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Abstract

Biomimetic systems and interfaces allow to understand and control cellular
behavior in a well defined and reproducible manner. In this study three differ-
ent strategies are developed to prepare such simplified, well-defined biomimetic
materials. Firstly, a combination of click chemistry and gold thiol interactions
allows the presentation of two distinct signaling molecules at controlled density
and arrangement to investigate the cross-talk between two signaling molecules
in cell culture. Secondly, the commonly used Ni2+-NTA interaction with His6-
tagged proteins is substantially improved in its stability and inertness for pro-
tein immobilization on SAMs by replacing the Ni2+ ions with Co3+ in the
complex. Thirdly, His6-tagged proteins are stably tethered on TiO2 nanopar-
ticles for targeted delivery.

To produce dual functionalized gold nanostructured interfaces, first the
presentation of a ligand of interest with azide functionality on glass sub-
strates at controlled density is established. For this pirpose, alkyne terminated
poly(ethylene glycol) (PEG) is covalently bound to glass through a silanization
reaction and subsequently modified through copper catalyzed azide alkyne cy-
cloaddition (CuAAC). The functionalization density can be statistically tuned
through the coimmobilization of a methoxy-terminated PEG. The surface coat-
ing and its modification with the CuAAC is analyzed using fluorescence mi-
croscopy, XPS, an enzymatic digestion assay for the determination of the lig-
and density, QCM-D and in cell adhesion studies. This PEG coating is used
in combination with the established gold nanostructured surfaces to generate
orthogonally dual functionalized biomimetic interfaces where one of the lig-
ands is attached to the PEG coating between the gold nanoparticles using the
CuAAC and the second ligand is attached to the gold nanoparticles using the
gold thiol interaction. These interfaces, which present two distinct ligands at
controlled density and arrangement, are suitable to investigate the mutual in-
fluence of two signaling molecules on cell behavior. Exemplarily, the combined
effect of the adhesion peptide cRGD and the synergy site PHSRN on REF
fibroblast adhesion is investigated. While on neither of the monofunctional-
ized substrates the cells can attach, the cells adhere on the dual functionalized
cRGD and PHSRN presenting interfaces.

The second part of this study deals with the stable immobilization of His-
tagged proteins on NTA presenting surfaces using the cobalt(III) mediated
interaction. The cobalt(III) complex is generated by first preforming the well-
established cobalt(II) complex between NTA and His6-tagged proteins and
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the subsequent chemical oxidation of Co2+ to Co3+ with hydrogen peroxide.
A comparison of the Ni(II) and Co(III) mediated interaction between NTA
moieties and His6-GFP reveals the lability of the Ni(II) and stability of the
Co(III) complexes against high concentrations of competing ligands and wash-
ing off overtime. Further, also the resistance of the Co(III) mediated interaction
against reducing agents is demonstrated. The oxidation step in this immobi-
lization strategy can potentially harm the protein’s activity and this has to be
investigated case by case. To illustrate that this method can be used to immo-
bilize functional protein, the His6-tagged protein A is immobilized through the
Co(III) mediated interaction and it is shown that the oxidation step dosen’t
influence the immunoglobulin binding activity.

In the third part the Co(III) mediated stable immobilization of His-tagged
proteins is used to biofunctionalize TiO2 nanoparticles. Here, the photocat-
alytic activity of TiO2 is taken advantage of to perform the oxidation of Co(II)
complexes between the chelating TETT surface coating on the TiO2 nanopar-
ticles and a His-tagged protein. The Co2+ ion loading capacity of the nanopar-
ticles and their photocatalytic activity is characterized with a colorimetric
assay, fluorescence studies using terephtahlic acid as radical detection reagent,
absorbance measurements, DLS and zeta potential measurements proving the
photo-mediated oxidation of coordinated Co2+ ions to Co3+. Exemplarily, the
stable immobilization of the model protein His6-GFP and of the glycoprotein
transferrin-His6 is studied.



Kurzfassung

In den vergangenen Jahrzehnten wurden verschiedenste biomimetische Systeme
zur Untersuchung grundlegender biologischer Vorgänge, zum Verständnis kom-
plexer Zusammenhänge und zur gezielten Steuerung der Zellantwort entwickelt.
Dennoch sind viele Fragestellungen unbeantwortet und der Bedarf an neuar-
tigen biomimetischen Systemen zur Anwendung in der Grundlagenforschung
und im biologischen sowie medizinischen Bereich ist ungebrochen. Im Rah-
men dieser Studie werden drei unterschiedliche Funktionalisierungstrategien
zur Herstellung biomimetischer Substrate verfolgt.

Im ersten Abschnitt wird die chemische Modifizierung endständiger Alk-
ingruppen vor dem proteinabweisendem Hintergrund einer Polyethylenglycol
(PEG) Monolage mit diversen organischen Aziden durch Kupfer-katalysierte
Azid Alkin Cycloaddition (CuAAC) etabliert. Die Funktionalisierungdichte
kann dabei je nach Bedarf durch simultane Verwendung eines zweiten PEGs
mit endständiger Methoxygruppe angepasst werden. Die Oberflächenbeschich-
tung wird mittels Fluoreszenzmikroskopie, XPS, einer Analyse der Liganden-
dichte durch enzymatische Degradierung, QCM-D und einer Zelladhäsionsstudie
charakterisiert. Durch Kombination dieses Ansatzes mit einem etabliertem
Konzept zur Herstellung hexagonal angeordneter Goldnanopartikel entstehen
dual funktionalisierte biomimetische Grenzflächen. Diese ermöglichen die Un-
tersuchung der spezifischen Wechselwirkungen von Zellen mit zwei unterschied-
lichen Signalmolekülen in definierter Konzentration und Anordnung, wie hier
am Beispiel des Einflusses der Adhäsionssequenz RGD und der synergistischen
Seite PHSRN auf das Adhäsionsverhalten von Fibroblasten gezeigt.

Im zweiten Abschnitt wird die Co(III) Ionen vermittelte stabile Anbindung
von His6-markierten Proteinen auf den Chelatliganden NTA präsentierenden
Oberflächen abgehandelt. Die vorgeformten Co(II) Komplexe werden durch
chemische Oxidation mit Wasserstoffperoxid in ihre entsprechenden Cobalt(III)
Komplexe überführt. Ein Vergleich der Ni(II) und Co(III) vermittelten Wech-
selwirkung zwischen dem Chelatliganden und dem Protein offenbart die Labil-
ität des ersteren und die Stabilität des letzteren gegenüber hohen Konzentratio-
nen an konkurrierenden Komplexliganden. Mit Hinblick auf die Reversibilität
der Oxidation der Cobaltzentren wird die Beständigkeit gegenüber Reduktion-
smitteln untersucht und verifiziert. Ein wichtiger Aspekt ist darüberhinaus
die Retention des zu immonbilisierenden Proteins in seiner biologisch aktiven
Form. Dies ist besonders vor dem Hintergrund der chemischen Oxidation der
Cobaltzentren und der Oxidationsanfälligkeit einiger Proteine zu bewerten.
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Beispielhaft wird an dieser Stelle die Wechselwirkung von immobilisiertem Pro-
tein A mit Immunoglobulin betrachtet.

Der dritte Abschnitt der Studie fokussiert die Cobalt(III) vermittelte An-
bindung von His-markierten Proteinen auf Titandioxid-Nanopartikeln unter
Vorteilsnahme der photokatalytischen Eigenschaften von TiO2 zur Oxidation
vorgeformter Cobalt(II) Komplexe. Die Anbindung der His-markierten Pro-
teinen erfolgt durch Co(II) vermittelte Wechselwirkung mit dem auf den TiO2
Nanopartikeln angebundenem Chelator TETT und anschließende Photooxi-
dation der vorgeformten Komplexe. Die Bindungskapazität für Co2+ Ionen
und die photokatalytische Aktivität der TiO2 Nanopartikel wird analysiert.
Fluoreszenz-, Absorbanz- und Zeta-Potentialmessungen bestätigen die Oxi-
dation oberflächennaher Co(II) Komplexe zu Co(III) durch Bestrahlung der
Nanopartikel mit UV Licht. Dieses Konzept wird zur stabilen Anbindung von
His-markierten Proteinen auf den TiO2 Nanopartikel verwendet, wie hier ex-
emplarisch für das Modellproteins His6-GFP und das Glycoprotein Transferrin-
His6 dargestellt.
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Abbreviations

A absorbance
Ac acetyl
aq aqueous
BSA bovine serum albumin
CME cellulose mixed ester
Cp* pentamethylcyclopentadienyl
CPS counts per second
CuAAC copper catalyzed azide alkyne cycloaddition
Da dalton
DABCO 1,4-diazabicyclo[2.2.2]octane
DAPI 4’,6-diamidino-2-phenylindole
dd water doubly deionized water
DFT density functional theory
DLS dynamic light scattering
EDC N -(3-dimethylaminopropyl)-N’ -ethylcarbodiimide
DMEM Dulbecco’s modified eagle medium
DMF N,N -dimethylformamide
E. coli Escherichia coli
EDTA ethylenediaminetetraacetic acid
EG ethylene glycol
EM electron microscopy
en 1,2-diaminoethane (ethylenediamine)
eq. equivalent
EtOH ethanol
eV electronvolt
GFP green fluorescent protein
HEDTA N -(2-hydroxyethyl)ethylenediamine-N,N’,N’ -

triacetic acid
His histidine
HRP horseradish peroxidase
HS-cRGD cyclic[RGDfK(3-mercaptopropionyl-aminohexanoic

acid)]
HS-NTA HS-(CH2)11-EG3-NTA
2-HTA 2-hydroxyterephthalic acid
Hz hertz [1/s]
IDA iminodiacetic acid
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YFP yellow fluorescent protein
LB medium lysogeny broth medium
Me methyl
MOPS 3-(N -morpholino)propanesulfonic acid)
MWCO molecular weight cut-off
NEAA non-essential amino acid
NHC N-heterocyclic carbene
NHS N -hydroxysuccinimide
NMR nuclear magnetic resonance spectroscopy
NTA nitrilotriacetic acid
PBS phosphate buffered saline
PEG poly (ethylene glycol)
PFA para-formaldehyde
Phe phenylalanine
PHSRN 5 amino acid sequence proline-histidine-serine-

arginine-asparagine
PLL-g-PEG poly-L-lysine-graft-poly(ethylene glycol)
ppm parts per million
PS polystyrene
P2VP poly(2-vinylpyridine)
QCM-D quartz crystal microbalance with dissipation
REF rat embryonic fibroblast
REF YFP-paxillin yellow fluorescent protein labelled paxillin expressing

rat embryonic fibroblasts
RGD 3 amino acid sequence arginine-glycine-aspartic acid
rt room temperature
SAM self assembled monolayer
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis
SEM scanning electron microscopy
SHE standard hydrogen electrode
TA terephthalic acid
TBS-T Tris buffer saline containing tween 20
TRITC tetramethylrhodamine B isothiocyanate
UV ultraviolet
vis visible
vol% volume precent
w/v% weight/volume percent
XPS X-ray photoelectron spectroscopy
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Chapter 1

Introduction

1.1 Immobilization strategies of bioactive molecules

Cells respond to their environment through highly complex interactions. These
interactions between cells and their surrounding have not a unilateral but a
bidirectional character meaning that not only the physical, chemical and bi-
ological properties of the environment influence the cell behavior by inducing
diverse signaling cascades but also the cell can modify its environment actively.
To investigate and understand the influence of individual factors much effort
has been put into preparing simplified model systems.

In the last decades numerous biomimetic systems were developed using di-
verse immobilization strategies for the modification of substrates with proteins,
peptides and small signaling molecules. The variety of different immobilization
techniques can be classified into categories using criteria like the specificity and
the bond stability, for example. Distinguishing between specific and nonspecific
immobilization, as well as covalent and noncovalent tethering strategies results
in the following four categories: I. nonspecific, noncovalent immobilization, II.
nonspecific, covalent immobilization, III. specific, noncovalent immobilization,
and IV. specific, covalent immobilization (Fig. 1.1).[3] The advantages and
disadvantages of the different strategies are briefly discussed in the following
section.

Nonspecific, noncovalent immobilization strategies are characterized
by simple, unpretentious and cost-efficient methods. The best known procedure
is the physical adsorption of proteins on substrates. The interaction between
protein and surface is achieved through weak interactions like hydrophobic in-
teractions, electrostatic interactions, van-der-Waals interactions and hydrogen
bonds. However, this immobilization strategy results generally in a disordered
arrangement of the protein on the surface and the orientation of the protein
relative to the surface can not be controlled. Additionally, it is challenging
to determine the number of accessible functional groups making it difficult
to characterize such surfaces. Physisorption of proteins on surfaces also com-
monly leads to conformational changes up to partial or complete denaturation
of the protein, which potentially causes a reduction or loss of protein activity

1
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A B

C D

Figure 1.1: Schematic presentation of the different immobilization strategies.
A. Nonspecific, noncovalent immobilization, B. nonspecific, covalent immo-
bilization, C. site-specific, noncovalent immobilization, and D. site-specific,
covalent immobilization. The ligand is symbolized through a green ellipse, non-
covalent interactions as blue dotted lines and covalent bonds as red solid lines.
Adopted from Redeker et al.[3]

as changes in the structure of the binding site or related regions occur. An ad-
ditional drawback of the surface functionalization through physical adsorption
is the tendency towards desorption of the protein over long-term incubation
in liquid. Despite these disadvantages, this approach is successfully and widely
used for the immobilization of different proteins. Particularly, extracellular ma-
trix proteins like fibronectin are commonly adsorbed on surfaces mimicking the
natural environment of cells for cell adhesion and migration studies[4, 5] and
wound healing assays[6].

A more stable option for protein immobilization and surface modification
are the nonspecific, covalent immobilization strategies. Methods belong-
ing to this category profit from the higher stability due to the covalent binding
of the ligand to the substrate. This requires, that the desired ligand has chem-
ical functional groups which can be reacted with complementary moieties on
the surface. Ideally, the coupling reaction conditions should resemble phys-
iological conditions; this is particularly important for the immobilization of
sensitive molecules like proteins. In numerous protein immobilization proto-
cols the inherent functional groups of the amino acid side chains or the ter-
mini are used for covalent attachment. These include the amine groups (from
lysine and the N-terminus), hydroxyl functionalities (from serine and threo-
nine), thiol moieties (from cysteine) and carboxylic acids (from glutamic acid,
asparitic acid and the C-terminus).[3, 7] The most commonly used methods
include the coupling of amine groups either to N -hydroxysuccinimide (NHS)
esters or carboxylic acids activated through N -(3-dimethylaminopropyl)-N’ -
ethylcarbodiimide (EDC), EDC/NHS or EDC/sulfo-NHS chemistry (Fig. 1.2).
Thiols are widely immobilized on surfaces through nucleophilic addition to
maleimides and vinyl sulfones, formation of disulfide bonds or nucleophilic
substitution of haloacetyl groups. Carboxylic acids are activated with N,N’ -
dicyclohexylcarbodiimide (DCC) or EDC and coupled to amines. As a cer-
tain amino acid or functional group is normally multiple times present in a
protein, random orientations of the protein on the surface are obtained with
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Figure 1.2: Nonspecific, covalent immobilization strategies. Coupling of a lig-
and with a primary amine to a A. NHS ester or B. EDC/sulfo-NHS activated
carboxylic acid. C. Chemical conjugation of a sulfhydryl to a maleimide and
D. activation of carboxylic acid with EDC or DCC for conjugation with an
amine.

these immobilization strategies. Although, depending on the reaction partners
and conditions a preferred orientation of the protein on the surface might be
achieved.

In cases where it is important to control the orientation of the ligand
on the surface site-specific immobilization strategies are demanded. Specific,
noncovalent immobilization is based on the specific interaction of a func-
tional moiety present uniquely in the ligand (or protein) with a complementary
functionality at the substrate in a noncovalent manner. These immobilization
strategies are generally more costly and time-consuming compared to the meth-
ods mentioned before due to the selective introduction of functional moieties
into the ligand. Many approaches take advantage of affinity based interactions
between complementary biomolecules like the interaction between antigens and
antibodies, complementary DNA strands, (strept)avidin and biotin, or poly-
histidine sequences and divalent metal ions (Fig. 1.3). For the antigen antibody
interaction synthetic epitopes of antigens are designed and the recognition be-
tween these epitopes and corresponding antibodies are used for immobilization.
Similarly, the highly specific interaction between complementary DNA strands
through Watson-Crick base pairing[8] is exploited to link ligands to a surface.
In the case of the (strept)avidin biotin interaction[9], (strept)avidin functions
as an intermediary link between two biotin groups, of which one is attached to
the surface and the other is part of the ligand that is immobilized. The inter-
action of divalent transition like metal ions like Ni2+, Cu2+, Zn2+ and Co2+

with polyhistidine tagged proteins is exploited for ligand immobilization on
surfaces decorated with chelating groups like nitrilotriacetic acid (NTA). This
immobilization strategy is particularly popular due to numerous libraries of
His-tagged proteins and commercially available NTA modified small molecules
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and materials. Whereas orientation of the ligand is achieved in a highly con-
trolled manner the lifetime of the noncovalent interactions can be a drawback
depending on the application. Affinity tag mediated interactions can also be
used for a two step immobilization procedure, in which the ligand is first ori-
entated on the surface through a noncovalent interaction and then covalently
coupled to the surface in an orientated manner.[10]

Specific, covalent immobilization combines the control over the orien-
tation of the ligand on the surface through the site-specific interaction and the
high stability of the covalent bond. This approach requires the implementa-
tion a single functional group at a site-specific location in the ligand, which is
coupled then to the reactive counterpart on the surface. For controlled immo-
bilization the functional group should ideally be bioorthogonal, meaning that
it dosen’t compete or interfere with endogenous functional groups of the lig-
and and the reactive counterpart. In recent years the so called click chemistry
concept[11] enjoys great popularity, especially because of the compatibility of
the reactions with biological molecules like proteins and the (almost always)
bioorthogonality of the functionalities used for immobilization. The click re-
actions include the copper-catalyzed or ring-strain promoted azide alkyne cy-
cloaddition, Diels-Alder reactions, thiol ene reactions and Staudinger ligations.
Further, for the immobilization of biomolecules, especially proteins, enzymat-
ically mediated tethering is possible. In these approaches short peptide se-
quences that are recognized by a ligating enzyme are inserted in the protein
and through catalytic reaction of the enzyme, the protein is covalently linked
to the substrate with the complementary reaction partner. Also enzymes them-
selves can serve as a connecting link between proteins and the desired coupling
partner. Therefore the protein of interest is fused to an enzyme which then
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reacts with its (modified) substrate under formation of a covalent linkage. For
example, the transpeptidase sortase connects two peptide fragments by cleav-
ing a peptide bond in the enzyme recognition motif and forming a new peptide
bond to the second peptide fragment via nucleophilic substitution. The SNAP-
tag is an enzymatic tag which transfers an alkyl group from its substrate to an
inherent cysteine residue and thereby links the attached protein to the desired
label or surface through a thioether.[12] Analogously, the Halo-tag reacts with
alkyl halide substrates under formation of a covalent ester bond. A crucial mu-
tation in its catalytic site (substitution of His272 residue with Phe) results in
the efficient and specific trapping of this reaction intermediate and prevents
the bond dissociation through nucleophilic substitution.[13]

In literature countless examples are published taking advantage of one im-
mobilization strategy or another to present biologically active molecules on
a substrate and investigate the interaction with cells. However, for many cell
receptor - ligand interactions cell adhesion is a prerequisite, which opens the
need for biomimetic systems presenting more than one signaling molecule. This
can be achieved by mixing the two desired ligands in a defined ratio and im-
mobilizing both through the same coupling strategy. For example, Ochsenhirt
et al. prepared Langmuir-Blodgett supported films from PEG-conjugated am-
phiphiles and two types of lipid-conjugated peptides containing either either
the adhesion peptide RGD or the synergy site PHSRN and investigated the
mutual influence of the peptides on cell spreading.[14] Similarly, activated tita-
nium surfaces were first silanized with (3-chloropropyl)triethoxysilane and sub-
sequently coupled to a mixture of two peptides through nucleophilic substitu-
tion by Chen et al..[15] The gradual reduction of quinone presenting thiol SAMs
on gold results in the formation of primary amines on the surface, which were
used as anchoring points for proteins through a bifunctional NHS-maleimide
linker by Lee et al.[16]. In this study, surfaces presenting two peptide gradients
in opposed direction are developed. Azagarsamy et al.[17] utilized the simulta-
neous (cross)linking of two cysteine containing peptides either a RDGS and or
a matrix metalloproteinase (MMP) degradable peptide sequence with an 4-arm
PEG tetravinyl sulfone and prepared bifunctional hydrogels through Michael
addition. The same group also developed off-stoichiometric hydrogels using an
4-arm PEG tetranorbornene and a peptide linker with two cysteines and an
additional chymotrypsin cutting site through thiol ene reaction. The remaining
norbornene functionalities are spatially photopatterend with a cysteine termi-
nated RGDS by light induced thiol ene reaction. However, these systems for
creating biomimetic substrates lack spatial control over the ligand distribu-
tion. Moreover, the average surface concentration of the two ligands can only
be regulated with respect to each other. More recent approaches use two or-
thogonal coupling strategies for the immobilization of two signaling molecules.
Thereby, independent control over the surface density of the two distinct lig-
ands is achieved. For example, Ma et al. created two-dimensional gradients of
two orthogonally reactive silanes on silicon or glass substrates and was capable
to subsequent modify each separately through orthogonal click reactions (thiol
ene reaction and azide alkyne coupling).[18] Further, Azagarsamy et al.[17] de-
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veloped hydrogels by the strain promoted azide alkyne cycloaddition (SPAAC)
of an azide terminated 4-arm PEG and a dicyclooctyne MMP degradeable pep-
tide with an additional alkene functionality. Subsequently, the alkene groups
are reacted with thiolated biomolecules through spatiotemporal photopattern-
ing. Cai et al.[19] investigated the T-cell activation on bifunctional substrates
mimicking the immunological synapse. AuPd nanodots on glass substrates are
functionalized consecutively with a thiol biotin linker, streptavidin and a bi-
otinylated UCHT1 Fab antibody, which interacts with the T-cell receptor.
The PEG background is decorated with the His-tagged intercellular adhesion
molecule-1 (ICAM-1) through Ni2+-NTA groups. In a similar approach Declas-
sian et al. probed T-cell activation on dual functionalized nanoarrays where the
immunoreceptor stimulating antibody UCHT1 F(ab’)2 is immobilized on gold
nanoparticels and the integrin ligand ICAM-1 is bound to biotinylated PLL-g-
PEG through streptavidin.[20] Hudalla and Murphy[21] described the formation
of ethylene glycol alkanethiolates SAMs presenting two orthogonally reactive
functional groups, namely carboxylic acid and azide. These are orthogonally
functionalized with an amine terminated peptide through EDC/NHS coupling
and an alkyne terminated peptide though CuAAC, respectively and used to
study the adhesion of stem cells. While some of these approaches benefit from
the control over the spatial arrangement of the signaling molecule, the nonco-
valent tethering of one or the other ligand may result in limited stability of
the surface coating. Other modification strategies with a statistical distribu-
tion of the signaling molecules over the substrate lack control over the spatial
arrangement.

The following sections address the site-specific immobilization strategies
relevant in the context of this work. First, the formation of self-assembled
monolayers (SAMs) of thiols on gold is focused, followed by the concept of
click chemistry and metal ion mediated immobilization of His-tagged proteins
on surfaces presenting chelating groups.

