
polymeric adlayers have a substantially better long-term stability in demanding environments
such as in high salt solutions, and probably also at lower and higher pH, when compared to
the PLL-g-PEG system that binds exclusively through charge interactions.
The novel polymer type is expected to be compatible with a larger range of metal oxides that
coordinate to catechols, in particular transition and non-transition metals and metal oxides with
oxidation state +2 or higher.
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Zusammenfassung
Die Natur hat raffinierte Strategien entwickelt, um unter verschiedensten Vorraussetzungen
mit Oberflächen zu interagieren. Biofouling, bedeutet die meist unspezifische Adsorption
von biologischen Molekülen und Organismen (Proteinen, Bakterien, Zellen und höhere
Organismen) und hat einen vorwiegend negativen Einfluss auf die Funktion oder Leistung der
befallenen Bauteile, wie zum Beispiel Schiffskonstruktionen, Heizelemente, Filtersysteme oder
medizinische Geräte und Hilfsmittel. Der breite Einflussbereich erklärt das grosse Interesse,
Biofouling mit einer geeigneten Beschichtung effizient zu unterdrücken. Damit eine solche
Beschichtung in ihrer späteren Anwendung effektiv vor Biofouling schützen kann, muss sie
sehr widerstandsfähig und stabil sein, im Idealfall über die gesamte Lebensdauer des Bauteils
hinweg. Folglich sind sowohl eine starke Interaktion zwischen Oberfläche und Beschichtung,
als auch die Stabilität einer solchen Bindung in unterschiedlichen Milieus (wässrige Systeme
mit verschiedenen Ionenkonzentrationen und unterschiedlichen pH-Werten) wichtige
Voraussetzungen für eine gute Haftung. Solch eine ideale Haftung unter diesen Bedingungen
wird gerade von „Fouling“ Organismen hervorragend angewendet. Aus diesem Grund ist es
interessant, gleiche oder ähnliche Bindungskonzepte wie die, die von „Fouling“ Organismen
verwendet werden, für eine konkurrenzfähige synthetische Beschichtung aufzugreifen.
Natürliche Klebstoffe oder Adhäsions-Mittel bestehen vorwiegend aus einem ausgeklügeltem
Proteincocktail, der die Haftung optimieren soll. So zum Beispiel erfolgt die Bindung von
Muscheln über die Seitenketten von verschiedenen Aminosäuren. Diese werden oft in einem
zweiten Schritt zu oberflächen-aktiven Seitenketten modifiziert, wie zum Beispiel bei DOPA,
Phosphoserin, Hydroxyprolin und Hydroxyarginin, um die Haftung weiter zu verbessern.
Solche Klebstoffe können an unterschiedlichste Oberflächen binden, angefangen von
Metallen, Keramiken, bis zu Polymeren. Solche universellen Bindungen sind speziell durch
die Kombination von verschiedenen Bindungsgruppen und der Präsenz von mehreren
Bindungsstellen möglich. Deswegen sollen in dieser Arbeit Kombinationen von elektrostatisch
9
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und koordinativ-bindenden Gruppen genauer untersucht werden. Als Modellsystem wurde
Poly(L-lysin)-pfropf-poly(ethylenglykol) (PLL-g-PEG) verwendet. Es ist ein bekanntes
und ausführlich charakterisiertes Pfropfcopolymer, dass schon erfolgreich als AntifoulingBeschichtung eingesetzt wird. PLL-g-PEG besteht aus einem Poly(L-lysin)-Hauptstrang,
der bei neutralem pH mehrfach positiv geladen ist und somit elektrostatisch mit mehreren
Bindungstellen auf negativ geladenen Oberflächen adsorbiert. Weiterhin sind mehrere, lange
Poly(ethylenglykol)-Ketten über eine Amidbindung an die Amin-gruppen des Lysins gebunden.
PLL-g-PEG kann sich spontan auf der Oberfläche ausrichten, wobei der PLL-Haupstrang
möglichst nahe an der Oberfläche orientiert und so eine Umlagerung der PEG-Ketten in
die Lösung forciert. Ab einer gewissen Moleküldichte müssen die PEG-Ketten sich weiter
ausstrecken und formieren sich ähnlich wie die Borsten einer Bürste (Brush regime).
Dieses System wurde mit Brenzcatechin erweitert, welches auch in der Seitenkette von L-DOPA
vorkommt und vermutlich eine der wichtigsten Bindungsgruppe der Adhäsions-Proteine von
Muscheln ist. Brenzcatechin kann reversible Bindungen mit Metalloxiden und irreversible
Bindungen mit Polymeren eingehen. Die unterschiedlichen Kombinationen der drei Molekülteile
PEG, PLL und Brenzcatechin, sowie die zusätzlichen Parameter des Beschichtungsprozesses,
führen schnell zu vielen, Zeit- und Material-intensiven Experimenten.
Deshalb sollte zuerst eine geeignete Plattform für den effizienten Test von diversen
Oberfächenmodifikationen entwickelt werden. Das beinhaltete ein System, mit dem mehrere
Experimente gleichzeitig durchgeführt werden können und nicht nur Material und Zeit
sparend ist, sondern auch die Beschichtungen unter gleichen Voraussetzungen prüft und
so Handhabungsfehler limitiert. Die entwickelte Plattform wurde einfach gehalten, um einen
möglichst breiten Anwendungsbereich abzudecken. Mit dem neuen System werden auf
verschiedenen Oberfächen jeweils siebzig Inkubationsgefässe geformt, in denen ebenso viele
Beschichtungsexperimente durchgeführt werden können. Die Charakterisierung kann mit
Ellipsometrie, Fluoreszenz oder Röntgenstrahl-Photoelektronen Spektroskopie erfolgen.
Im zweiten Projektteil wurden zwei Sets mit jeweils sechs Poly(L-lysin)-pfropf-(3,4Dihydroxyphenylessigsäure,

Poly(ethylenglykol)

(PLL-g-(DHPAA;

PEG))

Copolymeren

synthetisiert. Die zwei Sets unterscheiden sich in der PEG-Kettenlänge, (MrPEG=2000 & 5000)
und deren pfropf-Dichte (dPEG= 0.29 & 0.27)). Die sechs Polymere pro Set enthalten ausserdem

unterschiedliche Konzentrationen von DHPAA und somit verschiedene DHPAA pfropf-Dichten
(dDHPAA).
Die Bildung der monomolekularen Polymer-Schicht wurde auf drei verschiedenen Substraten
gemessen: Titanoxid, Siliziumoxid und Gold. Die Adsorption der Polymere war stark abhängig
von den Substraten, der DHPAA pfropf-Dichte, der Ionenstärke und der Temperatur. Auf allen
drei Substraten führte eine tiefe DHPAA pfropf-Dichte und eine erhöhte Temperatur (>50 °C )
zu dickeren Schichten und umgekehrt. Der Einfluss der Ionenstärke ist abhängig vom Substrat.
Die Antifouling-Charakteristik der adsorbierten PEG-Ketten wurde mit fluoreszenzmarkiertem
10
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Fibrinogen getestet, wobei die adsorbierte Menge entweder mit einem “Microarray-Scanner”
oder mit Ellipsometrie gemessen werden konnte. Um den Einfluss der elektrostatischen und
koordinativen Bindung zu untersuchen, wurden einige Polymerbeschichtungen in gesättigter
Kochsalz Lösung inkubiert. Die Ionen schirmen die Ladungen auf der Oberfläche und am
PLL ab und reduzieren so die elektrostatischen Wechselwirkungen. Die rein elektrostatisch
gebundene PLL-g-PEG Beschichtung wurde somit stark reduziert. Aber schon ein geringer
Anteil DHPAA verbesserte die Stabilität erheblich.
Abschliessend kann man sagen, dass die neue Polymerklasse, mit jeweils mehreren Kationenund Brenzcatechinbindungsstellen, zu konfluenten, monomolekularen Beschichtungen, mit
einer exzellenten Stabilität auf Metalloxiden führten.
Das duale Bindungskonzept (elektrostatisch/koordinativ) kombiniert die zweiAdsorptionssysteme
optimal, wobei die weitreichenden, elektrostatischen Kräfte zu einer schnellen, elektrostatischen
Adsorption und einer kontrollierten Organisation auf der Oberfläche führen. In einem zweiten
Schritt kommen die Brenzcatechine dank dem positiven PLL-Hauptstrang nahe genug zur
Oberfläche und können so eine koordinative Bindung eingehen. Diese Polymere sind unter
schwierigen Bedingungen, wie zum Beispiel in konzentierter Salzlösung und wahrscheinlich
auch bei verschiedenen pH-Werten, viel beständiger.
Es wird erwartet, dass das neue Polymersystem auch auf anderen Metalloxidoberflächen,
speziell von Metallen und Übergangsmetallen mit einer Oxidationsstufe von +2, angewendet
werden kann.
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Chapter 1

Introduction
1-1. Paints and coatings
The modification of surfaces for decoration, protection or an improved interaction of the materials
is done by humans since ever. Scratching or painting surfaces is used to communicate, in
terms of leaving messages, monuments and memorials. Cave and rock paintings date back
to the stone age (32 000 years ago), they show animals or abstract patterns and are often
made with natural pigments such as the red ochre (iron oxide), black charcoal or the white
limestone (calcium oxide). The color scale was enlarged with new synthetically fabricated
pigments e.g. Prussian blue (Fe7(CN)18·H2O), Para Red (organic Azo-dye), Kronos Titan White

(TiO2) but also with new application techniques, (dispersion, oil, melts (enamel), galvanization

(anodization), sol gel, powder coating, sputtering). Up to now techniques to modify substrate
surfaces are key for many industrial and research applications.
Paints and coatings are in general applied for three different purposes; 1) for decoration, e.g. to
change the color, structure or to communicate with signs, 2) for protection against degradation,
corrosion, radiation, biofouling, wear, or 3) for specific interactions as adhesive layer or with
adjusted wetting behavior1. Such requirements are covered by various coating protocols,
ranging from thick paints to ultrathin coatings. The thinnest possible film is a monolayer, which
is a single, closely packed layer of molecules that cover the outermost surface atomic layer of
the base material. Such ultrathin coatings are used for thin-film optics, sensors, as protective
layers, as patternable material surface preparation and modification enabling the targeted
integration of functional molecules/sites, chemically modified electrodes, understanding of
protein films and to reach full surface coverage with very little material2 .
Such a monolayer is depicted in figure 1 and consist of a binding moiety that interacts with the
substrate by the formation of hydrophobic, electrostatic or covalent bonds, a tail that allows
a dense orientation and an end-group that could be inert for a passivation of the surface
15
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End groups

implementation of
specific molecules

Tail

hydrophobic, van der Waals,
Coulomb interactions

Binding moieties

physi- or chemisorption

Substrate
Figure 1. Scheme of self-assembled monolayer consisting of binding moieties (anchoring groups) that interact with the
substrate via physi- and chemisorption. A tail is attached to the binding moieties. Both anchor-surface and tail-tail interactions
affect the packing density and orientation of the coating on the substrate. Finally end groups allows the full or partial modification
of the SAM e.g. for specific interactions.

or functionalized for specific interactions. Different techniques are used for the creation of
ultrathin films. Examples include Langmuir-Blodgett-films, “grafting to” or “grafting from” selfassembly systems3, 4. Langmuir Blodgett-films are formed from solutions, where the oriented
layer is generated at the liquid/air or liquid/liquid interface and then transferred to the surface.
The advantage of this method is a uniform molecular layer and a perfect transfer to various
substrates. A drawback is the complicated set up and furthermore is a surfactant-type of coating
required to obtain the orientation at the interface. In case of the “grafting from” approach
the molecules are generated on the surface, initiator groups are linked, mostly covalently,
to the surface and interact then with approaching monomers to form polymers. The initiator
concentration at the surface determines the density of the surface anchored polymer chains
that can be reached. In comparison to other techniques such as “grafting to”, much higher
chain density as well as a high degree of polymerization (molecular weight) can be obtained.
On the other hand, polydispersity is generally high.
In case of the “grafting to” process, the molecules/polymers are generated prior to the
adsorption and subsequently assembled on the surface in a single step. This process enables
one to use defined polydispersity or even mixtures of different polymers. However, the bulky
molecules cause steric and osmotic repulsion of the arriving polymers resulting in a reduced
16
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grafting density. Nevertheless such a self-assembly process is a convenient, generally simple
dip and rinse process, whereupon molecules arrange themselves on the surface if correctly
designed. Examples of well-known self-assembly systems are alkanethiols that adsorb on
gold and silver5, 6, phosphates or phosphonates on metal oxides7-13 and silanes that interact
with many surfaces, in particular inorganic oxides14-16.
The major advantages of self-assembly systems is the simple generation of an ultrathin film
by the simple exposure of substrate to solutions or vapors of SAM precursor. The molecules
arrange spontaneous on the surface and form a dense and well-organized and defined
coating. This enables the uniform coating of large areas similar to biological systems, e.g.
membranes. Ultrathin SAMs are particularly attractive for coating of patterned surfaces at
the micro/nanometer range and thus preventing the high aspect ratio of patterns. The exact
orientation of the single molecules on the surface enables a tailored surface modification of the
end groups, e.g. for specific interactions4.
However drawback of self-assembly systems is the limitation to generally thin films, the
application of larger systems is prone to defects in the orientation, density and difficult to
dissolve but with the application of larger precursors (macromolecules) macromolecular SAMs
were achieved17. In addition thin SAMs are less resistant to wear and corrosion or frequently
replaced by fouling compounds. To improve the latter, the processes of biofouling have to be
understand.

1-2. Biofouling and antifouling strategies
1-2.1. Biofouling
Biofouling is the undesirable, unspecific deposition of biomolecules to and growth of organisms
on surfaces that can change the physical and chemical properties of the material and interfere
with the functionality of a device. It is a common problem in various applications as for example
in heat exchangers18, filtration with synthetic membranes19, on biomaterials20 and marine
fouling on ship hulls21, as described below.
Marine biofouling, e.g. the fouling of ship hulls, causes important economical and ecological
problems (e.g. higher fuel consumption, increased maintenance). The process of marine
biofouling can be divided into three phases22; molecular fouling, microfouling and macrofouling
(Fig. 2). Thus molecular fouling is the initial step. An immersed surface is immediately covered
with organic molecules, such as proteins, glycoproteins and polysaccharides. Molecular fouling
promotes the attachment of prokaryotes and cells that proliferate and colonize the surface.
17
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Macrofouling

Microfouling
Molecular fouling
Substrate
Figure 2. Scheme of marine biofouling on the substrate. The first step is the adhesion of macromolecules such as peptides,
proteins, nucleic acids and saccharides. The type of the adsorbed molecules and thus the consistency of the molecular fouling
layer depends on the properties of the substrate and the environment. Moreover the molecular fouling layer can corrode or
degrade the surface, which can then promote further fouling. The second fouling step involves the growth of cells and/or bacteria.
The proteinaceous biofilm is a perfect culture medium for the colonization of cells or bacteria, supplying the cells/with all nutrients.
The colonizing microorganism secret an extracellular polymeric substances (EPS) for improved protection and anchoring. This
biofilm gel can stimulate the settlement of macroorganisms such as barnacles, mussels and corals.

Bacterial cells start to produce a matrix of extracellular polymeric substances (EPS), which
additionally supports the adhesion and the enlargement of the biofilm (Fig. 3) that protects the
bacterial cells from negative impacts by the surrounding environment (and from antibiotic action
in case of infected medical devices). The final fouling step, macrofouling, is the attachment
of multicellular organisms, like sponges, invertebrate larvae and mussels. Marine biofouling
is an alternating process with a continuous exchange of organism attachment and release,
depending on the surface, the seasons (reproductive seasonality), the region (tropical areas,
poles) and the environment.
Biofouling also occurs with implants and other biomedical devices such as in vivo sensors,
catheters and surgical instruments20, 23, and affects most of the standard biomaterials24. Similar
to marine fouling, the first step is molecular fouling, where proteins adsorb onto the implant
material25. In a second step, the tissue acts with a foreign body reaction; neutrophils and
macrophages attack the invader. Because it is not possible to digest the implant, the cells fuse
to giant cells and try to form a shell around the implant. For a better encapsulation, the giant
cells send out cytokines that acts as a chemical messenger to attracts other cells. Fibroblast
cells then, start to produce collagen and form a tight, acellular collagen bag around the implant.
18

Biofouling And Antifouling Strategies

1

4

2

3

5

Figure 3. Bacteria adhesion and biofilm formation cycle: 1) Adhesion of the bacteria mediated by carbohydrate-receptor
interactions. 2) Colonization of the surface starts by further bacterial adhesion and bacteria division of adherent bacteria.
3) Followed by microcolony formation concomitant with quorum sensing, a density dependent interbacterial communication
mechanism that induces phenotypic changes of the microorganisms in the colony. 4) Then the bioﬁlm maturates, a protecting
biopolymer matrix is expressed and channels and pores are formed to ensure nutrient supply. 5) Finally, single bacteria and
bacterial clusters are released from the mature bioﬁlm to colonize new areas.

Since both, marine biofouling and biomaterial fouling have a negative impact on materials and
devices, there is a strong interest to find surface and material approaches that suppress or
reduce biofouling.

19
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1-2.2. Non-fouling coatings
Surprisingly, in nature, many of the fouling organisms developed potent defending substances
or strategies to survive on the outmost layer of the biofilm, and benefits of good food and light
supply22. One distinguishes between passive and active non-fouling mechanism, at which the
fouling species is distracted without being physically effected (passive non-fouling) and the
opposite, the active non-fouling, where species are influenced by bioactive substances that
are toxic, prevent growth or formation of settlement organs .

1-2.2.1. Natural non-fouling strategies
Various non-fouling strategies developed and applied by nature have been described by
Fusetani et al.22, 26. In some cases a perfect environment to host only one kind of bacteria
is created. This passive non-fouling method suppresses the formation of other bacteria
populations and prevents the development of a mature biofilm. On the other hand, active
non-fouling strategies are found in nature, where, for example organisms inhibit a settlement
of fouling larvae by repulsion or by secretion of cytotoxins, such as formoside, which is one
of the triterpene glycosides produced by the sponge Erylus formosus or the simple molecule
homarine, which inhibits the growth of the benthic diatom Navicula salinicola and is produced
by the gorgonians Leptogorgia virgulata and L.setacea. Furthermore the sponge; Reniera sarai
contains poly-3-alkylpyridinium salts (poly APS), a polymeric salt with surfactant properties
that inhibits the settlement of Balanus amphitrite cyprids. However, the effect is non-toxic and
reversible as soon as the cyprids are transferred in clean sea water27.
Numerous other strategies and substances have been considered for use in the development
of new non-fouling coatings. Therefore, various synthetic non-fouling approaches were
generated, categorized as either active or passive non-fouling strategies.

1-2.2.2. Synthetic non-fouling strategies.
In case of the passive non-fouling strategy, the surface is protected without harming organisms,
hence it is a biologically sustainable method. Preferably polymers tethered to the surface are
used for this strategy. The non-fouling principle of this approach is depicted in Figure 4 and
related to the thermodynamically unfavorable compression of the tethered polymers by the
approaching macromolecules (e.g. proteins, polymers). The degree of freedom of the polymer
conformation and the solvent concentration in the polymer is reduced, which is described with
the steric repulsion free energy of the polymer chains consisting of an osmotic and a stretching
contribution. Van-der-Waals, but mainly hydrophobic interactions of the polymer/substrate
with the approaching macromolecules competes with steric repulsion. The steric repulsion
free energy quantifies the repelling (=non-fouling) ability of a coating28-30 and depends on the
solvent, polymer type, chain length and density of the tethered polymers and thus on assembly
properties.
20

Biofouling And Antifouling Strategies

Hydrated
polymer brush

Hydrated
protein

Water
Water

Substrate

Substrate

Figure 4. Passive fouling principle of surface-bound (tethered) polymers. The arriving macromolecules as for example proteins,
compresses the tethered polymers and cause a change in conformation and thus the release of water molecules. Once the
compression is exceeding the energy barrier, the macromolecule is repelled by osmotic and entropic repulsion.

Several hydrophilic, nonionic types of polymers are reported as suitable coating materials
for the preparation of applied non-fouling surfaces, such as dextran, polyacrylamide (PAAm),
Poly(vinylpyrrolidone) (PVP), Poly-2-methyl-2-oxazoline (PMOXA) or poly(ethylene glycol)
(PEG). The polysaccharide dextrane, is present on the cell membrane and assumed to reduce
nonspecific interactions. The grafted copolymer, poly(L-lysine)-g-dextran, adsorbed on titaniasilica surfaces was found to significantly reduce the adsorption of human serum31.
PAAm was grafted from flexible silicone rubber as substrate, by atom transfer radical
polymerization and reduced microbial adhesion (bacteria and fungus)32.
PVP has been reported to prevent zirconia substrates from lysozyme adsorption, PVP
was generated by “grafting from” polymerization on zirconia particles, modified with
vinyltrimethoxysilane initiator. The PVP chains achieved a lysozyme reduction of about 52 % in
relation to the silylated particles33. Another hydrophilic polymer; PMOXA was found to prevent
the adsorption of full human serum and E. coli bacteria, when electrostatically adsorbed to
Nb2O5 via a positive charged PLL-backbone34, 35. Furthermore, PMOXA is presumed to be less
prone to degradation because of the peptidomimetic structure34, 35.

PEG or polyethylene oxide (PEO)6, 36-39 is a widely used non-fouling polymer coating since
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it is non-toxic and biocompatible, PEG-protein pharmaceuticals and a PEG-liposome carrier
systems have also received the approval of the U.S. federal drug administration (FDA). The
fact that PEG is water soluble, matches with its biocompatibility. If PEG polymer chains are
bound to a surface, the flexible chains are able to change the polarity of the chain thus it
forms a non-polar conformation close to a hydrophobic surface and a polar conformation on
the aqueous interface. The non-polar part increases the surface coverage of PEG chains and
the polar part penetrates far into the water and enhances the repulsion force of the polymer.
It has to be mentioned that the solubility of PEG in water depends on temperature, molecular
weight, and salt content. Phase separation occurs above a critical temperature because of
the competition between hydrogen bonding between PEO-water, and water−water hydrogen
bonding40,41. Clouding of the solution can be observed which is why the initiating temperature is
called cloud point or upper critical solution temperature (UCST)42. The addition of salt or other
molecules affect the phase diagram of the PEG-water system 42-45. Adsorption at cloud points
can be used to obtain a coating with a high polymer density46.
The described polymer systems belong all to the class of hydrophilic, nonionic polymers,
which are highly hydrated in water, have a good conformational flexibility and chain mobility
and mainly act as H-acceptors with the exception of poly acrylamide and dextrane that can
also donate protons. These characteristics are important for the successful development of
polymeric passive non-fouling systems47, 48.
However a different non-fouling system was found in phosphorcholine (PC) containing
polymers. Phospholipids with zwitterionic PC headgroups are the major compound of the outer
part of the erythrocyte cell membrane. Compared to the inner (posphoserinelipid) membrane,
the outer was found to be non-thrombogenic and hence attractive for non-fouling system.
Synthetic PC polymers significantly reduced protein and bacteria growth. So far the non-fouling
mechanism of PC is not known, but the formation of a plasma lipid bilayer on the polymer
adlayer could be one reason, although, experiments without the presence of plasma lipids
were also found to suppress protein adsorption. PC-polymers show great biocompatibility and
are thus especially useful for medical devices e.g. 2-methacryloyloxyethylphosphorylcholinen-dodecyl methacrylate copolymer (MPC-co-DMA) coated guide wires were implanted into
arteries of pigs and showed a significant reduction of the platelets adhesion49, 50.
Overall, substrate-bound, tethered polymers are the most capable, passive non-fouling
compounds. Furthermore, tethered polymer chains enable functionalization with bio-interactive
molecules such as biotin, peptides, carbohydrates or antimicrobial compounds, in order to
receive a combination of passive and active non-fouling features.
The surface interactions applied for the immobilization of the polymer chains can be divided
in three different interaction types: (1) hydrophobic forces as observed with Pluronics51, (2)
covalent binding found for silanes14-16 and (3) electrostatic interactions by the application of
polyelectrolytes on charged substrates52. The latter is discussed in more detail in the following
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Figure 5. Conformation of a polyelectrolyte on the substrate. 1) Strong polyelectrolytes adsorb strongly and usually with a
flat conformation on the surface. 2) A drawback of random adsorption is the pinning of molecule, resulting in a submonolayer
coverage. 3) The adsorption of weak polyelectrolytes in a good solvent can lead to different polymer conformations on the
surface, such as the formation of loops, trains and tails.

paragraph.

1-2.3. Polyelectrolytes and tethered polymer chains
1-2.3.1. Adsorption of polyelectrolytes on the surface
Polyelectrolytes (PE) are polymers consisting of multiple charged segments, that adsorb on
oppositely charged surface primarily through electrostatic interaction, until the charges are
compensated. If the adsorption equilibrium is reached the arriving PEs are repulsed and the
maximal adlayer thickness is derived. The limitation of adlayer thickness is exceeded by a
layer-by-layer process, where the layer thickness is tuned by the repetitive adsorption of two
(or more) oppositely charged PEs and results in PE multilayers (PEM)53, 54
Multiple anchors lead to an additional contribution of conformational entropy, as the molecule
occupies several adhesion sites on the substrate and thus can rearrange in an optimal
conformation. Random sequential adsorption models were developed assuming a strong,
irreversible polyelectrolyte-surface interaction and no crossing/overlapping of the molecules
(pinning, fig. 5). In this case adsorption would stop at a jamming limit, at which point there are
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no more free surface sites of sufficient size to accommodate further molecules, resulting in
sub-monolayer coverage (55% coverage at saturation in the random sequential model)53, 55, 56.
However for pure electrostatic interaction, the situation is entirely different as there is mobility,
which enables a secondary rearrangement of the PE on the surface, so that full surface
coverage can be reached.
The adsorption of strong polyelectrolytes is mainly driven by charge compensation and at low
ionic strength nearly entirely electrostatic, resulting in a preferably flat assembly of the PE on
the surface. On the other hand weaker polyelectrolytes dissolved in good solvent, interacts
also with the solvent and form structures, such as loops, trains and tails, (Fig. 5) that also
depending on the chain length (molecular weight) and the stiffness of the PE chain53, 57, 58.
The electrostatic attraction and thus, the assembly of PE, is strongly influenced by the pH and
the ionic strength of the assembly solution. The presence of additional ions competes with the
charges on PE and surface, hence screen the electrostatic attraction to the surface but also
the intramolecular repulsion along the polymer chain. The influence of the ionic strength on
the range of electrostatic interaction, is described with the Debye length (1/κ) that is the length
of the electrical double layer on the surface. Outside the 1/κ- radius electrostatic interactions
are screened53.

