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Abstract

This work concentrates on the synthesis and functionalisation of monodisperse gold
nanoparticles within a size range of 5 to 30 nm. These were further functionalised with either
biogenic substances such as carbachol, adrenaline or atropine or with a biomimetic compound
like dihydrocaffeic acid. Different synthetic routes are described, and state-of-the-art analyses
such as transition electron microscopy, multidimensional heteronuclear magnetic resonance,
dynamic light scattering, optical absorption spectroscopy, high performance liquid
chromatography and mass spectrometry are presented throughout and confirm the size of the
nanoparticles and their successful functionalisation.

Furthermore, this thesis discusses the physiological studies of the biofunctionalised gold
nanoparticles, which showed biological activity and even multivalent stimulation of various
receptor types in different biological systems including intestinal, cardiac and respiratory
tissues. This work demonstrates that the application of biofunctionalised gold nanoparticles
can surpass the biological effects of the free parent compound by several orders of magnitude.
Further prospective functionalisations are presented, such as the labelling of gold nanoparticles
with fluorescent dyes, including the necessary modifications of the fluorophore.

As the biodistribution of gold nanoparticles within the whole body is of great interest, this thesis
focusses strongly on investigations towards gold nanoparticles radiolabelled with *°™Tc. Using
a mono ligand shell (only carrying chelating ligands) or a mixed ligand shell (carrying chelating
ligands as well as a biogenic substance), these radiolabelled functionalised gold nanoparticles
could potentially function as probes for imaging investigations and be subject to future studies
towards radiotheragnostics.

In particular, this thesis presents how the tridentate chelating ligand picolylamine diacetic acid
(PADA) was used showing promising results regarding the complexation of ®°™Tc and its heavier
group 7 homologue Re. Connecting PADA with a mercaptoalkyl linker enables the ligand to
attach to the gold nanoparticle surface with the thiol group. Furthermore, a spacer with a
longer alkyl chain ensures the required stability of the functionalised gold nanoparticles. The
radiolabelling procedures were performed under mild conditions and in a time efficient
manner, as **™Tc only has a half-life of 6 h. Special emphasis was placed on the purification and
the analytical characterisation of the radiolabelled gold nanoparticles, which were obtained as
stable pink dispersions and which were directly analysed by size exclusion chromatography
with a y detector. Post-labelling analyses were also carried out and confirmed the integrity of
the material.

X



1 Introduction

1 INTRODUCTION

Nanoparticles (NPs) in general can be man-made but have also occurred in nature long before
they were artificially investigated. In particular, the terminus ‘nanotechnology’ was coined as
late as 1974 by the Japanese scientist Norio Taniguchi, when he was describing semiconductor
processes on nanoscale levels.!

Natural NPs occurred ever since for instance in the form of ash after a volcanic eruption.??
However, engineered NPs have seen increased interest and nanoscience is a rapidly evolving
field of research.

An overview of nanomaterials and their most prominent properties is presented in Figure 1 and
will be described in more detail in the following chapter.
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Figure 1: The key factors composition, size, surface and morphology of NPs.

1.1.1 ComPOSITION OF NANOMATERIALS

In general, the physicochemical properties of NPs differ from the chemically similar bulk
material. They can be conveniently generated from noble metals Au?, Ag,® Pt,® or Cu’ but also
from elements like carbon in form of nanotubes.® Further inorganic compositions like oxides
((e.g. Fe304° SiO,)° or nanoscale semiconductors called quantum dots, such as CdSe® or
CdTe, are known.



1 Introduction

In addition to these inorganic materials, nanoscale polymers or dendrimers are frequently
reported (Figure 1, top right).1>'3 Repenko et al.* investigated polymer NPs conjugated with
imidazole units, which were highly fluorescent and moreover showed promising biodegradable
properties. Since their surface can be easily functionalised, various applications in imaging or
drug delivery have emerged.'* One example of the highly branched polymers called dendrimers
was described by Bono et al.*> Here, they showed that a polyamidoamine (PAMAM) dendrimer
had a low cytotoxicity, but very good antibacterial activity against E. coli. Furthermore, due to
an overall facile ability of a further functionalisation, the dendrimer offers potential for a gene-
delivery application.*®

Moreover, micelles and liposomes are both used in biomedical applications.®'” Deng et al.'8
encapsulated folate conjugated liposomes with a photosensitiser as well as with the antitumour
drug doxorubicin. Through X-ray radiation, the photosensitiser triggered the formation of
singlet O, which again causes the liposomal membrane to destabilise, leading to a release of
doxorubicin. This system of radiotherapy coupled with chemotherapy showed satisfactory
results in vivo, leading to cell death on a range of cancer cells with ICsg values as low as 1.6 uM.
The same drug concentration of doxorubicin without an X-ray triggering resulted only in the
death of 10% of cancer cells.!® ICsp is defined as the concentration level of an inhibitor, at which
a half-maximal inhibition of a specific biological function is observed. The ICso value thus
describes the potency of an inhibitor or a drug.

Another drug release was studied by Salgarella et al.’® with micelles. These were assembled
from poly(2-oxazoline) units and encapsulated with the hydrophobic anti-inflammatory drug
dexamethasone, which was then released via ultrasound.'® Furthermore, dexamethasone-
loaded micelles demonstrated a promising potential to be applied as a treatment of
rheumatoid arthritis while showing an anti-inflammatory effect after the subcutaneous
injection.?0

Since 2020, lipid NPs have been shown to function as a carrier for modified messenger
ribonucleic acid (mRNA). Inside the body, ribonucleases would otherwise degrade the mRNA
before it would enter the cells and reach the point of action. The coating of lipid NPs thus
increases the stability of the mRNA. Furthermore, these systems have received enormous
attention, as this type of NPs are currently being used worldwide as vaccines against
SARS-CoV-2 in the approved injection doses of Pfizer-BioNTech and Moderna.?%??

In terms of their ecological impact, and in times where “micro plastic”?® has induced a shift
towards biodegradable materials, the organic frameworks used in the synthesis of
nanomaterials possess generally a good biodegradability. In addition, systems based on
hematite or silicon dioxide are regarded as inorganic biodegradable carrier options.?42°
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1.1.2 Sizes oF NANOMATERIALS

The size has a strong and significant influence on the properties of NPs. By definition, the term
nano refers to materials whose size in at least one dimension is between 1 and 100 nm. On the
metric scale (Figure 1, bottom right), nanomaterials fall in the same order of magnitude as, for
example, a protein such as haemoglobin (approx. 5 nm) or a virus such as SARS CoV-2
(approx. 120 nm) and are thus 500 to 1000 times smaller than unicellular or even multicellular
organisms such as bdelloid rotifers Adineta vaga (150 to 700 um)?%2’ or even a human sperm
(approx. 50 um).

Nanomaterials possess a large surface to volume ratio. For instance, in NPs with a diameter of
4 nm about 50% of all atoms are surface atoms.?® As a result, the enormous surface owns a
particular importance, and it increases strongly with decreasing particle sizes. The small size of
NPs furthermore leads to significantly different properties compared to macroscopic materials.
NPs possess lower melting points than the corresponding bulk material?® and a substantial
depression occurs below a size of about 10 nm.3% The surface energy even has the potential to
influence the crystal structure of the formed NPs. While Rh as a bulk material usually exists as
Rh fcc (face centred cubic), and even though the bulk energy of Rh hcp (hexagonal closed
package) is higher, Huang et al.3! described the fact that the surface energy matters so
significantly for smaller Rh NPs (sizes between 1 — 5 nm) that they lead to stable hcp Rh NPs.3!
Even a size-dependent chemical stability of Ag NPs in an agueous medium was observed by
Molleman et al.,?> when they investigated the Ag* release from Ag-Citrate NPs (sizes between
5—20 nm) and showed that smaller NPs led to a higher release of Ag*.3? Furthermore, a more
acidic pH of the dispersion resulted in a larger Ag* release and thus in an oxidative dissolution
of the NPs.33 Even a size-dependent phototoxicity of near-spherical TiO2 NPs was described by
Xiong et al.,3* which is stronger for smaller NPs of 10 nm in size than for the larger homologues
with a size of 20 and 100 nm, respectively.>* However, since the TEM images of the TiO2 NPs in
the mentioned study predominantly show agglomerate-like arrangements of NPs of highly
different morphologies, the precision of the size determination of the primary NPs without
additional error information is questioned by the author of this thesis.

Furthermore, An et al.3> investigated the influence of the size on the mechanical properties of
NP assemblies. The assemblies of SiO, NPs with diameters in the range between 10 nm to
300 nm become tighter, more rigid and harder as the NPs diameter decreases.® As another
aspect, even the magnetic behaviour can be influenced in nanoscale materials.?° Iron oxide NPs
exhibit superparamagnetic properties,*® which can become useful in various applications.>’~4°
Furthermore, the energy band gap can be affected in nanoscale sizes, so that it increases for
semiconductors with decreasing size.*! For CdS NPs below a diameter of 3 nm, quantum effects

influence the band gap.*

This quantum confinement occurs as soon as the dimensions of the structures are on a similar

order of magnitude as the size of an electron.*>4* The quantum size effect leads to

characteristic properties for metal and also semiconductor NPs as the sizes of these

nanomaterials are in a similar order of magnitude as the wavelength of visible light. Under the
3
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influence of light and thus an oscillating electrical field, a collective oscillation of the surface
conduction electrons and consequently of the electron cloud occurs (surface plasmons).** The
amplified resonance of the vibratory system emerges at a certain photon frequency, so called
surface plasmon resonance. In the case of Au NPs, the absorption maximum Amax is located in
the visible range of the light, thus they appear in wine red colours. The exact position of the
localised surface plasmon resonance depends on size, shape, composition as well as chemical

and surface environment of the NPs.4>™48

1.1.3 SURFACE FUNCTIONALISATION OF NANOMATERIALS

Since nanomaterials possess a large surface energy, they tend to agglomerate in order to
reduce the surface energy and to obtain an energetically more stable and favourable system.
To prevent NPs from agglomeration, surface stabilisation must occur (Figure 1, bottom left),
which can happen electrostatically by charged ligands on the surface of the NPs (Figure 2, left),
as seen in the well-known Au-Citrate NPs. Furthermore, Monti et al.*® describe an electrostatic
stabilisation of Au NPs in water using sulfonated imidazolium salts. They assume a coordination
of the imidazolium unit to the Au NPs and the sulfonate groups remaining outside on the ligand
sphere, which again prevents aggregation through electrostatic repulsion. The respective zeta
potentials support this assumption and indicate stable dispersions.*® Another way of
stabilisation occurs sterically (Figure 2, centre) due to bulky ligands on a NP surface. Here, the
use of polyethylene glycol (PEG coating) or long chain alkyls is frequently described.>%->?
Polymers are also commonly chosen in order to stabilise e.g. y-Fe,03 NPs, as Priyananda et al.>3
described for a ferrofluid, while different nitrogen acyclic carbenes were used by Rubio et al.
to stabilise Au NPs.>* Even electro-steric stabilisation occurs, when both properties are present:
a charged bulky ligand for an electrostatic repulsion as well as a steric stabilisation (Figure 2,
right).>>~®

electrostatic steric electrosteric

Figure 2: Representation of electrostatic (left), steric (centre) and electrosteric (right) stabilisation.
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Coating with PEG or other polymer shells offers several advantages: The colloidal stability of
NPs improves in aqueous media and especially under physiological conditions, making them
feasible for biomedical applications.>” Furthermore, PEG is an extremely hydrophilic material,
which renders the NPs virtually invisible to phagocytic cells when being applied in tissue.
Moreover, it ensures that the non-specific cellular uptake is reduced and, at the same time, an
additional protein adsorption is diminished.”® These processes could result in a too rapid
degradation or removal from the point of action before the drug could be delivered. Therefore,
PEG coated NPs possess longer blood half-lives and own a stealth effect. However, pure PEG
coating is not completely biodegradable and thus could lead to accumulation in mammalian
tissues.”® Consequently, studies have been performed on PEG alternatives over the last years,
for instance based on polyphosphoesters.”® Li et al.® describe the synthesis of m-conjugated
oligomeric NPs, which are coated with a PEG derivative shell; these polyphosphoesters exhibit
a good biodegradability. The spherical NPs with a diameter of approximately 60 nm show the
potential of being photothermal therapy agents with high efficiencies against various cancer
cells.®® Xu et al.®* have investigated the influence of the PEG density on the NP surface on the
overall shielding of the NPs in more detail. They synthesised NPs with different ratios of PEG
and poly(lactic-co-glycolic acid) (PLGA) coating and found that they required at least 5% of PEG
to shield the NPs successfully. Furthermore, they protected them in this way from interactions
with mucosal components so that their targeted delivery as drug-loaded mucus-penetrating
particles could still take place.®® Another approach was described by Steiert et al.,>® who
presented the synthesis of a fully degradable PEG copolymer, which incorporates vinyl ether
groups and thus achieves an acid degradability. Consequently, their work focuses on the
development of pH-responsive protein NPs. With these, a triggered release at pH 4 of e.g.
therapeutic drugs is achievable and could theoretically be used for a variety of proteins.>®

With choosing the right stabilising ligand, further desirable compounds can be attached to the
surface and thus provide not just stabilisation but also novel functionalisation of the NPs
(Figure 1, bottom left). This can be applied in various areas from catalysis®%63 to medicine. With
regard to the latter one, a wide range of functional molecules and frameworks have already
been attached to NPs, reaching from biogenic compounds,* to target ligands such as
antibodies® and drugs®®® as well as proteins®’ or deoxyribonucleic acid (DNA) scaffolds.869

Furthermore, the functional group on the ligands itself can interact differently with cells. Amine
stabilised NPs, for instance, are positively charged at physiological conditions and thus able to
interact with nucleic acids, which are negatively charged. Hence, they can mediate transfection
in mammalian cells cultures, as Sandhu et al.”® reported for 2 nm sized Au NPs modified with
mercaptoundecylammonium on their surface.”® Moreover, Jiang et al.”! investigated a strong
correlation between surface charge and size of the NPs in regard to their uptake in cancer cells.
They analysed sub 10 nm sized Au NPs and described different entering mechanisms depending
on their properties. Their studies on cancer cells show that cationic NPs have a higher cellular
uptake with an increasing size. In contrast, neutral, zwitterionic or negatively charged NPs show
a lower uptake with larger diameters.”! In addition, Osaka et al.”? investigated the cellular
uptake of NPs on different cells types. In accordance with the previously mentioned study, they
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reported that positively charged NPs were taken up into cancer cells more efficiently. However,
with normal endothelial cells, NPs are internalised and taken up in similar rates regardless of
their charge.”?

The surface funtionalisation and properties consequently do not only have an important impact
on medical applications, the NPs’ biodistribution and their effects on tissues but also on their
general stability in biocompatible media. Furthermore, it can influence the shape of the NPs.

1.1.4 MORPHOLOGY OF NANOMATERIALS

A wide variety of different morphologies for NPs exists, as has been shown in Figure 1, top left.
In the synthesis of NPs, the LaMer principle’® can be generally used to explain NP formation.
Here, the precursor molecules exist in a dissolved form and once the reducing agent is added,
they will be reduced or decomposed. At a critical concentration, nuclei are formed
instantaneously. Since the reaction solution is then depleted of monomers, it falls below the
minimum concentration necessary for nucleation. Thus, no further nuclei are formed. Instead,
the nuclei grow via aggregation or Ostwald ripening until a saturation concentration of the NPs
is achieved. During growth, the NPs initially have the tendency to form the most
thermodynamically stable shape, resulting in spherical NPs. In order to obtain monodisperse
spheres, it is important that the phase of spontaneous nucleation is as short as possible and
the following growth process proceeds more slowly. Additionally, the precursor monomers
should be present in rather low concentrations.

However, if the NP synthesis is kinetically controlled, different, and also anisotropic,
morphologies of NPs are achievable. A higher or changing concentration of precursor
monomers, different coordinating solvents and the pH can influence the shape of the formed
NPs. Furthermore, additives and surfactants can promote the formation of certain shapes by
adsorbing onto defined facets of the growing NP surface and capping them. In this way, they
lead to a lower surface energy and thus control the growth of these facets.”*#”> Commonly
described capping agents in literature for anisotropic NP syntheses are polyvinylpyrrolidone
(PVP) or cetyltrimethylammonium bromide (CTAB).”®7/

For instance, Au nanorods are often synthesised using the additive CTAB.”® In different
syntheses, Requejo et al.”® added not just CTAB but also bio additives such as glutathione or
cysteine and obtained monodisperse nanorods with tuneable optical properties in either larger
sizes (100 nm length and 19 nm width) or smaller sizes (40 nm length and 7 nm width),
depending on if a seed-mediated or seedless synthesis was performed with the bio additives.”®
Furthermore, nanorods can be prepared from other materials. Butterfield et al.®° recently
obtained CuS nanorods with a lengths of 20 nm during a reaction using dodecyl! thiol in an
octadecene, trioctylphosphine oxide and oleylamine mixture.®

Moreover, nanocubes can be synthesised from a variety of starting materials. Ag nanocubes
are commonly prepared using the polyol process with PVP.8182 Selective growth is guided by
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PVP, among other factors, as Chen et al.®3 highlighted the particular significance of chloride
ions, which are freely available during synthesis. These enter strong interactions with the NP
surface and present another shape control as they selectively adsorb onto certain facets of the
NP surface during synthesis.® This effect was also observed during the synthesis of Rh
nanocubes starting from RhBrs®* or RhCls,® respectively. The latter synthesis was performed
using PVP in ethylene glycol (EG) and different monodisperse sizes from edge lengths between
23 nm to 27 nm were isolated.®

In addition, nanostars have recently seen greater impact. Khoury et al.®® started from
Au nanoseeds coated with PVP and added PVP and DMF in a second reaction step (seed-
mediated growth). In this way, nanostars of various monodisperse sizes between 45 nm and
116 nm star diameter were obtained. The nanostars dispersions showed a deep green colour
and UV/Vis measurements revealed that in addition to an absorption in the red shifted region,
they exhibit another even more intense plasmon resonance in the near infrared (NIR) region.
Conclusively, size and morphology of the stars have a direct influence on the UV/Vis absorption,
which in turn can be fine-tuned.®® This may be of importance for biological applications.?”88
Au nanostars can also be obtained within a single reaction instead of a seed-mediated growth
process. Liebig et al.8° describe a reproducible one-pot synthesis of Au nanostars in different
sizes between 70 nm and 200 nm. They obtained sharp and large spikes and additionally used
AgNOs as a structure directing agent during the synthesis.®?

As a further morphology, flat nanoplates can be prepared (Figure 1, top left). Xiong et al.*°
describe their synthesis of Pd triangular nanoplates with a side length of 28 nm. They were able
to obtain them from a slow reduction process starting from NaPdCls dissolved in EG in the
presence of PVP and additionally added FeCls.° Furthermore, triangle plates of Au are reported
in the literature, which are stabilised with CTAB, as Huang et al.°! published. Their nanoplates
possess a relatively long side length of 140 nm, but they are able to adjust the thickness of the
nanoplates quite accurately, ranging from 8 nm to 80 nm thickness.®* Nambara et al.°? instead
use CTAC, the chloride version of CTAB, for the syntheses of their differently sized
monodisperse triangular Au nanoplates with sizes from 46 nm up to 96 nm and a thickness of
30 nm. The surfaces were modified in a subsequent ligand exchange with an anionic thiol
ligand, whereby the shape did not alter. A successful ligand exchange was demonstrated
analytically with TH-NMR measurements. However, they were only showing the NMR data of
the nanomaterials after ligand exchange, revealing “no signals” in contrast to a spectrum of a
CTAB solution. To deduce a successful ligand exchange from the absence of signals and to
record and to present neither a spectrum of the nanomaterials before the surface modification
nor a spectrum of the new ligand, however, is considered debatable by the author of this thesis.
Nambara et al.®? also presented their further study on macrophagic and cancer cells: They
observed that cellular uptake of the nanoplates occurred in both cell types. Moreover, a 20-fold
more efficient internalisation for larger sized nanoplates (72 nm) compared to the smaller ones
(66 nm) could be observed. Furthermore, they compared these results with equally modified
but spherical Au NPs of a similar size (22 nm to 66 nm). However, here a controversial trend
was observed: Within an increasing size, fewer spherical NPs were incorporated into the cell
7
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types compared to smaller sizes.’> When comparing the cellular uptake of NPs just with regard
to their shapes in similar size regions, Carnovale et al.>® investigated a higher internalisation
tendency by cancer cells with the trend nanospheres > nanocubes > nanorods > nanoplates
with having similar sizes.?® Furthermore, Yue et al.** showed in their study a higher cellular
uptake of nanospheres compared to nanostars by brain cancer cells.®*

Overall, the science of nanomaterials presents many facets. In general, small changes can have
enormous consequences on their properties and in terms of potential applications. This is what
makes nanotechnology a constantly growing and evolving field of research.

1.2 GoLD NANOPARTICLES (AU NPs)

Gold as a bulk material stands out mainly because of its unique shiny colour at first sight
(Figure 3, left). Furthermore, it is a dense, soft, and ductile metal, and at the same time one of
the least reactive elements of all. Its value has been highly appreciated since antiquity, and its
lasting use as jewellery or in coinage remains unchallenged. Its most prominent chemistry
however is represented by gold nanoparticle (Au NPs) dispersions, which are particularly
recognisable because of their intense red, wine-red, or even violet colourings (Figure 3, right).

Figure 3: Bright shiny gold bulk material in a vial (left) and intense red gold nanoparticle dispersions (right).

Ever since, gold as a bulk material has fascinated people, and even alchemists tried to obtain it
over centuries in supposed transmutation processes. In these, non-precious metals such as lead
were tried to be converted into gold, which was believed to be achievable with the
philosopher’s stone.®® Obviously, these attempts remained unsuccessful until the discovery of
nuclear transmutation in the 20™ century. One of the most renown chemists of the 19t
century, Justus von Liebig, associated with the philosopher’s stone a “most lively imagination”®
and noted the fact that, despite this gold making process was unsuccessful, it furthered our
understanding of chemical reactions and was a main contribution to the development of
chemistry from alchemy.
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As for macroscopic gold, also drinkable gold or potable gold has been known and Paracelsus
ascribed healing properties to it.°” Without knowledge of a precise composition and a deeper
understanding of these “slightly pink solutions”,”® they were used as cures for several diseases,
such as dysentery, diarrhoea or epilepsy.? Gold salts were also used in glass making, whereby
red ruby glasses could be manufactured, which were used for church windows or in high-quality
decorative objects.'% Even if the term colloidal gold was already coined at that time, Michael
Faraday was the first one who prepared intentionally a sample of colloidal gold and described
its dichroistic properties in 1857.19! He observed that he had to stabilise his “gold separated as
solid particles” by addition of phosphorous in CS; and noticed that the “beautiful ruby fluid”
was highly stable if the ratio of the added substances was accurate.'! Surface modification and
functionalisation of nanomaterials and in particular of Au NPs still constitute an important area
of research.

Even though Michael Faraday was one of the first to describe colloidal gold as “smallest
particles”, it took another century before these NPs could be displayed and thus visualised using
innovative electron microscopy (EM) for the first time in the 20" century, which allowed to
investigate their size and morphology. However, the exact crystal structure of the gold core
remained unknown for the following decades due to the non-crystallinity of the samples. But
this lack of information regarding the arrangement of atoms within the particles could be
overcome at the beginning of the new millennium.19271% jadzinsky et al.1%? succeeded in
obtaining crystalline material of 4-mercaptobenzoic acid (4-MBA) protected Au NPs. The
structure obtained by X-ray diffraction showed 102 Au atoms in the core of the NP, which was
stabilised by 44 4-MBA ligands (Figure 4).

Figure 4: X-ray crystal structure determination of the Aui0,4-MBA4s NP with electron density mad (red mesh) and atomic
structure [gold in yellow, sulfur in cyan, carbon in grey, and oxygen in red].101

Furthermore, they demonstrated abundant interactions of the Au surface with the ligands, but
moreover various interactions of the ligands with each other, providing additional stabilisation
of the system. Lahtinen et al.1°> even successfully achieved to form multimeric structures of the
Au1024-MBAu4 cluster containing a covalent bond (Figure 5 A). In a ligand exchange reaction,
the linking moiety was introduced in the form of a biphenyl-4,4’-dithiol.
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Figure 5: (A) Molecular density simulations of linked Aui024-MBA44 clusters and (B) the corresponding TEM images of these
superstructures as dimers (top) and trimers (bottom).104

The corresponding TEM images (Figure 5 B) revealed the presence of superstructures of
approx. @ 1 nm sized NPs paired as dimers (Figure 5 B, top) and trimers (Figure 5 B, bottom) in
the dispersions. Furthermore, spectroscopic studies of the compounds were performed,
showing that the Au1024-MBA4s clusters do not possess a distinct surface plasmon resonance.
On the other hand, the Au~250(4-MBA), multimers showed a distinct surface plasmon resonance
with Amax at 530 nm and thus a clear distinction between the monomeric species and the
multimers could be achieved.1%

1.2.1 APPLICATIONS OF GOLD NANOPARTICLES

A variety of potential applications exists for Au NPs. In 1989, Haruta et al.'% described the
oxidation of CO catalysed by Au NPs; these nanomaterials have been widely studied as
catalysts.197719% At that time, Haruta et a/.1% used Au NPs with sizes smaller than 10 nm, which
were homogeneously deposited on a metal oxide surface such as the semiconductors Fe;Os or
NiO. Interaction between Au NPs and a support material nowadays allow for selective and
efficiently catalysed reactions, which are mostly performed under very mild reaction
conditions. Giorgi et al.11° successfully used Au NPs on a support of TiO; or Al,0s to selectively
oxidise activated alcohols mainly below 100 °C in typical organic solvents under O atmosphere.
In addition to their catalytic properties, Au NPs have been frequently discussed in terms of their

111 112

applications as switches, ! sensors*? or in nano electronic devices. 3114

The by far most extensive usage of Au NPs, however, is in the biomedical field. These
applications can generally be divided into different areas: imaging & diagnostic, therapy, and
transport & delivery. Figure 6 schematically shows these areas and the respective type of
functionalisation on the NP.
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Figure 6: Biomedical applications of Au NPs and their corresponding surface functionalisation.

1.2.1.1 Therapy

Au NPs have been studied therapeutically mainly against different types of cancer. NPs or
macromolecules in general accumulate in malignant tissues and thus show the EPR effect
(enhanced permeability and retention). The reason for this effect is that new blood vessels with
larger capillaries are formed in tumour tissues and NPs can readily permeate into them.
However, the removal of NPs from them is hindered because of a lack of sufficient lymphatic
drainage within the malignant cells.*!> This again causes an accumulation of these carriers
within the tissue, which can be of major advantage for a therapy, as the NPs may now

incapacitate or even kill the tumour or be of diagnostic use.*®

One method that is commonly studied is photothermal therapy (PTT). This involves a
hyperthermia anticancer treatment, in which the temperature of the malignant tissue is heated
to 42°C—46 °C (Figure 6, lower left), thus irreversibly damaging and destroying the cancer cells.
For example, near infrared (NIR) radiation can be used for irradiation. A photosensitive agent
then converts the photon energy into heat. Therefore, research is focussing on the
development of effective heat mediating transmitters and Au NPs in particular represent a
suitable material for this purpose.t*”118 They exhibit a defined surface plasmon resonance and
if Amax of the Au NPs is adjusted to the NIR region, an enormous increased absorption can be
achieved. Due to the heavy mass of Au in general, Au NPs also exhibit favourable photon
scattering.'®
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As an alternative, Nam et al.*?° even presented PTT combined with chemotherapy in their
studies. In this way, synergistic effects leading to tumour tissue deaths could be achieved in a
minimally invasive way.'?! Nam et al.'?® synthesised Au nanostars coated with different
thicknesses of polydopamine. The nanostars with sizes between 60 nm and 150 nm in size and
a Amax around 850 nm exhibited a high PTT stability and a remarkable efficiency. After the
application of the nanostars and irradiation, a subtherapeutic dose of the anticancer agent
doxorubicin was administered. As a result, more than 85% of colon carcinomas were effectively
treated and the therapy was also shown to be successful against a version of highly aggressive
lung carcinoma. In addition, the animals exhibited a long term resistance against tumour
regrowth and indicated a sort of immunological effect, which could be of interest for a further

therapeutic treatment of cancer or even protection from cancers.*?°

A different approach regarding PTT was published by Schartz-Duval et al.*??> They used PEG
clusters as a delivery vector for ionic gold. After injection into the tissues, a bioreduction to
small Au NPs occurred within 30 min in the human breast cancer cells. In this cellular-driven
process, the detection of the surface plasmon resonance indicated the formation of Au NPs.
Afterwards, photothermal remediation was achieved by irradiation. Producing NPs inside the
cells may provide a new route for ablative therapy using photothermal heating for
hyperthermia applications in the future.!?? It may be criticised though that a potential
disadvantage of these two studies is the fact that the drugs were administered and injected
directly into the tumour tissue, so the process of transport was effectively eliminated and thus
no “targeted delivery” could be observed.

Another therapy option involving the potential support of Au NPs against tumours is
photodynamic therapy (PDT). Here, photosensitisers are used, which transfer energy to
surrounding molecular oxygen and thereby causing the development of highly reactive oxygen
species (ROS), which then lead to a rapid apoptosis or necrosis (Figure 6, left). However, most
photosensitisers used, such as porphyrins or phthalocyanines, are hydrophobic: They would
preferentially accumulate in non-polar sites. Therefore, for example, Au NPs that carry
hydrophilic functionalities can serve as a delivery vector for these hydrophobic drugs inside
them.1237127 Cheng et al.1?® created highly efficient drug vectors for PDT by coating 5 nm Au NPs
with PEG. These were then carrying the hydrophobic drug inside their water soluble shell. They
were able to show that with the help of these carriers, faster delivery with presumably fewer
side effects is possible. The intravenously injected Au NPs carry 30 phthalocyanine molecules
per particle, and are able to reach the tumour selectively in less than 2 h. Phthalocyanine as a
free ligand would have taken up to 2 days.'?® This type of studies were continued by Camerin
et al.,'* who investigated the same particles. Furthermore, they were functionalised with
approx. 10 Zn-phthalocyanine derivative molecules per Au NP. These Au NPs showed an
increased retention in the tumour tissues after intravenous injection, which corresponds to the
EPR effect. Moreover, after subsequent irradiation, they caused destruction of melanomas in
the animals. In addition, no new regrowth of tumours occurred in 40% of the animals.'?° Parallel
to the two single therapy methods, some researchers combine both PTT and PDT, and hope
these will lead to an even more effective treatment against cancer.130.131
12
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Another common method for the treatment against cancer is radiation therapy (Figure 6,
upper left). This principle is based on the fact that free radicals are formed by external
irradiation. As a component of reactive oxygen species (ROS), hydroxyl radicals (-OH) are able
to break molecular bonds and to oxidise DNA or other intracellular protein structures, thus
causing the destruction of the cell. However, to ensure that only tumour tissue is destroyed,
radiation needs to be applied only locally.32 With regard to this methodology, researchers are
investigating the applicability of Au NPs as sensitisers.!33134 |t has been shown that Au NPs
significantly improve radiotherapy and increase its efficiency.'3>13¢ This effect is further
described by the dose enhancement factor (DEF), which correlates in this study with the ratio
of the radiation dose absorbed by the tumour cells in the presence of NPs to the dose absorbed
in the absence of NPs.**” In addition, due to the EPR effect, NPs in general embed and
increasingly accumulate in tumour cells and thus a more targeted and at the same time more
effective radiation can be achieved.!3>137

Hainfield et al.'38 showed that 11 nm sized Au NPs accumulated in intracerebral malignant
tumour tissues. With an immense high intravenous dose of 4 g Au/kg, they localised the NPs in
brain tumour tissues with a ratio of 19:1 compared to normal brain tissue. This enabled high
resolution tumour imaging via computer tomography (CT). After radiation, a multiplied
radiotherapy dose of a calculated factor of 300% could be determined. Furthermore, they
mention that 53% of the mice showed a tumour free survival in the long term compared to 9%
using only radiation without Au NPs. Even though these highly aggressive and imminently lethal
brain tumours were successfully treated in their study, however, the research also shows some
drawbacks especially with regard to the analytical investigations of the used Au NPs. These
were purchased commercially, but the authors did not provide any detailed analysis of the
Au NPs, neither morphological examinations via TEM, nor an investigation of the surface
functionality. The latter could have an enormous influence on the effect of the tumour therapy
and the biodistribution of the Au NPs. Furthermore, the authors describe that the tumours
removed immediately after radiation were extremely dark and black in colour, which they
explained due to the high dose of Au NPs within the tumour.'3® This description suggests an
agglomeration of the Au NPs which was not further elaborated on.

In another investigation, Zhang et al.*3° described the differences in the radiosensitivity of
Au NPs depending on their sizes in in vitro and in vivo studies. They synthesised Au NPs coated
with PEG in different sizes between 5 nm and 50 nm, which were then intraperitoneally injected
into mice. In general, smaller Au NPs displayed a higher toxicity. But 12 nm and 27 nm Au NPs
showed a wider distribution within the cells of a cervical carcinoma and thus a higher radiation
DEF could be achieved as well as a higher radiosensitivity.'3? In a following study, Zhang et a/.}4°
used ultrasmall Au nanoclusters with sizes around 1.5 nm, which were coated with glutathione
in order to obtain a biocompatible shell. Again, these were accumulated in cervical carcinoma
tumour tissues and showed a strong enhancement of the radiotherapeutic effect. It should be
highlighted that the Au NPs could be efficiently cleared off by the kidney after radiation and

thus minimising potential side effects.4°
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1.2.1.2 Transport and Delivery

An important aspect of research is the transport and delivery of the nanomaterials to the point
of action (Figure 6, top right). Through accurately engineered functionalisation of the NPs, their
affinity to specific biological molecules and units can be increased tremendously and even
targeted. Since NPs generally possess a high surface-to-volume ratio, they can be loaded with
a large amount of targeted or functional moieties, while the stability may also increase at the
same time, %142 which is particularly important for Au NPs.**3 The high number of targeting
moieties on the surface ensures that their binding increases and that multivalent interactions
with cell surface receptors and biomolecules may occur.**4

Particularly with regard to the transport of drugs, the EPR effect again is significant, since the
functionalised NPs have the tendency to accumulate in tumour tissue and thus reach the cancer
cells more rapidly and in a targeted manner. Often, a differentiation between passive and active
targeting is drawn in the literature, whereby the effect of the former derives mainly from the
EPR effect. However, active targeting refers to the functionalisation of NPs with recognition
moieties, such as antibodies, genes, or even small bioactive compounds that enhance the
accumulation in the desired areas even further.'*

Another approach is to encage desired drugs in order to transport them through the body.
Hydrophobic active substances, which drugs often represent, may be difficult to transport
through the body to the point of action. For these, it is possible to store them in the
hydrophobic region of a polymer layer coated Au NP (Figure 7, left), while the hydrophilic part
of the polymer layer provides sufficient stability of the NPs in agueous media and ensures a
more “fluid” transport.14®
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Figure 7: Ways of functionalisation: embedding of active substances within the polymer coating (left) or attachment of active
substances onto the ligand shell (right).

In addition to embedding the active substances within the coating, the attachment of these to
the capping agents on the ligand periphery is another option (Figure 7, right). The linker
molecules often anchor to the NP surface on one side, while various targeted moieties can be
attached to its other side.**%’

Furthermore, proteins can be conjugated onto Au NPs (Figure 6, top).}*84° It is frequently
noted in the literature that non-specific attachments of proteins to (functionalised) Au NPs can
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occur in the cells. These proteins may form a corona layer around the Au NPs and thus masking
the actual targeted functionality of the NPs.?®91>! On the other hand, an intended
functionalisation of Au NPs with proteins can improve their in vivo stability and properties.'>?
Mocan et al.*>3 described the vector behaviour of protein functionalised Au NPs, which led to
greater accumulation in liver tumour cells than non-functionalised Au NPs. They synthesised
Au NPs with a diameter of 40 nm, which were coated with alboumin. Since tumour cells have a
higher dependence on this protein compared to normal cells, the albumin functionalised
Au NPs were injected intraarterially and accumulated particularly in the malignant tissue.
Irradiation in form of PTT followed and showed that the cancer could be treated with the aid
of Au NP vectors in tumours, which would otherwise only allow for a poor chance of survival

for the patients. 13

Antibodies can also be immobilised on the Au NPs (Figure 6, top).641>41°¢ Byzova et al.>” were
able to show, that antibodies functionalised on Au NPs resulted in an improved antigen binding
sensitivity with a higher specificity in the detection of the corresponding antigens.'>” Therein,
antibody functionalised Au NPs have been applied in a number of antigen tests, for example
pregnancy tests.’®® In these immunoassays, Au NPs have also been used in research for the

diagnosis of human immunodeficiency virus (HIV) infections™® 160

or hepatitis.
Mustafaoglu et al.*®* were even able to successfully diagnose prostate cancer specific antigens
with antibodies bound to Au NPs using dynamic light scattering (DLS). Nagatani et al.'®?
described already in 2006 one great advantage of this detection method, as the antigen-
antibody reactions can be visually observed and assessed using Au NPs on
immunochromatographic test strips. A positive detection of the present antigen causes an
accumulation of the antibody functionalised Au NPs.'®? This accumulation again can be
observed on the lateral flow immunoassay test pad, as it possesses a different wicking velocity
in contrast to the non-accumulated Au NPs, which makes it appear as a “positive” test line next

to the negative control line.163

In addition to the use of antibody functionalised Au NPs in immunoassays, also antigens can be
employed vice versa. Antigens and antibodies act as counterparts within the body. While
antigens are present due to infection with a virus or bacteria, the body tries to fight against
these antigens and stop the disease by producing antibodies. Antibodies are formed by white
blood cells (lymphocytes) and are therefore detectable in blood. Consequently, the presence
of antibodies can also be detected in immunoassays once a disease, such as COVID-19, has
been overcome. Antigen functionalised Au NPs were used for this purpose, showing an
agglomeration of the Au NPs on the immunoassay test pad, if corresponding antibodies are

present in a blood sample.1%*

As a further functionalisation, genes can be applied to the Au NPs surface (Figure 6,
upper right),%>7167 which can then be used in gene therapy for different genetic disorders.
Various tests have shown that genes bound to Au NPs, showed stronger gene expression,
higher affinity for target DNA and lower cell toxicity compared to free strands of the same
sequence.'81%9 |n order to attach DNA or genes in general to Au NPs, charge complexation can
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be used. In this process, the highly negative gene strands can be assembled onto cationic
Au NPs for a gene delivery. However, this may lead to strong interactions, causing a retardation
of the loaded gene release at the desired location.'’? To counteract this scenario, a charge
reversal co-polymer can be used as a coating, which allows strategic release depending on the
pH.Y! Furthermore, a layer-by-layer coating can be applied, in which encapsulation of a special
substance class, such as DNA and RNA, occurs, while a protective coating remains on the
outside of the nanomaterial ensuring a stable transport.!’? These modifications may lead to
enhanced gene delivery.

One example of gene attachment on a NP is described by Shahbazi et al.}”3 in their work on
CRISPR functionalised Au NPs, which showed to be non-toxic carriers of the sequence CRISPR
into primary human blood progenitors. Here, they used 19 nm monodisperse spherical Au NPs
(Figure 8 B, centre) and conjugated a PEG linker, which was attached to CRISPR on the surface.
In a layer-by-layer coating, further layers were added around (Figure 8 A). Moreover, the
CRISPR Au NPs (Figure 8 B, right) mediated gene editing proved to be efficient in different cells
and tissues and thus represent a potent potential gene delivery vehicle.?”3

AuNP/CRISPR
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Figure 8: Schematic structure of CRISPR Au NPs (A) and TEM images of the unfunctionalised (B, centre) as well as CRISPR
functionalised (B, right) Au NPs. 173

RNA functionalised Au NPs are also known and have shown interfering effects on gene
expression, which allows for new therapeutic approaches.'®® Lee et al.}’* observed a gene
silencing effect of Au NPs functionalised with poly-lysine and short interfering RNA. Short
interfering is also called silencing RNA as it acts within the cells by suppressing the expression
of specific genes. The Au NPs were alternately coated with poly-lysine and RNA using layer-by-
layer coating. Then, the RNA could be delivered into cancer cells, where a gradual and slow
degradation of the biodegradable lysin coating took place. This in turn led to a slow and
sustained release of RNA, which triggered an inhibition effect in the cells and thus had a gene
silencing effect within the tumour.'’#

Drugs have been functionalised onto Au NP surfaces in a large variety (Figure 6, right),*’>176
since the nanomaterial serves as a carrier within the cells.”” Brown et al.}’® describe the
complexation of a platinum anticancer agent on the ligand shell of Au NPs, which act as the
drug delivery vehicle. The 30 nm sized spherical Au NPs were further coated with PEG and
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formed a supramolecular complex with oxaliplatin. The injected Au NPs showed a larger
cytotoxicity compared to the free drug. Furthermore, they possessed the ability to penetrate
nuclei of lung cancer cells while being also effective against colon carcinoma with possessing
an ICsp of 0.495 nM and thus being up to 6-fold more effective than the free drug oxaliplatin
(ICs0 of 0.775 uM).178

When drugs are transported into cells, a drug release is often necessary, so that the drugs can
fully unfold their effect. This release can be stimulated internally by chemical means, for
example by molecules, such as glutathione, or by pH; or even externally by physical means,
such as light.'”? In the case of the latter, Agasti et al.®0 describe a regulated drug release by
photocleavage when a Au NP is irradiated with UV light. Their 2 nm sized Au NPs were coated
with a polymer shell to which the anticancer agent fluorouracil was attached. Irradiation at
365 nm led to a controlled drug release.*® In addition to using light as the trigger, internal
stimulation via intracellular glutathione can also take place, as glutathione is a thiol-containing
antioxidant found in almost all cells to protect them from damage. Wang et al.*8! report the
release of thiolated anticancer drugs like captopril from their PEGylated dendrimer
encapsulated Au NPs, triggered by intracellular glutathione. Furthermore, drug release is
achievable in a pH sensitive manner, as Kazmi et al.18? describe the release of the anticancer
drug doxorubicin from Au NPs (5 nm) at a pH of 4.3. Under normal physiological conditions
around pH 7, no release occurred.8?