1.2 Surface modification based on gold-thiol chem-
istry

1.2.1 Self assembly of thiols on gold

The interaction of thiols, thiolates and disulfides with gold surfaces is widely
applied for surface modification for diverse application. To characterize the
nature of the sulfur anchoring group and the interaction with the gold surface,
experimental studies[22, 23] and theoretical calculations[24, 25] were preformed.
The strong interaction of thiols on gold is based on the formation of thiolate-
gold bonds with a covalent binding character; this requires the abstraction of
a proton from the sulfhydryl functional group and leads to the generation of
a thiyl radical (RS·).[26, 27] In their protonated form thiols interacte with gold
in a weaker, coordination bond like type through the long pair of the sulfur
atom. Accordingly, the strength of the sulfur gold interaction depends on the
experimental preparation conditions. The binding strength of single thiol gold
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Figure 1.4: Advancing water contact angle Θa and relative protein adsorp-
tion on SAMs of the corresponding oligoether alkane thiol on gold according
to Herrwerth et al.[29] (*Relative amount of adsorbed fibrinogen determined by
ellipsometry and normalized to the amount of adsorbed protein on a hexade-
canethiol SAM on gold).

interactions is enhanced on oxidized gold substrates or at higher pH.[23]

Adsorption of organic thiols from solution on gold surfaces results in the
formation of monolayers by self assembly.[28] The value and utility of absorbed
monolayers of thiols on gold is the inertness of metal gold, the well-ordered, ori-
entated packing of alkanethiols on gold and the variability in the presentation
of functional groups. The compatibility with functional groups is constrained
to those that do not compete with the thiol in the coordination to gold or
react with thiols and have a sufficiently low geometric dimensions not pre-
venting the close packing. Thus, this reliable method is used for all kinds of
surface coatings and for the preparation of biomimetic systems. Depending on
the application it may be important to prevent nonspecific interactions with
the surface coating.

In a detailed study by Herrwerth et al.[29] factors that contribute to pro-
tein resistance of oligoether SAMs are investigated (Fig. 1.4). Key aspects are
the hydrophilicity of the internal and the terminal units as well as the lateral
packing density. Protein resistance necessitates the coordination of water in the
interior and on the surface of the polyether SAM. Further, for methoxy ter-
minated oligo(ethylene glycol) alkanethiol SAMs on gold at least two ethylene
glycol units are necessary to resist protein adsorption. The additional methyl
groups of oligo(propylene glycol) prevent the formation of a dense SAM and
thus, these SAMs are not passivating. Interestingly, SAMs with comparable
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good passivating properties can be achieved by using either hydrophilic hy-
droxy terminated or hydrophobic methoxy terminated oligoether alkane thi-
ols. Besides brushed SAMs of oligo(ethylene glycol) alkane thiols on gold, high
molecular weight PEGs are used to prevent nonspecific protein adsorption. In
contrast, the protein resistance of the PEGs[30] is based on steric repulsion
between the protein and the PEG. Dehydration and confinement of the long
polymer chains with high conformational freedom is energetically unfavored.

SAMs of functionalized alkanethiols on gold serve as a platform to investi-
gate the influence of adsorbed protein or covalently attached bioactive peptides
on cell behavior like cell adhesion, proliferation and differentiation.[31] Further,
other extracellular matrix components like hyaluronon are immobilized on sub-
strates through self-assembly of thiols on gold.[32]

1.2.2 Presenting ligands in defined order: gold nanostructured
surfaces

Besides the formation of thiol SAMs on homogenous coated gold surfaces,
the presentation of the desired ligand in defined structured areas with control
on the nanoscale is achieved by nanolithography. The block copolymer micel-
lar nanolithography (BCMN) established by Spatz and coworkers presents an
ideal platform to investigate interactions of cells with specific ligands in de-
fined order and variable spacings. With BCMN ordered gold nanoparticles in a
quasi-hexagonal array are produced, where the particle size (hight) can be var-
ied between 1 - 15 nm and the interparticle spacing between 30 - 250 nm.[33, 34]

The technique is based on the self-assembly of block copolymer micelles, which
are loaded with a metal salt. The block copolymer consists of a hydrophobic
polystyrene (PS) and a hydrophilic poly(2-vinylpyridine) (P2VP) unit (Fig.
1.5) and is dissolved in a apolar solvent (typically toluene or para-xylene) at
a concentration above the critical micelle concentration resulting in reverse
micelles formation. According to their hydrophilicity/hydrophobicity the hy-
drophilic P2VP forms the core of the micelle which is surrounded by a hy-
drophobic PS layer. Subsequently, the hydrophilic core of the micelle is loaded
with metal salts, like HAuCl4.

n

N

m

polystyrene poly-2-vinyl-
pyridine

Figure 1.5: The diblock copolymer consists of a hydrophobic polystyrene block
and a hydrophilic poly-2-vinylpyridine block.

The micelles are coated on a substrate by either dip coating or spin coating.
For dip coating a freshly cleaned glass substrate is immersed into the micellar
solution perpendicularly and retracted with constant velocity. In a first step
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the hydrophilic P2VP probably covers the hydrophilic glass substrate followed
by the adsorption of entire micelles during the retraction of the sample from
the solution (Fig. 1.6).[35] Subsequently, the dried metal salt loaded micelles on
the substrate are subjected to a plasma treatment. Thereby, all of the polymer
is removed and the gold salt is reduced to elementary gold creating a quasi-
hexagonal array of gold nanoparticles. The distance between individual adja-
cent gold nanoparticles can be adjusted from 30 to 250 nm through the choice of
the diblock copolymer, especially the size of the hydrophobic PS unit[33, 36, 37],
the total polymer concentration[34, 38] and the retraction velocity[34, 38, 39, 40].
Furthermore, the size of the gold nanoparticles can be varied from 1 to 15 nm
according to the extend of the loading of the micellar core with metal salt.[41]

A B C

D

θ
plasma

200 nm

Figure 1.6: Preparation of gold nanostructured surfaces. A. The block copoly-
mer adsorbs on the hydrophilic glass surfaces by its hydrophilic P2VP unit. B.
Upon perpendicular retraction (θ = 90°) of the glass substrate from the solution
the solvent evaporates and the gold ion loaded block copolymer micelles arrange
in a quasi-hexagonal order on the surface. C. The dried surfaces are treated
with hydrogen plasma to remove the remaining polymer and reduce the metal
ions to elementary gold leaving gold nanoparticles in a quasi-hexagonal array
on the substrate behind. D. Scanning electron micrograph of quasi-hexagonal
arranged gold nanoparticles with an average interparticle distance of 100 nm
on a glass substrate. Adopted from H. Boehm[35].

These arrays of gold nanoparticles on different substrates are particularly
suitable for cell adhesion studies. The gold nanoparticles serve as anchoring
points for specific cell receptor ligands with thiol functional groups for immo-
bilization in a defined arrangement by gold thiol chemistry. For this purpose,
RGD containing ligands and peptidomimetics are used, which interact with
cells via their integrins. Integrins are transmembrane proteins consisting of a
α and β subunit that link to the cytoskeleton and are involved in the envi-
ronmental sensing, cell adhesion, migration and proliferation.[42] In addition,
unspecific interactions between cells or proteins and the substrate are pre-
vented through a protein repellent PEG coating[43] in the intermediate space
between the nanoparticles, which is covalently attached to the glass substrate.
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The small size of the gold nanoparticles <10 nm provides a unique platform
to investigate cellular adhesion. Although several signaling molecules bind to
a single gold nanoparticle only one integrin receptor can interact with the sig-
naling molecules per nanoparticle due to the spatial dimension of the integrin
receptor, which is 8 -12 nm.[44] These distinctive features of this platform are
used in the investigation of integrin mediated adhesion[44], with focus on cell
spreading and molecular composition of focal adhesion complexes[45] and focal
adhesion dynamics[46]. These studies reveal stable integrin mediated cell adhe-
sion along with the development of mature focal adhesions on surfaces with an
interparticle distance of 58 nm but not at higher distances (73 nm, 110 nm or
108 nm). Furthermore, combining the BCMN technique with classical e-beam
lithography allows to produce micro-nanostructured surfaces. These surfaces
are used to determine the minimum number of activated integrins required for
cell adhesion and focal contacts to form.[47] On the other hand, gradients in
the interparticle distance of gold nanoparticles are produced with BCMN by
altering the retraction speed. Such surfaces are used to investigate the sen-
sitivity of the cells towards ligand gradients and the effect of these on cell
polarization.[38, 39]

1.3 Click chemistry

1.3.1 The conceptional background

The concept of "click chemistry"[11] coined by H. Kolb, M. Finn and K. Sharp-
less encompasses a class of efficient chemical reactions for the synthesis from
modular blocks (mainly through heteroatom links C-X-C) inspired by nature.
Criteria for the classification of a reaction as such include the modular char-
acter, wide scope of application, high yields and stereospecificity. Therefore,
processes require simple reaction conditions (ideally insensitive to oxygen or
water), readily available starting reagents, the use of either no or benign (like
water) or easy to remove solvents and simple product isolation (and purifi-
cation) by nonchromatographic methods from harmless byproducts. In order
to meet this criteria click reactions are characterized through a high thermo-
dynamic driving force (usually greater than 20 kcal/mol). The spectrum of
click reactions comprises ring-opening reactions of strained heterocyclic elec-
trophiles (for example epoxides, aziridines,) through nucleophilic substitution,
’non-aldol’ type carbonyl chemistry, oxidative additions to unsaturated C-C
bonds (such as epoxidation and dihydroxylation) and cycloadditions of unsat-
urated species like 1,3-dipolar cycloadditions and Diels-Alder reactions (Fig.
1.7).

Particularly efficient are pure fusion processes in which no byproducts are
formed and which therefore have highest atom economy. These include, among
others, the previously mentioned nucleophilic ring-opening reactions and cy-
cloadditions. The nucleophilic opening of strained rings is stereospecific, often
highly regioselective and nearly quantitative. Particularly, three membered ring
systems are preferred due to the disfavored competing elimination process Ad-
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ditionally, regioselectivity can be adjusted in such reactions by the choice of
the solvent and the substitution pattern of aziridines and aziridinium ions. The
fusion of two unsaturated compounds (containing heteroatoms) in cycloaddi-
tion reactions through the formation of new σ bonds (without breaking already
existing σ bonds) results in easy and convenient synthesis for a broad range of
5- and 6-membered heterocycles.

Click chemistry is widely used in many fields of research to produce biocom-
patible materials including polymerdesign[48], polymer and material science [49],
manufacturing of cell culture scaffolds[17], biofunctionalization of substrates[50]

and labeling of biomolecules[51] (such as proteins, sugars, lipids, DNA and
RNA).

1.3.2 Copper catalyzed azide alkyne cycloaddition

The copper catalyzed azide alkyne cycloaddition is a variant of the Huisgen 1,3-
dipolar cycloaddition using Cu(I) as catalyst. Its easy implementation, good
yields and high tolerance towards functional groups and solvents contributes
to its popularity in wide areas of chemistry. In contrast to the uncatalyzed
reaction, in this process solely the 1,4-disubstituted 1,2,3-triazole is formed
but not the 1,5-disubstituted regioisomer. The Cu(I) catalyst promotes a non-
concerted, complex, multistage reaction sequence, with an strongly increase in
the reaction rate (107-108 fold rate acceleration compared to the uncatalyzed,
thermal process[52]).

A first DFT study by Himo et al. proposed a reaction mechanism that in-
volves mononuclear copper complexes as active species in the catalytic cycle.[52]

In this mechanism, a Cu(I) acetylide is formed (via a π-alkyne copper complex
intermediate), followed by the coordination of the azide to the copper atom
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Figure 1.8: Postulated mechanism for CuAAC reaction. Although both path-
ways are involved in the CuAAC reaction mechanism the dinuclear pathway
is favored over the mononuclear. Adapted from Makarem et al.[53] and Jin et
al.[54]

through its nitrogen proximal to carbon (Fig. 1.8). In the key step a C-N bond
is formed between the terminal nitrogen of the azide and the β-carbon of the
copper(I) acetylide resulting in a six-membered metallacycle. Ring contraction
leads to a 5-triazoyl copper intermediate and the triazol is released through
proteolysis. However, a more recent DFT study by Hein and Forkin indicate the
contribution of dinuclear Cu(I) acetylides in the reaction mechanism.[55] Lately,
Makarem et al.[53] investigated the coordination mode of copper atoms and
acetylide ligands of an isolated, molecularly defined dicationic hexa-NHC oc-
tacopper hexaacetylide clusterkomplex by x-ray diffraction. This cluster serves
as catalyst resting state, which releases dinuclear copper species upon addition
of acid. The dinuclear copper species has higher catalytic activity in CuAAC
than to the cluster itself supporting the identification of dinuclear copper com-
plexes as catalytically active species. Furthermore, Jin et al.[54] succeeded in
the isolation of a cationic π,σ-bis(copper) acetylide and a 3,5-dimetallated-
1,2,3-triazole complex as key intermediates in the reaction cycle. Although
both mononuclear and dinuclear copper species are involved in the catalytic
cycles, the dinuclear pathway is favored (Fig. 1.8).

Besides the Cu(I) catalyzed reaction there are other catalyzed versions
of the [3+2] Huisgen 1,3-dipolar cycloaddition like the ring-strain promoted
alternative and the ruthenium catalyzed reaction. For the strain promoted
version cyclooctyne derivatives are used instead of linear alkynes and these
provide the necessary ring strain (due to bond angle deformation) for the rapid
reaction process yielding both regioisomers.[[56]] As opposed to the copper
catalyzed conversion the ruthenium catalyzed reaction using Cp*RuCl(PPh3)
as catalyst results in the formation of the complementary regioisomer, a 1,5-
disubstituted 1,2,3-triazole.[[57]] Further, not only terminal alkynes but also
internal alkynes can be converted into the corresponding 1,4,5-trisubstituted
1,2,3-triazoles through ruthenium catalyzed azide alkyne cycloaddition.
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Figure 1.9: Illustration of NTA-M2+-His2 complex. The chelator NTA (black)
binds to four coordination sites of the divalent metal ion M2+ (blue) and the
histidine ligands (green) to two other coordination sites.

1.4 Metal ion mediated interactions as a tool for lig-
and and protein immobilization

1.4.1 The interaction of polyhistidine with Ni2+-NTA com-
plexes

The interaction of histidine rich protein regions or implemented short polyhis-
tidine sequences with divalent metal ions (Ni2+, Cu2+, Zn2+, Co2+) is taken
advantage of for the (temporarily) immobilization of the protein on chela-
tor presenting substrates. In 1975 Porath et al. established protein purifica-
tion based on the interaction between proteins and divalent metal ions (Cu2+,
Zn2+, Ni2+, Mn2+) coordinated by the surface bound chelator iminodiacetic
acid (IDA).[58] In this context, Hochuli et al. developed a nitrilotriacetic acid
(NTA) based chelator with beneficial properties for reversible protein binding,
namely a sufficient tight anchoring of the metal ion and adequate free coor-
dination sites for protein binding.[59] Moreover, fusion of a oligohistidine tags
to the protein of interest enhances the selective interaction.[60]. The most fre-
quently used approach is based on the interplay between His6-tagged proteins,
NTA as chelator and Ni2+ as mediator ions. In these complexes four of the six
coordination sites of the Ni2+ ion are occupied by the three carboxylic acid
functional groups and the tertiary amine of the NTA. The remaining two coor-
dination sites are coordinated through imidazole nitrogens from the histidine
side chains (Fig. 1.9).

In addition to the commonly used interaction between His6-tagged proteins
and NTA strategies based on other types of His-tags[61, 62] and multi NTA
tethers[63, 64, 65] have been explored. For example, in a systematic study by
Knecht et al.[61] the binding affinity of linear oligohistidine peptides in depen-
dence of the number of histidine amino acids and the arrangement of histidine
in histidine-alanine peptides has been investigated.In this study, the lowest
dissociation constant and therefore highest affinity is measured for His6 (Kd =
14 nM). However, as the length of the oligohistidine increases more pronounced
rebinding effects are observed. Thus, for stable protein immobilization a longer
histidine tag (His10) with moderate dissociation constant might be advanta-
geous. Further, this study reveals a preferred binding of two histidines in the
i and i+ 2 or i+ 5 position of the His6 ligand to Ni2+-NTA.

Complementarily, the affinity between His6 or His10 and NTA is increased



1. Introduction 14

N

N

N

N

R

O

N

OH

O

HO

O

HO O

O

N

OHO

OH

O

O

HO

O

N

HO O

HO

O

O

OH

HO
N

O

O

OH

OHO

HO
N

O

O

OH

OHO

H
N

O

H
N

ONH

NH

R

R

N

O OH

OH

O

O

HO

N

O3S

N

SO3

O

NH

OHO

N
HO

O OH

O

HN

O

O OH

N
OH

O

O

HO

n

tris-NTA

NTA / mono-NTA

(NTA)2-Cy3 or 5

(n = 1,2)

bis-NTA

HO
N

O R

OH

IDA

O
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from Lata et al.[64] and (NTA)2-Cy3 or 5 from Kapanidis et al.[63].

by multi NTA tethers (Fig. 1.10). Kapanidis et al. obtained higher affinity
ligands and simultaneously fluorescence labeling of the protein by linking of two
NTA moieties through fluorophores.[63] Lata et al.[64] developed "recognition
units" with 1, 2, 3 or 4 NTA moieties (referred as "mono-NTA", "bis-NTA",
"tris-NTA" and "tetrakis-NTA") and an additional functional group (primary
amine, carbonyl diamine and secondary amine) for further functionalization or
tethering. An significantly increased stability is observed for the "tris-NTA"
(Kd = 2.1 nM and 0.14 nM for His6- and His10-protein, respectively) compared
to "mono-NTA" (Kd = 13 mM and 5 mM, respectively). This increase in
stability can be ascribed to the increased number of available coordinating
donor atoms. However, for even higher multivalency a decrease in affinity is
observed due to the loss of entropy through the restriction on conformational
freedom.

The metal ion mediated interaction between histidine rich sequences and
chelating agents is used for a broad range of applications including protein
purification[66], fluorescent labeling of proteins[63], structural studies of pro-
tein complexes[65], live cell protein labeling[67] and protein immobilization on
surfaces and lipid bilayers[68].

1.4.2 Cobalt coordination chemistry

Cobalt has a series of stable oxidation states in different cobalt compounds.
Cobalt complexes often include Co(II) or Co(III) species. While Co(III) com-
plexes with a d6 electron configuration are characterized by octahedral geome-
try and almost all are diamagnetic low-spin complexes with t62ge0g configuration;
most Co(II) species with d7 electron configuration have either octahedral or
tetrahedral geometry and almost all are high-spin complexes with t52ge

2
g and

e4gt
3
2g electron configuration, respectively (Fig. 1.11).[69] According to the spec-

trochemical series of the ligand field theory, the ligand field splitting increases
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with increasing oxidation state of the metal center.[70] Thus, the ligand field
splitting is more pronounced for Co(III) ions compared to the corresponding
Co(II) complexes and octahedral complex geometry is favored. Additionally,
the low-spin configuration is favored for Co(III) due to the high ligand field
stabilization energy. Contrary, the less pronounced ligand field splitting for
Co(II) results in the formation of octahedral and tetrahedral complexes with
often high spin configuration.
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Figure 1.11: Geometry and electron configuration of an A. octahedral low
spin Co3+, B. octahedral high spin Co2+ and C. tetrahedral Co2+ complex.

Besides various preferences of Co(II) and Co(III) ions for certain coor-
dination geometries and spin states, the kinetic and thermodynamic proper-
ties of their complexes differ. Kinetically Co(II) and Co(III) complexes show
significant differences in the ligand exchange rates in their primary coordi-
nation sphere. For example, the water exchange rate at 25 °C of the Co(III)
complexes [Co(NH3)5(H2O)]3+, [Co(CN)5(H2O)]2-, cis-[Co(en)2(H2O)2]3+ and
trans-[Co(en)2(H2O)2]3+ are 5.7 ·10-6 s-1, 5.9 ·10-4 s-1, 7.5 ·10-6 s-1 and 1.1 ·10-5

s-1, respectively.[71] In comparison, the Co(II) complexes with t52ge
2
g electron

configuration [Co(H2O)6]2+, [Co(MeOH)6]2+, [Co(MeCN)6]2+ and [Co(en)3]2+

have ligand exchange rates at 25 °C of 3.2 · 106 s-1, 1.8 · 104 s-1, 3.4 · 105

s-1 and 5.4 · 103 s-1, respectively.[71] Similarly, the ligand exchange rates of
the corresponding Ni(II) complexes with t62ge

2
g configuration [Ni(H2O)6]2+,

[Ni(MeOH)6]2+, [Ni(MeCN)6]2+ and [Ni(en)3]2+ are 3.2 · 104 s-1, 1.0 · 103 s-1,
2.8 · 103 s-1 and 2.0 · 101 s-1.[71] Although, a direct comparison of the values
for the Co(II) and Co(III) species is not possible due to their various lig-
ands, the significant difference over many orders of magnitude of the ligand
exchanges rates emphasizes the difference of Co(II) and Co(III) complexes in
terms of their kinetics. The ligand exchanges proceeds several orders of mag-
nitude slower in the case of Co(III) complexes compared to Co(II) complexes.
While the reaction rate is in the microsecond regime for Co(II) complexes, the
exchange of a water ligand takes minutes to days for the Co(III) complexes.
Moreover, a comparison of the data for equivalent Co(II) and Ni(II) complexes
verifies similar exchange kinetics, though the ligand exchange is one to two
orders of magnitude faster in the case of Co(II).

Thermodynamically Co(II) and Co(III) complexes show significant differ-
ences in stability. For instance, the stability constants of the cobalt complexes
of the hexadentate EDTA4- ligand are log K[CoII(EDTA)]2- = 16.03[72]/16.1[73]
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and log K[CoIII(EDTA)]- = 40.92[72]/41.1[73]. In comparison, the stability con-
stants of the triacetato HEDTA3- complexes are log K[CoII(HEDTA)(H2O)]- =
14.8 and log K[CoIII(HEDTA)(H2O)] = 37.5.[72] The tridentate ligand IDA2- forms
Co(II) and Co(III) complexes with stability constants of log K[CoII(IDA)2]2- =
6.95 and log K[CoII(IDA)2]- = 29.6, respectively.[73] The hexaamine cobalt com-
plexes [Co(NH3)6]2+/3+ have stability constants of log K[CoII(NH3)6]+2 = 5 and
log K[CoIII(NH3)6]

+3 = 35.[69] In all these examples, the stability constant of the
corresponding Co(III) complex surpasses that of the Co(II) complex. Further,
the data show a particularly high complex stability with increasing quantity
of available coordinating sites in multidentate ligands (chelate effect) for both
the Co(II) and the Co(III) complexes.



Chapter 2

Results and Discussion

2.1 Part I: Biomimetic interfaces through click chem-
istry

The results and the discussion treated in the following chapter are published
by Schenk et al..[74]

In recent years countless approaches for surface modifications to create
biomimetic systems have been published for the purpose of understanding bio-
logical issues. Among others, click reactions are particularly popular function-
alization methods due to their mild reaction conditions and biocompatibility.
The aim of this chapter is to establish a biomimetic substrate coating, which
can be modified with high flexibility through copper catalyzed azide alkyne 1,3-
dipolar cycloaddition (CuAAC) and which ensures specific interactions due to
the protein repellent properties of a underlying poly(ethylene glycol) (PEG)
layer. Towards this end, a clickable PEG-alkyne which is immobilized on glass
and SiO2 substrates with a terminal functional alkyne moiety for further mod-
ifications through CuAAC is developed. Due to increasing popularity of click
reactions various prefabcricated as well as custom-made reaction partners are
commercially available allowing for a wide scope of this approach. Furthermore,
the clickable PEG-alkyne can be used with the establish preparation of gold
nanostructured surfaces by BCMN to create dual functionalized biomimetic in-
terfaces. The orthogonality of the functionalization of the PEG-alkyne through
CuAAC and the gold nanoparticles through gold thiol interaction allows for
the defined presentation of two ligands of interest.