1-2.3.2. Characteristics of polymer chains tethered to surfaces
Tethered chains on surfaces are used for the colloid stabilization38,59, organization and
orientation of SAM’s2 (intermolecular interactions between hydrophobic chains), wetting, as
spacer molecules60, (Surface force apparatus (SFA)) and to tether active molecules for specific
interactions (e.g. peptides, carbohydrates)61-63.
The orientation of the chains on the surface depends on the chain-chain, chain-interface
and chain-solvent interactions64. Considering neutral polymer chains, mainly hydrophobic
and van-der-Waals attraction forces and osmotic & entropic repulsion forces are involved. A
physicochemical model was first described by Alexander and deGennes65-67. The forces are
influenced by type and temperature of the solvent, chain length and chain density on the
surface.
The chain-interface interaction should be low (Flory-Huggins-Parameter: χ ≥ 0, difference
between solvent-surface and polymer-surface interactions) for the formation of tethered
polymers with a low grafting density (σ= number of chains per area). Then only surface
anchoring group interacts with the substrates and no adsorption of the chains occurs, which
could lead to a pancake formation (Fig. 6-1), to lower the interfacial energy (χ < 0, size of
pancake equals radius of gyration RG, with R≈N3/4 and N=number of monomers)64, 68. The

formation on the surface at low grafting density strongly depends on the chain-solvent, a good
solvent leads to a coil and in a bad solvent polymers tend to collapse and form small globules
(Fig. 6-2).
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Figure 6. Conformations of surface-tethered polymer chains at low and high grafting density. 1) A strong polymer-surface
interaction causes flat orientation on surface that is called pancake. 2) Low polymer-surface interaction results in the expansion
of the chain into the solvent, with the conformation depending on solvent-polymer interaction. In a bad solvent the chain collapse
into a globule structure, while it forms a coil in a good solvent. 3) Polymer coils at high grafting density; the conformation depends
on the distance D between the coils and its Flory Radius (RF). One distinguishes between three different regimes: At large
distances the polymer forms mushrooms that will start to overlap when D is below the twice the RF. Finally, when D is of the order
or smaller than RF, the brush regime is reached, where chains stretched out, caused by steric and osmotic repulsion.

At high grafting density the chains are in contact and can overlap (critical grafting density
σcr=4πRG2), mainly depending on the chain-chain interaction, where steric and osmotic

terms cause a repulsion of the chains and therefore force the chain to stretch away from the

surface. With gradual increase of chain density, one observes a change from mushroom to
an overlapping mushroom and finally a brush regime (Fig. 6-3). The latter strongly depends
on the chain length and density and if the repulsion force is stronger than the chain-surface
attraction it will result in desorption of tethered chains64. Tethered polymer chain structures have
been investigated with scaling theories, analytical self-consistent field models and numerical
models65-67, 69.
Various surface modification protocols have been developed for the preparation of brushes,
some were already mentioned in the “1-1. Paints and coatings” part. The approaches are
classified as “grafting from” and “grafting to” techniques. “Grafting from” is an in situ approach,
where the chains are grown from the surface, mostly with radical or living polymerization
techniques (anionic, cationic, RAFT, controlled radical, ring-opening schemes) starting with a
surface immobilized initiator that is often covalently immobilized in a first step. This techniques
allows dense brushes to be formed, whereby the chain density depends on the density of the
initiator molecules. A main advantage of this technique is that thick brushes up to hundreds of
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nanometers can be prepared, but polydispersity is often high.
The “grafting to” approach involves pre-formed polymers that are then tethered in one step
to the surface. For stable immobilization the polymer chain requires an anchor that binds
to the surface via physi- or chemisorption. Typical examples include di- or tri-block, and
graft-copolymers as well as single polymer chains with an anchor attached to one end. The
advantage of pre-formed polymers is that the length and polydispersity is clearly defined
before it is tethered to the surface. Furthermore, defined mixtures of varying chains could be
applied (variation of molecular weight and/or type of polymers or end functionality). However,
the double functionalized and thus often amphiphilic copolymers require a good solvent to
prevent the formation of micelles, which can result in inhomogenous adlayers. Furthermore
the maximum grafting density depends on the repulsive forces between chains. Therefore,
the maximal chain density that can be reached is typically lower than with the “grafting from”
approach.
Extensive investigations have been published with the aim of understanding protein and other
(bio)molecule interactions with tethered polymer chain surface of varying chain density28, 29, 37.
Steric repulsion, excluded volume effects and attractive forces, e.g. hydrophobic and van-derWaals are key aspects70-72. Three types of adsorption have been defined: primary adsorption
the describing proteins that are able to diffuse through the brush and get strongly (usually
irreversibly) adsorbed on the surface of the underlying substrate, secondary adsorption on top
of the polymer layers; and ternary adsorption in which case the proteins remains in between
the polymer chains64. The degree of repulsion exerted by the polymer chains depends on
chain density and length as well as protein size. Protein adsorption of both single proteins and
serum has been shown to correlate with the number of monomer (EG) units per unit area, i.e.
the product of chain length and surface density37, 72-74 .

1-2.3.3. PLL-g-PEG
Poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) is a grafted copolymer with multiple
poly(ethylene glycol) chains coupled via amide to a poly(L-lysine) backbone (Fig. 7).
The poly(L-lysine) (PLL) backbone is a polyelectrolyte with amine groups that are positively
charged at neutral pH. The exact binding mechanism of PLL is not known but the molecular
modeling of L-lysine on a hydroxylated quartz surface75, gives prove to a preferred vertical
attachment through mainly electrostatic interaction and H-bond contribution of the positive
amine group in the ε-position (pKaε=10.67). The adsorption enthalpy of each L-lysine monomer
is approximately of the order of kT (reversible bond). Stable immobilization occurs via multiple
binding sites along the PLL chain76. However, a rotated conformation of the polyelectrolyte
has to be considered due to its steric conformation and thus not every L-lysine monomer is
expected to adsorb (approximately every eight lysine). The conformation of the polyelectrolyte
is changed with the grafted PEG chains that induce a stretching of the PLL-backbone depending
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Figure 7. Chemical structure of the copolymer poly(L-lysine)-graft-poly(ethylene glycol) copolymer (PLL-g-PEG). Poly(ethylene
glycol) chains are linked via amid chemistry to poly(L-lysine) (PLL). The amine groups of the PLL backbone are positively charged
at neutral pH and can interact electrostatically with negatively charged surfaces. Adsorption causes stretching of the PEG chains
into the solution and at sufficient PEG chain density, the coating prevents the surface from biofouling.

on the PEG grafting density77, 78. Moreover the electrostatic repulsion of the positive charges
at neutral pH induce a similar stretching effect that critically depends on the ionic strength of
the solution.
The polymerization degree of PEG and PLL chains as well as the number of grafted PEG
chains influence the assembly and adlayer properties of the PLL-g-PEG. Polymer structure
is characterized by molecular weight (Mr) of PLL and PEG and the grafting density (d) of the

PEG chains, the number of PEG chains divided by the number of L-lysine monomers. IUPAC
nomenclature was applied in this thesis with PLL-g-PEG ((a): (b) Mr; (x) d), where (a) and (b)

are the molecular weights of PLL and PEG and (x) is the PEG grafting density, for example

PLL-g-PEG (20 000: 2 000 Mr; 0.29 d). The polymer structure influence the formations of
the adlayer and thus the function of tethered poly(ethylene glycol) (PEG) chains to prevent

surfaces from biofouling, as previously described in “1-2.2.2. Synthetic non-fouling strategies”.
Angle-resolved XPS of PLL-g-PEG (20 000: 1 000, 2 000 and 5 000 Mr; 0.24, 0.29 and 0.29
d) adsorbed to Nb2O5 proved the assembly of PLL in the proximity of the surface with the

stretched PEG chains forming the outer part of the layer77. Adsorption experiments of PLL-gPEG have been reported for various negatively charged surfaces e.g. TiO2, Nb2O5, Ta2O5 and
tissue-culture polystyrene (TCPS) and low levels of adsorption during subsequent incubation
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in blood serum52, 73, 79.
A drawback of the purely electrostatic adhesion is the stability of PLL-g-PEG. The copolymer
desorbs at low pH due to charge reversal of the substrate (depending on its IEP) and at high
pH due to loss of the positive charge of the lysine units (pKaε =10.67)80-82.

1-3. Natural adhesives
Ideally, the surface modification should be permanent, which requires a very high binding
affinity of the coating material to the substrate. A covalent bond is favored, in view of its high
binding enthalpy in the range 40-800 kJ/mol. Recapitulating, an adhesive needs to have a
driving force towards the surface, where it has to interact with the surface atoms and anchoring
itself by the formation of a bond.
Up to now, nature has developed some outstanding adhesives. Examples include organism
such as barnacles and mussels that are able to stick to many substrates by secreting sticky
protein mixtures83-86. In order to resist biofouling or coating displacement one is interested in
similar strong adhesive at the interface between a protective layer coating and the substrate.
To this end, several research groups have been searching for and exploiting various biomimetic
adhesion schemes found in nature.

1-3.1. Mussel adhesive proteins
The attachment of mussels onto various substrates is remarkable, regarding the difficult
conditions in an aqueous environment such as sea water. In order to withstand the environmental
conditions, they developed a very sophisticated adhesion organ called byssus (Fig. 8). The
byssus of Mytilus edulis can be separated in a stem, the root that holds the byssus gland
and fine threads, which are attached to the stem. The threads can further be separated in an
adhesive pad that connects to the surface. The pad is compact, rigid and often brittle with a
granular structure; it is thick in the middle and rather thin on the outer edges. The pad is joined
to a cylindrical stiff, smooth part that makes up for approximately two thirds of the length of the
thread. The last third is flattened and less stiff with a corrugated surface; it is elastic enough to
extend the thread twice its original size. In scanning electron microscopy pictures a curling of
the threads was observed, which could be stretched out under the application of force. Finally
the thread ends in a ring or a cuff and is attached to the stem87.
The excellent chemical resistance and adhesion strength of the byssus has already been
investigated by C.H. Brown in 195288, 89. He already presumed the existence of an orthodiphenol in the sticky plaque. However, the extraordinary resistance of the byssus complicated
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Figure 8. Mussel adhesion via distal threads and adhesive pads attached to the substrate. The distal thread and the plaque
of the disc contains various mussel adhesive proteins (MAP’s). In case of Mytilus edulis the MAP’s are called Mytilus edulis foot
protein or short Mefp 1-5. The different types of Mefp are accumulated in different parts of the byssus, and have thus different
functions. Mefp 3 & 5 were mainly found in the plaque that binds to the surface, hence they are particularly interesting for
biomimetic approaches. The chemical interaction of plaque and substrate has been revealed by the study of peptide sequences
of the MAP’s.

an exact characterization.
J.H. Waite isolated and characterized the “polyphenolic protein” from the adhesive pads and
discovered a significant amount of 3,4-dihydroxyphenyl-L-alanine (L-DOPA) in the protein
structure. He also recognized an accumulation of L-DOPA in the disc (20x higher concentration)
comparing to the stem and the formation of a thin “polyphenolic protein”-sheath around the
central collagen fibrils bundles90.
Later, additional Mytilus edulis foot proteins, Mefp’s, have been discovered, with all of them
containing L-DOPA, some to a higher extent than others. This led to the hypothesis that
L-DOPA is part of the adhesive process.
Among the different polyphenolic proteins, also called Mefp, Mefp-1, has the highest molecular
mass, 130 kDa, and a rather high L-DOPA content of 11-18 mol%. It consists mainly of a
tandem repeat decapeptide sequence (AKPSYPPTYK) that is highly basic and hydrophilic
(Y=L-DOPA, P=trans-4-hydroxy-L-proline and P=trans-2,3-cys-3,4-dihydroxy-L-proline)91. The
second discovered protein, Mefp-2, has a mass of 42-47 kDa, contains 2-3 mol% DOPA and,
in comparison to Mefp-1, a lot more cysteine but no hydroxyproline92. Mefp-3 is the smallest
of the plaque proteins, it has a very high DOPA content and contains a high proportion of
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arginine or its hydrolyzed form; 4-hydroxy-L-arginine. This is an extraordinary observation
since hydroxyarginine was never found in primary protein structures before. In a sequence
with DOPA it was observed that the serine protease trypsin cleaves the Arg-DOPA bond but
not the HOArg-DOPA-bond. On the other hand, HOArg-X bonds with X being any primary
amino acid except DOPA are again unstable in presence of trypsin. The Mefp-3 family includes
approximately ten not yet sequenced variants, only the one sequence of the Mefp-3 F variant,
is fully known93. Mefp-4 (70-80 kDa) has a higher content of G, R, H and approximately 5 mol%
of DOPA83. Mefp-5 is the Mefp latest discovered. It contains the highest proportion of L-DOPA
(27 mol%) of all known proteins; it also contains high amounts of lysine, glycine and histidine.
The very high content of phosphate, in form of O-phosphoserine, is very interesting considering
that phosphoserines of other proteins are known to bind calcium or to a calcerous (calciumrich) mineral surface94.
The investigation of the mussel pads with MALDI-TOF shows mainly Mefp-3 and Mefp-5,
especially at the pad-substrate interface. This led Waite et al. suggest that only the Mefp-3 and
5 families are involved in adhesion and might work as adhesive primers and all the different
variants are probably specific for different substrates. The Mefp-1 is localized in the cuticle
that covered the outer surface of the byssus, where the mussel needs protection against
the environment. Mefp-2 and 4 are located in the bulk adhesive of the plaque, and there is
evidence that Mefp-2 is involved in the production of the foam like structure of the byssus
plaque.

1-3.2. Mussel adhesive proteins derived concepts
1-3.2.1. L-DOPA
The amino acid 3,4-dihydroxyphenyl-L-alanine (L-DOPA) (Fig. 9-1) is believed to be one of
the factors responsible for the chemisorption of the MAPs to substrates in (sea) water83, 84. It
has been suggested that the strong hydrogen interaction of the catechol side chains displaces
tightly bound water molecules from the surface95. The catechol group contributes also to
the strong chelating ability for metal oxides and metal ions, as for example the high-affinity
complexation with Fe(III) (50-75 Fe ions are bound per Mefp-1 molecule)96-98. The oxidation
of L-DOPA to ortho-quinone enables the molecule to undergo several cross-linking reactions.
This process was used to produce PEG-DOPA hydrogels99, 100. Different PEG-amine chains,
linear or branched were derivatized with DOPA that was then oxidized with horseradish
peroxidase and hydrogen peroxide or mushroom tyrosinase and oxygen100.
The surface affinity of MAPs have been investigated in the context of the adsorption of the
decameric Mefp repeating unit101 and selected peptides95, 99, 102 on Fe, Al2O3, Ge, steel, PMMA,

PE, PS and borosilicate. Replacing L-DOPA by tyrosine (as a control), caused a poor surface
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to mPEG and assembled on TiO2 surfaces46.

interaction and proved the role of L-DOPA (and the two hydroxy groups in ortho position) for
the adhesion process95.
The Messersmith group was first in exploiting biomimetic, DOPA-based approaches to prepare
non-fouling surfaces by coupling single or multiple DOPA groups to PEG-based polymers103. The
adhesion on TiO2 surfaces increased if multi-DOPA anchors were used, mPEG-DOPA1-3. Many
subsequent studies about both the adhesion of mussel adhesive proteins and the adhesion
synthetic L-DOPA on different surfaces have been reported104. However, comparatively little is
known about the mechanisms of adhesion, interfacial architecture and properties of catechol
functionalized polymers105.

1-3.2.2. Catechol derivatives
The excellent adhesion property of L-DOPA lead to investigations and applications of several
different catechol derivatives found in nature or prepared synthetically.
Anacat (Fig. 9-2) is a derivative of anachelin found in the cyanobacterium Anabaena
cylindrical106, 107, a member of the family of siderphores. Siderophores allow organisms the
uptake, transport and storage of Fe(III), which is present in sea water at very low levels (0.0531
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0.2 nMol/L)108-110. Although the binding mechanism of iron (III) is still unknown, the catechol
group is believed to play a keyrole since it can complex iron strongly. Anachelin acts as a
growth factor and can be separated in two different substructure, on one side the polyketide
part that inhibits the growth of green alga and on the other the chromophor that is inducing
cyanobacterial growth. In terms of adhesive molecules, the chromophoric part of the anachelin
is very interesting as it combines the catechol with a positive charge on the quarternary
nitrogen group, which is believed to avoid electrostatic repulsion. Anacat was coupled to a
methoxylated-PEG chain, in order to create a non-fouling surface when assembled on titania
surfaces46,111.
Four further catechol derivatives were also coupled to mPEG and compared with the mPEGanacat: mPEG-mimosine, mPEG-dopamine, mPEG-nitroDOPA and mPEG-L-DOPA. The four
catechol differ in charge, pKa-values, and stability against oxidation. Mimosine (Fig. 9-3) is an

amino acid where the structure contains not a catechol but a pyridon ring that is in equilibrium
with 2-hydroxypyridine. Mimosine is isolated from seeds and leaves of mimosoideae plants

e.g. Leucaena spp. and Mimosa spp112. Dopamine (Fig. 9-4) is a neurotransmitter received
by decarboxylation of DOPA with DOPA decarboxylase, it is the precurser of further
neurotransmitter; noradrenalin and adrenalin. Dopamine is used as medication for increased
heart rate and blood presssure, parkinson’s disease is caused by dopamine-deficiency112. In
case of mPEG dopamine the molecule is coupled via the amine resulting in a amide bond that
is no longer charged at neutral pH.
Finally dopamine and DOPA have been modified with a nitro group in the sixth position of
the catechol46, 113 (Fig. 9-5). The strong electron withdrawing NO2 group alters the pKa of

the hydroxy groups significantly and thus the assembly properties114. Moreover the stability
regarding oxidation is considerably improved by the nitro-group.
The positive mPEG-anacat, the neutral mPEG-dopamine, mPEG-Nitro-DOPA but also the
charged mPEG-mimosine have been absorbed on Nb2O5, SiO2 and TiO2 under different

assembly conditions. The adlayer thickness depends strongly on pH and IEP. Adsorption of
the polymers with pKa > pH was found to be best for a pH close to the IEP. MPEG mimosine

with pKa< pH behaved differently46, 111. Finally, anacat has the advantage (as well as nitrocatechols) not to be prone to oxidation an loss of functionality compared to simple catechols.

The same set of mPEG catechols plus additional catechol derivatives such as mPEGnitroDOPA, mPEG-hydroxydopamine were used for the colloidal stabilization of iron oxide
nanoparticles. MPEG-nitrodopamine and mPEG-nitroDOPA have been shown to provide
outstanding dispersion and colloidal stability of Fe3O4 nanoparticles. MPEG-dopamine and

mPEG mimosine were able to stabilize the particles115. Further adsorption studies have
been reported with 4-chlorocatechol114, 116, gallic acid or 3,4,5-trihydroxybenzoic acid117, both

adsorbed on TiO2 and showed similar adsorption properties as with pure catechol.
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Figure 10. Different proposed binding mechanisms of catechol on titanium oxide: 1) Dissociative adsorption describes the
coordination of the catechol by the elimination of two water molecules, 2) Molecular adsorption via two hydrogen bonds. The
dissociative adsorption can result in either mono- or bidentate binding. Monodentate coordination (3) involves only one hydoxy
group, while the other can form hydrogen bonds and additionally stabilize the complex. 4) For bidentate coordination the catechol
forms either a chelate complex, where both hydroxy groups bind to the same titanium atom or it forms a bridging complex with
each hydroxy group linked to a different titanium atom.

1-3.3. Catechol-surface binding mechanism
A broad range of catechols and catechol-functionalized polymers (e.g. DOPA-PEG) bind to
numerous inorganic and polymeric substrates, e.g. Au, Ag, Pt, Steel, Al2O3, Glass, Nb2O5, TiO2,

NiTi, PS, PE, PTFE, PDMS46, 118, 119. Two types of binding where observed for the different
substrates - reversible and irreversible binding.
On TiO2 (and probably other metal oxide substrates) the binding is strong but reversible (in

aqueous environment), the two vicinal hydroxy groups of the catechol can coordinate to the
metal and form complexes, e.g. Ti(IV)aryloxides120. The interaction to some polymers, e.g.
amine-presenting ones, were found to be of an irreversible binding type. Chemically or
enzymatically oxidized catechols; ortho-quinones have been demonstrated to react with the
amines of the polymeric substrates and form covalent bonds99, 121, 122. Primary and tertiary
amines were compared, while primary amines oxidized rapidly by redox exchange to a

“chrome”. Tertiary amines form electron-withdrawing quaternary ammonium substituents which
prevents oxidation to the ortho-quinone123. The same effect can be expected for the electronwithdrawing nitro- and 4-chlorodopa.
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Force-distance curves of single catechol binding events on titanum was measured with atomic
force microscopy (AFM). The reversible binding mechanism was observed with multiple
adhesion/detachment cycles of one catechol, an extremely high dissociation force of 805 ±
131pN was measured which results in a dissociation energy of 22.2 kcal/mol)
The coordinative TiO2 binding is further divided into dissociative adsorption (replacement
of the surface bond hydrogen) of the catchol ligand (Fig. 10-1) and molecular adsorption

(hydrogen bonds) (Fig. 10-2). Considering the first, various binding types are plausible, the
two hydrogen groups can coordinate in monodentate (Fig. 10-3) or bidentate manner (Fig. 104&5). Monodentate coordination involves only the dissociation of one hydroxy group, the other
can still form hydrogen bonds and bidentate complexation involves both OH-groups of the
catechol, which can bind either to the same (Fig. 10-4) or to two individual titanium centers
(bridging ligand) (Fig. 10-5).
Rodriquez et al. describes the coordinative binding mechanism of the catechol to TiO2 (anastase)
in aqueous solution124. The inner-sphere surface complex was generated by the substitution

of surface coordinated water. Two surface complexes were postulated, 1) bidentate and 2)
bidentate bridging. The bidentate, chelate coordination to one titanium atom (chelate) would
require seven coordination sites on titanium and thus did not apply. Moreover computational
studies (ab initio molecular orbital theory & density functional theory (DFT)) were performed
with catechol on titanium oxide (rutile & anatase) nanoparticles125. The model showed the
already described bidentate bridging complex but showed also the presence of a monodentate
complex, furthermore bidentate binding was preferred coordination type on Ti=O defects in
the surface. Further DFT calculations have been performed and compared with scanning
tunneling microscope (STM) and UV photoemission spectroscopy (UPS) measurements126. The
experimental data proved the generation of an ordered densely packed monolayer, whereas
the catechols are tilted by ±15-30° (angle-resolved UPS) with electronic states above the
TiO2 valence band edge. DFT calculations in combination with experimental findings provide
evidence for the co-presence of monodentate and alternating monodentate and bidentate
binding modes. The two binding structures can easily transform into the other via proton
exchange with the surface (barrier transition ≈0.21 eV).
The presence of the different surface complexes depends on pH and ionic strength124. In
general catechols adsorbed sufficiently at a pH < pKa1 (of the hydroxy group) to the TiO2 while

pH > pKa1 lowers the affinity of the catechol (pKa1=9.2, pKa2=13.0) because of the negative

charges.

The metal-charge-transfer transitions of catechol-TiO2-complex was measured with the UV/Vis

diffuse reflectance spectroscopy at 420 nm (a peak shoulder). The dissociative complex lead
to a red shift of the TiO2 excitation energy compared to molecularly adsorbed catechol, which

is comparable with the previously observed shift in the spectra124. Finally it was found that only
bidentate bound catechols introduce additional states in the band gap of TiO2126. Interfacial
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electron transfer of the catechol/TiO2 (anatase) complex is relevant to different applications
such as solar energy conversion, photoelectrochemistry, and artificial photosynthesis127.
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Ultrathin, Non-fouling Coatings Exploiting Biomimetic Surface Anchorage Concepts

Chapter 2

Scope of the thesis
2-1. Motivation
Natural adhesives perform strong adhesion on various substrates in aqueous environments
and thus are highly interesting for the adhesion of synthetic coatings. Protein mixtures have
been found to be involved in adhesion at the molecular level. The adhesion mechanism is
based on multiple binding sites and type of binding, depending on the composition of different
amino acids. Presumptions were made that the protein compositions are probably regulated
by the type of substrate98. Both features, the multi-site binding and the combination of different
anchoring groups/binding mechanisms are involved in the versatile attachment of natural
adhesives. The mimicking of this two feature, could lead to a synthetic coating with adhesive
properties that can compete with the ones generated by natural adhesives.
However the peptide sequences of adhesive proteins are complex and difficult to characterize.
Therefore investigations should be performed with a system of reduced complexity, so that the
effect of each binding moieties can be studied individually and in synergy, always involving
controlled multi-site binding.
Among the library of potential adhesive amino acids found in natural adhesives, the coordinative
and electrostatically binding mechanism of catechols and lysine, respectively was chosen as
suitable system as the binding of the individual moieties have already been investigated. We
hypothesized that the multiple binding of catechol/lysine mixtures will combine the advantages
of the electrostatically driven, spontaneous self-assembly and molecular organization of the
system on negatively charged surfaces with the high adhesion strength, kinetic inertness,
and expected long-term stability of the multivalent catechol-surface anchorage concept.
Furthermore the different assembly parameters will result in numerous experiments, and
requires a practical concept for the fast and efficient screening/measurement of the different
surface modification protocols.
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2-2. Specific objectives
1.

Synthesis of a multiple anchoring polymer coating in order to mimic natural adhesives.
Using PLL-g-PEG as starting compound for combinations of coordinative and electrostatic
binding with DOPA and lysine in one polymeric macromolecule.

2.

Screening of different surface modification protocols of the polymers, with different
lysine/catechol ratios. Experiments with various assembly parameters, were performed
in a specially designed platform for the parallel testing of numerous surface modification
protocols.

3.

Performance of the polymer adlayers was investigated with different stability tests,
exposure to solutions of high ionic strength and protein adsorption in order to determine
and compare the adhesion strength and stability of the coatings with PLL-g-PEG as
reference.