Even though the release mechanisms are very important, the cellular uptake of functional
Au NPs must not be underestimated. Mosquera et a/.*®3 found a supramolecular strategy of a
highly selective and reversible activated cellular uptake of Au NPs triggered by external
additives. Their 2 nm sized Au NPs were coated with PEG and functionalised with negatively
charged pyranines on the ligand periphery. A selective uptake can be activated in situ through
the addition of cationic covalent cages, which counterbalance the negative charge of the
pyranine dyes (Figure 9). This methodology was tested in a variety of different cancer and
normal cells and showed promising results even in protein rich media.'®

Figure 9: The activated cellular uptake of PEGylated and pyranine functionalised Au NPs.183
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Apart from drugs, also pharmaceutically inactive compounds can be attached on Au NPs.
Zhao et al.'8 synthesised Au NPs conjugated with a variety of amino-substituted pyrimidines,
which are themselves inactive as antibiotics. The functionalised Au NPs did not exhibit any
toxicity against human cells, but showed excellent efficacy as antibacterial agents.'8* Following
this approach, a number of studies have shown synergic effects after the attachment of small
non-antibiotic molecules to Au NPs. Even though the Au NPs themselves show only low activity,
the functionalised Au NPs exhibit extensive antibacterial activity even against multi resistant
bacteria.'® 1> If at all, resistance to the multi-resistant bacteria only developed with a
significant delay compared to conventional antibiotics.®® Wang et al.*®’ describe the synthesis
of functionalised Au NPs with N-heterocyclic molecules, which again showed efficient
antibacterial activity against a broad spectrum of bacteria in their studies. Furthermore, they
coated the functionalised Au NPs on the surface of a fabric and observed still an antibacterial
effect including against multi resistant bacteria and moreover the prevention of a bacterial
biofilm forming.'®’

Likewise, in addition to bio-inactive functionalisation, also bioactive compounds can be
attached to the Au NPs (Figure 6, bottom). These substances exert similar or even increased
effects in the body once being bound to Au NPs. Gasiorek et al.*’ showed that 14 nm sized
spherical histamine functionalised Au NPs stimulated histamine receptors already in the
subnanomolar range. Furthermore, they observed an enormous potentiation of the receptor
activation, which they attributed to the formation of multivalent interactions.'*” These would
not occur when histamine was administered as a free monovalent drug.

In the literature, Au NPs are also used to bind toxins such as toxic ions and remove them from
the environment (Figure 6, lower right).*881% Ojea et a/.*** described 9 nm sized Au-Citrate NPs
that initiated a reduction of Hg?* ions to amalgam in aqueous solutions contaminated with Hg?*
ions. In this way, mercury was successfully removed from the system by precipitation.’®!
Chen et al.**? also chose Au-Citrate NPs and effectively detected and removed Hg?*ions. They
even established this technique on a membrane filter for an easier application.'®?> For other
types of NPs, detoxification applications were likewise investigated.'9>%* Pang et al.'®> used
NPs to treat serious organophosphate poisoning. They used biomimetic polymeric NPs
conjugated with acetylcholinesterase. The toxin would usually block this enzyme and
irreversibly inactivate it, leading to death. Whereas here, the toxin binds preferentially to the
functionalised NPs and improves the chances of survival.'®®

1.2.1.3 Imaging and Diagnostics

Furthermore, Au NPs can be used in imaging and diagnostics (Figure 6, bottom). Some of these
applications have already been addressed in the subchapters above, but a variety will be
highlighted and described here. Au NPs have often been studied as X-ray contrast agents due
to their high X-ray absorption and scattering properties.’®6719 With these characteristics, they
represent tuneable alternatives to other used contrast agents for CT such as BaSO4 or iodine.>®®
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However, since CT imaging has a lower sensitivity in soft tissues, combinatorial systems can be
used, that provide further tools such as photoacoustic or fluorescence imaging, which can be
done by attaching fluorescent dyes to the Au NPs (Figure 6, bottom). Nonetheless, if organic
fluorophores are located close to an Au NP core, fluorescence quenching will occur. There is an
energy transfer from the donor (fluorophore) to the acceptor (Au NP) and this results in a lower
fluorescence intensity. However, Sanchez et al.?® were able to successfully synthesise
fluorescent 2 nm sized polyaminocarboxylate coated Au NPs, which where functionalised with
an NIR organic dye. After intravenous application, they were able to monitor the Au NPs and
localise them precisely in the tissue despite quenching effects. Furthermore, they observed

their accumulation in tumours.2%

Zhang et al.?®! chose a different path by using dual modal fluorescence/CT imaging and
completely prevented the quenching effect by storing Au NPs and organic dyes into larger PEG
micelles. In this one pot ultrasonic emulsification preparation, they successfully obtained
120 nm sized micelles, which showed excellent fluorescent and CT imaging effects. As
non-invasive in vivo agents, the functionalised micelles showed good tumour targeting
ability.?%! Jing et al.?°? addressed a similar goal in their work. However, they used a simultaneous
combination of photoacoustic/CT imaging. Again, the aim was to achieve a better soft tissue
contrast?® in order to target cancer cells. Jing et al.?%% used Prussian Blue coated Au NPs with
a size of 17 nm in their work. Prussian Blue acts as a photoabsorbing agent for photoacoustic
imaging but also for photothermal therapy. In photoacoustic imaging, light energy is absorbed
and subsequently a photoacoustic signal is emitted. These signals are detected in order to
obtain an image of the optical absorption properties of the internal tissue structure.?420> After
intravenous application of Prussian Blue coated Au NPs, simultaneous photoacoustic /CT
imaging was performed and showed a very promising soft tissue contrast. These findings were
directly used to perform a precise irradiation for photothermal therapy. The tumours of the
human colon cancer cell line were successfully ablated after one irradiation and no new tumour
growth was observed.??? The last example in particular shows very impressively how imaging
and diagnostics also go hand in hand with therapy and how all the different aspects are
combined within this piece of research.

Furthermore, Au NPs serve as a platform in radiochemistry or in nuclear medicine to enable
imaging or diagnostics (Figure 6, bottom). Biodistribution and pharmacokinetics are
investigated using typical setups in radiology such as single photon emission computed
tomography (SPECT) or positron emission tomography (PET). Again, also combinations of these
methods with CT or fluorescence imaging are used. In general, even subnanomolar dosages of
the radiopharmaceuticals retain enough radioactivity to be sufficiently used for diagnostics.
These include y emitters, which are detected via special y-cameras with high sensitivity. There
exist different procedures for applying radionuclides to Au NPs, e.g. radiohalogens can adsorb
directly onto the surface of the Au NP.?% Another possibility offers the incorporation of
radionuclides, such as ®*Cu, into the Au NP core in order to obtain ®*Cu:Au NPs.207209
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Thereby, it is possible to directly incorporate radionuclides of Au, such as *%2Au or 199Ay.210-212

In addition, functionalisation of radionuclides via conjugation at the ligand is also a commonly
used method.?'3721> Pretze et al.?*® describe the multifunctionalisation of 3 nm sized Au NPs on
the one hand with a chelating ligand for complexing the radionuclide and on the other hand
with another type of ligand carrying prostate tumour targeting peptides next to further PEG
stabilisation chains. Directly after radiolabelling, the functionalised Au NPs were administered
intravenously and analysed using NIR fluorescence imaging and PET. Pretze et al.?'® observed a
higher tumour uptake of the Au NPs functionalised with the tumour targeting peptides in
contrast to the ones only functionalised with the radionuclide chelating ligand. Furthermore,
the targeted Au NPs remained inside the tumour with over 85% of the total dosage after 4 h,

which enable the precise localisation of the prostate tumour.?*®

Depending on the radionuclide, different therapeutic treatments are possible. While %8Ga is
suitable for diagnostics, *’Lu can be used for the corresponding therapy since both
radionuclides can be complexed by similar chelating ligands.?!”?!® For therapy with
radionuclides, a- or B- emitters are used, such as 1%8Au, 131, 0y, 18Re. Al-Yasiri et a/.?1° describe
the synthesis of radioactive Au NPs that are already doped with °®Au in their core. Right in the
synthesis, they add mangiferin to the radioactive gold precursor, which serves as a reducing
agent, as well as stabilising the ligand. Mangiferin itself has been shown as a glucose containing
phytochemical, which is found in mango peels and thus supports the authors’ “green
chemistry” approach. They investigated the mangiferin functionalised Au NPs as a potential
anticancer agent. Due to the high tumour metabolism, there is a higher demand for glucose
within tumour cells. The researchers exploited this property in order to obtain an accumulation
of glucose in the tumour cells. Here, the radioactive 35 nm sized Au NPs were applied
intravenously and a retention of more than 80% of the total injected dosage was found in the
prostate tumours after 24 h. Furthermore, a 5-fold reduction of the tumours was observed
after 3 weeks, thus indicating that these radioactive Au NPs functionalised with mangiferin may
be a potential anticancer agent with regard to prostate tumours. However, no additional
analysis of the functionalised Au NPs were performed with regard to their organic framework.
Thus, there is no clear evidence whether intact mangiferin is still present on the surface of the
Au NPs and whether or not these may have caused or influenced the effects.?*°

All these aspects only show a small part of the actual as well as the potential application of
Au NPs in biomedical research. Even though this overview of applications and functionalisations
represented and discussed these within the subheadings transport & delivery, imaging &
diagnostics and therapy, the crossovers and connections between these are constantly present.
This complexity serves as Au NPs main advantage and leads directly into the field of
“multivalency”, discussed in the next chapter.
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1.2.2 MULTIVALENCY

Multivalent interactions have been a recognised phenomenon in various biological systems.?%~

223 There are monovalent interactions, where a monovalent ligand engages in only one ligand-
receptor complex at a time (Figure 10, left). In contrast, when multiple simultaneous
recognition events occur at similar receptors on the surface of a cell, they are referred to as
multivalent receptor activations (Figure 10, right).??* Inspired by nature, it has been recognised
that multivalent interactions lead to higher selectivity and furthermore, ultra-sensitivity, and
thus they rapidly gained interest in medical science such as drug delivery research. Complexes

triggering multivalent interactions have been studied on different cell and tissue types.47:22>~
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Figure 10: Monovalent (left) in contrast to multivalent (right) interactions at the ligand-receptor level.

Kiessling et al.??® reported different binding modes of multivalent ligands at the receptors.
Different model assumptions exist in the literature; today, some researchers assume an exactly
uniform distribution of receptors on the membrane, however, earlier publications describe
receptor clustering as the main model.???%?° Nonetheless, there has been a consensus in the
literature that, with regard to drug delivery, receptors in general occur in excess. Moreover,
multivalent systems have been promising candidates for the use as high affinity drugs, but each
one requires distinctive studies on a balanced core size, a flexible ligand system with tuneable
linker lengths and furthermore an accurate comparison to monovalent ligand affinities.?3° Since
different entering mechanisms and behaviours depending on the loading were observed,
precise investigations on cellular uptake are essential. This is why Moradi et a/.?*! investigated
the internalisation of folate stabilised NPs with different ligand densities on the surface. They
prepared folate stabilised polymer NPs with a hydrodynamic radius of around 60 nm and
showed their behaviour on bronchial epithelial cells in in vitro models. They observed a higher
cellular uptake with higher folate loading, but only up to a saturation level.?3! This was also
shown by other studies, where the effects caused by multivalent interactions increased only up
to a saturation plateau.?3%233

Another important aspect in medical research concerns the fact that the effect of a substance
can be dependent on whether it is presented monovalently or multivalently (Figure 10). This
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was demonstrated by Wang et al.?3* in their studies on either transferrin or transferrin receptor
antibodies functionalised NP. They observed a highly specific transferrin receptor mediated
uptake by several human tumour cell lines. Furthermore, they were able to show that the
individual ligands presented monovalently had no or only little toxicity. However, the
functionalised NPs exhibited a high toxicity, selective towards the Ramos lymphoma cell line,
which is important in malignant lymphoma tumours. Again, they observed a strong correlation
between ligand density on the NP surface and cellular uptake, which can be influenced and
adjusted by the amount of ligands present on the NP shell. Moreover, by conjugating the non-
toxic transferrin or transferrin receptor antibodies onto NPs, targeted drug delivery or even
cancer therapy can be achieved, which is expected to show low immune responses, as
transferrin itself is an endogenous protein and one of the most abundant in human blood.?%

In addition to cancer therapy, multivalency contributes to the development of HIV-1 infection
therapies. Again, researchers have been able to design highly active drugs from ligands, which
were inactive when used monovalently, and which have become active when used
multivalently in the form of functionalised NPs. Bowman et al.?3® suggested that NPs, as
carriers, often possess similar sizes to proteins. Thus, they theorised that the sufficiently
modified NPs could possibly effectively disrupt protein-protein interactions, which would
ordinarily promote diseases. This interference caused by the NPs could then achieve a
therapeutic effect. For their studies, Bowman et a/.?3® chose 2 nm sized Au NPs with a proposed
empirical formula Aui44(4-MBA)s,, which, like proteins, are monodisperse and atomically
precise. These were functionalised with modified co-receptors, which were originally
responsible for the transmission of HIV-1 strains within the cells. Bowman et a/.?3® were able to
show that the functionalised Au NPs served as effective inhibitors of HIV fusion and thus can
have a therapeutic benefit as multivalent administered drugs. In addition, Bastian et al.?3’
postulated in their studies of functionalised Au NPs on HI viruses a potential mechanism of the
inactivation of the virus. They used slightly larger Au NPs in the range of 13 nm to 93 nm, which
were also functionalised with a peptide based triazole derivative. In their studies, these NPs
ensure an antiviral effect through the multivalent attachment to the virus’ envelope spikes.
Bastian et al.?3’ suggest that these multivalent spike connections trigger a metastability of the
virus envelope, which in turn irreversibly inactivated HIV-1 and thus leads to a collapse of the
virus, before the host cell is attacked and damaged. Bastian et al.?®’ even assume that this
theory can be generalised, which could be of importance for other viral diseases as well.

1.2.3 GoLD NANOPARTICLES IN BRONCHIAL TISSUE OR IN THE GASTROINTESTINAL TRACT

In the following, the application of drugs and NP based drugs will be highlighted for two
different systems, which are relevant to this thesis. One system is the lung epithelial system
with regard to potential asthma or chronic obstructive pulmonary disorder (COPD) research.
Colonic epithelial tissues are included in the other system with different biomedical
approaches.
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The influence and effect of NPs — or drugs in general — on the G protein coupled receptors
present in tissues is the key focus of this research. G protein coupled receptors represent one
of the largest super family of cell surface receptors in mammalian cells.?*® A large variety of
drugs target receptors of this family and cause cellular responses, which are of high interest in
general biomedical research.?®® Furthermore, these mediated signalling processes are
particularly attractive for therapeutic applications.?*® COPD and asthma present common

diseases worldwide, especially asthma being one of the most prevalent chronic diseases.?*!

Currently, anti-inflammatory agents and bronchodilators serve as therapeutic treatments.?4?
However, it is believed that up to 50% of patients are not able to control their symptoms well
with these drugs.?*? Further development of potential treatments with less side effects remains
an important part of current research.?*>%4 B agonists are frequently used in the treatment of
asthma and COPD, activating Bz-adrenoreceptors, which are distributed throughout the
respiratory tract, and providing a bronchodilator effect on the smooth muscles. Back in 1969,
salbutamol was described as an agent selectively acting on bronchial muscles;?** it is still widely
used today as a common short-term acting B agonist in therapy.?*® Furthermore, it is
unambiguously quite similar in its chemical structure to the neurotransmitters adrenaline or
noradrenaline, which are already present in mammalian cells. Various nanomaterials have
already been investigated for the treatment of asthma, often showing anti-inflammatory
effects and no hyperresponsiveness.?*’=249 A limited number of studies have been performed
using Au NPs, mainly with Au-Citrate NPs, which also served as starting NPs in this thesis.
Omlor et al.?>° described the behaviour of intranasally administered Au-Citrate or Au-PEG NPs,
each with a size of 5 nm, and indeed observed that a greater uptake of the NPs occurred when
the animals were sensitised with ovalbumin to cause airway hypersensitivity (equals asthma-
like symptoms). In addition, Omlor et al.>>° were able to determine a high anti-inflammatory
effect and the inhibition of airway hyperreactivity, especially for Au-Citrate NPs. Barreto et al.?>*
only used unfunctionalised 6 nm sized Au-Citrate NPs, which were administered intranasally
and minimised asthma symptoms in their studies. The researchers even distinguished between
allergy-induced asthma and genetically caused asthma. Au-Citrate NPs demonstrated
anti-inflammatory effects and a reduction in airway hyperreactivity. In fact, in the case of

allergy-induced asthma, at least 70% of the allergen-induced features were inhibited.?*?

Au NPs do not only play a role in medical applications in the lungs. If pharmaceutically relevant
substances are orally administered, they will often be absorbed by the intestinal epithelial
membrane. Therefore, it is also important to investigate the effects of Au NPs on intestinal
epithelial cells. Regarding to the uptake of Au NPs, Smith et al.>>? investigated 2 nm sized Au NPs
with different stabilising ligands, and measured their absorption in the gastrointestinal tract
after oral administration. 4-mercaptobenzoic acid (4-MBA), glutathione and various PEG chains
were used as ligands, but only a significant absorption and thus a bioavailability of the Au NPs
could be measured for Au NPs with the short chain PEG-4 ligand. These Au NPs were found in
the blood even after 24 h and thus passed the epithelial barrier successfully.>? Yao et al.?>3
investigated Au-Citrate NPs and the influence of their size on the transport across the epithelial
membrane from the apical side towards the lumen into the basolateral side towards the blood.
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They analysed 100 nm, 50 nm and 15 nm sized Au-Citrate NPs and found that the smaller the
NPs, the faster the migration. In case of the 100 nm sized Au-Citrate NPs, not only a slower
excretion on the basolateral side was observed, but an increasing accumulation appeared,
which in turn led to cytotoxicity. Again, the smaller the NP size, the lower the tendency to
accumulate. 50 nm sized Au-Citrate NPs were successfully transported across the barrier and
also excreted on the basolateral side. Au-Citrate NPs with a size of 15 nm migrated the fastest,

but these were also, at least in part, internalised into the cells more quickly.?>3

Au NPs can also have therapeutic effects in the gastrointestinal tract. Li et al.»®* used
4,6-diamino-2-pyrimidinethiol coated Au NPs with a size of 16 nm, which were investigated for
the treatment of bacterial infections in the gut. Conventional antibiotics occasionally cause an
imbalance of the intestinal microflora, which can result in symptoms similar to those of chronic
metabolic diseases. The new type of nano-antibiotics showed an antibacterial effect after oral
administration, but without damaging the intestinal microflora. Long term studies of 28 days
administration revealed no toxicity to other organs such as the kidneys or the liver, but showed
that the richness of the microflora remained intact.?®* Thus, functionalised Au NPs are
promising alternatives to conventional antibiotics, which do not lead to an imbalance of the
intestinal microflora.

As a potential major complication in the gastrointestinal tract, an imbalance of electrolytes
after a major surgery can lead to postoperative ileus.?>> This temporary standstill of the

256 3nd is associated

regulated intestinal peristalsis occurs after 17.4% of colorectal operations
with longer hospital stays and thus higher additional costs. It also leads to symptoms such as
abdominal pain and vomiting.?*® A crucial step in treatment of ileus is to stimulate and
reactivate the gastrointestinal functions.?”® Some of the literature recommends to chew
chewing gum in order to stimulate the motility of the intestines,?>’=>° but the effect of this on
ileus is highly questioned.?>”?%0 Nevertheless, it is useful to investigate a potential change of
the neurotransmitter receptor activation,?> and thereby causes a reactivation of the gastro-
intestinal function.?®® For example, Diener et al.?’®* describe the effects of histamine as a
mediator stimulating histamine Hi and H; receptors. This stress-induced activity can be useful
to remove potential antigens from the lumen.?® When the receptors are activated, ion
transport occurs as a physiological process and the induced chloride secretion across the colon
epithelium can be measured. To balance the charge, sodium ions are transported to the lumen
together with H,0,%%2 whereby a higher flow rate is achieved towards the lumen, which in turn
can benefit the motility of the gastrointestinal tract. Saada et al.?®® describe the enhancement
of activation using histamine functionalised on Au NPs, which was higher compared to the
reaction of free ligands. Gasiorek et al.**’ also used histamine functionalised Au NPs and
showed that they act as regulators of physiological processes. A 10°-fold potentiation of
receptor activation was observed, which they attributed to multivalent interactions. Thus,
functionalised Au NPs are also suitable for potentiated activation of receptors in the
gastrointestinal tract.
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1.2.4 BIODISTRIBUTION

With a variety of biomedical applications, one question usually emerges almost all the time:
What happens to the Au NPs within the body?

Various studies already focused on different Au NPs and their behaviour in mammalian tissue.
Parveen et al.?®* described Au NPs, which were synthesised using a clove bud aqueous extract
and HAuCls x 3 H20. Their spherical non-monodisperse NPs range in sizes between 5 nm to
100 nm and showed no toxicity nor harmful effects on the investigated organs after
intravenous administration of daily doses up to 500 ug/kg bwt/day for 28 days.?®* However, the
validity of this study is debated by the author of this thesis, since the enormous discrepancy in
NP size of almost 100 nm represents a rather unspecific experimental set-up. In addition, the
surface of the Au NPs synthesised in this way was not examined more closely, and as we and
others have shown, this precisely affects the behaviour and potential effects of materials within
a body immensely.?%>728 Bailly et al.?%® investigated in 2019 the biodistribution of laser
synthesised dextran coated Au NPs with an average size of 21 nm. These were administered
intravenously at a dose of 1 mg/kg and were rapidly eliminated from the blood stream.
However, the dextran Au NPs mostly accumulated in the liver (Kupffer cells) and in the spleen
(macrophages), though no hepatic or renal toxicity nor a histological damage or inflammation
in tissues was observed.?®® Several studies showed that inorganic NPs often accumulate in these
two organs when administered intravenously.?’9273 A closer look into the biodistribution of
inhaled Au NPs took Durantie et al.?’* They investigated the behaviour of 14.5nm
2-mercaptopropionylglycine stabilised and with a polymer mixture of polyvinyl alcohol and
polyallyl amine coated Au NPs at the lung epithelial tissue barrier and found that the majority
of Au NPs were taken up inside the cells and remained there, while less than 5% translocated
to the basolateral side. They compared single NPs to distinct Au NPs aggregates with an average
of 4 single NPs clustered per aggregate and gained similar translocation results for both, but
observed that the aggregated Au NPs showed a significantly faster cellular uptake than the
single Au NPs.?’* The influence of different NP sizes between 2 and 80 nm was investigated in
more detail by Bachler et al.?’”> Here, they used a variety of monodisperse sizes of
Au-Citrate NPs. Bachler et al. examined the Au-Citrate NPs for their translocational behaviour
across lung tissues particularly on human and mouse alveolar epithelial cellular monolayers. In
their studies, they observed that translocation is inversely proportional to the NP size but
independent of the dose (up to 100 ng/cm?). Ultrasmall Au NPs could easily cross these
epithelial monolayers. For NPs smaller than the capillary pores of the kidney, excretion even
occurred via the urine. Bachler’s approach furthermore was to combine in vitro and in silico
methods to reduce or even replace short term animal in vivo experiments, as they obtained
similar results in all settings.?”®
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1.2.4.1 Functionalisation with Fluorescent Dyes and Radiolabelling with Radionuclides

Biodistribution on a microscopic level can also be investigated with fluorescent imaging. For
this purpose, Au NPs can be modified and functionalised with fluorescent dyes. Even though a
qguenching effect of the fluorescence occurs, if the dye molecules are present in the vicinity of
the Au NPs, tracking remains viable with lower fluorescence intensity, since a higher number
of fluorescent molecules are present.?’®?’’Lee et al.?’” use BODIPY functionalised Au NPs as
fluorochromogenic sensors for Cu?* ions. BODIPY itself represents a well-known versatile
fluorophore with a wide range of potential applications and was first described by Treibs and
Kreuzer in 1968.2% Lee et al.?’’ employed spherical Au NPs with a size of 10 nm and
functionalised them with lipoic acid to the BODIPY derivative. The functionalised Au NPs
showed an emission Amax at 704 nm (Aex = 598 nm) in fluorescence measurements, which was
gradually quenched, whenever the Cu?* concentration was increased. The quenching effect was
reversible: As soon as EDTA solution was added to the system and the Cu?* was preferentially
complexed by EDTA, the fluorescence intensity increased again. Sanchez et al.?® even intend
to potentially use functionalised 5 nm sized Au NPs for imaging guided radiotherapy by
performing in vivo fluorescence imaging. They synthesised Au NPs with a polyaminocarboxylate
shell. A derivative of these functionalised Au NPs (Au-DTDTPA) is commonly used in magnetic
resonance imaging (MRI) or nuclear imaging, when complexed or labelled with Gd or *°™T¢,?7%~
281 and showed that they are temporarily retained in solid brain tumours.?8? Sanchez et al.?%°
have additionally functionalised the Au NPs with an organic dye derivative of cyanine 5 and
observed an internalisation of the Au NPs in fluorescence imaging studies on cells. In addition,
they demonstrated in in vivo fluorescence imaging a preferential accumulation of the Au NPs
in breast cancer tumour tissues as well as in the kidneys and investigated their biodistribution
within the whole body. Although a quenching effect occurs with fluorophore functionalised Au
NPs, previous studies indicate their potential application as agents for the study of their
biodistribution at the microscopic level as well as through the body.

Another possibility of investigating the biodistribution is diagnostic imaging with radiotracers.
One of the most commonly used radionuclides in nuclear medicine is **™Tc. It possesses a
half-life of 6 h and emits an easily detectable y radiation of 140 keV. These excellent properties
together with a relatively low price and good availability due to its easy production as a
pertechnetate (**™TcOy’) eluate from commercial generators, make it an ideal radionuclide for
diagnostics.?®* Radiolabelled NPs are currently used for the imaging of cardiovascular diseases
and also cancer diagnosis.?84%%7 The concept of radiolabelled Au NPs acting as imaging agents
has been validated by Alric et al.,’®* when they injected functionalised radiolabelled Au NPs into
healthy animals and proved their renal excretion. They used 3 nm sized Au NPs functionalised
with the previously described polyaminocarboxylate shell (Au-DTDTPA). These showed a longer
retention time in brain or breast cancer tumour tissues in former studies.?%%282 Here,
Alric et al.?®! obtained a greater sensitivity with nuclear imaging and they showed that shortly
after the intravenous injection of the radiolabelled Au NPs, radioactivity was detected in the
heart, kidneys, liver and bladder. However, 30 min after the administration, the radioactive NPs
only remained in the kidney and the bladder, which indicates that the radioactive Au NPs are
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mainly removed by renal excretion.”®! Moreover, during the whole imaging process, no
radioactivity was detected in the thyroid, glands and stomach. These would be targeted by free
pertechnetate, which would occur, if °™TcO4 as the starting material remained in the injection
or if the DTDTPA as a chelate would have released the **™Tc from the complex under
physiological conditions. Since this is not the case, Au-DTDTPA-**"Tc NPs appear to form stable
complexes even under physiological conditions. In the literature, different Tc chelators are
described.?8%%88 Felber et al.?® focused in their studies on the synthesis of different linker-
chelator ligands for FesOs-Au core-shell NPs and investigated the most suitable one for the
PmTe labelling. In a further study,®® they used the most suitable chelating moiety
2,3-diaminopropionic acid (DAP). This ligand was used to either chelate the *™Tc after
radiolabelling or to conjugate to a biomolecule, such as the prostate-specific membrane
antigen (PSMA). With this, multifunctional radiolabelled Au NPs could be synthesised
containing both a radioisotope as well as the targeting molecule PSMA with relevance to
prostate cancer on the ligand surface. In vivo microSPECT imaging and ex vivo biodistribution
studies showed a fast clearance from the blood but also low tumour uptake.®®

Even though a higher intracellular uptake of the radiolabelled NPs into tumour tissues could
not be confirmed in this particular study, the concept shows that it may be fruitful to continue
investigating radiolabelled multifunctional NPs.
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2 AIM OF THE THESIS
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Figure 11: Building blocks of this thesis.

As a fundamental component for further functionalisation, Chapter 3.1 discusses the synthesis
of monodisperse Au NPs with a narrow size distribution. The focus of this work is placed on
spherical Au NPs in the size range between 5 nm to 30 nm, which serve as starting particles for
various functionalisation approaches. A wide range of biofunctionalisations will be explored in
the context of Chapter 3.2 via various synthetic routes. In particular, the attachment of
catecholamines onto the Au NP surface is discussed as well as a potential functionalisation with
the drug salbutamol. Finally, these functionalised Au NPs are investigated by our collaboration
partners in physiological studies on their receptor activation in different biological systems, in
particular the tracheal tract and the gastrointestinal tract. For the latter, further biologically
active molecules are immobilised on the Au NPs’ surface such as the physiologically important
muscarinic receptor antagonists carbachol and atropine. Chapter 3.3 describes another
synthetic strategy to mimic a biogenic substance. Here, not the biologically active molecule
itself is attached on to the Au NPs, but dihydrocaffeic acid (DHCA), a molecule that is similar to
the biologically active compounds dopamine or noradrenaline. DHCA functionalised Au NPs
thus may potentially be able to cause similar receptor effects in physiological studies.

In addition to biologically active Au NPs, Chapter 3.4 focuses on a specific functionalisation with
fluorescent dyes. These Au NPs may be of interest for microscopic investigations or relevant as
a diagnostic tool using optical spectroscopy. Furthermore, Chapter 3.5 discusses in detail how
Au NPs are labelled with the radionuclide **™Tc in order to perform biodistribution studies on
a macroscopic level. For this purpose, a suitable ligand design is required to guarantee the
attachment onto the Au NPs on one hand and a strong complexation of the radionuclide on the
other hand.
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3 RESULTS AND DISCUSSION

3.1 NANOPARTICLE SYNTHESES

NPs synthesised during this work were prepared with the intention of applying them as carriers
for biologically active molecules and to investigate their behaviour of activating the respective
receptors in animal tissue. Thus, it was essential to obtain monodisperse NPs with a narrow size
distribution. All NPs were synthesised in wet chemical approaches using the bottom up method
and could be made in various sizes and from different starting materials.

3.1.1 SYNTHESES OF MONODISPERSE GOLD NANOPARTICLES

The focus of this work is placed on spherical Au NPs in the size range of 5 nm and 30 nm.
Different synthetic procedures were investigated, of which two methods in particular showed
excellent results as a very good size control of the NPs could be achieved. The NPs from these
approaches fulfilled the requirements and were biofunctionalised in further steps. Performing
the Turkevich citrate reduction method according to a size selective procedure by Frens et al.>*°
led to good reproducible results in agueous media. Furthermore, carrying out a modified
method based on Stucky and coworkers?®! performed in DMSO yielded monodisperse NPs with
an extremely precise size control. Moreover, biocompatibility could be provided with the
selection of H,0 or DMSO as the solvents used during these syntheses.

Syntheses using the citrate reduction

To perform the citrate reduction, shown in Scheme 1, tetrachloroauric acid trihydrate was
dissolved in demineralised H,O and heated to reflux. Sodium citrate dihydrate was added
quickly under vigorous stirring and was heated to 80 °C for 2 h.

O+ ONa
NaO D5 ONa 80°C.2h OH a

Scheme 1: Synthesis of Au-Citrate NPs in H,0 according to Frens et al.?®°

A change in colour from yellowish over blue to an intense red indicated the formation of NPs
within a few minutes. After 120 min, the dispersion was cooled in an ice bath to stop the
progressing reaction and thus prevent a further growth of the NPs.

All NP dispersions were characterised with TEM, DLS and UV/Vis spectroscopy to investigate
the morphology and homogeneity of the Au NP core. Additionally, NMR and IR spectroscopy
were performed to determine the structure of the organic ligands on the NP surface. Different
approaches were performed in which the ratio of tetrachloroauric acid and citrate were varied.
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3 Results and Discussion

TEM images of the different Au-Citrate NP approaches are displayed in Figure 12 and show that
the synthesised NPs have a spherical shape and are monodisperse. No agglomeration of the
NPs was observed. On the contrary, some NPs have even arranged themselves hexagonally
presumably during the drying of the TEM grid (Figure 12, centre). This again indicates an
extreme narrow size distribution of the synthesised NPs.

Figure 12: TEM images of Au-Citrate NPs, synthesised in H,O with an average diameter of 12 nm (left), 14 nm (centre) and
16 nm (right) (according to Frens et al.2%9).

In this synthesis, HAuUCls - 3 H,0O as a gold precursor was reacted with sodium citrate dihydrate
operating as both a mild reducing agent and the stabilising ligand, simultaneously. Key figures
of the performed Au-Citrate NPs approaches are listed in Table 2, indicating the following
trend: The higher the percentage of citrate in the solution compared to tetrachloroauric acid,
the smaller the obtained NP diameter. This can be explained with a larger amount of reducing
agent present at the nucleation state. Moreover, more potential ligands available can saturate
a larger overall surface. Or to put it in another way: a smaller ratio of HAuCls and citrate leads
to larger NP due to the fact that fewer ligand molecules are available to stabilise the NP surface.
With a larger individual NP diameter, there exists a smaller overall surface related to the entire
system, making it energetically more favourable.

Table 2: Au-Citrate NP approaches with different ratios resulting in different diameters, absorption maxima and
concentrations.

sample ratio of HAuCls : citrate drem A (UV/Vis)  concentration
1:15 11.2+0.9nm 523 nm 14.6 nmol/I
@ 12 nm 1:10 12.2+1.2 nm 523 nm 11.9 nmol/I
@ 13 nm 1:6.7 129+1.3 nm 522 nm 9.7 nmol/I
@ 14 nm 1:5.8 13.8+ 1.2 nm 521 nm 7.8 nmol/I
@ 16 nm 1:4.0 159+ 1.1 nm 521 nm 5.1 nmol/I
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3 Results and Discussion

Another trend can be observed: The concentration of the NP dispersion increases as the
diameter gets smaller. This is a logical consequence, since the same amount of precursor is now
distributed over a larger number of smaller NPs.

This consideration is based on the assumption that the precursor is completely reduced to NPs.
This is supported by TEM images showing only monodisperse NPs and no remaining gold seeds.
Uniform and homogenous growth leads to the formation of NPs with a narrow size distribution.
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Figure 13: UV/Vis spectra of Au-Citrate NPs (left) and wine red stable Au-Citrate NP dispersions (right).

Since Au NPs have a distinctive plasmon resonance, they can be further characterised by UV/Vis
spectroscopy. The measured UV/Vis spectra of the Au-Citrate NPs, displayed in Figure 13 (left),
revealed their positions of the absorption maximum (Amax) being in a similar range: Amax of
Au-Citrate NPs are 523 nm (@ 11 nm), 522 nm (@ 13 nm) or 521 nm (@ 16 nm), respectively.
Figure 13, right shows a picture of the bright coloured Au-Citrate NP samples.

The maximum concentration of NPs that is achievable by this method is limited to approx.
20 nM, since citrate has only a relatively weak stabilising character. Thus, higher concentrated
NP dispersions cannot be prevented from agglomerating during and also after the synthesis.
Citrate ligands only stabilise the Au NPs electrostatically and thus only weak interactions
between ligands and particle surface occur. However, this allows them to function as excellent
starting particles for ligand exchange reactions.

Moreover, since citrate has only a weak reducing character, the obtained NPs possess relatively
large diameters. Au-Citrate NP sizes smaller than 10 nm synthesised according to the Turkevich
citrate reduction method are rarely known in literature.?®?
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3 Results and Discussion

However, when applying a lower equivalent of citrate molecules, even larger Au-Citrate NPs
were synthesised. Here, a slightly different procedure was chosen, with the Au NPs being
reacted at reflux but only in the shorter reaction time of 30 min, as displayed in Scheme 2.

O+ ONa
O ONa HZO m
oo+ 2 1" - @5 o
NaO ONa

; OH
on reflux, 30 min

Scheme 2: Synthesis of Au-Citrate NPs in H,O according to Panigrahi et al.2%3

Stable Au-Citrate NPs were obtained in both approaches, listed in Table 3. Furthermore, these
NPs possessed wine red intense colours and owned a distinct Amaxaround 530 nm.

Table 3: Properties of Au-Citrate NPs synthesised according to Panigrahi et al.

size ratio of HAuCls : citrate drem Amax (UV/Vis)  concentration
@ 25 1:2.2 249+1.2nm 528 nm 0.5 nmol/I
@28 1:1.7 28.1+2.4nm 532 nm 0.4 nmol/I

The corresponding TEM images (Figure 14) reveal that monodisperse and mainly spherical
Au-Citrate NPs have formed. Using a HAuCls - 3 H,O : sodium citrate x 2 H,O ratio of 1.0 : 2.1,
the Au-Citrate NPs have an average size of drem = 24.9+ 1.2 nm (Figure 14, left). If less
stabilising and reducing agent is used, the diameter increases again, such as in the approach
with a ratio of 1.0 : 2.1, where an average size of drem = 28.1 + 2.4 nm was obtained (Figure 14,
right). Even though also larger stable Au-Citrate NPs were obtained, the ones with sizes over
20 nm were not used for further functionalisations, as they did not possess a highly spherical
shape.

Figure 14: TEM images of Au-Citrate NPs with drem = 24.9 + 1.2 nm (left) and drem = 28.1 + 2.4 nm (right).
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3 Results and Discussion

Nevertheless, these studies reflect the enormous impact of the reducing agent on the NP
formation. More detailed interactions of the citrate ligands with the Au NPs were discussed by
Al-Johani et al.?®*, who postulated a binding coordination of these ligands on to the Au surface.
In their studies, they investigated that the surface atoms predominantly exist in
oxidation state +0 with a very minor presence of gold atoms that are partially charged and
described as “Au*® species. In addition, they assume that at room temperature a
monocarboxylate interacts with the Au surface, and they base this on their investigations
including 22Na NMR spectroscopy, which suggests that the displaced Na* ion remains near the
Au surface and in the vicinity of the citrate.?®* Therefore, the study of Al-Johani et al.?** confirms
the present coordination situation at the Au-Citrate NPs. According to this model, the schemes
of Au-Citrate NPs were drawn in this thesis.

Furthermore, it was observed that due to the limited stabilising effect of the citrate ligands,
purification via centrifugation is not always possible. Since this leads to an agglomeration of the
NPs and thus, they cannot be redispersed in H,O again. Purification via dialysis is possible but
potentially results in a less stable NP dispersion less likely to be functionalised any further.
Moreover, a pH sensitive handling was required when working with Au-Citrate NPs. To prevent
the dispersion from agglomeration, the pH had to be controlled accurately. Au-Citrate NPs are
stable between pH 5 and pH 7 (physiological conditions). At lower pH, NPs started to precipitate
and even the addition of different bases such as NaOH or NEts can cause precipitation.
Furthermore, NPs in aqueous media can be stored in a fridge at 4 °C to prevent a significant
growth or even agglomeration of the NPs, as this is favoured at higher temperatures due to a
larger kinetic energy of the system.?29>2%

Their agglomeration can be further investigated by slow evaporation of the Au NP dispersions.
Au-Citrate NPs showed no agglomeration when their volume was reduced to 80% of the initial
volume, also TEM investigations showed no changes in their morphology. However, if the
volume was reduced to about 50% of the initial volume, the Au-Citrate NPs agglomerated
irreversibly.

In order to investigate how the synthetic conditions affect the outcome, the citrate reduction
method is presented as the method of choice because only a small number of chemicals is used.
Because of the mild conditions during the synthesis, the purity of the starting material may
have a large impact. In this work, HAuCls - 3 H,O (Sigma Aldrich) also HAuCls -1 H0
(Sigma Aldrich) and HAuCls - x H,O (synthesised in teaching labs) were tested as starting
materials for the NP synthesis (Scheme 3).

O+_ONa
O<_ONa H.0 0 o)
NaHO o "ONa 80°C,2h OH a

x=3,1,x

Scheme 3: Synthesis of Au-Citrate NPs in H,O with different starting materials.
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3 Results and Discussion

Table 4: Properties of Au-Citrate NPs synthesised with different gold precursors.

Starting material ratio of HAuUCls : citrate dtem Amax (UV/Vis) concentration
HAuCls - 3 H20 1:5.8 13.8+1.2 nm 521 nm 7.8 nmol/I
HAuCls- 1 H.0 1:5.8 13.5+1.0nm 522 nm 8.5 nmol/I
HAuCls - x H2,0 1:58 145+1.0nm 522 nm 6.8 nmol/I

In all approaches, stable red Au-Citrate NPs dispersions were obtained. All revealed a distinct
plasmon resonance with an absorption maximum around 520 nm, each (Table 4). Using TEM,
diameters of the Au NPs in these dispersions were determined and showed no significant
changes in NP sizes and shapes (Figure 15). Instead, Au-Citrate NPs with a rather narrow size
distribution were obtained in all approaches. Furthermore, predominantly spherical NPs could
be observed.