2.1.1 Preparation and characterization of monofunctionalized
substrates

For the functionalization with a broad range of azide containing molecules
through CuAAC and covalent attachment through silanization a PEG with a
terminal alkyne and a terminal silyl ether moiety (PEG-alkyne) is used. The
PEG-alkyne is synthesized adopting the protocol for the synthesis of other silyl
ether terminated PEGs.[43] A linear PEG with a terminal alkyne group and a

17
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terminal primary amine is condensed with 3-(triethoxy)silylpropyl isocyanate
in a nucleophilic addition (Fig. 2.1).
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Figure 2.1: Synthesis of (CH3CH2O)3Si-PEG3000-alkyne (PEG-alkyne)
through condensation reaction of the amino terminated H2N-PEG3000-alkyne
with 3-(Triethoxy)silylpropyl isocyanate.

The obtained PEG-alkyne is bound covalently to substrates like glass or
any other SiO2 surface through nucleophilic substitution at the silyl ether
moiety in the presence of catalytic amounts of triethyl amine (Fig. 2.2). In a
second step the alkyne moieties of the PEG monolayer are modified with an
azide compound of interest in a CuAAC resulting in the stereoselective for-
mation of the corresponding 1,4-disubstituted 1,2,3-triazole. Furthermore, this
functionalization method allows to tune the ligand density on the surface by
using a mixture with defined molar ratios of the PEG-alkyne and a methoxy
terminated PEG (PEG2000)[43] in the surface coating reaction. In the follow-
ing, the specified mole fractions of PEG-alkyne represent the mole fraction of
PEG-alkyne in solution in the silanization reaction.
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Figure 2.2: Surface coating with silyl ether terminated PEGs and subse-
quent functionalization through CuAAC with diverse azides. PEG-alkyne and
(CH3CH2O)3Si-PEG2000 (PEG2000) are used in different molar ratios to ob-
tain PEG monolayers with various functional group densities. i. NEt3, toluene,
80 °C, overnight ii. CuSO4, L-ascorbic acid, Tris (pH 8.5), azide-R’, 2h, rt.
Adopted from [74].

In a first experiment PEG coated glass substrates with varying mole frac-
tions of PEG-alkyne (0, 25, 50, 75, 100% PEG-alkyne) are reacted with a small
fluorophore, 5/6-carboxyrhodamine 110-EG3-azide. The surfaces fluorescence
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intensity of the homogenous coated surfaces is quantified by fluorescence mi-
croscopy (Fig. 2.3). As expected the surface fluorescence intensity increases
with increasing mole fraction of PEG-alkyne with some saturation behavior at
high PEG-alkyne density. Marginal fluorescence intensity is detected on pure
PEG2000 coated surfaces lacking the alkyne moieties essential for the CuAAC
reaction.
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Figure 2.3: Surface fluorescence intensity on glass substrates silanized with
PEG layers containing varying molar ratios of PEG-alkyne to PEG2000 af-
ter CuAAC reaction with 5/6-carboxyrhodamine 110-EG3-azide. The mean
and standard deviation for n = 3 (50, 75mol% PEG-alkyne) or n = 4 (0, 25,
100 mol% PEG-alkyne) samples is shown. Adopted from [74].

Further, to confirm the transformation of the alkyne moieties on the sur-
face in the CuAAC, 3-azidomethyl-5-iodopyridine is used as a reaction partner
on PEG surfaces with different alkyne densities. X-ray photoelectron spectra
reveal a qualitative increase of the iodine signal (I 5d peak) with rising mole
fraction of PEG-alkyne (Fig. 2.4). The shoulder at lower binding energies in
the carbon signal (C 1s peak), which is more pronounced on surfaces with in-
creasing amount of PEG-alkyne, confirms the presence of new carbon species
originating from the 3-azidomethyl-5-iodopyridine moiety and the formation
of the triazole ring. Correspondingly, the changes in the nitrogen signal (N 1s)
of a surface coated with PEG-alkyne after the CuAAC with 3-azidomethyl-5-
iodopyridine indicate the formation of the triazole ring[75]. Whereas only one
nitrogen species is present on the surface before the CuAAC reaction (accord-
ing to the chemical structure of the PEG-alkyne), four different species are
identified after the reaction. Two of the three additional nitrogen species be-
long to the triazole ring formed in the reaction and one to the pyridine nitrogen
of the reaction partner. The fit for the measured nitrogen signal for these four
chemically different nitrogen species (402.5, 401.4, 399.7 and 398.9 eV), setting
a fixed ratio of 1:2:1 for the area under the peak for the middle triazole nitrogen
(N=N-N, 402.5 eV), the outer triazole nitrogens (N-N=N, 401.4 eV) and the
pyridine nitrogen (C-N=C, 398.9 eV) (according to the chemical structure) re-
sults in calculated peak areas of 5.2, 10.4, 21.0 and 5.2 eV·CPS from higher to
lower binding energy. Taken into account the chemical structure of the PEG-
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Figure 2.4: X-ray photoelectron spectra from A. the I 3d (spectra are shown
with a offset) and B. the C 1s region from PEG monolayers with different PEG-
alkyne to PEG2000 composition modified through CuAAC with 3-azidomethyl-
5-iodopyridine. The N 1s signal of a pure PEG-alkyne monolayer on a glass sub-
strate C. bafore and D. after the CuAAC with 3-azidomethyl-5-iodopyridine.
The spectra are calibrated with respect to the C 1s signal for ethylene glycol
(286.4 eV).[76] The measured data of the N 1s signal (filled circles) are fitted
to chemical different nitrogen species (black line) contributing to the envelope
(red line). As published in [74].

alkyne a conversion rate of 74% of the surface alkyne groups is estimated.
The density of ligand attached to the surfaces by CuAAC reaction is de-

termined adopting a approach from Barber et al..[77] This fluorescence based
characterization method takes advantage of the selectivity and sensitivity of
enzymatic proteolysis of an surface immobilized peptide for the release of a
fluorescently labeled fragment. Glass surfaces with different molar ratios of
PEG-alkyne and PEG2000 are therefore clicked with a peptide that is la-
beled with a fluorophore and contains an α-chymotrypsin cutting site, Ac-
K(N3)GGNGEPRGDTYRAYK(fluorescein)GG-NH2. The surfaces are treated
with α-chymotrypsin for enzymatic digestion of the surface bound peptide
which releases the fluorescent labeled peptide fragment. The amount of the
released peptide fragment is quantified by fluorescence intensity measurements
and the peptide density on the surface before enzymatic digestion is calculated
using a standard of known concentration of the same digested protein (Fig.
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Figure 2.5: Ligand density quantification by enzymatic digestion. PEG-
alkyne/PEG2000 films are modified with a fluorecently labeled peptide con-
taining a α-chymotrypsin digestion site. The fluorescence A. on the surface
before and after enzymatic digestion through α-chymotrypsin and B. in solu-
tion is measured. Inset: Plot of the determined peptide density against surface
fluorescence intensity before enzymatic digestion. Data points represent the
mean and the standard deviation of n = 4 samples. Adopted from [74].

2.5). From these measurements a correlation between the surface functional-
ization density and the amount of PEG-alkyne in the silanization reaction is
obtained. Using PEG monolayers with varying mole fractions of PEG-alkyne
the ligand density can be tuned from 0.9 pmol/cm2 for pure PEG2000 coatings
up to 38.9 pmol/cm2 for pure PEG-alkyne coatings. Complementary to these
measurements, the surface fluorescence intensity before and after the enzymatic
digestion is determined. In agreement with the previous characterizations the
density of immobilized ligand on the surface after CuAAC increases with in-
creasing mole fraction of PEG-alkyne in the PEG layer which is visualized by
the rise in the fluorescence intensity on the surface before enzymatic digestion.
Moreover, fluorescence intensity measurements on the surfaces after enzymatic
digestion reveal negligible fluorescence intensity confirming that the digestion
is complete. Furthermore, peptide densities measured in solution and fluores-
cence intensities on surfaces show a linear correlation proving the approach is
quantitative.

In the field of biomaterials a frequently used method for the immobiliza-
tion of bioactive ligands on substrates is the noncovalent biotin (strept)avidin
interaction. To broaden the scope of the developed PEG-alkyne coating, it is
also possible to combine these two immobilization strategies. For this purpose,
SiO2 sensors are coated with a PEG layers containing different molar ratios
of PEG-alkyne and PEG2000 (0, 25, 50, 75 and 100 mol% PEG-alkyne) and
the alkyne functionalities are coupled to biotin-EG3-azide (biotin-azide) in a
CuAAC reaction. To quantify the binding of streptavidin (from Streptomyces
avidinii, recombinant expressed in Escherichia coli) to biotin functionalized
substrates in real time quartz crystal microbalance with dissipation monitoring
(QCM-D) is used. The sensors are first equilibrated with PBS, then a solution
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Table 2.1: The specific interaction of streptavidin with biotinylated PEG
coated substrates is monitored by QCM-D. SiO2 sensors are silanized using dif-
ferent ratios of PEG2000 and PEG-alkyne and subsequently modified through
CuAAC reaction with biotin-azide. The sensors are first equilibrated with PBS.
Then, streptavidin is passed over the sensors and unspecific bound protein is
removed in a following wash with PBS. The changes in 7th resonance frequency
represent the mean and the standard deviation of n = 3 measurements. Adopted
from [74].

mol% (PEG-alkyne) ∆fn/n [Hz] (n = 7)

0 0.2 ± 0.4
25 -12.7 ± 3.1
50 -25.4 ± 4.0
75 -31.8 ± 5.1
100 -40.1 ± 3.3

of streptavidin in PBS is passed over the sensors before unspecific bound strep-
tavidin is removed in a further washing step with PBS. The resulting binding
curves show changes in resonance frequencies to different extent depending on
the composition of the PEG layer (Tab. 2.1). Marginally changes in resonance
frequency are observed on a pure PEG2000 coating subjected to the CuAAC
reaction conditions with biotin-azide upon addition of streptavidin. This find-
ing proves that there are no unspecific interactions between the streptavidin
and the passivating PEG layer. In comparison, surfaces coated with various
amounts of PEG-alkyne and functionalized with biotin show large decreases in
resonance frequencies up on incubation with streptavidin due to the specific
biotin streptavidin interaction. As expected, the amount of adsorbed strepta-
vidin increases with increasing functionalization density of biotin.

To specifically understand the effect of an immobilized bioactive molecule
on cell behavior, it is important to avoid unspecific interactions with the sub-
strate. To investigate unspecific adsorption of proteins, bovine serum albu-
min (BSA) is used as a model protein. SiO2 sensors for QCM-D are coated
with a PEGalkyne monolayer and subjected to different concentrations of BSA
(Fig. 2.6). While the addition of 0.01 w/v% BSA in PBS causes no observable
changes in resonance frequency, 0.1 w/V% BSA results in a little decrease and
for 1 w/v% and 5 w/v% BSA this decrease is even more pronounced. In all
cases the resonance frequency returns immediately to the baseline frequency
upon washing with buffer, which proves, that the protein is not adsorbed un-
specifically on the surface. The observed changes in resonance frequency are
causes by differing viscoelastic properties of the high concentrated protein so-
lutions. The protein repellent properties of PEG-alkyne are very comparable to
those measured for the methoxy terminated and slightly shorter PEG2000.[43]

Another key issue is if copper or copper ions remain on the surface after
the CuAAC reaction, which in high concentrations could cause cell toxicity
and prevent the application of this approach in the preparation of biomimetic
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Figure 2.6: A. The protein repellent properties of a PEG-alkyne monolayer in-
vestigated by QCM-D. After equilibration with PBS increasing concentrations
of BSA in PBS (I. 0.01 w/V%, II. 0.1 w/v%, III. 1 w/v% and IV. 5 w/v%)
are passed over PEG-alkyne coated SiO2 sensor (indicated by solid lines) alter-
nated with rinsing steps with PBS (dotted lines). Exemplarily the curve of the
7th frequency is shown. B. XPS of the Cu 2p region of for a PEG-alkyne mono-
layer (a) without further treatment, (b) subjected to CuAAC reaction condi-
tions without azide-R, (c) functionalized with NTA groups through CuAAC
reaction with N α,N α-bis(carboxymethyl)-L-azido-lysine hydrochloride and (d)
functionalized with Cu2+ ion loaded NTA groups. As published in [74].

substrates. To investigate this point, comparative XPS spectra of different PEG
surfaces are taken to analyze the amount of remaining copper on the surface
(Fig. 2.6). On the one hand, a pure PEG-alkyne monolayer and a PEG-alkyne
monolayer subjected to the CuAAC reaction conditions but without any azide
as reaction partner is analyzed. On the other hand, a PEG-alkyne monolayer
clicked with N α,N α-bis(carboxymethyl)-L-azido-lysine hydrochloride (azide-
NTA) is investigated, where the unintentionally bound copper ions are removed
with EDTA. As a positive control such a NTA modified PEG-alkyne monolayer
is loaded with Cu2+ ions. Both the pure PEG-alkyne monolayer and the PEG-
alkyne treated by click reaction conditions (without any azide) don’t give a
copper signal (Cu 2p) in the XPS. The PEG-alkyne surface modified with
NTA shows a little copper signal compared to the signal detected from the
NTA modified PEG-alkyne monolayer loaded with Cu2+ ions. In summary,
there is only very little copper remaining on the surface after the CuAAC
reaction making this approach suitable for cell culture studies on biomimetic
substartes.

In recent years, versatile biomimetic systems have been used to study the
cell adhesion on extracellular matrix proteins such as fibronectin. In particu-
lar, the role and influence of the tripeptide adhesion sequence RGD from the
10th domain of fibronectin has been investigated. Here, the developed PEG-
alkyne coating is used to investigate the correlation between the RGD den-
sity and the adhesion behavior of rat embryonic fibroblasts expressing YFP
labeled paxillin (REF YFP-paxillin). Therefore, the short peptide sequence
cyclic(RGDfE)K(N3)-NH2 (azide-cRGD) with an azide functionality is linked
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to PEG monolayers on glass substrates containing different mole fractions of
PEG-alkyne (0, 0.01, 0.1, 1, 10, 100 mol% PEG-alkyne). REF YFP-paxillin
cells are seeded on the samples at a defined density and cultured for 4 h.
The density of adherent cells and their spreading area is evaluated from fluo-
rescence images of the stained cell nuclei and actin cytoskeleton, respectively
(Fig. 2.7). This data clearly show that only very few REF YFP-paxillin can
attach to substrates only coated with the passivating PEG layer independent
of the molar ratio of PEG-alkyne and PEG2000. In comparison to this the
density of adherent REF YFP-paxillin on PEG monolayers modified through
the CuAAC reaction and presenting the cRGD sequence is strongly depen-
dent on the functionalization density. While the REF YFP-paxillin density on
a pure PEG2000 layer and the lowest functionalized PEG layer (0.01 mol%
PEG-alkyne) are very low, the number of attached cells rises with increasing
mole fraction of PEG-alkyne and thus increasing cRGD density, up to 1 mol%.
At higher concentrations of cRGD saturation in the cell density is reached with
about 15.6 cells/mm2 (for 1 mol% PEG-alkyne). At the same time the spread-
ing area of the REF YFP-paxillin fibroblasts depends on the cRGD density.
While a moderate spreading of REF YFP-paxillin is observed on substrates
presenting 0.1 mol% cRGD, the average spreading area of the cells is twice
as high for substrates presenting 1 mol% cRGD and higher. Thus, a minimal
cRGD density of 0.1 mol% is required to promote cell attachment, while after
reaching the saturation level at 1 mol% a even higher cRGD density shows
no significant influence on the here evaluated cell adhesion criteria cell density
and spreading area.
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Figure 2.7: Characterization of REF YFP-paxillin cell adhesion on PEG
coated glass substrates with varying cRGD functionalization densities. A. The
density of adherent cells on PEG monolayers functionalized with cRGD or with-
out cRGD. The bar graph represents the mean and standard deviation of three
independent samples. B. Spreading area of the adherent cells on PEG mono-
layers modified with cRGD. The boxes show the 2nd and 3rd quartile of the
data points and the whiskers the 95-5% interval; x represents the mean of the
data. For the different RGD densities (0.1, 1, 10 and 100 mol%) the spreading
area of n = 207, 436, 467 and 395 cells is analyzed. As published in [74].
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In the last decades numerous systems for presenting cell adhesion molecules,
such as the RGD peptide, in varying densities have been developed highlight-
ing the complexity and sensitivity of cell adhesion.[78] Whether a cell attaches
(or adheres) to a synthetic substrate or not depends, among others, on the
topography[79], mechanical properties of the substrate[80, 81], spatial arrange-
ment of the adhesion ligand[47],dynamic changes in ligand presentation[82], the
ligand concentration[50, 83, 84], and the cell type.

Cell adhesion molecules in form of lipopetides with a RGD sequence in-
corporated into supported lipid monolayers promote maximum adhesion of
nonspreading KG-1a cells at 0.5 mol% RGD (4.2 pmol/cm2).[85] In compar-
ison to this, with the same setup, lower RGD densities of 0.02 mol% RGD
(170 fmol/cm2) are required for near-maximal human umbilical vein endothe-
lial cell (HUVEC) adhesion and 0.5 mol% RGD (4.2 pmol/cm2) for maximal
cell spreading. Likewise, Hudalla et al. showed that on thiol-ethylene glycol
SAMs on gold modified through click chemistry with RGD a functionalization
density of 0.01 mol% RGD (calculated intermolecular RGD spacing of 36 nm) is
sufficient for human mesenchymal stem cell (hMSC) attachment and 0.1 mol%
(calculated intermolecular RGD spacing of 11 nm) for hMSC spreading and
focal adhesion complex formation.[86] At the same time the density of adherent
cells as well as their spreading area increases with rising RGD functionalization
concentration. In a study by Orgovan et al. the HeLa cell adhesion kinetics on
supported PLL-g-PEG/PLL-g-PEG-RGD layers were investigated.[87] Maxi-
mal cell adhesion and spreading is observed at 25 mol% RGD modified PLL-
g-PEG (correlating with a average ligand-ligand distance of 10 nm). On the
other hand, in a study by Arnold et al. on hexagonal arrays of gold nanopar-
ticles functionalized with c(RGDfK)-thiol and a passivation PEG layer in the
intermediate space, effective cell adhesion is observed at interparticle spacings
≤ 58 nm for MC3T3 osteoblasts, B16 melanocytes, REF52 fibroblasts and 3T3
fibroblasts, while cell adhesion, spreading and focal adhesion formation were
aberrant for interparticle spacings ≥ 73 nm.[44] Cavalcanti-Adam et al. used
the same approach to investigate the focal adhesion assembly and dynamics
with REF52 fibroblasts. Colocalization of the focal adhesion proteins vinculin
and zyxin and the coupling of the focal adhesion clusters with actin stress
fibers, along with the transition from transient focal contacts to mature focal
adhesions only occur on surfaces with an interparticle distance of 58 nm but
not at higher distances.[45, 46]

The observations from the presented study correlate well with the results
from the literature. A cRGD density of 0.1 mol% is sufficient to support cell
attachment and weak spreading and maximum cell adhesion and spreading is
observed with cRGD densities ≥ 1 mol%. Assuming a hexagonal close packing
and a homogenous distribution of the cRGD modified PEG molecules the av-
erage spacing between two adjacent cRGD moieties is:

dRGD-RGD =
√

2/(
√

3 ∗NA ∗ ρRGD)

Taking into account a ligand density of 21.9 pmol/cm2 for a surface with
25 mol% PEG-alkyne (as determined with the α-chymotrypsin digestion as-
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say), this equation results in an average distance of two neighboring cRGD
moieties of 47 nm and 15 nm for 0.1 mol% and 1 mol% PEG-alkyne, respec-
tively. The slight differences to the results of the other studies can be attributed
to differences in cell types, the chemical structure of the adhesion ligands and
the immobilization and presentation strategy of the RGD.

2.1.2 Dual functionalized nanostructured biomimetic interfaces

The approach presented here based on the modification of immobilized PEG-
alkyne monolayers by click chemistry can be also combined with the gold
nanoparticle arrays mentioned above. Thereby dual functionalized substrates
are created presenting two different ligands in a controlled manner. The result-
ing dual functionalized surfaces can be generated due to the chemical orthog-
onality of the two functionalization strategies and profit from the flexibility in
ligand choice. Further advantages are the controlled spatial presentation of the
ligand immobilized on the gold nanoparticles and the passivating properties of
the PEG monolayer in the intermediate space.
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Figure 2.8: A. Schematic presentation of dual fluorophore functionalized sub-
strates. The glass surface is partially nanostructured with gold nanoparticles
(left side) and completely coated with a PEG-alkyne layer. The PEG-alkyne
monolayer is first modified with biotin through CuAAC with biotin-azide and
subsequently fluorescently labeled with streptavidin (Atto565-streptavidin).
The gold nanoparticles are modified with thiol-NTA linkers and the NTA moi-
eties are loaded with Ni2+ ions and with His6-tagged GFP. B. Fluorescence
images (top) and intensity line profiles (bottom) of the dual fluorophore la-
beled half gold nanostructured surface. The fluorescence images and the line
profiles from A to B visualize that the gold nanoparticle coupled fluorophore
(green channel) is restricted to the nanostructured area and the PEG-alkyne
coupled fluorophore (red channel) is homogeneously distributed over the hole
sample. Adopted from [74].

As a proof of concept nanostructured surfaces are first dual functional-
ized with two distinct fluorophores. To this end, glass surfaces that are half
nanopatterned with hexagonally arranged gold nanoparticles are produced by
block copolymer micellar nanolithography (BCMN). The intermediate space
between the nanoparticels and the unpatterned area of the glass surface is
coated with clickable PEG-alkyne; the gold nanoparticles protrude from the
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surrounding PEG layer. First, the PEG-alkyne is coupled to biotin through
CuAAC reaction with biotin-azide and subsequently to a Atto565 fluorescently
labeled strepatvidin. Taking advantage of the gold-thiol interaction the gold
nanoparticles are modified with a thiol-NTA linker and loaded with Ni2+ ions
followed by the binding of His6-tagged green fluorescent protein (GFP). Flu-
orescence images of a partially nanostructured glass surfaces proof the dual
labeling based on the two orthogonal functionalization strategies (Fig. 2.8).
The red fluorescent Atto565 dye coupled to the PEG layer through the specific
biotin-streptavidin interaction is distributed homogenously over the hole sam-
ple, whereas the detection of the green fluorescent GFP coupled to the gold
nanoparticles through interaction with Ni2+-NTA is restricted to the nanos-
tructured area. Thus, each of the two functionalization steps only takes place
with the intended reaction partner.

2.1.3 Effect of the adhesion peptide cRGD and the synergy
site PHSRN on cellular adhesion

These dual functionalized biomimetic substrates can be used to study the cross-
talk between two different bioactive molecules. In particular, the α5β1 integrin
mediated cell adhesion to fibronectin is considered. Among other protein side
chains a short 5 amino acid sequence, PHSRN, from the 9th domain of fi-
bronectin type III plays a key role in the synergistic enhancement of α5β1
integrin mediated cell adhesion to the RGD sequence in the 10th domain of
fibronectin type III. [88, 89] Hitherto it is still under discussion whether the two
peptide sequences RGD and PHSRN, located on the adjacent domains 9 and
10 of fibronectin type III, are acting synergistically or competitively in integrin
mediated cell adhesion. So far, there is published experimental data supporting
a synergetic binding of the two peptide sequences to two epitopes of a single
integrin receptor as well as a competitive interaction of the two peptides with
a common site (or to allosterically related sites).