2-3. Organization of the thesis
The investigation of the adhesion properties of the different polymers under various condition
results in a large set of adsorption experiments and required a straightforward experimental
set up. Therefore a platform was designed for the parallel-testing and screening of the various
copolymers and assembly parameters on different substrates. PLL-g-PEG and fluorescein
isothiocyanate labeled fibrinogen (FITC-Fbg) were used for the validation of the device. The
design of the so-called surface modification device (SuMo Device) and validation are described
in chapter 4.
Next, two different polymer sets were synthesized, each containing six polymers with increasing
amount of catechols. The two sets differ in the length of the PEG chains that affects the polymer
structure and assembly. In order to reduce side reactions that do not involve the catechol
coordination, 3,4‑dihydroxyphenylacetic acid was used instead of DOPA. The synthesized
polymers were characterized with H-NMR and UV spectroscopy and described in chapter 5.
Finally the two sets of polymer were adsorbed under different conditions, temperature, ionic
strength of the assembly solution and adsorption time, different substrates, titanium oxide,
silicon oxide and gold. The stability of the polymer adlayers was tested with the incubation
in saturated salt solution (5.4 M NaCl), the exposure to fibrinogen (Fbg) and cyanobacteria.
The adsorption experiments were evaluated with ellipsometry, fluorescence assays and realtime in situ techniques such as optical waveguide lightmode spectroscopy (OWLS) and quartz
crystal microbalance (QCM). The results of the polymer adsorption and adlayer stability are
described in chapter 6.
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The conclusions of the data described in the three results chapters and the outlook on
future experiments and tests of the different molecules plus on the application of the surface
modification screening concept and SuMo device are finally summarized in chapter 7.
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Chapter 3

Materials & Methods
In this section we describe the different materials, procedures and techniques used for this
work and the suppliers. Then the synthesis such as the labeling procedure of the fluorecein
isothiocyanate marked fibrinogen (FITC-Fbg), the generation of PLL-g-(DHPAA; PEG)
polymer and the characterization is described, whereas the complete method is discussed in
chapter 5. Moreover the adsorption protocols of the polymers in the SuMo device are listed,
the SuMo device was specially designed to perform adsorption experiments in parallel and is
described in details in chapter 4. Finally the read out techniques are described, ellipsometry
(ELM), microarray scanner, optical waveguide lightmode spectroscopy (OWLS), quartz crystal
microbalance (QCM) and X-ray photoelectron spectroscopy (XPS).

3-1. Materials
3-1.1. Substrates
Silicon wafer slides from POWATEC GmbH, Hünenberg, Switzerland and microscopic glass
slides from Menzel GmbH & Co, Braunschweig, Germany were used as substrates, both types
with dimensions of 76 x 26 mm2. Optical waveguide chips with a Si0.75Ti0.25O2 waveguiding
layer were purchased from MicroVacuum Ltd., Budapest Hungary. Quartz crystal sensors with

silicon coating were received from Q-sense (Q-sense, BiolinScientific, Sweden).
Substrates were coated with a thin TiO2, SiO2 or Cr (adhesive layer 3 nm) and Au layer applied

by reactive magnetron sputtering (PSI Villigen, Switzerland), with a coating thickness of 15 to

50 nm for the silicon wafer and glass slides and 6 nm for the waveguide chips.
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3-1.2. Substrate cleaning procedure

The substrates were sonicated for 10 minutes each in toluene and twice in 2-propanol and
dried under a stream of nitrogen. Subsequently, they were treated with oxygen RF plasma
for 2 minutes (Plasma cleaner/sterilizer PDC-32G, Harrick scientific products Inc. NY US;
Pressure ≤ 0.025 mbar, Power: 100 W) or with UV-Ozone cleaner (Boekel Industries, Inc.
Model no. 135500) for 30 min and then immediately assembled in the SuMo device128.

3-1.3. Chemicals
Water of a Milli-Q system (Millipore, 18.2 Ω, TOC ≤ 5 ppb) was used for all experiments. Nitrogen
of purity ≥ 99.999% was purchased from PanGas, Dagmarsellen, Switzerland; NaCl (99.5%)
from J.T.Baker, Holland; 2-Propanol, Lichrosolv, for gradient grade chromatography from Merck,
Darmstadt, Germany; Toluene, 99.8% for HPLC from Acros Organics, VWR International Inc.,
West Chester PA, US. Buffer: 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES,
Mw: 238.30 g/mol) was purchased from Fluka Chemie AG, Switzerland. Buffer preparation:

HEPES 1 (10 mM HEPES, pH = 7.4), HEPES 2 (10 mM HEPES, pH = 7.4, 150 mM NaCl).
Protein: Fibrinogen from human plasma, 35 - 65% protein (~95% of protein is clottable), SigmaAldrich Co. PLL-g-PEG: poly(L-lysine)-graft-poly(ethylene glycol), used polymer architectures:
PLL(20)-g[3.8]-PEG(5), PLL(20)-g[3.5]-PEG(2) and rhodamine labeled PLL(20)-g[3.3]-PEG(2)
(3% rhodamine), whereas the notation of PLL(x)-g[y]-PEG(z) represents the molecular weight
of PLL HBr (x) and PEG (z) in kDa and the grafting ratios g [y], representing the numer of L-lysine
monomers divided by the number of PEG side chains, SuSoS AG, Dübendorf, Switzerland.
Two PLL-g-(DHPAA; PEG) sets with different PEG chain length (with a Mr PEG of 2000 and

5000) were prepared as described in chapter 4. Each set contains six polymers with varying
DHPAA grafting density up to complete grafting of all amine groups.

3-1.4. Fibrinogen labeling procedure
Fibrinogen (40 mg, from human plasma, 35-65% protein (~95% of protein is clottable), SigmaAldrich Co.) was diluted in sodium carbonate buffer (8 mL, 50 mM, pH = 9.0). Fluorescein
isothiocyanate isomer 1 (0.25 mg, FITC, ≥90% HPLC, Fluka AG, Switzerland) dissolved in
dimethyl sulfoxide (200 µL) was slowly added to the Fbg solution under continuous stirring and
allowed to react for 1.5 h in the dark. The labeled protein was then dialyzed (Spectra/Por Dialysis
membrane: MWCO: 3’500, solvent: MQ-water, 4 x exchanged) for 18 hours and subsequently
freeze-dried (Alpha 1-2 LD plus, Martin Christ Gefriertrocknungsanlagen GmbH, Germany).
Yield: 30 mg of fluffy yellow powder. UV/Vis-Spectroscopy (Cary 1E instrument, Varian, Inc.,
USA): the absorbance of a 0.1 mg/mL FITC-Fbg solution measured at λmax(Fbg)= 280 nm was
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0.2170 and the absorbance of FITC at λmax (FITC) = 490 nm 0.2271 (extinction coefficient of

77 000 M-1cm-1), corresponding to a statistical labeling rate of 11 FITC per Fbg.

3-2. Synthesis
3-2.1. PLL-g-PEG starting copolymer
Poly(L-lysine)-graft-poly(ethylene glycol) (20 000: 2 000 Mr; 0.29 d) and poly(L-lysine)-graftpoly(ethylene glycol) (20 000: 5 000 Mr; 0.33 d) abbreviated in the following as PLL-g-PEG (2)

of (5), Surface Solutions AG, Dübendorf, Switzerland. The notation in the brackets ([x]: [a] Mr;

[a] d) represents the molecular weight (Mr) in g/mol of PLL-HBr [x] and PEG [a], respectively,

while [a] d, represents the grafting density of PEG [a] (dPEG) corresponding to the number of

PEG side chains divided by the number of L-lysine monomers, which is equal to the inverted
grafting ratio 1/g.

3-2.2. PLL-g-(DHPAA; PEG)
Six different graft copolymers poly(L-lysine)-graft-(3,4 dihydroxyphenyl acetic acid;
poly(ethylene glycol)) in the following abbreviated as PLL-g-(DHPAA; PEG) ([b] dDHPAA) were

synthesized, according to the protocol given below for one representative copolymer, for each

architecture PLL-g-(DHPAA; PEG) (20 000: 168: 5 000 Mr; [b]: 0.27 d) and PLL-g-(DHPAA; PEG)

(20 000: 168: 2 000 Mr; [b]: 0.29 d). The six polymers of each set differed only in the DHPAA
grafting density [b] dDHPAA, which was varied between 0 and 0.7, whereas the grafting density
of PEG [a] dPEG remained constant at a value of 0.29 and 0.27. Polymers with the different

grafting densities were achieved by varying the concentration ratio of DHPAA/PLL-g-PEG in

the synthesis. The exact composition of the two polymers is listed in table 1 and 2 in chapter 4.

3-2.3. Synthesis of PLL-g-(DHPAA; PEG)
A solution of PLL-g-PEG (20 000: 2 000 Mr; 0.29 d) (1.2 mL, 0.410 mM, 64.2 kDa) in HEPES 2
buffer (10 mM, pH= 7.4 and 150 mM NaCl) was prepared in a glass beaker and agitated

with a magnetic stirrer. N-ethyl-N’(3-dimethylaminopropyl) carbodiimide (0.25 mL, 1 M, EDC,
155.24 g/mol, Fluka Chemie AG, Switzerland) and N-hydroxysuccinimide (0.25 mL of a 1 M,
NHS, 115.09 g/mol, Fluka Chemie AG, Switzerland) separately dissolved in MQ water (0.25 mL
each), were then mixed and immediately added to a solution of 3,4-dihydroxyphenyl acetic
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acid (179.6 mM, DHPAA, 98%, Mw: 168.15 g/mol, ABCR GmbH & Co, Germany) in MQ-water

(1 mL). This mixture was then added drop wise to the well-stirred PLL-g-PEG solution and kept

at room temperature for 18 h. The polymer was dialyzed (Spectra/Por MWCO: 12 000-15 000)
against MQ-water (4 L) that was exchanged 3 times. The final polymer solution was freezedried. Yield: 40.7 mg of a slightly yellowish fluffy powder. 1H NMR (500 MHz , D2O, ppm): 7.40

(s, 1H, DHPAA arom. on PLL N-terminus), 7.3 (q, 2H, DHPAA arom. on PLL N-terminus), 6.7
(q, 88H, arom.)), 6.6 (s, 44H, arom.), 4.2-3.8 (m, 96H, -HN-CH(CH-)-CO-), 3.7-3.4 (m, ≈4800H,
-O-CH2-CH2-O-), 3.3 (s, 84H, -CH2-CH2-O-CH3), 3.0 (m, 144H, -CH2-CH2-N-CO-), 2.7 (m,
48H, -CH2-CH2-NH2), 2.3 (m, 27H –CO-CH(CH3)-O + 88H –C(arom.)-CH2-CO-NH-), 1.7 (m,
144H –O-NH-CH2-CH2-CH2-), 1.6 (m, 48H, NH-CH2-CH2-CH2), 1.35 (m, 192H, -NH-CH2CH2-CH2-CH2-), 1.0 (d, 3H, -O-CH(CO-HN-)-CH3).

3-3. Adsorption experiments
3-3.1. Design and assembly of the surface modification device
The surface modification device (SuMo device)128 has been designed to work with standard
microscopy slides (planar glass slides 26 x 76 mm2) or other flat substrates of equal dimension.
To assemble the device, a 3 mm thick silicone sealing (VMQ elastomer, semitransparent, Angst
& Pfister, Switzerland), containing a square grid of 5 times 16 holes (a total of 80) at a distance
of 4.5 mm and with a diameter of 3 mm, is placed on top of the substrate slide. The sealing is
held in place by an aluminum frame consisting of a base and a lid plate (with the same holegrid) and four screws. Each test well has a volume capacity of 20 µL. In order to prevent the
test solutions of drying out, a second lid with an additional silicone sealing can be placed on
top of the wells. The five wells on each side of the grid (column 1 and 16) are marked for later
correct alignment in the ellipsometer and thus only 70 wells are used for experiments.
Prior to the first use, the silicone sealings were solvent extracted to remove the low molecular
weight components of the silicone elastomer, which could diffuse onto the substrate and
negatively interfere with the experiments35. The sealings were immersed in 150 mL toluene
(98% HPLC quality, ACROS) for three days with six toluene exchanges until the residual mass,
after the evaporation of the solvent, was found to be below 5 mg in 150 mL. The toluene
solution was then replaced by 150 mL acetone (99.5%, Fluka, Switzerland) for another night
and then exchanged twice (residual mass < 1.5 mg). Finally the sealings were immersed in
absolute ethanol to remove acetone and dried in a vacuum oven (60 °C, 10 mbar) over night.
The design and the validation of the SuMo device is described in detail in chapter 4.
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3-3.1.1. Polymer adsorption experiments in the SuMo device

For the polymer adsorption experiments each well of the assembled SuMo device was filled
with 20 µL of the polymer solution and incubated under the appropriate conditions. Adsorption
experiments at higher temperatures were performed by placing the complete SuMo device in
an oven (Bioblock Scientific, #45001). The wells were then rinsed with MQ water before the
disassembly, followed by a rinse in MQ water afterwards and blow-drying with nitrogen.

3-3.1.2. FITC-Fbg adsorption in the SuMo device
Fluorescein isothiocyanate labeled fibrinogen (FITC-Fbg) is diluted in HEPES 2 buffer at a
standard concentration of 0.1 mg/mL. The incubation is either done by filling the wells of the
surface modification device with 20 µL FITC-Fbg solution (0.1 mg/mL in HEPES 2) per well
or by the immersion of the total substrate in 15 mL FITC-Fbg solution. The incubation was
performed in the dark for one hour, if not mentioned differently. Afterwards the substrate was
extensively rinsed with MQ-water and dried under a stream of nitrogen.

3-3.2. Fouling test with FITC-Fbg
The complete slide was immersed in filtered (Minisart, cellulose, pore size: 0.2 µm, Sartorius
Stedim Biotech, Aubagne Cedex, France) FITC-Fbg solution (15 mL, 0.1 mg/mL, in HEPES 2
(10 mM, pH= 7.4, 150 mM NaCl)). One of the wells was not exposed to the polymer solution
and protected from FITC-Fbg adsorption by local application of a scotch tape; this well served
later as a “zero” reference (black background) for the quantitative fluorescence measurements.

3-3.3. Evaluation of inhibition of aquatic biofouling
Microscopic glass slides with the different polymer coatings were placed in plastic Petri dishes
(10 mm x 900 mm), and sterile Zehnder medium for cyanobacteria129 was added to fill two
thirds of the Petri dish. The medium was then inoculated with a growing culture of the biofilm
forming cyanobacterium Lyngbya sp. EAWAG 140. The cultures were incubated at room
temperature under light from fluorescent tubes with light/dark cycle of 12:12 h for a period
of 16, 28 and 100 days. For the 100 days experiment, sterile Zehnder medium was added
after 70 days to compensate for evaporation. After the incubation period, the slides were first
dipped in Zehnder medium to remove excess of cyanobacteria and then dried with a stream of
N2. Microscopic pictures were taken with an inverted microscope Leica DMI4000B equipped

with a Leica DFC290 camera (Leica Microsystems GmbH, Wetzlar, Germany). Fluorescent
pictures of the plate at 650 nm were obtained with a microarray scanner GenePix 4000B from

Axon instruments/molecular devices/MDS Inc. (Sunnyvale, CA, U.S.A.).
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3-4. Methods/Instruments

3-4.1. Chemical characterization
NMR experiments were performed with a Bruker 300 MHz and 500 MHz spectrometer (Bruker
Corporation, Billerica, MA, U.S). High temperature experiments were performed in D2O at 335 K.

All spectras were evaluated with MestreC Nova software (Mestrelab research SL, Santiago del

Compostella, Spain). The UV/VIS adsorption was measured with a CARY 1E spectrometer
from Varian Inc. (Agilent technology Inc., Santa Clara CA, U.S.). The measurements were
always performed in one-way semi-micro plastic UV cuvettes (Plastibrand, Brand GmbH & Co.,
Germany) 1 cm lightpath against a reference of the sample media (e.g. HEPES 1, MQ-water),
scans were performed from 200-600 nm with a SWB= 2.0 and 1 nm steps.

3-4.2. Ellipsometry
A spectroscopic microspot ellipsometer, SE850 (microspot focus approx. 200 µm spot size)
from Sentech Instruments GmbH (Berlin, Germany) was used to measure the layer thickness
of the adsorbed polymers and Fbg. Amplitude (Ψ) and phase (Δ) of the polarized light were
measured at a single angle of 70° and in a spectral range of 350 - 900 nm. Each of the 70 wells
was measured in the following sequence: Bare TiO2-coated silicon substrate, after polymer
coating, and after Fbg incubation.

The Ψ and Δ curves were then fitted using the SpectraRay software (Version #5728, Sentech
Instruments GmbH), applying the following multi-layer model: a) 1 mm silicon (111, Jellison130);
b) 2.3 nm silicon oxide (Sellmeier layer, coefficients: A1 = 1.357230, A2 = 0, A3 = 1.3590120,
B1 = 0.0064010 µm2, B2 = 0 µm2, B3 = 93.2036440 µm2); c) Titania (Tauc-Lorentz formulation
for the dielectric constants (ε1 and ε2) with a band gap Eg = 3.1915 eV, peak transition energy

E0 = 5.5994 eV, broadening parameter Γ= 8.3757 eV, factor A = 540.3 eV); d) Polymer (Cauchylayer, n = 1.45, k = 0.01 for λ = 300-900 nm); e) Fibrinogen (Cauchy-layer, n = 1.46, k = 0 for

λ = 300-900 nm)); f) Air (n = 1.000). The optical parameters (n, k) of the titania layer were first
fitted using the data of the bare TiO2, and then kept constant during fitting of the polymer and
protein layer thicknesses.
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3-4.3. Fluorescence read-out

Methods/instruments

Fluorescence microarray scanner Tecan LS (Tecan AG, Switzerland, pixel resolution: 10 µm‑2,
2 scans), ArraywoRx from Applied Precision® (Resolution of 15.08 µm pixel-1, Exposure: 0.4 s-1)
or Axon GenePix 4100A (Molecular Devices Inc., Sunnyvale, CA, U.S., pixel resolution: 10 µm2

) was used to measure the adsorbed FITC-Fbg (Cy3 filter, Ex543/ Em575 nm). The images

were processed with IgorPro software (IgorPro, version 5.01 Carbon, WaveMetrics, Inc., USA);
the 8-bit RGB tiff file was imported and the gray value of the green channel (in case of FITC)
displayed. The average gray value of each spot was then evaluated by a grid of circles (5 rows
and 14 columns) that was fitted on the SuMo device spots (>2 000 pixels per circle depending
on the spot or the picture size). All gray values of the pixels located inside each circle were
taken to determine the average gray value of the corresponding spot. The average gray values
and standard deviations of each circle or spot were finally plotted in a table. Additionally, a
threshold value was set in order to prevent high intensity peak errors caused by agglomerates
of Fbg or dust particles. It was fixed at 110% of the average gray value measured for the most
intense spot on the slide (determined in a first evaluation without threshold set); for example, if
150 was the highest measured gray value, the threshold was set at 165.

3-4.4. Optical waveguide lightmode spectroscopy (OWLS)
Optical waveguide lightmode spectroscopy (OWLS, Micro Vacuum Ltd. Budapest, Hungary)
is a label-free, grating coupler biosensor technique for the in situ investigation of molecular
adsorption, by measuring the shift of the in-coupling angle, which is caused by changes of the
refractive index at the sensor-solution interface. All adsorption experiments were performed
at 25 °C on titanium oxide-coated (6 nm) optical waveguide sensors (Micro Vacuum Ltd.,
Budapest Hungary).

3-4.4.1. Comparison of OWLS and ellipsometry data
The dry thickness values measured by ellipsometry correlated reasonably well with the
adsorbed mass per area measured in OWLS (Fig.11), confirming earlier findings published
by Feuz et al.77. The calibration curve allows us to transform the ellipsometry thickness values
into adsorbed mass per unit area, assuming a homogenous polymer film with a density
corresponding to dry PEG (1.17 g/mL) neglecting the minor contribution of the PLL/DHPAA
parts of the polymer.

3-4.5. Quartz crystal microbalance (QCM)
Similar to OWLS is QCM also a label-free technique, hence it is not based on light but on
changes of the resonant frequency shifts of an oscillating quartz crystal caused by the
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Figure 11. Correlation between the in situ adsorbed mass of the seven PLL-g-(DHPAA; PEG) copolymers, measured by OWLS
(dry mass), with the thickness determined by ellipsometry in air. Polymer adsorption was performed at a concentration of 0.1 mg/
mL in HEPES buffer with a concentration of 1, 10 or 100 mM and at room temperature (ellipsometry) or 25 °C (OWLS).

adsorption on its interface. Furthermore the dampening of the frequency gives a hint of the
rigidity/softness and thus water content of the adlayer, measured with the energy dissipation. All
measurements were performed with the QCM-D E4 instrument from Q-sense (BiolinScientific,
Sweden) on silicon coated quartz crystals (Q-sense, BiolinScientific, Sweden) under constant
flow (50 µL/min, peristaltic pump ICP-N4, Ismatec SA, Switzerland). The flow cells were rinsed
with 0.1 M NaOH to remove the Fbg and Roche cleaning detergent (F. Hoffmann-La Roche
Ltd, Switzerland), MQ-water and ethanol (puriss). The mass is calculated with the Saurbrey
equation131 from the 3th and 5th overtone.

3-4.6. X-ray photoelectron spectroscopy (XPS)
All XPS spectra were collected with a SIGMA 2 Probe Thermo Instrument (Thermo Fisher
Scientific Inc., UK) equipped with a multichannel detector (7 channels) and an Alpha 110
hemispherical analyzer. The measurement was performed with an Al Kα source (1486.6 eV),
at 300 W, positioned 40 mm from the sample surface and with a large aperture diameter
of 400 μm. Survey and high-resolution detail spectra (C 1s, N 1s, O 1s, Si 2p, Ti 2p) were
recorded with 1 eV/step, 50 ms, 50 eV pass energy, and 0.1 eV per step, 50 ms, 25 eV pass
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energy, respectively. Data were analyzed with the CasaXPS software [version 2.3.15, www.
casaxps.com]. The aliphatic hydrocarbon C 1s signal at 285.0 eV was used as reference
and the signal peaks were fitted with Gaussian-Lorentzian product functions and MarquardtLevenberg optimization algorithm following Shirley iterative background subtraction.
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Ultrathin, Non-fouling Coatings Exploiting Biomimetic Surface Anchorage Concepts

Chapter 4

Design of a Surface Modification device
4-1. Introduction
The increasing diversity of ultrathin films/coating application requests for new surface
modification protocols and systematic testing of numerous experimental parameters related
to the surface immobilization process and the stability of the coating, e.g. type of substrates,
coating candidates and physico-chemical binding approaches of different binding moieties.
This large set of parameters requires numerous time-consuming experiments. It is therefore
technically and economically very attractive to use parallel and automated schemes for
the rapid testing of the many relevant surface modification parameters and the systematic
optimization of coating protocols132-134.
In this chapter we describe first how such a rapid testing platform was designed and then the
validation that was performed to prove the concept and functionality of the new device. The
major part of data described here was published in “Progress in Organic Coatings”128. Initially,
we evaluated different screening techniques that have been presented in the literature (Fig 12),
which could potentially be used for the fabrication of the surface modification device135. Since
our aim is to develop a device for the testing of solution-based self-assembly processes,
microdroplet spotting (Fig. 12A) is not a generally applicable method, because of the frequent
need for extended assembly times and the problem of drying73. Although microfluidic devices
(Fig. 12B) provide good control of the process parameters and the possibility to screen different
materials and reactions136, 137, they have the drawback of rather complex designs, expensive
fabrication and limitations in the choice of the read-out techniques. Furthermore, the restricted
choice of materials likely limits the range of conditions/parameters that can be tested138. The
dipping process (Fig. 12C) involves many process steps (e.g. substrate cleaning, incubation,
rinsing, drying) which are difficult to perform in parallel and the preparation is material and
time-consuming. Moreover, the handling of single chips makes the experiment more sensitive
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A
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D
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Figure 12. Various types of surface modification techniques in the context of array based platforms. A) Spotting, B) microfluidic
device, C) dipping and D) well plates.

towards contamination and statistical variations of the conditions.
The screening platform presented in this work was specifically designed to enable parallel testing
of different compounds towards their substrate affinity and their potential suitability for liquidbased surface functionalization. Various types of substrate materials and different adsorption
conditions, such as pH, temperature and ionic strength should easily be implemented. In order
to efficiently characterize the formed adlayers, the surface modification device (SuMo device)
had to be compatible with well-established, efficient and preferentially quantitative surface
analysis techniques, such as ellipsometry and fluorescence microscopy.

4-1.1. Set up of the surface modification (SuMo) device
The SuMo device was designed similarly to a microwell plate (Fig. 12D) with an exchangeable
substrate in the dimension of a microscopy glass slide (26 x 76 mm2) (Fig. 13). Every single
well has a surface area of 7 mm2 and requires a working volume of 20 microliter in its standard
configuration. The distance between the wells is set to be 4.5 mm, this is half the dimension
of the commercially available 96 wellplates and makes it easy accessible with a multichannel
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Figure 13. Picture and Schemes of the surface modification (SuMo) device. A) Disassembled SuMo device B) Assembled
device C) Single parts of the device: lower aluminium base plate, substrate (here a microscopic glass slide), silicone sealing and
aluminium lid plate. D) Scheme and dimensions of the lower and upper aluminum plates (blue) and the yellow substrate covered
by the grey silicone rubber sealing. E) Cross-section through one of the wells filled with solution by a micropipette.

pipette or a pipetting robot.
The developed SuMo device was validated using the grafted copolymer poly(L-lysine)-graftpoly(ethylene glycol) (PLL‑g‑PEG), which is known to adsorb electrostatically to negatively
charged surfaces such as TiO2, Nb2O5, SiO2 and TCPS52, 73. Furthermore, adlayers of PLL‑g‑PEG

with suitable molecular structure have been proven to render the substrate nonfouling, i.e.
resistant against non-specific adsorption of biological moieties such as proteins, cells and
bacteria73, 63, 139.
The broad application range of PLL-g-PEG and the available quantitative knowledge about its
structure/property relationship, but also the lack of stability under high ionic strength or high/
low pH conditions makes this copolymer a good candidate of a model coating for the SuMo
device validation73, 79, 81, 82.
The general protocol using the SuMo device covered the following steps (Fig. 14): (A,B)
formation of polymeric coatings by self-assembly from solution in the individual wells (with
potential variations in type of molecule/polymer and immobilization conditions); (C) potential
exposure of the polymer adlayer to specific media to determine adlayer stability; and (D) test
of the non-fouling property by incubation in a protein solution (single protein such as fibrinogen
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A Adsorption of polymer

B Polymer monolayer

C Stability test

D Fibrinogen adsorption
Figure 14. Scheme of the sequential steps in the use of the SuMo device. Adsorption of the polymer solutions (one or different
polymers) under specific assembly conditions, e.g. temperature, pH, time or using polymers with different binding moieties (A).
After the formation of an adlayer, the residual polymer in solution is removed by extensive rinsing of all wells (B). Treatment of
all or only a fraction of the polymer adlayers with solutions (ionic strength, pH, etc.), to test the stability of the polymeric coating
under specific conditions (C). Finally the presence and functionality of the PEG-copolymer (as used in this work) is investigated
by testing its non-fouling properties in contact with (fluorescence dye labelled) fibrinogen and evaluated by the measurement of
the fluorescence intensity or ellipsometry after rinsing (D)

solution or blood serum) and readout of the adsorbed protein layer thickness by ellipsometry
and/or fluorescence intensity measurement thus testing the quality, stability and integrity of
the polymer coating. Each step (A-D) was followed by a rinsing step to remove the excess or
degraded polymer and salts.