HAuC-3H0 [®* %%
A ¥ v .

HAuCls - x H20

&

Figure 15: TEM images of Au-Citrate NPs synthesised with HAuCl; x 3 H,0 (left), HAuCl4 x 1 H,O (centre) and HAuCl4 x x H,0
(right).

In addition, the concentration of the dispersions or the volume of H,0 used during the synthesis
plays an important role in the outcome. The aim of the following studies was to investigate
whether Au-Citrate NPs can still be stabilised in higher concentrations or whether
agglomeration occurs during synthesis or storage. Starting from the standard concentration of
7.5 nM for @ 14 nm Au-Citrate NPs, the volume of the reaction mixture was reduced in
increments, while the amount of substances added stayed the same. Table 5 displays the size
of the Au NPs and their concentration in dispersion with respect to the performed synthesis.

Table 5: Size and concentration of Au-Citrate NPs from different syntheses.

V (ml) ratio of HAuUCl, : citrate dtem Amax (UV/Vis) concentration
1-fold 100 1:58 13.8+1.2nm 521 nm 7.5 nmol/I
1.5-fold 75 1:58 126+1.1nm 520 nm 13.7 nmol/I
2.0-fold 50 1:5.8 12.0£1.3 nm 523 nm 23.8 nmol/I
4.0-fold 25 1:58 agglomerated
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3 Results and Discussion

Figure 16: TEM images of Au-Citrate NPs synthesised in reduced volumes of 75 ml (left) or 50 ml (right) instead of 100 ml H,0.

The corresponding TEM images (Figure 16) reveal the formation of stable Au NPs up to a
2.0-fold concentration. A higher concentration during the synthesis resulted in a slightly smaller
diameter of the NPs formed, and monodisperse and mainly spherical NPs could be obtained.
Due to the smaller size of the NPs (drem = 12.6 + 1.1 nm) the concentration has almost doubled
(13.7 nM) when the volume was limited to 75 ml (1.5-fold; (Figure 16, left)). However, in a
volume of 50 ml (2.0-fold) Au-Citrate NPs with a size of dtem =12.0+ 1.3 nm were isolated
(Figure 16, right), whereas at a volume of 25 ml (4-fold), Au NPs were obtained as stable red
dispersions during synthesis but agglomerated when cooled to room temperature.
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3 Results and Discussion

Syntheses using ‘Bu-amine borane complex as the reducing agent

Since Au-Citrate NPs are reasonably low concentrated and have comparatively larger diameters
(@ > 10 nm), the synthesis of smaller Au NPs with a higher concentration was investigated
further. Thus, syntheses of a modified version of the Stucky method were performed with
‘Bu-amine borane complex (‘BuNH;:BH3) as a stronger reducing agent. Furthermore,
mercaptoundecanoic acid (MUDA) was used as the capping ligand, ensuring stable Au NPs. In
these approaches, MUDA was used as a thiol containing ligand. In this way, a stable Au-S bond
to the Au core can be formed. Furthermore, its long alkyl chain provides steric stabilisation of
the formed Au NPs. In order to obtain Au-MUDA NPs, a modified version of the synthesis
described by Stucky and coworkers?®* was performed, as displayed in Scheme 4.

'BUNH,:BH, 0O

(@)
S oy SN
et g
PPh3;AuCl HS 9 OH 65°c 35n @S o o

Scheme 4: Direct synthesis of Au-MUDA NPs according to a modified Stucky method.2°1

The Au precursor PPhsAuCl was dissolved in DMSO with MUDA and heated to 65 °C. ‘BuNH;:BH3
in DMSO was quickly added and stirred at 65 °C for 3.5 h before being cooled down in an ice
bath. The resulting Au NPs are more stable than those obtained by the citrate reduction
method, and thus they can be purified via centrifugation. As an important additional difference
to the method described by Stucky et al.,>®* the Au NPs were redispersed in H,0 after being
washed several times via centrifugation and dialysed against H,O for an additional further
purification. In this way, it was possible to obtain and maintain stable Au NPs in an aqueous
medium. In some cases, diluted NaOH was added during the redispersion step to obtain a
slightly basic pH in order to sufficiently stabilise the free acid of the ligand shell. Since the ligand
shell contains acid groups in their ligand sphere, slightly basic conditions lead to stabilised NPs.
With changing the ratios of starting materials, different core sizes of the NPs were obtained
(Figure 17 A). The following tendency could be observed with regard to the size control: The
larger the equivalent of reducing agent, the smaller the sizes of the formed Au NPs.
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Figure 17: (A) Properties of the synthesised Au-MUDA NPs, corresponding TEM images of Au-MUDA NPs with a size of
(B)@ 8 nm, (C) @9 nmand (D) @ 10 nm and (E) their UV/Vis spectra.

Furthermore, TEM images of the synthesised NPs reveal predominantly spherical NPs with a
narrow size distribution and without visible agglomeration. Using a ratio of PPhsAuCl : MUDA :
‘BuNH2:BH3z0f 1.0 : 4.6 : 10, NPs with a size of drem = 7.9 £ 0.9 nm were obtained (Figure 17 B).
Slightly larger Au-MUDA NPs were synthesised using the same method. The
PPhsAuCl : MUDA : ‘BuNH3:BH3 ratio of 1.0 : 0.7 : 0.7 resulted in Au NPs with an average
diameter of drem = 9.7 £ 1.0 nm (Figure 17 D). Their hydrodynamic diameter dhyqr, determined
using DLS, showed slightly larger dhydr than their corresponding dvem sizes (Figure 17 A), as
expected. This is due to the fact that DLS considers the entire NP with its ligand shell, whereas
in TEM only the gold core of the NP can be measured. Important to mention is that this
consideration is based on the assumption that the precursors are completely reduced to NPs
and a 100% conversion occurred. The measured absorptions of all synthesised pink and clear
Au NP samples are displayed in Figure 17 E. All Au-MUDA NPs possess an absorption maximum
Amax around 525 nm. Overall, a very narrow size distribution and furthermore a very good size

control could be achieved in the direct synthesis using MUDA as the capping agent.
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Further studies were performed in order to investigate whether a different type of thiol ligand
provided the same stability of the NPs. 4-mercaptobenzoic acid (4-MBA) was used, as displayed
in Scheme 5. 4-MBA possesses, next to a free acid function, a thiol moiety in order to bind to
the Au NPs. These units are connected only by an inflexible phenyl ring.

O
O

o
PPhsAUCI + OH > @s
HS

Scheme 5: Direct synthesis of Au-4MBA NPs.

Again, PPhsAuCl was dissolved in DMSO with the ligand 4-MBA and heated up to 65 °C or 60 °C,
respectively. The reducing agent was added either dissolved in DMSO or as a solid and the
reaction mixture was stirred at the respective temperature before being cooled in an ice bath.
In various approaches, stable red NPs dispersions were obtained. A homogenous addition of
the reducing agent ‘BuNH:BH3 dissolved in DMSO as well as a heterogenous addition of solid
‘BUNH2:BH3 led to a rapid formation of Au NPs. Under similar conditions with a reaction
temperature of 65 °C for 4 h, similarly sized Au NPs were formed. TEM images of both
approaches reveal spherical NPs with a monodisperse morphology and an excellent size
distribution (Figure 18).

Using a ratio of PPhsAuCl : 4-MBA : ‘BuNH2:BH3 of 1.0 : 0.6 : 6.8, the Au-4-MBA NPs have an
average size of drem = 8.3 £ 0.8 nm (Figure 18 A), when the reducing agent was added as a solid,
and drem = 8.0 £ 1.1 nm (Figure 18 B), when it was dissolved in DMSO.

Figure 18: TEM images of Au-4-MBA NPs with (A) drem = 8.3 £ 0.8 nm (‘BuNH,:BH3 solid), (B) drem = 8.0 £ 1.1 nm (‘BuNH;:BHs
dissolved) and (C) drem = 6.0 £ 0.9 nm.

By changing the ratio of PPhsAuCl : 4-MBA : ‘BuNH2:BH3 to 1.0:1.2 : 7.1 and the reaction
conditions slightly (60 °C for 90 min), slightly smaller Au NPs were obtained with a diameter of
drem = 6.0+ 0.9 nm (Figure 18 C). Furthermore, UV/Vis measurements revealed that all samples
possess a distinct plasmon resonance between Amax 520 and 530 nm (Figure 19 A).
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Figure 19: (A) UV/Vis spectra of Au-4-MBA NPs and (B) synthesised Au-4-MBA NPs in a glass vial.

Overall, all Au NP samples showed a good stability and monodisperse behaviour in dispersion.
Red, clear dispersions were obtained in all approaches (Figure 19 B). It has been demonstrated
that the direct synthesis of Au NPs with different thiol ligands is applicable and thus presents
an alternative to the Au-Citrate NPs. When handled appropriately, a successful transfer into an
aqueous medium is possible with both, sterically demanding and additionally stabilising ligands
as well as short chain and rather stiff ligands. Although these thiol ligands are attached to the
Au NPs more strongly than the merely electrostatically coordinating citrate molecules in
Au-Citrate NPs, the Au NPs obtained in direct syntheses may also be used for various
functionalisations.
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3 Results and Discussion

3.2 BIOFUNCTIONALISED AU NPs

In order to functionalise Au NPs with biogenic substances (BS), different synthetic strategies
can be chosen (Figure 20). Irrespective of the choice of the functionalisation route, NPs were
synthesised first as described in Chapter 3.1.1 and displayed in Figure 20, red.
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Figure 20: Synthetic strategies towards biofunctionalised Au NPs: after the NPs were synthesised (red), they were
functionalised either in a consecutive route (green) via a ligand exchange and a consecutive reaction at the ligand periphery or
using a parallel synthetic route (blue), in which the ligand was prepared independently and afterwards immobilised onto the
Au NP surface.

Two different synthetic pathways for a biofunctionalisation were performed during this work.
The consecutive route started with a ligand exchange reaction, in which a bifunctional thiol
linker (mercapto acid) was attached to the Au NP surface. In the next step, a biogenic substance
was linked to the ligand sphere via a free acid moiety in a reaction at the ligand periphery
(Figure 20, green). This pathway provides the advantage of working in an aqueous and thus
biocompatible medium throughout. However, a drawback of this route certainly is the fact that
a precise surface analysis has to be performed after each reaction step to ensure a successful
surface exchange. For this purpose, at least 4 ml of NP dispersion out of an up to 10 ml batch —
an immense amount of the NP dispersion — is utilised and cannot be reused in further
investigations. Furthermore, depending on their functional groups, only specific biogenic
substances can be functionalised onto the Au NPs via this procedure, e.g. an amide bond to an
amine may be formed, whereas an esterification linkage to an alcohol would be less successful
in agueous media. In here, the biogenic amine carbachol (CCh) was attached using amide bond
formation.
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Alternatively, a parallel synthetic route can be chosen for several biogenic substances
(Figure 20, blue). Here, a bifunctional ligand was prepared starting from a mercapto acid acting
as both a bifunctional thiol linker and spacer. The biogenic substance was then added under
inert conditions in an organic solvent, as biomedically interesting catecholamines tend to
undergo oxidation when being exposed to oxygen.?®’ Moreover, oxidation also occurred in an
aqueous medium at the air-water interface.?®® In this way, even compounds sensitive towards
water or air could be reacted. Afterwards, the obtained ligand was immobilised on the
synthesised Au NPs in one step, using again degassed H,O and inert conditions.

As an advantage, the elaborated characterisation of functionalised Au NPs had to be performed
only once during the whole pathway and thus only a small amount of the total dispersion was
utilised for analytics.

3.2.1 BIOFUNCTIONALISATION OF AU NPs viA A CONSECUTIVE ROUTE

In the following, the stepwise biofunctionalisation of Au NPs with carbachol (CCh) is described
(Scheme 6). Carbachol represents a pharmacologically interesting compound since it is a stable
derivative of acetylcholine. Being a synthetic choline ester with a positively charged quaternary
ammonium unit, this molecule exhibits effects on nicotinic and muscarinic acetylcholine
receptors similar to native acetylcholine. Carbachol itself is used therapeutically as a glaucoma
treatment or to stimulate motility of the gastrointestinal or the urogenital tract, thus carbachol
functionalised Au NPs offer potential therapeutic applications.

1. MUDA 1. CCh, NHS,
O<_ONa EDC, NEts,
C )\b rt 16 h C rt, 16 h C )k
Na /MJ\OH M
2. dialysis 9 2. dialysis
against H,O against H,O
Au-Citrate Au-MUDA Au-MUDA-CCh

Scheme 6: Synthesis of carbachol functionalised Au NPs via a stepwise route. Au-Citrate NPs (left) were reacted with
mercaptoundecanoic acid (MUDA) to obtain Au-MUDA NPs (centre) in a ligand exchange reaction, followed by a peptide
coupling at the ligand periphery in order to link carbachol to the ligand sphere and obtain Au-MUDA-CCh (right).

First, Au-Citrate NPs were reacted with mercaptoundecanoic acid (MUDA) (Scheme 6, left). In
this ligand exchange reaction, relatively weak coordinating citrate ligands were substituted by
the thiol linker MUDA and led to strong covalent Au-S-bonds. Additionally, the Au NPs were
further stabilised through steric interactions induced by the long flexible chain of MUDA. The
ligand was added as a solid in a large excess and since the surface of the Au NPs was modified,
the pH had to be monitored in order to ensure a stable NP dispersion. Since free carboxylic acid
moieties were present on the ligand shell during the ligand exchange, a basic environment
(pH > 8) prevented the NPs from agglomeration. The reaction mixture was purified via dialysis
against H,O (in MWCO 12000, 6 x 2 h). In the following synthetic step, the biogenic amine was
linked to the ligand periphery by peptide coupling (Scheme 6, right).
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N-hydroxysuccinimide (NHS) and N-(3-dimethylaminopropyl)-N"-ethylcarbodiimide
hydrochloride (EDC) were added first to form an in situ active ester, which then reacted with
carbachol (CCh) to an amide. Again, all reagents were added in excess and a slightly basic pH
was maintained by the addition of triethyl amine (NEts). Subsequently, the obtained pink stable
Au-MUDA-CCh NP dispersion was purified via dialysis against H,0 (in MWCO 12000, 6 x 2 h). In
addition to low concentrated Au-MUDA NPs, which were obtained after the ligand exchange
reactions, also Au-MUDA NPs obtained in the direct syntheses were used as starting particles
for the functionalisation described above. In this way, Au-MUDA-CCh NPs with slightly smaller
sizes were obtained in slightly higher concentrations. TEM images of the approaches revealed
that no change in the morphology of the NPs occurred during the functionalisation (Figure 21
A and B) and spherical monodisperse Au-MUDA-CCh NPs with a size of drem = 13.9 £ 1.4 nm
(Figure 21 A) and drem = 9.0 £ 0.9 nm (Figure 21 B) were obtained.
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Figure 21: TEM images of Au-MUDA-CCh NPs (@ 14 nm) (A) and (@ 9 nm) (B),(C) UV/Vis spectra of Au-Citrate NPs (@ 14 nm),
Au-MUDA NPs (@ 9 nm), Au-MUDA-CCh NPs (@ 14 nm) and Au-MUDA-CCh NPs (@9 nm), (D) corresponding data of
Au-MUDA-CCh NPs (@ 14 nm) and Au-MUDA-CCh NPs (@ 9 nm).
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UV/Vis spectra of Au-MUDA-CCh (Figure 21 C) showed that slight bathochromic shifts occurred
due to their new surface modification in comparison to the starting particles.
Au-MUDA-CCh NPs (@ 14 nm) has Amax= 526 nm and Au-MUDA-CCh NPs (@ 9 nm) possesses an
absorption maximum at 542 nm. However, the hydrodynamic diameters of both dispersions
resemble (Figure 21 D) the values of drem, with dpis = 17 = 3 nm for Au-MUDA-CCh NPs
(@ 14 nm) and dpis = 25 + 3 nm for Au-MUDA-CCh NPs (@ 9 nm).

The successful reaction at the ligand periphery was investigated with *H-NMR measurements
by comparing the obtained spectra to the spectra of the initial NP dispersions as well as native
CCh as a reference. The spectra show all predicted proton resonances of the long chain MUDA
spacer and furthermore reveal two proton signals around 4.50 ppm and 3.70 ppm, which can
be assigned to the two methylene groups of CCh. The surface functionalisation of the
Au-MUDA-CCh NPs was further verified by IR spectroscopy and compared with the spectra of
the starting particles and materials as references (Figure 22). Au-MUDA-CCh NPs (Figure 22, 2"
from bottom) has distinctive ven bands around 3000 cm™?, which can be assigned to the long
MUDA spacer (also present in Figure 22, 2" from top).
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Figure 22: IR spectra of Au-MUDA-CCh NPs (2" from bottom) in comparison to Au-Citrate NPs (top), Au-MUDA NPs
(2" from top) and CCh (bottom).

Furthermore, an intense sharp vc=o resonance at 1704 cm™ corresponds to the carbonyl unit of
carbachol (also present in (Figure 22, bottom)). The spectrum of Au-MUDA-CCh NPs (Figure 22,
2" from bottom) reveals characteristic vibrations of the amide bond formed, such as
resonances at 1580 cm™ (6n-n) and 650 cm™ (8o-c-n). Taken together, these data unambiguously
prove the successful functionalisation of Au NPs with CCh.
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Physiological testing of Au-MUDA-CCh (@ 14 nm)

The physiological studies of all functionalised Au NPs within this thesis were performed by the
research group of Prof. Diener at the Institute of Veterinary Physiology and Biochemistry at the
Justus Liebig University Giessen. In the present study, rat colonic mucosa was mounted in
Ussing chambers (detailed experimental setup is described in Chapter 5.9.2.1). Here, the
receptor activities of muscarinic or nicotinic acetylcholine receptors were studied, which can
both be activated by carbachol (CCh). CCh represents a potent secretagogue as it activates
chloride secretion across mammalian colonic epithelium. The setup was administered with
either native CCh or Au-MUDA-CCh NPs and their effect on the measured short circuit current
(Isc) was investigated. A stimulation of the muscarinic or nicotinic acetylcholine receptors would
be displayed in an increase of the measured /sc. As displayed in Figure 23 A, Au-MUDA-CCh NPs
induced a concentration-dependent increase of /sc.
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Figure 23: (A) Au-MUDA-CCh NPs induced a concentration-dependent increase in /sc. Values are given as increase in Isc above
baseline in short-circuit current Alsc) just before administration of the corresponding drug and are means + SEM, n = 6,
(B) 0.5 uM native CCh and 1 pM Au-MUDA-CCh NPs yielded approximately the same response in Ussing chambers experiments.

Moreover, even very low concentrations of Au-MUDA-CCh NPs (pM) caused a detectable
stimulation of the receptors. In comparison with the native agonist, it was found that 500 nM
native CCh was nearly equieffective to 1 pM Au-MUDA-CCh NPs (Figure 23 B) and thus showing
a 10°-fold potentiation of the induced receptor activation.

To better determine this potentiation, molecular approaches based on the signalling cascade
of acetylcholine-induced activation of muscarinic receptors were used. For this purpose, FRET
(Forster Resonance Energy Transfer) measurements on human embryonic kidney cells
(HEK 293T) were performed by the research group of Prof. Binemann at the Institute of
Pharmacology and Clinical Pharmacy at the Philipps University Marburg. Since muscarinic
receptors are G protein coupled receptors, different protein subunits were conjugated to a
fluorescent protein (Figure 24 A). The Ga subunit was conjugated to the yellow fluorescence
protein (YFP) and the Gy, subunit to the cyan fluorescence protein (CFP).
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Figure 24: (A) Scheme of a G protein-coupled receptor, e.g. muscarinic receptor, and its subunits Ga and Gy, coupled to the
yellow fluorescence protein (YFP) or cyan fluorescence protein (CFP), respectively. (B) Images of transiently transfected
HEK293T cells with CFP (i), YFP (ii) and overlay (iii) staining were taken using an inverted fluorescence microscope with a 100x
oil immersion objective, 100 ms exposure time, 2% YFP (500 nm) and/or CFP (425 nm) LEDs intensity).

FRET measurements were performed, confirming the energy transfer (Figure 24 B). The
observed fluorescence confirms the activation of the Ga and G B1y2 subunits of the G protein,
and thus the activation of the receptor by Au-MUDA-CCh NPs. The fluorescence data (not
shown) confirm the 10°-fold activation of the G protein.

3.2.2 BIOFUNCTIONALISATION OF AU NPS viA A PARALLEL ROUTE

In this synthetic pathway, the entire ligand is first synthesised separately, before immobilisation
onto the Au NPs takes place (Figure 25).

ligand synthesis

N
OH
k "
D HN OH
OH
noradrenaline (NA) adrenaline (ADR) salbutamol (SB) atropine (AT)

N S )
Y Y

amines tropane alkaloid

amide bond ester bond

Figure 25: Scheme of the parallel ligand synthesis (top) and biogenic substances used with amine groups (noradrenaline,
adrenaline, salbutamol (bottom left)) and an alcohol group containing tropane alkaloid (atropine (bottom right)).
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To do so, the bifunctional thiol linker (mercapto acid), which serves as a connection and stability
component for the NPs at a later stage, is linked to the biogenic substance (Figure 25, top).
Depending on the functional linking unit on the biogenic substance, a differentiation is drawn
between biogenic amines (Figure 25, bottom left) and biogenic substances with e.g. an alcohol
group (Figure 25, bottom right), corresponding to whether the biogenic component is
connected to the spacer via an amide or an ester bond.

3.2.2.1 Biofunctionalisation of Au NPs with adrenergic amines

Adrenergic amines fulfil essential functions in biological systems. The catecholamines
investigated herein, noradrenaline (NA) and adrenaline (ADR), both act as endogenous
transmitter in the sympathetic nervous system, functioning as hormones with the catechol unit
in their structure and causing a stimulation of adrenergic receptors.???3% These receptors are
found in numerous organ systems and have an impact on smooth muscle contractions,
epithelial secretion and cardiac functions. Thus, it is of interest to investigate whether Au NPs
functionalised with adrenergic amines can interact with adrenergic receptors in different
biological systems.

Ligand syntheses

The syntheses were carried out according to a modified procedure by Abed et al.3* The spacer
molecule MUDA was reacted with the coupling reagents N-hydroxysuccinimide (NHS) and
diisopropylcarbodiimide (DIC) in absolute pyridine at room temperature in order to form an
active ester with NHS (Scheme 7).

1. NHS, DIC OH
O pyridine o}
AN LD et
HS OH = HS N OH
9 2. K,CO3, H,0 9 & oH
ADR or NA
pyridine, rt, 16 h
MUDA R=

Scheme 7: Ligand syntheses of MUDA-ADR and MUDA-NA with the biogenic amines adrenaline (ADR) and noradrenaline (NA),
respectively.

The reaction is a well-established amide coupling and its mechanism was described
frequently.392393 After 4 h, the biogenic amine (either adrenaline (ADR) bitartrate or
noradrenaline (NA) bitartrate) dissolved in pyridine is added simultaneously with K;COs in
degassed H,0. Now, the active ester reacts in situ with the amine under mildly basic conditions.

The ligands were purified in an aqueous work-up followed by column chromatography.

However, traces of the side product N,N’-diisopropylurea (DIU) remained next to the pure

ligands and could only be removed completely using preparative HPLC. Nonetheless, the
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presence of DIU was tolerated during the functionalisation since the bifunctional ligand with its
thiol moiety is more likely to be attached to the Au NPs in a ligand exchange reaction than any
DIU side product. Moreover, free molecules and by-products are removed from the
Au NP dispersion in the subsequent dialysis.

Attempts of crystallisation were made with the pure ligands but without any success. However,
analytical characterisations were carried out using NMR, IR and ESI-MS. *H-NMR spectra show
all expected proton resonances. Furthermore, the characteristic aromatic proton signals in the
range from 6.76 ppm to 6.52 ppm correspond to the aromatic protons of the biogenic amines
(ADR or NA). Moreover, intense resonances between 1.57 ppm and 1.17 ppm are assigned to
the long alkyl chain of the thiol linker MUDA.

IR spectroscopy was used to further identify the existing binding types within the ligands. The
spectra of both ligands show a strong vo.i vibration around 3300 cm, which can be attributed
to the hydroxyl groups. The formation of amide bonds was verified with 6c.n resonances around
1240 cm™ as well as sharp vc-o bands in the range between 1650 cm™ and 1600 cm™. A further
small vn-n vibration can be observed for MUDA-NA around 3100 cm™, which is not present in
MUDA-ADR since it lacks an NH-group due to its N-methylation. In ESI MS measurements, the
molecule ion [M-H]" of m/z 380.20 was found for MUDA-ADR and [M-H]" of m/z 368.20 for
MUDA-NA. Both match the calculated ligand masses.

Nanoparticle functionalisation

As a next step, functionalisation of the synthesised Au NPs took place using ligand exchange
reactions with the synthesised ligands MUDA-ADR or MUDA-NA, as displayed in Scheme 8.

1. MUDA-ADR
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1. MUDA-NA
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L tieh Mﬂ\
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(against H,0)

Au-MUDA-NA

Scheme 8: Functionalisation in a ligand exchange reaction with the synthesised catecholamine carrying ligands (MUDA-ADR or
MUDA-NA).304

The Au NP dispersion of the preferred size was degassed with argon prior to the addition of the
ligand. The ligand was dissolved in DMSO and slowly added in a large excess (ca. 10%-fold) under
vigorous stirring. A benefit of adding the ligand in a dissolved form is a rapid and efficient
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homogenisation. Furthermore, agglomeration of the Au NPs upon the addition of bulk material
is prevented. To ensure a stable Au NP dispersion during the reaction, the pH was adjusted by
adding NEts. The obtained pink and stable Au NP dispersion was subsequently purified via
dialysis in order to remove remaining free ligands and other side products.

All pink and stable Au NP dispersions were characterised by UV/Vis spectroscopy, displaying a
slight bathochromic shift in the measured absorption maxima Amax (Figure 26 A). The existence
of only one relatively narrow absorption band with a noticeable rise indicates that a stable NP
dispersion with fairly monodisperse NPs is present.

Au-MUDA-ADR @ 8 nm
----Au-MUDA-ADR@9nm A =525nm

max

A — —-Au-MUDA-ADR @ 10 nm A, =525 nm

—-—Au-MUDA-NA @ 10 nm A, =528 nm
Au-MUDA-ADR @ 14 nm A, =525 nm

absorbance [a.u.]

450 500 550 600 650 700 750 800

wavelength [nm]

Figure 26: (A) UV/Vis spectra of the functionalised Au NPs Au-MUDA-ADR @ 14 nm, @ 10 nm, @ 9 nm, @ 8 nm and Au-MUDA-NA
@ 10 nm and (B) their corresponding TEM images of (i) Au-MUDA-ADR d = 8.1 + 0.6 nm, (ii) Au-MUDA-ADR d = 8.9 + 0.8 nm,
(iii) Au-MUDA-ADR d =9.9 £ 0.9 nm, (iv) Au-MUDA-NA d =9.9 £ 0.8 nm and (v) Au-MUDA-ADR d =13.9 £+ 1.2 nm.

Moreover, TEM images reveal that no remarkable change in the morphology of the NPs
occurred during their functionalisation with MUDA-ADR or MUDA-NA, respectively
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(Figure 26 B (i)-(v)). Furthermore, no agglomeration was observed and the Au NPs remain with
a spherical shape in their expected diameters with a small size distribution.

In addition to the TEM investigations, DLS measurements were performed (displayed in
Table 6), showing that the determined dhydr remain in the expected range and thus supporting
the conclusion that a stable NP dispersion is present.

Table 6: Properties of the synthesised functionalised Au NPs.

size 9 nm 10 nm 14 nm 10 nm
sample Au-MUDA-ADR Au-MUDA-NA
drem / nm 8.9+0.8 9.9+0.9 139+1.2 9.9+0.8
dhyar / NM 13+3 13+5 16+4 17+4
Amax / nm 525 523 525 528
concentration 191 nM 101 nM 7.1 nM 35nM

The organic ligand structures around the Au NPs were further analysed using IR and NMR
spectroscopy in order to confirm a successful ligand exchange during each functionalisation
reaction. *H-NMR spectra of the functionalised Au NPs were recorded and compared to the
spectra of MUDA-ADR and MUDA-NA, respectively. It was possible to assign the proton signals
of the synthesised ligands on the Au NP surface as the spectra show all desired proton
resonances. The aromatic protons of the biogenic amines (ADR or NA) show resonances in the
range from 6.77 to 6.52 ppm (Figure 27 A, left). Furthermore, intense resonances between
1.57 ppm and 1.17 ppm are assigned to the long alkyl chain of the spacer (Figure 27 A, right).
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Figure 27: (A) NMR spectra sequence of Au-MUDA-ADR (top) and MUDA-ADR (bottom) and (B) IR spectra of Au-MUDA-NA
(top) and MUDA-NA (bottom).

IR spectra of the Au NP samples were recorded and compared with the free ligands. With the
spectra of Au-MUDA-NA NPs (Figure 27 B, top) and MUDA-NA (Figure 27 B, bottom) as an

49



3 Results and Discussion

example, unambiguous similarities were observed. Both samples show a characteristic vo-n
resonance around 3300 cm™ that is assigned to the hydroxyl groups. Again, intensive vcn
absorptions in the range of 3000 cm™ to 2800 cm™ suggest the presence of the long chain
MUDA. Distinct vc-o bands between 1650 cm™ and 1600 cm™ originate from the amide bonds
within the ligands. Moreover, both spectra show a characteristic vcs resonance around
625 cm™ next to multiple further similarities within the entire fingerprint area. In summary,
these data demonstrate the successful functionalisation of Au NPs with the catecholamines
adrenaline and noradrenaline.

Biological actions of the functionalised Au NPs

The physiological studies at respiratory smooth muscle and intestinal epithelia with the
functionalised Au NPs were performed by Rebecca Clallen as part of her PhD thesis in the
research group of Prof. Diener at the Institute of Veterinary Physiology and Biochemistry at the
Justus Liebig University Giessen. The contractility studies at isolated rat cardiomyocytes were
carried out by the research group of Prof. Schliiter at the Physiological Institute at the Justus
Liebig University Giessen.

Since adrenaline causes an activation of adrenergic receptors and a stimulation of B,-receptors
on smooth muscle tissue, which induces a bronchodilation,3°® adrenaline functionalised Au NPs
could be of medical interest with regard to asthma therapy when applied to the respiratory
tract. However, native adrenaline loses its potency due to desensitisation effects,?%® making
long-term medication with this drug for the treatment of asthma impractical. Nevertheless, in
order to compare the effect of adrenaline functionalised Au NPs and native adrenaline on the
smooth trachea muscle, the contractibility of the upper respiratory tract was determined under
isometric contraction experiments in an organ bath using bronchial tissue from rats (detailed
experimental setup is described in Chapter 5.9.1.1).

The results of these studies are shown in Figure 28. The restrained rat trachea muscles were
pre-contracted with carbachol (CCh) to adjust the muscle to a stable standard condition. Then,
the reagents (Au-MUDA-ADR NPs @ 9 nm, Figure 28, left) or native ADR (Figure 28, right) were
added and the tension of the relaxing muscle was measured. After a subsequent washing step,
the reagents were applied again in order to investigate the desensitisation effects.
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Figure 28: Results from isometric contraction measurements with adrenaline functionalised Au NPs (Au-MUDA-ADR @ 9 nm)
(left) or native adrenaline (ADR) (right). Rat tracheal rings were restrained in an organ bath, pre-contracted with CCh (0.5 pmol,

) and relaxation was measured after the addition of Au-MUDA-ADR (2 nM, left) or native ADR (1 mM, right). After
a washing step, the same substances were applied to detect a possible desensitisation. Values are mean (pink line) £ SEM, n = 6.

The data show that, in contrast to native ADR, no significant desensitisation of the relaxing
effect of adrenaline functionalised Au NPs is observed. Au-MUDA-ADR NPs continue to have
the same relaxing effect after the washing step (Figure 28, left). As already known, native ADR
shows hardly any relaxing effect after it was applied a second time (Figure 28, right). Since these
studies showed promising results, further investigations were made in order to inhibit the
relaxation when a B,-receptor blocker (ICI-118551) was present. In this way it was investigated
whether the relaxing effect of Au-MUDA-ADR NPs on the tracheal rings in fact originated from
a stimulation of a B,-receptor. The results are displayed in Figure 29.
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Figure 29: Concentration-dependent relaxation of segments from rat tracheal rings (upper respiratory tract) by adrenaline
(arrows) after pretreatment with the B,-blocker ICI-118551 (10 umol - I'}; black bar) (left). Missing effect of Au-MUDA-ADR
(10 nmol - I'Y; arrows) after pretreatment with ICI-118551 (10 umol - I'}; black bar) (right). All segments were pre-contracted
with CCh (0.5 umol - I'}; green bar). Data are means (thick line) + SEM (dotted lines), n =5 —8.

This relaxation was inhibited, when adrenaline was administered in the presence of the
Bo-receptor blocker ICI-118551 (Figure 29, right). However, Au-MUDA-ADR NPs induced after a
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transient contractile response a slow fall in muscle tone, which was not altered after
preincubation with ICI-118551 (10 umol-11) (Figure 29, left). At the end of each experimental
series, a viability control (not shown) was performed with KCI (30 mmol-I"t) demonstrating the
viability of the preparations.

In order to find out whether the missing effect on B,-receptors of Au-MUDA-ADR NPs might be
caused by unfavourable spatial conditions, different Au core sizes ranging from = to 14 nm were
tested. However, none of the tested NPs induced a significant relaxation at the isolated tracheal
rings. This was also the case with noradrenaline functionalised Au NP (Au-MUDA-NA (@ 10 nm)).
These studies confirm that no particular stimulatory effect on B,-receptors on smooth muscle
tissues was induced by the functionalised Au NPs.3%

However, it is possible that the functionalised Au NPs might cause a stimulation of Bi-receptors.
These are predominantly expressed in cardiac tissues. Therefore, contractility studies at
isolated rat cardiomyocytes were performed with the functionalised Au NPs. In this set-up, the
stimulation of Bi-receptors exert a positive inotropic effect and thereby increase cellular
contraction.
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Figure 30: Concentration-dependent increase in contractility of isolated rat cardiomyocytes (measured as cell shortening) by
Au-MUDA-ADR (red symbols; n =53 — 81), but not by Au-MUDA (reference without adrenaline) (black symbols; n =27 — 36).304

Au-MUDA-ADR NPs (@ 9 nm) indeed increased cellular shortening in a concentration-
dependent manner, i.e. exerted a positive inotropic action and thus stimulated the receptors
(Figure 30). On the other hand, this was not observed for Au-MUDA NPs (@ 9 nm) as a non-
catecholamine carrying reference (Figure 30). The increase in contractility induced by the
highest concentration used of Au-MUDA-ADR NPs (30 nmol-I'!) reached about 2/3 of the
increase in contractility induced by native ADR (5 pmol-I') (not shown). The stimulatory effect
of Au-MUDA-ADR NPs was significantly inhibited by pretreatment with Bi-receptor blocker
atenolol (10 umol-I"t) (not shown).3%4

These functionalised Au NPs show biological activity in the nanomolar range in various
biological systems, where Bi-adrenergic receptors are involved in the control of physiological
processes such as intestinal secretion or cardiac contractility.
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3.2.2.2 Biofunctionalisation of Au NPs with the Artificial B2-Receptor Agonist Salbutamol

Since adrenaline or noradrenaline functionalised Au NPs did not induce a stimulation of
Bo-receptors on tracheal smooth muscle in contrast to the native compounds, a further
approach was conducted this time with an artificial short-acting [:-receptor agonist.
Salbutamol is widely used as a sympathomimetic in the treatment of bronchial asthma and
chronic obstructive pulmonary disease (COPD). Salbutamol (SB) exhibits a structural similarity
to ADR and NA. However, the presence of the tertbutyl group on the N atom greatly increases
its selectivity for Ba-receptors.39” Thus, the synthesis of salbutamol functionalised Au NPs is
presented in the following section.

Ligand synthesis

The synthesis was performed according to a modified procedure by Abed et a/.2%* As mentioned
before, the linker molecule MUDA was reacted with the coupling reagents
N-hydroxysuccinimide (NHS) and diisopropylcarbodiimide (DIC) in absolute dimethyl
formamide at room temperature in order to form an active ester with NHS (Scheme 9).

1. NHS, DIC OH
0] DMF O

M t4h /\wl\ OH
HS OH > Hs N
9 2. K,CO3, Hy0 9)< OH

oH
HN/\/@/OH
MUDA MUDA-SB

Ao s H,SO,

DMF, rt, 16 h

Scheme 9: Ligand synthesis of MUDA-SB using the coupling reagents NHS and DIC according to Abed et a/.301

Salbutamol was dissolved in DMF, added to the solution and reacted with the active ester to an
amide under mildly basic conditions. Aqueous work-up as well as purification via column
chromatography proceeded. However, the product was only obtained in a small yield (20%)
with an impurity of DIU. A reason for the low yield might be the sterically very demanding
‘Bu group on SB. A further synthetic approach was performed using hexafluorophosphate
azabenzotriazole tetramethyl uronium (HATU) as a coupling reagent. HATU is particularly
suitable for the formation of amide bonds of sterically demanding amines.

MUDA was dissolved in DMF and cooled to 0 °C. NEt3 and HATU were added and after 5 min
salbutamol hemisulfate (SB) dissolved in DMF was added to the reaction mixture (Scheme 10).
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Scheme 10: Ligand synthesis of MUDA-SB using the coupling reagent HATU.

During this reaction, an active ester was formed, which reacted with the nucleophilic amine to
the desired amide. Aqueous work-up was performed in order to obtain the product. However,
the use of HATU in this synthetic procedure did not result in a higher yield or a higher purity.
The structure of MUDA-SB was investigated using NMR, IR and ESI-MS. *H-NMR spectra show
all expected products including aromatic proton resonances between 7.20 ppm and 6.51 ppm,
which are attributed to the phenol ring of SB. A significant singlet at 1.15 ppm can be assigned
to the 'Bu rest of SB. Furthermore, proton resonances of MUDA are present, such as intense
resonances in the range of 1.65 ppm to 1.12 ppm. In ESI MS measurements, the molecule ion
[M-H]" of m/z 438.26 was found for MUDA-SB. This matches with the calculated ligand mass.

Nanoparticle functionalisation

As a following step, surface functionalisation with MUDA-SB was performed on Au-Citrate NPs
in a ligand exchange reaction, as displayed in Scheme 11. Au-Citrate NP (@ 13 nm) dispersion
was degassed with argon prior to the dropwise addition of MUDA-SB dissolved in DMSO. To
ensure a pink and clear NP dispersion during the ligand exchange, the dispersion was adjusted
to pH 8 by adding NEts. The reaction mixture was stirred at room temperature before it was
purified via dialysis in order to remove free ligands and unbound species from the
functionalised NP dispersion.

Ox,-ONa 1. MUDA-SB OH
@ 0 ONa LN @ s
OH 2. dialysis 9
(against H,0) OH

Au-Citrate Au-MUDA-SB

Scheme 11: NP functionalisation in a ligand exchange reaction with MUDA-SB.

TEM images show that the morphology of the functionalised NPs has not changed during the
ligand exchange reaction (Figure 31 A). Spherical monodisperse Au NPs remain present with a
diameter of drem = 13.0 + 1.0 nm. Furthermore, the Au-MUDA-SB NPs reveal a distinct plasmon
resonance with Amax at 531 nm. The organic framework of the functionalised Au NPs was
investigated using NMR and IR spectroscopy. The *H-NMR spectrum of Au-MUDA-SB NPs shows
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the majority of the expected proton resonances, like the aromatic proton resonances between
7.14 ppm to 6.57 ppm, which are attributed to the phenyl ring of SB. However, not all proton
resonances were resolved sufficiently, and the resonances in the range of 1.32 ppm
and 1.09 ppm are located under solvent signals and can therefore not be determined.
Furthermore, in addition to the NMR resonances of residual H,O and added NEts, there is
another solvent impurity from DMF as well as the side product DIU present in the sample.
Figure 31 B shows the IR spectrum of Au-MUDA-SB NPs (Figure 31 B, bottom) in comparison to
the free ligand MUDA-SB (Figure 31 B, top). Both spectra reveal correspondences, such as the
distinct vc-o vibration around 1650 cm™, which can be assigned together with the
Scn oscillation around 1245 cm™ to the amide bond formed.
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Figure 31: (A) TEM image of Au-MUDA-SB NPs and (B) corresponding IR spectra in comparison to the free ligand MUDA-SB
(top).

Moreover, characteristic absorptions between 3000 cm™ and 2800 cm™ are attributed to the
long alkyl chain of MUDA. Furthermore, the distinct vcs band around 620 cm™ indicates the
presence of the free thiol in the ligand (Figure 31 B, top) as well as the thiolate unit attached
on to the Au NP surface in the spectrum of Au-MUDA-SB NPs (Figure 31 B, bottom). These
IR spectra reveal quite distinctly that the IR spectra of functionalised NPs frequently show a
broadening of the bands. In addition, the Au-MUDA-SB NP sample displayed here was not
completely dry, as can be readily recognised from the water band around 3350 cm™™.

The analytical characterisation indicates a possible functionalisation of Au NPs with SB.
However, future ligand syntheses need to be optimised, in order to obtain higher yields and to

increase the purity. Only then, salbutamol functionalised Au NPs can be studied in biological
systems.