Cell adhesion studies by Feng et al.[90] on SAMs of peptide terminated
alkanethiols revealed that baby hamster kidney (BHK), 3T3 and IMR 90 cells
can attach to SAMs presenting either GRGDS or PHSRN, although the cell
spreading, actin stress filaments and focal adhesions are less pronounced or
lacking on PHSRN presenting monolayers. Further, antibody blocking stud-
ies and competitive adhesion assays suggest a competitive binding of the two
peptides to the α5β1 integrin, whereas the RGD peptide binds with a higher
affinity than the PHSRN peptide to the integrin. In an additional study by
Eisenberg et al.[91] on SAMs of alkanethiols presenting fibronectin domains
(instead of short peptides) the presence of the 9th domain, which contains
the PHSRN sequence, shows an effect on BHK cell attachment (but not on
spreading) at low densities of protein (0.0001-0.001%) but not at high densi-
ties (≥ 0.01%). In addition, the cell adhesion to the 10th domain is inhibited
in the presence of soluble RGD or PHSRN peptides advocating a competitive
binding of PHSRN and RGD.

On the other hand, studies show a synergistic effect in the presence of
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both the RGD and the PHSRN sequence, whereas PHSRN rarely supports cell
adhesion on its own. Aota et al.[88] showed that the synergistic site PHSRN of
fibronectin enhances cell spreading of HT-1080 cells. Ochsenhirt et al.[14] used
Langmuir-Blodgett supported films of linear or looped peptide amphiphiles to
investigate the effect of RGD secondary structure and PHSRN on cell adhesion
and spreading of HUVEC cells. In this study it is shown that PHRSN dosen’t
support cell adhesion on its own, but a significant increase in cell spreading
is observed when both peptides are presented in a 1:1 ratio at each 25 mol%.
A recent study by Lee et al.[16] on thiol SAMs on gold with opposed peptides
gradients revealed that NIH3T3 cell adhesion depends on both on the ratio
of the two peptides RGD and PHSRN and the total peptide density. PHSRN
alone rarely supports cell attachment, but in combination with RGD either a
synergistic or competitive effect is observed depending on the ratio of the two
peptides. A 1:1 ratio of RGD and PHSRN results in increased cell attachment,
whereas any other ratio of RGD to PHSRN leads to reduced cell attachment
compared to RGD alone. Further, the synergistic effect of RGD and PHSRN
(1:1 ratio) is more pronounced on surfaces with low total peptide density.

The presented method for creating dual functionalized biomimetic sub-
strates is used to investigate the mutual influence of the cRGD and PHSRN
peptide on cell adhesion of rat embryonic fibroblasts (REF52). This approach
profits from the fact that not only the statistical density of the first ligand cou-
pled to the PEG-alkyne by click reaction can be controlled, but also that the
arrangement of the second ligand linked to the gold nanoparticles can be ad-
justed with high spatial resolution. Furthermore, the PEG monolayer prevents
nonspecific interactions of the cells with the underlying substrate. Nanostruc-
tured substrates with an interparticle distance of 100 ± 15 nm are chosen as
REF52 cell attachment and spreading is reduced on surfaces where the distance
between two adjacent RGD ligands attached to the gold nanoparticles exceeds
58 nm.[44] The glass in the intermediate space between the gold nanopaticles is
coated with a PEG layer with varying mole fractions of PEG-alkyne (0, 0.1, 1,
10 mol% PEG-alkyne) and the terminal alkyne functionalities are coupled to
K(N3)PHSRN through click reaction. In a second step the gold nanoparticles
are optionally decorated with a cRGD that contains a free thiol group for im-
mobilization (HS-cRGD). The cell adhesion of REF52 cells is evaluated after
4 h cultivation on these surfaces based on fluorescence images of the DAPI
stained nuclei and phalloidin-TRITC stained actin (Fig. 2.9). While limited
cell attachment is observed for substrates solely functionalized with one of the
two peptide sequences (cRGD without PHSRN or 10 mol% PHSRN without
cRGD) and for substrates presenting cRGD and 0.1 mol% PHSRN, the number
of cells increases with increasing PHSRN density. Moderate cell attachment is
detected on substrates functionalized with cRGD and 1 mol% PHSRN. A fur-
ther increase of the PHSRN density to 10 mol% results in a striking increase in
the adherent cell density. Fluorescent stainings of the adhesion peptides vin-
culin and paxillin show focal adhesion formation and actin filaments on dual
functionalized surfaces presenting cRGD and 10 mol% PHSRN, but not on
monofunctionalized substrates with cRGD only. Thus, effective attachment of
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Figure 2.9: A. Schematic presentation of dual peptide functionalized sub-
strates. The nanostructured glass surface is coated with a PEG monolayer
comprising varying mole fractions of PEG-alkyne. The terminal alkyne moieties
are coupled to K(N3)PHSRN through CuAAC reaction. The gold nanoparti-
cles serve as anchoring point to present the second thiolated peptide sequence
cRGD. B. Density of adherent cells (normalized to the seeded cell density) on
gold nanostructured substrates (interparticle distance: 100 ± 15 nm) presenting
cRGD and/or PHSRN at varying densities. C. Fluorescence images of REF52
on nanostructured surfaces functionalized with cRGD or cRGD and 10 mol%
PHSRN. The nucleus is shown in blue, actin in magenta, vinculin in green and
paxillin in red. Grey images visualize localization of paxillin. The scale bar is
10 µm. As partially published in [74].

REF52 cells is only observed in the presence of both the cRGD and the PH-
SRN ligand at appropriate concentration. At first glance, the results of the
cell adhesion on the dual functionalized substrates support a synergistic ef-
fect of the two peptides on REF52 cell attachment as cells only adhere well
to the substrate in the presence of both peptides but not when only either
cRGD or PHSRN is present. However, the results can also be reconciled with
a competitive binding mechanism following the line of arguments of Eisenberg
et al.[91]. Considering the lower binding affinity of PHSRN to α5β1

[90] and the
in total higher peptide density on substrates presenting both peptides (cRGD,
10 mol% PHSRN) enhances the probability of ligand cell interactions during
attachment.

Thus, the approach established in this work serves as a platform for cell ad-
hesion studies presenting two signaling ligands in defined spatial arrangement.
In summary, the preparation of clickable PEG-alkyne monolayers and their sub-
sequent modification with varying azide containing compounds is shown. The
effective conversion through the CuAAC reaction is visualized by fluorescence
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microscopy, XPS, QCM-D and a cell adhesion assay and the ligand density
is quantified in an enzymatic digestion assay. The density of the functional
ligand is adjusted through coimmobilization of an inert methoxy terminated
PEG2000. The tailored ratio of PEG-alkyne and PEG2000 used in the solu-
tion for the formation of the PEG film on the substrate by self-assembly corre-
lates well with the functionalization density detected on the surface after the
modification through CuAAC. Furthermore, in combination with established
gold nanostructured surfaces the clickable PEG-alkyne allows for the prepara-
tion dual functionalized interfaces presenting two distinct ligands in controlled
density and arrangement. As a proof of principle, a partially nanostructured
surfaces is labeled orthogonally with two distinct fluorophores. Moreover, this
platform is used for the investigation of the mutual influence of cRGD and
PHSRN on integrin mediated cell adhesion.
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2.2 Part II: Co(III) as mediator ion to immobilize
His-tagged proteins on NTA functionalized sur-
faces

The line of argument and parts of the results of the following chapter are
published by Wegner et al.[92].

One of the most commonly used techniques for the immobilization of pro-
teins relies on the Ni2+ mediated interaction of NTA and His-tagged proteins.
The His-tag sequence can be easily introduced in a protein at the desired posi-
tion and due to the popularity of this approach to purify proteins large libraries
of His-tagged proteins exist. However, the reversible binding kinetics, which are
desired in protein purification, can be disadvantageous depending on the appli-
cation. For stable protein immobilization, for example, higher thermodynamic
stability and lower kinetic lability of the coordination complex is desirable. In-
creased stability between the His-tag and the metal ion coordinated NTA moi-
ety can be achieved by replacing the bridging Ni2+ ion with Co3+[93].Opposed
to the divalent transition metal ions Ni2+ and Co2+, which have similar kinetic
and thermodynamic properties, Co3+ complexes are characterized by signifi-
cant higher thermodynamic stability and kinetic inertness. The low ligand
exchange kinetics of Co(III) complexes favor the application in the labeling of
proteins[93], mechanistic studies of enzymes[94, 95], drug delivery[96] and tether-
ing of His-tagged peptides to lipid bilayers[97]. In this study the applicability of
the Co(III) mediated interaction between NTA functionalities and His-tagged
proteins for stable protein immobilization is investigated. Due to the thermo-
dynamic and kinetic properties of Co3+ the complex is formed in a two step
procedure comprising first the formation of the appropriate Co(II) complex and
subsequent the oxidation of the metal ion to Co(III). The diverse kinetic and
thermodynamic properties of Ni2+, Co2+ and Co3+ ions enable the reversible
or stable immobilization of His-tagged proteins depending on the metal ion
which mediates the interactions of NTA and His-tagged proteins.

2.2.1 Comparison of the Co(III), Co(II) and Ni(II) mediated
interaction between NTA and His6-GFP

The binding between NTA, different metal ions and His6-GFP is investigated
time-resolved by QCM-D (Fig. 2.10). For this study cobalt and nickel ions are
used for comparison as cobalt has two stable oxidation states (+2 and +3) and
nickel only one (+2). First, a SAM of thiol-NTA is formed on a gold surface
and the NTA moieties are loaded with the corresponding divalent metal ion
(Co2+ or Ni2+). Subsequently the His6-GFP is coordinated. Subsequently, the
His6-GFP is passed over these surfaces so that it can coordinate. To obtain
the Co(III) mediated interaction, Co2+ are chemically oxidized to Co3+ using
10 mM hydrogen peroxide. To access the difference in stability, the surfaces
are washed with high concentrations of imidazole (250 mM). The curves of
the Co(III), Co(II) and Ni(II) mediated interactions differ significantly. While
for the Co(III) mediated interaction the washing with imidazole results in only
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Figure 2.10: A. Co(III) and B. Co(II) and C. Ni(II) mediated interaction
between NTA and His6-GFP. First, a SAM of thiol-NTA is formed on a gold
substrate (I). The NTA functionalities are loaded with A. Co2+ and B. Ni2+
ions (II) followed by the coordination of His6-GFP (III). The Co(II) complexes
are oxidized to Co(III) using hydrogen peroxide (IV). Subsequently, imidazole
is directed over the surface (V) . Afterwards, the sensor is once more incubated
with His6-GFP (III) and washed with imidazole (V). Vertical lines are added
for clarity displaying the addition of the reagents (solid lines) and the return to
the buffer solution (dashed lines). QCM-D curves illustrate the 7th resonance
frequency.

marginal frequency changes, nearly complete removal of the protein is observed
for the Co(II) and Ni(II) mediated interaction indicated by the strong increase
in the resonance frequency. Opposed to Co(III), ligand exchange reactions pro-
ceed quickly on the Co(II) and Ni(II) complexes resulting in the release of the
protein in the presence of high imidazole concentrations. Small resonance fre-
quency differences after protein binding and release might be attributed to
either some unspecific binding or in the case of the Co(II) mediated interac-
tion to partial oxidation of the metal ions to more stable Co(III). In comparison
to the reversible binding via Co(II) or Ni(II), the Co(III) mediated interaction
resists high concentrations of competing ligand. Thus, the higher stability of
the Co(III) mediated interaction compared to the Co(II) or Ni(II) mediated
one predestines it for stable protein immobilization.

S. Wegner[92] obtained similar results when performing analogous experi-
ments with an protein repellent PEG monolayer on SiO2 instead of the OEG
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Figure 2.11: The long-term stability of the A. Co3+ and B. Ni2+ medi-
ated protein immobilization. The measurement is performed at a flow rate of
100 µL/min at 37 °C. Following chemicals in Tris-NaCl buffer are washed over
to the sensor surface at vertical solid lines: I. 50 µM thiol-NTA, II. 100 mM
CoCl2 or 100 mM NiCl2 , III. 5 µMHis6-GFP, IV. 10 mM H2O2, V. 250 mM im-
idazole. Washing steps with Tris-NaCl buffer are indicated with vertical dashed
lines. An exemplary QCM-D curve of the 7th resonance frequency is illustrated.

monolayer on gold. Therefore, SiO2 sensors are coated with PEG-alkyne and
functionalized with azide-NTA through CuAAC reaction as described in chap-
ter 2.1. The NTA moieties are loaded with either Co2+ or Ni2+ ions and His6-
GFP is coordinated. Hydrogen peroxide treatment leads to the oxidation of
Co(II) to Co(III). Here, too the resistance of the Co(III) mediated interaction
and the lability of Ni(II) mediated interaction against high concentrations of
imidazole and EDTA is observed. Further, due to the longer PEG no unspecific
adsorption of the protein on the surface is detected. Moreover, the specificity
of the interaction is demonstrated as the His6-GFP protein dosen’t bind to the
surface when the cobalt centers are oxidized to Co(III) beforehand. For com-
parison the Co(II) mediated interaction is considered. The curve shows partial
protein release upon addition of imidazole indicating the partly oxidation of
the cobalt centers due to oxidative species in the buffer solution. Furthermore,
the applicability of this approach for the stable immobilization of His-tagged
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proteins on lipid bilayers presenting NTA moieties is investigated. It is shown,
that the oxidation step with hydrogen peroxide dosen’t affect the integrity of
the lipid bilayer and that the protein is stably immobilized.

2.2.2 Long-term stability of the Co(III) mediated interaction
in comparison to the Ni(II) mediated interaction

Wegner et al.[93] has shown that the NTA-CoIII-His6 complexes have a higher
stability against competing ligands like imidazole and EDTA compared to the
corresponding CoII complexes. This arises the question if this is also the case
for the Co(III) mediated surface immobilization strategy presented here.

Table 2.2: Long-term stability of CoIII and NiII mediated protein immobi-
lization. Resonance frequency changes attributed to His6GFP adsorption di-
rectly after the oxidation step (t1) and after extended washing (t2) are deter-
mined in consideration of the frequency change upon formation of the metal
ion loaded NTA SAM. Further, the average change in resonance frequency per
hour (∆(∆fn/n)/∆t) and the relative change in resonance frequency per hour
(normalized to the amount of initially bound protein) are shown. The average
values represent the mean and the standard deviation of the n = 3 measure-
ments.

Co(III) Ni(II)
single exp. average single exp. average

∆fn/n (GFP)
[Hz]

-38.9 ± 0.3 -35.3 ± 0.4
t1 -40.1 ± 0.2 -39.4 ± 0.6 -36.9 ± 0.7 -36.3 ± 0.9

-39.3 ± 0.2 -36.7 ± 0.2
-40.2 ± 0.2 -26.2 ± 0.4

t2 -33.9 ± 0.2 -36.0 ± 3.6 -27.2 ± 0.2 -28.5 ± 3.2
-33.9 ± 0.2 -32.2 ± 0.1

∆(∆fn/n)/∆t
[10-2 Hz/h]

-8.1 ± 2.3 57.5 ± 3.5
38.7 ± 1.6 21.5 ± 25.7 61.5 ± 4.4 49.3 ± 17.8
33.8 ± 1.5 28.9 ± 1.4

rel. frequency
change/∆t
[10-3/h]

2.1a -16.3a

-9.7a -5.4 ± 6.5 -16.6a -13.6 ± 5.0
-8.6a -7.9a

a Errors calculated from standard deviation of the measured frequency changes are
negligible small (≤8*10-5/h)

To investigate the long-term stability of the NTA-CoIII-His6 and NTA-NiII-
His6 complexes by QCM-D a thiol-NTA linker is used to form a SAM on a gold
sensor, the NTA groups are loaded with the desired mediator ion and the model
protein His6-GFP is immobilized on the surface following the protocol above.
For comparative purposes Ni2+ is used as a mediator ion and not Co2+ due
to the possible partial oxidation of the cobalt ions on the surface over time.
Tris-NaCl buffer is passed over the sensors’ surface in an extended washing step
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(16 h) with a relative high constant flow rate of 100 µL/min at 37 °C (Fig.
2.11). The temperature of 37 °C is chosen due to its relevance in biological
systems and cell culture. The relative increase in frequency change during this
washing step is evaluated (Tab. 2.2). It is assumed that the observed frequency
changes are solely due to the amount of protein detaching through ligand ex-
change. The results indicate a slightly different binding mode for the Co(III)
mediated interaction compared to Ni(II) as the amount of initially bound pro-
tein differ slightly. Further, the release of His6-GFP upon excessive washing is
more pronounced for Ni(II) immobilized protein compared to Co(III), which
is twice as high. This is particular obvious from the relative frequency change
which is −13.6·10-3/h for Ni(II) and −5.4·10-3/h for Co(III). Thus, the Co(III)
mediated interaction between NTA and His6-GFP features higher long-term
stability compared to Ni(II).

2.2.3 Influence of the oxidation step with hydrogen peroxide
on the functionality and activity of the immobilized pro-
tein

A potential concern about this immobilization strategy may be the impairment
of the protein and its functionality through the oxidation step. Therefore, the
integrity of immobilized protein A with an N terminal His-tag and its inter-
action with immunoglobulin is investigated. For comparison the interaction
between the NTA moiety and the His-tag is either mediated through Co3+,
Co2+ or Ni2+ ions (Fig. 2.12). First, a SAM of thiol-NTA on a gold surface
is formed followed by the loading of the NTA moieties with the appropriate
metal ion (Co2+ or Ni2+). The protein A fragment is bound to the surface over
its His-tag. Optionally, the Co2+ ions are chemically oxidized to Co3+ using
10 mM H2O2. The antibody binding capacity of the immobilized protein A is
investigated using an anti-BSA antibody. First of all, the protein A is active in
all three cases and shows significant antibody binding for the Co3+, Co2+ and
Ni2+ ion based immobilization. Nevertheless there are some differences in the
binding curves. On the one hand, the binding curves for the protein A differ
for the Co(II) and the Ni(II) mediated immobilization. The binding on Co(II)
is characterized by a strong decease in frequency, passing through a minimum
and reaching a saturation level, whereas on Ni(II) the decrease merges in sat-
uration. Second, the binding kinetics for the antibody vary on the different
surfaces. Initially a strong decay in frequency is observed independent from
the mediator ion. However, the frequency change merges in a linear decay for
Co(III) and Ni(II) mediated immobilization, whereas it reaches saturation for
Co(II) in the observed time frame. Finally, the three different surface coatings
respond differently to high concentrations of imidazole. Upon addition of high
concentrations of imidazole the resonance frequency does not show a significant
alteration for the Co(III) mediated protein immobilization and only a slight
increase is observed for Co(II). In comparison a strong and sharp increase in
resonance frequency is detected for the Ni(II) mediated interaction. For the
Co(II) mediated interaction the curve progression might be explained by par-
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Figure 2.12: The influence of the oxidation step on protein A activity is
monitored by QCM-D. A His-tagged protein A is bound to NTA by either A.
Co3+, B. Co2+ or C. Ni2+ and the interaction with an anti-BSA antibody is
investigated. Following reagents in Tris-NaCl buffer are washed over the sensor’s
surface at vertical solid lines: I. 50 µM thiol-NTA, II. 100 mM CoCl2 or 100 mM
NiCl2, III. 0.07 mg/mL His6-protein A, IV. 10 mM H2O2, V. 0.30 mg/mL anti-
BSA antibody VI. 250 mM imidazole, and VII. 50 mM EDTA (pH 7.4). The
return to the Tris-NaCl buffer solution is indicated by vertical dashed lines.
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Figure 2.13: The chemical resistance of the Co(III) mediated immobiliza-
tion of His6-GFP on thiol-NTA SAMs on gold surfaces against the reducing
agents A. ascorbic acid (pH 7.4), B. tris(2-carboxyethyl)phosphin (pH 7.4),
C. dithiothreitol and D. sodium sulfite is monitored by QCM-D. The verti-
cal lines indicate the direction of a reagent over the sensor surface (solid line)
and the subsequent return to the Tris-NaCl buffer (dotted line).The measure-
ment includes the addition of the following components in Tris-NaCl buffer to
the sensor surface (indicated by vertical solid lines). I. 50 µM thiol-NTA, II.
100 mM CoCl2, III. 5 µM His6-GFP, IV. 10 mM H2O2, V. 250 mM imidazole,
VI. 1 mM reducing agent, VII. 10 mM reducing agent, VIII. 100 mM reducing
agent, and IX. 50 mM EDTA (pH 7.4). After the addition of the respective
reagent the system is changed back to the Tris-NaCl buffer solution (indicated
by vertical dashed lines).

tial oxidation of surface bound Co(II) to Co(III) through oxidative species in
the buffer solution. Noteworthy, the curve progression for the Ni(II) mediated
interaction indicates some unspecific binding. Nonetheless, it can be concluded
that in the specific case of protein A, the protein function is not affected by
the oxidation step.

2.2.4 Resistance of the Co(III) mediated immobilization to
reducing agents

In this section the reversibility of the oxidation step of the Co(III) mediated
His6-protein immobilization is considered. The influence of the four different
reducing agents ascorbic acid, tris(2-carboxyethyl)phosphin (TCEP), dithio-
threitol (DTT), and sodium sulfite, which are commonly used in biochemistry,
is investigated (Fig. 2.13). For this purpose different concentrations of reducing
agents are passed over NTA-CoIII-His6-GFP surfaces for the same time frame
as the hydrogen peroxide for the oxidation step. After formation of an NTA
modified SAM on gold sensors, the loading of the NTA with divalent cobalt
ions and the binding of His6-GFP, the Co(II) ions are oxidized to Co(III) with
hydrogen peroxide following the procedure described above. First, a washing
step with high concentrations of imidazole proves that all cobalt ions are ox-
idized as no frequency change is observed. Afterwards, the surfaces are incu-
bated with the appropriate reducing agent in increasing concentrations (1 mM,
10 mM, 100 mM) separated by washing steps with first Tris-NaCl buffer, sec-
ond imidazole and finally Tris-NaCl buffer in order to determine wether the
reducing agent has an influence on the immobilized protein. For all four reduc-
ing agents no significant changes in the resonance frequency are noticed. Only
a slight shift is observed, most pronounced in the case of ascorbic acid and
DTT. But since these shifts are not stronger at very high concentrations of
reducing agent (100 mM), it can be concluded that the majority of the surface
bound Co(III) complexes are not reduced to Co(II). This high resistance of
the Co(III) mediated immobilization of His-tagged proteins towards reducing
agents enables the application of this immobilization strategy for stable and
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inert surface modification.
In conclusion, the stable immobilization of His-tagged proteins exemplar-

ily His6-GFP on NTA functionalized SAMs through Co(III) is presented. The
strategy comprises first the formation of CoII(NTA)(His6) complexes and the
subsequent oxidation of the Co(II) centers to Co(III). The Co(III) mediated
interaction features higher resistance towards imidazole and higher long-term
stability to washing off. Further, the chemical oxidation with hydrogen perox-
ide, which might be problematic for protien functionality and activity, dosen’t
affect the antibody binding of protein A. Moreover, the resistivity of the Co(III)
mediated interaction towards reducing agents is validated.
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2.3 Part III: Photochemical immobilization of His-
tagged proteins onto TiO2 nanoparticles

Complementary to studies that examine the influence of external factors on
cell behavior by exposing cells to synthetic biomimetic substrates and three-
dimensional scaffolds, the internal effect caused by the uptake of biofunction-
alized nanocomposites is also of interest. Different kinds of modified nanopar-
ticles as well as polymer and biomolecule based nanocomposites have been
developed for targeted delivery. The uptake behavior depends on the biochem-
ical properties of the nanoparticles and can be adjusted by changing the surface
hydrophobicity/hydrophilicity and specific modifications with receptor specific
ligands addressing a certain uptake mechanism. Diverse materials like meso-
porous silica, carbon nanostructures (fullerenes, carbon nanotubes) and met-
als (Au, Ag, Fe) as well as metalloid and metal oxides (SiO2, TiO2, Fe3O4)
are developed with applications in material science, catalysis, environmental
purification (air and water), self-cleaning surfaces, biological technology and
medicine. In particular, in biomedical research nanoparticles are used for the
labeling of target molecules of cells and imaging[98] and targeted delivery of
anticancer drugs [99].