4-2. Validation of the SuMo device
4-2.1. Contamination test of the silicone sealing
The formation of ultrathin adlayers requires a process where contamination is limited to a
minimum. The low adsorbed mass values involved in the assembly process of ultrathin films
require a very clean environment in order to obtain reliable and reproducible results. Regarding
the set up of the SuMo device, assembly solution is in constant contact with the silicone. Thus,
the sealing is the most critical part in terms of contamination caused by the SuMo device,
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Figure 15. Silicone contamination experiment: In order to detect contamination caused by the silicone sealing. Eight 1x1 cm2
silicone pieces and one Kalrez piece were incubated in 2 mL HEPES 2 or MQ-water, together with 1x1 cm2 TiO2 (22 nm) coated
silicon wafer pieces for 3 h. Some of the sealing squares were previously cleaned in isopropanol or toluene (Table). The wafer
pieces were then analyzed with XPS and the silicon and carbon content were detected. The right graph (A) shows the silicon 2s
spectra of all samples and on the left (B) the carbon 1s/titanium 2p ratio of all the samples.

especially since it is known that even well cross-linked silicone or PDMS polymer still contains
a certain amount of monomers or oligomers140.
The investigation of the contamination caused by the silicone sealing was performed by the
incubation of eight silicone (VMQ elastomer, semitransparent, Angst & Pfister, Switzerland)
pieces (1x1 cm2) together with titanium oxide coated silicon wafer pieces (1x1 cm2) in 2 mL
MQ water and HEPES 2 buffer (10 mM, pH=7.4, 150 mM NaCl) shaked (150 min-1) for 3 h at
room temperature. The sealing were in the same solution but similar to the SuMo device set
up, not in direct contact with the surface. Additionally eight more silicon wafer chips (1x1cm2)
were incubated in the same solution without silicone sealing piece as references. The chips
were then rinsed to remove the salts, dried with nitrogen and then measured with XPS. The
different cleaning solvents and the incubation solution are listed in the table in Fig. 15. It shows
further the silicon 2p signal of all substrates (Fig. 15A), though the Si content is below the S/N
ratio. The carbon content is displayed in Fig. 15B, whereas the C/Ti ratio of the silicone sealing
samples were directly compared with each reference (Si-wafer incubated in solution without
silicone sealing). A carbon contamination is visible in both, samples and references and it is
slightly higher in case of the wafer incubated with silicone rubber, but the same increase was
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Figure 16. Dipping method versus SuMo device process. A) Adlayer thickness of different concentrated PLL-g-PEG solutions
(0.001 - 0.1 mg/mL HEPES 1, 1h at RT) performed with the dipping () and SuMo method (). B) Adlayer thickness of the
subsequently adsorbed FITC-Fbg (0.1 mg/mL HEPES 2, 1h, RT) performed with dipping () or SuMo device () method and
plotted against the concentration of the previous adsorbed PLL-g-PEG solutions.

also observed for number 10, that was a chip incubated without rubber sealing pieces.

4-2.2. Comparison with the dipping method
The functionality of the SuMo device was further tested using aqueous solutions of PLL(20)g[2.5]-PEG(5) at different concentrations and in a second incubation step, FITC-Fbg solution.
The results were directly compared with the dipping method of 1x1 cm2 titania coated silicon
wafer chips. Both experiments were performed in parallel and under exactly the same
experimental conditions (concentration of macromolecule and adsorption time). The adlayer
thicknesses were determined by spectroscopic ellipsometry in both cases and are plotted in
Fig. 16A and 16B as a function of PLL-g-PEG solution concentration. The measured PLL-gPEG layer thickness in case of the device method varied from 0.15 nm at a concentration
of 0.001 mg/mL up to 1.35 nm at 0.1 mg/mL (Fig. 16A) (assembly time: 60 min), resulting
in submonolayer polymer coverages for the more diluted solutions. The adsorbed Fbg layer
thickness after the second incubation step with a 0.1 mg/mL FITC-Fbg solution (in HEPES 2)
correlates with the polymer coverage. Whereas the Fbg adsorbed layer thickness is 5 nm on
the blank substrate, it decreases with increasing PLL-g-PEG coverage as expected (Fig. 16B).
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Figure 17. FITC gray value of adsorbed FITC-Fbg as a function of PLL-g-PEG solution concentration. PLL-g-PEG was
previously adsorbed from different concentrated solutions (0.001-0.1 mg/mL in HEPES 1), on the titania-coated (15 nm) silicon
wafer assembled in the SuMo device. In a second step, the silicon wafer slide was completely immersed in a 0.1 mg/mL FITCFbg solution (in HEPES 2) and incubated for 1 h at room temperature. The fluorescence gray value was measured with the
microarray scanner (FITC filter 506/529 nm, exp. 0.5 s).

Furthermore, FITC-Fbg ELM thickness data were found to correlate with the fluorescence
intensities measured with the microarray scanner (Fig. 17 and 18).
The quality of the adlayers (as measured by their ellipsometric thickness) generated in the
SuMo device matched well with the ones of the single reference chips. A further improvement
in efficiency could be obtained by the application of a fluorescence read out of the entire
well plate. Ellipsometry and fluorescence read out data were consistent in showing the same
adsorption trends, i.e., low Fbg coverage on a confluent (saturated) PLL-g-PEG monolayer
and increasing Fbg coverage with decreasing PLL-g-PEG coverage as previously reported
for this coating system141. In terms of read-out reproducibility, the standard deviation of ± 0.15
nm and ± 2.3 absolute FITC gray value correspond, respectively, to a variation of 3.0 % and of
4.0 % with respect to the measured values for the saturated FITC-Fbg layer.

4-2.3. Comparison of the different readout techniques
In order to quantitatively calibrate the microarray scanner data, we compared the latter with
ellipsometry and adsorption data using in situ optical waveguide lightmode spectroscopy (OWLS).
57

Design of a Surface Modification device

A

#

2

3

4

5

6

7

8

9

10 11 12 13 14 15

A
B
C
D

C

200

120

Scanner
OWLS

150

90

100

60

50

30

0

0

1

2

3

4

ELM thickness [nm]

5

6

Mass [ng cm-2]

B

Average FITC gray value [ABS]

E

0

Figure 18. Comparison of different read out techniques with the adsorption of FITC-Fbg solution in different concentrations on
TiO2 coated glass slides (microarray scanner), waveguides (OWLS) or silicon wafer (ellipsometry). The protein coatings were
analyzed with OWLS, ellipsometry and the FITC intensity with a microarray scanner (A&B) and then compared (C)

To this end a stock solution of FITC-Fbg (1 mg/mL) was diluted to cover a concentration range
of 0.001 – 0.5 mg/mL in HEPES 2 buffer. To measure the protein adsorption, titania-coated
substrates (silicon wafers or glass slides for the SuMo device, waveguide chips for OWLS)
were incubated for 30 min at room temperature with the FITC-Fbg solutions. Fluorescence
signals of the microarray scanner images varied as function of the solution concentration
between 30 ± 2.3 and 216 ± 4.3 absolute average gray values (Fig. 18A & 18B). The
average gray values were compared with the ellipsometry thickness measured (ranging from
0.52 ± 0.08 nm to 5.30 ± 0.10 nm) on the same silicon slide as well as with the results of the in
situ adsorbed mass on the OWLS sensors for the same range of protein solution concentration
(Fig. 18C). The coverage obtained by OWLS for the different fibrinogen solutions ranged from
46 to 540 ng/cm2. When the three methods are compared with respect to the adlayer formation
obtained as a function of FITC-Fbg solution concentration, the fluorescence readout provided
results that show the same trend as obtained with the ex situ ellipsometry and in situ OWLS
(Fig. 19). However the fluorescence values are consistently lower which is possible due to
quenching effects within the FITC-Fbg layer and with the TiO2 coated substrate142.
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Figure 19. Normalized FITC intensities after exposure to differently concentrated FITC-Fbg solutions (0.01-0.5 mg/mL) in
HEPES 2 for 30 min at room temperature. The adsorbed layers were measured by ellipsometry (), microarray scanner () and
in situ with OWLS (). The data were fitted with an exponential decay function (f(x) = A + BeCx) and the values obtained at 0.5
and 0 mg/mL were used to normalize the data to 100% and 0%, respectively.

4-2.4. Detection limits and spot uniformity
The detection and quantification limits (LOD & LOQ) of the microarray scanner method was
assessed by adsorbing a series of HEPES 2 buffer solutions containing labelled (FITC) and
unlabelled Fbg with variable percentage of concentrations of FITC-Fbg ranging from 0.1 to
100%, at a constant total protein concentration of 0.1 mg/mL, which is sufficient to guarantee a
complete surface coverage after 60 min incubation. Figure 20A displays the standard dilution
curve with the FITC intensity plotted against the concentration of the FITC-Fbg. Some of the
wells were not properly filled with Fbg and show therefore no fluorescence and remain below
the detection limit. The calculation of the LOD and LOQ requires the exact concentration of
the used FITC-labelled fibrinogen stock solutions, which can change after the filtration of the
agglomerated protein. It was determined by measuring the UV absorbance of the five solutions
with the highest Fbg concentration (0.01-0.1 mg/mL) at a wavelength of 490 nm (λmax of FITC)
with HEPES 2 buffer as reference (Fig. 20B).

The FITC-Fbg surface coverage percentage was then calculated assuming equal sticking
coefficient for labeled and unlabeled Fbg and plotted as a function of the normalized FITC
scanner intensity values, the lower part of the curve is shown in Fig. 20C. This data set and
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Figure 20. The fluorescence read out with the microarray scanner was validated with the adsorption of different concentrated
FITC labeled Fbg in unlabeled Fbg in order to maintain the overall Fbg concentration (0.1 mg/mL) and change only the FITC
concentration. A) Picture of the SuMo device spots with the different FITC-Fbg solutions adsorbed and the average FITC intensity
measured on each spot (). Some of the wells were not filled properly and thus remain dark as the blank references (=outliers).
B) Graph of the UV/Vis spectroscopy concentration control of the FITC in each Fbg solution. The adsorption was measured at
490 nm. C) Lower end of the standard calibration curve () and the trendline (---). C) & D). The limit of quantification, limit of
detection and the critical value were calculated from the blank and from the standard curve according the DIN procedure (D).

60

Validation Of The Sumo Device

A

B

15
14

13

12

12

11

11

10

10

9

9

8

8

7

7

6

6

5

5

4

4

3

3

2

2
A

B

C

D

E

B

C

D

E

D

3

4

5

E
6

7

D
8

9

C
10

11

B
12

13

A
14

16
14
12
10

8
6
4
2
0

0

20

40

60

15

80 100 120 140 160 180

FITC-fibrinogen Intensity

F
Number of Experiments

Number of Experiments

A

#

C

E

14

13

#

2

15

16
14
12
10

8
6
4
2
0

0

20

40

60

80 100 120 140 160 180

FITC-fibrinogen intensity

Figure 21. Evaluation of the fluorescence read out with the microarray scanner. Distribution & reproducibility of the fluorescence
signal measured across a glass slide (A) and a silicon wafer (B), both coated with 22 nm TiO2. FITC-Fbg (green), PLL(20)g[3.5]-PEG(2) (red), PLL(20)-g[2.5]-PEG(5) (orange) solutions were adsorbed as test solutions for 1 hour at room temperature.
Additionally some of the wells were kept empty (blue) as references. The evaluation of the FITC-fluorescence was done with a
microarray scanner (FITC filter: 506/529 nm, exp. 0.5s) The average FITC gray values of each well on the glass slide (C) and on
the silicon wafer (D).The histograms displayed in E) & F) present the average gray value distribution of all adsorption experiments
on the glass slide (E) and on the silicon slide (F). Evaluation of the fluorescence read out with the microarray scanner. Distribution
& reproducibility of the fluorescence signal measured across a silicon wafer (B) and glass slide (A), both coated with 22 nm TiO2.
FITC-Fbg (green), PLL(20)-g[3.5]-PEG(2) (red), PLL(20)-g[2.5]-PEG(5) (orange) solutions were adsorbed as test solutions for
1 hour at room temperature. Additionally some of the wells were kept empty (blue) as references. The evaluation of the FITCfluorescence was done with a microarray scanner (FITC filter: 506/529 nm, exp. 0.5s) The average FITC gray values of each well
on the glass slide (C) and on the silicon wafer (D).The histograms displayed in E) & F) present the average gray value distribution
of all adsorption experiments on the glass slide (E) and on the silicon slide (F).
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Figure 22. Comparison of the normalized average FITC gray values measured by the microarray scanner. FITC-Fbg (0.1 mg/
mL in HEPES 2), PLL(20)-g[3.3]-PEG(2) (0.1 mg/mL in HEPES 2) and PLL(20)-g[2.5]-PEG(5) (0.1 mg/mL in HEPES 1) is
adsorbed in the 70 wells of the SuMo device on a silicon wafer and on a glass slide, both coated with 22 nm TiO2. In a second
incubation step, FITC-Fbg was adsorbed on top of the PLL-g-PEG adlayers. Normalization with 0.1 mg/mL FITC-Fbg = 100%
and blank = 0%.

the corresponding regression curve were used to validate the scanner method by calculating
its specification values. The critical value (or decision limit), the limit of detection and the
quantification limit were estimated according to DIN procedures (DIN 32645, 1994)143, whereas
the calculations were solved once based only on the blank values obtained with the incubation
of HEPES 2 buffer as well as on the FITC-Fbg standard dilution curve that gives more
fibrinogen adsorption related specifications (Fig. 20D). As described in the assumptions for
the DIN-calculations, only the last nine FITC-Fbg concentrations in the range of 0-0.0075 mg/
mL were processed. Due to the larger standard deviations in the FITC-Fbg standard curve the
specification values turned out to be higher than the specifications from the blank values. The
quantification limit of the curve was reached at a FITC-Fbg surface coverage of 4.5% and the
detection limit at 2.4%. For the ellipsometry a detection limit of 0.1 nm adlayer thickness was
assumed144, which lead to 2.2% FITC-Fbg surface coverage comparable to the fluorescence
read out. The OWLS on the other hand has a detection limit of <2 ng/cm2, and thus a detectable
minimum surface coverage of 0.5% (assuming the measured 546 ng/cm2 for the 0.1 mg/mL
solution concentration to be a completely saturated adlayer)79.
Additional experiments with a TiO2-coated glass slide and a non-transparent TiO2-coated

silicon wafer were performed with the aim to test the uniformity of the measured fluorescence
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Figure 23. The bleaching-rate was determined by the repetitive measurement of the same FITC-Fbg coated sample (0.1 mg/
mL, incubation time: 60 min). Nine scans were performed in total (X-axis), whereas during each scan the average intensity
(Y-axis) of 15 spots were measured (). The average of all spots is displayed with the filled dots ().

signal intensity as a function of position on the substrate. A repetitive adsorption pattern of
equal solutions was adsorbed on both types of substrates (Fig. 21A & B). Equal volumes of
two different polymer solutions (0.1 mg/mL PLL(20)-g[3.5]-PEG(2) and 0.1 mg/mL PLL(20)g[2.5]-PEG(5) in HEPES 1) were added to the seventy wells of the SuMo device and incubated
for one hour at room temperature. In the 24 polymer-coated wells and the 46 empty wells,
FITC-Fbg (0.1 mg/mL in HEPES 2) was adsorbed and the fluorescent signal was recorded for
each spot after rinsing. The fluorescence measurement with the microarray scanner provided
a fast analysis with adequate sensitivity for the self-assembled polymer layers. However, the
measurement on silicon wafers and on glass slides deferred slightly due to a small difference
of the slide thickness, resulting in a slight out of focus and a broader intensity distribution
with increased standard deviation (Fig. 21E&F). (This could be corrected with a different
scanner set up e.g. measuring the interface upside down or adjust the focus, (possible with
the newer model) The mean values of both SuMo device and reference samples are, however,
directly comparable if the normalization is performed with an internal standard (Fig. 22). The
fluorescence intensity distribution across the complete slide was reasonably uniform. To test
the degree of bleaching, 16 spots with saturated FITC-Fbg adlayers were measured nine
times in sequence. The bleaching rate was less than 1.4 absolute FITC gray value per scan
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(Fig. 23), less than the standard deviation across the 16 equally treated spots (12.8 of absolute
FITC gray value).

4-2.5. Stability test of the polymer adlayer
In order to demonstrate the use of the SuMo device for testing the stability of the (polymer)
coatings we investigated the stability of the PLL-g-PEG reference coatings on a titaniacoated silicon wafer under a number of relatively harsh environmental conditions (Fig. 25).
Five different PLL-g-PEG solutions with a total concentration of 0.1 mg/mL in HEPES 1 were
prepared. Each of the five solutions contained different amounts of rhodamine B labeled PLLg-PEG (RBITC-PLL-g-PEG), with concentrations ranging from 0 to 100% of the total PLL-gPEG concentration of 0.1 mg/mL. Each row was incubated with one of the above described
solutions except for the 8 wells of the first two columns, which were used as blank references.
The rhodamine B dye was used to test the presence and homogeneity of the polymer layers.
After assembly, series of three columns were treated either with 0.1 molar hydrochloric acid
(0.1 M HCl), saturated sodium chloride solution (5.3 M NaCl) or 0.1 molar sodium hydroxide
(0.1 M NaOH) for one hour at room temperature. Again, the first two columns with the blank
references as well as the last three, containing adlayers of the five polymer solutions, were
left untreated. Finally, after rinsing with MQ water, the whole slide was immersed in a 0.1 mg/
mL FITC-Fbg solution, with the exception of two wells of the blank references. The results
of the microarray scanner measurement (Fig. 24A) indicate that while the untreated and the
salt-exposed polymer coatings still show a residual rhodamine signal (reduction of 4.0% for
the salt-exposed well with a 100% RBITC-PLL-g-PEG substrate coverage), on the acid and
base treated spots low rhodamine signal intensities were observed (HCl treatment: 13.5%
normalized rhodamine gray values (norm. IRBITC) compared to the untreated control, NaOH
treatment: 6.3% norm. IRBITC compared to untreated control) indicating an almost complete

removal of the polymer layer. The FITC signal intensity of the Fbg-exposed wells of the HCl

treated spots was 2.3 times higher in comparison to the NaOH treated ones and 114.5%
normalized FITC gray values (norm. IFITC) in respect to the wells without the polymer coating.

Although the saturated salt solution did reduce the rhodamine signal by only 4%, this resulted
in a FITC-Fbg adsorption of 51.1% norm IFITC.
The average rhodamine gray values obtained by the adsorbed polymer were further compared

with the polymer layer thickness values (Fig. 12B) measured with the microspot ellipsometer.
The two data sets for HCl and NaOH treated wells were consistent demonstrating in both
cases a strong (98%) reduction of the polymer thickness. In the case of the salt solution the
thickness was reduced by 72% a value that is higher than the one found for the fluorescence
read out. Because of the constant PLL-g-PEG concentration with only the RBITC-PLL-g-PEG
fraction changing, the thicknesses remained the same for all five solution, whereas the RBITC
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Figure 24. Stability test of the PLL-g-PEG adlayer under different exposure conditions, measuring the remaining layer thickness
with the microarray scanner and ellipsometry. A) Fluorescence image: red displays the rhodamine gray values of RBITC-PLLg-PEG and green the FITC signal of the Fbg. D2 and E2 were protected from FITC-Fbg solution by scotch tape. B) RBITC grey
values plotted against the polymer adlayer thickness (ELM) of the differently treated polymers with hydrochloric acid (), sodium
chloride (), sodium hydroxide (), untreated polymer () and TiO2 blanks (). C) ELM adlayer thickness of the RBITC-PLL-gPEG diluted in PLL-g-PEG and HEPES 1 (0 - 0.1 mg/mL RBITC-PLL-g-PEG) with an overall PLL-g-PEG concentration of 0.1 mg/
mL untreated and treated. D) ELM thickness of the FITC-fibrinogen (0.1 mg/mL in HEPES 2), adsorbed on the polymers in C).
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gray values depended as expected on the RBITC-PLL-g-PEG concentration.
The application of Rhodamine B labeled PLL-g-PEG (RBITC-PLL-g-PEG) and FITC-Fbg
visualizes the formation of a homogenous polymer layer within each well of the SuMo device
and shows the effect of the adsorbed polymer surface density on the degree of fibrinogen
adsorption.
Furthermore different pH and ionic strength conditions test the limitation of the PLL-g-PEG
adlayer. The loss of the positive charge on the ammonium group of L-lysine (pka: 10.67) at

pH = 13 (0.1 M NaOH) or charge reversal of the TiO2 substrate at pH = 1 (0.1 M HCl) (IEP of

TiO2 = 4.7 - 6.2) resulted in desorption of the PLL-g-PEG layer in accordance with previously
reported results52. Increasing ionic strength has also been shown to desorb PLL-g-PEG due

to screening of the electrostatic adhesion forces82. After exposure to 5.3 M NaCl solution,
ellipsometry showed a decrease of the layer thickness from 1.25 ± 0.07 to 0.35 ± 0.10 nm as
expected (Fig. 12C). In contrast, the rhodamine intensity measured with the microarray scanner
stayed almost constant (Fig. 12A & B). At present, we do not have a satisfactory explanation
for this phenomena, and we plan to investigate possible reasons, such as a selective breaking
of the label-polymer bonds or a de-quenching of the RBITC dyes due to conformation changes
at the lower polymer surface densities.

4-3. Summary & Conclusion
In this chapter we describe the development of a concept for the rapid testing of various surface
modification protocols, based on an array-type and high-throughput screening protocols
applied in biochemistry (DNA- and protein-arrays). The objectives of such a concept was to
develop a device to greatly reduce the test time for surface modification development needed
per experiment and perform multiple experiments (seventy in our case) in parallel. It should
be simple, user-friendly and adaptive to the common surface characterization techniques. The
SuMo device fulfills these requirements. The reusable device is compatible with different types
of substrates (in the dimension microscopic glass slides). Parallel tests can be performed in
the seventy wells with solution volumes that are sufficiently small (20 µL) (important when
handling expensive (bio)chemicals). At the same time, the volumes can be handled with
classic micropipetts. Because the silicone sealing is simply clamped onto the substrate, it
can be easily removed after the adsorption/rinsing process and the coating analyzed with
different surface analytical techniques, such as ellipsometry, fluorescence techniques such as
microscopy or microarray scanner and XPS. Microscopy could also be performed in liquid with
the sealing on the surface, but it requires a long range focus objectives or an inverse setup
and transparent substrates.
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Summary & Conclusion
The SuMo device was successfully validated with various experiments using PLL-g-PEG
as test coating; since this polymer has been well characterized in terms of polymer coating
thickness, stability in solutions of different pH and ionic strength, and degree of non-fouling
properties (against proteins) depending on polymer thickness and integrity.
The results of the SuMo experiments (with μL volumes) were shown to correlate well with
those of the control (dipping of single chips) experiments, resulting in typically one order of
magnitude reduction of time and solution volumes needed, when compared to the standard
approaches with single chips. Furthermore, the device resisted stability experiments, in which
the polymer adlayer were treated with acidic, basic (pH=1 and 13) and high ionic strength
solutions (6.1 M) solutions. The results of the adlayer characterization with the chosen readout techniques, ellipsometry, OWLS and microarray scanner, were comparable, with the
exception of the fluorescence intensity values that differed slightly, possibly due to quenching
effects. The detection limits determined for submonolayer coverages of FITC-Fbg, using the
SuMo device were found to correspond to 2.4% and 2.2% of a saturation (mono) layer for
the fluorescence and ellipsometric readout, respectively, which is slightly higher than for the
(much more time-consuming) OWLS assay. The sensitivity of the fluorescence assay could be
improved by using a more sensitive camera or confocal set up. No bleaching was observed
even after nine repetitions of the fluorescence read out.
The SuMo device was used for the systematic investigation of DHPAA-modified PLL-g-PEG
polymers, both in terms of copolymer adsorption as well as stability testing in different media
(reported in chapter 6). However, the application of the SuMo device is not restricted to polymer
self-assembly and protein readouts, but can also be applied to the study of other surface
modification methods (such as “grafting from” techniques), as well as) bacteria and other cell
adhesion and proliferation studies.
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Chapter 5

Synthesis of self-assembly polymers with catechol sites
5-1. Introduction
Among the broad range of coating methods described in chapter 1, spontaneous self-assembly
and organization of designed molecules and polymers is a particularly attractive approach in
view of its cost-effectiveness, easy upscale applicability to large areas and to three-dimensional
devices of complex shape, and conformity (for thin films) with micro- and nanoscale surface
topologies, while requiring only minimal amounts of materials. In that context there is a need
to expand this existing toolbox since many molecular systems used today suffer from specific
drawbacks such as substrate specificity (e.g., alkanethiols for gold and silver substrates
mostly5, 6, phosphates for metal oxides only7-12), requirement of advanced or expensive
equipment (LB- films145), and limited stability or lifetime (e.g. oxidation of thiol surface linker,
hydrolysis of silanes, instability of polyelectrolytes52, 146 at interfaces in the presence of high salt
media, and exchange processes of such polyelectrolytes with biomolecules in solution).
Furthermore a number of applications in biotechnology and biomedical engineering requires
surface modifications that suppress undesirable nonspecific adsorption of biomolecules such
as proteins, glycoproteins, and lipids as well as attachment of eucaryotic cells or bacteria20, 26, 147.
Frequently used polymers (Chapter 1) that provide such passive, “non-fouling” properties
are uncharged, hydrophilic, strongly hydrated polymers, a combination of properties usually
considered as a prerequisite for non-fouling functionality36, 50. The interfacial architecture of such
polymers is essential, and high chain surface density (“brush regime”) has been demonstrated
to be a key to general resistance against protein adsorption in contact with complex media such
as blood serum73. A PEG-grafted polyelectrolyte copolymer, poly(L-lysine)-graft-poly(ethylene
glycol) (PLL-g-PEG) has been developed by our group. It assembles, through electrostatic
interaction on negatively charged surfaces (e.g., tissue-culture polystyrene (TCPS), silica
and glass, as well as many metal oxides such as titanium and niobium oxide) and provides
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Figure 25. Chemical structure of the copolymer poly(L lysine)-graft-(3,4-dihydroxyphenyl acetic acid; poly(ethylene glycol)
(PLL-g-(DHPAA; PEG) (20 000:168:2 000 Mr; 0-0.70:0.29 d). This abbreviation for the copolymers is defined in the Materials
and Methods section. The three building blocks of the copolymer are: PEG (a) and DHPAA (b), both conjugated to the amino
group of the side chain of the lysine monomer (c) in the PLL backbone.

fairly densely packed, confluent monolayers. These ultrathin films resist unspecific protein
adsorption when exposed to full blood serum at a level below the detection limit of optical,
label-free techniques such as OWLS and SPR (< 2 ng/cm2).52, 79 They are stable and functional
for weeks (at neutral pH), depending on the application conditions (e.g., 21 days resistance to
cell attachment in serum-complemented cell culture medium139), but these ultrathin molecular
films slowly degrade with time (or become replaced by proteins), and desorb rapidly at high
ionic strength as well as low or high pH82.
More recently, mussel adhesive proteins (MAPs)83 a natural adhesives, attracted wide interest
as this proteinaceous glue allows mussels to adhere under wet conditions, at high binding
strength and to a large variety of materials. The remarkable adhesion strength presumably
originates (among other factors) from dihydroxyphenylalanine (DOPA), a rarely found, posttranslationally hydroxylated amino acid and catechol derivative that is present in interfacial
MAPs in high concentrations (up to 27 mol %)83. The Messersmith group was first to exploit
this concept for the fabrication of non-fouling surfaces by covalently coupling 5 kDa PEG to
single or multiple DOPA104. High PEG surface densities could be achieved in combination with
multiple DOPA anchors.103, 118 Various types of (substituted) catechols have been studied in
terms of their coordination to metals and metal oxides46, 97, 111, 116-119, 124, 148, 149 and interaction with
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polymers118 and compared with respect to their assembly properties and layer stability as well
as resistance to oxidation in solution.
The idea behind the design of this catechol-functionalized, polycationic copolymer type is
to combine electrostatically driven self-assembly and pre-organization of the PLL-g-PEG
polymer multivalent coordinative binding through catechol-surface interaction, which is
expected to increase adhesion strength, kinetic inertness and long-term stability of the coating.
A particularity of the PLL-g-PEG system, is the fixed number of amines on the backbone (for
a given PEG grafting density), hence the amount of coupled catechols directly influences the
ratio of positive charges (for electrostatic interactions) and catechol (for coordinative binding),
while all other structural properties, e.g. molecular weight of PLL and PEG, PEG grafting
density of the polymer remains the same. Therefore, the effect of this ratio on the assembly
kinetics, coverage and stability of the formed ultrathin films can be directly compared. In this
chapter we describe the preparation and characterization of twelve PLL-graft-(DHPAA; PEG)
copolymers with different fractions of 3,4-dihydroxyphenylacetic acid (DHPAA) and PEG-chain
lengths grafted to the PLL backbone (Fig. 25).