55



3 Results and Discussion

3.2.2.3 Biofunctionalisation of Au NPs with a tropane alkaloid

Hereinafter, the biofunctionalisation of Au NPs with atropine is described using a separate
synthetic pathway. In nature, atropine is found as the poison of the deadly nightshade “atropa
belladonna” (Figure 32, left). As a biogenic substance, atropine chemically already contains an
ester function. Therefore, mild conditions in further reactions are required. Since the molecule
itself offers a free hydroxyl group, an ester bond with a spacer can be formed.

Au-MUDA-AT

Figure 32: Image of deadly nightshade "atropa belladonna" (photo: Annabelle Mattern) (left), scheme (centre) and structure
of atropine functionalised Au NPs (right).

Inside the body, atropine competes with acetylcholine and acts as a synaptic toxin by blocking
M3 receptors so that acetylcholine or derivatives are unable to act. The detailed mechanism of
how atropine is taken up through the gastrointestinal tract (on the apical side of the epithelial
membrane) and how it acts on the Ms receptors on the basolateral side remains not fully
understood. Thus, there is interest in whether Au NPs can function as carriers and still
overcome this barrier to act on the basolateral side in order to gain potential new insights into
this system. Furthermore, atropine is currently used to treat spasms in the gastrointestinal
tract, so atropine functionalised Au NPs (Figure 32, right) could have potential therapeutic
applications.
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Ligand synthesis

The esterification was performed in an anhydrous medium and under inert atmosphere
according to a modified procedure described by Steglich et al.3%® For this purpose, MUDA was
dissolved in anhydrous DCM and catalytic amounts of 4-(dimethylamino)pyridine (DMAP)
(0.1 eq.) were added (Scheme 12). Increasing concentrations of DMAP up to 3 eq. did not lead
to a higher yield in these syntheses.
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Scheme 12: Synthesis of MUDA-AT in a Steglich esterification.308

The coupling reagent diisopropyl carbodiimide (DIC) was added to the cooled solution and then
the reaction mixture was treated with the alcohol atropine. As shown in Scheme 13, the acid is
initially deprotonated and the active DIC ester (O-acylisourea) is formed (Scheme 13, top right).
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Scheme 13: Potential reaction mechanism of a Steglich esterification.

DMAP is added as an acyl transfer reagent, as it is a stronger nucleophile than the present
alcohol, thus preventing a 1,3 rearrangement, which may irreversibly form N-acylisourea.
DMAP now nucleophilically attacks the partial positively charged C atom of the active DIC ester.
This produces diisopropylurea (DIU) as a side product, which precipitates (Scheme 13, bottom
right). Furthermore, a DMAP conjugate results as an intermediate, which no longer undergoes
any intramolecular side reactions and instead has a polarised acyl group, enabling a rapid
reaction with the alcohol forming the desired ester (Scheme 13, bottom left). In particular,
sterically demanding and acid-labile reactants may undergo reactions under mild conditions at
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3 Results and Discussion

room temperature in this approach. Remaining acid and other side products were removed in
the subsequent aqueous work-up. The crude product was purified over a silica plug. Again,
traces of the side product N,N’-diisopropylurea (DIU) remained and could not be removed
completely during various work-up steps. As mentioned before, remaining traces of DIU were
tolerated, as the desired biofunctional ligand possesses a thiol moiety, which binds more
favourably to the NPs.

The ligand was analysed by NMR, IR and ESI-MS. Attempts of crystallisation were performed
but without any success. The *H-NMR spectrum shows all expected proton resonances.
Furthermore, the characteristic intense resonances between 1.63 ppm and 1.10 ppm can be
assigned to the long alkyl chain of the thiol spacer MUDA. Moreover, aromatic proton signals
in the range from 7.30 ppm to 7.18 ppm correspond to the phenyl unit of atropine and suggest
a successful ligand synthesis. IR measurements were performed to verify the existing binding
types within the product. First, the spectrum of MUDA-AT (Figure 33, bottom) reveals distinct
Vcn resonances in the range of 3000-2800 cm™, which are significantly stronger than in the
spectrum of AT (Figure 33, top) and thus indicate the long alkyl chain of MUDA. Furthermore,
MUDA-AT shows an intense vc.s vibration at 629 cm™, suggesting the existence of a thiol.

transmittance (a.u.)

MUDA-AT

T T T T T T
4000 3000 2000 1000

wavenumber (cm™)

Figure 33: IR spectra of MUDA-AT (bottom) and atropine (AT) (top).

In addition, unambiguous similarities appear between AT and MUDA-AT, e.g. the strong
vco bond at 1156 cm™ or the intense vcn vibration around 1025 cm™. It is apparent that
significantly more absorptions are found in the range of 1750-1600 cm™ in MUDA-AT than in
the individual AT, which may be attributed to the two ester moieties next to one another.

The molecular mass of MUDA-AT was confirmed using ESI-MS. The molecule ion [M-H]" of
488.23 was found, which matches with the calculated ligand mass.
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3 Results and Discussion

Nanoparticle functionalisation

As a next step, functionalisation of the synthesised Au NPs took place in ligand exchange
reactions with the synthesised MUDA-AT ligand, as displayed in Scheme 14.

N/
1. MUDA-AT
O ONa DMSO 0
_ nm1eh M
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Scheme 14: NP functionalisation in a ligand exchange reaction with MUDA-AT.

The Au NP dispersion of the preferred size was degassed with argon prior the addition of the
ligand. MUDA-AT was dissolved in DMSO and slowly added in a large excess (approx. 10%-fold)
under vigorous stirring. To ensure a stable Au NP dispersion during the reaction, the pH was
adjusted by adding NEts. The obtained pink and stable Au NP dispersion was subsequently

purified via dialysis in order to remove remaining free ligands and other side products. TEM
images of Au-MUDA-AT NPs show (Figure 34 (A)-(F)) that no remarkable change in the
morphology of the NPs occurred during their functionalisation with MUDA-AT.

Figure 34: TEM images of Au-MUDA-AT NPs with a size of @ 8 nm (A), @ 10 nm (B), @ 12 nm (C), @ 13 nm (D), @ 14 nm (E) and
@ 16 nm (F).
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3 Results and Discussion

Indeed, the images reveal that MUDA-AT is a suitable ligand to sufficiently stabilise the Au NPs,
resulting in no agglomeration. The determined values of drem remain in the range of the sizes
found for the corresponding starting particles (Figure 35 A). The ligand shells appear to increase
slightly in all approaches due to the new sterically demanding ligand. This is evidently shown in
the dhyar values (Figure 35 A), all of which were slightly larger after the functionalisation with
MUDA-AT.

A
size 8 nm 10 nm 12 nm 14 nm 16 nm
sample Au-MUDA-AT
drem / nm 81+0.7 9.7 +0.9 12.0+1.0 14.0+1.0 159+1.1
dhyar / NM 29+8 33+4 112 +59 31+13 53+19
Amax / nm 530 530 529 527 528
B 09
@ea}sé six?@ —— Au-MUDA-AT @ 8 nm
@6; ;;jg —— Au-MUDA-AT $ 10 nm
EOTTN
/i ——Au-MUDA-AT @ 12 nm

——Au-MUDA-AT @ 14 nm

NMUDA-AT @16 nm

norm. absorbance (a.u.)

450 500 550 600 650 700 750 800
wavelength (nm)

Figure 35: (A) Properties of the functionalised Au-MUDA-AT samples in different sizes and (B) their corresponding UV/Vis
spectra.

The UV/Vis spectra of the Au-MUDA-AT NPs (Figure 35 B) show a distinct plasmon resonance
with an absorption maximum Amax each in the range around 530 nm. The existence of only one
relatively narrow absorption band with a noticeable rise indicates that a stable NP dispersion
with monodisperse NPs is present.
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3 Results and Discussion

The 'H-NMR spectra of Au-MUDA-AT NPs were compared with the spectrum of the synthesised
ligand MUDA-AT and show all desired proton resonances. Aromatic proton signals between
7.49 ppm and 7.19 ppm correspond to the phenyl unit present in atropine. Furthermore,
significant signals in the range from 1.74 ppm to 1.15 ppm are associated to the long alkyl chain
of MUDA-AT.

Similarly, the IR spectrum of the Au-MUDA-AT NP sample (Figure 36, bottom) was compared
with the one of the free ligand MUDA-AT (Figure 36, top). Thereby, unambiguous similarities
were observed, especially the intensive ven absorptions in the range of 2900 cm™ confirm the
presence of the long chain MUDA.
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Figure 36: IR spectra of Au-MUDA-AT NPs (bottom) and the corresponding free ligand MUDA-AT (top).

Furthermore, both vc-o0 absorptions between 1730 cm™ and 1650 cm™ and the éc.o vibrations
around 1200 cm? reveal the ester groups on the organic ligand sphere of the NP samples
(Figure 36, bottom). Even a characteristic ven absorption at 1029 cm™ was found in both
samples. Moreover, the entire fingerprint areas resemble one another very closely.

In summary, the data of all analytical characterisations unambiguously confirm that Au NPs
were successfully functionalised with atropine (AT) and monodisperse NP in selected sizes were
obtained.
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3 Results and Discussion

Biological actions of the atropine functionalised Au NPs

The physiological studies of the functionalised Au NPs were performed by Rebecca Clallen as
part of her PhD thesis in the research group of Prof. Diener at the Institute of Veterinary
Physiology and Biochemistry at the Justus Liebig University Giessen. In further studies,
Au-MUDA-AT NPs were investigated in Ussing Chamber experiments regarding their receptor
activities. The intention here was to find out whether Au NPs can function as carriers of the
biologically relevant compound atropine across the epithelial membrane, and whether M3
receptors on the basolateral side get blocked. Furthermore, a size dependent tendency of the
effects on M3 receptors caused by Au-MUDA-AT NPs should be examined.

Results of “Reversed Ussing Chamber” Experiments with Au-MUDA-AT @ 14 nm

Standard Ussing Chamber experiments are conducted according to the procedure described
above. In a reversed experiment the agent of interest is now added on the opposite side of the
receptors. The receptors focused on were the muscarinic type 3 (M3s) receptors, which are
situated on the basolateral side of the epithelial membrane of rat jejunal tissue. Scheme 15
illustrates the setups and Figure 37 and Figure 38 show the results of such an experiment.
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A control measurement was performed
without adding NPs showing that no M3
receptors are blocked and thus can still
be activated.
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Au-MUDA-AT NPs @ 14 nm (75 pM) were
added on the apical side of a rat jejunal
epithelium.
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iii. 30 min incubation with NPs

After an incubation time of 30 min the
NPs pass the epithelial barrier and block
some receptors, but some receptors (not
blocked yet) can still be activated.

2 h incubation with NPs

After an incubation time of 2 h the NPs
achieve a complete blocking on the
basolateral side. Thus, no Ms receptors
can be activated.

3 Results and Discussion
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Scheme 15: Experimental implementation in a "Reverse Ussing Chamber Setup" and the obtained results.

In this approach, the agent of interest (Au-MUDA-AT NPs @ 14 nm) was injected on the apical
side (Scheme 15 ii), before the secretagogue carbachol (CCh, M3 receptor agonist) was added
on the basolateral side to attempt a stimulation of the receptors. Such an activation of

receptors would be displayed in an increase of the measured short circuit current (/sc).

Furthermore, these measurements were performed with different incubation times

(Scheme 15 iii and iv) to determine whether the NPs can cross the epithelial barrier, act on the

basolateral side and block the receptors there. At the end of each experiment, forskolin (Forsk.,

another secretagogue) was added to proof if the functional viability of the tissue was still

existing. This would be displayed again in an increase of /s.
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3 Results and Discussion

control measurement without NPs
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Figure 37: Measured short-circuit current (/sc) over time on rat jejunal epithelium mounted in an Ussing Chamber. No treatment
with the NPs took place (control measurement). Carbachol (50 uM; CCh, M3 receptor agonist) was added to stimulate the
receptors displayed as an increase in Is.. Then, forskolin (5 uM; Forsk., another secretagogue) was added resulting in an increase
of Isc in order to reveal the functional viability of the tissue. Data are given in mean values + SEM, n=7-8.

First, a time-dependent control measurement was performed without adding the agent of
interest, shown in Scheme 15 (i). After 30 min, CCh was added on the basolateral side and an

increase of the measured short circuit current was observed (Figure 37). This proves that the
M3 receptors are stimulated and not blocked.
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12 12 .
CCh basolateral addition: slight |5 increase CCh basolateral addition: no Isc increase
10 1 10
-» no receptors activated, all blocked
S8 S 8 |
< =
o =3
ER f"" 26 |
h e - W Pjortin
4 /,,—//’M 4
t t
L | tNeTseM  tccn ok , 4 NP75pM CCh  Forsk.
-10 20 ‘ 50 80 -10 20 50 80 110 | 140 170
\ time (min) )

time (min)
0,5h

2h

Figure 38: Measured short-circuit current (lsc) over time on rat Jejunal epithelium mounted in an Ussing Chamber. A treatment
with the NP (75 pM) took place on the apical side of the tissue before the secretagogue carbachol (50 uM; CCh, M3 receptor
agonist) was added to stimulate the receptors displayed as an increase in ls.. Then, forskolin (5 uM; Forsk., another
secretagogue) was added resulting in an increase of Isc in order to reveal the functional viability of the tissue. Incubation of the

tissues with Au-MUDA-AT reduced (left) or abolished (right) the response to CCh, without impairing tissue viability. Data are
given in mean values + SEM, n=7-8.
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3 Results and Discussion

In a next experiment, the Au-MUDA-AT NPs (75 pM) were added on the apical side
(Scheme 15 ii) and incubated for 30 min (Scheme 15 iii). The response to CCh was reduced,
displayed only in a slight increase of /sc (Figure 38, left) and thus indicating that only a part of
the receptors could be activated, while the other part of receptors were already blocked
(Scheme 15 iii). This again implies that the NPs cross the epithelial barrier.

In another experiment, the incubation time was extended to 2 h in total (Scheme 15 iv). When
CCh was applied, no increase of /sc could be observed. (Figure 38, right). This suggests that no
receptors are stimulated because all are blocked. This may lead to the conclusion that the
passage of Au-MUDA-AT NPs is complete in less than 2 h and a complete blocking effect can be
observed on the basolateral side. This is the first time that atropine functionalised Au NPs are
reported to cross the epithelial barrier and act on the basolateral side as a receptor poison.

Impact of Au NPs Core Sizes on Blocking of M3 receptors by Au-MUDA-AT NPs

In further Ussing chamber experiments, the Au-MUDA-AT NP’s direct ability to block M3
receptors was investigated without overcoming a barrier beforehand but in dependence of the
Au NP core sizes used. For this purpose, standard Ussing chamber set-ups were chosen:
Au-MUDA-AT NPs (20 nmol) of the preferred size were applied to the basolateral side of the
jejunum of a rat (Figure 39 A). After 20 min, native CCh (50 umol) was added on the basolateral
side and the change in Isc was measured (Figure 39 B). The control groups (Figure 39 B, black
bar, pooled control from all experiments) were not treated with NPs. The results of the different
Au NPs core sizes were compared with each other (Figure 39 B, coloured bars, each n = 8-9) as

well as with the control group.
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Figure 39: (A) Scheme of the experimental implementation in a "standard Ussing Chamber Setup" on an epithelial membrane
(jejunum) of a rat and (B) change of the measured short circuit current Isc after the application of CCh (50 umol) on the
basolateral side of Jejunal epithelium, which was treated with Au-MUDA-AT NPs (20 nmol) of a selected size on the basolateral
side 20 min before.
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3 Results and Discussion

The diagram in Figure 39 B illustrates a size dependent effect of the used atropine
functionalised Au NPs on Alsc after CCh application. Following a treatment with for instance
@ 12 nm or @ 14 nm Au-MUDA-AT NPs, only slight changes of the Isc were observed. Like in
previous experiments, the reason for this is that the majority of M3 receptors are blocked by
either of the two and therefore cannot be activated after the addition of the secretagogue CCh.
Expanding the range of sizes a bit further, one can observe larger Alsc after treatment with
@ 10 nm or @ 16 nm Au-MUDA-AT NPs. Hence, fewer Ms receptors are blocked and these NPs
appear to be less effective. The addition of @ 8 nm Au-MUDA-AT NPs increases the Alsc even
stronger than the control group (Figure 39 B, black bar), which received no treatment.
However, the large error bar of the @ 8 nm NP measurements renders this experiment less
precise. Nevertheless, in order to achieve the optimal size for a strong effect, @ 13 nm
Au-MUDA-AT NPs were synthesised. Taking into account the standard deviation of the size with
drem =129+ 1.0 nm, these NPs show an even smaller Alsc and thus an improved effect
compared to the other NP sizes.

Figure 39 B thus shows a correlation between size and Alsc, and it was determined that
Au-MUDA-AT NPs with a size of @ 13 nm are the most effective in our experimental set up.
Furthermore, our experiments show that atropine functionalised Au NPs with a size of @ 14 nm
cross the epithelial barrier and act on the basolateral side as a receptor poison. Thus, this
system is of high interest for further studies also on a microscopic level, in order to obtain an
in-depth investigation of the Au NPs within the tissues.
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3 Results and Discussion

3.3 AMINE STABILISED AU NPS AND BIOMIMETIC FUNCTIONALISATION

Amine stabilised Au NPs have been described rarely in the literature. However, a free amine
moiety on the ligand sphere offers the opportunity to attach a wide variety of relevant acidic
compounds to the ligand surface using peptide bond formation (Figure 40, yellow).

nanoparticle synthesis
1+ HSWNHZ HOJ\ )OI\
ATt A > s NH, - SWVWN
Au reducing agent H
functionalisation with an acid
OH
HO)\/\/@OH

O bHca

OH
@i @S
(0]

dopamine

dihydrocaffeic acid
biomimetic functionalisation

Figure 40: Synthetic strategy towards amine stabilised Au NPs (red) and their subsequent functionalisation with an acidic
compound (yellow). A biomimetic functionalisation (violet) is possible when compounds mimic biogenic substances, e.g.
dihydrocaffeic acid (DHCA) mimics dopamine (DA).

If the acidic compound resembles another biogenic substance, this may be referred to as
biomimetic functionalisation. The binding moiety is present on the ligand shell that is significant
for e.g. the stimulation of a receptor, and thus simulates the presence of a biogenic substance,
although this biogenic compound is in fact not linked to the NPs. Here, we used dihydrocaffeic
acid (DHCA; 3(3,4-dihydroxy-phenyl) propionic acid) (Figure 40, violet), which was linked to the
amine stabilised Au NPs by its free acid moiety by a peptide bond formation. Similarly to
dopamine, it exhibits a free catechol unit relevant for adrenergic receptor stimulation.

Worth mentioning is that although long chain and shorter chain aminothiols are commercially
available — which are structurally similar to the already used mercapto acids — the aminothiols
are very expensive. Therefore in a first step, low cost aminothiols were used as alternatives in
initial trials. Cysteamine (Cys or 2-Aminoethanethiol) has already been mentioned in the
literature when stabilising Au NPs; 4-aminothiolphenol (ATP) was chosen additionally.
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3 Results and Discussion

Nanoparticle syntheses with short chain mercaptoamines

Au-Cys NPs were synthesised according to a procedure described by Lee et a/.3%° HAuCls - 3 H,0
was dissolved in H,O and cysteamine hydrochloride (Cys - HCl) was added. After 20 min of
stirring in the dark, freshly prepared NaBHa solution was added and the mixture was stirred at
room temperature in the dark for 16 h (Scheme 16).

cysteamine HCI
NaBH
HAuCI, * 3 H,0 T @S/\/NHZ

Au-Cys

Scheme 16: Synthesis of Au-Cys NPs using the approach by Lee et a/.30?

Subsequently, the violet NP dispersion was purified via dialysis. However, the NP dispersion
seems to interact with the dialysis membrane, which, after a while, resulted in a less stable
dispersion that agglomerated quickly. Figure 41 shows the TEM images of Au-Cys NPs before
(Figure 41, left) and after (Figure 41, right) purification via dialysis. Initial agglomeration could
be observed especially after the purification, which is in accordance with the visual findings.

Figure 41: TEM images of Au-Cys NPs before (left) and after (right) purification via dialysis implying agglomeration of the NPs.

As an alternative purification method, centrifugation was performed, but the NP were not able
to get redispersed again.

Furthermore, a ligand exchange starting from Au-Citrate NPs was performed with Cys - HCI, but
agglomeration occurred immediately after the new ligand was introduced, even if the reactions
were attempted at different pH values. Since neither a direct synthesis with NaBH4 nor a ligand
exchange reaction led to stable amine stabilised Au NPs, no further analysis (UV/Vis, DLS, IR,
NMR) was performed. Instead, 4-aminothiolphenol (ATP) was used for further investigations as
a new ligand type. Its phenyl ring could provide additional stability in order to obtain more
stable Au NPs.
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3 Results and Discussion

Syntheses of a modified version of the Stucky method were performed while PPhsAuCl was
dissolved in DMSO, the ligand ATP was added and heated to 60 °C. Then, a solution of
‘BUNH2:BH3 in DMSO was added quickly under vigorous stirring. The solution was stirred at
60 °C in the dark for 1 h before being cooled in an ice bath (Scheme 17).

tBuNHz:BH3
DMSO
PPhiAUCI + HS—( )~NH, — 2o SONHZ
60°C,1h

Au-ATP

Scheme 17: Synthesis of Au-ATP NPs.

The NPs were purified via centrifugation. Precipitation with EtOH or acetone was possible. Even
though TEM images (not shown) show that spherical NPs formed, these could not be
completely redispersed after centrifugation. Furthermore, TEM images revealed next to
agglomerated NPs a large amount of remaining solvent and presumably other impurities
encapsulating the Au NPs. On the other hand, precipitation with acetonitrile (MeCN) was
possible and the Au NPs were redispersed in acidic H,O (pH 3) before further washing
procedures with MeCN were performed (4 x 30 min, 8000 rpm). Afterwards the Au NPs were
redispersed in H,O, acidified with hydrochloric acid to pH 1, forming a red dispersion. The TEM
image shows that spherical, nearly monodisperse Au NPs were obtained. No organic solvent
residues, no excess nucleation nuclei and almost no agglomeration were observed. In
conclusion, a precipitation with MeCN and redispersion in acidic H,O works well, while nor
stable or purified Au-ATP NPs could be obtained in precipitation with EtOH or acetone.

Even though redispersion in acidic H,O was possible, the Au NPs did not appear to resist
centrifugation completely without any damage. Therefore, the milder purification method of
dialysis was used for further approaches. The Au NPs withstood the dialysis (12 h or 36 h,
respectively) and clean Au NPs were obtained. However, an excessively long dialysis (more than
48 h at a stretch) also led to an incipient agglomeration of the Au NPs; they seemed to react
with the tube material.

In the described manner, Au-ATP NPs were synthesised in two different sizes. The higher the
equivalent of ligand and reducing agent added, the smaller the diameter of the obtained Au NPs
(Table 7).

Table 7: Properties of the synthesised Au-ATP NPs.

sample  ratio of PPhsAuCl: ATP : ts,-NH2BH3 drem Amax (UV/Vis) concentration
? 8 nm 1.0eq.:0.6eq.:8.9eq. 7.9+0.8 nm 537 nm 238 nmol/I
1.0eq.:1.0eqg.:9.6 €eq. 58+0.8nm 538 nm 570 nmol/I
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3 Results and Discussion

Within 10 min, a colour change occurred and the NP dispersion turned increasingly into deep
red over time, e.g. noticeable after 50 min (Figure 42 A). The TEM images of the purified
samples reveal monodisperse, spherical Au NPs with a size of drem = 7.9 + 0.8 nm (Figure 42 B)
and drem = 5.8 £ 0.8 nm (Figure 42 C), respectively. Moreover, the @ 6 nm Au-ATP NPs arranged
themselves hexagonally on the TEM grid, indicating a particularly high monodispersity. UV/Vis
spectra display a distinct plasmon band each with Amax around 540 nm. However, the @ 6 nm
Au-ATP NP dispersion was not stable over a longer time period (< 2 months).
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Figure 42: (A) Optical monitoring of the synthesis over time; Au NP solution turns increasingly dark red. TEM images of
Au-ATP NPs @ 8 nm (B) and @ 6 nm (C) and their corresponding UV/Vis spectra (D).

Additionally, *H-NMR and IR spectroscopy clearly reveal the presence of ATP on the Au NP
surface. The *H-NMR spectrum shows two aromatic proton signals at 7.55 ppm and 7.23 ppm,
which are assigned to the phenyl ring of the linker. However, the amine protons were not
detected as the spectrum was measured in D;0.

70



3 Results and Discussion

Figure 43 displays the IR spectrum of Au-ATP NPs (Figure 43, bottom) in comparison to the free
ligand ATP (Figure 43, top). Both samples reveal distinct similarities in the observed bands.
However, the NP sample contains additional bands not found in the free ligand. These intense
Vcn resonances in the range 3000 cm™ to 2800 cm™ and the significant vs-o oscillation at
1071 cm™ are assigned unambiguously to DMSO as remaining solvent in the sample. Other
remaining bands can be attributed to the ligand ATP, such as the weak absorption in the range
between 3450 cm™ to 3300 cm™. These v vibrations together with én.n oscillations at
1581 cm™ as well as the ve.y bands around 1300 cm ™ strongly indicate the presence of an amine
on the ligand shell. Furthermore, weak benzene overtone 6cn bands around 1970 cm™ are
assigned to the aromatic ring. A distinct vcs vibration around 600 cm™ refers to the thiolate
moiety attached to the Au core. Taken together, these data indicate that monodisperse
Au-ATP NPs were synthesised in a direct approach with the short chain ligand ATP.

I A A
‘ T \ / 11 AV
\‘Wﬂ\ Na | /ﬂ // /W/w “\l /\
|V 1| R HSONHZ
- I y
8 “ N ‘\ ATP
) | | ‘ \
g [ ||
g |
c
S
@
Au-ATP
4000 I 3OI00 I 20IOO I 10IOO

wavenumber (cm™t)

Figure 43: IR spectra of the ligand ATP (top) and Au-ATP NPs (bottom).

In order to prepare amine stabilised Au NPs with even longer shelf lives (> 2 months), ligands
with a longer chain may increase the stability, due to their steric bulkiness, which was already
observed in similar systems with long chain mercapto acids as ligands, e.g. MUDA. Moreover,
a comparable long-chain mercaptoamine could be introduced in order to compare these
systems. However, mercaptoundecylamine (MUAM) is in fact commercially available, but
extremely expensive compared to the acid (MUDA: about 15 €/g; MUAM: about 10000 €/g).
Due to the high price, the MUAM ligand was prepared using a four step approach (Scheme 18).
The experimental work of the MUAM synthesis was performed jointly with Sebastian
Habermann (advanced module of the master student under the supervision of the author).
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3 Results and Discussion

3.3.1 SYNTHESIS OF MERCAPTOUNDECYLAMINE

Starting from 11-bromoundecanol, the phthalimide protecting group was introduced in a salt
metathesis (Scheme 18, top right)).3*° Then, the remaining hydroxyl group was converted with
bromine in an Appel-reaction (Scheme 18, centre).3!
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o 4. Cleavage of both protecting groups
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Scheme 18: Four step synthesis of mercaptoundecylamine (MUAM).

With this new attractive leaving group, again a salt metathesis was performed in order to
introduce the sulfur containing thioacetate protecting group in the third step (Scheme 18,
bottom left). Afterwards, both protecting groups were released in one step with hydrazine
hydrate in order to obtain MUAM with a free thiol and a free amine moiety (Scheme 18, bottom
right).

The Gabriel synthesis®!? in the first step of the approach was performed according to a
procedure described by Perez et al.3'? and is displayed in Scheme 19.
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Scheme 19: Synthesis of 11-hydroxyundecylphthalimide (HUPh).
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11-Bromoundecanol was reacted with potassium phthalimide in anhydrous DMF at 75 °C. The
polar side product potassium bromide precipitated as a colourless material and was filtered off.
After aqueous work-up, the product 11-hydroxyundecylphthalimide (HUPh) was obtained as
colourless crystalline solid in a very good vyield (97%). The product was characterised using
NMR, IR and ESI MS. The *H-NMR spectrum shows all desired proton resonances. Furthermore,
two characteristic signals were observed at 7.84 ppm and 7.71 ppm, which can be attributed
to the symmetric aromatic protons of the phthalimide protecting group. Intense resonances in
the range of 1.67 ppm to 1.34 ppm refer to the long alkyl chain. Moreover, the spectrum shows
two triplets at 3.67 ppm and 3.60 ppm, which were shifted to higher frequencies. These were
determined using 2D experiments and were assigned through their long range coupling
correlations. The proton signal at 3.60 ppm refers to the methylene group next to the nitrogen
of phthalimide and the triplet at 3.67 ppm was assigned to the adjacent methylene group of
the hydroxyl group.

IR spectroscopy was performed to additionally verify the existing binding types within the
compound as described on the next page. The molecular mass was confirmed using ESI MS.
The molecule ion [M+Na]* of m/z 340.20 was found for HUPh, which matches the calculated

mass.

As a next step the hydroxyl group was converted into a bromine moiety, which again represents
a good leaving group for a further reaction. This Appel reaction3! was performed according to
a procedure described by Jarboe et al.3*3(Scheme 20).

0 0
CBry, PPhs /\9/\
HOA@;\N _  Br GoN
DCM
o i, 2 h o
HUPh BrUPh

Scheme 20: Synthesis of 11-bromoundecylphthalimide (BrUPh).

HUPh was dissolved in tetrabromomethane (CBra) and anhydrous DCM, triphenylphosphine
(PPhs) was added and the mixture was stirred at room temperature. The crude product was
purified by column chromatography (hexane : ethyl acetate, 10:1) to obtain the
11-bromoundecylphthalimide (BrUPh) as a colourless solid in a good yield (70%).

The formation of the side product triphenylphosphine oxide with its strong P=0 bond is the
driving force of this process and related to the Mitsunobu reaction.3#

Only slight changes in the compound’s structure occurred, nevertheless the *H-NMR spectrum
shows a distinct difference to the starting material HUPh. Since the hydroxyl group was
exchanged by a bromine atom, the electronic environment of the adjacent protons changed.
Thus, a signal at 3.39 ppm results from the methylene group next to the bromine which is now
shifted to a lower frequency compared to the starting material’s resonance at 3.60 ppm. All
other proton signals remained similar to the chemical shifts present in the starting material.

73



3 Results and Discussion

For instance, the characteristic signals between 1.65 ppm and 1.21 ppm refer to the long alkyl
chain and two distinct resonances at 7.83 ppm and 7.70 ppm are assigned to the aromatic ring
of the phthalimide protecting group. Figure 44 shows the IR spectra of both compounds
synthesised in the first two steps: HUPh (Figure 44, top) and BrUPh (Figure 44, bottom).

Both samples show intense vc.n absorptions in the range of 3000 cm™ to 2800 cm™, suggesting
the presence of the long alkyl chain. Furthermore, each spectrum shows a sharp vc=o vibration
around 1700 cm, which corresponds to the imide and indicates the successful introduction of
the phthalimide protecting group in the first step of the synthesis.

HUPh

transmittance (a.u.)

T T T T T T
4000 3000 2000 1000
wavenumber (cm™)

Figure 44: IR spectra of 11-hydroxyundecylphthalimide (HUPh) (top) and 11-bromoundecylphthalimide (BrUPh) (bottom).

Moreover, HUPh (Figure 44, top) shows characteristic vo- resonances around 3500 cm™, which
are assigned to its hydroxyl group. These bands were no longer observed in the spectrum of
BrUPh (Figure 44, bottom), indicating a successful exchange of the hydroxyl group by bromine.
Instead, BrUPh reveals a stronger vcsr vibration at 640 cm™, which corresponds to the
introduced halogen.

In ESI MS measurements, the molecule ion [M+Na]* m/z 404.10 was found for BrUPh, which
matches the calculated mass. Taken together, these data unambiguously prove the successful
synthesis of pure BrUPh in a good vyield.

BrUPh was further reacted in a salt metathesis in order to introduce the sulfur containing
thioacetate protecting group. The synthesis was performed according to a procedure described
by Wang et al.3* and is displayed in Scheme 21.
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0 o 0
Br/\%N KSAc _ )J\S/M;\N
o 75 "TCFfF24 h 0
BrUPh AcSUPh

Scheme 21: Synthesis of 11-(N-phthalimido)undecyl thioacetate (AcSUPh).

BrUPh was dissolved with potassium thioacetate (KSAc) in anhydrous THF and heated to reflux.
The pure product 11-(N-phthalimido)undecyl thioacetate (AcSUPh) was obtained after aqueous
work-up as a brown solid in a very good yield (92%). Again, during this salt metathesis potassium
bromide formed as a side product and could be removed during purification.

The 'H-NMR spectrum reveals that the product possesses intense resonances in the range
between 1.65 ppm to 1.15 ppm, which can be assigned to the long alkyl chain. Furthermore,
the aromatic proton signals at 7.83 ppm and 7.70 ppm can be attributed to the phthalimide
protecting group. These results prove that one side of the molecule did not change during the
reaction. Moreover, the bromine was substituted by a thioacetate group and thus, a different
shift was observed for the adjacent methylene group with a triplet at 2.85 ppm. Again, this
resonance is shifted to lower frequency because of the lower electronegativity of sulfur. In
addition, the spectrum of AcSUPh shows a distinct singlet resonance at 2.31 ppm, which was
assigned to the methyl group of thioacetate. IR spectroscopy was performed to additionally
verify the existing binding types within the compound. The results are described on the
following page. Furthermore, the molecular mass was confirmed using ESI MS and showing the
molecule ion [M+H]* of m/z 376.20, which matches the calculated mass for AcSUPh.

As a final step, both protecting groups were cleaved off in a reaction with hydrazine hydrate
according to a procedure described by Wang et al.?*> and displayed in Scheme 22.

A i
N2H4 : H20 /\é%/\
SA@;\N _ Hs 5 NH,
o 85°C,12h
AcSUPh MUAM

Scheme 22: Synthesis of mercaptoundecylamine (MUAM).

AcSUPh was dissolved in dry EtOH and hydrazine hydrate was added at O °C. Then, the reaction
mixture was slowly heated to 85 °C. Aqueous work-up proceeded at various pH values and the
product mercaptoundecylamine (MUAM) was obtained as a slightly brown solid in a good yield
(75%).

During this reaction, hydrazine attacks the imide nucleophilically, resulting in the formation of
the free amine and phthalhydrazide. Moreover, hydrazine attacks the carbonyl of the
thioacetate. After a rearrangement, this forms the side product acethydrazide as well as the

75



3 Results and Discussion

thiolate, which leads to a thiol under acidic conditions. In summary, two different reactions
occur next to each other during this synthetic step.

The 'H-NMR spectrum reveals that no aromatic protons are present, indicating the successful
cleavage of the phthalimide protecting group. Furthermore, a distinct singlet around 2.31 ppm,
which was assigned to the thioacetate moiety, was not observed in the spectrum of MUAM.
This implies the sulfur protecting group being released as well. Moreover, the compound still
shows characteristic intense resonances in the range between 1.68 ppm and 1.12 ppm, which
are assigned to the long alkyl chain. Figure 45 shows the IR spectra of AcSUPh (Figure 45, top)
and MUAM (Figure 45, bottom).
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Figure 45: IR spectra of 11-(N-phthalimido)undecyl thioacetate (AcSUPh) (top) and mercaptoundecylamine (MUAM) (bottom).

The spectrum of AcSUPh (Figure 45, top) shows vcy vibrations in the range between 3000 cm
and 2800 cm attributed to the long alkyl chain. Moreover, the distinct vc-o vibration around
1700 cm™* was observed, which can be assigned to the imide as well as the thioacetate carbonyl
unit. A significant indication of a successful introduction of thioacetate gives the presence of a
strong vcs band at 624 cm ™, which did not exist in the starting material BrUPh.

In the spectrum of MUAM (Figure 45, bottom), vc. vibrations between 3000 cm™ and
2800 cm? reveal the presence of the long alkyl chain. However, the characteristic strong vc-o
resonance around 1700 cm™ is not detected anymore and thus indicates a successful cleavage
of the phthalimide protecting group. Furthermore, phthalhydrazide as a potential side product
was completely removed from the mixture during the work-up. Moreover, vn-u vibrations at
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3367 cm™ and 3194 cm™ can be assigned to the free primary amine. The presence of a free
thiol group can be deduced from a vc.s band at 624 cm™ as well as a weak vs.; vibration around
2550 cm™. The latter one appears typically very weak. Summarising these results, the spectrum
of MUAM reveals the cleavage of both protecting groups. In ESI MS measurements, the
molecule ion [M+H]* of m/z 204.20 was found, which matches the calculated mass of MUAM.

As a conclusion, these data unambiguously prove the successful synthesis of MUAM. Thus, this
compound was used as a ligand for further syntheses of amine stabilised Au NPs.

Nanoparticle syntheses using the long chain ligand MUAM

Au-MUAM NPs were synthesised using the modified version of Stucky and coworkers,?** but
slightly changed to the Au-ATP NPs preparation.

Again, PPhsAuCl was dissolved in DMSO with the ligand mercaptoundecylamine (MUAM) and
heated to 60 °C, 55 °C or 40 °C, respectively (Scheme 23). Then, ‘BuNH,:BH3 was added quickly
under vigorous stirring. The solution was stirred at the respective temperature in the dark for
1 h before being cooled in an ice bath.

tguNHo:BH3
DMSO
PPhsAuCl + HS/\M/Q\NHZ - S/\M/Q\NHZ

Au-MUAM

Scheme 23: Synthesis of Au-MUAM NPs.

The following paragraphs will describe the investigation as to how subtle changes in
temperature, in this case a difference of 5 K, affect the formation of the NPs.

In several approaches, the reducing agent was added as a solid, as described in the original
Stucky method.?°* Thus, the reaction mixture initially is a heterogeneous system during the
synthesis until the reducing agent is completely solvated and mixed thoroughly. The NP
dispersion turned distinctly red after a short time.
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The samples shown in Figure 46 A were heated for 1 h at 60 °C. Even after purification, a stable
dispersion was obtained, which, as shown in Figure 46 A, has mainly spherical NPs with a good
size distribution. In the majority of approaches ‘BuNH;:BH3 was added dissolved in DMSO. This
offers the advantage of a homogeneous and rapid mixing. Again, dark red NP dispersions were
obtained. Some NP batches precipitated towards the end of the heating phase, presumably
because the formed amine shell NPs are not sufficiently stabilised in the medium DMSO.
Though, after purification, stable Au MUAM dispersions were obtained, revealing only spherical
Au NPs with a good monodisperse size distribution, as shown in Figure 46 B.

Figure 46: TEM images of Au-MUAM NPs synthesised with {BuNH,:BHs added (A) as a solid (drem =11.7 £ 1.7 nm (Au-MUAM NPs
@ 12 nm)) or (B) dissolved in DMSO (drem = 10.7 + 1.3 nm (Au-MUAM NPs @ 11 nm)) at 60 °C for 1 h.

In contrast to the synthesis described above, the following samples were heated for 1 hat 55 °C
in order to obtain stable Au NP dispersions during the syntheses since the temperature was
reduced. As above, stable dark red Au NP dispersions were obtained after the usual work-up.
The two approaches were performed using the ratios of PPhsAuCl : MUAM : ‘BuNH;:BH3
(1eq.:0.75 eq. : 9.75 eq.). TEM images (Figure 47) of these NPs reveal slightly smaller sizes
compared to the ones obtained at a higher reaction temperature of 60 °C. Figure 47 A shows
the particles obtained from the synthesis when the reducing agent was added as a solid
(heterogenous). Figure 47 B shows the NP formed during the approach when ‘BuNH:BH3 was
added dissolved in DMSO (homogenous). Mainly spherical Au NPs were obtained in both
batches, whereas the NPs formed with solid ‘BuNH,:BH3 (Figure 47 A) possessed marginal larger
diameters than those in the batch with the homogenously added reducing agent (Figure 47 B).
Even though the sizes of the Au NPs synthesised in both approaches only hardly deviate, stable
Au NPs dispersions were obtained at a slightly lower reaction temperature throughout the
syntheses.
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Figure 47: TEM of Au-MUAM NPs synthesised with ‘BuNH,:BH3 added (A) as a solid (drem = 8.0 £ 0.9 nm) or (B) dissolved in
DMSO (dtem = 6.3 £0.7 nm) at 55 °C for 1 h.

A further method to avoid an agglomeration of the formed Au NPs during the synthesis was to
adjust the reaction mixture to a slightly acidic pH by adding diluted HCI. In this way, stable NPs
in a dark red or violet dispersion were obtained throughout the syntheses. Nevertheless, even
the precipitated Au NPs were further purified. After centrifugation, they were successfully
redispersed in slight acidic H.0. The violet stable dispersions were easily additionally purified
via dialysis. Again, the Au NPs initially resisted dialysis and only showed a reaction with the tube
material at very long intervals (longer than ca. 48 h).

In the following paragraph, the differences of NP size distribution were investigated by carefully
changing either reaction temperature or reaction time. Lower temperature and longer reaction
times were compared simultaneously. The results are as follows: Figure 48 reveals that
predominantly spherical Au NPs were obtained during the syntheses at 60 °C for 1 h
(Figure 48 A) with @ 17 nm, at 40 °C for a slightly longer reaction time of 2 h (Figure 48 B) with
@ 8 nm and at 45 °C for 1 h (Figure 48 C) with @ 5 nm. Particularly at Au-MUAM @ 5 nm, a few
Au NPs larger than the average diameter were observed. This was described by Stucky et a/.?°?
before and the authors attribute it to the potential formation of more thermodynamically

stable, randomly formed intermediates.