In this study TiO2 nanoparticles with a biocompatible coating are pre-
pared. One of the most commonly used methods for the functionalization
of titanium dioxide is the silanization of the surface with organofunctional
alkoxysilanes. Further, the surface chemistry of TiO2 nanoparticles smaller
than 20nm is characterized by surface and corner defects, which are very reac-
tive towards bidentale ligands.[100] For example, TiO2 nanoparticles are func-
tionalized with phosphonic acids[101], carboxylic and dicarboxylic acids[102] and
catechols[103]. A noteworthy property of TiO2 nanoparticles is their photocat-
alytic activity[104, 105, 106]. According to the band model for semiconductors
TiO2 possesses a band gap (the energy gap between the highest filled valence

TiO
2

TiO
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TiO
2

CoCl
2

His
6
-POI

UV

Figure 2.14: Co(III) mediated immobilization of the protein of interest on
TETT coated TiO2 nanoparticles. The chelating TETT groups on the nanopar-
ticles’ surface are loaded with Co2+ ions (yellow circle) and the protein of inter-
est (green ellipse) is coordinated through its His6-tag. The Co(II) centers are
oxidized through UV illumination of the TiO2 nanoparticles to Co(III) (red
circle).
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band and the lowest vacant conduction band) of 3.2 eV. Thus, excitation with
UV irradiation leads to the generation of electron - hole pairs; the lifetime of
the excited state, which is in the nanosecond regime, is sufficient for charge
transfer to species adsorbed on the surface and formation of radicals. Doping
TiO2 with a metal, a nonmetal or a combination of metal and nonmetal like
for example cobalt-carbon-sulfur co-doped anatase TiO2 nanoparticles[107] and
Fe3O4-TiO2 core-shell nanoparicles[108] as well as the discovery of a substoi-
chiometric titanium terminated anatase surface[109] facilitates the preparation
of visible light responsive photocatalysts with a reduced band gab and an as-
sociated absorbance in the visible range of the spectrum.

In this part of the study advantage is taken of the photocatalytic proper-
ties of TiO2 nanoparticles for the stable immobilization of His-tagged proteins
through Co(III) complexes. Particularly, the conversion of a preformed Co(II)
coordination complex between TiO2 nanoparticles coated with a chelating lig-
and and a His-tagged protein into the corresponding Co(III) complex is aimed
(Fig. 2.14). Consequently, the kinetic and thermodynamic properties of the
complex are altered. The kinetic inertness and thermodynamic stability of
Co(III) complexes can be beneficial in biomedical application where the stable
coating and immobilization of nanoparticles with protein shells is desired.

2.3.1 Synthesis and characterization of TiO2-TETT nanopar-
ticles

TiO2 nanoparticles functionalized with an organic layer of N -(Trimethoxysilyl-
propyl) ethylene diamine triacetic acid (TETT) are synthesized according to
the procedure published by Qin et al. [110]. Briefly, the nanoparticles are pre-
pared in a two step synthesis comprising first the formation of oleic acid stabi-
lized TiO2 nanoparticles and second the surface modification with TETT (Fig.
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Figure 2.15: Synthesis of TETT coated TiO2 nanoparticles in a two step
procedure according to Qin et al.[110].



2. Results and Discussion 42

2.15). The hydrolysis of titanium(IV) isopropoxide in oleic acid results in the
formation TiO2 nanorods with anatase crystal structure; the shape and aspect
ratio of the nanoparticles can be controlled by tuning their growth kinetics.[101]

The replacement of the oleic acid capping with TETT alters the surface po-
larity and yields the water dispersibile TiO2-TETT nanoparticles.

A B

C

Figure 2.16: Characterization of TiO2-TETT nanoparticles by A. TEM, B.
high resolution TEM and C. SEM. The high resolution TEM image shows the
crystalline strutucre of the TiO2-TETT nanoparticles. The scale bars represent
A. 50 nm, B. 15 nm and C. 150 nm

1 10 100 1000

0

2

4

6

8

10

In
te

n
s
it
y
 [
%

]

Hydrodynamic radius [nm]

Figure 2.17: Size distribution of an aqueous suspension of TiO2-TETT
nanoparticles measured by DLS. An exemplary spectra is shown.
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The synthesized TiO2-TETT nanoparticles are characterized by transmis-
sion electron microscopy (TEM) and scanning electron microscopy (SEM)
imaging (Fig. 2.16). As previously reported[110] the nanoparticles are rod shaped
and a few nanometers in size. The hydrodynamic radius of the TiO2-TETT
nanoparticles is measured by dynamic light scattering (Fig. 2.17). Two local
maxima in the intensity are detected at a hydrodynamic radius of 7.8 nm and
45.6 nm, respectively.
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Figure 2.18: Colorimetric detection of Co2+ ions with 4-(2-pyridylazo)-
resorcinol. A. The complexation of Co2+ ions by the chelating ligand results
in a B. red shift of the absorbance spectra. Titration of 50 µM PAR against
CoCl2 in 10 mM Tris buffer C. in the absence or D. in the presence of 1 mg/mL
TiO2-TETT nanoparticles. The absorbance at λ = 508 nm is measured, back-
ground corrected by the absorbance of the 10 mM Tris buffer and averaged
(mean and standard deviation) over 3 experiments.

The organic TETT coating of the nanoparticles is suitable for modifications
based on coordination chemistry due to the multidentate ligand structure. The
Co(II) binding capacity of the TiO2-TETT nanoparticles is determined by
titration of TiO2-TETT with different CoCl2 concentrations in the presence of
the metallochromic indicator 4-(2-pyridylazo)resorcinol (PAR) (Fig. 2.18). The
tridentate ligand PAR binds to a variety of divalent transition metal ions in a
2:1 complex through the pyridyl nitrogen, the distal nitrogen of the azo moiety,
and the 3-phenolate oxygen of the resorcinol moiety. [111, 112, 113] The metal ion
complexation results in a red shift of the absorbance spectra maximum from
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412 nm to 508 nm for Co(II). The shift in the absorbance maximum is visible
by a color change of the aqueous solution from yellow to red.

Absorbance measurements of PAR with different CoCl2 concentrations con-
firm the formation of a 2:1 ligand to metal centre complex and show satura-
tion in the absorbance at half the concentration of the PAR ligand (50 µM
PAR, 25 µM CoCl2). In contrast, when the same titration is performed in
the presence of 1 mg/mL TiO2-TETT nanoparticles, the saturation in the
absorbance spectra is achieved at significantly higher CoCl2 concentration
(1.03 mM CoCl2; determined as the intersection of two linear fits in the range of
0.2 - 1.0 mM and 1.1 - 2.0 mM CoCl2, respectively). This shows that except for
the low concentration of Co2+ ions complexed by PAR (25 µM), the remaining
Co2+ ions are coordinated through the polydentate TETT ligand immobilized
on the TiO2 -TETT nanoparticles. To ensure that all added cobalt ions are
complexed by the TETT ligand and that there are no free cobalt ions in the
solutions, a ratio of 1 mM CoCl2 per 1 mg/mL TiO2-TETT is used throughout
all following experiments.

2.3.2 Photochemical characterization of TiO2-TETT nanopar-
ticles

Consecutively, the photoactivity the TiO2-TETT nanoparticles under UV light
irradiation and the photooxidation of Co2+ ions is investigated. To demon-
strate the photoactivity of these nanoparticles, solutions containing TiO2-
TETT nanoparticles with and without CoCl2 are exposed to either UV light
(254 nm or 365 nm) or ambient light using terephthalic acid (TA) as a detection
reagent for hydroxyl radical formation. The non-fluorescent TA reacts in a free
radical mediated aromatic hydroxylation with hydroxyl radicals to form only
one monohydroxylated isomer, 2-hydroxyterephthalic acid (2-HTA), which is
fluorescent.[114] Fluorescence intensity measurements of solutions containing
the TiO2-TETT nanoparticles with and without CoCl2 that are irradiated
with 254 nm UV light show increasing fluorescence intensity with increasing il-
lumination time (Fig. 2.19). However, a significant lower 2-HTA formation over
time is noticed for the TiO2-TETT solution with CoCl2 indicating the reaction
of Co2+ ions with some generated radicals to potentially form Co3+ ions. In
comparison, TiO2-TETT nanoparticle solutions with and without CoCl2 ex-
posed to ambient light do not exhibit any detectable fluorescence regardless of
the illumination duration over 4 h. Likewise, when irradiating a CoCl2 solu-
tion without TiO2-TETT nanaoparticels with 254 nm UV light no 2-HTA is
produced, which clearly points out that the TiO2-TETT nanoparticles cause
the radical formation through their photoactivity.

Similar results are obtained when performing the identical experiment un-
der a 365 nm UV source instead of a 254 nm UV lamp (Fig. 2.19). The TiO2-
TETT nanoparticles with and without CoCl2 can also generate hydroxyl rad-
icals under 365 nm UV light as the 2-HTA fluorescence increases over time.
Here, once again the presence of the CoCl2 leads to a lower concentration of
2-HTA formed by aromatic hydroxylation at the respective times. The dif-
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Figure 2.19: A. Radical oxidation of terephthalic acid to 2-hydroxy-
terephthalic acid. Photoactivity of TiO2-TETT nanoparticles under illumi-
nation at B. 254 nm and C. 365 nm. Time-dependent fluorescence intensity
measurements of 2-hydroxyterephthalic acid (λex = 315 nm, λem = 425 nm)
formed by TiO2-TETT nanoparticle mediated photooxidation of terephthalic
acid. Solutions of TiO2-TETT nanoaprticles without or loaded with CoCl2 in
Tris buffer (pH 7.4) supplemented with terephthalic acid are illuminated with
ambient light or UV light (B. 254 nm, C. 365 nm) for different time points.
As a control CoCl2 in Tris buffer pH 7.4 supplemented with terephthalic acid
is used and exposed to UV light. Data represent the mean and the standard
deviation of the concentration of produced 2-hydroxyterephthalic acid from 4
independent experiment. Points of the data series 1 (TiO2-TETT) , 3 (TiO2-
TETT with CoCl2) and 5 (CoCl2, UV) overlap partially. Due to the illustration
some error bars are not visible.

ference in the 2-HTA generation points to the oxidation of the TETT ligand
complexed Co2+ to Co3+ ions. In this case also the TiO2-TETT solution with
and without CoCl2 exposed to ambient light as well as the CoCl2 solution
(without TiO2-TETT nanoparticles) irradiated with 365 nm UV light do not
produce detectable amounts of 2-HTA at any of the points in time within the
considered timeframe.

Complementary to the 2-HTA fluorescence intensity measurements, which
monitor the photoactivity of the TiO2-TETT nanoparticles, the absorbance of
the corresponding solutions is analyzed to follow the formation of Co3+ species,
which exhibit a prominent absorption in the visible range of the spectrum. The
local maximum in the absorbance spectra is at λ = 550 nm (Fig. 2.20). Indeed,
the absorbance at λ = 550 nm for samples with TiO2-TETT nanoparticles and
CoCl2 that are treated with UV light (either 254 nm or 365 nm) increases over
time. While the absorbance for samples treated with 254 nm UV light reaches
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saturation within 3-4 h of illumination, samples treated with 365 nm UV light
require longer illumination for measurable absorbance at 550 nm and do not
reach saturation within the considered time frame. Moreover, an increase in the
absorbance of the TiO2-TETT nanoparticle solution without CoCl2 is observed
upon exposure to UV light after 4 h with the 254 nm light source and after 3 h
with the 365 nm light source. This rise in absorbance is accompanied by an
optically visible turbidity of the respective solutions due to the agglomeration
and precipitation of the TiO2-TETT nanoparticles. TiO2-TETT nanoparticle
samples exposed to ambient light without and with CoCl2 as well as CoCl2
without nanoparticles either treated with 254 nm or 365 nm UV light do not
show any change in the absorbance (Fig. 2.20).
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Figure 2.20: Photoactivity of TiO2-TETT nanoparticles under UV irradia-
tion. A. Absorbance spectra of a solution containing TiO2-TETT nanoparticles
and CoCl2 before and after 254 nm UV irradiation for 4 h. Time dependent
absorbance measurements of Co(III) species at λ = 550 nm are performed. The
sample solutions are either exposed to ambient light or B. 254 nm or C. 365 nm
UV light. The absorbance of Tris buffer is subtracted from the measured val-
ues. Data points show the mean values and standard deviations of n = 4-7
independent experiments.

From these results it can be concluded that the photoactivity of the TiO2-
TETT nanoparticles can be utilized to photochemically oxidize Co2+ to Co3+.
The photochemical oxidation requires the balance between sufficient irradiation
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for satisfactory oxidation of the Co(II) centers to Co(III) and agglomeration
of the nanoparticles at too high radiation doses. For further experiments and
stable immobilization of His-tagged proteins on the TiO2-TETT nanoparticles,
3 h exposure to the 254 nm UV light are used as optimal parameters to obtain
an almost complete oxidation of the cobalt ions and no agglomeration of the
nanoparticles.

Assuming that solely Co(III) complexes contribute to the absorbance at
λ = 550 nm and that the oxidation of the Co2+ ions immobilized on the TiO2-
TETT nanoparticles to Co3+ is complete once reaching the saturation level, the
absorbance approximately corresponds to 1mM Co3+ complex, which formed
after 3 - 4 h of 254 nm UV illumination. In comparison to the oxidized cobalt
ions, only low concentrations of 2-HTA are produced under the same conditions
in the same time frame (16.8 µM and 7.4 µM 2HTA after 3 h of UV illumination
in the absence and presence of CoCl2, respectively). This prominent deviation
in the concentrations of the two resulting oxidation products, Co3+ and 2-HTA,
can be attributed to differing quantum yields of the different active oxidant
species involved in the particular oxidation process. While the formation of the
fluorescent 2-HTA during the photocatalytic reaction results from the specific
reaction of hydroxyl radicals with TA, oxidative reactions on TiO2 especially
occur by photogenerated holes.[115, 116]
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Figure 2.21: The size distribution of A. TiO2-TETT nanoparticles and B.
TiO2-TETT nanoparticles loaded with Co2+ ions measured by DLS. The sam-
ple solutions are exposed to UV light (254 nm or 365 nm) for 3 h. Data show
exemplary spectra.

Further, the size distribution of the TiO2 nanoparticles before and after
illumination with UV light in the presence or absence of CoCl2 is analyzed
by DLS. As illustrated by exemplary spectra (Fig. 2.21) the illumination of
the TiO2-TETT nanoparticles in Tris-NaCl buffer with either the 254 nm or
365 nm UV light for 3 h causes no significant change in the size distribution.
However, the visually observed turbidity after 3 h exposure to 365 nm UV light
(see above) can not be located in the spectra. This might be potentially due to
the sedimentation of large agglomerates. Further, in the case of Co2+ loaded
nanoparticles neither 254 nm nor 365 nm UV irradiation affect significantly
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Figure 2.22: ζ-potential of 1 mg/mL TiO2-TETT nanoparticles in 10 mM
Tris buffer in the presence or absence of 1 mM CoCl2. Sample solutions are
either exposed to 254 nm or 365 nm UV light for 3 h. Data points originate
from three independent experiments except for TiO2, 254 nm (two samples)
and TiO2, 365 nm (one sample). Median (-) and mean(x) are displayed.

the size distribution of the nanoparticles. Finally, the loading of the organic
TETT coating with Co2+ ions has marginal effect on the hydrodynamic radius
of the nanopatricles.

Additionally, the ζ-potential of the TiO2-TETT nanoparticles under the
conditions mentioned before are quantified (Fig. 2.22). TiO2-TETT nanopar-
ticles in aqueous Tris-NaCl buffer have on average a ζ-potential of -38.5 mV.
In comparision, the ζ-potential of Co2+ loaded nanoparticles (-36.5 mV) is in-
creased due to the coordination of positively charged Co2+ ions to the chelat-
ing organic coating. There is no significant change in the ζ-potential of pure
TiO2-TETT nanoparticles upon illumination with 254 nm UV light. However,
exposure of the TiO2-TETT nanoparticles to 365 nm UV light induces a mod-
erate increase in the ζ-potential. In consideration of the absorbance measure-
ments the changes in the ζ-potential may be associated with alterations in the
structure of the nanoparticles. Furthermore, the illumination of Co2+ loaded
TiO2-TETT nanoparticles with either 254 nm or 365 nm UV light results
in a significant increase of the ζ-potentials (-31.4 mV for both). This further
supports the oxidation of the coordinated Co2+ to the corresponding Co2+

complexes accompanied by a positive charging of the nanoparticle surface.

2.3.3 Protein immobilization using His6-GFP as a model pro-
tein

After confirming the cobalt binding capacity, the photoactivity of the TETT
coated TiO2 nanoparticles and the TiO2 mediated photochemical oxidation of
surface bound Co2+ to Co3+, His6-GFP is used as a model protein for sta-
ble protein immobilization on the TiO2-TETT nanoparticels through photo-
chemical oxidation of the corresponding Co2+ complex. TiO2-TETT nanopar-
ticles are loaded with Co2+ ions and His6-GFP is linked through the coordina-
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Figure 2.23: Relative amount of protein immobilized on TiO2-TETT nanopar-
ticles analyzed by A. fluorescence intensity measurements and B. indirect im-
munochemiluminescence assay. The [CoII(TETT-TiO2)(His6-GFP)] complex is
preformed (I.) and oxidized photochemically by 254 nm UV irradiation (II.).
Afterwards the protein solutions are dialyzed against Tris-NaCl buffer to re-
move all unbound protein. A pure protein solution is used as a dialysis con-
trol (III.). The presented values are background corrected (fluorescence of the
Tris-NaCl buffer and grey value of the nitrocellulose membrane, respectively)
and normalized to the appropriate value before dialysis. Data points originate
from 6 (fluorescence measurements) and 3 (chemiluminescence assay) technical
replicates. In the scatter plot the median (-) and the mean (x) are marked. C.
Representative image of the indirect immunochemiluminescence assay.

tion complex. The protein loaded nanoparticles are either exposed to ambient
light or UV light for 3 h. Subsequently, the solutions are dialyzed against the
buffer to remove all unbound protein by means of a dialysis membrane with
a molecular weight cut-off (MWCO) noticeable larger than the protein itself
(MWCO = 100 kDa, MW(His6-GFP) = 26.8 kDa). To determine the amount of
protein immobilized on the nanoparticles, the relative amounts of GFP before
and after dialysis is measured by fluorescence and an indirect chemilumines-
cence assay (Fig. 2.23).

The relative fluorescence intensities highlight the significantly increased
amount of protein bound to the nanoparticles for the 254 nm UV treated sam-
ple compared to the non-irradiated sample. Here, the UV treatment results
in the oxidation of the initially formed TETT-CoII-His6-GFP complexes to
the corresponding Co(III) complexes and yields a kinetically inert immobiliza-
tion through the Co3+ mediator ion. Comparatively, in the unoxidized case
the amount of protein bound to the nanoparticles is decreased as the protein
washes off over time due to the kinetic lability and lower thermodynamic sta-
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Figure 2.24: Relative amount of GFP immobilized on TiO2-TETT nanopar-
ticles determined by A. fluorescence intensity measurements and B. indirect
immunochemiluminescence assay. TiO2-TETT nanoparticles, CoCl2 and His6-
GFP are mixed to form the corresponding Co(II) mediated complex (I.). Op-
tionally, the solution is treated with UV light to convert the Co(II) complex
into the Co(III) complex (II.). Further a protein solution without nanopar-
ticels and CoCl2 is used as a control (III.) Unattached protein is removed by
dialysis against Tris-NaCl buffer containing imidazole. Values are background
corrected (fluorescence of the Tris-NaCl buffer and grey value of the nitrocel-
lulose membrane, respectively) and normalized to the appropriate value before
dialysis. Data points present 5-6 (fluorescence measurements) and 2-3 (chemi-
luminescence assay) technical replicates.The median (-) and the mean (x) are
indicated. C. Representative image showing the amount of protein detected by
the indirect immunochemiluminescence assay.

bility of the Co(II) complex. In comparison, the indirect immunochemilumines-
cence assay shows a less clear result. Although a stronger signal and therefore
higher protein amount is detected in the case of the UV treated solution, the
difference between the oxidized and the non-oxidized sample is considerable
less pronounced. Consistently, with both methods only a weak signal at back-
ground level is detected for a pure His6-GFP solution, which proves that all
unbound protein diffused through the dialysis membrane. At the same time, it
verifies that the detected signals for the GFP loaded nanoparticles originates
from protein specifically immobilized on the nanoparticles through complex
chemistry.

Performing the experiment under the same conditions except for the use of
an imidazole containing buffer in the dialysis step yields qualitatively similar
results even though there are quantitative differences (Fig. 2.24). Imidazole is
a monodentate complex ligand and competes at high concentrations with the
multidentate His-tag of the protein resulting in the release of loosely bound
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protein. In this experiment, both relative fluorescence intensity measurements
and indirect immunochemiluminescence assay yield a significant higher signal
for UV treated TiO2-TETT nanoparticles loaded with His6 -GFP compared to
the non-oxidized case. A higher amount of protein is retained on the oxidized
nanoparticles due to the photooxidation of the Co(II) to the corresponding
Co(III) complexes and accompanied changes in kinetic and thermodynamic
properties of the complex. In the non-oxidized case a large fraction of the
protein is washed off from the nanoparticles over time through ligand exchange
with imidazole. Here, again a dialysis control containing His6 -GFP shows very
limited quantities of protein in both the relative fluorescence measurement and
the indirect immunochemiluminescence assay. This confirms the removal of all
unbound protein from the solutions through dialysis. Comparing the results to
those obtained with the Tris-NaCl buffer the amount of surface immobilized
GFP is less in the case of the buffer containing imidazole for both analysis
strategies. The high concentration of imidazole leads to competitive ligand
exchange reactions releasing the His-tagged GFP from the particle surface.
This affects primary the weakly bound Co2+ mediated interaction between the
TETT chelator and the His-tagged protein, but also the more stable Co3+

mediated interaction to some extent.
Summarily, although the two quantification methods show the same trend

for the different samples for both the Tris-NaCl and the Tris-NaCl buffer con-
taining imidazole they differ in quantities (note the varying scalings of the
graphs). Direct measurements of the relative fluorescence intensities of the
GFP generally exhibit lower protein concentrations compared to the results
determined by indirect immunochemoluminescence assay. Especially, for the
buffer containing imidazole the protein amount specified by fluorescence mea-
surements is substantially lower than by chemiluminescence. Both techniques
have their advantages and drawbacks that have to be considered. While the
fluorescence intensity measurement is a direct detection method, the indirect
immunochemiluminescence approach bases on the interaction of a primary an-
tibody with the protein and the subsequently binding of a secondary antibody
conjugated to horseradish peroxidase producing enhanced chemiluminescence
by luminol. Generally, indirect analysis assays are inherently more prone to
errors compared to direct methods. On the other hand, the treatment of the
fluorescent protein GFP with UV light is a critical point as proteins have an
intrinsic absorption in the UV range (280 nm).