5-2. Polymer synthesis
The copolymers consist of poly(ethylene glycol) (PEG) and 3,4-dihydroxyphenylacetic acid
(DHPAA) grafted to a poly(L-lysine) (PLL) backbone (Fig. 25). Commercial available PLLg-PEG with Mr PEG = 2000 and Mr

= 5000 was used as starting material for the synthesis

PEG

of a set of six copolymers per PEG-type with a varying DHPAA grafting density (dDHPAA=
number of DHPAA molecules/number of L-lysine monomers) from 0.08 up to 0.70. Because
the same batches of PLL-g-PEG were used for the synthesis of the sets, the PEG grafting
density remained constant (dPEG 2000= 0.29 and dPEG 5000= 0.27) for all copolymers. The grafting
density of DHPAA (dDHPAA) was varied and controlled by increasing the amount of DHPAA and

corresponding activating agents in the synthesis protocol (Fig. 26, Table 1&2). The relationship

was not linear, though, the higher the targeted grafting density, the lower was the conversion
efficiency of the reaction. For the functionalization of all free lysine groups, a ten-fold excess
was needed. This was most probably due to increased steric hindrance and a competition
between successful coupling and hydrolysis of the in situ generated active ester during the
reaction. After completion of the reaction, excess reagents (DHPAA, NHS, EDC and salts)
were removed by dialysis and the products isolated by freeze-drying. The polymers were
characterized by 1H NMR and UV/Vis spectroscopy. The absorbance of DHPAA at 280 nm
allowed us to quantitatively determine the grafting density (dDHPAA) of the polymers.
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Figure 26. Scheme of the DHPAA coupling reaction. The acid of DHPAA was activated with N-ethyl-N’(3-dimethylaminopropyl)
carbodiimide (EDC) (step 1) and N-hydroxysuccinimide (NHS) (Step 2), to obtain a reactive succinimid ester that immediately
reacts with the amine group on the lysine side chain by the substitution of N-hydroxysuccinimide (step 3). The reagent of the first
and second step was diluted in MQ-water, immediately mixed and then added to PLL-g-PEG disolved in HEPES 2 buffer (10 mM,
pH=7.4, 150 mM NaCl). The mixture was then stirred over night at room temperature.

5-3. Characterization with NMR spectrometry
The characterization of PLL-g-(DHPAA; PEG) with NMR spectrometry is difficult because the
the bulky, flexible polymers, the changing environment surrounding the protons plus solubility
effects leads to a poor dispersion of chemical shifts150 and thus causes a line broadening of the
spectra. Thus depending on the PEG chain length it is difficult to interpret the peaks, especially
to quantify it, which is important for the determination of the concentration of DHPAA per
polymer (grafting density/ratio). Highest priority was given to prove the successful linkage of
DHPAA to the PLL-backbone. This was done with the synthesis of PLL-g-DHPAA without PEG
chains. Fig. 27 shows the spectra of PLL-g-DHPAA, and clearly the three aromatic protons of
DHPAA at 6.6 - 6.7 ppm. In the range of 2.1 - 2.4 are some small peaks, which are possible from
EDC linked to the terminating carboxy group of the poly-L-lysine. The proton coupling pattern
of PLL-g-DHPAA, was investigated with correlated spectroscopy and showed the coupling of
the aromatic protons #1 and #3 with the two protons (#5) at 3.29 ppm and the coupling of the
latter with the lysine protons #6.
However questions remained whether the catechol could reach the PLL-backbone if bulky
PEG chains are also linked to it and how this effects the concentration of coupled DHPAA.
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Figure 27. H-NMR-spectrum of poly(L-lysine)-graft-(3,4-dihydroxyphenylacetic acid) (PLL-g-DHPAA) (20 000: 168 Mr; 0.24 d)
dissolved in D2O and measured in Bruker 500 MHz spectrometer. The numbers on the structure, correspond to the protons and
NMR signals.

Therefore another NMR-experiment was performed at 60 °C with PLL-g-(DHPAA; PEG) (20 000:
168: 5000 Mr; 0.73: 0.27 d) because of its high concentration of DHPAA (dDHPAA=0.73). The
elevated temperature increased the mobility of the spins and thus the increase the chemical

shift dispersion. Figure 28 shows the spectra of the aromatic protons at room temperature and
at 60 °C. Although the noise increased too, the aromatic protons of the DHPAA appear clearly
at higher temperature. This proves the linkage of DHPAA to the system but it hardly allows a
quantification. In order to keep the protocol straightforward it needs a more efficient method
and this was found with UV/Vis spectrometry.

5-4. Characterization with UV/Vis spectrometry
The linkage an aromatic compound such as DHPAA in different ratios to PLL-g-PEG can
be quantitatively measured with the adsorption of DHPAA. For the latter calculation of the
concentration, a standard calibration curve was measured at λ= 280 nm with pure DHPAA. A
DHPAA stock solution was diluted in different concentrations (0.001-1 mg/mL) in MQ-water.
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measured at 25° C
measured at 60° C

Figure 28. Proton NMR spectra of the aromatic range of PLL-g-(DHPAA; PEG) (20 000:168: 5 000 Mr; 0.73: 0.27 d) measured
either at 25 °C (black, 480 scans) and at 60 °C (gray spectra, 1024 scans) in CDCl3 at 500 MHz.

The six different solutions were measured in the UV/Vis spectrometer and led to an absorbance
ranging from 0.0119 - 2.8099 (Fig. 29). In order to fulfill the linearity of the Lambert-Beer law the
highest concentration (1 mg/mL) had to be removed. From the residual calibration curve, an
extinction coefficient of ε= 0.026 L cm-1 M-1 was determined via linear regression and applied
to calculate the concentrations of catechol.
As a consequence of the fact that not all binding moieties show UV/Vis adsorption a new
approach was tested to measure the concentration of free amine groups on the PLL backbone
instead and calculate then the number of coupled amine groups. This was tried with 2,4dinitrofluoro benzene (Sanger reagent)151, which performs a substitution reaction with free
amines, resulting in a shift of the λmax from 241 to 366 nm. Although the linkage and the
wavelength shift was clearly visible the main challenge was to find an stable protocol in terms

of reaction times, buffer and so on. Unfortunately the measured absorbance of the Sanger
reagent fluctuated with the reaction conditions an thus it never led to quantitative results.
However as soon as non-aromatic compounds are linked to the PLL-backbone, the approach
should again be considered either using another tracing compound (e.g. ninhydrine) or by the
interruption of the reaction after a specific time by the removal of the residual Sanger reagent.
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Figure 29. The absorbance of the 3,4-dihydroxyphenylacetic acid linked to PLL-g-(DHPAA; PEG) (20 000:168: 2 000 Mr; 0-0.7:
0.29 d) and (20 000:168: 5 000 Mr; 0-0.73: 0.27 d). (1 mg/mL in MQ-water) was measured with UV/Vis spectroscopy at 280 nm
against pure MQ-water as a reference and plotted against the equivalents of DHPAA per PLL-g-PEG used for the reaction
solution.

5-5. Determination of the grafting density of DHPAA
The previous described UV/Vis spectroscopy allowed the measurement of DHPAA concentration
per polymer and this can be used for the grafting density of DHPAA (Table 1 & 2).
The grafting density is defined as the number of the grafted compounds divided through
the number of total binding sites on the backbone. The PLL backbone of both, PLL-g-PEG
(20 000: 2 000 Mr; 0.29 d) and (20 000: 5 000 Mr; 0.27 d) consist of approximately 96 L-lysine

monomers and the statistical amount of L-lysine linked to PEG chains depends on the PEG

grafting density (dPEG). Thus in case of PLL-g-PEG (20 000: 2 000 Mr; 0.29 d) are 27 L-lysine

linked to PEG and therefore 69 amine groups still free and PLL-g-PEG (20 000: 5 000 Mr;

0.27 d) contains 26 PEG chains linked and 70 free amine groups. As previously mentioned the
PEG grafting density has a direct impact on the non-fouling behavior of the polymer but also

on the binding of the polymer, as the PEG density is competitor to the free and thus positively
charged amine groups.
An additional grafting density was then calculated from the previous determined DHPAA
concentration on the polymer. For example PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr;
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0.30: 0.29 d) contains 29 DHPAA molecules, 27 PEG chains and 40 free NH2. If dDHPAA equals
0.71, there are 27 PEG chains, 69 DHPAA molecules and zero free NH2.

In case of the smaller polymer; PLL-g-(DHPAA; PEG) (20 000: 2 000 Mr; 0-0.70: 0.29 d), it was

possible to calculate the grafting density from the NMR-spectra. The aromatic proton signal

of the linked-DHPAA was divided with the signal of the CH(α)-proton on the PLL-backbone.
Although the peaks were very broad and tend to overlap they agree well with the results
obtained with UV/Vis spectroscopy (Fig. 30). However this can not be applied to the large
polymers (Mr PEG=5000), the bulky size and the broad peaks allowed only a DHPAA grafting

density determination via UV/Vis spectroscopy. Already the determination of the exact PEG
grafting density was difficult, thus the calculated dPEG from the total polymer set ranged from

0.29-0.4. If we assume a dPEG of 0.34 and a completely DHPAA coupled backbone it would
result in a dDHPAA of 0.66. Unfortunately the experimental data of a completely DHPAA coupled

Table 1. Relationship between equivalents of DHPAA used in the synthesis of the 7 polymers with PLL-g-(DHPAA; PEG)
(20 000: 168: 5 000 Mr; 0-0.73: 0.27 d) and observed grafting ratio, assuming 96 lysine units and 26 PEG chains per polymeric
molecule (dPEG=0.27) corresponding to a total of maximum 70 free amino groups available for DHPAA grafting. The conversion
efficiency is also tabulated.

Polymer nr.

1

2

3

4

5

6

7

0.00

0.05

0.1

0.2

0.3

0.5

0.7

DHPAA equivalents needed per PLL-g-PEG

0

4.8

9.6

19.2

28.8

48

67.2

DHPAA equivalents used per PLL-g-PEG in synthesis

---

13

26

55

112

206

847

Excess factor

---

0.20

0.40

0.86

1.75

3.22

13.24

0.00

0.14

0.17

0.20

0.26

0.40

0.73

0

13.1

16.7

19.0

24.8

38.9

70.5

Target grafting density

Measured grafting density dDHPAA(UV/Vis)
DHPAA equivalents obtained per PLL-g-PEG

Table 2. Relationship between equivalents of DHPAA used in the synthesis of the 7 polymers with PLL-g-(DHPAA; PEG)
(20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) and observed grafting ratio, assuming 96 free lysine units and 27 PEG chains per
polymeric molecule (dPEG=0.29) corresponding to a total of maximum 69 free amino groups available for DHPAA grafting. The
conversion efficiency is also tabulated.

Polymer nr.

1

2

3

4

5

6

7

0.00

0.05

0.1

0.2

0.3

0.5

0.7

DHPAA equivalents needed per PLL-g-PEG

0

4.8

9.6

19.2

28.8

48

67.2

DHPAA equivalents used per PLL-g-PEG in synthesis

---

23

46

91

182

364

729

Excess factor

---

0.3

0.7

1.3

2.6

5.3

10.6

0.00

0.08

0.09

0.16

0.26

0.46

0.70

DHPAA equivalents obtained per PLL-g-PEG

0

7.5

8.3

15.5

24.6

44.2

67.4

Conversion efficiency [%]

---

33

18

17

14

12

9

Target grafting density

Measured grafting density dDHPAA(UV/Vis)
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Figure 30. Comparison of the grafting density of PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) determined with
NMR and UV/Vis spectroscopy. For the NMR grafting density values were the integrals of the signals at 4.2 ppm (α proton lysine
-NH-CH-CONH-) divided by a third of the aromatic signals integrals at 6.5-7 ppm (DHPAA). NMR spectra were measured with
a 500MHz Bruker NMR in D2O at RT. The UV/Vis grafting densities were measured from the absorbance of DHPAA at 280 nm in
MQ-water (1 mg/mL) with an extinction coefficient ε= 0.026 L cm-1 M-1.

backbone, received with the UV/Vis spectroscopy, resulted in dDHPAA = 0.84, which would result

in a total of 111 amine groups and 15 more, than the calculated statistical amount of 96 amine
groups on the PLL backbone. Even if the coupling N-teminating amine was also considered to
be coupled to a catechol, which means that we have a total number of 97 binding sites and the
calculation was only a statistical measurement the difference is still too high.

The calculation of dDHPAA depends on the PEG grafting density that is usually determined by
NMR, which was as already mentioned difficult for the large PEG. Taking the absorbance
of the polymer with the highest DHPAA amount and, assuming a 100% coupled amines the
calculation of dPEG, would give 0.2653 and a total amount of amine of 96.
Both parameters, dPEG and absorbance are variable and can not be taken as fixed values, but

the absorbance was measured twice and values were reproductive, whereas the PEG & PLL

signals of all six polymers (Mr PEG= 5 000), differed tremendously and thus also the dPEG. Thus

we took the more reliable UV/Vis values and the assumption of 100% coupled amines received
at the highest DHPAA reaction solution concentration, which lead to PLL-g-(DHPAA; PEG)
(20 000: 168: 5000 Mr; 0.73: 0.27 d). Starting from this, the other DHPAA grafting densities
were calculated, by remaining the dPEG constantly 0.27.
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5-6. Summary & Conclusion

Two sets of six polymers each were prepared with PLL-g-PEG(5kDa) and PLL-g-PEG(2kDa),
respectively architectures and increasing DHPAA grafting density. The synthesis of PLL-g(DHPAA; PEG) was straightforward and one of the advantages being that DHPAA requires
no protection of the hydroxy groups. A further advantage of starting with same batch of PLLg-PEG (within one set of polymers) is that the PEG grafting density remains constant and the
resulting polymers differ only in the DHPAA grafting density, which allows later for a direct
comparison of the different polymer coatings.
The DHPAA grafting density is tuned during the one-batch synthesis by simply adjusting the
DHPAA molar equivalent per polymer. However, the conversion behaves not linear to the
concentration of DHPAA in reaction solution. The diffusion of the DHPAA to the backbone of
the bulky polymers is slow, the coupling of the complete backbone requires more than 700
equivalents of DHPAA per PLL-g-PEG. Furthermore the life-time/stability of the active ester
is limited and this hydrolysis back to the carboxy acid depends on pH and temperature152,153,
N-hydroxysulfosuccinimide-activated ester is stable for 2.4 h (21 °C, 20 mM HEPES at
pH= 7.4)154. The conversion could be improved with the optimization of pH and temperature or
with a repeated addition of a fresh EDC/NHS mixture.
The polymers were characterized with NMR-spectrometry. The spectra show the main peaks
of ethylene glycol chains and the L-lysine but because of line broadening, due to the bulky
molecules, it is, especially for the polymer with a Mr PEG of 5 000, difficult to detect the aromatic

protons of DHPAA. Therefore, the successful coupling of DHPAA to the backbone had to be
proved with additionally synthesized PLL-g-DHPAA, where no PEG chains could shield the

catechols. In order to prove that DHPAA reaches also the PLL backbone through surrounding
PEG chains, high temperature NMR experiments were performed with PLL-g-(DHPAA; PEG)
at 60 °C and revealed the hidden aromatic peaks.
A simpler and faster method to detect the coupled DHPAA, was the measurement of absorbance
with UV/Vis spectroscopy. The extinction coefficient of DHPAA enables then the calculation of
the exact DHPAA concentration. Together with the PEG grafting density, (dPEG) the DHPAA

concentration can finally be used for the estimation of the DHPAA grafting density (dDHPAA).

Absorbance values are more specific compared to the NMR spectra with a poor signal to
noise ratio or, at high-temperature, the effect of the temperature on the different protons and
thus results in different signal intensities. However NMR spectra of the small polymers with
Mr PEG=2 000, were sufficiently resolved to DHPAA peaks and thus still allowed an estimation

of the DHPAA grafting density (dDHPAA). Grafting densities determined for the small polymer

with UV/Vis spectroscopy were in good agreement with the densities calculated from NMR

data (Fig. 30). However this can not be applied to the large polymers (Mr PEG=5000), the bulky

size and the broad peaks allowed only a DHPAA grafting density determination via UV/Vis
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spectroscopy. Finally the complete polymer architecture e.g. dPEG and dDHPAA, of this large
polymer was calculated from the absorbance of DHPAA and the assumption of 100% coupled

amine bonds.
The preparation of the two sets was fast and simple and polymer architectures can be
characterized with NMR and UV/Vis spectrometry, whereas the absorbance is the more
exact method but requires an UV/Vis active compound. However an exact reproduction of
the DHPAA and PEG grafting density is difficult thus all adsorption experiments, following
described in chapter 6 were performed with the same batches of polymer and could therefore
directly compared.
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Ultrathin, Non-fouling Coatings Exploiting Biomimetic Surface Anchorage Concepts

Chapter 6

Adsorption of PLL-g-(DHPAA; PEG)
6-1. Introduction
Techniques to modify substrate surfaces are key for many industrial and research applications
ranging from corrosion and wear protection to biocompatibility of materials and biomedical
devices to biosensors and drug delivery systems20, 155-158. A broad range of materials and
interfaces are used, biomedical devices are favorably made of titanium, stainless steel,
polymers and ceramics, such as alumina, zirconia and glass155, the latter has the advantage to
being highly resistant, cheap and widespread159, biosensors are preferably using gold (SPR)
and high-refractive-index oxides, mostly160, 161.
The toolbox of methods available today covers a large number of approaches with their
specific advantages and limitations. Examples include plasma and electrochemical deposition
or conversion, “grafting from” and “grafting to” polymeric systems, and chemical and physical
vapor deposition, among others2, 64.
Self-assembly and organization of designed molecules and polymers, incorporating adhesion
and other functions, is a particularly attractive approach as it covers cost-effective, easy-toupscale techniques, applicability to large areas and three-dimensional devices of complex
shape, and conformity (for thin films) with micro- and nanoscale surface topologies, while
requiring only minimal amounts of materials. Examples include self-assembled monolayers of
alkanethiols on gold and silver5, 6 and alkanephosphates and phosphonates on metal oxides7 -13,
electrostatically driven deposition of polyelectrolytes as monolayers52 or multilayers145,
Langmuir-Blodgett (LB) films145, and functional silanes14, 163.
There is a need, though, for adding to this existing toolbox since many techniques suffer from
specific drawbacks such as substrate specificity (e.g. alkanethiols for gold and silver substrates
mostly, phosphates for metal oxides only), requirement of advanced or expensive equipment
(LB-films), and limited stability or lifetime (e.g. oxidation of thiol surface linker, hydrolysis of
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Figure 31. Scheme of PLL-g-(DHPAA; PEG) with n DHPAA groups on the backbone (1), assembled on the surface (2) and
the three possible outcomes of the protein incubation: (3A) Complete polymer adlayer with a high PEG density prevents the
adsorption of protein, (3B) Partial coverage of the polymer, defects are present in the adlayer and lead to partial protein adsorption
and (3C) Weakly bound polymer adlayer that was easily exchanged by proteins that bind more strongly to the substrate surface.

silanes, instability of polyelectrolytes at interfaces in the presence of high salt media, and
exchange of such polyelectrolytes with biomolecules in solution).
Furthermore a number of applications in biotechnology and biomedical engineering, require
the suppression of undesirable nonspecific adsorption of biomolecules such as proteins,
glycoproteins, and lipids as well as attachment of eukaryotic cells or bacteria.20, 26, 147.
A PEG-grafted polyelectrolyte copolymer, poly(L-lysine)-graft-poly(ethylene glycol), PLL-gPEG, has been developed by our group. It assembles via electrostatic interaction on negatively
charged surfaces (e.g., tissue-culture polystyrene (TCPS), silica and glass, as well as many
metal oxides such as titanium and niobium oxide) and provides fairly densely packed, confluent
monolayers 52, 73, 79,. These ultrathin films resist unspecific protein adsorption when exposed to
full blood serum at a level below the detection limit of optical, label-free techniques such as
OWLS and SPR (< 2 ng/cm2)52, 79. They are stable and functional for days to weeks (at neutral
pH), depending on the application conditions (e.g. 21 days resistance to cell attachment in
serum-complemented cell culture medium139), but the films slowly degrade with time or desorb
rapidly at high ionic strength as well as low or high pH82.
In order to increase the binding strength and stability we have modified PLL-g-PEG
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with 3,4-dihydroxyphenylacetic acid (Chapter 4), which contains a catechol similar to
dihydroxyphenylalanine (L-DOPA) amino acid found in mussel adhesive proteins (MAPs)83. It
is has been demonstrated that catechols can strongly, but reversibly bind by coordination to
metal oxides and irreversibly to polymers via oxidation

116, 117, 124

for details see chapter one.

The concept of using catechols as a binding moiety for new coating systems was already
established with single and multiple L-DOPA binding moieties 46, 103, 104, 111,118, 148, 149. Various
types of catechols have been studied in terms of their coordination to metals and metal oxides
(Cu2+, Fe3+, Ti3+, Ti4+, Mn2+, Mn3+, Zn2+, Nb2O5, TiO2)97, 116-119, 124 and interaction with polymers
(PTFE, PS, PDMS)35 (see chapter 1).

PLL-g-(DHPAA; PEG) was chosen as a novel polymer system with the hypothesis that it would
assemble at negatively charged interfaces through long-range electrostatic forces and the
formation of stronger, coordinative bonds, thus exploiting the advantages of the electrostatically
driven, spontaneous self-assembly and molecular organization of the polycationic PEGcopolymer on negatively charged surfaces with the high adhesion strength, kinetic inertness,
and expected long-term stability of the multivalent catechol-surface anchorage concept. This
prospects were investigated with the two sets of PLL-g-(DHPAA; PEG) (Mr PEG=2 000 and

5 000) (Fig. 31-1/2). All surface modification experiments were performed using the SuModevice (Chapter 4) on three different surfaces, titanium oxide, silicon oxide and gold. Polymer
adlayer formation was studied quantitatively using ellipsometry and in situ optical waveguide
lightmode spectroscopy (OWLS) and quartz crystal microbalance (QCM). The degree of nonfouling character of the polymeric thin films was tested by incubation with fluorescently labeled
fibrinogen (Fbg), a sticky plasma protein163 and in cultures of the cyanobacterium Lyngbya
sp. EAWAG 140 in collaboration with C. Portmann from the Gademann lab at the University
of Basel. Both adsorb respectively grow well on the blank substrates and can fill-in gaps or
completely replace the polymer adlayers (Fig. 31-3A-C), the fluorescent fouling layer can then
be measured with fluorescence microscope or microarray scanner. The adsorption of PLL-g(DHPAA; PEG) on TiO2 was published in September 2009 in the ACS Journal Macromolecules164.
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6-2. Results - Titanium dioxide

Titanium is a common material used for biomaterials and titanium oxide is the main component
of oxide films of titanium metal and its alloys. It is known for its reversible but strong interaction
with catechols. Moreover the isoelectric point (IEP) around 6 causes a negatively charged
surface at neutral pH and thus can attract the positively charged polyelectrolytes such as
PLL-g-PEG52. The two sets of PLL-g-(DHPAA; PEG) polymer (Chapter 5) were adsorbed
on titanium dioxide-coated substrates under different assembly conditions, as there were
incubation time, temperature, ionic strength. The influence of the different assembly conditions
on the adsorbed polymer mass and subsequently on the non-fouling properties (resistance to
Fbg and cyanobacteria adsorption) of the polymer-coated samples, was studied as a function
of the DHPAA grafting density and PEG chain length.