Zﬁm

Figure 48: TEM images of Au-MUAM NPs synthesised at (A) 60 °C for 1 h with drem = 16.8 £ 1.4 nm, at (B) 40 °C for 2 h with
drem=7.8+0.9 nmor at (C) 45 °C for 1 h with drem=5.0+ 0.7 nm.
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In general, lower reaction temperatures decrease the size of the Au NPs, whereas longer
reaction times increase the size. However, Au-MUAM NPs tended to agglomerate more easily
at higher temperatures over time. Consequently, it is advisable to use longer reaction times
only at lower temperatures. Nevertheless, in all of the above syntheses with the ligand MUAM,
stable Au NPs were obtained throughout the synthesis. In case of precipitation during the
synthesis, they were successfully redispersed in H,O after purification by adjusting the
dispersion to a slightly acidic pH in order to sufficiently stabilise the free amine moiety.

In addition to this direct synthetic approach, Au MUAM NPs were synthesised in a ligand
exchange reaction as displayed in Scheme 24.

O+, ONa
0.01 M HCI

rt, 16 h Au-MUAM

Scheme 24: Ligand exchange reaction towards Au-MUAM NPs.

Starting from Au-Citrate NPs, the new ligand MUAM dissolved in 0.01 M HCl was added
dropwise. Further semi concentrated HCl was added to ensure a stable, violet reaction mixture,
which was stirred at room temperature. After 3 h, MUAM was added a second time to achieve
a higher ligand exchange. The NP dispersion was purified via dialysis to obtain stable, violet
Au-MUAM NPs. Figure 49 A reveals that no change in the morphology of the Au NPs occurred
during the ligand exchange. Monodisperse spherical Au NPs with a size of drem =13.2+ 1.1 nm
were obtained. MUAM was found to be a capable ligand in order to ensure a sufficient
stabilisation of the Au NPs even throughout a ligand exchange.

Figure 49: (A) TEM images of Au-MUAM NPs synthesised during a ligand exchange reaction starting from Au-Citrate NPs and
(B) vial filled with Au-MUAM NPs.
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The properties of the main synthesised Au-MUAM NP approaches are listed in Figure 50 A.
Nevertheless, different sizes of Au-MUAM NPs in the range from 5 nm to 17 nm were obtained
and thus comparably sized to the Au NPs already mentioned during this work. All NP samples
possess larger dhydr than drem, referring to an expanded hydrodynamic shell of the amine
stabilised Au NPs.

A
size 8 nm 17 nm 13 nm (ligand exchange)
sample Au-MUAM

drgpy / NM 9.7 0.9 14.0+1.0 159+1.1
dyyar / NM 33+4 31+13 53 +19
A, /nm 530 527 528
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Figure 50: (A) Properties of Au-MUAM NP approaches and (B) their UV/Vis spectra.

The UV/Vis spectra of the Au-MUAM NPs (Figure 50 B) all show a distinct plasmon resonance
with an absorption maximum Amax each in the range between 524 nm to 550 nm.

The organic structure of the ligands attached to the Au NPs was investigated using NMR and IR
spectroscopy. The 'H-NMR spectrum of Au-MUAM NPs shows all desired proton signals. The
intense resonances between 1.60 ppm and 1.12 ppm being the most characteristic ones and
are assigned to the long alkyl chain of the MUAM ligand. Furthermore, the spectrum reveals
signals in the range of 2.98 ppm to 2.52 ppm, which are shifted towards higher frequencies and
thus are assigned to the protons adjacent to the heteroatoms N and S, respectively. For a
further investigation of the surface, IR spectroscopy was performed.
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Figure 51 displays the IR spectra of the different kinds of Au-MUAM NPs in comparison to the
free ligand MUAM (Figure 51, top). An extremely high similarity of all spectra can be observed,
extending over characteristic vibrations as well as the overall fingerprint area. Furthermore, it
strongly reinforces that a similar product was obtained from both, the direct synthesis
(Figure 51, centre) as well as the ligand exchange reaction (Figure 51, bottom).

HS/M;\NHZ

MUAM

Au-MUAM
direct synthesis
S/\M/Q\NHZ

Au-MUAM
ligand exchange

transmittance (a.u.)

y T y T y T
4000 3000 2000 1000
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Figure 51: IR spectra of the free ligand MUAM (top), Au-MUAM NPs prepared in a direct synthesis (centre) or in a ligand
exchange reaction (bottom).

Weak vn.p vibrations were observed between 3420 cm™ and 3200 cm™, which can be assigned
to the free amine moiety present on the ligand sphere. This is further underlined by &n-n bands
around 1600 cm™ as well as vcn resonances around 1120 cm™. Moreover, characteristic vcn
vibrations in the range from 3000 cm™ to 2800 cm™ are assigned to the long alkyl chain of
MUAM. Furthermore, a distinct oscillation around 600 cm™ appears in all spectra, referring to
the vcs vibration of the thiolate attached onto the Au NP surface.

Consequently, these data show that MUAM is present as a stabilising ligand around the NPs.
Furthermore, stable, monodisperse and spherical Au-MUAM NPs were obtained during these
syntheses which are suitable as starting NPs for further functionalisations.
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3.3.2 FUNCTIONALISATION OF Au-MUAM NPs AND POTENTIAL BIOMIMETIC APPROACHES

As a next step, further functionalisation of the Au NPs can be performed on the free amine
moiety. For instance, reactions with ketones or aldehydes lead to imines. Furthermore, diverse
acids can be attached by amide bonds.

Since our motivation was to mimic a biogenic substance, for this work we chose the peptide
coupling using the reagents 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and
N-hydroxysuccinimide (NHS). In previous studies, dopamine was functionalised onto the
Au NP surface. These NP samples showed ambivalent effects when they were tested on smooth
trachea muscles of a rat in isometric contraction measurements.3'® Depending on the solvent,
Au NPs in H,0 had a contracting effect, presumably stimulating Di-like receptors and leading
to a contraction of the trachea muscle. In contrast, Au NPs in DMSO caused a bronchodilation,
potentially caused by the stimulation of Dy-like receptors, leading to a relaxing effect of the
trachea muscle.

Nevertheless, it is of general interest to investigate whether biomimetically functionalised
Au NPs also exert an effect on the trachea muscles or other biological systems (epithelial
membranes, etc.). Here, we chose dihydrocaffeic acid (DHCA) which is closely linked to the
structure of dopamine (DA) and thus being similar to catecholamines in general. Therefore,
there is a possibility that adrenergic receptors could be stimulated by the catechol moiety of
this substance as well as by its biogenic amine-like structure.

Nanoparticle functionalisation
A first attempt of a functionalisation of Au-MUAM NPs was made using dihydrocaffeic acid
(DHCA), as displayed in Scheme 25.

(0]

HO)‘\/\C[OH
1. OH

EDC, NHS, NEt,
- NHS, OH
s/‘$49“NH2 t, 16 h SAM;\ HW

2. dialysis OH
Au-MUAM ] )
) (against H,0) Au-MUAM-DHCA

Scheme 25: Functionalisation of Au-MUAM NPs with DHCA using a peptide coupling at the ligand periphery.

For the air sensitive reaction, the peptide coupling reagents N-hydroxysuccinimide (NHS), N-(3-
dimethylaminopropyl)-N"-ethylcarbodiimide hydrochloride (EDC) and triethylamine (NEts)
were dissolved in degassed H,0. Dihydrocaffeic acid (DHCA) was dissolved in DMSO and added
to the mixture, which was stirred for 2 h at room temperature while still being purged with
argon. In the meantime, an Au-MUAM NP dispersion was degassed with argon. The ligand
mixture was added slowly to the NP dispersion under vigorous stirring. All reagents were added

in large excess to obtain maximal conversion. The pink or violet dispersion, respectively, was
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stirred for 16 h at room temperature under argon atmosphere and subsequently purified via
dialysis against H,0 (in MWCO 6000, 3 x 2 h). These coupling reactions were performed with
Au-MUAM NPs of the size @ 5 nm, @ 8 nm and @ 13 nm. TEM images of all approaches show
no agglomeration (Figure 52). Furthermore, the morphology of the NPs did not change during
the functionalisation step and remain spherical with a good overall monodispersity. Using this
method, Au-MUAM-DHCA NPs with drem =5.0+20.8nm (Figure 52, left), with
drem = 8.0 £ 0.8 nm (Figure 52, centre) and with drem =13.0 £ 0.8 nm (Figure 52, right) were
obtained.

f 25nm

Figure 52: TEM images of Au-MUAM-DHCA with drem = 5.0+ 0.8 nm (left), with drem = 8.2+ 0.9 nm (centre) and with
drem = 13.0 £ 1.0 nm (right).

An indication of the successful functionalisation can be seen from dhydr, Which increased
significantly in all approaches after the reaction at the ligand periphery (Figure 53 A).

A size 5 nm 8 hm 13 nm
sample Au-MUAM-DHCA
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Figure 53: (A) Properties of the Au-MUAM-DHCA approaches and (B) their corresponding UV/Vis spectra.
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Furthermore, a bathochromic shift occurred for all samples showing a distinct plasmon
resonance with an absorption maximum Amax each in around 550 nm (Figure 53 B) and thus
shifted either 21 nm (for @ 5 nm), 26 nm (for @ 8 nm) or only 8 nm (for @ 13 nm) towards longer
wavelengths, respectively.

Animportant impact on the assumption of a successful functionalisation gave the zeta potential
data, which should underwent a significant change due to the surface alteration from a positive
amine stabilisation (Au-MUAM, C = +29.67 + 1.16 mV) towards rather negatively charged
catechol units (Au-MUAM-DHCA, 7 =-48.07 £ 1.99 mV). The data are displayed in Figure 54.
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Figure 54: Zeta potential curves of Au-MUAM NPs (red) and Au-MUAM-DHCA NPs (violet).

The organic structure of the NPs framework was investigated using NMR and IR spectroscopy.
'H-NMR spectrum shows all desired proton signals including the ones of DHCA. Proton signals
of MUAM were identified, such as the intense resonances in the range of 1.61 ppm to
1.12 ppm, which are assigned to the alkyl chain. In addition to these, the spectrum shows
aromatic proton signals between 6.59 ppm and 6.39 ppm, referring to the phenol ring of DHCA
and this clearly confirms the successful attachment of DHCA.

IR spectroscopy was performed in order to obtain further information about the bonds formed
in the organic framework. Figure’55 shows the IR spectra of functionalised
Au-MUAM-DHCA NPs (Figure 55, bottom) in comparison to the starting NPs Au MUAM
(Figure 55, centre) and the compound 3,4-DHCA (Figure 55, top).
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Figure 55: IR spectra of the compound DHCA (top), Au-MUAM NPs (centre) and Au-MUAM-DHCA NPs (bottom).

Although the vibrations of Au-MUAM-DHCA NPs (Figure 55, bottom) appear quite broadened
and therefore not as clearly resolved, correspondences with both, starting NPs (Figure 55,
centre) as well as the attached DHCA (Figure 55, top), can be seen. Au-MUAM-DHCA NPs show
additional vibrations at 1705 cm™, which can be assigned to the carbonyl unit of the amide
bond formed. Furthermore, distinct oscillations around 1560 cm™ (80-4) and 1209 cm™ (vc.o),
respectively, can be unambiguously attributed to the catechol unit of DHCA. Slight benzene
overtone &c.n vibrations around 2000 cm™? refer to the aromatic ring of the newly attached
compound. Distinct bands between 3000 cm™ and 2800 cm™ are assigned to the long alkyl
chain of MUAM. The characteristic band of vcs appears at 640 cm™, still indicating the presence
of the thiolate unit attached on to the Au NP surface. Compared to the initial NPs (Figure 55,
centre), a shift of the ven vibration was observed. This is no longer present as a free amine
above 1100 cm?, but instead now in Au-MUAM-DHCA NPs (Figure 55, bottom) as an amide
slightly below 1100 cm™. The IR spectra are identical for all the different sizes of the Au NPs.

To sum up, these data jointly prove the successful synthesis and characterisation of
Au-MUAM-DHCA NPs in different sizes. These samples may be used to study their effect in
biological systems for their receptor interactions. Although no actual biogenic amine is present
in these Au NPs, the introduced catechol unit could provide sufficient receptor activity.
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3.4 LABELLING OF AU NPS WITH A FLUORESCENT DYE

3.4.1 LABELLING OF AU NPs

In addition to the studies mentioned in the introduction, it is equally of interest to study the
functionalised Au NPs mentioned in the previous chapters within the body; both on a
microscopic level and in relation to the whole system. Herein, the labelling with fluorescent
dyes or other luminescent substances, which can be performed extrinsically or intrinsically, will
be described. A second approach will be the labelling with radioactive tracers.

In the present work, the fluorescent dyes were modified, so that an attachment to the
Au NP surface was possible. These modified Au NPs are then ideally suited for the
determination and investigation on a microscopic level in order to find out where the Au NPs
are located, as they migrate within the membranes, and which cell processes may be triggered,
such as endocytosis.

The radioactive labelling of the Au NPs will be described in Chapter 3.5. At first, specific ligand
syntheses are described, followed by comparative complex reactions as well as the labelling
and investigations of (bio)functionalised Au NPs with the radionuclide **™Tc. The highly
sensitive nature of radiolabelling provides an excellent diagnostic tool for the investigation of a
biodistribution throughout entire biological systems.

3.4.2 FLUORESCENT DYE FUNCTIONALISED AU NPs

Two organic dyes were used in the following approaches: Rhodamine B (Rhod) and Eosin Y
(Eos). They are rather inexpensive compounds and their structures both possess free carboxylic
acid groups on the phenyl moiety for a further derivatisation as displayed in Scheme 26.

Rhodamine B (Rhod) Eosin Y (Eos)

Scheme 26: Structures of the fluorescent dyes Rhodamine B (Rhod, left) and Eosin Y (Eos, right).

Both dyes consist of a xanthene scaffold. Rhodamine B possesses two diethylamine groups.
However, Eosin Y, being more similar to fluorescein in general, owns four ortho bromine
substituents. With these heavy atoms, further analytical approaches might be accessible, such
as a more effective crystallisation of the synthesised compounds.
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Furthermore, the heavy atoms enable further analytical methods, such as EDX, which can be
used to investigate the entire organic framework more closely once it is attached on the NPs.

A variety of modified Rhod derivatives have been described in the literature, and a fine tuning
of the characteristics regarding e.g. biocompatibility or photophysical properties were also
described.317~3?1 First, Rhod is reacted with a thiol containing linker in order to obtain a ligand
which can be attached onto the Au NP surface in a ligand exchange reaction, as displayed in
Scheme 27.

NP functionalisation A \Fl /F
ligand synthesis & 2 5
@~ .l
g SI\‘V
HS~~wwwR + F — HS~ A F e F WSS SSM F
N b
- ’JJs S ssml F
SIS T
thiol containing fluorescent dye containing B\
linker dye ligand

Scheme 27: Potential labelling procedure of Au NPs with a fluorescent dye.

Different approaches for the ligand syntheses were performed, leading not to the desired
products (Scheme 28). A Steglich esterification3®® of Rhod with mercaptoundecanol (MUDOL)
in order to obtain the ester bond was unsuccessful ( ). Approaches using short
chain aminothiols, such as 4-aminothiolphenol (ATP) and mercaptoundecylamine (MUAM) did
also not lead to the desired peptide ligands (blue pathways). However, a consecutive route
using a short chain diamine, such as ethylenediamine (EN) as a spacer and a further reaction
with a mercapto acid, such as lipoic acid (LA) leads to a ligand of the composition Rhod-EN-LA,
of which the synthesis is described in the following section ( red ).
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Scheme 28: Different synthetic approaches for a ligand containing a thiol unit as well as the fluorescent dye Rhod.

Noteworthy is the fact that further investigations, especially with the second fluorescent dye
Eosin Y, were performed during two student projects as well as a master’s project under the
author’s supervision and are therefore not described in detail in this thesis (Scheme 29).

- not
isolated

consecutive g

o]
spacer included ¢
synthesis
Eos-MUDOL Br Br
HO I o l o}
Br Br
o
O H/\/SH
peptide coupling

Rhod-Cys

Scheme 29: Different synthetic approaches for a ligand containing a thiol unit as well as the fluorescent dye Eosin Y.
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Ligand syntheses

The synthesis was performed according to a modified version of the approach by Eling et al.,???
displayed in Scheme 30. Rhod and ethylenediamine (EN) or diaminohexane (DAH) were
separately dissolved in anhydrous EtOH. The Rhod solution was heated to 90 °C and the EN or
DAH solution was slowly added dropwise under vigorous stirring. Afterwards, the reaction
mixture was heated under reflux for 16 h with EN and 3 d with DAH. The solvent was removed
and the orange residue was further purified in an aqueous work-up using EtOAc. Rhod-EN was
obtained as a colourless (occasionally slightly orange) crystalline solid in a good yield of 85% or
84% for Rhod-EN and Rhod-DAH, respectively.

—_
EtOH
reflux, 20 h
Rhodamine B
(Rhod)

Scheme 30: Synthesis of the compounds Rhod-EN and Rhod-DAH using Rhodamine B (Rhod) and ethylenediamine (EN) or
diaminohexane (DAH), respectively.

The organic structures of both compounds were investigated using NMR and IR spectroscopy.
The NMR spectra of Rhod-EN and Rhod-DAH both show the expected proton signals, which
were further determined using 2D experiments and assigned through their long range coupling.
Aromatic proton resonances between 8.03 ppm and 7.07 ppm can be attributed to the
1,2-disubstituted phenyl ring of the rhodamine dye. Furthermore, a variety of proton signals in
the range of 6.58 ppm to 6.29 ppm are assigned to the xanthene framework. Proton resonances
at 3.35 ppm and around 1.20 — 1.06 ppm refer to the four ethyl groups on the xanthene
structure. In the *H-NMR spectrum of Rhod-EN, the two proton signals 3.21 ppm and 2.44 ppm
are assigned to the methylene groups of EN and are shifted towards slightly higher frequencies
as they are adjacent to the nitrogen atoms. These resonances also occurred in the
'H-NMR spectrum of Rhod-DAH, in addition to intense proton signals in the range of 1.69 ppm
to 1.05 ppm, which are attributed to the longer alkyl chain of DAH. Furthermore, IR
measurements were performed in order to investigate the existing binding types within the
synthesised compounds. The spectra of Rhod-EN (Figure 56, centre) and Rhod-DAH (Figure 56,
bottom) were compared to the starting material Rhod (Figure 56, top).
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Figure 56: IR spectra of Rhodamine B (Rhod (top)), Rhod-EN (centre) and Rhod-DAH (bottom).

Due to the large organic scaffold, all three spectra generally contain a series of different
vibrations with significant correspondences in the entire frequency range. All spectra show low
intensities of vcy vibrations between 3000 cm™ and 2800 cm™. Similar structures describing
the existing aromatic system in more detail are also observed within the fingerprint area: A
Sc.n oscillation around 840 cm™ as well as a &c=c vibration at 800 cm™ are assigned to the
1,2,4-trisubstituted xanthene fragments. Furthermore, a 6c. band around 780 cm™ as well as
an Oc=c absorption at 700 cm™ refer to the 1,2-disubstituted phenyl ring of the rhodamine
scaffold. In addition to these similarities, several differences indicate the successful reaction of
the starting material dye to its derivatives. The spectra of both synthesised compounds
(Figure 56, centre and bottom) contain an intense vibration at 1680 cm™ each, which is
assigned to the carbonyl group of the amide bond. Its formation is further confirmed by a dn-
band around 1515 cm™. Furthermore, Rhod-DAH (Figure 56, bottom) has in addition to
marginally more intense vc.y vibrations around 2900 cm™ also a distinct &c. oscillation, which
refers to the slightly longer alkyl chain of DAH. As mentioned before, Rhod and its derivatives
Rhod-EN and Rhod-DAH have an open and a closed form and the formation is pH dependent.
At higher pH values, the closed form with a spirocyclic ring is formed.??> In ESI MS
measurements, the molecule ion [M+H]* of m/z 485.31 was found for Rhod-EN and [M+H]* of
m/z 541.35 for Rhod-DAH. Both match the calculated masses for the closed forms.
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3 Results and Discussion

Taken together, these data prove that the derivatives of Rhod were synthesised with both, a
short diamine linker (EN) as well as a longer one (DAH). Furthermore, the structure of the closed
form was confirmed by X-ray crystallographic analysis (Figure 57). Crystals of Rhod-EN were
obtained by slow diffusion of n-pentane into a deuterated chloroform solution and were
measured at the DESY synchrotron in Hamburg.

Figure 57: Molecular structure of Rhod-EN (displacement ellipsoids are drawn at 50% probability).

The data solution was performed in the triclinic space group P-1, with an Ry of 5.95%, wR; =
13.56% and an Rint of 8.46%. The cell parameters are a = 11.097(2), b = 11.539(2), c =
12.280(3) A and a = 80.45(3)°, 8 = 63.33(3)° and y = 64.82(3)°. The molecular structure of
Rhod-EN reveals the successful derivatisation with the short diamine linker EN. Moreover, in
the closed spirolactam moiety exists a central sp3-hybridised C atom. This causes the
conjugation of the xanthene 1 system to be reduced, whereby the system loses its high
fluorescence in the solid state and results in colourless crystals.

These derivatives present excellent starting materials for a further reaction with a thiol spacer
in order to obtain a ligand suitable for attachment onto a Au NP surface, in this case lipoic acid
(LA). The synthesis was performed as displayed in Scheme 31.
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Scheme 31: Synthesis of Rhod-EN-LA.

LA was dissolved in anhydrous DMF and cooled to O °C. NEts and the coupling reagent
hexafluorophosphate azabenzotriazole tetramethyl uronium (HATU) was added and stirred for
10 min at 0 °C. Rhod-EN was dissolved in anhydrous DMF and was slowly added dropwise. The
dark violet reaction mixture was stirred under argon atmosphere at room temperature. After
48 h, the pink reaction mixture was quenched with H,O. Diluted HCI was added and aqueous
work-up proceeded. The product was obtained as a pink solid in a poor vyield (21%).
Furthermore, traces of Rhod remained in the pure product. This was not further purified, as in
the following Au NP functionalisation the bifunctional ligand will be added in excess, and it
connects with its thiol moiety, which binds more favourably to the Au NPs.

The structure of the ligand was investigated using NMR, IR and ESI-MS. The TH-NMR spectrum
shows all expected proton signals. Again, the aromatic proton resonances in the range of
7.92 ppm to 6.24 ppm are assigned to the aromatic system of Rhod. Moreover, its
derivatisation with EN can be confirmed with the proton resonances of the methylene groups
of EN between 3.18 ppm and 3.00 ppm. The successful ligand synthesis of Rhod-EN-LA is
supported by further proton resonances in the range between 3.38 ppm to 1.23 ppm, which
are attributed to LA. Figure 58 shows the IR spectra of Rhod-EN-LA (Figure 58, bottom)
compared to the starting materials LA (Figure 58, centre) and Rhod-EN (Figure 58, top).
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Figure 58: IR spectra of Rhod-EN (top), lipoic acid (LA, centre) and Rhod-EN-LA (bottom).

The spectrum of Rhod-EN-LA (Figure 58, bottom) contains distinct similarities with its starting
material Rhod-EN (Figure 58, top). Several vibrations in the range of 1650 cm™ to 1200 cm™ still
indicate the formation of amides, such as vc-o oscillations around 1640 cm™, a Sn.1 band around
1585 cm™ and ven absorptions between 1350 cm™ and 1200 cm™. However, additional bands
imply a successful reaction with LA (Figure 58, centre). The broad vn. vibration above
3300 cm? is slightly more defined than in Rhod-EN. Furthermore, the vcyn absorptions in the
range of 3000 cm™ and 2800 cm™ appear more intense than in Rhod-EN (Figure 58, top), which
may be due to the slightly longer alkyl chain of LA. This is confirmed by the presence of éc.n
oscillations around 1450 cm?, which were not observed in the starting dye. Moreover, a strong
vibration around 840 cm™ is presumably assigned to én-c.s and thus supports the assumption
that LA was successfully connected. However, this broad intense band overlaps with the
benzene vibrations (6c.n and &c=c), which would indicate the 1,2,4-trisubstituted xanthene
framework. Oscillations of &cn around 760 cm™ and &c-c at 704 cm™ are attributed to the
1,2-disubstituted phenyl residue. Furthermore, the new appearing oscillation of vc.s around
680 cm™ is assigned to the thiol moiety.

In ESI MS measurements, the molecule ion [M+Na]* of m/z 695.31 was found for Rhod-EN-LA,
which matches its calculated mass for the closed spirolactam form.
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Nanoparticle functionalisation

The functionalisation of the Au NPs was performed with the Rhod-EN-LA, as displayed in
Scheme 32. A dispersion of Au-Citrate NPs (@ 13 nm) was degassed with argon prior to the
addition of the ligand. Rhod-EN-LA was dissolved in DMSO and slowly added in a large excess
(106-fold) under vigorous stirring. Then, the pH was adjusted to 8 by adding NEts and the
mixture was stirred at room temperature. The obtained Au NPs were first purified using
centrifugation and via dialysis in a second step.

1. Rhod-EN-LA H
O+ ONa /N
m rt, 16 h N O
2. dialysis S
(against H,0)
Au-Citrate Au-LA-EN-Rhod

Scheme 32: Functionalisation of Au-Citrate NPs with Rhod-EN-LA.

As displayed in Figure59 A, the TEM images reveal that the morphology of the
Au-LA-EN-Rhod NPs did not change during the ligand exchange with Rhod-EN-LA.
Monodisperse spherical Au NPs with a size of dtem=12.9 + 0.9 nm were obtained. Furthermore,
the Au NPs reveal a distinct plasmon resonance at 542 nm.
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Figure 59: (A) TEM image of Au-LA-EN-Rhod NPs and (B) corresponding IR spectrum in comparison to the ligand Rhod-EN-LA.

The plotted IR spectra in Figure 59 B indicate a successful change in surface functionalisation.
The spectrum of Au-LA-EN-Rhod NPs (Figure 59 B, bottom) reveals strong similarities to the
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free ligand Rhod-EN-LA (Figure 59 B, top), which was immobilised onto the Au-Citrate NPs
during the ligand exchange reaction. In particular, the characteristic vcn absorptions in the
range 3000 cm™ to 2800 cm™ as well as the vc-o vibration in around 1650 cm™ appear in both
spectra. Furthermore, high similarities in the range between 800 cm™ and 600 cm indicate
the presence of lipoic acid with its vcs and vss absorptions.

Taken together, the data imply that Rhod dyes were successfully attached on Au NPs. However,
the synthesis of a suitable fluorescent dye ligand appeared to be rather challenging with rather
low yields. For this reason, this thesis was extended to a further method of labelling, which will
be discussed in the following chapter in more detail.

96



3 Results and Discussion

3.5 MULTIFUNCTIONAL AU NPS LABELLED WITH 2°MT¢

Since the biofunctionalised NPs were prepared in order to use them for biomedical
applications, their biodistribution within the whole body was of great interest. In order to gain
further knowledge about it in future studies, the intention of this work was to synthesise
radiolabelled Au NPs as a probe for imaging investigations.

3.5.1 LIGAND SYNTHESES

For this purpose, a new bifunctional ligand type was designed (Scheme 33, top). On one
terminus, the ligand contains a thiol moiety that allows attachment to the Au NP surface. On
the other side, it possesses a chelating unit capable of complexing °*™Tc as the chosen
radiolabel. With this bifunctional ligand, radiolabelled NPs were prepared via different
synthetic routes.

bifunctional ligand

linker Llue

attachment —

on the Au NPs HQQ.

complexation
of 2°MTc

path 1 vaw( path 2
labelling of radiolabelled functionalisation
functionalised NPs Au NPs with labelled ligand

Scheme 33: Synthetic pathway to radiolabelled Au NPs. A bifunctional ligand (top) that carries both a thiol group to bind on a
Au NP surface (centre, left) and a chelate moiety to complex °™Tc (centre, right). The functionalisation takes places either by
attaching the ligand to the Au NP before radiolabelling with the radionuclide (“labelling of functionalised NPs”, left, path 1), or
by labelling of the ligand followed by functionalisation of the Au NPs (“functionalisation with labelled ligand”, right, path 2).

One pathway involved the attachment of the bifunctional ligands on the NPs first, then the
radiolabelling with the functionalised Au NPs was performed (Scheme 33, left path). An
alternative route included the complexation of the bifunctional ligand with the radionuclide in
the first step. In this consecutive route, the NPs were directly functionalised with the
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radiolabelled ligands afterwards (Scheme 33, right path). In this manner, mono ligand shell
Au NPs were synthesised, which were only carrying the chelator ligand type on their surface
(Figure 60, left) and could act as a probe for imaging itself. In addition to these, mixed ligand
shell functionalised Au NPs were synthesised (Figure 60, right). These contained next to the
chelator ligands also a secondary biofunctionalisation with a pharmacologically relevant
compound.
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Figure 60: Schematic structure of mono ligand shell Au NPs (left) next to mixed ligand shell Au NPs (right).

In this way, multifunctional mixed shell Au NPs were prepared, which offer therapeutic effects
as well as being a potential radiotheragnostic agent. In particular, the bioactive ligands can be
modified, selected and adapted to a variety of requirements, such as the laboratory conditions
and the specific illness. This allows for a range of different radiotheragnostics to be developed
from the method presented herein. However, multifunctional mixed ligand shells do not
necessarily contain the same amount of bioactive ligands within different batches, so that this
could influence their effect on the receptors and furthermore a cross-batch comparison will be
rather challenging. Nevertheless, the benefits of a radiotheragnostic application predominate,
since the effect of the biofunctionalised Au NPs and their biodistribution can be studied
simultaneously using this approach.
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3 Results and Discussion

In this work, picolylamine diacetic acid ( ) was chosen as the chelating unit, as displayed in
Scheme 34 (top left). This tripodal ligand is known in literature and is capable of binding strongly
to the fac-{M(CO)s}* core (M = Re/*°™Tc), shown in (Scheme 34, bottom left).

i ~ HS 7 NH,
T — oy Hs‘*?mﬁ
O~ OH

O OH
PADA PADA anhydride bifunctional ligand

0 co 0 Cco
to\hln/co to\“ln/co
LN/I\CO )OJ\/N/I\CO

HO N=— HSM?” N=—

= 99m
\ / M = Re, Tc \ /
M(CO)sPADA oo N@ M(CO)sPADA-MAM w@
Scheme 34: Synthetic pathway to complexes with the fac-[M(CO)s]* core (M= Re, #*™Tc). Using as the chelating unit (top,

left) with PADA anhydride (top, centre) as an intermediate, directly linked to a spacer (mercaptoamine, MAM) in order to
obtain the bifunctional ligand (top, right).

Furthermore, it provides the possibility to link another relevant species to this coordination site
with its additional free acid unit (highlighted in Scheme 34, bottom left). For this purpose,
various binding options exist, e.g. esterification or amide bonds.

Here, we decided to follow the approach of forming the anhydride (Scheme 34, top centre),
which was further reacted in situ with a linker to obtain the desired ligand in a good yield
(Scheme 34, top right). Various mercaptoamines (cysteamine (Cys) or mercaptoundecylamine
(MUAM)) were used as linkers, which were either purchased or synthesised in the lab, as
previously described in Chapter 3.3.1. The synthesis of PADA was performed according to a
procedure described by Shepherd et al.??? and is displayed in Scheme 35.

B + 2 I _NaOH _ HO)H\/O
_NH, Br

OH H0
rt, 21 h O

PADA

Scheme 35: Synthesis of picolylamine diacetic acid (PADA) according to Shepherd et al.323
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Starting from 2-picolylamine and two equivalents of bromoacetic acid in H,0, the chelator was
formed during a nucleophilic substitution in a basic environment. After acidic work-up and
recrystallisation from EtOH/H,0 (3:1), PADA was obtained as a colourless crystalline solid in
good yield.

A thiol moiety was introduced in order to modify PADA as a chelating unit in a way that the
ligands can be attached on the surface of Au NPs. Due to the strong Au-S bond (HSAB principle)
thiol ligands are highly favoured to stabilise Au NPs. Thus, mercaptoamines were chosen as
linking units. As the structure of the ligand has an important influence on the stability of a NP
dispersion, bulky ligands with long chains were often used, leading to steric stabilisation.
However, we decided to design two different bifunctional ligands, which differ in their spacer
lengths. With these, their impact on stability of the functionalised Au NPs as well as their
behaviour during a radiolabelling process were investigated. Therefore, cysteamine (Cys,
mercaptoethylamine) was chosen as a very short spacer in contrast to mercaptoundecylamine
(MUAM) applied as the long chain alternative. The syntheses were performed according to a
modified version reported by Chiotellis et al.3?* and are displayed in Scheme 36.

HS N, HSwNJ\ ﬁ

THF/ DCM
BOP-CI ,5d O OH
H%ﬁ Ny
T e
20°C,1h
PADA PADA anhydride HS/\M;\NHz HS/\M/\NJ\ \/O
THF/ pyridine
t, 7d o OH
o'/\N p- N/\(ly = BOP-CI

‘« ci 71’ MUAM-PADA

Scheme 36: Syntheses of the short chain ligand Cys-PADA starting from PADA and cysteamine (Cys, top) and the long chain
ligand MUAM-PADA starting from PADA and mercaptoundecylamine (MUAM, bottom).

PADA was dissolved in anhydrous THF and the dehydration agent bis(2-oxo-3-
oxazolidinyl)phosphinic chloride (BOP-Cl) as well as 3 eq. NEts were added to the mixture under
vigorous stirring. The synthesis of the anhydride proceeded under very mild conditions at room
temperature under argon atmosphere and was complete after 1 h. Since PADA anhydride was
sensitive towards heat and decomposes upon storage, the orange solution was directly
subjected to the in situ reaction with the amine. Thereby, the anhydride solution was cooled
to 0 °C and the mercaptoamine suspended in DCM or pyridine was added dropwise under
vigorous stirring. After several days, the reaction mixture turned from orange to a pale yellow
indicating the consumption of the anhydride. The solvent was removed in vacuo and agueous
work-up proceeded. Noteworthy is the fact that the short chain ligand Cys-PADA remained in
the agueous phase, whereby all by-products could be removed during several washing steps
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3 Results and Discussion

with various organic solvents. Furthermore, the long chain ligand MUAM-PADA was extracted
into the organic phase and separated from side-products. Cys-PADA could be obtained as a
yellow solid in a good yield, while MUAM-PADA was a yellow gel obtained in a moderate yield.

The ligands were fully characterised by detailed NMR studies showing all predicted proton
resonances: All ligands show aromatic protons of the pyridyl unit of PADA in the range from
8.87 ppm to 7.21 ppm. In particular, two distinctive triplets at 3.53 ppm and 2.85 ppm in the
spectrum of Cys-PADA can be attributed to the short chain in Cys and thus supports the
successful synthesis of Cys-PADA. Furthermore, the ligand MUAM-PADA shows characteristic
intense resonances between 1.62 ppm and 1.26 ppm, which can be assigned to the long alkyl
chain of MUAM as a spacer.

IR spectroscopy was performed to additionally verify the existing binding types within the
ligands. Both bifunctional ligands (MUAM-PADA (Figure 61, centre) and Cys-PADA
(Figure 61, below) carry characteristic bands, which are also present in the mother ligand PADA
(Figure 61, top).
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Figure 61: IR spectra of PADA (top), MUAM-PADA (centre) and Cys-PADA (bottom).

Each of these shows an intense sharp vc=o resonance around 1630 cm™, which is assigned to
the carbonyl group of the free acid. Furthermore, broad vo.n bands in the range from
3400 — 3250 cm™ indicate the presence of hydroxyl groups. Both MUAM-PADA and Cys-PADA
show — next to the acid carbonyl stretching vibration — an additional strong vc-o absorption at
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1540 cm™ indicating the presence of an amide. This statement is supported by &c.n vibrations
around 1200 cm™. These, together with weak vy absorption in the region between 3075 cm™
and 3053 cm™, confirm the formation of primary amide bonds. Furthermore, they both possess
ves vibrations around 600 cm™, indicating the presence of a thiol unit and thus supporting the
successful synthesis of the thiolated bifunctional ligands MUAM-PADA and Cys-PADA.
Moreover, slight differences in the intensities of the measured resonances in the pure ligands
can be identified in the region around 2920 cm?, directly corresponding to the different lengths
of the alkyl chains within these two ligands: MUAM-PADA has a moderately intense vibration,
whereas the vc.rresonance of Cys-PADA is very small. In addition to that, molecular masses of
all ligands were confirmed using ESI MS. The molecule ion [M-H]™ of m/z 408.20 was found for
MUAM-PADA and [M-H] of m/z 282.10 for Cys-PADA. Both match the calculated masses.

3.5.2 SURFACE FUNCTIONALISATION

Mono Ligand Shell Gold Nanoparticles

As a next step, the ligands were immobilised onto the Au NPs in ligand exchange reactions
according to our published procedure as shown in Scheme 37. The Au-Citrate NP dispersion of
interest was degassed with argon prior to the dropwise addition of the desired ligand. This was
taken in a large excess of around 10°-fold and dissolved in DMSO under vigorous stirring, in
order to obtain a rapid intermixing. To ensure a pink and clear NP dispersion during the ligand
exchange, the dispersion was adjusted to a slightly basic pH by adding NEts. Since the ligand
shell changes in the exchange reaction, the properties as well as the stabilities of the resulting
NPs change. In this case, they contain acid groups in their ligand sphere after the reaction, so
that slightly basic conditions lead to stabilised NPs.

The reaction mixture was stirred at room temperature before it was directly purified via dialysis
in order to remove free ligands and unbound species from the functionalised NP dispersion.
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Au-Cys-PADA, n =1

Scheme 37: NP functionalisation in a ligand exchange reaction according to Mattern et al.3%, starting from Au-Citrate NPs with
either the short chain ligand Cys-PADA (n = 1) or the long chain ligand MUAM-PADA (n = 10) in order to obtain the
corresponding functionalised mono ligand shell Au NPs.

TEM images show that the morphology of the functionalised NPs has not changed during the
ligand exchange reaction. Spherical monodisperse Au NPs remain present in both samples with
a diameter of drem = 14.0 + 0.9 nm for Au-MUAM-PADA (Figure 62 A) and drem = 13.9+ 1.1 nm
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for Au-Cys-PADA (Figure 62 D). Furthermore, the hydrodynamic diameters, determined by DLS,
indicate stable NP dispersions, with dhydr = 19 + 4 nm for Au-MUAM-PADA and dhydr =19+ 6 nm
for Au-Cys-PADA. These are typically slightly larger than the diameters determined by TEM
since the entire ligand shell is considered in the measurements. Nevertheless, dhydr are in the
range of drem, indicating that no large agglomerates have been formed, but stable dispersions
are present. The observed absorptions plotted in Figure 62 C each show a maximum of the
plasmon resonance at around 520 nm and thus illustrate the existence of monodisperse stable
Au NP dispersions.
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Figure 62: (A) TEM image of Au-MUAM-PADA NPs with drem = 14.0 £ 0.9 nm, (B) IR spectra of Au-MUAM-PADA NPs and
Au-Cys-PADA NPs, (C) their absorptions measured on an UV/Vis spectrometer and (D) TEM image of Au-Cys-PADA-NPs with
drem =139+ 1.1 nm.

The plotted IR spectra in Figure 62 B indicate a successful change in surface functionalisations
of the Au NPs formerly stabilised only with citrates. The spectra of the organic ligand shells now
unambiguously correspond to the desired bifunctionalised ligand.
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Both, Au-MUAM-PADA NPs and Au-Cys-PADA NPs show two strong vc-o bands, each at around
1660 cm™ and 1580 cm™, which belong to the carboxylic acid and the amide group,
respectively. Furthermore, broad vo.n resonances at 3300 cm™ correspond to the hydroxyl
group of the acid. Both spectra are similar in the entire fingerprint area, including the
ves vibration at 618 cm™. This indicates that similar ligand types are present on each respective
NP surface. However, as mentioned before with the free ligands, the intensities of the
ven oscillations around 2900 cm™ vary in the two samples. These appear stronger for the long
alkyl chain of Au-MUAM-PADA NPs than for the short chain in Au-Cys-PADA NPs. The successful
ligand exchange was further confirmed with H-NMR measurements by comparing the
obtained spectra to the spectra of the initial Au-Citrate NP dispersions as well as the
bifunctional ligands (MUAM-PADA or Cys-PADA). The spectra show all predicted proton
resonances of the new ligands. The aromatic protons in the range of 8.56 ppm to 7.14 ppm are
very characteristic. Furthermore, Au-Cys-PADA has two resonances between 3.48 ppm and
2.77 ppm, which correspond to the short cysteamine chain. In contrast, Au-MUAM-PADA shows
intense resonances in the range of 1.80 ppm to 1.04 ppm. These are assigned to the long alkyl
chain of the MUAM spacer.

In conclusion, Au NPs were successfully functionalised in various approaches with two different
and freshly synthesised ligands. These mono ligand shell Au NPs now contain a chelator unit
(PADA) on their surface, which enables them to form a complex with the radionuclide *°™Tc and
thus serve as an imaging probe in future studies.

Mixed Ligand Shell Gold Nanoparticles

In addition to Au-Cys-PADA NPs and Au-MUAM-PADA NPs, mixed shell Au NPs were prepared
in the next step, carrying both a chelator ligand and a bioactive ligand. We have chosen
(MUDA-AT (atropine) and MUDA-ADR (adrenaline), respectively, whose syntheses are
described in Chapters 3.2.2.1 and 0. In this way, the ligand sphere was supplemented by a
bioactive species and thus these mixed shell Au NPs represent pharmacologically relevant
samples for potential theragnostic applications.