Concluding, the His-tagged protein is stably attached to TiO2 nanoparti-
cles via the TETT surface coating. In a study by Qin et al. the TiO2-TETT
nanoparticles are employed for investigating the effect of the loading mode of
the chemotherapeutic doxorubicin on cellular delivery.[110] The doxorubicin is
either non-covalently bound to the TiO2-TETT nanoparticles through electro-
static interaction or via covalent conjugation of the primary amine of doxoru-
bicin to the carboxylic acid functionalities through EDC/NHS coupling. The
non-covalent, electrostatic interaction is unspecific, whereas the covalent link-
ing results - in this case - in site-specific immobilization. However, for more
complex target molecule with more than one primary amine acting as nucle-
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ophile the EDC/NHS coupling strategy leads to disorientated arrangement of
the ligand. In comparison, this approach allows for the site-specific immobi-
lization of proteins on the surfaces of the nanoparticles as protein engineering
facilitates the fusion of the His-tag to the protein of interest in the desired
position. Further, the thermodynamic and kinetic properties of the Co(III)
complex constitute to the high stability of the system.

2.3.4 Uptake of transferrin decorated TiO2-TETT nanoparti-
cles

As a first proof of principle the bioactive and targeting protein transferrin is im-
mobilized on TiO2-TETT nanoparticels and the cellular uptake is visualized.
For the purpose of quantification and localization of the protein the human
transferrin with C-terminal His-tag is labeled with a fluorescent dye. The cou-
pling is achieved by covalent attachment of primary amines of the protein to the
NHS functionalized chromophore Atto647N-NHS. The optically visible color of
the solution and the absorbance spectrum of the reaction product proves the
successful labeling.
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Figure 2.25: Fluorescently labeled His6-tagged transferrin (Tf-Atto647N)
immobilized on TiO2 nanoparticles. A. Relative protein amounts after dial-
ysis determined by fluorescence intensity measurements (λex = 644 nm,
λem = 669 nm). The fluorescence intensity values are corrected by the fluo-
rescence intensity of the Tris-NaCl buffer and normalized to fluorescence inten-
sities before dialysis. B. Corresponding values for the samples in A. determined
by an indirect immunochemiluminescence assay. C. Photograph of the indirect
chemiluminescence assay. I. TiO2-TETT, CoCl2, Tf-Atto647N, II. TiO2-TETT,
CoCl2, Tf-Atto647N - exposed to 254 nm UV light for 3 h, III. Tf-Atto647N

For the photooxidation mediated immobilization fluorescently labeled hu-
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man transferrin with the C-terminal His-tag is bound to the titanium dioxide
nanoparticles through Co(II) (as for the immobilization of His6-GFP on TiO2-
TETT nanoparticles). The transferrin loaded TiO2 nanoparticles are exposed
to 254 nm UV light for 3 h to oxidize the Co2+ mediator ions to Co3+. Un-
bound protein is subsequently removed from the solution by dialysis (dialysis
membrane: MWCO = 300 kDa, MW(Transferrin-His6) = 76 kDa). Also here
the amount of immobilized protein is quantified by the relative fluorescence
intensity measurement and an indirect immunochemiluminescence assay (Fig.
2.25). Preliminary results of both techniques show that His-tagged transferrin
is immobilized on the nanoparticles. But only slightly higher protein amount
is observed on the TiO2-TETT nanoparticles exposed to UV radiation com-
pared to the non-irradiated sample. Consistently, only a very weak signal is
measured for the control sample where the protein is not bound to nanopar-
ticles proving efficient removal of free transferrin by dialysis. Here too, the
qualitative tendency is identical, but disparity is observed in quantity. Again,
direct fluorescence measurements yield lower values compared to the indirect
chemiluminescence based method. Reasons for this discrepancy are the same
as mentioned above.

The cellular uptake behavior of the transferrin coated TiO2 nanoparticles
is studied using two different human cell lines, hFF and panc-1. The two cell
types are selected due to their difference in the expression levels of the trans-
ferrin receptor. To confirm this, the expression pattern is analyzed through a
Western blot, a technique based on the separation of proteins according to their
mass and the detection of the protein of interest by an indirect immunochemi-
luminescence assay. As a control the β-actin expression level is considered. The
Western blot (Fig. 2.26) highlights a significant discrepancy in the amount of
transferrin receptor for hFF and panc-1 cells; the signal for panc-1 is more
pronounced. Yet, the protein amount of β-actin is similar in both cases. Thus,
the higher expression level of the transferrin receptor level in panc-1 compared
to hFF is evidenced.

Adherent panc-1 and hFF cells are incubated with transferrin coated TiO2-
TETT nanoparticles for 15 h and the cellular uptake of the nanoparticles is
visualized by fluorescence microscopy (Fig. 2.26). In both cell types agglomer-
ates of transferrin coated nanoparticles are found on the cell surface. Moreover,
clear individual events of nanoparticles or small clusters of nanoparticles inside
the cell are observed in panc-1 cells. However, the spread hFF fibroblasts have
a low expansion in z direction (perpendicular to the surface). Thus, an un-
ambiguous assignment of nanoparticles attached on the cell surface and inside
the cell can not be made. Further, significant agglomeration of the transfer-
rin coated TiO2-TETT nanoparticles complicates the detection of signals from
smaller clusters. Therefore, optimization of the experiment details is required
to obtain meaningful results. Noteworthy factors include the nanoparticle con-
centration, incubation medium, incubation duration and the starving of cells
prior/during the the experiment. Control experiments are required to estab-
lish a correlation of the protein coating of the nanoparticles and cellular uptake
behavior. At best, a direct comparison of the cellular uptake is made in the
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Figure 2.26: A. Western blot of hFF and panc-1 showing the transferrin
receptor and β-actin band. Confocal fluorescence images of B. hFF and C.
panc-1 cells. Tf-Atto647N coated TiO2 nanoparticles are illustrated in red,
the transferrin receptor in green and cell nuclei in blue. The images show a
section in the xy plane and the projections along the axis (indicated by black
arrow heads) in z plane on the top and right side, respectively. Internalized
Tf-Atto647N coated TiO2-TETT nanoparticles are indicated by white arrows.
Scale bars represent B. 10 µm and C. 7.5 µm.

same cell line at two different transferrin receptor expression levels (over or
down regulated by transfection, gene knock down or blocking). Further, the
conservation of the protein’s activity after the oxidation has to be considered.

In summary, the synthesis and functionalization of titanium dioxide nanopar-
ticles with His-tagged protein through Co(II) and Co(III) is established. In this
respect, the TiO2-TETT nanoparticles are loaded with Co2+ ions and His-
tagged protein is coordinated to open coordination sites of the mediator ion.
Further, the Co2+ mediator ions are photooxidized to Co3+ through irradiation
of the titanium dioxide with UV light affecting the thermodynamic and kinetic
properties of the complex. Thus, the Co(III) mediated interaction conduces for
the stable attachment of proteins on the TiO2 nanoparticles. The applicabil-
ity of this approach is demonstrated with the model protein His6-GFP and
His6-tagged human transferrin.



Chapter 3

Summary and Outlook

In the scope of this study distinct chemical modifaction strategies of surfaces
functionalization with biomolecules are investigated. For this purpose three dif-
ferent approaches are pursued, dealing with the surface modification through
CuAAC click reaction, the stabilization of protein immobilization for surface
bound preformed NTA-CoII-His-tag complexes through chemical oxidation and
the stable immobilization of His-tagged proteins on titanium dioxide nanopar-
ticles through photochemical oxidation of the corresponding Co(II) complex.
While the first strategy uses covalent linking of the ligand of interest on the sur-
face, the latter two are based on coordination chemistry. However, the Co(III)
mediated interaction is characterized through high thermodynamic stability
and kinetic inertness.

The first section of this study deals with the covalent coating of glass and
glass-like substrates with a protein repellent PEG with a functional alkyne moi-
ety. In a second step, the available alkyne groups are modified with a variety of
organic azides by CuAAC. The density of alkyne moieties on the interface can
be tuned by mixing with a second inert PEG2000. These interfaces are char-
acterized with different approaches including fluorescence microscopy, XPS,
ligand density determination through enzymatic digestion, QCM-D and a cell
adhesion assay. Consistently, a good correlation between the molar ratios of
the two PEGs in solution in the silanization reaction and the surface func-
tionalization density is obtained. Further, the formation of 1,4-disubstituted
1,2,3-triazoles is confirmed by the nitrogen XPS signal. The density of coupled
ligand determined by the enzymatic digestion assay is 38.9 pmol/cm2 for a
pure PEG-alkyne monolayer. The cell adhesion assay reveals that a density of
0.1 - 1 mol% of the adhesion ligand cRGD is sufficient for REF YFP-paxillin
cell adhesion. Furthermore, dual functionalized biointerfaces are established
by combination of the click chemistry based approach with gold nanostruc-
tured substrates prepared by BCMN. The gold nanoparticles serve as anchor-
ing point for a second thiolated ligand whose density and spatial arrangement
can be controlled in defined manner. Yet, unspecific interactions between the
interface and biomolecules or cells are prevented by the protein repellent PEG
layer. As a proof of principle a partially nanostructured surface is labeled with
two distinct fluorophores verifying the orthogonality of the coupling strategies
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based on CuAAC and the gold thiol interaction. The dual functionalized inter-
faces are utilized to investigate the interplay of the adhesion sequence cRGD
and the synergy site PHSRN on fibroblast adhesion. While monofunctional-
ization with either cRGD (attached to gold nanoparticles with an interparticle
spacing of 100 nm) or PHSRN (bound to 10 mol% PEG-alkyne) at the corre-
sponding densities do not promote cell attachment, the dual functionalization
with both peptides results in a superior effect on cell attachment. The orthog-
onality of the two functionalization strategies facilitates not only the presen-
tation of adhesion promoting ligands but also nonadhesive signaling molecules
to investigate the interplay between two different receptors. For example, the
influence of the growth factor bone morphogenetic protein 2 (BMP 2) and cell
adhesive peptides like cRGD on cell adhesion dynamics and morphology has
been investigated.[[117]] Moreover, this platform can be used to investigate the
mutual influence of two distinct signaling factor on many other processes where
presentation of two ligands in controlled density and arrangement on an inert
background is required.

In the second part the stable protein immobilization with the Co(III) me-
diated interaction between the chelator NTA and His-tagged proteins is in
the focus. The approach involves the formation of monolayers by self-assembly
that present NTA moieties at the interface. The NTA groups are then loaded
with the appropriate metal ion and His6-tagged protein is bound to the two
open coordination sites. The preformed Co(II) complex is chemically oxidized
to Co(III) using hydrogen peroxide. The resistance against competing ligands
of the different Co(III), Co(II) and Ni(II) mediated complexes, the persistence
of the Co(III) mediated interaction towards reducing agents and the protein
functionality after chemical oxidation is considered. A fundamental difference
in the Co(III), Co(II) and Ni(II) mediated NTA protein interaction is their
behavior in the presence of high concentrations of competing ligands. Ligand
exchange reactions with imidazole result in the unbinding of His6-GFP on
Ni(II) and Co(II) mediated interactions. Opposed to this, the Co(III) medi-
ated interaction remains unaffected by the presence of imidazole due to its high
thermodynamic and kinetic stability. A major concern of this immobilization
strategy might be the potential conflict of the oxidation step with hydrogen
peroxide and the sensitivity of many proteins towards oxidation. Exemplar-
ily, the effect of H2O2 on the interaction of protein A and immunoglobulin
is investigated. In this case, the oxidation step doesn’t affect the interaction
of the protein with immunoglobulin. Although, the conservation of the pro-
tein’s functionality and activity has to be considered case by case, this method
can still be applied to oxidation insensitive proteins. Furthermore, the chem-
ical resistance of the Co(III) mediated interaction towards reducing agents is
investigated. The Co(III) complexes prove excellently stable against ascorbic
acid, TCEP, DTT and sodium sulfite. Thus, His-tagged proteins are stably
immobilized on NTA presenting SAMs by the Co(III) mediated interaction.
Moreover, this strategy serves as platform for the stable immobilization of ox-
idation insensitive proteins where higher thermodynamic and kinetic stability
compared to the Ni(II) or Co(II) mediated interaction is required. The huge
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libraries of His-tagged proteins as well as the large number of readily avail-
able His-tagged and NTA functionalized molecules and materials promise high
application potential of this immobilization strategy.

In the third part of this study the Co(III) mediated interaction between
His-tagged proteins and titanium dioxide nanoparticles functionalized with the
chelator TETT is investigated. The complex is prepared in a two step proce-
dure comprising first the formation of the labile [CoII(TETT)(His6-protein)]n

complex on the TiO2 nanoparticles’ surface and the subsequent oxidation to the
corresponding Co(III) complex. The oxidation is mediated through the pho-
toactivated radical formation by semiconducting TiO2. The titanium dioxide
nanoparticles are synthesized in a sequential process consisting of the prepara-
tion of oleic acid stabilized TiO2 nanoparticles through hydrolysis of titanium
tetraisopropoxide and a surface modification reaction with TETT. TiO2-TETT
nanoparticles are characterized by electron microscopy and DLS. Further, the
accessibility of the chelating end groups for metal ion complexation is inves-
tigated. Colorimetric titration reveals an average loading capacity of about
1 mM CoCl2 per 1 mg/mL TiO2-TETT nanoparticles. On the other hand, the
photoactivity of the TiO2-TETT nanoparticles is proved with the loading of
the nanoparticles with cobalt ions results in a lower hydroxy radical forma-
tion and the oxidation to Co(III) in the presence of two different UV light
sources (254 nm and 365 nm, respectively). For the stable immobilization of
a His-tagged protein on the TiO2-TETT nanoparticels His6-GFP is used as a
model protein. The UV light illumination of the preformed [CoII(TETT)(His6-
GFP)]n results in the oxidation of the Co(II) centers to Co(III). Both fluores-
cence intensity measurements and indirect immunochemiluminescence detec-
tion reveal a higher stability of the Co(III) mediated TETT protein interaction
compared to the equivalent Co(II) species. To test the applicability of this plat-
form for a bioactive protein for targeted delivery, fluorescently labeled human
transferrin-His6 is immobilized on the TiO2-TETT nanoparticles. As expected,
a higher stability for the Co(III) mediated interaction is observed than in the
case of Co(II). The investigation of the cellular uptake of the transferrin coated
nanoparticles in two cell lines with distinct transferrin receptor expression level
is aimed. In conclusion, the stable immobilization of His6-tagged proteins on
TiO2 nanoparticles through the Co(III) mediated interaction is shown. Further,
the applicability of this approach for the stable immobilization of other pro-
teins is interesting as the photooxidation step restricts to oxidation insensitive
proteins. Through immobilization of cell receptor specific ligands or cellular
localization determining factors targeted delivery to certain types of cells or
subcellular compartments might be achieved.
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Chapter 4

Materials and Methods

4.1 Materials

4.1.1 Chemicals and supplies

The PEG precursors H2N-PEG3000-alkyne, H2N-PEG2000-OCH3 and N ε-
azido-L-lysine hydrochloride are purchased from Iris Biotech GmbH (Mark-
tredwitz, Germany), HS-(CH2)11-EG3-NTA from ProChimia Surfaces Sp. z
o. o. (Sopot, Poland), and 5/6-carboxyrhodamine 110-EG3-azide and biotin-
EG3-azide from Jena Bioscience GmbH (Jena, Germany). The custom-made
peptides cyclic(RGDfE)K(N3)-NH2, K(N3)PHSRN and Ac-K(N3)GGNGEPR-
GDTYRAYK(fluorescein)GG-NH2 are manufactured by PSL Peptide Special-
ity Laboratories GmbH (Heidelberg, Germany) and cyclic[RGDfK(3-mercapto-
propionyl-aminohexanoic acid)] by Peptides International, Inc (Louisville, USA).
The diblockcopolymers polystyrene-b-poly-2-vinylpyridine are purchased from
Polymer Source, Inc.(Dorval, Canada). The dialysis membranes Spectra/Por6
(MWCO 3.5 kDa), Spectra/Por7 (MWCO 3.5 kDa) and SpectraPor Float-A-
Lyzer G2 (MWCO 100 kDa) are obtained from Spectrum Laboratories, Inc.
(distributed by Sigma-Aldrich Chemie GmbH (Munich, Germany) or VWR
International GmbH (Darmstadt, Germany)), single use micro DispoDialyzer
(MWCO 5 kDa) from Harvard Apparatus (distributed by Sigma-Aldrich Che-
mie GmbH (Munich, Germany)), the nitrocellulose membrane Amersham Pro-
tran 0.45 µmNC and Amersham ECL primeWestern blotting detection reagent
from GE Healthcare Europe GmbH (Freiburg, Germany) and the Ni-NTA su-
perflow cartridge (5 mL) from Quiagen GmbH (Hilden, Germany). Kanamycin
monosulfate and isopropyl β-D-1-thiogalactopyranoside are purchased from
Gold Biotechnology, Inc. (St. Louis, USA) and the pET His6 GFP TEV LIC
cloning vector (1GFP) is a gift from Scott Gradia (Addgene plasmid # 29663).
The antibodies anti-vinculin mouse IgG [hVIN-1], anti-bovine albumin rabbit
antibody (whole antiserum) and anti-β-actin mouse IgG1 are purchased from
Sigma-Aldrich Chemie GmbH (Munich, Germany), anti-paxillin rabbit IgG
[Y113], anti-transferrin rabbit IgG and anti-transferrin receptor rabbit IgG
from abcam plc (Cambridge, UK), anti-green fluorescent protein (anti-GFP)
rabbit IgG fraction and Alexa Fluor 488 goat anti-mouse IgG (H + L) from Life
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Technologies, Inc. (Eugene, USA), Alexa Fluor 647 goat anti-rabbit IgG (H +
L) and Alexa Fluor 488 goat anti-rabbit IgG (H + L) from Molecular Probes
(distributed by invitrogen detection technologies (Eugene, USA)), horesradish
peroxidase (HRP) goat anti-rabbit IgG and HRP goat anti-mouse IgG from
Santa Cruz Biotechnology, Inc. (Heidelberg, Germany). Protein A protein frag-
ment with N-terminal His-tag (# ab52953) and recombinant human transferrin
protein with C-terminal His-tag (# ab155698) are purchased from abcam plc
(Cambridge, UK). NuPAGE® LDS sample buffer (4x), NuPAGE® sample re-
ducing agent (10x), NuPAGE® Bis-Tris gel (4-12%), NuPAGE® MOPS SDS
running buffer (20x), NuPAGE® transfer buffer (20x), and Novex® sharp pre-
stained protein standard are purchased from Thermo Fischer Scientific Ger-
many BV & Co KG (Braunschweig, Germany) and Halt™ protease and phos-
phatase single-use inhibitor cocktail (100x) from Thermo Scientific (Rockford,
USA). Hydrogen peroxide (30%) is purchased from AppliChem GmbH (Darm-
stadt, Germany), ethyl acetate and toluene from Merck KGaA (Darmstadt,
Germany), CuSO4·5 H2O and magnesium sulfate from Grüssing GmbH Ana-
lytika (Filsum, Germany), acetic acid from J.T. Baker (Deventer, The Nether-
lands) and sodium azide from SERVA Electrophoresis GmbH (Heidelberg, Ger-
many). CaCl2·2 H2O and para-formaldehyde (PFA) are purchased from Riedel-
deHaën (distributed by Sigma-Aldrich), NiCl2·6 H2O, trimethylamine N -oxide
and 4-(2-pyridylazo)resorcinol from Fluka (distributed by Sigma-Aldrich) and
N -(trimethoxysilylpropyl)ethylene diamine triacetic acid trisodium salt (TETT,
45% in water) from abcr GmbH (Karlsruhe, Germany). The following chem-
icals and supplies are purchased from Carl Roth GmbH & Co. KG (Karl-
sruhe, Germany): glass coverslips ((20 x 20) mm, (24 x 24) mm), molar sieve
(3Å), tris(hydroxymethyl)aminomethane (Tris), NaOH, sodium dodecyl sul-
fate, lysogeny broth (LB) medium (Luria/Miller), agar-agar (kobe I), pow-
dered milk (low fat), tween-20, Mowiol 4-88, 0.22 µm and 0.45 µm cellulose
mixed ester (CME) syringe filters, methanol, ethanol, acetone and n-hexane.
All other chemicals are purchased from Sigma-Aldrich (Munich, Germany).

Cell culture reagents including PBS tablets, Dulbecco’s modified eagle
medium (DMEM, high glucose, pyruvate, #41966), DMEM (high glucose,
NEAA, no glutamine, #10938), L-glutamine (200 mM), penicillin strepto-
mycin (10000 units/mL penicillin, 10000 µg/mL streptomycin) and 0.05%
trypsin-EDTA are purchased from Gibco by life technologies (distributed by
Thermo Fisher Scientific Germany BV & Co KG (Braunschweig, Germany))
and cell culture supplies from either nunc (distributed by Thermo Fisher Sci-
entific Germany BV & Co KG (Braunschweig, Germany)) or Greiner Bio-One
GmbH (Frickenhausen, Germany). WillCo-dish® glass bottom dishes are pur-
chased from WillCo Wells B.V. (Amsterdam, The Netherlands). YFP-paxillin
expressing rat embryonic fibroblasts (REF YFP-paxillin) and rat embryonic
fibroblasts, wild type (REF52) are kindly provided by B. Geiger (Weizmann
Institute of Science, Israel). Panc-1 cells are a gift of S. Kaufmann (University
of Heidelberg, Germany). Human foreskin fibroblasts (hFF-1) are purchased
from LGC Standards GmbH (Wesel, Germany).

Unless indicated otherwise, dd water is used in all experiments.
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4.1.2 Equipment

Fluorescence imaging is performed using an Olympus IX inverted microscope
(Olympus Deutschland GmbH, Hamburg, Germany) in combination with a
Delta Vision RT system (Applied Precision Inc., Issaquah, USA), a cooled
CCD camera (Photometrics, Tucson, USA) and process controlling through Re-
solve3D (Applied Precision Inc.,Issaquah, USA). The following two objectives
are used for image acquisition: a 10x air lens (Neofluor 10x/0.3 phase contrast,
Carl Zeiss AG, Jena, Germany) (for cell adhesion studies on cRGD functional-
ized PEG monolayers) and a 60x oil-immersion lens (PlanApo 60x/1.4, Olym-
pus Deutschland GmbH, Hamburg, Germany) (for surface fluorescence inten-
sity measurement and focal adhesion imaging). Furthermore, a Leica DM6000B
microscope (Leica Microsystems GmbH, Wetzlar, Germany) equipped with a
external light source EL6000 with a liquid optical fiber, a Leica DFC 365
FX camera, and process controlling by LAS AF 3.1.0 is used for fluorescence
imaging. Images are acquired with a 10x air lens (HC PL APO 10x/0.40, Leica
Microsystems GmbH, Wetzlar, Germany). Confocal imaging is performed with
a LSM 880 (Carl Zeiss Microscopy GmbH, Jena, Germany) using a 63x/1.4 oil
immersion objective (Carl Zeiss Microscopy GmbH, Jena, Germany) and the
following light sources: UV diode (405 nm), Ar laser (488 nm) and HeNe laser
(633 nm). Processing is controlled through the software ZEN black 2.0. Flu-
orescence samples at fixed time points are embedded with either Elvanol or
Mowiol 4-88 containing 25 mg/mL 1,4-diazabicyclo[2.2.2]octane (DABCO) for
stabilization.

Fluorescence intensity measurements and absorbance measurements in so-
lution are performed in 96 well plates using a microplate reader Infinte M200
(Tecan Group Ltd, Männedorf, Switzerland) controlled by the software i-control
1.9. Detection of chemiluminescence is carried out with a Image Reader LAS3000
(Fujifilm Europe GmbH, Düsseldorf, Germany) and Amersham Imager 600
(GE Healthcare Europe GmbH, Freiburg, Germany).