6-2.1. Polymer adsorption
Polymer adsorption was monitored by both, ellipsometry (in air, dried films) and OWLS (in
situ). In general a polymer concentration of 0.1 mg/mL was used for all experiments, while the
assembly conditions were varied. According to previously performed adsorption experiments
with PLL-g-PEG on titanium oxide135, the following initial parameters were used: ionic strength
of 10 mM HEPES, 1 h adsorption time and room temperature.

6-2.1.1. Influence of incubation time & adsorption kinetics
Expanding the incubation time from 1 hour to 17 hours did not affect the adlayer thickness
measured with ellipsometry of any of the seven PLL-g-(DHPAA; PEG) (20 000: 168: 2 000
Mr; 0-0.70: 0.29 d) polymers (Fig. 32). The polymer adlayers reach saturation coverage within

1 hour and remaining stable over the 17 h time frame.

For monitoring the adsorption kinetics in situ, some of the copolymers with dDHPAA= 0, 0.09,
0.46 and 0.7 were further measured with OWLS (Fig. 33) under standard conditions (0.1 mg/
mL polymer in 10 mM HEPES buffer, 1h, RT). All curves showed saturation after 0.5 h of
incubation, but differed in their adsorption kinetics. Adsorption of PLL-g-PEG (20 000:
2 000 Mr: 0.29 d), the reference polymer, is purely driven by electrostatic interaction and, as

expected, adsorbs fast, as reported in previous publications52, 73, 74, reaching saturation surface
coverage within 15 min. 20 kDa PLL (as HBr salt) contains on average 96 free amines that

are positively charged at pH 7, while for the PLL-g-PEG reference polymer 69 are free amines
and 27 are coupled to PEG via an (uncharged) amide bond. For the PLL-g-(DHPAA; PEG)
copolymers with low DHPAA grafting density (dDHPAA = 0.08-0.09 corresponding to an average
of 8-9 DHPAA and 60-61 free amines per polymer molecule), the adsorption kinetics were
comparable to the reference PLL-g-PEG polymer, but resulted in a slightly higher PEG chain
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Figure 32. Polymer adlayer thickness of six PLL‑g‑(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) copolymers with
varying concentration of DHPAA grafted to the PLL backbone (X-axis). The copolymers were adsorbed on TiO2 coated substrates
(22 nm) under different conditions: ionic strength (HEPES buffer (1-100 mM, pH = 7.4) and HEPES buffer (1 mM, 9-99 mM NaCl,
pH=7.4)), adsorption time (1 h and 17 h) and temperature (room temperature (RT) and 70 °C). The dry adlayer thicknesses were
measured in air with ellipsometry.
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Figure 33. Adsorption kinetics of PLL-g-PEG and PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0.09, 0.46 and 0.70: 0.28 d).
The increasing mass of the adsorbed polymer as a function of time was measured with optical waveguide lightmode spectroscopy
(OWLS) and normalized to 100 % = saturation surface coverage. All measurements were performed under flow mode, with a
polymer solution concentration of 0.1 mg/mL in HEPES 1 buffer (10 mM, pH=7.4), a flow rate of 30 µL/min, incubation for 30 min,
at 25 °C and two measurements per polymer type.

density at saturation (0.52 versus 0.38 PEG chains/nm2). The PLL backbone of these polymers
obviously still contains a sufficient number of charges, resulting in fast, efficient adsorption and
multiple charge interactions between the polycationic backbone and the negatively charged
TiO2 surface that can overcome the enthalpic and entropic penalty associated with the dense

PEG chain arrangement in the surface-brush conformation78. The additional formation of
concomitant strong DHPAA binding and associated gain in adsorption enthalpy, is believed to
be the reason for the observed higher PEG chain surface density achieved with this polymer
in comparison to the control PLL-g-PEG.

The situation is entirely different for the polymer with very high DHPAA grafting density (dDHPAA=

0.70), with only 2 % of the PLL positive charge remaining (on average, this polymer has 67

DHPAA and 2 free (charged) amines per molecule). The adsorption kinetics was found to be
much slower and the polymer coverage after 1 h of adsorption lower in comparison to the
low DHPAA graft polymer and PLL-g-PEG reference polymer (Fig. 32). This observation is
likely a consequence of the substantially reduced level of long-range attractive forces between
the weakly charged polymer and the substrate surface. Adsorption for 17 h did not lead to a
further increase in adsorbed mass or layer thickness (Fig. 32), and the resulting surfaces were
found to adsorb Fbg at levels well above the detection limit of the ellipsometry technique. Our
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interpretation of these findings is related to results from self-consistent field calculations on
PLL-g-PEG in solution approaching a negatively charged surface, experiencing an energy
barrier that can only be overcome if “compensated” by a (long-range) attractive, electrostatic
force77, 78. The latter is no longer present in the polymer with dDHPAA = 0.70, while the (necessarily

short-range) coordination bond between the catechol groups (hidden by the PEG corona)
and the titanium cations is expected to have a rather low probability of being formed under
standard assembly conditions and realistic adsorption times.

6-2.1.2. Influence of the ionic strength
Figure 32 and 34 demonstrates that the ionic strength strongly influenced the polymer adsorption
process. Polymers thickness for both sets, Mr PEG=2 000 (Fig. 32) and Mr PEG= 5 000 (Fig. 34)

was systematically lower if the assembly was carried out at higher ionic strength, particularly

noticeable at higher dDHPAA values; for the polymer with the highest DHPAA content (dDHPAA= 0.7

and dDHPAA= 0.73), the difference in polymer film thickness was 1.3 nm (Mr PEG=2 000) and

1.0 nm (Mr PEG= 5 000) or almost a factor 2 when comparing the results for the 1 mM and

100 mM assembly conditions. The least affected was PLL-g-PEG (dDHPAA = 0). In order to prove
that this difference in adlayer thickness was caused by the ionic strength effect and not by the

buffer system, the results for the different HEPES concentrations (1, 10 and 100 mM HEPES)
obtained with PLL-g-(PEG; DHPAA) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) were compared

with those of a 1 mM HEPES buffer to which sodium chloride was added at an overall ionic

strength of 10 and 100 mM. No difference in adlayer thickness was observed, demonstrating
that the effect was only caused by the ionic strength (Fig. 32).
Therefore, variation of the ionic strength of the assembly solution turned out to have a
major influence on the polymer film thickness and its degree of non-fouling character. The
most obvious explanation relates to the screening of electrostatic interactions between the
polycationic backbone and the negatively charged substrate surface with Debye lengths of
approximately 10, 3 and 1 nm for ionic strength values of 1, 10 and 100 mM, respectively.
Since 2 kDa PEG and 5 kDa PEG in water have a Flory radius RF ≈ 2.9 nm and RF ≈ 5.1 nm

respectively, the electrostatic field is expected to “shine out” of the PEG corona of a copolymer

with bottle-brush conformation for ionic strength values < 10 mM (Mr PEG=2 000) and < 100 mM

(Mr PEG=5 000), thus resulting in important electrostatic, attractive interaction with the surfaces,
that can overcome the steric PEG-PEG repulsion associated with the formation of a brush

surface as discussed above78.
Another relevant factor could be related to the expected dependence of the copolymer
conformation in solution, on ionic strength. For the PLL-g-PEG system with a higher Mr of PLL

(300 kDa), it has been demonstrated that low ionic strength values of the assembly solution,
favoring stretched out PLL conformation in solution, improves the favorable organization of the
copolymers at the interface with the PLL backbone in close contact with the surface, while at
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Figure 34. Polymer adlayer thickness of six PLL‑g‑(DHPAA; PEG) (20 000: 168: 5 000 Mr; 0-0.73: 0.27 d) copolymers with
varying DHPAA density (dDHPAA) (X-axis). The copolymers were adsorbed on TiO2 coated substrates (22 nm), by the incubation
of a solution with 0.1 mg/mL polymer dissolved in HEPES of varying ionic strength (1, 20 and 100 mM, pH = 7.4) for 1 h at room
temperature. The dry adlayer thicknesses were measured in air with ellipsometry.

higher ionic strength the formation of loops in the PLL backbone is likely to occur resulting in
less well organized monolayers and reduced non-fouling properties74, 78, 166.

6-2.1.3. Influence of the temperature
The second important parameter was found to be the adsorption temperature. Polymer
thicknesses of PLL-g-(PEG; DHPAA) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) were systematically

higher at the elevated assembly temperature of 70 °C compared to the RT results (Fig. 34).
In this case, the effect was more pronounced for polymers with low DHPAA content and more
so at higher ionic strength. The strongest temperature effect was observed for PLL-g-PEG
(20 000: 2 000 Mr; 0.29 d) with dDHPAA = 0 at 100 mM ionic strength. In general, the highest
thickness values for the polymer adlayers were observed with DHPAA grafting densities in the

range of 0.09 to 0.26 dDHPAA for PLL-g-(PEG; DHPAA) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d)

(Fig. 32) and 0.14 to 0.27 dDHPAA for PLL-g-(PEG; DHPAA) (20 000: 168: 5 000 Mr; 0-0.73:
0.27 d) (Fig. 34 & 35). Increasing the adsorption temperature from RT to 70 °C resulted, for all

grafting densities, in thicker polymer adlayers (Fig. 32). The largest difference was observed
for the polymers assembled from 100 mM HEPES buffer. The windows of grafting densities
dDHPAA for 50 to 70 °C polymer adsorption was correspondingly widened in comparison to RT
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Figure 35. Comparison of the two sets of PLL-g-(DHPAA; PEG) (20 000: 168: 5 000 Mr; 0-0.73: 0.27 d) and (20 000: 168:
2 000 Mr; 0-0.70: 0.29 d), PEG) A) Adlayer thickness of the polymer with Mr PEG = 5 000 () and Mr PEG = 2 000 (), adsorbed
at a concentration of 0.1 mg/mL in HEPES 1 for 1 h at RT measured with ellipsometry. B) Fibrinogen adsorption (0.1 mg/mL in
HEPES 2, 1 h at RT) on top of the previously adsorbed polymers (A) with Mr PEG = 2 000 () and Mr PEG 5 000 ().

assembly, most notably for adlayers assembled at 100 mM ionic strength (from > 0 ≤ 0.1 to
> 0-0.3).
There are three possible explanations to account for these findings, both of kinetic origin. Firstly,
the increased temperature is expected to increase the adsorption rate and stable organization
of the copolymer at the interface, given the energy barrier of repulsive PEG interactions that
has to be overcome during the assembly. Secondly, higher temperatures may be advantageous
in terms of facilitating molecular reorganization of electrostatically pre-adsorbed polymers and
formation of catechol-titanium coordination bonds. Finally the PEG chains collapse at higher
temperatures, usually observed at the cloud point, where the PEG conformation changes.
Although collapsed PEG chains need less space, the rearrangement of the PEG chains on the
surface probably also need more energy to change the conformation and stretch out into the
liquid.

6-2.1.4. Influence of the PEG chain length
The two copolymer sets with Mr PEG = 2 000 and Mr PEG = 5 000 adsorbed under the same

conditions (Incubation of 0.1 mg/mL polymer in HEPES 1, at RT for 1h) result in similar

adsorption curves (Fig. 35) each with a maximum adlayer thickness at a dDHPAA of 0.08 - 0.27
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(Mr PEG = 2 000) and 0.14 - 0.26 (Mr PEG = 5 000). A strong reduction of the adlayer was observed
for the polymer set with Mr PEG = 5 000 at a dDHPAA above 0.4.

The Flory radius RF of PEG (Mr PEG = 5 000) is longer compared to Mr PEG = 2 000, assembled

on the surface the same adlayer thickness of the two polymer sets results in a lower PEG
density for PEG (Mr PEG = 5 000) and the PEG chains are not equally stretched. This has to
be considered regarding the adlayer stability and protein resistance, e.g. Fbg adsorbs on

PLL-g-PEG (20 000, 5 000 Mr; 0.27 d) but not on PLL-g-PEG (20 000, 2 000 Mr; 0.29 d)
although both adlayer thicknesses are comparable (Fig. 35). The addition of catechol lead to

a denser assembly and a stretching of the PEG chains and therefore, to an increased adlayer
thickness as observed for PLL-g-(PEG; DHPAA) (20 000: 168: 5 000 Mr; 0.14-0.26: 0.27 d),

which was furthermore resistant to Fbg adsorption. However, at higher DHPAA grafting density
both polymers with Mr PEG=2 000, the Mr PEG=5 000 showed a low surface coverage, probably
because of the absence of positive charges, and thus the low electrostatic long-range driving
force.
The influence of ionic strength was tested as well with the PLL-g-(DHPAA; PEG) Mr PEG=5 000
(Fig. 34) and lead to the same trend of higher adlayer thickness if adsorbed at lower ionic

strength as observed with Mr PEG=2 000 (Fig. 32). Nevertheless, the window of Fbg resistant
polymer adlayers was not enlarged but the amount of adsorbed Fbg was simply reduced. The

adsorption was always performed at room temperature in this case, although an increased
assembly temperature would probably result in a higher PEG density.

6-2.2. Fouling tested with fibrinogen
All polymer coatings were tested for their non-fouling properties, which strongly depend on
the orientation and density of the grafted PEG chains and therefore on the assembly of the
polymers. Because fouling test should be measurable with a fluorescent read out, we decided
to use only a single protein species, to prevent time dependent competition between different
species that make a comparison of different coatings complicated. However we are aware that
the resistance against one single species not generally applies to every other fouling system.
The sticky Fbg protein163, 166 was chosen among three tested proteins (BSA, Fibronectin and
Fbg) because of the high layer thickness if adsorbed on titania (Fig. 36). To this end, the
substrate slide, with which 70 different surface modification experiments were previously
performed using the SuMo array device128 (Chapter 3), was incubated in a 0.1 mg/mL FITCFbg solution. The level of adsorbed FITC-Fbg was determined with ellipsometry in terms of
(additional) layer thickness and, in parallel, with a microarray scanner, for the adsorbed Fbg
mass (after correction and calibration of the fluorescence intensities).
Figure 37 shows the normalized Fbg adlayer thicknesses adsorbed on the prior generated PLLg-(PEG; DHPAA) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) adlayers, measured with ellipsometry.
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Figure 36. Layer thickness of three different proteins (Bovine serum albumin (BSA), fibrinogen (Fbg) and fibronectin (Fbn))
adsorbed at different concentrations (X-axis) in HEPES 2 buffer (10 mM, pH=7.4, 150 mM NaCl), at room temperature for 1 h on
titania-coated silicon wafer (6 nm). The dry adlayers were measured with ellipsometry.

All thickness values were normalized against the average Fbg adlayer obtained on bare TiO2
(set to 100%) and 0.0 nm as zero value (0%) (Chapter 3). The normalization allows a direct
comparison of the experiments on different substrate slides and eliminates minor potential
changes caused by slight variation of the protein solution (e.g. due to agglomerations, filtration
etc.). Figure 37 clearly demonstrates that the degree of Fbg adsorption on the polymer-coated
surfaces depended on both the DHPAA concentration and the adsorption conditions (the
latter presented in Fig. 32). All PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d)

copolymer coatings successfully suppressed Fbg adsorption, if adsorbed at low ionic strength

(1 mM). The Fbg adsorbed mass in this cases was below the detection limit of the ellipsometry
assay. Increased ionic strength (100 mM) during the polymer adsorption, however, resulted in
enhanced Fbg adsorption for polymers with higher DHPAA grafting density (dDHPAA> ca. 0.2).
Correlated with this observation, the window of grafting densities dDHPAA that resulted in low
Fbg adsorption, varied drastically, from being very narrow (> 0 to ≤ 0.1) (100 mM) to extending
across the whole range of densities tested (0.1 to 0.7) (1 mM).
We also investigated whether increased incubation time in the polymer assembly step affected
resistance to non-specific Fbg adsorption. Rising adsorption time from the standard 1 h to
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Figure 37. Normalized fibrinogen adlayer thickness (Y-axis) on TiO2-coated silicon wafers, which were previously coated
with PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) copolymer of varying DHPAA grafting density (X-axis, see
figure 32). The substrate was incubated in 0.1 mg/mL FITC-Fbg solution (HEPES 10 mM, pH = 7.4, 150 mM NaCl) for 1 h at room
temperature. After rinsing and drying, the Fbg adlayer thickness was measured with ellipsometry and normalized with the Fbg
adlayer thickness obtained on the bare TiO2 control surface (=100%) and 0.0 nm as “zero” reference (=0%).
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Figure 38. OWLS measurements of the adsorption of PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0.09 & 0.46: 0.29 d) at
0.1 mg/mL in HEPES buffer of different ionic strength (1, 10 and 100 mM, pH=7.4) for 0.5 h at 25 °C (filled bars) and subsequent
adsorption of FITC-Fbg (0.1 mg/mL, HEPES, 10 mM, pH=7.4, 150 mM NaCl) for 0.5 h at 25 °C on the polymer-coated substrates
(empty bars). TiO2-coated waveguides were used for all measurements.

17 h did not change the Fbg resistance (Fig. 37). Polymer adsorption temperature, on the
other hand, significantly affected the level of Fbg adsorption to the polymer-modified surfaces.
In comparison to the polymers assembled at room temperature, Fbg did not adsorb (below
detection limit) to any of the PLL-g-(DHPAA; PEG) copolymer adlayers with a dDHPAA up to 0.46,

if adsorbed at 70 °C and from 1, 10 and 100 mM HEPES buffer. Only the polymer layer with
dDHPAA= 0.7 (adsorbed at 70 °C and from 10 or 100 mM HEPES) was not resistant to unspecific

Fbg adsorption.

The adsorption of the PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) polymers

with dDHPAA of 0.09 and 0.46 and subsequent fibrinogen incubation were also investigated on

TiO2-coated waveguides using the in situ, real time OWLS technique at 25 °C (Fig. 38). The data

proved to be in good agreement with those of the ellipsometry measurements. The polymer

with dDHPAA= 0.09 systematically prevented the surface from adsorbing Fbg, independent of

the ionic strength of the polymer adsorption solution (1-100 mM), in contrast to PLL-g-(PEG;

DHPAA) (20 000: 168: 2 000 Mr; 0.46: 0.29 d) for which the Fbg adsorbed mass increased

with increasing ionic strength. A possible reason is the reduction of positive charges on the
backbone with increasing dDHPAA, which influences the electrostatic long range attraction to

the surface but also causes a stretching of the backbone and thus of the complete molecule.
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Figure 39. Normalized fibrinogen adlayer thickness adsorbed on a TiO2-coated silicon wafer, which was previously coated
with PLL-g-(DHPAA; PEG) (20 000: 168: 5 000 Mr; 0-0.73: 0.27 d) copolymers with varying DHPAA grafting density dDHPAA from
HEPES buffer with a ionic strength of 1, 10 and 100 mM (incubation for 1h at RT). The substrate was then incubated in 0.1 mg/mL
FITC-Fbg solution (HEPES 2: 10 mM, pH=7.4, 150 mM NaCl) for 1 h at room temperature (RT). The obtained Fbg thicknesses
measured with ellipsometry, were normalized with the Fbg thickness adsorbed on blank references (=100% Fbg thickness) and
0.00 nm equal 0%. The correlating polymer adlayer thicknesses are shown in Fig 36.

The attraction to the substrate is for both grafting densities similarly screened but less positive
charges could lead to the formation of a random coil and hinder a flat arrangement on the
surface.
Fbg adsorption was also performed on the PLL-g-(PEG; DHPAA) (20 000: 168: 5 000 Mr;
0-0.73: 0.27 d) adlayers (Figure 39) The comparison with the copolymer set with Mr PEG=2000

shows again the previously discussed influence of the polymer architecture (Section 2.1.4
Influence of the PEG chain length). The Fbg adsorbs on adlayer thickness values (> 1.5 nm)
that would be Fbg resistant for Mr PEG=2000, e.g 9-15 % normalized Fbg was detected on PLL-

g-PEG (20 000: 5 000 Mr; 0.27 d) and 0 % on PLL-g-PEG (20 000: 2 000 Mr; 0.29 d), both

adsorbed in 1, 10 and 100 mM HEPES for 1 h at RT. Moreover the DHPAA grafting density
range for polymer set with Mr PEG=5000 to receive protein resistant coatings, is more narrow
compared to the set with Mr PEG=2000. Fbg resistance (values below the detection limits) was

only achieved with a dDHPAA= 0.14 - 0.27 adsorbed from 1 and 10 mM HEPES buffer (1 h, at RT).
In general the adsorption of Fbg corresponds directly to the quality of polymer adlayer thickness,
but different polymer architectures can behave differently. Thus for a direct comparison it is
advantageous to calculate the number of EG units per area.
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Figure 40. A) Fluorescence image of FITC-Fbg adsorbed on PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d)
dissolved in HEPES (0.1 mg/mL, 10 mM, pH = 7.4) and adsorbed on a TiO2 coated silicon wafer (22 nm). The seven copolymers
were adsorbed eight times on spot A2-8, A9-15, B2-8, B9-15, C2-8, C9-15, D2-8, D9-15 with the grafting density dDHPAA decreasing
from the left to the right. The polymer adlayers of the D and E row were subsequently treated with 5.3 M NaCl solution for 16 h.
Finally the complete slide was incubated in 0.1 mg/mL FITC-Fbg dissolved in HEPES 2 for 1 h at RT. The image was taken with
a microarray scanner (Tecan LS). B) Average FITC-intensities measured on the spots of the picture (A) were compared with the
Fbg adlayer thickness measured with ellipsometry. Both values were normalized against full substrate coverage (=100%).

The adsorption of FITC-Fbg enabled furthermore the faster fluorescence read-out with an
microarray scanner. An example of such a scanner image is displayed in Figure 40A; it shows
the intensity level of FITC-Fbg adsorption on all PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr;

0-0.70: 0.29 d) copolymers adsorbed at 50 °C. Twenty-eight of the polymer adlayers were

subsequently incubated in sodium chloride (5.3 M, over night, at RT), in order to test the
stability of the coating. The details of this assay are described in the following section “6-2.5
Polymer adlayer stability”. The adsorption of FITC-Fbg was visible on the blanks but not on
the copolymers, except on the salt-treated PLL-g-PEG coatings. This proves that the polymer
adlayers are not exchanged with Fbg during the protein incubation and the coatings form
homogeneous adlayer across the wells of the SuMo device. Quantification was done by the
determination of the average grey value on each spot and on the two reference spots, which
were completely covered with Fbg and empty (bare TiO2), respectively. The two references

were used for the normalization of the FITC intensity and enabled the direct comparison of
different experiments. The FITC-intensity of the dry adlayer correlated with the FITC-Fbg layer
thickness measured with ellipsometry (Fig. 40B) although slight differences can occur due to
quenching effects128.
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Figure 41. Normalized fibrinogen thickness (100% = value for bare substrate) plotted as a function of the number of surfacebound PEG chains per square nanometers. The values for the PEG chain surface density and Fbg-normalized thickness were
calculated from the thickness of polymer and Fbg adlayer, respectively, both measured by ellipsometry. The PLL-g-(DHPAA;
PEG) copolymers were adsorbed at room temperature from HEPES buffer with an ionic strength of 1, 10, and 100 mM. To test
the nonfouling properties of the polymer adlayers, SuMo arrays were incubated at room temperature in a solution of 0.1 mg/mL
FITC-Fbg for 1 h. A) PLL-g-(DHPAA; PEG) (20 000:168:2 000 Mr; 0-0.70:0.29 d) B) PLL-g-(DHPAA; PEG) (20 000:168:5 000 Mr;
0-0.73:0.27 d).

6-2.3. Correlation between polymer and fibrinogen adsorption
The impact of catechol on the binding strength might also influence assembly process and the
PEG chain density on surface and thus show a different correlation as observed for comparable
PEG systems37, 72, 73. The PEG surface density (number of PEG chains per unit area) of the
adsorbed polymer layers was plotted against the normalized FITC-Fbg thickness in Fig. 41.
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The values refer to 1 h, room temperature adsorption and HEPES buffer with ionic strength
values of 1, 10 and 100 mM. In order to compare the experiments performed on numerous
substrates, and also to minimize effects caused by e.g. small variations of Fbg concentration,
rinsing conditions, etc., the thickness values were normalized to the Fbg thickness obtained
on the blank (not polymer-coated) reference spots of each slide (= 100 % Fbg coverage),
similar as previously done with the FITC fluorescence intensity. The surface densities of PEG
(2 kD) chains were calculated from the (dry) polymer thickness values obtained by ellipsometry,
a PEG density, ρdry PEG, of 1.17 g/mL, a grafting density, dPEG, of 0.29 corresponding to 27

PEG chains per polymer molecule (NPEG) and dPEG=0.27 corresponding to 26 PEG chains per
molecules, and the molecular weight of the different polymers (Mr Polymer).

Adsorbed Fbg layer thickness was found to steadily decrease with increasing PEG surface
density, reaching values that were generally below detection level for surface densities
nPEG 2000 ≥ 0.4 PEG chains/nm2 and nPEG 5000 ≥ 0.2 PEG chains/nm2. Both values were in good

agreement to the minimally required nPEG value of 0.44 PEG (2 kDa) chains/nm2 and 0.18 PEG

(5 kDa) chains/nm2 obtained by Pasche et al.74 for copolymers of the type PLL(20)-g-PEG(2)
and PLL(20)-g-PEG(5) adsorbed on Nb2O5 (protein resistance tested against full serum).

6-2.4. Evaluation of the inhibition of aquatic biofouling
The long-term stability and antifouling properties of the polymers PLL-g-(DHPAA; PEG) (20 000:
168: 2 000 Mr; 0-0.70: 0.29 d) were further tested in cultures of biofilm-forming cyanobacterium

Lyngbya sp. EAWAG 140. Four titanium-oxide-coated glass slides were assembled in the SuMo
device and the seventy wells incubated with the different PLL-g-(DHPAA; PEG) copolymers,
dissolved in HEPES 1 buffer (10 mM, pH = 7.4) at a concentration of 0.1 mg/mL and a
temperature of 70 °C. Lyngbya sp. cyanobacteria were then allowed to grow on the coated glass
slide in a Petri dish for 16, 28 and 100 days (Fig. 42 A). Subsequently, the slides were dipped
in Zehnder medium129 to remove excess cyanobacteria and then dried in a stream of nitrogen.