For their syntheses, the initial Au-Citrate NP dispersions were degassed with argon. As stated
in Scheme 38, both ligand types (chelator ligand as well as bioactive ligand) were dissolved in
DMSO separately and added dropwise to the NP dispersion simultaneously. Concurrent
addition of the ligands and thorough mixing was essential, especially in these approaches, in
order to ensure that both — chelator as well as bioactive — ligands were attached to the surface
of the Au NPs.
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Scheme 38: Syntheses of mixed ligand shell Au NPs, starting from Au-Citrate NPs with either the short chain ligand Cys-PADA
(n =1) or the long chain ligand MUAM-PADA (n = 10) containing the chelator unit and a bioactive ligand with atropine
(MUDA-AT) or adrenaline (MUDA-ADR).

Furthermore, a simultaneous addition of both ligands was repeated after a few hours. This
procedure led to satisfying results in the NP approach with adrenaline. To ensure a stable NP
dispersion, the pH was adjusted to 8 by the addition of NEts. The pink, stable dispersions were
stirred at room temperature and directly purified via dialysis.

TEM investigations (displayed in Figure 63) revealed that the morphology of the spherical
monodisperse NP samples did not change by their new surface functionalisation, nor did their

sizes.

Figure 63: TEM images of Au-MUDA-ADR/MUAM-PADA NPs with drem = 13.9 £ 1.2 nm (A), Au-MUDA-AT/MUAM-PADA NPs
with drem =12.0 £ 1.0 nm (B) and Au-MUDA-AT/Cys-PADA NPs with drem = 13.8 £ 1.1 nm (C).
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3 Results and Discussion

Furthermore, the hydrodynamic diameters show corresponding values, indicating
stable NP dispersions. Au-MUDA-ADR/MUAM-PADA NPs have a size of drem = 13.9 £ 1.2 nm
(Figure 63 A) and dher=20 = 5 nm, Au-MUDA-AT/MUAM-PADA NPs possess
drem =12.0 £ 1.0 nm (Figure 63 B) and dhydr = 20 £ 6 nm. Both samples show a uniform plasmon
resonance with Amax around 530 nm (Figure 64) and thus confirm the existence of stable
monodisperse  Au NPs. However, Au-MUDA-AT/Cys-PADA NPs have a size of
drem = 13.8 £ 1.1 nm (Figure 63 C) and dhydr = 29 = 11 nm. The measured UV/Vis absorption of
this sample has Amax at 545 nm (Figure 64) and the band shows a broad and slowly flattening
shoulder towards longer wavelengths, indicating a slightly less stable dispersion.
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Figure 64: UV/Vis spectra of Au-MUDA-ADR/MUAM-PADA NPs (top), Au-MUDA-AT/MUAM-PADA NPs (centre) and
Au-MUDA-AT/Cys-PADA NPs (bottom) and their corresponding absorption maxima Amax.

A successful functionalisation with both ligand types was further investigated by NMR and IR,
as already described for the other NPs. Again, the obtained spectra were compared with those
of the two starting ligands. With the spectrum of Au-MUDA-AT/MUAM-PADA NPs as an
example, Figure 65 illustrates the presence of characteristic resonances particularly in the
range of aromatic protons, showing that the mixed ligand shell Au NPs clearly possess
resonances of both ligand types.
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3 Results and Discussion

Four proton resonances in the range between 8.40 ppm and 7.69 ppm can unambiguously be
assigned to the pyridyl unit of MUAM-PADA as the chelator ligand (Figure 65, top & centre).
Moreover, the spectrum shows proton signals at 7.53 ppm to 7.19 ppm, which correspond
conclusively to the phenyl group of the tropane alkaloid moiety in MUDA-AT (Figure 65, top &
bottom). IR spectra likewise show correspondences of the mixed shell Au NPs with both ligand
types and thus confirm a successful mixed ligand shell functionalisation.
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Figure 65: (Detailed) ! H-NMR spectra of Au-MUDA-AT/MUAM-PADA NPs (above), Au-MUAM-PADA NPs (centre) and
Au-MUDA-AT NPs (bottom) in the range between 8.80 ppm and 6.80 ppm, showing the aromatic proton resonances of all
samples.

The 'H-NMR spectrum of the mixed ligand shell Au-MUDAADR/MUAM-PADA NPs also revealed
proton resonances corresponding to both ligand types.
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3 Results and Discussion

Figure 66 displays with the IR spectrum of Au-MUDA-ADR/MUAM-PADA NPs (Figure 66, top) as
an example that bands of both ligand types can be observed by comparing the spectrum of the
mixed ligand shell Au NP sample to the mono ligand shell Au NPs Au-MUDA-ADR (Figure 66,
centre) and Au-MUAM-PADA (Figure 66, bottom).
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Figure 66: IR spectra of the mixed ligand shell Au-MUDA-ADR/MUAM-PADA NPs (top) in comparison to the mono ligand shell
NPs Au-MUDA-ADR (centre) and Au-MUAM-PADA (bottom).

Comparing the spectra of the mixed ligand shell Au NP (Figure 66, top) and mono ligand shell
Au-MUAM-PADA NPs (Figure 66, bottom), they show a similar intensity distribution of
vibrations in the range between 1600 cm™ and 1200 cm™, some of which include characteristic
Vc=0 resonances, as they are present, e.g. in the acid of Au-MUAM-PADA NPs. Furthermore,
Au-MUDA-ADR/MUAM-PADA NPs have a distinctive absorption at 840 cm™, which also occurs
in Au-MUDA-ADR NPs (Figure 66, centre). Presumably, this is a dc.n out of plane (deformation)
oscillation, which originates from the 1,2,4-trisubstituted benzene moiety in adrenaline.

Taken together, these data demonstrate that mixed ligand shell Au NPs were successfully
synthesised carrying both a chelator ligand as well as a pharmacologically relevant species.
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3 Results and Discussion

3.5.3 SYNTHESES OF RE-COMPLEXES WITH THE LIGANDS

As a proof of principle, Re complexes of the ligands (PADA and PADA-MUAM) were synthesised,
since the analytical characterisations by NMR, IR or CHNS can more conveniently be carried out
with the non-radioactive heavier group 7 homologue Re instead of **™Tc. In order to compare
Re-complexes with the corresponding °™Tc-complexes later on, a Re(CO)s-precursor was
synthesised, carrying, similar to *"Tc, three stable carbonyl ligands. (NEts)2[ReBrs(CO)s]
represents a commonly used Re-precursor with three labile bromide ligands.??® In coordinating
solvents, this precursor will form [Re(CO)s3(OH;)s3]*, so that the aqua ligands can easily be
exchanged by the chelating ligands, similar to the radiolabelling process with *°™Tc.

(NEta)2[ReBr3(CO)s] was synthesised in a two-step process starting from [Rez(CO)10] according
to a procedure by Alberto et al.,3?* as displayed in Scheme 39 and 40. [Re»(CO)10] was reacted
with bromine in dry DCM and stirred at room temperature until a colourless precipitate formed
(Scheme 39).326 The product [ReBr(CO)s] was obtained as a colourless powder in a good yield
(84%).

DCM
[Rez(CO)»Io] + Br2 —_— - 2 [ReBr(CO)5]

rt,2h

Scheme 39: Synthesis of [Re(CO)sBr] according to a modified approach of Schmidt et a/.326

In the second synthetic step, [ReBr(CO)s] was reacted with NEt4Br in diglyme (Scheme 40). The
reaction mixture was heated at 115 °C for 19 h in order to form the product as a colourless
precipitate in a yellow solution.

diglyme
[ReBr(CO)5] + 2 NEt,Br > (NEt4)2[ReBr3(CO)3] + 2CO +

115 °C, 19 h

Scheme 40: Synthesis of (NEts)2[ReBrs(CO)s] according to a procedure by Alberto et al.3%

The crude product was filtered off, washed with cold EtOH and dried in vacuo to obtain a
colourless solid in a good yield (73%). The purity of (NEts)2[ReBr3(CO)s3] was confirmed using
elemental analysis, showing no excess of NEts being present in the product. Complex
formations were now performed using (NEta)2[ReBr3(CO)s]. The synthesis of [Re(CO)sPADA] was
carried out according to a procedure described by Alberto et al. (Scheme 41).3%/

HO.__O © o ¢©
W J (Ewresrco) 5 L0
A N NT l ~co
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PADA [Re(CO);PADA]

Scheme 41: Synthesis of [Re(CO)sPADA] according to a procedure by Alberto et al.3?”
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3 Results and Discussion

(NEt4)2[ReBr3(CO)s] was dissolved in MeOH. A solution of PADA in MeOH was added to the
(NEta)2[ReBr3(CO)s] solution under vigorous stirring. The reaction mixture was heated to 65 °C
for 3.5 h before the volume was reduced in vacuo. Then, the flask was stored at 4 °C and
colourless crystals were obtained after several days. The crystals were filtered, and the pure
[Re(CO)3PADA] was obtained in a moderate yield of 49%. Alternatively, the reaction was
performed under milder conditions at room temperature, however, even after a longer
reaction time, the obtained yield was lower (35%).

The purity of the compound was confirmed using NMR, IR and XRD. The *H-NMR spectrum
shows all expected proton resonances. Aromatic proton resonances in the range from
8.81 ppm to 7.55 ppm are assigned to the pyridyl unit of PADA. [Re(CO)sPADA] contains a
stereogenic centre at the central nitrogen atom, resulting in a splitting of the methylene proton
resonances adjacent to this nitrogen. These proton resonances are present as six doublets in
the range between 5.25 ppm and 3.86 ppm.

Figure 67 displays the IR spectra of [Re(CO)sPADA] in comparison to its starting materials PADA
and (NEts)2[ReBr3(CO)s]. The most significant new introduced resonances in [Re(CO)sPADA]
(Figure 67, bottom) are the intense and characteristic vc=o oscillations around 2000 cm™. These
vibrations are assigned to the carbonyl ligands, as already observed in (NEts)2[ReBr3(CO)s]
(Figure 67, top).
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Figure 67: IR spectra of the starting materials (NEts)2[ReBrs(CO)s] (top) and PADA (centre) and the complex [Re(CO)sPADA]
(bottom).
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Furthermore, the spectrum of [Re(CO)sPADA] reveals the presence of the chelating ligand PADA
(Figure 67, centre) in the target structure with distinct vc-o vibrations around 1600 cm™, a
5c.o band below 1400 cm™ and a §o.11 vibration at 860 cm™, which are attributed to the carboxyl
units. The 'H-NMR spectrum shows all expected proton resonances: Aromatic proton
resonances in the range from 8.81 ppm to 7.55 ppm assigned to the pyridyl unit of PADA.
[Re(CO)3PADA] contains a stereogenic centre at the central nitrogen atom, resulting in a
splitting of the methylene proton resonances adjacent to this nitrogen. These proton
resonances are present as 6 doublets in the range between 5.25 ppm and 3.86 ppm. These
characterisations clearly indicate the formation of the complex [Re(CQO)sPADA].

Since crystals of [Re(CO)sPADA] were obtained, the exact structure was further confirmed by
X-ray crystallographic analysis (Figure 68). The solution reveals the already-known bonding
motif as reported by Marti et al.32® However, the data solution was performed in the monoclinic
space group P21/c, with an Ry of 2.07%, wR2 = 4.80% and an Rint of 5.27%. The cell parameters
are g = 7.6084(3), b = 24.1148(11), c = 7.7772(3) A and 8 = 91.146(2)°. This is in contrast to the
reported values by Marti et al. of a = 14.567 (1), b = 13.145 (1), ¢ = 14.865 (1) A in the
orthorhombic space group Pbca, with an Ry of 4.95%, wR, = 9.52% and an Rint of 8.07%.

Figure 68: Molecular structure of [Re(CO)sPADA] (displacement ellipsoids are drawn at 50% probability).

Most importantly, these data reveal the exact binding behaviour within the [Re(CO)sPADA]
complex. With this knowledge, a similar complexation of the radioactive isotope *°™Tc can be
assumed.
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3 Results and Discussion

As a next step, [Re(CO)sPADA-MUAM] was synthesised. Assuming a similar coordination
chemistry in this complex compared to [Re(CO)3PADA], a free thiol moiety of the MUAM-linker
is available in order to attach the whole complex onto a Au NP surface. The experimental work
of the [Re(CO)sPADA-MUAM)] synthesis as well as its functionalisation onto Au-Citrate NPs was
performed jointly with Patrick Scholz (advanced module of the master student under the
supervision of the author).

For the synthesis of [Re(CO)sPADA-MUAM)] (Scheme 42), (NEts)2[ReBr3(CO)s3] was dissolved in
purged MeOH and PADA-MUAM dissolved in MeOH was added quickly before the reaction
mixture was heated to reflux. The complex was purified using column chromatography and was
obtained as a brown solid in a rather low yield (33%).

HO_ _O Q o <|30
N (NEt),[ReBry(CO);] o L0 A
SN = s N~ | ~co
7 K[(N\(\%/\SH MeOH \%\N N=
10 reflux, 17 h H N/
o)
MUAM-PADA [Re(CO);PADA-MUAM]

Scheme 42: Synthesis of [Re(CO)sPADA-MUAM].

The purity of the complex was further confirmed using HPLC, only showing one large signal at
tr= 25.73 min, which is clearly distinct from the retention times of the starting materials
PADA-MUAM (tr= 7.37 min) and (NEts)2[ReBr3(CO)3] (tr= 14.21 min).

The 'H-NMR spectrum of the [Re(CO)sPADA-MUAM] shows all expected proton resonances
including the aromatic protons between 8.75 ppm and 7.57 ppm, which are attributed to the
pyridyl unit of PADA. In addition to these proton signals, characteristic resonances in the range
of 1.67 ppm to 1.20 ppm exist, which are assigned to the long alkyl chain of the MUAM linker.
Furthermore, the *H-NMR spectrum reveals that the complex formed possesses a stereogenic
centre, which causes a splitting of the resonances of the methylene protons (Figure 69,
bottom). This was not observed for the free ligand (Figure 69, top).
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Figure 69: 'H-NMR spectra of the free ligand (top) and the complex [Re(CO)sPADA-MUAM] (bottom) reveal splitting of the
diastereotopic protons.

As highlighted in Figure 69 (top), the ligand PADA-MUAM only reveals three singlet signals
between 4.00 ppm and 3.30 ppm, which are assigned to the methylene groups next to the
central nitrogen. In contrast, the spectrum of the complex (Figure 69, bottom) displays their
splitting into doublets with extremely large coupling constants up to 16.0 Hz because of the
stereogenic centre at the nitrogen atom. The corresponding proton resonances appear now in
the region between 5.13 ppm to 3.57 ppm. The splitting pattern, however, is a clear indication
of an existing complex. It has been attempted to crystallise the material, but without any
success so far.
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3 Results and Discussion

3.5.4 SURFACE FUNCTIONALISATION WITH A RE-COMPLEX

The complex was further immobilised onto the Au NPs as a proof of principle whether the free
thiol moiety is capable for an attachment onto the NP surface. The functionalisation of the
Au-Citrate NPs was performed in a ligand exchange reaction according to our published
method, as shown in Scheme 43.
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Au-Citrate Au-MUAM-PADA-Re(CO)3

Scheme 43: Functionalisation of Au-Citrate NPs with [Re(CO);PADA-MUAM].

Au-Citrate NPs were degassed with argon prior to the dropwise addition of
[Re(CO)3PADA-MUAM] dissolved in DMSO. A minor quantity of PADA-MUAM in DMSO was also
added, in order to obtain a more stable Au NP system. This stabilisation is caused by the
electrosteric repulsion of the charged acid moieties of PADA present on the ligand shell. In a
further approach, without the addition of the free ligand MUAM-PADA, the Au NPs did not
remain stable over time and precipitated quickly.

After the addition of both, complex and ligand, the pH was adjusted to 8 and the reaction
mixture was stirred at room temperature under argon atmosphere. Then, it was purified via a
desalting column PD 10 in order to remove free ligands and unbound species from the
functionalised NP system and the stable pink fractions were collected and further analysed.

As displayed in Figure 70 A, TEM images reveal that the morphology of the Au NPs has not
changed during the functionalisation. Furthermore, spherical monodisperse Au NPs with a size
of drem = 12.9 £ 0.9 nm were obtained. Figure 70 B shows the UV/Vis spectra of Au-MUAM-
PADA-Re(CO); NPs in comparison to their starting particles Au-Citrate (@ 13 nm). Both samples
reveal a distinct plasmon resonance in the similar range.
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Figure 70: (A) TEM image of Au-MUAM-PADA-Re(CO)s and (B) its UV/Vis spectrum in comparison to the starting NPs Au-Citrate.
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The organic framework was further analysed using *H-NMR and IR spectroscopy. The H-NMR
spectrum of the Au-MUAM-PADA-Re(CO)s NPs displays all expected proton resonances. The
aromatic proton signals in the range of 8.40 ppm and 7.10 ppm are assigned to the pyridyl unit
of the complex. Moreover, characteristic resonances between 1.68 ppm and 1.10 ppm are
attributed to the long alkyl chain of MUAM.

The plotted IR spectra in Figure 71 display the spectrum of Au-MUAM-PADA-Re(CO)s NPs
(bottom) in comparison to its corresponding starting complex [Re(CO)sPADA-MUAM)] (centre)
as well as the free ligand MUAM-PADA (top).
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Figure 71: IR spectra of the free ligand MUAM-PADA (top), the complex Re(CO)sPADA-MUAM (centre) and Au-MUAM-PADA-
Re(CO)3 NPs (bottom).

The most similarities can be observed in Au-MUAM-PADA-Re(CO)s NPs (Figure 71, bottom) and
the complex [Re(CO)sPADA-MUAM] (Figure 71, centre), resulting from the successful
immobilisation of the complex onto the Au NPs. Further significant consistencies are found
when these are compared with the free ligand (Figure 71, top), such as strong vc-o0 absorptions
around 1650 cm™ and 1570 cm™, which are assigned to the carboxylic acid and the amide
group, respectively. Furthermore, all spectra show a vcs band around 620 cm™ as well as
ven vibrations around 2900 cm™, which are attributed to the thiol group and the long alkyl chain
of the linker. Most significantly, the spectra of the complex (Figure 71, centre) as well as the
functionalised Au NPs (Figure 71, bottom) reveal the presence of intense sharp vc=o absorptions
around 1900 cm™. These are assigned to the Re(CO)s moieties, which did not exist in the free
ligand. Thus, a successful complexation of the MUAM-PADA as well as the functionalisation of
[Re(CO)sPADA-MUAM] onto Au NPs is proven.

115



3 Results and Discussion

Furthermore, EDX measurements were performed using the dried Au NP sample on the TEM
grid. The image again shows spherical monodisperse NPs (Figure 72). A corresponding EDX
quantification was performed on the point 003 highlighted in Figure 72, left.
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Figure 72: EDX image of Au-MUAM-PADA-Re(CO); NPs, (left) and EDX analysis at the highlighted spot 003 (right).

The analysis (Figure 72, right) reveals mainly the existence of Au from the Au NPs with 85%. The
large signal a 8.00 keV is assigned to Cu and was caused by the copper TEM grid. Quantitative
analysis indicates that, in addition to Au, a small percentage of S (9%) and Re (5%) was present
(Table 8), confirming the successful functionalisation of the Au NPs with the
[Re(CO)sPADAMUAM].

Table 8: Thin Film Standardless Quantitative Analysis.

Element (keV) Mass % Counts Sigma Atom %
S K 2.307 1.65 1681.43 0.10 9.33
Re M* 1.842 5.41 1735.74 0.41 5.26
Au M (Ref) 2.120 92.93 27788.40 0.96 85.41
Total 100.00 100.00
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3.5.5 LABELLING OF THE LIGANDS

With ®°™Tc being a radioactive isotope (y-emitter, half-life 6.00 h, 140 keV), all experiments had
to be performed in a licensed and appropriately equipped laboratory. Thus, they were carried
out at the laboratories of the Alberto group at the University of Zurich. Once the activity of the
labelled sample has reached a level below the exemption limit, the material could be
transferred to the University of Cologne for post-labelling analyses using TEM, UV/Vis, DLS and
IR.

First, the respective ligands were investigated regarding their ability to complex *™Tc as well
as its non-radioactive heavier group 7 homologue Re. Initially, PADA was tested as the chelate
parent unit and reacted with %™Tc. This radioactive isotope was freshly eluted from a generator
in the form of **™TcO4 and then directly converted to [*°™Tc(OH2)3(C0O)s]* using the Isolink® kit
chemicals sodium boranocarbonate (NaBC), sodium tartrate dihydrate and sodium tetraborate
decahydrate as shown in Scheme 44.

_l’_
NaBC, NazB407 10 Hzo ?HZ
. H-50, \OH
[99MTCO ] Naytartrate - 2 H,O 29?_'_0‘\\ 2
MW, 110 °C, 10 min oc l \CO
CcO

Scheme 44: Synthesis of [*™Tc(OH;)3(CO)s]* using Isolink® kit chemicals.

After the reaction mixture was heated in a microwave at 110 °C for 10 min, unreacted NaBC
was quenched with 1 M HCl and the pH was set to 2. Afterwards, the pH was adjusted to 7-8
with 1 M NaOH in order to perform the complexation reactions at a neutral pH. The tricarbonyl
complex was analysed via HPLC showing a single, distinct signal after 6.1 min with a
radiochemical purity (RCP) of 99.4%. [*°™Tc(OH2)3(CO)s]* is an excellent building block, which
was first described by Alberto et al.3?’ Here, the metal ion is octahedrally coordinated. Three
carbonyl ligands are strongly bound, but the three aqua ligands can easily be replaced by new
ligands and thus the tripodal PADA ligand is very suitable for such a ligand exchange. In order
to radiolabel PADA, as shown in Scheme 45, the ligand was redissolved in degassed EtOH,
[*°™Tc(OH,)3(CO)s]* (pH 8) was added and the colourless reaction mixture was stirred at 80 °C
for 30 min.

0 Q co
99m + to\?gml _CO
HO = | [*"MTc(OH 2)3(CO)3] 0\ /T,C\CO
N NS
L N EtOH HO N=
0% oH 80 °C, 30 min N\ /
PADA [?°™Tc(CO);PADA]

Scheme 45: Synthesis of [#°™Tc(CO);PADA].
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Then, the complex [*°™Tc(CO)sPADA] was analysed with HPLC (Figure 73, left), eluting with a
y signal at 18.42 min and obtained with >99.5% RCP. Since the corresponding Re complex
[Re(CO)3PADA] was synthesised as described in Chapter 3.5.3, a co-injection was performed to
ensure that the present complex with **™Tc corresponds to the expected one of the
Re analogue and can therefore be compared with it. A constant time difference between the
signal on the UV/Vis detector and a signal on the y detector of the HPLC thus confirms the
presence of the expected complex.

(1838 min )

0 5 10 15 20 25 30
t; (min)

Figure 73: y HPLC trace of [**™Tc(CO)sPADA] (bottom) and the corresponding UV/Vis HPLC trace (with coinjection of
[Re(CO)sPADA], top).

The coinjection with [Re(CO)3sPADA] confirms the existence of [*™Tc(CO)sPADA] in an excellent
radio chemical purity. As predicted, the three desired coordination sites bind with the metal
ion and the fourth coordination site remains available for possible further attachment. Since
the binding behaviour of our chelator unit was determined and conform to the literature,3?’
the two synthesised ligands were now each reacted with [*°™Tc(OH,)3(CO)s]*. PADA-MUAM was
dissolved in degassed H,0 and [*°™Tc(OH,)3(C0O)s]* (pH 8) was added (Scheme 46, left).

HS © Osient CO N i © 0\29"'(‘:(/)00
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N
ie a8 AW
rt, 30 min NH

OH
rt, 30 min
PADA-MUAM [®*™Tc(CO) sPADA-MUAM] [*®™Tc(CO) zHis]

(o)

Scheme 46: Synthesis of [*°™Tc(CO)sPADA-MUAM] and thereafter stability test with the addition of histidine.

The reaction mixture was stirred at room temperature for 30 min and analysed vig HPLC

showing a signal at 24.42 min with a RCP of 91% (Figure 74, left). This signal appears to be the

desired complex [*°*™Tc(CO)3sPADA-MUAM]. As a side product [**™Tc(CO)sPADA] was found at
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18.17 min. This contamination may have occurred during the progress of complex formation,
so that a small amount of PADA-MUAM was decomposed during the reaction. However,
another reason might be that the parent ligand PADA was not completely removed during the
purification of PADA-MUAM before. Nevertheless, this contamination is of no relevance for
further attachment to NPs, since PADA-MUAM or [*°™Tc(CO)s-PADA-MUAM] are more
favoured to attach to the Au NP surface with the thiol unit due to the strong Au-S bond formed.
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Figure 74:y HPLC traces of [**™Tc(CO)sPADA-MUAM] (left) and [*™Tc(CO)sPADA-MUAM] after the addition of histidine (right).

A further step was to investigate the stability of [°*™Tc(CO)sPADA-MUAM] with respect to the
presence of other competing ligands, which are present in biological systems. For this purpose,
histidine, a ubiquitous ligand present in a variety of biological systems, was chosen as a
competitive test ligand.32°7332 In this experiment, histidine was dissolved in H,0 and then added
to the complex solution in excess. The reaction mixture was stirred at room temperature and
monitored by HPLC. No ligand exchange was observed. Instead, [*°™Tc(CO)sPADA-MUAM]
remained in 92% RCP as displayed in the HPLC trace in Figure 74 (right), suggesting that
PADA-MUAM is stable against other strongly coordinating ligands. However, further research
should be conducted with ligands, such as cysteine, or directly with biological material, such as
cellular or blood plasma or relevant buffer media or sera.

Attempts to synthesise [*°™Tc(CO)3sPADA-MUAM] at higher temperatures and non-aqueous
solvents were not successful. Performing the radiolabelling of PADA-MUAM in MeOH or EtOH
led to side products and lower RCPs. Heating during the reaction led also to a decomposition
of the ligand and to a variety of side products, and was therefore not further applied.

The strength of MUAM-PADA as a ligand for complexing **™Tc became even more evident when
its concentration was lowered. In previous reactions, 0.4 umol of the ligand was added,
resulting in an overall 0.6 mM solution. Full complexation of **™Tc with similar RCP could be
obtained down to a concentration of 60 uM.

With the knowledge gained in the radiolabelling of PADA-MUAM, the complexation of the short
chain ligand Cys-PADA with the radioisotope *°™Tc was performed under mild conditions as
well, as shown in Scheme 47. The ligand was dissolved in degassed H20, [*°™Tc(OH,)3(CO)s]*
(pH 7) was added and the reaction mixture was stirred at room temperature.
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Scheme 47: Synthesis of [*°™Tc(CO)sPADA-Cys].

The chronological progress of the reaction was monitored via HPLC and the traces are shown

in Figure 75. After a reaction time of 30 min, the y HPLC trace (Figure 75, top) showed a

dominant signal at 6.1 min, which can be assigned to the [*°*™Tc(OH,)3(CO)s]* still present in the

reaction mixture. A second, broader signal with a maximum at tg = 20.5 min may be attributed

to the desired complex [*°™Tc(CO)sPADA-Cys]. However, this product is accompanied by side
products only with a respective RCP of 23%. Parallel to [*°™Tc(CO)3PADA-Cys], a small amount

of  [®MTc(CO)sPADA] was  present  at
tr = 18.0 min, as previously observed with the
long chain analogue PADA-MUAM.

Furthermore, an additional unknown product
existed with a retention time of 19.3 min.
Presumably, the nearby thiol unit of the short
the
formation, resulting in side products.

chain ligand interfered in complex

After 100 min of stirring, the y HPLC trace
(Figure 75, centre) indicated that
[®°™Tc(OH,)3(CO)s]* had not been completely
consumed since a medium signal at 6.1 min was
still present. Nonetheless, the amount of
desired [*™Tc(CO)sPADA-Cys] increased to a
RCP of 44% (tr = 20.5 min). As before, additional
to the aforementioned and observed by-
products, another unknown side product
appeared at a slightly longer retention time of

21.2 min.

Full consumption of [*™Tc(OH2)3(CO)s]* was
observed after 300 min (Figure 75, bottom). All
previously mentioned side products persisted,
though the desired product formed with a RCP
of 76%.
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3 Results and Discussion

Because the complexation of Cys-PADA did not lead to a distinctive complex in high yield,
another ligand with the thiol unit protected as thioacetate was synthesised. Scheme 48 shows
the two-step synthesis leading to the Ac-Cys-PADA ligand.

S
DCM
Cys " HCI reflux, 4 h Ac-Cys
S
THF/pyridine \/\N& ﬁ
,13d
)H BOP-CI 0 O OH
Ho ﬁ NEts OJ\ \/@ Ac-Cys-PADA
THF )\/N SN
20°C,1h o
] o\(N;Fi"'N;f\é = BOP-CI
PADA PADA anhydride 5" d

Scheme 48: Two step synthesis of Ac-Cys-PADA via Ac-Cys starting from Cys HCI.

First, the protected cysteamine (Ac-Cys) was synthesised with cysteamine hydrochloride and
acetyl chloride.?33 The reaction mixture was heated to reflux, and the obtained precipitate was
filtered and washed with cold DCM. The colourless solid was further reacted with PADA
anhydride, as previously described, and stirred at room temperature until a colour change to a
light pale yellow occurred. The product was purified by preparative HPLC to yield a yellow solid.

Ac-Cys-PADA was fully characterised by NMR, IR and ESI-MS. NMR studies showed all predicted
proton resonances of the desired ligand and its spectrum differed from the very similar ligand
Cys-PADA only in a singlet at 2.33 ppm, which can be assigned to the three protons of the
thioacetate protecting group. IR investigations showed close similarities to the previously
described chelator ligands, e.g. MUAM-PADA (Figure 76, top).

HS/\M/\N)K, \/O

O OH
MUAM-PADA

transmittance (a.u.)

4000 3000 2000 1000

wavenumber (cm™)

Figure 76: IR spectra of Ac-Cys-PADA (bottom) in comparison to MUAM-PADA (top).
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3 Results and Discussion

Likewise, the spectrum of Ac-Cys-PADA (Figure 76, bottom) reveals two distinct carbonyl bands
at 1720 cm™ and 1655 cm™, which can be assigned to the acid as well as the amide.
Furthermore, the ligand shows a broader resonance vo. at 3292 cm™, which suggests the
presence of the free acid. In addition to the unambiguous similarities within the fingerprint
area, Ac-Cys-PADA possesses a distinct ves oscillation at 623 cm™. As mentioned before, a
difference in the intensity of vc.n vibrations appears being significantly smaller for the protected
short-chain ligand than for the long chain analogue. Complementary to the IR studies, a
molecule ion [M+H]* of m/z 326.2 was found in ESI MS measurements matching the calculated
mass of Ac-Cys-PADA.

For the complexation, Ac-Cys-PADA was redissolved in degassed H,0 and [*°™Tc(OH2)3(CO)s]*
(pH 8) was added as shown in Scheme 49.

o (6{6)
s [Omee0
\m ~ N AN [PMTe(OH )5(CO)J* o N JRx~J,
Rl o] J N
0 /I/i N H,0
07 0oH 75 °C, 30 min © \_/

Ac-Cys-PADA [®¥MTc(CO) ;PADA-Cys-Ac]

Scheme 49: Synthesis of [*°™Tc(CO)sPADA-Cys-Ac].

The reaction mixture was stirred at 75 °C for 30 min and monitored via HPLC.
[®9™Tc(CO)3PADA-Cys-Ac] was obtained with a RCP of 83% and displayed a signal at tg = 19.9 min
(Figure 77, left). Furthermore, another species is present at tg = 18.5 min, which can be
attributed to the [*°™Tc(CO)sPADA] complex since this signal appeared in different approaches
in a retention time range between 18.1 min and 18.5 min.
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Figure 77:y HPLC traces of [**™Tc(CO)sPADA-Cys-Ac] after 90 min (left) and semi preparative purified [**Tc(CO)sPADA-Cys-Ac]
(right).

In contrast to previous ligands, the complexation of Ac-Cys-PADA was not only carried out at
room temperature. An increase in temperature during the synthesis did not lead to the
formation of more undesired side products, as previously described for the complexation with
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3 Results and Discussion

the long chain MUAM-PADA ligand. During the reaction in H,0 at room temperature, an RCP of
80% was obtained after an incubation for 60 min. When the reaction was carried out at 80 °C,
the RCP was 79% after 40 min. However, a synthesis conducted in the microwave at 100 °C or
110 °C led to a large number of by-products and presumably to a decomposition of the ligand.
Furthermore, performing the reaction in another solvent such as MeOH resulted primarily in
the formation of a side product, which was not found in previous y HPLC traces and which may
presumably be a complex with the esterified ligand.

In conclusion, all synthesised ligands did complex the [**™Tc (CO)s]* moiety. For the short chain
ligand Cys-PADA and the protected species Ac-Cys-PADA, other unknown side products
occurred parallel to the desired complex, depending on the procedure (but generally in a lower
yield relative to the desired product). The long chain MUAM-PADA ligand showed the most
promising results with a high RCP as well as a high potency. Additionally, this complex remained
stable in the presence of histidine, thus being of high interest for applications in biological
systems.
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3 Results and Discussion

3.5.6 RADIOLABELLING OF AU NPs

Since the free ligands have been satisfactorily complexed by ®°™Tc, this chapter focuses on the
interactions between the **™Tc species and the ligands, once the latter were attached to the
Au NP surface. Radiolabelled Au NPs were obtained either via labelling of functionalised Au NPs
(pathway 1). As an alternative, complexation of the bifunctionalised ligand with **™Tc was
performed first and subsequent the functionalisation of the Au NPs with the hot ligand
(pathway 2).

Radiolabelling procedure and analytical characterisation of the Au NPs

The functionalised NPs were purified via a desalting column before the labelling process took
place. This ensured that only ligands attached to the NPs were available and present.
Afterwards, the dispersion was purged with N, [*°™Tc(OH,)3(C0)s]* was added and the pH was
adjusted to pH 8-9 to obtain a stable, clear dispersion. The reaction progress was monitored
via HPLC.

Furthermore, a second purification via a desalting columns took place after the actual labelling
process. Now, all free ligands and unbound *™Tc precursors should be removed from the
NP dispersion. Thus, only labelled, functionalised Au NPs are eluted in the desired fraction. This
purification with desalting columns was repeated after labelling in some cases in order to prove
that the ligands are attached firmly to the ligand shell and thus to the NP.

When it comes to the analysis of Au NPs, these cannot be injected into HPLC systems based on
a standard reverse phase (RP) column, as they would clog the column and thus damage it.
Instead, the NPs were analysed by using a size exclusion chromatography (SEC) column. In this
case, separations only occurred with regard to the size of different species. Larger structures
(e.g. well shielded stable NPs) interact less with the column matrix than smaller species, for
instance free ligand or precursors, which remain longer in the column matrix and are thus
detected later.
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3 Results and Discussion

In order to achieve an optimal separation, the selection of an appropriate eluent was essential.
Initially, phosphate buffer solution (PBS) was used to be as close as possible to in vivo
conditions. We found, however, that no separation of the precursor ([**™Tc(OH2)3(CO)s]*,
Figure 78, left), starting materials ([**™TcOa],, Figure 78, centre) and the functionalised
radiolabelled NPs (Figure 78, right) could be achieved. All eluted at about 11.5 min.
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Figure 78: y SEC HPLC traces of [2°™Tc(OH,)3(CO)s]* (left) [®°™TcO.] (centre) and radiolabelled Au NPs (right) with PBS as the
eluent.

Research by Liu et al.33* showed that the presence of NaCl or other ions within the eluent
potentially leads to NP coagulation and even absorption problems on the SEC column.
Therefore, sodium dodecyl sulphate (SDS) in H,0 was chosen as an alternative buffer eluent.
Figure 79 shows the corresponding y SEC HPLC traces.
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Figure 79: y SEC HPLC traces of [*°™Tc(OH,)3(CO)s]* (left) [**™TcO4](centre) and radiolabelled Au NPs (right) with 15 mM SDS in
H,0 as the eluent.

With these settings, the different components can be separated from each other, since
[*°™Tc(OH,)3(CO)s]*eluted after 7.7 min (Figure 79, left) and [*°™TcO4] after 9.5 min (Figure 79,
centre). However, the radiolabelled Au NPs showed a signal after only 5.9 min (Figure 79, right)
and thus more than one minute earlier compared to the side products. With these settings, the
long-chain pre-functionalised Au NPs were initially radiolabelled, as shown in Scheme 50.
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3 Results and Discussion

Radiolabelling of functionalised Au NPs (Au-MUAM-PADA; pathway 1)

tOH [*°™Te(OH )5(CO)sI" tom hp
C N# NaOH C

\ / \ /
Au-MUAM-PADA Au-MUAM-PADA-%"MTc(CO),

Scheme 50: Radiolabelling of Au-MUAM-PADA NPs with [#°™Tc(OH;)3(CO)s]*.

Each NP dispersion was purged with Nz, [®™Tc(OH2)3(CO)s]* was added and a stable NP
dispersion was obtained by adding NaOH. The reaction mixtures were stirred at a respective
temperature and the reaction progress was monitored by SEC HPLC. Using the SEC HPLC
analysis, the radiolabelled Au-MUAM-PADA-*°T¢(CO)s NPs were successfully distinguishable
from unreacted [*°™Tc(H20)3(C0O)s]* or any remaining [**™TcO4]". The yield of radiolabelled NPs
was determined by integrating the recorded signals.

In principle, these investigations of reactions processes at different reaction temperatures
revealed two general correlations, which can be derived from Figure 80 A. The calculated yields
of radiolabelled Au NPs (in %) are plotted as a function of time t (in min) and show the longer
the reaction time, the higher the yield of radiolabelled NPs. Furthermore, the radiolabelling
process accelerated at higher temperatures compared to lower temperatures.
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Figure 80: (A) SECy HPLC yields of radiolabelled Au-MUAM-PADA-"Tc(CO); NPs [%)] plotted against time [min]. (B) SECy HPLC
trace before purification indicate the full consumption of [**™Tc(OH,)3(CO)s]* and furthermore, the complete conversion to
radiolabelled Au NPs. (C) Picture of a radiolabelled Au-MUAM-PADA-%°mTc(CO)3 NP sample. (D) TEM image of Au-MUAM-PADA-
9%Tc(CO); NPs showing a remained morphology of the Au NPs after being heated to 75 °C during the labelling process.
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This trend is particularly noticeable at a reaction time range between 100-120 min (Figure 80 A,
highlighted). At room temperature, only 8% of the total activity was found to be radiolabelled
Au NPs. However, at 50 °C 34% radiolabelled Au NPs were obtained. The yield improved
significantly to 82% when the temperature was increased to 60 °C. A complete conversion was
achieved at a temperature of 75 °C, even considerably before t = 100 min. Furthermore, all
labelling procedures were performed with Au NPs out of the same batch and thus an equal
concentration of chelating ligands on the surface.

As displayed in Figure 80 B (y HPLC trace of Au-MUAM-PADA-°"Tc(CO)3 NPs (75 °C), taken after
60 min), only a signal at 5.9 min was observed, corresponding to the radiolabelled Au NPs.
Furthermore, Figure 80 C shows the NP sample after the heating procedure, without any optical
changes and still being a stable pink NP dispersion. Moreover, the TEM image of Au-MUAM-
PADA-°6T¢(CO)s NPs (Figure 80 D), which was taken after the radiolabelling, demonstrated
evidently that the short term heating of the NPs had no effect on their monodisperse
morphology. They still possessed a spherical shape with a size of drem = 13.9+ 1.2 nm.

Even though there was no necessity for the additional removal of [*°™Tc(OH,)3(CO)s]* or
[*°™TcO4], since the reaction at 75 °C showed a complete conversion of [**™Tc(OH2)3(CO)s]*,
this NP dispersion was purified using a PD 10 column in order to obtain and further analyse only
the radiolabelled NPs. A pure Au NP fraction with 4.261 MBq was obtained, which corresponds
to 77% of the overall activity loaded onto the column.

Since a complete conversion of [**™Tc(OH,)3(C0O)s]* only occurred at high temperatures, all side
products were actively removed during the purification at all lower temperature reactions. An
approach at room temperature resulted in a yield of radiolabelled Au NPs of 8% after 120 min
(Figure 80 A, creme coloured graph). Once the mixture was purified after 165 min, various
fractions were collected and analysed (Figure 81 A).

Fraction 2, which was pink coloured, was found to contain mostly radiolabelled Au NPs
(tr = 5.9 min, Figure 81 B, top) and possessed an activity of 7.838 MBq, which corresponds to
7.5% of the overall activity loaded on the PD 10 column.
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Figure 81: (A) Collected fractions of Au-MUAM-PADA-2*mTc(CO); NPs (rt, 165 min) after purification via PD 10 desalting column,
(B) their corresponding SEC y HPLC traces of fractions 2 (top), 3 (centre) and 4 (bottom) and (C) TEM image of fraction 2
(Au-MUAM-PADA-%8T¢(CO)s), taken after the radiolabelling process.