X-ray photoelectron spectroscopie (XPS) measurements are performed with
a Max 200 photoelectron spectrometer (Leybold-Heraeus, Cologne, Germany)
in ultra high vacuum under pressures below 10-8 mbar. X-rays are generated
by a magnesium anode which has a characteristic Kα radiation energy of
1253.6 eV. For the acquisition of the spectra emitted electrons are collected
perpendicular to the sample surface with a hemispherical electron energy an-
alyzer at constant pass energy of 96 eV and 48 eV for overview spectra and
detailed spectra, respectively. Recorded spectra are normalized with respect
to a spectrometer specific transmission function. Electrostatic charging of the
samples is taken into account through calibration with respect to the C1s
signal of ethylene glycol (286.4 eV) or the Si2p signal of the glass substrate
(103.4 eV).[76] The spectra are analyzed with the software XPS Peak4.1.[118]

Spectra are background corrected for signal quantification by subtracting the
background according to Shirley and fitted by a symmetric Voigt function with
a variable Gauß-Lorentz product function.

Quarz crystal microbalance with dissipation monitoring (QCM-D) mea-



4. Materials and Methods 62

surements are performed with a Q-Sense E-4 system (Q-Sense, Västra Frölunda,
Sweden) equipped with flow chambers and a peristatic pump Reglo Digital
MS-4/12 or IPC-N4 (Ismatec / Cole-Parmer GmbH, Wertheim, Germany).
For the measurements either gold (Q-Sense, QSX 301) or SiO2 (Q-Sense, QSX
303) QCM-D sensors are utilized.

Surfaces are thin film spin coated a spin coater WS-650Mz-23NPP (Laurell
Technologies Corporation, North Wales, USA). The activation of gold nanos-
tructed surfaces and QCM-D sensors is carried out with a 100-E plasma system
(TePla, Kirchheim, Germany) and the gold nanostructed surfaces produced by
BCMN are treated with a PS 210 microwave plasma system (PVA TePla AG,
Kirchheim, Germany).

Scanning electron micrographs are acquired with a Leo 1530 or Ultra 55
(Carl Zeiss AG, Oberkochen, Germany); samples are previously covered with a
carbon layer using a EM ACE200 vacuum coater (Leica Microsystems, Wetzlar,
Germany).

Transmission electron micrographs are acquired with EM 912 Omega (Carl
Zeiss Microscopy GmbH, Jena, Germany), or ARM200F (JEOL (Germany)
GmbH, Freising, Germany). Lacey carbon films on 400 mesh copper grids
(Plano GmbH, Wetzlar, Germany) are used for nanoparticle deposition.

Dynamic light scattering (DLS) and zeta potential measurements are per-
formed on a Zetasizer Nano SZ (Malvern Instruments GmbH, Herrenberg,
Germany) operated at a laser wavelength of 632.8 nm in combination with
Rotilabo® single-use UV cells (Carl Roth GmbH & Co. KG, Karlsruhe, Ger-
many) and folded capilary cells (Malvern Instruments GmbH, Herrenberg, Ger-
many), respectively. For the determination of the size distribution by DLS
five measurements per sample are acquired using the general purpose analysis
method. Zeta potentials are quantified taking 3-5 measurements per sample
and using the Smoluchowski approximation. All measurements are performed
at room temperature (rt) using the predefined values for the refractive index
and viscosity of water as dispersant. The number of scans pre measurement is
set to automatic for both DLS and zeta potential measurements. Sample so-
lutions are equilibrated for two minutes prior the measurement. For the TiO2-
TETT nanoparticles a refractive index of n = 2.42 and extinction coefficient
of κ= 0.0006 at λ = 632.8 nm is assumed.[119]

For protein expression in E. coli a Minitron shaker (Infors AG, Bottmin-
gen/Basel, Switzerland), a Excellla E24R incubator shaker (New Brunswick
Scientific Co., Inc., Enfield, USA), a Omni Sonic Ruptor 400 ultrasonic ho-
mogenizer (Omni Imternational, Inc., Tulsa, USA) and a Avanti J-26XP cen-
trifuge (Beckman Coulter, Inc., Brea, USA) along with a JA-10 or JA-25.5
rotor is used.Purification of TiO2 nanoparticles is carried out with a Rotina
R380 centrifuge (Andreas Hettich GmbH & Co.KG, Tuttlingen, Germany).
For cell culture a 5702 R centrifuge (Eppendorf AG, Hamburg, Germany) is
used. Sample preparation for Western blot is carried out with a 5417R cen-
trifuge (Eppendorf AG, Hamburg, Germany). The Western blot is preformed
with a XCell SureLock® Mini-Cell and XCell II™ blot module (Thermo Fisher
Scientific Germany BV & Co KG, Braunschweig, Germany)
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UV lamps used for photochemical oxidation are the UV hand lamp N-8K,
254 nm, 1 tube 8 W (Herolab GmbH Laborgeräte - made for Benda Laborg-
eräte, Wiesloch, Germany) and the VL-6.L, 365 nm, 1 tube 6 W (Vilber Lour-
mat Deutschland GmbH, Eberhardzell, Germany).

Fluorescence, chemiluminescence and SEM images are analyzed using Im-
ageJ 1.48v.

4.2 Methods

4.2.1 Preparation of dual-functionalized biomimetic substrates
using clickable PEG-alkyne

The experimental details of the subsequent section on the preparation of dual-
functionalized biomimetic substrates by click reaction have been published by
Schenk et al..[74]

4.2.1.1 Synthesis of PEG-alkyne

The synthesis of (CH3CH2O)3Si-PEG3000-alkyne (PEG-alkyne) is performed
following the protocol for (CH3CH2O)3Si-PEG2000-OCH3 (PEG2000).[43]

Amino-terminated PEG3000-alkyne (1 eq., 0.34 mmol) is suspended in 4 to 5 ml
DMF under argon atmosphere and 3-(triethoxy)silylpropyl isocyanate (1.1 eq.,
0.38 mmol) is added to the solution. After stirring the solution at rt for 24 h,
it is cooled down to 0 °C and an excess of diethyl ether is added. The resulting
suspension is stirred for 1 h at 0 °C before the precipitate is filtered out, washed
with cold diethyl ether and dried under vacuum. The reaction yields a white
powder (85%).
1H-NMR [600MHz, CDCl3]: δ (in ppm) = 6.28 (s, 1H, NH ), 3.86 - 3.30 (m,
292H, O-CH 2 and N-CH 2), 3.67 (q, 4J = 7.0 Hz, 6H, CH3-CH 2), 3.15 (br s,
2H, CH2-CH2 -CH 2-NH), 2.49 (dt, 3J = 7.3 Hz, 4J = 2.4 Hz, 2H, C(=O)-CH2-
CH 2), 2.38 (t, 3J = 7.3 Hz, 2H, C(=O)-CH 2-CH2), 2.00 (t, 4J = 2.6 Hz, 1H,
CH ), 1,58 (br s, 2H, Si-CH2-CH 2), 1.20 (t, 3J = 7.0 Hz, 9H, CH 3), 0.64 (br
s, 2H, Si-CH 2).

4.2.1.2 PEGylation of glass and SiO2 surfaces

The glass coverslips are cleaned in a freshly prepared 3:1 mixture of sulfuric
acid and hydrogen peroxide (30%) for 1h, followed by thorough rinsing with
water and sonication 3 times for 3 min each in fresh water. The glass cover-
slips are dried in a nitrogen stream. SiO2 sensors for QCM-D are immersed
in an aqueous solution of sodium dodecyl sulfate (3w/v%), washed with wa-
ter thoroughly and dried in a nitrogen stream. Subsequently, the SiO2 sensors
are cleaned and activated in an oxygen plasma (0.4 mbar, 150 W, 45 min).
Glass coverslips with an hexagonal array of gold nanoparticles are activated
in oxygen plasma (0.4 mbar, 150 W, 10 min). For linking of the silyl ether
terminated PEGs to the substrates, 0.25 mM solutions of both PEG-alkyne
and PEG2000 in dry toluene (dried over 3 Å molar sieve) are prepared, mixed
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in the desired ratio and supplemented with 25 µM triethyl amine. Surfaces are
immersed into the PEG solution and are heated up to 80 °C under nitrogen
atmosphere overnight. The surfaces are washed twice and sonicated for 5 min
in first with ethyl acetate and then methanol. Then the surfaces are rinsed
with methanol and dried in a nitrogen stream.

4.2.1.3 General procedure for surface modification through CuAAC

To functionalize the previously PEG coated surfaces by CuAAC the surfaces
are incubated for 2 h in a moisture chamber with 100 - 200 µl freshly pre-
pared reaction solution containing 100 mM ascorbic acid, 100 mM Tris buffer
(pH 8.5), 150 µM azide-R (see below) and 1 mM CuSO4 in water. Subse-
quently, the surfaces are rinsed with either water (and ethanol or methanol) or
PBS and dried in a nitrogen stream. The azide containing reaction partners are
used are 5/6-carboxyrhodamine 110-EG3-azide, 3-azidomethyl-5-iodopyridine,
Ac-K(N3)GGNGEPRGDTYRAYK(fluorescein)GG-NH2, N α,N α-bis(carboxy-
methyl)-L-azido-lysine hydrochloride, biotin-EG3-azide, cyclic(RGDfE)K(N3)-
NH2 and K(N3)PHSRN.

4.2.1.4 Surface fluorescence assay

Glass surfaces with different molar ratios of PEG-alkyne to PEG2000 (0, 25, 50,
75 and 100 mol% PEG-alkyne) are modified with a small fluorescent molecule,
5/6-carboxyrhodamine 110-EG3-azide, with the CuAAC. Surfaces are mounted
with Elvanol on a glass slide. The surface fluorescence intensity is measured
with a fluorescence microscope taking 4 arrays of 5 x 5 images from each
surface with the identical settings (60x oil immersion lens, 10% transmission,
exposure time 0.25 s). Mean grey values are calculated with ImageJ and back-
ground corrected by subtracting the mean grey value of a glass surface without
functionalization.

4.2.1.5 Synthesis of 3-azidomethyl-5-iodopyridine

1 eq. of 3-chloromethyl-5-iodopyridine (0.9 mmol) is dissolved in 5 ml DMF
and 10 eq. (8.6 mmol) of sodium azide are added. The suspension is stirred
for 24 h at rt and the product is extracted from the solution with water/ethyl
acetate. The organic phase was dried over magnesium sulfate and evaporated
under reduced pressure to yield the product (57%).
1H-NMR [300MHz, CDCl3]: δ (in ppm) = 8.81 (d, 4J = 1.8 Hz, 1H, ArH ),
8.50 (d, 4J = 1.6 Hz, 1H, ArH ), 8.01 (d, 4J = 1.9 Hz, 1H, ArH ), 4.36 (s, 2H,
CH 2).

4.2.1.6 Quantification of CuAAC reaction on the surface by XPS

Glass coverslips with different molar ratios of PEG-alkyne to PEG2000 (0, 25,
50, 75, 100 mol% PEG-alkyne) are modified with 3-azidomethyl-5-iodopyridine
by the click reaction.The N1s signal before and after click reaction on pure
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PEG-alkyne surfaces is compared. The surfaces are analyzed by XPS on the
basis of overview spectra and detailed spectra of the I 3d, the C 1s and the
N 1s region. The N1s signal is fitted to one nitrogen species before the CuAAC
and four chemically different nitrogen species after CuAAC, respectively. In
the latter case, the relative area under the curve of the fit for N=N-N, C-N-N
and C-N=C is fixed to 1:2:1 according to the chemical structure of the reaction
product.

4.2.1.7 Chymotrypsin assay

To quantify the ligand density of ligand coupled to the PEG-alkyne by CuAAC
a method adopted from the chymotrypsin assay established by Barber et
al.[77] is used. PEG coated glass substrates with varying mol ratios of PEG-
alkyne to PEG2000 (0, 25, 50, 75, 100 mol% PEG-alkyne) are functional-
ized with a fluorescently labeled peptide with a α-chymotrypsin cutting site,
K(N3)GGNGEPRGDTYRAYK(fluorescein)GG, by CuAAC. The immobilized
peptide is enzymatically digested by immersing the surface in a 2 ml solu-
tion of 1.25 µg/ml α-chymotrypsin (from bovine pancreas) in 30 mM Tris
(pH 8.0), 50 mM CaCl2 and 10 µM HCl and incubating it for 16 h at 30 °C
and 20 rpm. Afterward the samples are removed and washed with PBS. The
amount of the released fluorescent label by the α-chymotrypsin digestion is
quantified by fluorescent intensity measurements. Each 200 µl solution from
the samples are measured in a black 96-well plate in a microplate reader and
4 x 4 measurements are taken per well. A reference curve is generated from
10µM Ac-K(N3)GGNGEPRGDTYRAYK(fluorescein)GG-NH2 treated under
the same conditions as the surfaces (1.25 µg/ml α-chymotrypsin in 30 mM
Tris (pH 8.0), 50 mM CaCl2, 10 µM HCl stirred at 30 °C and 20 rpm for
16 h). The peptide solution is diluted with 30 mM Tris (pH 8.0), 50 mM
CaCl2 to a fluorescein concentration range from 0 - 375nM (0, 25, 50, 75, 125,
250, 375 nM fluorescein). Enzymatically treated surfaces as well as undigested
control samples are mounted with Mowiol and the surface fluorescence inten-
sity is analyzed under a fluorescence microscope. On each surface 4 arrays of
5 x 5 images are acquired with the same settings (60x oil immersion lens, 5%
transmission, exposure time 0.04 s). The mean grey values determined with
ImageJ are background corrected by subtracting the value for a glass sample
and normalized to an autofluorescent standard for comparison.

4.2.1.8 Biotin-streptavidin binding monitored by QCM-D

SiO2 sensors are passivated with a mixture of PEG2000 and PEG-alkyne in
varying densities (0, 25, 50, 75, 100 mol% PEG-alkyne) and functionalized with
biotin-EG3-azide. QCM-D measurements are performed with a constant flow
rate of 10 µl/min and at 25 °C. The sensors are initially equilibrated in PBS
for 30 min. 5 µg/ml streptavidin in PBS is washed over to the sensor surfaces
for 1 h before washing again with PBS for 20 - 30 min. The frequency change
in the 7th frequency is calculated based on the resonance frequency before the
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addition of streptavidin (averaged over 5 min, 25. - 30. min) and in the washing
step after the streptavidin binding (averaged over 5 min, 110. - 115. min).

4.2.1.9 Protein repellent properties of PEG-alkyne

SiO2 sensors are coated with a PEG-alkyne monolayer, mounted into the QCM-
D chamber and equilibrated with PBS. The measurement is performed with a
constant flow rate of 10 µl/min at 25 °C. Following solutions are consecutively
directed over the sensors: PBS for 30 min, 0.01 w/v% bovine serum albumin
(BSA) in PBS for 10 min, PBS for 5 min, 0.1 w/v% BSA in PBS for 10 min,
PBS for 5 min, 1 w/v% BSA in PBS for 10 min, PBS for 5 min, 5 w/v% BSA
in PBS for 10 min, and PBS for 10 min.

4.2.1.10 Synthesis of N α,N α-bis(carboxymethyl)-L-azido-lysine
hydrochloride[1, 2]

To a cooled solution of bromoacetic acid (4 eq., 4.8 mmol) in 5 ml 1.5 M NaOH,
a solution of N ε-azido-L-lysine hydrochloride (1 eq., 1.2 mmol) in 3 ml 1.5 M
NaOH is added dropwise. The reaction mixture is stirred overnight at rt and
additional 2 h at 50 °C before it is cooled down to 0 °C. The reaction solution
is acidified with concentrated HCl to pH 1 and the volume of the solution
is decreased to 1 - 2 mL under reduced pressure. The residue is overlayed
with acetone, shaken gently and the organic phase is removed. The addition
of acetone and collection of the organic phase is repeated three times. The
combined organic layers are dried with MgSO4, filtered and evaporated under
reduced pressure.
1H-NMR [400MHz, D2O]: δ (in ppm) = 4.20 (s, 1H, CH2-CH ), 4.17 (s, 4H, N-
CH 2-COOH), 3.32 (t, 3J = 6.3 Hz, 2H, N3-CH 2), 2.07 - 1.86 (m, 2H, CH 2-CH),
1.73 - 1.46 (m, 4H, CH2-CH 2-CH 2-CH2)

4.2.1.11 Investigation of surface retained Cu ions after CuAAC

For this study five distinctly coated glass surfaces are prepared: I. PEG-alkyne,
II. PEG-alkyne exposed to CuAAC reaction conditions without complementary
reaction partner (azide-R), III. PEG-alkyne reacted with N α,N α-bis(carboxy-
methyl)-L-azido-lysine hydrochloride (azide-NTA) and IV. PEG-alkyne func-
tionalized with azide-NTA and additionally loaded with Cu2+ ions. To remove
Cu ions complexed by NTA groups on the surface after the click reaction
with azide-NTA, samples are washed in an aqueous solution of 25 mM EDTA
in 50 mM Tris (pH 7.4) and 300 mM NaCl . To load the immobilized NTA
groups with Cu2+ ions the surface is treated with 100 mM CuSO4(aq), and
then washed with a solution of 50 mM Tris (pH 7.4) buffer containing 300 mM
NaCl and dried in a nitrogen stream.
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4.2.1.12 Rat embryotic firoblast adhesion on cRGD functionalized
surfaces

PEG monolayers on glass surfaces with 0, 0.01, 0.1, 1, 10 or 100 mol% PEG-
alkyne ratio are modified by the CuAAC reaction with cyclic(RGDfE)K(N3)-
NH2 (azide-cRGD). The samples and control samples, which haven’t been mod-
ified by CuAAC, are treated with 70% ethanol for 5 min for sterilization and
subsequently washed with PBS three times. REF YFP-paxillin cells cultured
in serum-free media since the previous day are seeded onto the samples in a
density of ca. 5000 cells/cm2. After 4 h cultivation the cells are fixed with
a 4 w/v% PFA in PBS solution (filtered through a 0.22 µm CME filter) for
20 min at rt. After washing with PBS, the samples are stored at 4 °C in PBS
overnight. Afterward cells are permeabilized using 0.1 vol% Triton X-100 in
PBS for 5 min at rt. Unspecific interactions are blocked by treating the sam-
ples with 1 w/v% BSA in PBS for at least 10 min at rt. Next, the surfaces are
incubated with 200 µl of a solution consisting of 2 µg/ml TRITC-conjugated
phalloidin in 1 w/v% BSA in PBS for 1h at rt in a moisture chamber. The sam-
ples are washed twice with PBS and mounted with Mowiol containing DAPI
(1 µg/ml). 4 arrays of 5 x 5 fluorescence images of each sample are taken
and analyzed using ImageJ. The number of cells per mm2 and the spreading
area of the cells is quantified based on the DAPI stained cell nuclei and the
TRITC-phalloidin stained actin cytosceleton, respectively.

4.2.1.13 Preparation of gold nanostructured surfaces

Gold nanostructured surfaces are prepared by BCMN.[33, 34, 36] Briefly, a di-
blockcopolymer, polystyrene-b-poly-2-vinylpyridine (PS-b-P2VP) is dissolved
in an aprotic solvent (toluene or o-xylene) to a final concentration higher than
the critical micelle concentration. The formed micelles are loaded with gold
ions by adding HAuCl4 to the solution. The solution with gold loaded diblock-
copolymer micelles is spin coated or dipp coated on freshly cleaned glass sub-
strates. The polymer is removed and the gold ions are reduced to elementary
gold nanoparticles by hydrogen plasma treatment (0.3 mbar, 600 W, 45 min).

Nanostructured surfaces used in this work are prepared with the poly-
mer PS(110000)-b-P2VP(70500) (numbers in brackets specify the molecular
weights in the individual polymer blocks).

solvent polymer concentration loading rate* interparticle distance

o-xylene 4 mg/ml 0.3 54 ± 12 nm
o-xylene 2.4 mg/ml 0.4 100 ± 15 nm

* The loading rate is specified by the ratio of the added gold ions to the 2-
vinylpyridine units.
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4.2.1.14 Dual fluorescent labeling of gold nanostructured surfaces
with intermediate PEG-alkyne

The PEG-alkyne monolayer on a gold nanostructured glass surface (interpar-
ticel distance: 54 ± 12 nm) is modified by the CuAAC reaction with biotin-
EG3-azide. Then, the gold nanoparticles are functionalized with a solution
containing 250 µM HS-(CH2)11-EG3-NTA (HS-NTA, thiol-NTA, stock solu-
tion: 5 mM in ethanol) and 250 µM NiCl2 (stock solution: 100 mM in water)
diluted in 50 mM Tris (pH 7.4), 300 mM NaCl (Tris-NaCl buffer). The surface
is incubated with 250 µl of this solution for 1 h at rt in a moisture chamber
and then washed in Tris-NaCl buffer for 10 min. Next, the sample is incubated
with 250 µl Atto565-streptavidin (5 µg/ml in Tris-NaCl buffer) for 1 h at rt in
a moisture chamber and washed again in Tris-NaCl buffer for 5 min. Finally,
the sample is incubated with 250 µl ca. 10 µM His6-GFP in Tris-NaCl buffer
for 1 h, washed three times for 5 min each in Tris-NaCl buffer and mounted
with Mowiol. The dual staining of the surface with two fluorophores is analyzed
with a fluorescence microscope.

4.2.1.15 Influence of cRGD and PHSRN density on REF cell ad-
hesion

Gold nanostructured surfaces (interparticle distance: 100 ± 15 nm) are coated
with a PEG monolayer containing various molar ratios of PEG-alkyne (0, 0.1,
1 and 10 mol% PEG-alkyne). The clickable PEG between the gold nanoparti-
cles is functionalized with K(N3)PHSRN through CuAAC reaction. The gold
nanoparticles are modified with cyclic[RGDfK(3-mercaptopropionyl-aminohe-
xanoic acid)] (HS-cRGD) by incubating the samples with 200 µl 25 µM HS-
cRGD in water for 2 h at rt in a moisture chamber. The prepared surfaces
are washed several times in PBS and stored in PBS overnight at 4 °C. REF
cells are cultured in serum-free media for 3.5 h and seeded onto the samples
(previously treated with sterile PBS) at a density of 2000 or 5000 cells/cm2.
Cells are cultured on the surfaces for 4 h at 37 °C and 5% CO2. For fixation
of the cells samples are treated with 4 w/v% PFA in PBS (filtered through
a 0.22µm CME filter) for 20 min at rt, then washed three time in PBS and
stored overnight in PBS at 4 °C. To permeabilize the cells the samples are im-
mersed in 0.1 vol% Triton-X 100 in PBS for 5 min at rt followed by a blocking
step with 1 w/v% BSA in PBS for 30 min. Optionally samples are incubated
with anti-vinculin mouse IgG (1:200 dilution in 1 w/v% BSA in PBS) and
anti-paxillin rabbit IgG (1:200 dilution in 1 w/v% BSA in PBS) for 1 h at rt
in a moisture chamber and washed in PBS (2 x 10 min). Hereon, the cells are
stained with Alexa Fluor 488 goat anti-mouse IgG (5 µg/ml), Alexa Fluor 647
goat anti-rabbit IgG (5 µg/ml) and/or TRITC-phalloidin (2 µg/ml) for 1 h in
a moisture chamber at rt. Finally, samples are washed in PBS (2 x 10 min)
and mounted with Mowiol containing DAPI (1 µg/ml). For the quantification
of the number of adherent cells on the surface 12 images per sample are taken
under a fluorescence microscope and analyzed using ImageJ. The number of
cells per mm2 is determined based on the DAPI stained cell nuclei and the
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TRITC-phalloidin dyed actin.

4.2.1.16 Cell culture

Rat embryonic fibroblasts (REF52) and rat embryonic fibroblasts expressing
yellow fluorescent protein (YFP) labelled paxillin (REF YFP-paxillin) are cul-
tured in DMEM (high glucose, NEAA, no glutamine) medium supplemented
with 10% fetal bovine serum (FBS), 1% L-glutamine and 1% penicillin strep-
tomycin at 37 °C and 5% CO2. The medium is filtered (0.22 µm CME filter)
before adding the antibiotics. Upon reaching of 80-100% confluence cells are
rinsed with sterile PBS (3x) and detached by 0.05% trypsin-EDTA treatment
for about 3 min. Cells are sedimented by centrifugation (3-5 min, 800-1000 rpm)
and resuspended in fresh media at the desired density.