The auto-fluorescence of Lyngbya sp. allowed us to judge selectively the presence or absence
of biofilm formation with a microscope (Fig. 42 B) and a microarray scanner (Fig. 42 C) as well
as to quantify relative coverage by the measurement of the average fluorescent intensity on
the polymer-coated (and the bare control) spots (Fig. 42 D). Normalization of the determined
absolute intensity values was required to compare the different surfaces; a similar procedure
for the read-out was applied as for the determination of the FITC-Fbg adsorption. The autofluorescence of the bacterial film on blank, uncoated TiO2-coated glass slides was taken as

100 % relative intensity and zero absolute intensity as 0 %. A dense, green cyanobacteria film
was consistently formed across the whole glass slide but simple dipping in culture medium
released the bacteria film from the polymer-coated spots, but not from the bare (not polymercoated) control spots. All seven copolymer coatings proved to resist cyanobacterial adsorption
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Figure 42. Fouling test with Lyngbya sp. EAWAG 140 cyanobacteria: Seven solutions of PLL-g-(DHPAA; PEG) (20 000: 168:
2 000 Mr; 0-0.70: 0.29 d) copolymers (0.1 mg/mL in 10 mM HEPES 1, pH = 7.4) were adsorbed eight times (for statistical reasons)
at 70 °C on a titanium-oxide-coated microscopy glass slide and then incubated in a Petri dish with cyanobacteria (A). The light
microscopy image (b) displays the bacteria growth after 100 days on the bare TiO2 (bottom right area) and the resistance on
the polymer-coated spot (upper left area); the small square shows the red auto-fluorescence of the bacteria on the same spot.
A complete fluorescence image of the slide incubated in cyanobacteria for 28 days, was obtained with a microarray scanner
(C). The polymers adsorbed on row A, B, D and E had a grafting density dDHPAA that decreased in columns 1-7 and 8-14 from
0.70 to 0.0. The spots of row C were left empty or filled with pure buffer and used as reference. Chart D displays the normalized
fluorescence intensity measured on each spot/polymer for the different DHPAA grafting densities, plus the blank reference
incubated only with HEPES 1 buffer (right), and incubation times of 14, 28 and 100 days.
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for a culture time of up to 100 days.
Although bacterial growth was normal on all surfaces, the bacteria films did not adhere to the
polymer-modified surfaces and were washed away upon gentle rinsing with buffer. This was
in stark contrast to the bare (non-modified titania surfaces), where cyanobacteria attached
strongly. In view of the known formation of a bacterial biofilm167, 168 including factors such as
extra cellular matrix, polysaccharides, enzymes, etc., this excellent long-term stability was
quite surprising. As after 100 days, there was still complete prevention of aquatic biofilm
formation, experiments involving more strains, seawater and a longer experimental time scale
will certainly be of use in characterizing the scope of these polymers.

6-2.5. Polymer adlayer stability
Exposure of the copolymer coated titania surfaces to high salt (5.3 M NaCl) was used in
order to discriminate between electrostatic physisorption caused by the free lysine groups
of the backbone, and strong, coordinative binding of catechol group to titanium cations. This
approach has been used before in the context of probing adhesion strength of PLL-g-PEG
with and without covalent attachment to aldehyde plasma polymerized layers31. The polymer
adlayer stability test comprised the incubation of the coated substrates in saturated (5.3 M)
sodium chloride (NaCl) solution for 17 h at room temperature. Polymer adlayer thickness and
mass were measured before and after the salt treatment by ellipsometry (Fig. 43) and OWLS
(Fig. 44), respectively.
Figure 43A displays the adlayer thickness of the PLL-g-(DHPAA; PEG) (20 000: 168: 2 000
Mr; 0-0.70: 0.29 d) coatings measured with ellipsometry with different DHPAA grafting density

and adsorbed at room temperature, 50 °C and 70 °C for 1 hour in HEPES 1 buffer (pH = 7.4).
The adsorption at higher temperatures resulted generally in increased layer thicknesses, but
also in larger error bars, in comparison to the layers adsorbed at room temperature. However,
a temperature of 50 °C was already sufficient to achieve a significantly increased adlayer
thickness. Adsorption at 70 °C led to no further increase of the adlayer thickness nor to further
improved stability under high ionic strength conditions. The stability test with NaCl induced a
strong reduction (from 1.73 to 0.67 nm at 70 °C) of the PLL-g-PEG adlayer adsorbed at either
of the three temperatures. In contrast, for the polymers containing DHPAA, the reduction in
adlayer thickness was less than 0.4 nm. This was already the case for the polymer with lowest
DHPAA grafting density (dDHPAA= 0.08 ≈ 7 DHPAA per polymer molecule),
Fbg was subsequently adsorbed on the polymer-coated substrates (0.1 mg/mL Fbg in HEPES
10 mM, pH= 7.4, 150 mM NaCl) for 1 h at room temperature (Fig. 43B). Although the polymer
film thickness of none of the PLL-g-(DHPAA; PEG) copolymers was tremendously reduced
by the salt treatment, strong differences were observed in the subsequent Fbg adsorption.
Especially the polymer coatings with a dDHPAA higher than 0.26 provided no longer resistance
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Figure 43. A) Stability of the seven different PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) copolymers with
increasing DHPAA grafting density dDHPAA (X-axis). The polymers were adsorbed on TiO2 coated silicon wafer (framed bars,) from
a 0.1 mg/mL solution in HEPES 1 buffer (10 mM, pH= 7.4) at room temperature (RT), 50 °C and 70 °C. The solid bars display
the polymer adlayer thickness (measured by ellipsometry) after the incubation in a 5.3 M sodium chloride solution for 17 h at RT.
(b) Adsorbed Fbg ellipsometry thickness recorded on the polymer-coated surfaces with polymer thicknesses as displayed in a).
Substrate slides, each containing 70 polymer adlayers, were incubated in a 0.1 mg/mL Fbg solution for 1 h at room temperature.
The framed bars show Fbg adsorption on the untreated, the solid bars Fbg adsorption on the salt-treated polymer coatings.
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Figure 44. Comparison of the adsorbed polymer (A) and fibrinogen (B) mass calculated from ellipsometry (ELM) data and
the mass obtained directly from optical waveguide lightmode spectroscopy (OWLS). A) The seven PLL‑g‑(DHPAA; PEG)
(20 000:168:2 000 Mr; 0.70:0.29 d) polymers were adsorbed on TiO2 from a 0.1 mg/mL solution (in 10 mM HEPES buffer, pH =
7.4) for 1 h at room temperature (ELM) and for 0.5 h at 25 °C (OWLS). Some of the polymer adlayers were then incubated over
night at room temperature (ELM) or for 0.5 h at 25 °C (OWLS) in 5.3 M sodium chloride solution. B) The non-fouling property of
the polymer adlayers was tested with the incubation in a 0.1 mg/mL FITC-Fbg solution (10 mM HEPES buffer, pH = 7.4, 150 mM
NaCl) for 1 h at room temperature (ELM) or 0.5 h at 25 °C (OWLS).

to Fbg adsorption if assembled at room temperature (1.9 - 2.2 ± 0.2 nm Fbg). If adsorbed at
50 °C or 70 °C, however, the adsorbed Fbg thickness was less than 0.2 nm, both without and
with salt treatment of the polymer films.
The ellipsometry data were also compared with those of the OWLS measurements (Fig. 44),
PLL-g-(DHPAA; PEG) with values for dDHPAA of 0.09, 0.46 and 0.79 and plain PLL-g-PEG were

adsorbed for 0.5 h at 25 °C on TiO2-coated waveguides by the injection of 0.1 mg/mL polymer
solution in HEPES (10 mM), sufficient to reach saturation. A fraction of the polymer adlayers

were subsequently treated with saturated NaCl solution, due to instrumental limitation for only
0.5 h. This treatment was sufficient to strongly reduce the PLL-g-PEG layer thickness, albeit
not as much as for the ellipsometry study where the exposure to high salt conditions was
for 17 h (Fig. 36A). Finally, the non-fouling quality of the polymer adlayers was tested by the
incubation of 0.1 mg/mL FITC-Fbg for 0.5 h. Low levels of Fbg adsorption (below 12 ng/cm2)
were recorded on all copolymer adlayers with dDHPAA ranging from 0.09 to 0.26, while 306 ng/
cm2 of Fbg adsorbed to the salt-treated PLL-g-PEG adlayer. (Fig. 36B).

Both methods show the detachment of assembled PLL-g-PEG to a large extent during the
high salt incubation step and subsequent Fbg adsorption levels comparable to the bare titania
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surfaces as expected. The stability performance of this copolymer was drastically altered by
the presence of DHPAA ligands. Although there was some reduction in film thickness after the
salt incubation, possibly due to loss of some loosely bound polymers, most of the tested PLL-g(DHPAA; PEG) surfaces still preserved their non-fouling quality. Correlated with film thickness,
the highest reduction of non-specific fibrinogen adsorption was noticed for polymers with
DHPAA grafting densities between approximately 0.1 and 0.3, and preferentially immobilized
at the higher assembly solution temperatures, 50 - 70 °C.
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Silicon dioxide or glass is a versatile, inert, transparent, and low-cost material and thus widely
used for optics, biological assays and sensing platforms. Furthermore, the isoelectric point
(IEP) is around 3 and the material surface is negatively charged at neutral pH, which also
attracts the positively charged PLL-g-PEG76. PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr;
0-0.70: 0.29 d) polymer set (Chapter 5) was adsorbed under different assembly conditions

such as temperature and ionic strength, on silicon dioxide of uncoated silicon wafers with a
natural SiO2 layer or on SiO2 coated glass slides (22 nm) with a dimension of 26 x 76 mm2
using the SuMo device as for the TiO2 coated samples in chapter 6.2.

The influence of the different assembly conditions on the adsorbed polymer mass and
subsequent non-fouling properties (resistance to Fbg) of the polymer-coated samples was
studied as a function of the DHPAA grafting density.

6-3.1. Polymer adsorption
The polymer assembly was performed at room temperature, 55 °C and 70 °C and from HEPES
buffer (pH=7.4) with different ionic strength (1, 10 and 100 mM). The performance of the
experiments was determined by measuring the dry adlayer thickness with ellipsometry (in air)
and, in order to follow the adsorption in situ, with QCM experiments for a choice of polymers
at 25 °C and 50 °C, performed on silicon coated quartz crystals (50 nm).
The QCM experiments showed a fast adsorption of the polymers and a stable adlayer in
HEPES 1, but as soon the buffer was exchanged to HEPES 2 (with 150 mM NaCl, used for the
latter Fbg incubation), the adsorbed polymer layer degraded (Fig. 45). Therefore the polymer
adlayers measured with ellipsometry were in a second step always incubated in HEPES 2 buffer
for 24 h at RT (Fig. 45B). A polymer concentration of 0.1 mg/mL was used for all experiments,
while the assembly conditions were varied. The same initial parameters were used as for the
previously performed adsorption experiments on titanium oxide: an ionic strength of 10 mM
HEPES (pH=7.4), 1 h adsorption time and room temperature

6-3.1.1. Temperature
PLL-g-(PEG; DHPAA) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) was adsorbed at room temperature,
55 °C and 70 °C (Fig. 45A) and showed increased adlayer thickness with higher assembly
temperature. However, the second incubation in HEPES 2 leads to a strong decrease of
the adlayer thickness of the complete polymer set (dDHPAA = 0-0.7 nm), independent on the

assembly temperature (Fig 45B). In general polymers films with a low DHPAA grafting density
were thicker (> 0.6 nm) than with a high dDHPAA, but a maximum adlayer thickness of 1.1 ±

0.3 nm was found for the polymer PLL-g-(PEG; DHPAA) (20 000: 168: 2 000 Mr; 0.26: 0.29 d).
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Figure 45. Polymer adlayer thicknesses of PLL‑g‑(DHPAA; PEG) (20 000:168:2 000 Mr; 0-0.70:0.29 d) adsorbed on natural SiO2
on a silicon wafer from HEPES 1 buffer (0.1 mg/mL) for 1h at room temperature, 55 °C and 70 °C.The dry adlayer thicknesses
were determined with ellipsometry A) Displays the dry polymer adlayer thickness after the incubation and rinsing with MQ-water
B) shows the same polymer after the incubation in HEPES 2 buffer (10 mM, pH=7.4, 150 mM NaCl) for 24 h at room temperature
and C) shows the dry adlayer thickness after the incubation in HEPES 2 and in 5.4 M sodium chloride solution for 17 h at room
temperature.
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Figure 46. QCM experiments with DHPAA-g-(PEG; DHPAA) (20 000: 168: 2 000 Mr; 0.26: 0.29 d) on silicon coated quartz
crystals. 0.1 mg/mL polymer in HEPES 1 was adsorbed under flow 6 µL/min at 25 °C and 50 °C. The stability of the adlayers was
observed during the buffer exchange to HEPES 2 for 24 h at room temperature and the incubation in saturated sodium chloride
(5.3 M, >12 h RT). Finally 0.1 mg/mL FITC-Fbg (green bar) was adsorbed on the polymer and on the blank silicon oxide of the
quartz crystals to test the protein resistance of the adlayer.

QCM measurements showed that adsorption of PLL-g-(PEG; DHPAA) (20 000: 168: 2 000 Mr;
0.26: 0.29 d) leads to a change in frequency of about -53 Hz for the third overtone and a mass

of 310±4 ng/cm2 (RT) and of 351±17 ng/cm2 (50 °C) calculated with the Sauerbrey equation131.
However the following exchange to HEPES 2 buffer reduced the adlayer by about 10 Hz to
a mass of 253±4 ng/cm2 (RT) and 270±24 ng/cm2 (50 °C). No significant difference of the
thickness was observed for the adsorption at room temperatures and at 50 °C both frequencies
were around 53-60 Hz (measured before the HEPES 2) (Fig. 46). Furthermore, the adlayer
was reduced by the incubation in sodium chloride (5.3 M, >12 h, RT) to 173±2 ng/cm2 (RT) and
202±28 ng/cm2 for the polymer adsorbed at 50 °C, the thicknesses remained similar obtained
at RT, while the temperature had no tremendous effects on the thickness.

6-3.1.2. Ionic strength
The stability of particularly PLL-g-(PEG; DHPAA) (20 000: 168: 2 000 Mr; 0.26: 0.29 d) shows

that DHPAA-polymers adsorbed on SiO2, but the dDHPAA window would probably increase with

more optimized assembly conditions. Thus another polymer assembly parameter, the ionic

strength, was tested, using HEPES buffer at concentrations of 1, 10 and 100 mM (pH=7.4).
While the polymer concentration in the assembly solution remained the same, the assembly
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Legend:
 Polymer adsorbed at room temperature
 Polymer adsorbed at 55 °C
 Polymer adsorbed at room temperature after 24 h in HEPES 2
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Figure 47. Polymer adlayer thickness of seven PLL‑g‑(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) copolymers with
varying concentration of DHPAA grafted to the PLL backbone (X-axis). The copolymers were adsorbed on the natural SiO2
of silicon wafers under two different conditions: ionic strength (HEPES buffer (1-100 mM, pH = 7.4) and temperature (room
temperature (RT) and 55 °C). After the assembly, the polymer adlayers incubated in HEPES 2 for 24 h at RT. The dry adlayer
thicknesses were measured in air with ellipsometry.
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Figure 48. FITC-Fbg adlayer thickness of Fbg incubated on previously prepared PLL‑g‑(DHPAA; PEG) (20 000:168:2 000 Mr;
0-0.70:0.29 d) coated silicon wafers (Fig. 45). 0.1 mg/mL FITC-Fbg in HEPES 2 was incubated for 1h at room temperature on
the polymer coatings. The data set shows the influence of the different assembly conditions (RT, 55 °C and 70 °C) and posttreatments (HEPES 2, 5.3 M NaCl) of the polymer coatings.

temperatures were 25 °C and 50 °C.
Figure 47 displays the different results and shows that highest polymer thickness was obtained
in 10 mM HEPES buffer. Both higher and lower ionic strength led to thinner adlayers of the
complete set of polymers below 1 nm. Raising the temperature caused an increase of the
adlayer thickness, but it is again reduced to the same level as obtained for the polymers
adsorbed at RT as soon as the adlayers were incubated in HEPES 2 (24 h, at RT).

6-3.2. Fouling test with fibrinogen
Fibrinogen resistance of the adsorbed polymer adlayers (Fig. 47) was tested with a 0.1 mg/mL
FITC-Fbg in HEPES 2 (1 h at RT). Previously to the fouling test, the polymer adlayers were
incubated in HEPES 2 (24 h, RT) in order to maintain a stable adlayer and exclude effects
during the Fbg incubation caused by the buffer. The test showed non-fouling of the polymer
adlayer with dDHPAA ≤ 0.26 if adsorbed at 55 °C and 70 °C and for dDHPAA of 0, 0.08, 0.09 and for
a dDHPAA of 0.26 if adsorbed at RT (Fig. 48).

The Fbg adsorption on PLL-g-(PEG; DHPAA) (20 000: 168: 2 000 Mr; 0.26: 0.29 d) coated and
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Legend:
 FITC-Fbg on polymer (adsorbed at RT after 24 h in HEPES 2)
 FITC-Fbg on polymer (adsorbed at 55 °C after 24 h in HEPES 2)
Figure 49. FITC-Fbg adlayer thickness (Y-axis) on the previously coated PLL-g-(DHPAA; PEG) adlayers, assembled at different
ionic strengths (1, 10 and 100 mM) and at RT and 50 °C (displayed in fig. 47), was plotted against the DHPAA-grafting density
of the polymers. 0.1 mg/mL FITC-Fbg in HEPES 2 was used for the incubation, whereas the substrate was immersed for 1h at
RT. The Fbg adlayers were measured with ellipsometry and normalized against the full Fbg coverage on a blank SiO2-reference
(=100%) and zero thickness (=0%).
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on blank SiO2 sensors, was also measured with QCM and is displayed in figure 40. The polymer

was adsorbed at RT and 50 °C and subsequently incubated in HEPES 2 (24 h, RT), followed
by a saturated sodium chloride (12 h, RT) incubation. 410 ng/cm2 Fbg were found to adsorb
on a blank silicone oxide sensor, while only 44 ng/cm2 Fbg were found on the polymer coated

sensor (RT). A higher assembly temperature of 50 °C, further reduced the Fbg adsorption to
only 10 ng/cm2. The values are in good agreement with the ellipsometry thicknesses of Fig. 48,
both show a low Fbg adsorption for the polymer with dDHPAA=0.26.
The variation of the ionic strength during the assembly with a 1 - 100 mM HEPES buffer, led to
no further optimization of the Fbg resistance, comparing to the adlayer assembled in 10 mM
HEPES (Fig. 49). Polymers with a dDHPAA < 0.26 and adsorbed at all three ionic strengths

showed a reduced Fbg adsorption. But if assembled at 1 mM and 100 mM, the Fbg adsorption
increases on the polymer with dDHPAA=0.09 and 0.16, while the polymer with dDHPAA= 0.26 still
prevent Fbg adsorption.

Moreover no influence of the temperature was observed for the polymer adlayer (after
HEPES 2) (Fig. 47). This is the same for the Fbg adsorption on the polymers assembled at 10
and 100 mM ionic strength, but at 1 mM a significant reduction of Fbg is visible for the polymer
with dDHPAA=0.16 adsorbed at 55 °C (Fig. 49).
Finally the fluorescence of the FITC dye was used to investigate whether the coating could
have been replaced with Fbg. Hence the FITC intensity was not strong enough and could not be
measured with the microarray scanner, thus the experiment was repeated with AlexaFluor546Fbg (from human plasma, 13.0 mole dye/mole, Molecular Probes, Eugen Oregon, U.S). Prior
DHPAA-g-(PEG; DHPAA) (20 000: 168: 2 000 Mr; 0-0.7: 0.29 d) was adsorbed on SiO2 coated

glass slide (22 nm) at RT and 70 °C for 1 h (Fig. 50). The following incubation with 0.1 mg/mL

AlexaFluor546-Fbg for 1 h at RT showed the same trend (Fig. 50) as obtained with ellipsometry
(Fig. 50B&E) although the sensitivity is not comparable with ellipsometry. Especially low Fbg
adsorption is not detected with the scanner. But comparing with the adsorption of the uncoated
SiO2 - reference samples, it is possible to see that the polymer coated wells are consisting of
polymer and not of a Fbg replacement.

6-3.3. Stability test with high salt solution
Since the polymer adlayers were not stable with increasing ionic strength caused by the
incubation in HEPES 2, we have tested the adlayer stability additionally with the incubation
in 5.3 M NaCl solution (Fig. 45C) . Similar to the adsorption on titanium oxide the pure PLLg-PEG (20 000: 2 000 Mr; 0.29 d), adsorbed at RT, 55 °C and 70 °C, was almost completely

removed (0.19-0.39 nm, reduction: 0.61-0.92 nm). The adlayers of PLL-g-(PEG; DHPAA)

(20 000: 168: 2 000 Mr; 0.26: 0.29 d) adsorbed at the three temperatures, however, were
not further reduced, the adlayer difference before and after the salt treatment was less than
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Figure 50. Fluorescence images of the AlexaFluor465-Fbg incubated on the previously adsorbed PLL-g-(DHPAA; PEG)
(20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) copolymer adlayers (0.1 mg/mL in HEPES 1, for 1 h) at RT (A) and 70 °C (C). Each of the
7 copolymers was adsorbed eight times from A2-8, A9-15, B2-8, B9-15, D2-8, D9-15 E2-8, E9-15. Row C was used for blank
TiO2 references. Half of the polymer adlayers (Row D&E) were subsequently treated with saturated NaCl (for 16 h at RT). The
average intensity of the Alexa Fluor 546 dye, measured on the different spots is displayed in B) for the polymers adsorbed at RT
and in D) if adsorbed at 70 °C.
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0.25 nm. After the incubation of the polymer adlayers in sodium chloride (5.3 M), only PLL-g(PEG; DHPAA) (20 000: 168: 2 000 Mr; 0.26: 0.29 d) prevents the surface from Fbg adsorption.
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6-4. Results - Gold

The inert, corrosion-resistant, conducting gold is a common metal used for sensors and dental
implants. Interactions of Mefp or pure DOPA with gold were already described in literature104, 118.
The binding mechanism is not exactly known but spectroscopic studies of mefp-1 adsorbed
on colloidal gold assumes binding of the deprotonated hydroxy groups of DOPA, but it also
mentions interactions of the residual peptide sequence via primary amines169.
An uncharged gold surface was not expected to electrostatically attract the positively charged
polymers as observed for TiO2 and SiO252, 79, 164. This suppression of the electrostatic long

range force could change the assembly process and thus the optimal dDHPAA for high surface
coverage. The set of PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) polymers

(Chapter 5) was adsorbed on gold coated silicon wafers (50 nm gold, with 3 nm chromium,
as an adhesion layer between gold and silicon oxide) at different temperatures. Experiments
were performed in the SuMo device (Chapter 4). The influence of the different temperature on
the adsorbed polymer thickness and subsequent resistance to Fbg of the polymer adlayers
was studied as a function of the DHPAA grafting density.

6-4.1. Polymer adsorption
The set of PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) was adsorbed from a
0.1 mg/mL HEPES 1 solution at RT and at 55 °C for 1 h (Fig. 51). The polymer adlayers with

dDHPAA below 0.26 adsorbed at RT and 55 °C were of similar thickness, but for a dDHPAA=0.46

and 0.7 the polymer adsorbed less (0.3 nm) at 55 °C than at RT (0.7 nm).

Surprisingly the resulting polymer adlayer thicknesses plotted against dDHPAA behaved similar
as observed for TiO2. Although no strong electrostatic driving force to the gold substrate

was expected, polymers with higher positive charge form thicker adlayers. In view of the
intramolecular repulsion caused by the positive charges on the PLL backbone, the higher
charged polymer is stronger stretched, which could optimize the interaction of the catechols
on the surface since the stretched cigar-type molecule might reassembly faster on the surface
than a random coil. Another explanation could be cross linking on the surface but the question
is then why the intramolecular cross linking did not already happen before. Moreover the
enhanced binding strength on gold, with combinations of catechol and other amino acids was

already mentioned above and also observed by Dalsin et al., when comparing PEG-DOPA1-3
with PEG-MAP’s and only PEG-MAPs resist fibroblasts adsorption sufficiently170. It has to be
mentioned that the MAP sequence contained, one DOPA and two lysine groups , whereas one
was right next to the DOPA. The binding via primary amines would also explain the binding of
pure PLL-g-PEG. (Fig. 51).
However the electrostatic force long range driving force for the assembly of the polymers on the
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Figure 51. Average ellipsometry adlayer thickness of PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) copolymers,
adsorbed eight times from a 0.1 mg/mL solution in HEPES 1 for 1h at room temperature, at 50 °C and 70 °C on gold coated silicon
wafers (3 nm Cr, 50 nm Au). Half of the adlayers were incubated in a second step in saturated sodium chloride solution at RT for
16 h and measured again with ellipsometry (empty markers).

surface, might originate from the oxide layer generated with the UV/Ozone cleaning protocol.
Although gold is an inert metal, the surface is immediately contaminated with hydrocarbons as
soon as it is introduced to ambient atmosphere. This could affect the polymer adsorption and
the stability of the coating. Morgenthaler et al. showed an rapid increase of carbon and oxide
signals measured with XPS and tested various cleaning protocols171. Among sonication, air
plasma, and piranha cleaning was UV/Ozone (30 min) one of the methods in our group that
maintained a low hydrophilicity. However a subsequent immersion in ethanol172 or the change
of the cleaning protocol to wet chemistry could further improve the cleanliness173 and reveal
the interaction with pure gold.

6-4.2. Fouling test with fibrinogen
Adsorption of FITC-Fbg (0.1 mg/mL in HEPES 2) on all PLL-g-(DHPAA, PEG) coatings (Fig 51)
was examined with ellipsometry (Fig. 52) the fluorescence intensity of the FITC on gold was
too low and could not be measured.
The adsorption of pure PLL-g-PEG on gold was never completely fibrinogen resistant, but
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Figure 52. Fibrinogen adsorption on the PLL-g-(DHPAA; PEG) adlayers previously adsorbed on gold coated silicon wafers
(50 nm gold) displayed in Fig. 51. The slide was completely immersed in 0.1 mg/mL FITC-Fbg dissolved in HEPES 2 at RT for
1h and then rinsed and dried for the ellipsometry measurement.

if adsorbed at 55 °C, the Fbg adsorption was drastically reduced: 1.34±0.22 nm at RT and
0.12±0.055 nm at 55 °C. Fbg adsorption on PLL-g-(DHPAA; PEG) with dDHPAA=0.09 at RT

was only 0.05 nm, but the adsorption at 55 °C lead to a larger window of polymers with a Fbg
resistance below detection limit, starting from dDHPAA= 0.08-0.16.