The SEC y HPLC trace (Figure 81 B, centre) of the slightly pink coloured fraction 3 showed two
signals of approximately the same size, which were assigned to the radiolabelled NPs
(tr = 5.9 min) and [*°™Tc(OH2)3(CO)s]* (tr = 7.2 min). This fraction has 10.52 MBgq, thus 17.5% of
the total activity on the loaded PD 10 column. The next fraction 4 appeared colourless and was
only [?*™Tc(OH,)3(CO)s]* (tr = 7.3 min) with 19.25 MBq (Figure 81 B, bottom), being 32.6% of
the overall activity. A further 5.672 MBq eluted in later fractions corresponding to both,
predominantly [**™Tc(OH2)3(CO)s]* and [*™TcOa]". Although only 7.5% vyield was obtained
during the reaction at room temperature, it was possible to separate the pure radiolabelled
Au NP fraction from its side products. Furthermore, the TEM image taken of Au-MUAM-PADA-
9%8T¢(CO)s (Figure 81 C) showed only monodisperse Au NPs with a size of drem = 13.8 £ 1.0 nm
and thus confirms that no change in the morphology occurred during the radiolabelling.
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Radiolabelling of Au NPs with “hot” labelled biofunctionalised ligand (pathway 2)

An alternative way to synthesise Au-MUAM-PADA-**"T¢(CO)3 NPs included the complexation
of MUAM-PADA with [*°™Tc(OH,)3(CO)s]* first, before the Au NPs were functionalised with the
“hot ligands” as shown in Scheme 51.
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Scheme 51: Consecutive synthetic route towards Au-MUAM-PADA-mTc(CO)s NPs via the complexation of PADA-MUAM first
(left) and the subsequent radiofunctionalisation of Au-Citrate NPs with #°™T¢c(CO)sMUAM-PADA in a ligand exchange reaction

(right).

Here, the Au-Citrate NPs of the desired size were purged with N, and freshly prepared
PMTc(CO)sPADA-MUAM was added. The reaction mixture was stirred at room temperature for

90 min and was purified using a desalting column PD MiniTrap.

A further advantage of a purification via a desalting columns remains that only Au NPs with a
large and well shielded ligand sphere pass through the column. The starting Au-Citrate NPs,
which are just electrostatically stabilised by citrate molecules, strongly interact with the column
matrix, thus remained attached to it. Therefore, these were separated from the rapidly eluting
radiolabelled functionalised Au NPs. Au-MUAM-PADA-**"T¢(CO)s NPs (@ 14 nm) were then
analysed by SEC HPLC and showed that only the pure radiolabelled Au NPs were present, which
were detected at tr = 5.88 min by the y detector (Figure 82, bottom). These fractions contained
25 MBq and thus 86% of the overall activity loaded onto the column.

Figure 82: SEC UV HPLC trace (top) and SEC y HPLC trace (bottom) of purified Au-MUAM-PADA-9MT¢(CO)3 NPs (@ 14 nm).
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Furthermore, the UV HPLC trace of this sample (Figure 82, top) showed only one signal, which
can be assigned to the Au-MUAM-PADA-**"T¢(CO)s NPs. The difference in the retention times
for each signal in the SEC UV HPLC trace and the SEC y HPLC trace corresponded exactly to the
instrumental set-up between the UV detector and the y detector. TEM images reveal that
purification via a desalting column is necessary to obtain high quality material. The NP sample
before purification show an apparent contamination of the NP environment (Figure 83, left).
After purification, a clean NP sample freed from impurities was observed (Figure 83, right). The
morphology of the NPs had changed neither through radiofunctionalisation nor by a
subsequent purification.

Figure 83: TEM images of Au-MUAM-PADA-%%€T¢(CO); NPs (@ 13 nm) taken before purification via desalting column, showing
a contamination of the NP environment (left), and after the purification, revealing a cleaner NP dispersion and still

monodisperse spherical NPs with a size of drem = 13.9 £ 1.3 nm (right).

In another approach Au-Citrate (@ 12 nm) NPs were used with a slightly higher starting
concentration (ca. 16 nM). Furthermore, less of [**™Tc(CO)sPADA-MUAM] was added to the
reaction mixture, which was stirred at room temperature for 90 min. In this attempt, we
wanted to know whether higher concentrated Au-Citrate NPs can also be sufficiently stabilised
by a lower equivalent of radiolabelled complex added. The reaction mixture remained pink and
clear, although the pH was not adjusted by the addition of base. Moreover, a bright pink
coloured dispersion was eluted during purification on a PD MiniTrap, which possessed with
40.41 MBq a yield of 77.7% of the overall activity loaded onto the column.

In order to determine how stable the NPs were and whether the complex ligand was attached
strongly enough to the Au NP surface, the purified pink fraction was purified a second time
using PD MiniTrap. The majority of NPs passed through the column and eluted as a pink fraction
with 13.34 MBq (Figure 84 C, bottom). This still corresponds to 57% of the overall activity
loaded on the column. However, it appeared that a small amount of NPs remained on the
column (Figure 84 C, top).
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trapped NPs

Figure 84: (A) TEM image of Au-MUAM-PADA-9€Tc(CO); NPs (@ 12 nm), (B) corresponding SEC y HPLC trace and (C) collected
fractions of radiolabelled Au NPs after the second purification via PD MiniTrap, showing the eluted fractions (bottom) as well
as the separated unstable Au NPs trapped in the column matrix (top).

Nevertheless, the eluted fraction was analysed. It showed a single, distinct signal at 5.9 min
corresponding to Au-MUAM-PADA-*°™Tc¢(CO)s NPs (@ 12 nm) (Figure 84 B). Furthermore, TEM
investigations (Figure 84 A) revealed that no agglomeration of the NP or changes in their
morphology occurred during radiolabelling or purification. Instead, monodisperse
near-spherical NP were still present with a size of drem =11.9+ 1.2 nm.

After the analytical characterisations of the Au NPs for both labelling pathways revealed good
results, further characterisations were performed with the inactive NPs since °™Tc completely
decayed. Special attention was paid to the properties of the two Au-MUAM-PADA-"6T¢(CO)3
NP types, which were obtained either by the labelling of functionalised Au NPs (pathway 1) or
the hot ligand functionalisation (pathway 2).
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Figure 85: (A) UV Vis spectra of the starting NPs Au-Citrate and Au-MUAM-PADA as well as the radiolabelled Au-MUAM-PADA-
998Tc(CO); NPs synthesised during the radiolabelling of prefunctionalised Au NPs ( ) orin a functionalisation with the hot
ligand (dark red), (B) corresponding data of the radiolabelled Au-MUAM-PADA-%6T¢(CO); NPs revealing highly similar values,
although the two NP approaches were obtained using two different reaction pathways.
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The UV Vis spectra of the respective starting NPs (Au-Citrate and Au-MUAM-PADA) compared
to the respective Au NPs obtained (Au-MUAM-PADA-°?6T¢(CO)3) are shown in Figure 85 A. First,
the uniform plasmon band revealed that all NP samples were stable dispersion in a similar size
range. Furthermore, the two curves of the two radiolabelled Au NPs were almost identical,
indicating their similarity. The exact data on the radiolabelled NPs are summarised Figure 85 B.
Here, their determined TEM sizes were identical with drem = 13.9 + 1.2 nm (pathway 1) and
drem = 13.9 £ 1.3 nm (pathway 2), respectively. Furthermore, the radiolabelled samples
possessed similar Amax = 527 nm or Amax = 528 nm and had similar hydrodynamic radii with dhydr
=16+ 3 nmor dhdr =16+ 4 nm.

IR spectra of the radiolabelled Au NPs compared to Au-MUAM-PADA NPs are displayed in
Figure 86. Noteworthy to mention is that the IR samples were collected with material from
different batches (but the same synthetic pathway) in order to have enough sample material.
Therefore, these spectra do not provide information about the individual reaction but about
the reaction type.
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Figure 86: IR spectra of Au-MUAM-PADA NPs (top) as a starting dispersion and the radiolabelled Au-MUAM-PADA-*?8Tc(CO)3
NPs obtained from pathway 1 (centre) and pathway 2 (bottom).

First, there are distinct similarities between the spectra of the radiolabelled NPs. They only
differ in the proportions of the individual bands. The sample from pathway 2 shows a broad
and strong absorption around 1070 cm™, whereas this is weaker in the sample from pathway 1.
Even though vre=n vibrations could be located in this range3* or vre-o0 oscillations around
950 cm1,3% their appearance seems rather unlikely, since the Tc concentration is very low.
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Furthermore, intense vc=o absorptions around 2000 cm™ should be observed, indicating
distinctly the presence of a tricarbonyl complex. Instead, the new intense band originates most
likely from the organic backbone and is located in the range of vcn or vo-u vibrations.

Moreover, the unambiguous and strong vc-o oscillation around 1600 cm™ as well as similar
fingerprint area are similar in all spectra. The radiolabelled NPs only differ from the initial
Au-MUAM-PADA NPs in the intensity of the vy oscillations around 3000 cm™. These occur
significantly stronger in the initial dispersion than in the radiolabelled representatives. In case
of the functionalised Au NPs (pathway 1), they even appear to be almost completely
suppressed. However, all other vibrations indicating the long-chain ligand are present. Both
radiolabelled NPs reveal broad vo.n resonances in the region around 3380 cm™. Furthermore,
a visible shoulder in the range around 2400 cm™ indicates the presence of a CO species around
the radiolabelled NPs, since the vc=o vibrations fall into this range for carbonyl ligands. This
suggests that the desired complex is still present.

In summary, both Au NPs approaches showed remarkable similarities in their NP structure and
properties as well as their surface functionalisation before and after radiolabelling.

Radiolabelling of functionalised Au NPs (Au-Cys-PADA; pathway 1)

Then, the short-chain functionalised Au NPs (Au-Cys-PADA) were also reacted with ®™Tc. Only
pathway 1 (labelling of functionalised Au NPs) was chosen, as radiolabelling of Cys-PADA did
not yield a pure compound and thus was not available for a further and comparable
functionalisation of Au-Citrate NPs.

Two peculiarities were identified during the reaction of Au-Cys-PADA NPs with
[*°™Tc(OH,)3(CO)s]*. First, the preparation of the initial particle dispersion was performed with
a desalting column. The majority of the NP passed through the column, but this phase widened
enormously, so that the pink-coloured fraction spread over a much larger volume, sometimes
even twice as large. Furthermore, the eluate appeared slightly darker (more violet) than before.
This indicated that the short-chain NPs were not completely stable directly after purification
and therefore had to be stabilised again by adjusting the pH with base.

Furthermore, during the reaction, additional and stronger pH control was required to ensure
sufficient stabilisation of the NPs. However, the addition of NEt3 to the reaction mixture (after
addition of [**™Tc(OH,)3(CO)s]* did not lead to a sufficient stabilisation. Instead, 1M NaOH was
added.
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As displayed in Scheme 52, the reaction mixtures were stirred at different temperatures (either
room temperature or 75 °C) for 120 min in order to compare their stabilities during the
procedures as well as the radiochemical outcome during these reactions.
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Scheme 52: Radiolabelling of Au-Cys-PADA NPs.

During the purification, the NPs’ tendency towards instability was observed in both approaches;
again a broadened phase migrated through the column, which eluted in a slightly more violet
colour. However, the analysis of the first coloured fraction already showed no distinct
separation of pure radiolabelled Au NPs (tg = 5.9 min, Figure 87 B) and unreacted
[®°™Tc(OH,)3(CO)s]* (tr = 7.2 min, Figure 87 B). The purification of the NPs stirred at room
temperature was performed on the MiniTrap (bed size 2.1 ml, loading volume 0.5 ml Au NPs).
In contrast, the approach stirred at 75 °C was purified on a PD 10 column (bed size 8.3 ml,
loading volume 0.8 ml Au NPs + 0.7 ml H,0), which had a larger filling volume and should lead
to an easier separation of the [*™Tc(OH,)3(C0O)s]*. Even in this setup, [°*™Tc(OH,)3(CO)s]* was
not completely removed neither. As the whole process was performed in a lead container, only
a selected elution volume (either 0.25 ml or 0.5 ml) was added onto the column, eluted
completely, and then the procedure was repeated for the next fraction. Thus, a direct optical
monitoring of the elution was not possible.

As the [**™Tc(OH2)3(CO)s3]* was not completely removed from the respective fractions
(Figure 87 B), the yield related to the overall activity loaded onto the column was also very low
for both approaches: at room temperature, only 0.24% conversion was achieved and for the
approach at 75 °C, only 1.3%. Moreover, TEM images show that after a reaction at room
temperature mainly spherical particles were present (Figure 87 C), but that individual ripening
processes do occur (marked). At a temperature of 75 °C (Figure 87 D), this phenomenon
intensifies; here a significant percentage of the NPs began to agglomerate. Ultimately, no stable
NP dispersions were obtained.
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Figure 87: (A) Broad violet eluted fraction after purification via desalting column, (B) SEC y HPLC trace after purification, TEM
images of Au-Cys-PADA-2%€T¢(CO); NPs after the reaction at room temperature (C) and at 75 °C (D) and (E) IR spectra of mono
ligand shell Au-Cys-PADA-2*mTc(CO); NPs and in comparison to Au-Cys-PADA NPs.

These results were further supported by a DLS investigation showing dhydar = 272 + 45 nm, and
thus indicated an agglomerated sample.

However, as the IR spectra Figure 87 E show, an almost identical surface functionalisation of
the NP samples remained present, thus indicating the short-chain ligand Cys-PADA was still
attached to the NP surface. Again, only a strong broad band appeared around 1000 cm™, which
was not as intense in the unlabelled Au NP sample.

Nevertheless, the NPs, which were just carrying the short chain ligand Cys-PADA in a mono
ligand shell were not satisfactory stabilised during and after a radiolabelling procedure.
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Radiolabelling of functionalised Au NPs (mixed ligand shell Au NPs; pathway 1)

In order to compare the radiolabelling behaviour of mono ligand shell NPs with mixed ligand
shell NPs, the latter samples were reacted in the following with [?°™Tc(OH,)3(CO)s]*. Since they
carry another ligand with the biogenic unit atropine in addition to the chelating ligand, they
have potential as radiotheragnostics in the future. First, mixed shell Au-MUDA-AT/Cys-PADA
NPs were reacted with [*®™Tc(OH,)3(CO)s]* in order to determine whether a more stable NP
dispersion was achieved with the additional longer biofunctional ligand. The pink reaction
mixture was stirred at room temperature for 120 min, as shown in Scheme 53.
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@SJ‘NH [ Tc(OH 2)5(CO)s @stH
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120 min, rt

Au—MUDA—AT/Cys—PADA Au-MUDA-AT/Cys- PADA 99MTc(CO),

Scheme 53: Radiolabelling of Au-MUDA-AT/Cys-PADA NPs.

A sample of the “crude reaction mixture” was analysed via SEC y HPLC. The chromatogram,
which is displayed in Figure 88 B, showed predominantly [*°™Tc(OH3)3(CO)s]*. Only 0.4% of the
total amount of activity eluted after tr = 5.9 min, which was attributed to the radiolabelled NPs.

Even though the yield was very low, the reaction mixture was purified via a desalting column.
The coloured fraction eluted later than usual and had a more violet tint (Figure 88 A). Analysis
via SEC y HPLC showed predominantly a species eluting at tg = 6.3 min, which can be assigned
to the radiolabelled Au NPs (Figure 88 C). Furthermore, 12% of the activity within the sample
was present as an unknown species, which was detected after 4.9 min. Due to the high dilution
of the fraction, UV traces unfortunately did not show any relevant signals from which further
insights could have been gained. However, TEM investigations showed that the environment
of the NP was contaminated, despite purification via the desalting column (Figure 88 D).
Furthermore, it was observed that several NPs agglomerated (Figure 88 F) and occasionally
formed NP clusters (highlighted). It may be that the unknown species at tg = 4.9 min is a form
of such a cluster.
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Figure 88: (A) Violet eluted fraction after purification via desalting column, SEC y HPLC traces (B) before and (C) after
purification, and (D) TEM images of Au-MUDA-AT/Cys-PADA-2%8T¢(CO); NPs showing contaminated and (F) agglomerated NPs
and (E) UV/Vis spectra of mixed ligand shell NPs Au-MUDA-AT/Cys-PADA and Au-MUDA-AT/Cys-PADA-9%8T¢(CO)3 in comparison
to mono ligand shell NPs Au-Cys-PADA and Au-Cys-PADA-%%¢Tc(CO)s.

Even in comparison with Au-Cys-PADA NPs and its corresponding radiolabelled attempt, the
UV/Vis spectra (displayed in Figure 88 E) show that no stable dispersions were present after
the radiolabelling experiments, as far as they carried the short-chain chelate ligand. All plasmon
resonances were rather broad and partly showed irregularities. Furthermore, the absorption
“maxima” shifted towards higher wavelengths, indicating an agglomeration. In addition to the
instability issues of these NPs, the yields of radiolabelled NPs were still very low.
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Therefore, the focus of the further progress was set on the long-chain mixed ligand shell
Au NPs. Consequently, the labelling of the mixed shell Au NPs was only performed in pathway 1,
the labelling of the functionalised NPs. First, Au-MUDA-AT/MUAM-PADA NPs were reacted with
[*°™Tc(OH,)3(C0O)s]* and stirred at room temperature for 120 min (Scheme 54).
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Scheme 54: Radiolabelling of Au-MUDA-AT/MUAM-PADA NPs.

At this point, 89% of the [*™Tc(OH2)3(CO)3]* had already been consumed (89% signal with
tr = 5.9 min, 11% signal with tr = 7.4 min, Figure 90 A). The NP dispersion was purified using a
PD MiniTrap and the collected coloured fractions were analysed. Fractions 3 and 4 were pure
radiolabelled Au NPs (tg =5.9 min) with 34.53 MBq and thus, a yield of 61% was achieved
compared to the overall activity loaded onto the column. Fraction 5, however, was obtained as
a mixed fraction containing next to radiolabelled Au NPs also unconsumed [**™Tc(OH3)3(CO)s]*
(tr =7.2 min).
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Figure 89: SEC y HPLC traces of unpurified Au-MUDA-AT/MUAM-PADA-%€T¢(CO)s NPs stirred at (A) room temperature or
(B) 60 °C.

Since no complete consumption occurred after stirring for 120 min at room temperature,
reaction parameters were changed. Now, the reaction mixture was stirred at room
temperature for 30 min and further 90 min at 60 °C. Full consumption of [*°™Tc(OH2)3(CO)s]*
was observed (Figure 90 B).
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The UV/Vis spectrum of Au-MUDA-AT/MUAM-PADA->¢Tc(CO); NPs (Figure 90 A) shows a
homogenously formed plasmon resonance with a Amax= 528 nm and thus being very close to
the corresponding non-labelled NPs (Amax = 527 nm). TEM investigations (Figure 90 B) reveal
spherical monodisperse NPs with a size of 11.8 + 1.3 nm. No visible agglomeration of the Au NPs
was observed and further confirmed by a determined dhydr = 15 + 4 nm. Furthermore, a pink
and clear dispersion was present, thus stable radiolabelled Au-MUDA-AT/MUAM-PADA-
99%T¢(CO)3 NPs were postulated.
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Figure 90: (A) UV/Vis spectra of Au-MUDA-AT/MUAM-PADA NPs and Au-MUDA-AT/MUAM-PADA-%8T¢(CO); NPs and (B) TEM
image of Au-MUDA-AT/MUAM-PADA-%¢T¢(CO)3 NPs.
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For extending these promising results to other biogenic substances, Au-MUDA-ADR/MUAM-
PADA NPs — carrying adrenaline as a pharmacologically relevant substance — were reacted with
[*°™Tc(OH,)3(CO)s]* (Scheme 55).
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Scheme 55: Radiolabelling of Au-MUDA-ADR/MUAM-PADA NPs.

First, the labelling reaction was performed at room temperature. Over a reaction time of
140 min, the radiolabelling procedure was monitored via SEC HPLC and the y HPLC traces are
displayed in Figure 91. After 5 min, already 4% of [*™Tc(OH2)3(CO)s]* (tr=7.6 min) was
complexed on the Au NPs (Figure 91 A). 40% of the overall activity was found on Au-MUDA-
ADR/MUAM-PADA->6T¢(CO)3 NPs (tr = 5.9 min) after 30 min (Figure 91 B).
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Figure 91: Reaction monitoring during the synthesis of Au-MUDA-ADR/MUAM-PADA-*%¢T¢(CO)s NPs viag HPLC. SEC y HPLC
traces after 5 min (A), 30 min (B), 80 min (C), 140 min (D) at room temperature.
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Moreover, the yield of radiolabelled Au NPs increased to 80% after 80 min (Figure 91 C) and
94% after 140 min (Figure 91 D). Subsequently, the Au NP dispersion was purified via a
desalting column (PD 10) and a pure radiolabelled Au NPs fraction was obtained with
5.612 MBq and thus a yield of 80% compared to the overall activity loaded onto the column.
Since no complete consumption of [**™Tc(OH,)3(CO)s]* was achieved after stirring at room
temperature for 140 min, another approach at 75 °C was performed.

Already after 30 min, [**™Tc(OH2)3(CO)s]* disappeared completely and only a single signal of
radiolabelled Au NPs (tr = 5.9 min) was observed (Figure 92 A).

- — — Au-MUDA-ADR/MUAM-PADA Amzx =533 nm
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Figure 92: (A) SECy HPLC trace of unpurified Au-MUDA-ADR/MUAM-PADA-°™T¢(CO)3 NPs after 30 min at 75 °C, (B) TEM images
of purified Au-MUDA-ADR/MUAM-PADA-?%¢Tc(CO)s NPs stirred at room temperature after 140 min or (C) 75 °C after 30 min
and (D) UV/Vis spectra of Au-MUDA-ADR/MUAM-PADA-%T¢(CO)3 NPs and corresponding Au-MUDA-ADR/MUAM-PADA NPs.

Purification via a desalting column was performed and a pink and stable sample of pure
radiolabelled Au NPs was obtained with a yield of 78% (7.84 MBq) compared to the total activity
loaded onto the column. The clean Au NP fraction was purified a second time with a desalting
column, in order to assess the stability of the dispersion. Again, a stable and pink fraction was
obtained consisting of pure radiolabelled Au NPs with a yield of 83% (2.13 MBq) compared to
the overall activity loaded onto the column. An overall yield of 67% was obtained after the
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second purification step, thus showing that the ®°™Tc is strongly bond to the Au NPs.
Furthermore, TEM investigations reveal that no change in the morphology of the NPs occurred
during the labelling procedure. Spherical Au NP with a size of drem = 14.0 £ 1.5 nm were
obtained during a radiolabelling at room temperature (Figure 92 B).

Even the NPs of the approach at 75 °C had a similar monodisperse morphology and thus, no
visible agglomeration caused by heating occurred (Figure 92 C). UV/Vis measurements
revealed that only a small bathochromic shift of the homogenous formed plasmon resonance
occurred towards Amax = 535 nm (Figure 92 D).

Furthermore, IR investigations were performed and showed that unambiguous similarities of
the organic frameworks between the radiolabelled Au-MUDA-ADR/MUAM-PADA-

998T¢(CO)3 NPs as well as the unlabelled corresponding Au-MUDA-ADR/MUAM-PADA NPs exist
(Figure 93).
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Figure 93: IR spectra of Au-MUDA-ADR/MUAM-PADA-%%8T¢c(CO); NPs (bottom) and Au-MUDA-ADR/MUAM-PADA NPs (top).

In order to demonstrate that the precursor [**™Tc(OH)3(CO)s]* can unambiguously be
distinguished from the radiolabelled Au NPs within the SEC HPLC traces, the pure Au NP sample
was contaminated with [**™Tc(OH,)3(CO)s]*. However, the HPLC trace shows additional to the

Au NPs signal with tg=5.9min, a second strong signal, which was assigned to
[®°MTc(OH,)3(CO)3] .

142



3 Results and Discussion

Radiolabelling of Au-Citrate NPs as a blank test

Finally, a blank test was performed to reveal if the ®°™Tc was indeed specifically coordinated to
the chelating ligand and not unspecifically bound to the Au NP surface. For this purpose,
Au-Citrate NPs were stirred with [?*™Tc(OH,)3(CO)s]* at room temperature (Scheme 56).

O~_ONa O~_ONa
O OH ONa > O OH ONa
120 min, rt
Au-Citrate Au-Citrate

Scheme 56: Blank test with Au-Citrate NPs and [?°™Tc(OH,)3(CO)s]*.

However, the HPLC trace did not indicate any presence of radiolabelled Au NPs since no signal
at tr = 5.9 min was detected. Instead only the signal of [*°™Tc(OH,)3(C0O)s]* with tg = 7.7 min was
observed (Figure 94). Thus, it can be assumed that the **™Tc can only be complexed in the

presence of suitable chelating ligands.

225000

Minutes

Figure 94: SECy HPLC trace of Au-Citrate NPs reacted with [#*™Tc(OH,)3(CO)s]* (blank test).

Nevertheless, further blank tests at different temperatures should be performed in future
studies in order to be certain about other reaction conditions.
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4 CONCLUSION AND OUTLOOK

In this work, monodisperse, spherical gold nanoparticles (Au NPs) in the size range of 5 nm to
30 nm were successfully synthesised and used as starting particles for further functionalisations
(Figure 95). Fine-tuning of the sizes can be achieved by varying the gold precursor to stabilising
ligand and reducing agent ratio as well as the reaction conditions including solvent volume,
temperature and time. As an alternative to Au-Citrate NPs (Figure 95, left), monodisperse
Au NPs have been synthesised in DMSO and subsequently purified and redispersed in HO.
Various bifunctional thiol linkers show excellent stabilising properties and they offer the
possibility to attach various biomolecules to the different functional groups (-COOH, -NH>)
(Figure 95, centre left, centre right and right)).

monodisperse starting Au NPs for functionalisation

Figure 95: Examples of the synthesised monodisperse Au NPs prepared within this thesis.

Different synthetic routes towards a biofunctionalisation of Au NPs were successfully followed:
either a consecutive or a parallel synthetic strategy. The first one includes, after the
introduction of a bifunctional thiol linker, a consecutive reaction at the ligand periphery in order
to attach the biogenic substance. This route shows good results for carbachol (CCh)
functionalised Au NPs (Figure 96).

As an alternative, a parallel synthetic route can be employed. First, the complete ligand
consisting of biogenic substance and thiol linker is synthesised. Then, it is attached to the
Au NPs in a ligand exchange reaction. This strategy was successful for the functionalisation of
Au NPs with noradrenaline (NA), adrenaline (ADR) or atropine (AT). Initial attempts with
salbutamol (SB) appeared promising (Figure 96), since salbutamol functionalised Au NPs were
obtained. But further investigations on ligand syntheses and purification should be performed
in order to obtain higher yields and pure compounds.
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Figure 96: Overview of biogenic substances attached to Au NPs within this thesis.

Furthermore, the biofunctionalised Au NPs were investigated for their receptor activations in
different physiological studies, which was always done in comparison to the free ligand.
Au-MUDA-CCh NPs with a size of 14 nm show a 10°%-fold potentiation of the induced receptor
activation on rat epithelial membranes. Au-MUDA-ADR NPs with a size of 9 nm are biologically
active in nanomolar ranges in systems where Bi-adrenergic receptors were involved, such as
intestinal secretion or cardiac contractility. Atropine Au NPs with a size of 14 nm were found to
cross the epithelial barrier and act as a receptor poison at the basolateral side. Moreover,
different Au-MUDA-AT NP samples in the size range between 8 nm to 16 nm were tested in a
basolateral application on their blocking effect at Ms receptors, while @ 13 nm
Au-MUDA-AT NPs showed the strongest blocking effect at the Ms receptors.

In addition to biofunctionalised Au NPs also biomimetic Au NPs were successfully synthesised.
As excellent starting particles, monodisperse amine stabilised Au-MUAM NPs were obtained in
different sizes ranging from 5 nmto 17 nm. These were successfully reacted with dihydrocaffeic
acid (DHCA) (Figure 97, left). Au-MUAM-DHCA NP samples mimic the biogenic substance
dopamine. These were not tested in biological systems for time restraints but may provide a
starting point towards further biomimetic functionalisations and may be applied in further
receptor activation studies.
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Figure 97: Key elements of the biomimetic Au NPs functionalised with dihydrocaffeic acid (left) and the labelling with a
fluorescent dye (right).

In order to enable further analytical studies, Au NPs were successfully functionalised with a
fluorescent dye (Figure 97, right). Rhodamine B serves as a common fluorescent dye, which can
be modified with a thiol linker in order to enable its attachment to the Au NPs. However, the
synthesis of a suitable fluorescent dye ligand in fact proves to be rather challenging.
Conventional esterification or peptide formation wusing the coupling reagents
N-hydroxylsuccinimide (NHS) and diisopropylcarbodiimide (DIC) does not lead to the desired
product. Derivatisation of the dye can be achieved through the reaction with diamines, such as
ethylenediamine (EN). The crystal structure was confirmed by XRD (Figure 97, right). Since a
free amine moiety is present in the crystallised product, a bifunctional thiol linker can be
introduced in the next step using hexafluorophosphate azabenzotriazole tetramethyl uronium
(HATU) as a coupling reagent in a novel approach. As a proof of concept, rhodamine B
functionalised Au NPs can be synthesised and the successful functionalisation can be confirmed
via IR spectroscopy. However, the analytics are not fully conclusive, since NMR spectra of the
functionalised Au NPs only indicate slightly some of the respective proton resonances. In
addition, a quenching effect originating from the Au NPs reduces the overall fluorescence.

In order to synthesise diagnostically more valuable Au NPs, a radiolabelling method was
considered and various functionalised Au NPs were labelled with the radionuclide *™Tc. For
this purpose, the tridentate chelator ligand picolylamine diacetic acid (PADA) was synthesised
in order to complex the metal ion and further modified with a thiol moiety in order to attach
on to the Au NPs. Two new ligands were introduced, which contain either a short cysteamine
chain (PADA-Cys) or a long mercaptoundecylamine chain (PADA-MUAM). Several studies on
complexes with the non-radioactive group 7 homologue Re show their binding behaviour, and
XRD measurements confirm that the metal ion is complexed by the tridentate ligand.
Furthermore, a successful immobilisation of [Re(CO)sPADA-MUAM] on to the Au NPs was
proven by EDX measurements and reveal the presence of Re around the Au NP core, supporting
the successful preparation of Au-MUAM-PADA-Re(CO)s NPs.
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Following these initial studies, radiolabelling of the ligands PADA-Cys and PADA-MUAM with
99mTc was successfully performed. In the reaction of PADA-MUAM with [?°™Tc(OH,)3(CO)s]*, the
desired complex can be obtained with a high selectivity and a radiochemical purity (RCP)
of 91%. Furthermore, its stability was proven even in the presence of histidine as a biologically
relevant competing ligand. The short-chain ligand PADA-Cys and even its corresponding
thioacetate protected ligand Ac-Cys-PADA can also be radiolabelled with [*°™Tc(OH3)3(CO)s]*
but led to multiple side products and thus resulted in lower radiochemical yields. In addition to
the free ligands, Au NPs can also be radiolabelled (Figure 98). Two different pathways were
followed with equal success. On the one hand, Au NPs which are already functionalised with
the chelator can be reacted with [**™Tc(OH,)s3(CO)s]*; another possibility consists of
immobilising the “fresh” radiolabelled complexes in a ligand exchange reaction on the
unfunctionalised Au-Citrate NPs.

Figure 98: Summary of radiolabelled Au NPs and its linkage to biofunctionalised Au NPs, which allows the preparation of mixed
ligand shell Au NPs that are both biofunctionalised and radiolabelled.

Au-MUAM-PADA-*°™Tc(CO)s NPs can be prepared and purified via desalting columns in both
pathways and in equally high yields. The analytical characterisation of radiolabelled Au NPs can
be performed using size exclusion chromatography. Here, the choice of eluent is crucial for an
appropriate analysis. In this work, it was found that phosphate buffer solution (PBS) as a
prominent biocompatible medium does not lead to a separation of the reaction components
in this system. Instead, sodium dodecylsulfate (SDS) in H,0 is used as an alternative buffer
resulting in an excellent separation of the radiolabelled Au NPs from the side products of the
reaction. In order to cross disciplines, from mono ligand shell NPs into theragnostic drug
candidates, biofunctionalised Au NPs were also labelled with *°™Tc. In addition to the chelating
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ligand, these carry another ligand with a bioactive unit in a mixed ligand shell. Different Au NPs
functionalised with either atropine or adrenaline can be successfully radiolabelled with
[*°™Tc(OH,)3(CO)s]*. In these reactions, it was found that a temperature increase up to 75 °C
led to a higher consumption of [*°™Tc(OH,)s3(CO)s]* and thus to a significantly faster
radiolabelling of the Au NPs. To further support the integrity of the NPs and their robustness
throughout the process, all radiolabelled Au NPs were additionally investigated by TEM, UV/Vis,
DLS and IR after decay, revealing an intact functionalisation, shape and uniformity and verifying
the presence of stable Au NPs even after radiolabelling.

This thesis presents a broad variety of functionalisations of Au NPs, which may provide further
impulses for future studies. Moreover, physiological studies of the synthesised materials should
be performed, as they are monodisperse, stable in H,O at room temperature and may proof
vital in the search for other functionalisations. In this context, more efficient ways of attaching
salbutamol (SB) can be investigated. The focus should be placed on ligand syntheses, leading
to higher yields and pure compounds. Moreover, even terbutaline, which is similar to
salbutamol, might be of interest for studies on trachea muscles. In addition, other biogenic
substances like tyramine, tyrosine or taurine may be attached to the Au NPs and also tested
after successful characterisation. With respect to receptor activation, receptor antagonists
could also be immobilised such as propranolol, a non-selective drug from the class of B-
blockers. Correspondingly, a non-selective a-blocker may also be employed, such as
phentolamine. Moving even further towards medical applications, small drug molecules might
be attached on to the Au NPs such as the antiepileptic drug carbamazepine or different kinds
of opioids and their effects on biological system may be studied.

Following the successful synthesis of biomimetic Au NPs, their effects on biological systems
should be investigated and whether these Au NPs are able to stimulate adrenergic receptors
with their functional catechol moiety present on the ligand shell. Once the effects on the
biological systems have been investigated, labelling of the Au NPs may be performed in order
to enable further examination at the microscopic or macroscopic level. Since the application of
fluorescent dyes presented some challenges, their further investigation should be
reconsidered. One advantage of applying a fluorescent dye, such as Eosin Y, is the additional
analytic opportunity. As this dye contains heavy Br atoms, a quantification of the ligands on the
surface of the Au NPs is theoretically feasible by means of EDX. However, any other ligand
containing heavy atoms could also be introduced for this kind of analysis.

However, radiolabelling with ®®™Tc appears to be the most promising labelling method. The
chelator ligand syntheses as well as their complexation and immobilisation on to the Au NPs
led to excellent results. In further studies, other chelator ligands, which are able to complex
PmTc, could also be synthesised. As an example, 2,3-diaminopropionic acid (DAP) is described
in the literature as a potent *°™Tc chelator. DAP could be modified in such a way that it can be
attached to Au NPs. In addition to the short-lived isotope *™Tc, similar systems based on the
long-lived °°86Tc could be developed in order to investigate whether a successful preparation of
9%Tc labelled multimodal Au NPs is achievable. *°6Tc offers the advantage that the pure
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complexes could be investigated in more detail. Crystallisation approaches and further
analytics, such as °°6Tc-NMR, would then be possible. However, the first step towards further
investigations regarding the already synthesised **"Tc radiolabelled Au NPs is to perform
biodistribution studies on animals. In these in vivo experiments, the mixed ligand shell
biofunctionalised and radiolabelled Au NPs could be traced and further insights into their
behaviour in biological systems could be gained.
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5 EXPERIMENTAL SECTION

5.1 CHEMICALS AND MATERIALS

All chemicals were purchased from Acros Organics, Alfa Aesar, Carl Roth, Fisher Scientific, Fluka,
Merck, Santa Cruz Biotechnolgy, Sigma Aldrich or TCl and used without further purification.
Organic solvents were distilled before use or purchased in an anhydrous state and stored over
molecular sieves.

Na[**™TcO4] in 0.9% saline was eluted from a ®Mo/**"Tc UltratechneKow FM generator

purchased from b. e. imaging AG (Switzerland).

Chromatographic purifications were performed using Merck silica gel 60 (0.040-0.063 mm).
Thin layer chromatography (TLC) was performed on Merck aluminium-backed plates with silica
gel and fluorescent indicator (254 nm). For indicating, UV light (A = 254 nm/365 nm) was used.

5.2 LABORATORY TECHNIQUES

Reactions were performed under inert conditions (argon atmosphere 99,9999%, Air Products
at University of Cologne, Nz at University of Zurich) using standard Schlenk line techniques with
oven dried glassware, unless stated differently. Microwave assisted reactions were carried out
in a Biotage Initiator microwave.

All water-based (nanoparticle) syntheses were performed in demineralised water or arium
water. All glass vessels were washed with aqua regia and demineralised water prior to use.

5.2.1 DEeSALTING COLUMN

Nanoparticles were further purified via desalting columns. This strategy was used mainly to
purify radiolabelled NPs. A desalting column is a gel filtration (exclusion) chromatography
column and is predominantly used in protein biology and in DNA extractions.

Their mechanism is based on the separation of chemical (or biological) structures according to
their size within the column. Smaller structures can be absorbed within the matrix of the
packing material and remain longer on the column. Larger structures, on the other hand, elute
faster. Thus, it is possible to separate larger structures, such as functionalised NPs and their
ligand shells from the free ligands, smaller side products or the *°™Tc precursor. The quality of
a separation strongly depends on the diameter and length of the chosen column.

Desalting columns used in this work included PD 10 (sample volume 1.0-2.5 ml) and
PD MiniTrap (sample volume 0.1-0.5 ml) columns filled with Sephadex™ (a cross-linked dextran
scaffold) as a medium. This gel filtration is considered as a fast alternative to dialysis.
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When using desalting columns, the sample is placed on a column saturated with eluent
(Figure 99, left) and eluted with buffer (here H,0 if not stated differently) (Figure 99, centre).
The individual fractions are collected and analysed (Figure 99, right).

sample elution collecting
application process fractions

B0 .
2 -

G '

~r N N

% nanoparticles

. free ligands

packing material
(Sephadex™)

Figure 99: Purification via gel filtration chromatography using a desalting column. Preparation steps include the sample
application (left), the fractional elution process (centre) and the collection of different fractions and their analyses (right).

5.2.2 DiALYSIS

Dialysis was used to eliminate an excess of ions, free ligands or side products from the NP
dispersion. The NP dispersion is filled into a dialysis membrane, closed with clamps on the ends
and immersed in the dialysing solvent (typically demineralised water, DMSO or as stated) for a
certain period of time. In this work, membranes of regenerated cellulose “ZelluTrans” with
different pore sizes (“molecular weight cut off” (MWCO), e.g.. MWCO 3500, MWCO 6000,
MWCO 12000) were used. These were purchased from Carl Roth GmbH. The dialysis membrane
was immersed in the dialysing solvent for 30 min prior to use. All dialyses were performed at
room temperature.

151



5 Experimental Section

The dialysis process is driven by the chemical concentration gradient and occurs at the surface
of the membrane. Small molecules (free ligands, side products, etc.) are transferred from the
inner side of the semi-permeable dialysis membrane to the less concentrated solution on the
outside. By exchanging the dialysing solvent several times and thus maintaining a high
concentration gradient, free ligands and other impurities can be removed while the NPs remain
inside the dialysis tube, as shown in Figure 100.

multiple exchange
of the dialysing solvent

£¥ nanoparticles
) 7 e lgands

start of dialysis end of dialysis

Figure 100: Purification via dialysis.

5.3 ANALYTICAL METHODS

5.3.1 NMR SPECTROSCOPY

'H-NMR and 3C-NMR spectra were recorded on Bruker Avance 400 MHz (AV 400), Bruker
Avance Il 300 MHz (AV 300) and Bruker Avance I+ 600 MHz (AV Il 600) spectrometers at the
Institute of Organic Chemistry, University of Cologne or on Bruker AV2-400 (400 MHz) or Bruker
AV2-500 (500 MHz), University of Zurich. All measurements were performed at room
temperature. Chemical shifts are given in ppm relative to respective solvent peaks or against
the internal standards TMS (for non-aqueous solvents) or DSS (for D,0). 'H-NMR data are
reported as follows: chemical shifts (multiplicity [ppm], classification). Multiplicity is recorded
as s = singlet, b s = broad singlet, d = doublet, t = triplet, g = quartet, m = multiplet. All spectra

were displayed with the software MestReNova.33’

'H-NMR spectra of all Au NP dispersions were recorded. The Au NP dispersion (4-5 ml) was
dried in vacuo and subsequently dissolved in D20 in order to prepare the samples. To ensure
stable dispersions during the measurements, a base (mainly NEts) in D,O was added. The
measured NMR spectra were then compared to the spectra of the initial Au NP dispersions as
well as the synthesised ligands. Impurities of DO and NEts originate from the sample
preparation.
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5.3.2 MASS SPECTROSCOPY

The mass spectra were recorded on an ESI mass spectrometer (micrOTOF) from Bruker
Daltonics (Bremen, Deutschland) at the Justus-Liebig University Giessen or on an ESI mass
spectrometer of Agilent Technologies, model LC/MSD VI, at the research group of Prof.
Berkessel at the University of Cologne. UPLC-ESI-MS measurements were performed on a
Waters Acquity UPLC System coupled to a Bruker Daltonics HCT™ ESI-MS, using an Acquity UPLC
BEH C18 1.7 um (2.1 x 50 mm) column, at the University of Zurich. UPLC solvents were formic
acid (0.1% in millipore water) (solvent A) and acetonitrile UPLC grade (solvent B). Applied UPLC
gradient: 0—0.5 min: 95% A, 5% B; 0.5—4.0 min: linear gradient from 95% A, 5% B to 0% A, 100%
B; 4.0-5.0 min: 0% A, 100% B. The flow rate was 0.6 ml min~!. Detection was performed at
250 nm and 480 nm (DAD).