4.2.2 Co(III) as mediator ion to immobilize His-tagged pro-
teins on NTA functionalized surfaces

4.2.2.1 Recombinant expression of His6-GFP in E. coli

For the heat-shock transformation of the His6-GFP plasmid into E. coli, 0.5 µl
plasmid (∼100 ng/µl) and 50 µl chemical competent E. coli BL21(DE3)* are
mixed and incubated on ice for 20 min. The mixture is heated up to 42 °C
for 1 min, put back on ice for a few minutes and supplemented with 950 µl
LB-medium. After letting the bacteria grow for 1 h at 37 °C while shaking
(200 rpm), the suspension is plated onto an agar plate containing kanamycin
(50 µg/ml) for antibiotic selection and incubated overnight at 37 °C. A starter
culture is prepared by inoculating a bacteria colony into 10 ml LB-medium with
50 µg/ml kanamycin and shaking the culture (200 rpm) overnight at 37 °C. The
starter culture is transferred into 1 l LB-medium with 50 µg/ml kanamycin and
incubated at 37 °C, 200 rpm until an optical density of A600nm = 0.8 is reached.
Protein production is induced by the addition of 500 µl 1 M isopropyl β-D-1-
thiogalactopyranoside (IPTG) to the suspension and incubation of the culture
for additional 4 h while shaking at 37 °C. The bacteria are separated from the
medium by centrifugation (8 min, 6000 rpm, 4 °C) and the pellet is stored at
-20 °C. For the protein purification the pellet is resuspended in 15 ml 50 mM
Tris buffer (pH 7.4) and 300 mM NaCl (Tris-NaCl buffer), supplemented with
150 µl phenylmethylsulfonyl fluoride (PMFS, 100 mM in methanol) and lysed
with a probe sonicator (10 min, 50% pulse, 40%power). Soluble proteins and
bacterial debris are separated by centrifugation (18000 rpm, 20 min, 4 °C). The
supernatant is filtered through a 0.45 µm CME syringe filter and purified using
a Ni2+-NTA column. The protein solution is applied twice onto the Ni2+-NTA
column, which is hereinafter flushed with 10 ml Tris-NaCl buffer and 20 ml Tris-
NaCl buffer with 12.5 mM imidazole to remove unspecifically bound protein.
The protein is eluted from the column with 10 ml 250 mM imidazole in Tris-
NaCl buffer and dialyzed against Tris-NaCl buffer at 4 °C for 1 d exchanging
the buffer solution 2 times meanwhile. Aliquots of the protein solution are
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stored at -80 °C. Protein concentration is determined by UV-vis spectroscopy
(ε280 nm = 18490 M-1cm-1, ε485 nm = 83300 M-1cm-1).

4.2.2.2 Formation of metal ion loaded NTA SAMs on gold

The QCM-D experiments are performed at 25°C and a flow rate of 100 µL/min
if not otherwise indicated. First, gold coated sensors are equilibrated in Tris-
NaCl buffer for 10 min. A stock solution of 2 mM HS-(CH2)11-EG3-NTA in
ethanol is diluted to a final concentration of 50 µM in Tris-NaCl buffer and
applied to the sensor for 20-25 min (optionally, the pump flow is stopped a few
minutes after injection). Excessive thiol is removed in a 10 min washing step
with Tris-NaCl buffer. For the loading of the NTA groups with the appropriate
metal ion 100 mM CoCl2 or NiCl2 in Tris-NaCl buffer is washed over the sensor
for 5 min. Another washing step with Tris-NaCl buffer for 5-20 min follows.

4.2.2.3 Co(III), Co(II) and Ni(II) mediated immobilization of His6-
GFP on NTA presenting SAM

NTA SAMs on gold are formed and loaded with either Co2+ or Ni2+ ions as
described in section 4.2.2.2. The sensors are incubated with 5 µM His6-GFP
in Tris-NaCl buffer for 20 min (the pump flow is stopped a few minutes after
injection) followed by a washing step with Tris-NaCl buffer for 10 min. For the
oxidation of Co(II) to Co(III), cobalt ion loaded sensors are incubated with
10mM H2O2 in Tris-NaCl buffer for 30 min. For comparison, the Ni(II) and
Co(II) interaction is considered. These sensors are kept in Tris-NaCl buffer
meanwhile. A washing step with Tris-NaCl buffer for 10 min is followed by
250 mM imidazol in Tris-NaCl buffer for 10 min and an additional wash in
Tris-NaCl buffer for 10-15 min.

4.2.2.4 Long-term stability of the Co(III) and the Ni(II) mediated
interaction between NTA and His6-GFP

The QCM-D measurements are performed on gold coated sensors with a flow
rate of 100 µL/min at 37 °C. Metal ion loaded NTA SAMs on gold are formed
according to section 4.2.2.2. Next, the sensors are incubated with 5 µM His6-
GFP in Tris-NaCl buffer until equilibrium is reached (the flow is stopped a few
minutes after the injection). The sensor is washed with Tris-NaCl buffer and
either oxidized by applying 10 mM H2O2 in Tris-NaCl buffer for 30 min (sam-
ples with Co/textsuperscript2+ ions) or remained in Tris-NaCl buffer (samples
with Ni2+ ions). Tris-NaCl buffer is directed over the sensor for 16 h. Option-
ally, 250 mM imidazole in Tris-NaCl buffer is passed over the sensor before
rinsing again with Tris-NaCl buffer. The resonance frequencies before His6-
GFP addition (averaged over a period of 2 min), 5 min after the oxidation
step (and corresponding time points for Ni2+) (averaged over 5 min) and af-
ter 15.9 h washing with buffer (averaged over 5 min) are detemined and the
average change in resonance frequency per hour (∆(∆fn/n)/∆t) as well as the
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relative change in resonance frequency per hour (normalized to the amount of
initially bound protein) is calculated.

4.2.2.5 Interaction of surface immobilized protein A with anti-BSA
antibody

The interaction of protein A with anti-BSA antibody is monitored by QCM-D
using a constant flow rate of 20 µL/min at 25 °C. A NTA functionalized SAM
is formed and loaded with Co2+ or Ni2+ ions as described above (4.2.2.2). The
sensors are incubated with 71 µg/ml His-tagged protein A fragment in Tris-
NaCl buffer for 25 min followed by a washing step with Tris-NaCl buffer for
15 min. For the Co(III) mediated immobilization the sensor is treated with
10 mM H2O2 in Tris-NaCl buffer for 30 min and washed with Tris-NaCl buffer
for 10 min, while sensors with Co(II) or Ni(II) mediated interaction are kept
in Tris-NaCl buffer for the same time frame. A stock solution of 3.0 mg/mL
anti-BSA antibody is diluted in Tris-NaCl buffer to a final concentration of
0.3 mg/mL and the sensors are incubated with the primary antibody solution
for 90 min (the flow is stopped 25-30 min after injection). After a washing
step with Tris-NaCl buffer for 35 min, the sensors are treated with 250 mM
imidazole in Tris-NaCl buffer for 10 min and rinsed again with Tris-NaCl buffer
for 15 min. Finally, the sensors are incubated with 50 mM EDTA (pH 7.4) in
Tris-NaCl buffer for 10 min and subsequently washed with Tris-NaCl buffer
for 35 min.

4.2.2.6 Effect of reducing agents on Co(III) mediated His6-GFP
immobilization

The experiment is performed at 25 °C and a constant flow rate of 20 µL/min.
A monolayer of thiol-NTA on gold is formed by self-assembly and the NTA
moieties are loaded with Co2+ ions according to the above mentioned protocol
(4.2.2.2). A solution of 5 µM His6-GFP in Tris-NaCl buffer is guided over
the sensors for 25 min (optionally the flow is stopped 20 min after injection)
followed by a washing step with Tris-NaCl buffer for 10-15 min. The sensors
are incubated with 10 mM H2O2 in Tris-NaCl buffer for 30 min. Subsequently,
the surfaces are washed with Tris-NaCl buffer for 15 min, 250 mM imidazole in
Tris-NaCl buffer for 10-30 min, and Tris-NaCl buffer for additional 15-25 min.
The sensors are incubated with a 1 mM solution of one of the following reducing
agents - ascorbic acid (pH 7.4), TCEP (pH 7.4), DTT or sodium sulfite - in
Tris-NaCl buffer for 30 min, followed by a washing step with Tris-NaCl buffer
for 5 min, 250 mM imidazole in Tris-NaCl buffer for 10 min and Tris-NaCl
buffer for another 15 min. This sequence is repeated with 10 mM and 100 mM
reducing agent. Finally, the sensors are treated with 50 mM EDTA (pH 7.4) in
Tris-NaCl buffer for 10 min and rinsed again with Tris-NaCl buffer for 45 min.
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4.2.3 Stable immobilization of His-tagged proteins on TiO2-
TETT nanoparticles for targeted delivery

4.2.3.1 Synthesis of TETT coated TiO2 nanoparticles

TETT-coated TiO2 nanoparticles are synthesized in a two step procedure,
which involves first the formation of oleic acid stabilized TiO2 nanoparticles
and hereinafter a surface modification reaction.[110] For the synthesis of oleic
acid stabilized TiO2 nanoparticles 35 g oleic acid (technical grade, 90%) is
dried at 120 °C under nitrogen stream for 1 h and cooled down to 100 °C.
Titanium(IV) isopropoxide (1 eq., 2 mmol) is added to the oleic acid and the
mixture is stirred for 5 min. Subsequently, 2 ml of 2 M trimethylamine N -oxide
(2 eq., 4 mmol) aqueous solution is added rapidly and the reaction mixture is
refluxed for ca. 15 h at 100 °C. The precipitated nanoparticles are extracted
by centrifugation (3900 g, 20 min), washed 2-3 times with methanol and dried
under vaccum.

For the surface modification in a two-phase reaction, 100 mg oleic acid
stabilized TiO2 nanoparticles are suspended in 10 ml hexane, supplemented
with 10 µl acetic acid and sonicated for 10 min. 1.2 ml TETT (45% in water)
is added slowly to the suspension under vigorously stirring and the reaction
mixture is heated up to 60 °C for 3 d. The two phases are separated by cen-
trifugation (3900 g, 5 min) and the aqueous phase, which contains the highly
water-dispersible TETT coated TiO2 nanoparticles, is washed twice with hex-
ane before it is dialyzed against 2 l deionized water in a regenerated cellulose
dialysis membrane (MWCO 3.5 kDa) for 4 d exchanging the water four times
meanwhile.

4.2.4 Optical characterization of TiO2-TETT nanoparticles by
SEM

Glass coverslips ((20 x 20) mm2) are cleaned in a 3:1 mixture of sulfuric acid
and hydrogen peroxide (piranha solution) for ca. 1 h and hereinafter rinsed
with water. The coverslips are sonicated three times for 3 min in fresh water
and dried in a nitrogen stream. TiO2-TETT nanoparticels are dispersed in
water to a final concentration of 5 mg/ml. 20 µl nanoparticle solution are spin
coated (8000 rpm, 45 s) onto each surface.

4.2.5 TEM imaging of TiO2-TETT nanoaprticles

An aqueous dispersion of TiO2-TETT nanoparticles is applied to a lacey car-
bon film on 400 mesh copper grid. The TiO2-TETT nanoparticles on the dried
grid are visualized by TEM.

4.2.6 Optical characterization of TiO2-TETT nanoparticles by
DLS

The following solutions are prepared:
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I. 1 mg/ml TiO2-TETT in 10 mM Tris (pH 7.4)
II. 1 mg/ml TiO2-TETT, 1 mM CoCl2, in 10 mM Tris (pH 7.4)

For UV light exposure (254 nm and 365 nm, respectively) 1.2 ml of the ap-
propriate solution is transferred into a 10 ml beaker, positioned under the UV
light (at a distance of ca. 6 cm) and illuminated for 3 h. The size distribution
of the nanoparticles is determined by DLS.

4.2.7 Zeta potential of TiO2-TETT nanoparticles

For the determination of the zeta potential for the TiO2-TETT nanoparticles
the same solutions as for the size distribution measurements by DLS are used.
1 mL of the nanoparticle solution (with or without UV treatment) is transferred
into a folded capillary cell and the zeta potential is measured.

4.2.8 Colorimetric detection of Co2+ ions

The absorbance is measured at λ = 508 nm with a plate reader using a 96-well
plate containing each 200 µl solutions of 50 µM 4-(2-pyridylazo)resorcinol in
10 mM Tris buffer (pH 7.4) and varying CoCl2 concentrations (0 µM, 2.5 µM,
5 µM, 10 µM, 15 µM, 20 µM, 25 µM, 30 µM, 40 µM, 50 µM, 75 µM, and
100 µM CoCl2).

4.2.8.1 Titration of TiO2 nanoparticles with Co2+-ions

The absorbance at λ = 508 nm is measured for 200 µl solutions that con-
tain a final concentration of 1 mg/ml TiO2-TETT nanoparticles, 50 µM 4-
(2-pyridylazo)resorcinol in 10 mM Tris buffer (pH 7.4) and different concen-
trations of CoCl2 (0, 200 µM, 400 µM, 500 µM, 600 µM, 700 µM, 800 µM,
900 µM, 1.00 mM, 1.10 mM, 1.20 mM, 1.30 mM, 1.40 mM, 1.50 mM, 1.60 mM,
1.70 mM, 1.80 mM, and 2.00 mM CoCl2).

4.2.8.2 Photoactivity of TETT coated TiO2 nanoparticles

To prove the photoactivity of the TETT coated TiO2 nanoparticles three dif-
ferent solutions in 20 mM Tris buffer (pH 7.4) are prepared and exposed to
either ambient light or UV light for different incubation times.

I. 2 mg/ml TiO2-TETT, 2 mM terephthalic acid (TA)
II. 2 mg/ml TiO2-TETT, 2 mM CoCl2, 2 mM TA
III. 2 mM CoCl2, 2 mM TA

For each condition 1.1 ml of the corresponding solution is filled into a 10 ml
beaker and treated with ambient or UV light. At different time points (t = 0/15/
30/60/90/120/180 min) 100 µl of the different solutions are removed and mixed
with either 100 µl water (solution I. and II.) or 100 µl 2 mg/ml TiO2 nanopar-
ticles (solution III.), respectively. The photoactivity is quantified by measuring
the fluorescence of formed 2-hyroxyterephthalic acid (2-HTA, λex = 315 nm,
λem = 425 nm) and the absorbance of Co3+-species (λ = 550nm). To quantify
the produced amount of 2-HTA a standard with concentrations ranging from 0
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to 50 µM 2-HTA (0 µM, 1 µM, 5 µM, 10 µM, 20 µM, and 50 µM 2-HTA) with
1 mg/ml TiO2-TETT nanoparticles in 10 mM Tris buffer (pH 7.4) is used.

4.2.8.3 Immobilization of His-tagged GFP onto TETT coated TiO2
nanoparticles by photooxidation of cobalt(II) complexes

A 1 ml solution of 2 mg/ml TiO2-TETT, 2 mM CoCl2 and 2 µM His6-GFP in
20 mM Tris buffer (pH 7.4) with 200 mM NaCl is either exposed to ambient
light or UV light for 3 h. As a dialysis control 2 µM His6-GFP in 20 mM
Tris buffer (pH 7.4) with 200 mM NaCl is used. Next, 450 µl of each solu-
tion is mixed with 450 µl H2O and 450 µl 200 mM imidazole, respectively.
The diluted solutions are dialyzed against the corresponding buffer solutions
(10 mM Tris buffer (pH 7.4) with 100 mM NaCl without or with 100 mM imi-
dazole) for 44 h using a cellulose ester dialysis device (MWCO 100 kDa). The
concentration of the remaining protein is quantified by fluorescence intensity
measurements using a plate reader (λex = 480 nm, λem = 510 nm) and an
indirect immunochemiluminescence assay as described below.

4.2.8.4 Fluorescent labeling of transferrin-His6 with Atto647N-NHS
ester

200 µg of human transferrin protein with C-terminal His-tag are dissolved
in 200 µL H2O to a final concentration of 1mg/mL protein in PBS. 20 µL
NaHCO3 (stock solution: 1 M in H2O, pH 8.0) and 2.22 µL Atto647N-NHS
(stock solution: 10 mg/mL in DMSO) are added and the solution is stirred for
2 h at rt. The reaction mixture is dialyzed (MWCO 5 kDa) against 500 mL
PBS overnight at 4 °C.

4.2.8.5 Preparation of transferrin coated TiO2-TETT nanoparticles

A solution of 1 mg/ml TiO2, 1 mM CoCl2 and 0.5 µM transferrin-Atto647N in
10 mM Tris (pH 7.4) and 100 mM NaCl is prepared. A 800 µl aliquot of this
solution is transferred into a 10 ml beaker, covered with a quartz glass slide,
placed under the UV lamp (in a distance of ca. 6 cm) and illuminated with
254 nm UV light for 3 h. Further, a 0.5 µM transferrin-Atto647N in 10 mM
Tris (pH 7.4) and 100 mM NaCl is prepared. 550 µl of each the protein loaded
nanoparticle solutions (either treated with UV light or not) or the protein
solution are transferred into a cellulose ester dialysis device (MWCO 300 kDa)
and dialyzed jointly against 2 l 10mM Tris (pH 7.4) and 100 mM NaCl for 44 h
at 4 °C under continuous stirring. The protein concentrations of the solutions
before and after dialysis are analyzed by fluorescence intensity measurements
and an indirect immunochemiluminescence assay. For fluorescence intensity
measurements each 200 µl solution and buffer are pipetted in a white 96-well
plate measured in the plate reader (λex = 644 nm, λem = 669 nm).
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4.2.8.6 Protein quantification by indirect immunochemiluminescence
assay

Drops of 5 µl of each protein solution are applied onto a nitrocellulose mem-
brane. Non-specific adsorption is blocked by soaking the membrane in 5 w/v%
powdered milk (low fat) in Tris buffered saline containing tween 20 (TBS-T:
50 mM Tris (pH 8.0), 150 mM NaCl, 0.1 vol% tween 20) for 30 min or 3 w/v%
BSA in TBS-T for 1 h. Incubation of the nitrocellulose membrane with the
primary antibody overnight in 3 w/v% powdered milk (low fat) in TBS-T at
4°C or 1 w/v% BSA in TBS-T at rt is followed by three washing steps with
TBS-T for at least 5 min. Subsequently, the membrane is incubated with the
secondary antibody HRP-conjugated goat anti-rabbit IgG buffer for 1 h at rt.
A further washing step in TBS-T (three times for at least 5 min) follows.
Protein signals are detected with a chemiluminescence imager using the ECL
prime Western blotting detection reagent kit. Therefore, a 1:1 mixture of the
solutions A and B of the kit is applied on the membrane for some seconds to
minutes, the excessive solution is removed and the chemiluminescence detected.
For the analysis of His6-GFP protein solutions powdered milk (low fat) is used
as blocking agent in combination with the primary antibody anti-GFP rabbit
IgG at a final concentration of 2 µg/ml and 0.1 µg/ml HRP-conjugated goat
anti-rabbit IgG. Quantification of transferrin-Atto647N is carried out using
BSA as blocking agent, 0.5 µg/ml anti-transferrin rabbit IgG and 0.08 µg/ml
HRP-conjugated goat anti-rabbit IgG.

4.2.8.7 Expression level of transferrin receptor in hFF-1 and panc-1
cells

To determine the expression level of the transferrin receptor in hFF-1 and
panc-1 cells, 100000 cells are plated in a cell culture dish (3.5 cm diameter)
and cultured overnight. Radio-immunoprecipitation assay (RIPA) buffer is sup-
plemented with EDTA (100x, final concentration 5 mM) and protease and
phosphates inhibitor cocktail (100x) to obtain the lysis buffer. A solution of
200 µl lysis buffer is added to the cell culture dish and samples are frozen
at -80 °C for several days. Cell lysates are centrifuged (13000 rpm, 30 min
at 4 °C) and the supernatant is used for a sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE). 13 µl of the supernatant from each
cell lysate are added to 7 µL of a 10:4 mixture of NuPAGE® LDS sample
buffer (4x) and NuPAGE® sample reducing agent (10x). Samples are heated
up to 95 °C for 10 min. The NuPAGE® Bis-Tris gel (4-12%) is loaded with
10 µL Novex® sharp pre-stained protein standard and 20 µL denatured sam-
ple solution, respectively. The SDS-PAGE is performed in NuPAGE® MOPS
SDS running buffer at 200 V for 50 min. Next, the proteins bands (separated
according to their size) are transferred from the Bis-Tris gel to a nitrocellu-
lose membrane using the XCell II™ blot module. The transfer is performed in
transfer buffer by applying 30 V for 75 min. The nitrocellulose membrane is
blocked with 3 w/v% BSA in TBS-T for 1 h at rt and incubated overnight
with 1 µg/mL anti-transferrin receptor rabbit IgG in 1 w/v% BSA in TBS-
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T. The membrane is washed three times in TBS-T for 5 min each, followed
by the incubation with 0.08 µg/mL HRP-conjugated goat anti-rabbit IgG in
1 w/v% BSA in TBS-T for 1 h. After a further washing step, the protein bands
are detected with a chemiluminescence imager using the ECL prime Western
blotting detection reagent kit. To detection the β-actin expression levels the
nitrocellulose membrane is soaked in TBS-T for 30 min followed by the incu-
bation with the primary antibody anti-β-actin (1 µg/mL in 1 w/v% BSA in
TBS-T for 1 h) and the secondary antibody HRP-conjugated goat anti-mouse
IgG (0.08µg/mL in 1 w/v% BSA in TBS-T) as well as the detection of the
protein signals according to the before mentioned description.

4.2.8.8 Investigation of the cellular uptake of transferrin-Atto647N
loaded TiO2 nanoparticles in hFF-1 and panc-1

hFF-1 and panc-1 cells are seeded into WillCo-dish® glass bottom dishes at
a density of 10000 cells/cm2 and 25000 cells/cm2, respectively and cultured
overnight at 37 °C and 5% CO2. The cells are starved in serum free medium
for several hours before transferrin decorated TiO2-TETT nanoparticles are
added to the medium with a 1:100 dilution. After 15 h cultivation cells are
fixed with 4 w/v% PFA in PBS for 20 min at rt. A washing step with PBS is
followed by permeabilization with 0.1 vol% Triton X-100 in PBS for 5 min and
blocking of unspecific interaction though incubation with 3 w/v% BSA in PBS
for 1 h. The primary antibody anti-transferrin receptor rabbit IgG is diluted in
1 w/v% BSA in TBS-T to a final concentration of 2 µg/mL and applied to the
samples for 1 h. The samples are washed three times 5 min in PBS followed by
the incubation with the secondary antibody Alexa Fluor 488 goat anti-rabbit
IgG (4 µg/mL) and DAPI (1 µg/mL) in 1w/v% BSA in PBS for 1 h. After a
further washing step samples are embedded in Mowiol.

4.2.8.9 Cell culture

Human foreskin fibroblasts (hFF-1) and panc-1 are cultured at 37 °C and 5%
CO2 in DMEM (high glucose, pyruvate) medium supplemented with 15% and
10% FBS, respectively . The DMEMmedium supplemented with FBS is filtered
(0.22 µm CME filter) before adding 1% penicillin streptomycin. Splitting of
cells includes rinsing of the cells with sterile PBS (3x), detaching of the cells
with 0.05% trypsin-EDTA for ca. 3 min, centrifugation of the cell suspension
(3 min, 800 rpm) and resuspension in the appropriate culture media at the
desired density.
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