6-4.3. Stability test
The stability of all coatings was strongly reduced with the incubation in saturated sodium chloride
solution. PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0.46 and 0.70: 0.29 d) adsorbed at

55 °C were completely removed (Fig. 51) with the salt. Adlayers of the copolymers with grafting

densities less than 0.46 were reduced to approximately halve of the original thickness, while
PLL-g-PEG was almost completely removed.
Unfortunately all polymer adlayers on gold were not stable in saturated salt solution and a
significant amount of Fbg adsorbed on the remaining adlayers. However it has to be mentioned
that the increased adsorption temperature bisect the adsorbed amount of Fbg (Fig. 52).
Therefore investigations with different assembly condition or optimization of the electronic
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properties of the catechol for better interaction with gold, could be strategies to optimize the
coating stability.
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6-5. Summary & Conclusion

The two synthesized PLL-g-(DHPAA; PEG) copolymer sets (Chapter 5) were successfully
adsorbed at different assembly conditions e.g. incubation time, ionic strength and temperature
on titanium dioxide, silicon dioxide and gold. Polymer adlayers were formed on all three
substrates, but the window of formation of dense (confluent), protein resistant monolayers
strongly depended on the assembly conditions and the polymer architecture in terms of PEG
chain length and PEG and DHPAA grafting densities. PLL-g-(DHPAA; PEG) with Mr PEG= 5 000
dPEG= 0.27 results in a narrower window where full substrate coverage is reached, in comparison

to the Mr PEG= 2 000 polymer. Already the DHPAA-free PLL-g-PEG (20 000, 5 000 Mr; 0.27 d)

did not form dense PEG brushes and was thus not Fbg resistant. As shown by Pasche et

al. for the substrate Nb2O5, the grafting density of this polymer is too high73, 74. Nevertheless

the addition of DHPAA moieties caused the formation of a denser adlayer and renders the

surface Fbg resistant. A lower PEG chain length and increased PEG grafting density, however,
improved the dense assembly and lead to a wider substrate-coverage-window.
In general, polymers with a low DHPAA grafting density (0.08 - 0.17) and many positive
charges resulted in thicker adlayers compared to polymers with large DHPAA grafting densities
(dDHPAA > 0.4) and less remaining positive charges. Therefore, we assume that the positive

charges are required as an electrostatic long-range driving force to assemble the polymer
on the surface and bring the PLL backbone and thus the coupled catechols, close to the

surface77, 78, where it forms the strong coordination bond.
A potential disadvantage of polymers with strong surface-anchorage groups could be the
formation of irreversible binding and pinning of molecules as they arrive at the surface resulting
in sub-monolayer formation (55% coverage at saturation in the random sequential adsorption
model55, 56). Judged from the excellent resistance to Fbg adsorption of TiO2 surfaces coated

with the low dDHPAA polymers, this does not seem to happen, possibly related to the reversibility
of the (strong) catechol TiO2 bond174 and/or the easy conversion between the bidentate and the
monodentate coordination site of catechols on surfaces as reported by Li et al.126. This would
be expected to allow for surface mobility of the adsorbed polymers thus enabling the formation
of a confluent, densely packed molecular layer.
With the variation of the ionic strength in the assembly protocols, electrostatic interactions are
modulated, as charges are screened in relation to the Debye length. When the PEG chain
length is below the Debye length, the positive charges on the PLL backbone are screened,
even though the molecule approached the surface. At partial surface coverage and at
increased ionic strength, the polymers in the solution will not squeeze between the ones on
the surface, because of the lack of electrostatic attraction force at this distance. This results in
lower coating density as observed by the assembly on both tested substrates, TiO2 and SiO2

from 100 mM HEPES buffer. A further effect, the generation of tail, train and loop structures,
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which are formed at high ionic strength53, 57, 58, would increase the adlayer thickness and was
not observed, probably due to the relatively short PLL-backbone. A low ionic strength on the
other hand would support the undisturbed flat arrangement of the polymer on the surface. High
adlayer thickness and dense arrangement was observed for the TiO2 substrate but not for SiO2,
the adlayer assembled at 1 mM was similarly thin as observed in 100 mM HEPES. The reason

for the low adsorption at low ionic strength is probably a flatter arrangement on the surface58
or pinning of the polymers, the latter would lead to a low surface coverage as strong surface
interaction allows no rearrangement after adsorption.
Changes in temperature influenced the adlayer thickness drastically. An increased layer
thicknes was obtained on all three type of surfaces when assembled at the higher temperature.
It probably affects the mobility (e.g., via conversion between mono and bidentate bridging
coordination) thus the copolymer is still flexible enough to pack densely. Also a smaller radius
of gyration at the higher temperature is expected to result in denser packing. This is the most
likely explanation given the extensive experience and documentation in publication on the
use of “cloud-point grafting”, exploiting the inverse solubility/temperature relationship (see
Chapter 1 “2.2.2. Synthetic non-fouling strategies”). Furthermore a temperature dependent
cross-linking of the catechol was also mentioned by Papov et al.93, in the context of protein
extraction of the mussel adhesive plaque, whereas the L-DOPA in the plaque of the mussel
was found to be less cross-linked at low temperature (4-8 °C). Cross-linking on the surface
could additionally increase the stability of the SAM, as observed for silanes14.
The non-fouling behavior of the polymer adlayers was subsequently tested by the incubation
in FITC-Fbg. Protein adsorption was directly correlated with the PEG-chain density and thus
allowed a comparison of the different copolymer architectures (in particular grafting density).
The adsorption of FITC-Fbg was furthermore measured with fluorescence intensity (microarray
scanner) and was despite the lack in sensitivity it was in good agreement with the ellipsometry
data. In comparison to ellipsometry, the fluorescence measurement is fast and allowed us
to also judge the homogeneity of the adlayer. In general, the Fbg adsorption correlated with
the adlayer thickness, the thicker the polymer coating the less Fbg. However the point of
non-fouling, where the Fbg adsorption is below the detection limit, depends on the polymer
architecture and requires a minimal PEG chain density (nPEG 2000) of 0.4 per nm2 and nPEG 5000 of
0.2 per nm2, respectively 17 and 22 ethylenoxide monomer units per nm2).

Polymer adlayer stability was tested with saturated NaCl solution. At this ionic strength, charges
are completely screened, disrupting the electrostatic interaction between polymers and the
surface, thus probing whether DHPAA leads to an increased binding strength. In general the
saturated salt causes a reduction of the polymer adlayer thickness. While several PLL-g(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) copolymers with low DHPAA grafting
densities (dDHPAA= 0.08-0.26) adsorbed on TiO2 remained stable especially if adsorbed at high

temperature/low ionic strength, only one specific polymer (dDHPAA= 0.26) prevented the SiO2
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surface from Fbg adsorption and no polymer was found to withstand the salt treatment on gold.
This points out the importance to investigate a complete set of assembly parameters to receive
the full pictures of the effects on the assembly and not only to measure two extreme cases,
since the optimal conditions are often found in between.
Furthermore, all PLL-g-(DHPAA; PEG) (20 000: 168: 2 000 Mr; 0-0.70: 0.29 d) polymer
adlayers on TiO2 successfully prevented attachment of the cyanobacteria in culture up to 100

days. Although bacterial growth was normal on all surfaces, the bacteria films did not adhere
to the polymer-modified surfaces and were washed away upon gentle rinsing with buffer.

This was in stark contrast to the bare (non-modified titania surfaces), where cyanobacteria
attached strongly. As after 100 days, there was still complete prevention of aquatic biofilm
formation, experiments involving more strains, seawater and a longer experimental time scale
will certainly be of use in characterizing the scope of these polymers.
The novel class of PLL-g-(DHPAA; PEG) copolymers, presented in this work, is shown to be a
valuable addition to the toolbox of surface functionalization protocols exploiting electrostatically
driven self-assembly and concomitant strong, but reversible adhesion based on biomimetic
catechol-surface interaction. Design rules for this type of copolymer have been established
covering both an optimum balance regarding the PEG/PLL grafting ratio, a sufficient number
of (remaining) positive charge of the PLL backbone per molecule and a minimum number
of catechol binding moieties. Assembly conditions in terms of choice of assembly solution
temperature and ionic strength are crucial to achieve a well-controlled formation of a densely
packed, non-fouling copolymer adlayer.
In view of the known ability of catechols to bind to a number of inorganic and a range of
organic substrates, PLL-g-(DHPAA; PEG) can be expected to be compatible with many
different substrate compositions, notably metal oxides (e.g., transition metal oxides of
zirconium, niobium, tantalum) as well as amine-presenting polymer films118. The latter is of
special interest as a high catechol grafting density and thus low amount of free lysine amines,
would probably lead to higher polymer adsorption, which would be the opposite as observed
for the metal oxides and need to be proven. Furthermore, introduction of biofunctional ligands
(biotin, peptides, carbohydrates, and others) at the termini of the PEG chains would be
straightforward (possibly requiring modification of the DHPAA coupling scheme depending
on the functionality), opening up applications in fields such as bioaffinity sensors, cell culture
substrates, and specific patterning of biomolecules, cells or bacteria. Future potential research
directions towards an even more universal binding approach may include expansion of the
binding scheme to additional types of anchorage groups, as well as applications to inorganic
or amine-functionalized polymeric nano/microparticles for potential application in biomedical
imaging and targeted drug delivery.
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Chapter 7

Conclusion & Outlook
7-1. Conclusion
Novel highly stable, non-fouling coatings were developed by exploiting strong, biomimetic
anchors inspired by mussel adhesive proteins. The PEG-based polyelectrolyte copolymers
spontaneously assembled as ultrathin, monomolecular films on oxide substrates, adhering
through multivalent interactions of both electrostatic nature and strong catechol-metal ion
complexation.
To test in an efficient, parallel manner the great number of assembly conditions, a multiwell
device was developed that allowed us to monitor both polymer adsorption, stability and
functionality of the coatings under highly different environmental conditions.

7-1.1. High-throughput concept for surface modification
The designed surface modification (SuMo) device enables seventy adsorption experiments to
be done in parallel on one substrate. This reduced the time and reaction volume by around one
magnitude. The SuMo device was exposed to various conditions, e.g. temperatures (< 80 °C),
pH (1-14), saturated sodium chloride, ultrasonication and allowed the use of different types of
substrates. The validation was performed with non-fouling PLL-g-PEG as the coating and FITCfibrinogen as the protein for protein adsorption. The generated adlayers can be characterized
with ellipsometry, XPS (small aperture) and with fluorescence techniques, such as microscopy
and microarray scanner. A scanner is usually used for DNA screening protocols and thus
very interesting since it is the most effective read out, the total seventy adlayer are measured
within few minutes (depending on instrument and resolution), it is perfectly suitable for the
fast screening of surface modification protocols. However, labeling of every polymer would
be time-consuming and could additionally influence the adsorption of the polymer. Therefore,
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an indirect measurement was applied, involving a labeled sticky fibrinogen (FITC-Fbg) that
strongly adsorbs on TiO2 but is repulsed by non-fouling coatings. This inverse proportionality
of high adlayer thickness causing low FITC-Fbg adsorption was also verified with ellipsometry

and the in situ sensor technique OWLS.
The data obtained with the device were in good agreement with the common dipping technique.
Beside the time and material savings, a further advantage is that the seventy adlayers on the
substrate were processed with exactly the same parameters, e.g. solvent, temperature, time
and the handling of only one substrate improves reproducibility. Among the different read-out
techniques the scanner was the fastest and allowed to judge lateral homogeneity, but was also
not as sensitive as ellipsometry.

7-1.2. Combining coordinative & electrostatic binding moieties
Coordinative and electrostatic binding mechanism with 3,4-dihydroxyphenyl acetic acid
(DHPAA) and L-lysine, respectively were combined by designing a new copolymer. Commercially
available PLL-g-PEG was used as the starting polymer, as it offers an specific amount of amine
groups that enables the modification with binding moieties, while the size of the molecule is
not tremendously affected, hence the coating density is not influenced by the anchoring group.
Two sets of PLL-g-(DHPAA; PEG) were prepared with different architectures and DHPAA/ NH2
ratio in a straightforward synthesis. Both sets were then characterized with NMR and UV/Vis

spectroscopy. While the first proved the binding of DHPAA to the PLL-backbone, the latter was
a straightforward method to determine quantitatively the DHPAA grafting density (dDHPAA).

7-1.3. Surface-activity of the dual-binding polymers
PLL-g-(DHPAA; PEG) was successfully adsorbed on the three substrates; titanium dioxide,
silicon dioxide and gold and tested under different assembly conditions: assembly time, ionic
strength and temperature. Adlayers were formed on all three substrates, but full-coverage and
thus dense, protein resistant adlayer depended strongly on the assembly conditions and the
polymer architecture.
The three different tested substrates showed distinct differences in response to the polymer
solution. On titanium oxide, polymers with a wide range of dDHPAA adsorbed, rendered the
surface fibrinogen resistant and remained stable in saturated salt solution. On silicon oxide, the

dDHPAA window that generated dense and protein resistant adlayers was substantially narrower

when compared with the titanium oxide substrate. Gold showed the generation of fibrinogen
resistant adlayers but none of it resisted the salt stability test.

The polymer self-assembly process on negative charged substrates, considering the
combination of electrostatic and coordinative binding, is depicted in figure 53. First, electrostatic
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long-range driving forces attract the positive charged polymers in the solution towards the
negatively charged surface for charge compensation (Fig. 53A). Once the polymer approached
the surface, it rearranges the PLL backbone close to the surface, which additionally supports
the coordination of PLL-coupled catechols77, 78. The rearrangement of PLL confines the PEG
chains and cause them to stretch-out into the solution (Fig. 53B). Repulsion forces increase
with higher PEG density and as soon as the PEG chains form a brush-regime, approaching
macromolecules are repelled and the maximal surface coverage is reached (Fig. 53C)
It was found that the assembly conditions had a strong impact on the adlayer formations. All
substrates showed an improved adlayer stability at higher assembly temperature. The increased
adlayer thickness at higher assembly temperature can be explained by (1) the enhanced
mobility of the polymers chains and the exchange between mono and bidentate coordination
state, leading to increased flexibility for the dense orientation, (2) the lowered solubility of PEG
close to cloud point condition and thus the formation of collapsed, globular PEG chains during
the assembly could improve the PEG chain density and finally (3) temperature dependent
cross-linking of the catechol could increase the density and stability of the SAM, as observed
for silanes15.
The variation of the ionic strength in the assembly solution directly affected the adlayer thickness.
The additional ions screen the charges, thus lower the electrostatic attraction of polymer to the
substrate but also the electrostatic repulsion of the cations on the PLL-backbone, which leads
to a higher flexibility of the chain.
The expected decrease of the adlayer with higher ionic strength and a lower Debye length was
obtained on titanium oxide. But on silicon oxide the adlayer, adsorbed at medium ionic strength
(10 mM) was thicker than at low ionic strength probably due to the stronger interaction with the
substrate that prevent a rearrangement on the surface.
All polymers showed relatively fast adsorption kinetics, the maximum surface coverage was
obtained within 30 min. However, the comparison of adsorption curves obtained by the realtime OWLS measurements on TiO2 showed slightly slower adsorption rates for polymers with

high dDHPAA and thus little remaining charges on PLL and vice versa.

The described, different adsorption situations received for the same set of polymers points out
the importance to investigate a complete set of assembly parameters to receive a full pictures
of the effects on the assembly rather, than the measurement of only two extreme cases. The
optimal conditions are often found in between.

7-1.4. Enhanced adlayer stability through catechol coordination
The presence of a stronger, non-electrostatic interaction involved in the adhesion of the SAM
was proved with the subsequent incubation in saturated sodium chloride solution (5.3 M).
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Figure 53. Scheme of the self-assembly process of PLL-g-(DHPAA; PEG) on negatively charged substrate. A) The dissolved
positively charged polymers approach the surface via electrostatic long range interactions. B) On the surface, the polymer starts
to rearrange and compensates the surface charge by the close assembly of the PLL-backbone on the surface. This process
enables the catechols to form the strong coordination bond. The long PEG chains are forced to reach into the liquid and with
increasing number of approaching molecules, the PEG chains are stronger confined and start to stretch out. C) The high density
forces the PEG chains into the brush regime, once there is no more space on the surface and the repulsion forces, caused by the
brush formation, are stronger than the electrostatic attraction and thus repel approaching macromolecules.
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The increased ionic strength screens all charges, suppressed the electrostatic attraction and
causes degradation of electrostatically bound PLL-g-PEG. However the presence of only few
catechols (8-9 DHPAA on TiO2 and 25 DHPAA on SiO2) lead to an increase stability of the

coating, which must originate from a non-electrostatic binding. The concentration needed for
TiO2 (11-13% of total binding sites) is relatively low while for SiO2 (36% of total binding sites) a

comparable DOPA concentration is present in Mefp-5 (30 Mol%) and Mefp-3 (20 Mol%), the
proteins found in the adhesive plaque of the Mytilus Edulis mussel. However the mussels
of the investigated Mefp proteins were attached to acrylic glass and if an adaptation of the
plaque regarding to the substrate is considered, the polymer adsorption experiment should be

repeated on acrylic glass.
The non-fouling behavior of all adlayer was tested with fibrinogen, hence the fibrinogen
adsorption correlates directly with the polymer adlayer thickness. Long-term stability of the
polymer adlayers on TiO2 was further tested with cyanobacteria cultures in collaboration with

the Gademann group (University of Basel, Switzerland). The unicellular green algae species

is a more complex system compared to Fbg and formed within a short time frame a thick green
film on the modified substrate in the Petri dish. Surprisingly the film immediately removed
from the polymer coated spots by simply dipping the substrate in media, whereas the bacteria
remain on the uncoated references, all polymer adlayers were found to be stable for up to 100
days.
To summarize, the novel class of PLL-g-(DHPAA; PEG) copolymers, is shown to be a valuable
addition to the toolbox of surface functionalization protocols exploiting electrostatically driven
self-assembly and concomitant strong, but reversible adhesion based on biomimetic catecholsurface interaction. Design rules for this type copolymer have been established covering both
an optimum balance regarding the PEG/PLL grafting ratio, a sufficient number of (remaining)
positive charge of the PLL backbone per molecule and a minimum number of catechol binding
moieties. Assembly conditions in terms of choice of assembly solution temperature and ionic
strength are crucial to achieve a well-controlled formation of a densely packed, confluent, nonfouling copolymer adlayer.

7-2. Outlook
7-2.1. SuMo-device
The new concept for the screening of surface modification protocols using the SuMo-device
should be tested with further protocols, different coatings and substrates. Especially the use of
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polymer-substrates is interesting as it opens a completely new field.
The intentional, simple setup of the SuMo-device allow an continual improvement and adaptation
on new applications. For example the application of a pipeting robot could further improve the
efficiency of the protocol, a transparent base plate would enable in situ measurements with a
microscope and the sensitivity of the fluorescence assay could be improved by using a more
sensitive camera or confocal set up (microscope or scanner).
The field of applications can be extended, for example different coating techniques could be
applied such as “grafting from” or “layer by layer deposition”, or it could be modified with click
chemistry directly in the SuMo-device wells. Although the change to solvent-based chemistry
might require a replacement of silicon sealing with more stable materials such as Kalrez®
(DuPont Performance Elastomers).
Furthermore apart from the adhesion of different binding moieties, other parameters could be
tested such as functional end groups, e.g. with growth factors or His-tags/DNA-tags.
Finally studies of cell or bacteria interactions (adhesion, growth, proliferation) with the previously
prepared coatings or on modified substrate (topographic gradients) are possible and could be
evaluated in situ with the microscope.

7-2.2. Introduction of new binding moieties
The synthesis of the PLL-g-(DHPAA; PEG) was straightforward and simple although the
conversion might be improved with the optimization of pH and temperature or with a repeating
addition of a fresh EDC/NHS mixture.
However the introduction of different binding moieties could lead to more complicated systems
and it always has to kept in mind that the addition of new binding moiety influences, apart from
the surface interaction, also the architecture of the polymer.
The determination of the grafting density was simple with the UV-active DHPAA but the
introduction of an UV-inactive compound needs a different approach. A possible solution would
be a subsequent reaction after the coupling with the binding moieties, whereas all remaining
uncoupled amines on the PLL-backbone are expected to react with a coloring agent such
as ninhydrin or Sanger agent. The UV measurement of the coloring agent allows then the
calculation of the free amines and thus the estimation of the binding moieties grafting density.

7-2.3. Adhesion properties of PLL-g-(DHPAA; PEG)
The promising adhesion properties of the polymer received on TiO2, SiO2 and Au gives already
a hint on the broad substrate range for the application. Regarding the known ability of catechols

to bind to a number of inorganic and a range of organic substrates, PLL-g-(DHPAA; PEG)
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can be expected to be compatible with many different substrate compositions, notably metal
oxides (e.g., transition metal oxides of zirconium, niobium, tantalum) as well as aminepresenting polymer films118. However the obtained data proved also the importance to test
several assembly parameters, to find the optimal coating for each substrate.
The low conversion free enthalpy of the catechol from mono- into bidentate coordination
could support a reassembly of the polymers and the formation of denser tethered PEG chain
adlayer116, 124. It would be interesting to know if the polymers are capable of self-healing as
observed for the PLL-g-PEG adlayers176, such a polymer would be interesting as a boundary
lubricant for wear-protection. Unpublished tribology experiments with PLL-g-(DHPAA; PEG)
(20 000:168: 5 000; 0.27: 0.2 d) on titanium substrate with a natural oxide layer showed very
promising results, as the polymer required no polymer excess in the surrounding solution,
generally used for experiments with PLL-g-PEG.
Regarding to the final coating applications, e.g. biomedical devices/sensors or marine
construction the stability and non-fouling behavior of the coatings needs more tests under
harsher conditions, such as pH changes, long-term cell tests, in vivo experiments or the
incubation in sea water. The challenge of these tests are often the generation of reliable
references, that enable the comparison of the different coatings and should be treated under
exactly the same conditions, which is for complex systems such as sea water not simple.
Future potential research directions towards an even more universal binding approach may
include expansion of the binding scheme to additional types of anchorage groups, as well as
applications to inorganic or amine-functionalized polymeric nano/microparticles for potential
application in biomedical imaging and targeted drug delivery.
Finally the polymer system could be modified with biofunctional ligands (biotin, peptides,
carbohydrates, and others) at the termini of the PEG chains, as already successfully
implemented in PLL-g-PEG61-63. Such specific interactions are used for bioaffinity sensors, cell
culture substrates, and specific patterning of biomolecules, cells or bacteria.
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Abbreviations
ABS

Absolute (absorbance/intensity)

Arg

Arginine

BSA

Bovine serum albumine

d

Grafting density

Da

Dalton

dDHPAA

Grafting density of 3,4-dihydroxyphenylacetic acid

dDHPAA

Grafting density of poly(ethylene glycol)

DHPAA

3,4-Dihydroxyphenylacetic acid

DOPA

Dihydroxyphenylalanine

EDC

N-ethyl-N’(3-dimethylaminopropyl) carbodiimide

ELM

Ellipsometry

EPS

Extracellular polymeric substances

Fbg

Fibrinogen

FDA

U.S. Federal drug administration

FITC-Fbg

Fluoresceineisothiocyanate-labled fibrinogen

FITC-PLL-g-PEG

Fluoresceineisothiocyanate-labled PLL-g-PEG

Fn

Fibronectin

h

Hours

HBr

Hydrogen bromide

HCl

Hydrogen chloride

HEPES

4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid

HEPES 1

10 mM HEPES, pH=7.4

HEPES 2

10 mM HEPES, pH=7.4, 150 mM sodium chloride

HO-Arg

4-Hydroxy-L-arginine

I

Intensity
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IEP

Isoelectric point

kDa

kilo Dalton

LB

Langmuir-Blodgett films

LOD

Limit of detection

LOQ

Limit of quantification

Lys

Lysine

M

Molar (1 Mol/L)

MAP

Mussel adhesive protein

MALDI-TOF

Mass Time-of-flight

Mefp

Mytilus edulis foot protein

mg

Milligram

mL

Milliliter

mM

Millimolar 0.001Mol/L

Mr

Relative molecular weight

mPEG

Methyl terminated poly(ethylene glycol)

MWCO

Molecular weight cut off

NaCl

Sodium chloride

NaOH

Sodium hydroxide

Nb2O5

Niobium pentoxide

Mw

Absolute molecular weight

NMR

Nuclear magnetic resonace spectroscopy

NHS

N-Hydroxysuccinimide

norm.

Normalized

OWLS

Optical waveguide light mode spectroscopy

PAAm

Polyacrylamide

PC

Phosphorcholine

PDMS

Polydimethylsiloxane

PE

Polyelectrolytes

PEG

Poly(ethylene glycol)

PEO

Poly(ethylene oxide)

PEM

Polyelectrolyte multilayer

Piranha cleaning

Reactive solution of sulfuric acid and hydrogen peroxide (7:3)

PLL

Poly(L-lysine)

PLL-g-PEG

Poly(L-lysine)-graft-poly(ethylene glycol)

PLL-g-(DHPAA; PEG)

Poly(L-lysine)-graft-(3,4-dihydroxyphenylacetic acid;
poly(ethylene glycol)

PMOXA

Poly-2-methyl-2oxazoline

PS

Polystyrene

PTFE

Polytetrafluoroethylene, Teflon
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PVP

Poly(vinylpyrrolidone)

QCM

Quarz crystal microbalance

RBITC

Rhodamine B isothiocyanate

RBITC-PLL-g-PEG

Rhodamine B isothiocyanate-labled PLL-g-PEG

RF

Flory radius

RT

Room temperature

SAM

Self-assembled monolayer

Sat.

Saturated

SiO2

Silicon dioxide

SPR

Surface plasmon resonance

SuMo device

Surface Modification device

TCPS

Tissue culture polystyrene

TiO2

Titanium dioxide

UCST

Upper critical solution temperature

XPS

X-ray photoelectron spectroscopy

Δ

Difference

λ

Wavelength

1/κ

Debye length

RG

Radius of gyration
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