5.3.3 IR SPECTROSCOPY

IR-spectra were recorded on a Perkin Elmer FTIR-ATR (UATR TWO) at room temperature with a
maximum resolution of 1 cm™. Absorption bands are given in cm™.

5.3.4 UV/VIs SPECTROSCOPY

UV/Vis measurements were performed with a UV-1600PC spectrophotometer from VWR.

53.5 TEM

The size and shape of the synthesised NPs were determined with TEM images measured on the
transmission electron microscope LEO 912 from Zeiss. For sample preparation, Au NP
dispersion (10 pl) was placed on a carbon-coated copper grid and dried on air. Determination
of the average particle size and standard deviation was achieved by measuring at least 200
individual particles using Image J Fiji.338

5.3.6 EDX

EDX measurements were performed on a transmission electron microscope JEOL FS2200 from
JEOL using the prepared TEM grids.

5.3.7 DLS

The hydrodynamic radius was determined via dynamic light scattering measurements on a
NanoZS from Malvern.
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5.3.8 PREPARATIVE HPLC

Ligands were purified on a Shimadzu system (CBM-40 system controller, SPD-40 UV/VIS
detector, LC-20A0 preparative liquid chromatograph, FCV-200AL prep quaternary valve), using
a Dr. Maisch Reprosil C18 100-7 (40 x 250 mm) column, at the University of Zurich. HPLC
solvents were HPLC grade acetonitrile (with 0.1% trifluoroacetic acid) (solvent A) and water
(with 0.1% trifluoroacetic acid) (solvent B). Applied HPLC gradient: 0—3 min: 0% A, 100% B; 3—
25 min: 0-100% A, 100-0% B; 25-45 min: 100% A, 0% B. The flow rate was 40 ml min~t. UV/Vis
detection was performed between 230 nm and 270 nm.

5.3.9 ANALYTICAL HPLC

HPLC analyses of **™Tc complexes were performed on a Merck Hitachi Chromaster 5160 pump
coupled to a Merck Hitachi Chromaster 5430 diode array detector and a radio detector, at the
University of Zurich. UV/Vis detection was performed at 250 nm. The detection of radioactive
PmMTc complexes was performed with a Berthold FlowStar LB 514 radio detector equipped with
a BGO-X cell. Separations were achieved on a Macherey-Nagel NUCLEOSIL®C18 5 um, 100 A
(250 x 3 mm) column. HPLC solvents were HPLC grade acetonitrile (solvent A) and
trifluoroacetic acid (0.1% in Millipore water) (solvent B). Applied HPLC gradient: 0-3 min: 0% A,
100% B; 3—3.1 min: 0-25% A, 100-75% B; 3.1-9 min: 25% A, 75% B; 9-9.1 min: 25-34% A, 75—
66% B; 9.1-18 min: 34-100% A, 66—0% B; 18—25 min: 100% A, 0% B; 25—-25.1 min: 100-0% A,
0-100% B; 25.1-30 min: 0% A, 100% B. The flow rate was 0.5 m| min~1.

5.3.10 Size ExcLusioN HPLC

HPLC analyses of °™Tc radiolabelled NPs were performed on a Merck Hitachi L7000 system,
using a RP-HPLC on a 8 x 300 mm, 200 A Diol YMC size exclusion column, at the University of
Zurich. The system was equipped with the UV-detector L-7400, and the radio-detector Berthold
FlowStar LB513. The flow rate was 1.0 ml min~t using PBS (pH 6.9) and later on 15% SDS in H,0
as a mobile phase. UV detection was performed at 250 nm.

5.3.11 ELEMENTAL ANALYSIS

Elemental analyses for C, H, N and S were acquired by Mr. Dirk Pullem on a Eurolab EA
Elemental Analyzer at the University of Cologne.

5.3.12 X-RAY CRYSTALLOGRAPHIC ANALYSIS

SXRD data of the Re complex was obtained by mounting a suitable single crystal on a MiTiGen
Microloop™ and attaching this to the goniometer head of an SC-XRD Bruker D8 Venture. The
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crystal was cooled to 100-120 K by an Oxford Cryostream low temperature device.33 The full
data set was recorded and the images processed using APEX3.3%0 SXRD data of Rhod-EN was
obtained at P24.1 beamline of the PETRA /Il facility at the German Electron Synchrotron (DESY)
in Hamburg (Germany). Structure solution by direct methods was achieved through the use of
SHELXS programs,*! and the structural model refined by full matrix least squares on F2 using
SHELX97.34 Molecular graphics were plotted using Mercury.3*? Editing of CIFs and construction
of tables, bond lengths and angles was achieved using and PLATON3** and Olex2.3%>

5.4 NANOPARTICLE SYNTHESES

5.4.1 CITRATE COORDINATED GOLD NANOPARTICLES

5.4.1.1 General Synthetic Procedure w
O ONa

(according to the Turkevich method modified by Mattern et al.%) OH

HAuUCls - 3 H,0O was dissolved in demineralised H,O and heated to reflux for 20 min. A solution of
trisodium citrate dihydrate in demin. H,O was added quickly under vigorous stirring. The mixture was
heated to 80 °C for 2 h before cooling in an ice bath and filtrated using syringe filtration on a cellulose
membrane with 0.2 um pore size.

Different sizes
Synthesis of Au-Citrate (@ 11 nm) in H20

HAuCl, - 3 H,0 (50 mg, 0.13 mmol, 1.0 eq.) in demin. H,O (195 ml), trisodium citrate dihydrate (600 mg,
2.04 mmol, 15 eq.) in demin. H,O (5 ml)

A pink, clear NP dispersion with a particle concentration of 14.6 nM was obtained and stored at 4 °Ciin
the dark.

'H-NMR (600 MHz, D20): 6/ppm = 2.71-2,69 (m, 2H, CHa), 2.61-2,58 (m, 2H, CHa); IR (ATR): v/cm™ = 3425 (von),
1595 (vc=0), 1249, 620; TEM: d = 11.2 £ 0.9 nm; UV/Vis: Amax = 523 nm; DLS: dhyar= 13 £ 5 nm.

Synthesis of Au-Citrate (@ 12 nm) in H20

HAuCl, - 3 H,0 (50 mg, 0.13 mmol, 1.0 eq.) in demin. H,O (195 ml), trisodium citrate dihydrate (400 mg,
1.36 mmol, 10 eq.) in demin. H,0 (5 ml)

A darkred, clear NP dispersion with a particle concentration of 11.9 nM was obtained and stored at 4 °C
in the dark.

TEM: d =12.0 £ 0.8 nm; UV/Vis: Amax= 523 nm; DLS: dhyar=12 + 7 nm.
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Synthesis of Au-Citrate (@ 13 nm) in H20

HAuCl, - 3 H,0 (50 mg, 0.13 mmol, 1.0 eq.) in demin. H,O (195 ml), trisodium citrate dihydrate (254 mg,
0.87 mmol, 6.7 eq.) in demin. H,O (5 ml)

A dark red, clear NP dispersion with a particle concentration of 9.7 nM was obtained and stored at 4 °C
in the dark.

TEM: d =12.8 £ 1.3 nm; UV/Vis: Amax= 522 nm; DLS: dhydr= 13 + 3 nm.

Synthesis of Au-Citrate (@ 14 nm) in H20

HAuCl, - 3 H,0 (50 mg, 0.13 mmol, 1.0 eq.) in demin. H,O (195 ml), trisodium citrate dihydrate (224 mg,
0.76 mmol, 5.8 eq.) in demin. H,O (5 ml)

A dark red, clear NP dispersion with a particle concentration of 7.8 nM was obtained and stored at 4 °C
in the dark.

TEM: d =13.8 £ 1.2 nm; UV/Vis: Amax= 521 nm; DLS: dhydr= 15 + 3 nm.

Synthesis of Au-Citrate (@ 16 nm) in H20

HAuCl, - 3 H,0 (12.8 mg, 0.03 mmol, 1.0 eq.) in demin. H,0 (47 ml), trisodium citrate dihydrate (38 mg,
0.13 mmol, 4.0 eq.) in demin. H,0 (3 ml)

A dark red, clear NP dispersion with a particle concentration of 5.1 nM was obtained and stored at 4 °C
in the dark.

TEM: d =15.9 £ 1.1 nm; UV/Vis: Amax= 521 nm; DLS: dhyar= 17 + 4 nm.

Synthesis of Au-Citrate (@ 25 nm) in H20 with a shorter reaction time

(according to the Turkevich method modified by Panigrahi et al.?%)

HAUCls - 3 H20 (4.9 mg, 12.5 pmol, 1.0 eq.) was dissolved in demin. H,O (49 ml) and heated to reflux for
20 min. A solution of sodium citrate (8.0 mg, 27.2 umol, 2.2 eq.) in demin. H,0 (1 ml) was added quickly
under vigorous stirring. The reaction mixture was heated to reflux for 30 min before cooling in an ice
bath and filtrated (0.2 um pore size). A red violet, clear NP dispersion with a concentration of 0.5 nM
was obtained and stored at 4 °C in the dark.

TEM: d =24.9 £ 1.2 nm; UV/Vis: Amax= 528 nm; DLS: dhyar= 46 + 20 nm.

Synthesis of Au-Citrate (@ 28 nm) in H20 with a shorter reaction time

HAuCl, - 3 H,0 (4.9 mg, 12.5 umol, 1.0 eq.) was dissolved in demin. H,0 (49 ml) and heated to reflux for
20 min. A solution of sodium citrate (6.2 mg, 21.1 umol, 1.7 eq.) in demin. H,0 (1 ml) was added quickly
under vigorous stirring. The reaction mixture was heated to reflux for 30 min before cooling in an ice
bath and filtrated (0.2 um pore size). A red violet, clear NP dispersion with a concentration of 0.4 nM
was obtained and stored at 4 °Cin the dark.

TEM: d = 28.1 + 2.4 nm; UV/Vis: Amax= 532 nm; DLS: dhydr= 43 £ 20 nm.
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Different precursors

Synthesis of Au-Citrate (@ 13.5 nm) in H20 using HAuCls - 1 H,0

HAUCIs - 1 H20 (21.7 mg, 64 umol, 1.0 eq.) in demin. H,O (95 ml), trisodium citrate dihydrate (112 mg,
381 umol, 5.9 eq.) in demin. H,0 (5 ml)

A dark red, clear NP dispersion with a particle concentration of 8.5 nM was obtained and stored at 4 °C
in the dark.

TEM: d = 13.48 £ 1.04 nm; UV/Vis: Amax= 522 nm; DLS: dhyar=21 £ 8 nm.

Synthesis of Au-Citrate (@ 14.5 nm) in H20 using HAuCls - x H20

HAUCl, - x H20 (21.7 mg) in demin. H,0 (95 ml), trisodium citrate dihydrate (112 mg, 381 umol) in demin.
H>0 (5 ml)

A dark red, clear NP dispersion with a particle concentration 6.8 nM was obtained and stored at 4 °Cin
the dark.

TEM: d = 14.47 £ 1.01 nm; UV/Vis: Amax= 522 nm; DLS: dhydar=25 £ 12 nm.

Different concentrations
Synthesis of Au-Citrate (@ 13 nm) in H20, higher concentrated (1.5 times)

HAuUCl, - 3 H,0 (25 mg, 0.65 mmol, 1.0 eq.) in demin. H,0 (72 ml), trisodium citrate dihydrate (112 mg,
0.38 mmol, 5.8 eq.) in demin. H,0 (3 ml)

A dark red, clear NP dispersion with a particle concentration of 13.7 nM was obtained and stored at 4 °C
in the dark.

TEM: d =12.6 £ 1.1 nm; UV/Vis: Amax= 523 nm; DLS: dhyar= 15 + 4 nm.

Synthesis of Au-Citrate (@ 12 nm) in H20, higher concentrated (2.0 times)

HAuUCl4 - 3 H,0 (25 mg, 0.65 mmol, 1.0 eq.) in demin. H,O (48 ml), trisodium citrate dihydrate (112 mg,
0.38 mmol, 5.8 eq.) in demin. H,0 (2 ml)

A dark red, clear NP dispersion with a particle concentration of 23.7 nM was obtained and stored at 4 °C
in the dark.

TEM: d =12.0 £ 1.3 nm; UV/Vis: Amax= 523 nm; DLS: dhyar=21 +5 nm.

Synthesis of Au-Citrate in H2O, higher concentrated (4.0 times)

HAuUCl, - 3 H,0 (25 mg, 0.65 mmol, 1.0 eq.) in demin. H,0 (23 ml), trisodium citrate dihydrate (112 mg,
0.38 mmol, 5.8 eq.) in demin. H,0 (2 ml)

A dark red, clear NP dispersion was obtained at 80 °C but agglomerated when cooled down to room
temperature. No further analytical characterisation was performed.
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5.4.2 DIRECT GOLD NANOPARTICLE SYNTHESES IN DMSO

5.4.2.1 General Synthetic Procedure for Mercaptoundecanoic Acid (MUDA) coordinated
Gold Nanoparticles in H,0

(according to the Stucky method modified by Mattern et al.3%)

PPhsAuCl was dissolved in DMSO and a solution of ligand dissolved in DMSO was added. The mixture
was heated to 65 °C and a solution of ‘Bu-amine borane complex in DMSO/ or solid ‘Bu-amine borane
complex was added quickly under vigorous stirring. The dark red dispersion was stirred at 65 °Cfor 3.5 h
in the dark and cooled in anice bath. Subsequently, the particles were precipitated with EtOH (10-14 ml)
and centrifuged (45 min, 7000 rpm). The supernatant was discarded, the dark residue was redispersed
three times and washed again with EtOH. The obtained dark solid was dried in air and redispersed in
H,0. Diluted NaOH (0.1-0.2 ml) was added to obtain a stable NP dispersion. Then, the dispersion was
further purified via dialysis against H,0.

Different sizes Ol
Direct Synthesis of Au-MUDA (@ 8 nm) in H,0 s/\MJg\OH

PPhsAuCl (16 mg, 31 umol, 1.0 eq.) in DMSO (3 ml), MUDA (30 mg, 138 umol, 4.6 eq.) in DMSO (1 ml),
‘Bu-amine borane complex (27 mg, 300 pmol, 10 eq.) in DMSO (1 ml)

The dark solid was redispersed in H,O (10 ml). Diluted NaOH (2 drops) was added to obtain a stable NP
dispersion, which was further purified via dialysis against demin. H,0 (in MWCO 12000, 24 h). The violet,
clear NP dispersion with a particle concentration of 212 nM was stored at 4 °C in the dark.

1H-NMR (600 MHz, D20): §/ppm = 2.93-2.86 (m, 2 H, CHa), 2.17 (t, J = 6.6 Hz, 2 H, CH2), 1.75-1.68 (m, 2 H, CHa),
1.58-1.50 (m, 2 H, CH,), 1.45-1.36 (m, 2 H, CH2), 1.36-1.24 (m, 10 H, CH2); IR (ATR): v/cm™ = ca. 3300 (vo-4, H20),
2921 (vcH), 2846 (vcw), 1675, 1555 (veo), 1533, 1443, 1406 (Sck), 1293 (vco), 955, 723 (Scw);
TEM: d =7.9+0.9 nm; UV/Vis: Amax = 527 nm; DLS: dhyar = 12 £ 3 nm.

Direct Synthesis of Au-MUDA (@ 9 nm) in H,0

PPhsAuCl (16 mg, 31 umol, 1.0 eq.) in DMSO (3 ml), MUDA (7 mg, 30 umol, 1.0 eq.) in DMSO (1 ml),
‘Bu-amine borane complex (27 mg, 300 pmol, 10 eq.) in DMSO (1 ml)

The dark solid was redispersed in H,0 (10 ml). Diluted NaOH (3 drops) was added to obtain a stable NP
dispersion, which was further purified via dialysis against demin. H,0 (in MWCO 12000, 24 h). The violet,
clear NP dispersion with a particle concentration of 143 nM was stored at 4 °C in the dark.

TEM: d =9.0 £ 0.9 nm; UV/Vis: Amax = 528 nm; DLS: dhyar = 14 = 4 nm.
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Direct Synthesis of Au-MUDA (@ 10 nm) in H20

PPhsAuCl (16 mg, 31 umol, 1.0 eq.) in DMSO (3 ml), MUDA (5 mg, 20 umol, 0.7 eq.) in DMSO (1 ml),
‘Bu-amine borane complex (2 mg, 20 pmol, 0.7 eq.) in DMSO (1 ml)

The dark solid was redispersed in H,0 (10 ml). Diluted NaOH (3 drops) was added to obtain a stable NP
dispersion, which was further purified via dialysis against demin. H,0 (in MWCO 12000, 24 h). The violet,
clear NP dispersion with a particle concentration of 115 nM was stored at 4 °C in the dark.

TEM: d =9.7 + 1.0 nm; UV/Vis: Amax = 525 nm; DLS: dhyar = 12 £ 3 nm.

Different ligands

5.4.2.2 Syntheses of 4-Mercaptobenzoic Acid (4-MBA) coordinated Gold Nanoparticles
(0]

@OH
Direct Synthesis of Au-4-MBA (@ 6 nm) in H,0 S

PPhsAuCl (8 mg, 16.2 umol, 1.0 eq.) was dissolved in DMSO (2 ml) and a solution of 4-MBA (3 mg,
19.5 umol, 1.2 eq.) dissolved in DMSO (0.5 ml) was added. The mixture was heated to 60 °C and a
solution of ‘Bu-amine borane complex (8 mg, 115 umol, 7.1 eq.) in DMSO (0.5 ml) was added quickly
under vigorous stirring. The dark red dispersion was stirred at 60 °C for 1 h and 30 min in the dark and
cooled in an ice bath. Then, the particles were precipitated with EtOH and centrifuged (45 min,
8700 rpm). The supernatant was discarded, the dark residue was redispersed three times and washed
again with EtOH. The obtained dark solid was dried in air and redispersed in H,O (5 ml). Afterwards, the
NP dispersion was purified via dialysis against H,O (in MWCO 12000, 6 x 1 h). A violet, clear NP
dispersion with a concentration of 480 nM was obtained and stored at room temperature in the dark.

TEM: d = 6.0 +.0.9 nm; UV/Vis: Amax = 527 nm; DLS: dhyar = 10 £ 2 nm.

Direct Synthesis of Au-4-MBA (@ 8 nm) in H,0

PPhsAuCl (20 mg, 40.5 umol, 1.0 eq.) was dissolved in DMSO (5 ml) and a solution of 4-MBA (4 mg,
26.0 umol, 0.6 eq.) dissolved in DMSO (0.5 ml) was added. The mixture was heated to 65 °C and a
solution of ‘Bu-amine borane complex (24 mg, 276 umol, 6.8 eq.) in DMSO (0.5 ml) was added quickly
under vigorous stirring. The dark red dispersion was stirred at 65 °C for 3 h and 30 min in the dark and
cooled in an ice bath. Afterwards, the particles were precipitated with EtOH and centrifuged (45 min,
8700 rpm). The supernatant was discarded, the dark residue was dried in air and redispersed in demin.
H,0 (6 ml). Diluted NaOH (2 drops) was added to obtain a red, clear and stable NP dispersion, which
was further purified via dialysis against H,O (in MWCO 12000, for 15 h). Au-4MBA NPs were obtained
as a red dispersion with a concentration of 425 nM, which was stored at 4 °C in the dark.

TEM: d=8.0+ 1.1 nm; UV/Vis: Amax = 525 nm; DLS: dhyar = 16 £ 4 nm.
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Direct Synthesis of Au-4-MBA (@ 8 nm) in H20, solid reducing agent

PPhsAuCl (20 mg, 40.5 umol, 1.0 eq.) was dissolved in DMSO (5 ml) and a solution of 4-MBA (4 mg,
26.0 umol, 0.6 eq.) dissolved in DMSO (1 ml) was added. The mixture was heated to 65 °C and the solid
powder ‘Bu-amine borane complex (24 mg, 276 umol, 6.8 eq.) was added quickly under vigorous stirring.
The dark red dispersion was stirred at 65 °C for 3 h 30 min in the dark and cooled in an ice bath. Then,
the particles were precipitated with CH3CN and centrifuged (45 min, 7800 rpm). The supernatant was
discarded, the dark residue was redispersed three times and washed again with CH3CN. The obtained
dark solid was dried in air, redispersed in H,O (6 ml) and purified via dialysis against H,0O
(in MWCO 12000, for 5 x 2 h). A violet, stable NP dispersion with a concentration of 381 nM was
obtained and stored at 4 °Cin the dark.

TEM: d = 8.3 £ 0.8 nm; UV/Vis: Amax = 520 nm; DLS: dhyar =11 + 2nm.
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5.5 BIOFUNCTIONALISED AU NPS

5.5.1 BIOFUNCTIONALISATION VIA A CONSECUTIVE ROUTE

5.5.1.1 Surface Modification: General Synthetic Procedure of a Ligand Exchange Reaction

(according to a procedure by Mattern et al.*)

The new ligand (mercapto acid, 0.10 mmol) and TMAH (50 uL, 0.55 mmol) were added to Au-Citrate NPs
(10 ml) and the reaction mixtures was stirred at room temperature for 16 h. Then, the NP dispersion
was purified via dialysis against demin. H,0 (in MWCO 12000, 3 x 2 h) and stored at 4 °C in the dark.

o
|
Synthesis of Au-MUDA (@ 14 nm) in H20 SWOH

The Au NP dispersion was filtrated using syringe filtration on a cellulose membrane with 0.2 um pore
size. The new ligand MUDA (21 mg, 0.10 mmol) and TMAH (50 plL, 0.55 mmol) were added to
Au-Citrate NPs with @ 14 nm (10 ml) and stirred at room temperature for 16 h. Then, the NP dispersion
was purified via dialysis against demin. H,0O (in MWCO 12000, 3 x 2 h). A dark red, clear NP dispersion
with a particle concentration of 7.3 nM was obtained and stored at 4 °C in the dark.

1H-NMR (600 MHz, D20): 8/ppm = 2.76 (t,J = 7.1 Hz,2 H, CHx), 2.16 (t, J = 7.1 Hz, 2 H, CH2), 1.73-1.66 (m, 2 H, CH),
1.58-1.50 (m, 2 H, CH2), 1.45-1.38 (m, 2 H, CHz), 1.37-1.24 (m, 10 H, CH2); IR (ATR): v/cm™ = 2916 (vc+), 2848 (ven),
1565 (ve-0),1411; TEM: d = 14,1 £ 1,1 nm; UV/Vis: Amax = 522 nm; DLS: dhyar = 15 + 3 nm.

5.5.1.2 Surface Functionalisation: General Procedure of a Reaction at the Ligand Periphery

(according to a procedure by Mattern et al.?)

The Au NP dispersion was filtrated using syringe filtration on a cellulose membrane with 0.2 um pore
size. The coupling reagents EDC and NHS as well as the biogenic substance (amine) were added to the
mixture. The pH of the NP dispersion was adjusted with NaOH or HCl to achieve a stable, clear
dispersion, which was stirred at room temperature for a certain time in air before purification took
place.

o O
| |+
Synthesis of Au-MUDA-CCh (@ 14 nm) in H20 S”MJ;HJKO/\/N\\

Au-MUDA NPs with @ 14 nm (10 ml), EDC - HCl (5 mg, 27 pumol), NHS (3 mg, 27 umol), CCh (4 mg,
22 umol), NEt3 (3 drops)

Cl

The NP dispersion was purified via dialysis against demin. H,O (in MWCO 12000, 6 x 2 h). A pink, clear
NP dispersion with a concentration of 7.6 nM was obtained and stored at 4 °C in the dark.

1H-NMR (600 MHz, D:0): &/ppm = 4.54—4.50 (m, 2 H, CHa), 3.74-3.69 (m, 2 H, CH>), 3.19 (s, 9 H, CHs), 2.56-2.34
(m, 4 H, CHi), 1.94-1.87 (m, 2 H, CH)), 1.60-1.51 (m, 2 H, CHi), 1.43-1.25 (m, 12 H, CH);
IR (ATR): v/cm™ = 3366 (vo-n), 3035 (Vi-), 2916, 2846 (ver), 1704 (ve-o), 1580 (Si-r), 1491, 1456 (Sc), 1386 (ve),
1227, 1073 (vco), 950, 887, 831, 716 (vcs), 650 (So-cn), 606 , 539; TEM: d = 13.9 + 1.4 nm; UV/Vis: Amax = 525 nm;
DLS: dhyar = 17 + 3 nm, L-potential: { = -56.60 + 7.50 mV.
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Synthesis of Au-MUDA-CCh (@ 9 nm) in H20

Au-MUDA NPs with @ 9 nm (1 ml) diluted with demin. H,0 (9 ml), EDC - HCI (8 mg, 42 umol), NHS (5 mg,
44 pumol), CCh (8 mg, 44 umol), NEts (3 drops)

The NP dispersion was purified via dialysis against demin. H,O (in MWCO 12000, 6 x 2 h). A pink, clear
NP dispersion with a concentration of 28.7 nM was obtained and stored at 4 °C in the dark.

1H-NMR (600 MHz, D20): &/ppm = 4.53—4.49 (m, 2 H, CHa), 3.73-3.69 (m, 2 H, CH2), 3.20 (s, 9 H, CHs), 2.37-2.32
(m, 4 H, CH2), 1.94-1.87 (m, 2 H, CH2), 1.68—1.61 (m, 2 H, CHa), 1.36-1.02 (m, 12 H, CH2); IR (ATR): v/cm! = 3326
(Von), 3035 (vi-r), 2978(veH), 1730 (veo), 1648, 1554 (6n-), 1435 (Sch), 1399 (vew), 1222, 1051 (veo), 927, 835,
800, 698 (vcs), 663 (So.cn), 618, 526; TEM: d = 9.0 £ 0.9 nm; UV/Vis: Amax = 542 nm; DLS: dhyar = 25 + 3 nm.

5.5.2 BIOFUNCTIONALISATION VIA PARALLEL ROUTE

5.5.2.1 Ligand Syntheses

Synthesis of MUDA-NA o OH
(according to a method of Abed et a/.2%) HS%N“OKHQOH
MUDA (52 mg, 0.24 mmol, 1.0 eq.) and NHS (22 mg, 0.19 mmol, 0.8 eq.) were dissolved in anhydrous
DMF (4 ml). The coupling reagent DIC (43 ul, 0.28 mmol, 1.2 eq.) was added quickly and the solution
was stirred at room temperature for 4 h under argon atmosphere. K;CO3 (35 mg, 0.26 mmol, 1.1 eq.) in
degassed water (0.5 ml) was added to a solution of NA (75 mg, 0.24 mmol, 1.0 eq.) in anhydrous DMF
(0.5 ml), which was then quickly added to the reaction solution and stirred at room temperature for
16 h under argon atmosphere. During the work-up, the reaction mixture was filtered, demin. H,0 (5 ml,
pH =5 [with NaHSO4]) was added and the solution was extracted with EtOAc (3 x 10 ml). The combined
organic layers were washed with demin. H,O (15 ml), dried over Na,SO, and filtered. The solvent was
evaporated and the residue was purified via column chromatography (EtOAc/CHCl; 4:1). The product
could be obtained as a colourless solid in a moderate yield (57 mg, 67%) and was stored at 4 °C in the
dark.

'H-NMR (499 MHz, DMSO-ds): 6/ppm = 8.88-8.61 (m, 2 H, OH), 7.73 (t, J = 6.3 Hz,1 H, NH), 6.72 (s, 1 H, CH), 6.65
(d,/=8.2Hz,1H,CH),6.54(d,J=8.2 Hz, 1 H, CH), 5.20 (s, 1 H, OH), 4.41-4.36 (m, 1 H, CH), 3.23-3.16 (m, 1 H, SH),
2.48-2.43 (m, 2 H, CH)), 2.04 (t, J = 7.4 Hz,2 H, CH.), 1.56-1.49 (m, 2 H, CH2), 1.48-1.41 (m, 2 H, CH), 1.36-1.29
(m, 2 H, CH>), 1.28-1.17 (m, 12 H, CH,); *3C{*H} NMR (100 MHz, CDCls): §/ppm = 173.0, 145.3, 144.6, 135.2, 115.5,
113.8, 71.6, 47.4, 36.3, 34.1, 29.5, 29.4, 29.3, 29.3, 29.2, 29.1, 28.9, 25.7, 24.2; IR (ATR): v/em™ = 3334 (vnh,
Vo-H),2969, 2919 (vcn), 2846, 1735 (vc=0), 1608 (On-n), 1558 (ven + Scn-w), 1455 (ve=c), 1383 (6cn), 1361 (SoH),
1242 (6cn), 1170 (vco), 866, 795 (6ch), 622 (ves); ESI-MS (m/z): [M-H]" = 368.20 (calcd: [M-H]" = 368.53);
Elemental Analysis: Anal. Calcd for (C19H31NO4S)1(C7H1sN20)1s: C, 60.48; H, 9.46; N, 9.56; S, 5.47. Found: C, 59.63;
H, 10.20; N, 10.85; S, 5.07.
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Synthesis of MUDA-ADR o @OH
MUDA (131 mg, 0.6 mmol, 1.0 eq.) and NHS (55 mg, 0.48 mmol, 0.8 eq.) were HS%T o

OH
dissolved in anhydrous DMF (4 ml). The coupling reagent DIC (112 pL, 0.72 mmol, 1.2 eq.) was added

quickly and the solution was stirred at room temperature for 4 h under argon atmosphere. K,COs;
(91 mg, 0.66 mmol, 1.1 eq.) in degassed water (0.5 ml) was added to a solution of ADR (200 mg,
0.6 mmol, 1.0 eq.) in anhydrous DMF (0.5 ml), which was then quickly added to the reaction solution
and stirred at room temperature for 16 h under argon atmosphere. During the work-up, the reaction
mixture was filtered, demin. H,O (5 ml, pH = 5 [with NaHSO,]) was added and the solution was extracted
with EtOAc (3 x 10 ml). The combined organic layers were washed with demin. H,0 (15 ml), dried over
Na;SOs and filtered. The solvent was evaporated and the residue was purified via column
chromatography (EtOAc/CHCls 4:1). The product could be obtained as a colourless solid in a moderate
yield (175 mg, 76%) and was stored at 4 °C in the dark.

'H-NMR (499 MHz, DMSO-ds): 6/ppm = 8.83-8.78 (m, 1 H, OH), 8.77-8.67 (m, 1 H, OH), 6.76-6.72 (m, 1 H, CH),
6.69-6.64 (m, 1 H, CH), 6.59-6.52 (m, 1 H, CH), 5.34-5.11 (m, 1 H, OH), 4.58-4.51 (m, 1 H, CH), 3.24-3.16 (m, 1 H,
SH), 2.88-2.78 (m, 3 H, CHs), 2.48-2.42 (m, 2 H, CH2), 2.23-2.16 (m, 2 H, CH,), 1.57-1.44 (m, 4 H, CH,), 1.36-1.29
(m, 2 H, CHz), 1.28-1.19 (m, 12 H, CH>); 3C{*H} NMR (100 MHz, CDCl3): §/ppm = 180.3, 119.2, 119.1, 115.5, 115.3,
53.2, 47.2, 37.3, 36.4, 33.4, 33.2, 32.6, 31.5, 30.4, 29.3, 28.7, 28.6, 27.0, 25.3, 24.7; IR (ATR): v/cm™ = 3336
(VN-H, Vo-H),2964, 2925 (vcn), 2848, 1735 (ve=0), 1621 (6n-H), 1564, 1456 (ve=c), 1361 (So-H), 1240 (6cn), 1162 (ve-o),
617 (vcs); ESI-MS (m/z): [M-H]" = 368.20 (calcd: [M-H]" = 368.53); Elemental Analysis: Anal. Calcd for
(C20H33N04S)1(C7H16N20)15: C, 61.07; H, 9.58; N, 9.34; S, 5.34. Found: C, 60.31; H, 9.91; N, 10.27; S, 5.53.

OH
(o]
Synthesis of MUDA-SB Hs”MéLNﬁ/CLOH

P

MUDA (57 mg, 0.26 mmol, 1.0 eq.) and NHS (24 mg, 0.21 mmol, 0.8 eq.) were dissolved in anhydrous
DMF (4 ml). The coupling reagent DIC (48 ul, 0.31 mmol, 1.2 eq.) was added quickly and the solution
was stirred at room temperature for 4 h under argon atmosphere. K,CO5; (40 mg, 0.29mmol, 1.1 eq.) in
degassed water (0.5 ml) was added to a solution of SB sulfate (150 mg, 0.26 mmol, 1.0 eq.) in anhydrous
DMF (0.5 ml), which was then quickly added to the reaction solution and stirred at room temperature
for 16 h under argon atmosphere. During the work-up, the reaction mixture was filtered, demin. H,0
(5ml, pH =5 [with NaHSO,]) was added and the solution was extracted with EtOAc (3 x 10 ml). The
combined organic layers were washed with demin. H,O (15 ml), dried over Na;SO4 and filtered. The
solvent was evaporated and the residue was purified via column chromatography (EtOAc/CHCls 4:1).
The product could be obtained as a colourless solid in a modest yield (30 mg, 23%) and was stored at
4 °Cin the dark.

1H-NMR (499 MHz, DMSO-de): 6/ppm = 7.20-7.08 (m, 1 H, CH), 7.05-6.81 (m, 1 H, CH), 6.74-6.51 (m, 1 H, CH),
5.59-5.43 (m, 3 H, OH), 4.49-4.41 (m, 1 H, CH), 2.87-2.61 (m, 5 H, CHa, SH), 2.40-2.21 (m, 2 H, CHa), 2.19-2.05
(m, 2 H, CHa), 1.65-1.41 (m, 4 H, CH>), 1.39-1.19 (m, 14 H, CH,), 1.15 (s, 9 H, CH3); IR (ATR): v/em™ = 3331 (vaw, vor),
2964, 2926, 2842 (vcn), 1693, 1621 (ve-0), 1561, 1467 (ve=c), 1368 (8o-+), 1245 (8cn), 1161 (veo), 1118, 1033 (vc-o),
1009, 868 (5c+), 812 (6c), 764, 616 (ves); ESI-MS (m/z): [M-H]" = 438.29 (calcd: [M-H]" = 439.28)
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Synthesis of MUDA-SB

MUDA (121 mg, 0.55 mmol, 1.0 eq.) was dissolved in anhydrous DMF (5 ml) and cooled to O °C.
NEts (229 pl, 1.65 mmol, 3 eq.) was added and stirred for 5 min. HATU (418 mg, 1.10 mmol, 2.0 eq.) and
SB sulfate (160 mg, 0.55 mmol, 1.0 eq.) dissolved in anhydrous DMF (5 ml) were added quickly and the
solution was stirred at room temperature for 6 d under argon atmosphere. During the work-up, the
colourless precipitate was filtered off, demin. H,O (10 ml, pH = 5 [with NaHSO,4]) was added and the
solution was extracted with EtOAc (3 x 10 ml). Afterwards, the aqueous layer was extracted with DCM
(3 x 10 ml). The organic layers were separately washed with demin. H,0 (15 ml), dried over Na;SO4 and
filtered. The solvent was evaporated and a brown solid was obtained and stored at 4 °C in the dark.
ESI-MS indicated that no desired product species were present in the residues.

(0]
Synthesis of MUDA-AT oo %ﬁ
(according to a method by Steglich et al.>%) ©J\'(o
(0]

MUDA (150 mg, 0.69 mmol, 1.0 eq.) was dissolved in anhydrous DCM (10 ml). DMAP (9 mg, 0.07 mmol,
0.1 eq.) was added under argon counter flow and stirred at 0 °C. DIC (150 pL, 0.97 mmol 1.4 eq.) was
added quickly and stirred for 5 min at 0 °C. Then, AT (200 mg, 0.69 mmol, 1.0 eq.) was added and stirred
for 15 min at 0 °C. Afterwards, the reaction mixture was stirred at room temperature for 16 h under
argon atmosphere. During the work-up process, the reaction mixture was filtered and the solvent was
evaporated. The residue was redissolved in DCM and washed with diluted HCl (2 x 10 ml) and with
saturated NaHCOs solution (10 ml). The combined organic layers were dried over Na,SO,, filtered and
the solvent was evaporated. The crude product was purified over a silica plug (eluted with DCM). The
product could be obtained as a colourless solid in a good overall yield (283 mg, 84%) and was stored at
4 °Cin the dark.

'H-NMR (400 MHz, CDCls): &/ppm = 7.30-7.18 (m, 5 H, CH), 5.23 (s, 1 H, CH), 4.99-4.93 (m, 1 H, CH), 4.53
(t,J=9.3Hz, 1 H, CH), 4.23 (t, / = 6.7 Hz, 1 H, CH), 2.60 (t, J = 6.7 Hz, 2 H, CHa), 2.27 (s, 3 H, CHa), 2.33-2.12
(m, 4 H, CH,), 1.85-1.67 (m, 4 H, CH2), 1.63-1.41 (m, 6 H, CH,), 1.36-1.10 (m, 10 H, CH2); 3C{*H} NMR (100 MHz,
CDCl3): §/ppm = 172.2, 169.5, 133.9, 127.9, 127.8, 127.0, 126.6, 66.5, 63.5, 58.6, 50.0, 35.6, 35.2, 33.9, 31.86,
28.6, 28.4,28.2,27.8, 27.5, 27.3, 24.9, 24.6; IR (ATR): v/cm™ = 3335, 2921, 2842 (vch), 1730 (ve=0), 1695 (vc-o),
1558, 1542 (ve=c), 1465, 1390, 1360 (6c.h), 1250 (6c-0), 1166 (5co), 1029 (ven), 773 (Scn), 729 (ves), 700 (Sch),
632 (6c); ESI-MS (m/z): [M-H] = 488.23 (calcd: [M-H] = 488.28); Elemental Analysis: Anal. Calcd for MUDA-AT:
C, 68.67; H, 8.85; N, 2.86; S, 6.55. Found: C, 58.70; H, 9.40; N, 6.98; S, 5.39.

5.5.2.2 Surface Functionalisation: General Procedure of a Ligand Exchange Reaction (air
sensitive)

(according to a procedure by Mattern et al.3%)

The Au NP dispersion was filtrated using syringe filtration on a cellulose membrane with 0.2 um pore
size. Then, the NP dispersion was degassed with argon for 45-90 min. The ligand (as a solid or dissolved)
was added slowly. The pH of the NP dispersion was adjusted by the addition of acid or base to achieve
a stable clear dispersion, which was stirred at room temperature for a certain time under argon before
purification took place.
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Synthesis of Au-MUDA-NA (@ 10 nm) in H20 ﬁ/@
Au-MUDA NPs with @ 10 nm (2 ml) were diluted in H,0 (7 ml) and purged C /\M)\

with argon for 45 min. MUDA-NA (25 mg, 70 umol) in DMSO (0.3 ml) was slowly added. Furthermore
NEts (0.1 ml) was added to ensure a stable NP dispersion, which was stirred for 16 h at room
temperature. Then, the NP dispersion was purified via dialysis stepwise against H,O (in MWCO 12000,

28 h). A pink, clear NP dispersion with a concentration of 35 nM was obtained and stored at 4 °C in the
dark.

1H-NMR (400 MHz, D20): 8/ppm = 6.77 (s, 1 H, CH), 6.72-6.65 (m, 1 H, CH), 6.58-6.48 (m, 1 H, CH), 4.60-4.51
(m, 1H, CH), 2.58-2.46 (m, 2 H, CH2), 2.24-2.07 (m, 2 H, CHa), 1.74-1.65 (m, 2 H, CH2), 1.58-1.48 (m, 4 H, CH,),
1.38-1.16 (m, 12 H, CHa); IR (ATR): v/em™® =3333 (vou), 2972, 2913 (vew), 2846, 1697 (veeo), 1615 (Sn), 1571
(Ven + 6cnny, 1457 (vec), 1376 (6ch), 1360 (Son), 1248 (Scn), 1165 (veco), 963, 790 (6ch), 625 (ves) ;
TEM: d =9.9 + 0.8 nm; UV/Vis: Amax = 528 nm; DLS: dhydar = 17 £ 4 nm.

OH
Synthesis of Au-MUDA-ADR (@ 8 nm) in H20 Q
@t on
i iluted in demineral (5 ml), |

Au-MUDA NPs with @ 8 nm (5 ml) diluted in demineralised H,0 OH
MUDA-ADR (25 mg, 65 umol) in DMSO (0.5 ml), NEts (3 drops)

The NP dispersion was stirred at room temperature for 16 h and directly purified via dialysis against
demineralised H,O (in MWCO 12000, 6 x 2 h). A violet, clear NP dispersion with a concentration of
157 nM was obtained and stored at 4 °C in the dark.

IH-NMR (600 MHz, D,0): 6/ppm = 6.81 (s, 1 H, CH), 6.77-6.69 (m, 1 H, CH), 6.58-6.51 (m, 1 H, CH), 4.72-4.66
(m, 1 H, CH), 2.92-2.82 (m, 3 H, CHs), 2.70-2.63 (m, 2 H, CHa), 2.26-2.10 (m, 2 H, CH,), 1.58-1.46 (m, 4 H, CH),
1.42-1.35 (m, 2 H, CH,), 1.34-1.20 (m, 12 H, CH2); IR (ATR): v/em™ = 3334 (Vs von), 2921 (ven), 2839, 1691 (ve=o),
1615 (Snn), 1540 (Ven + S, 1457 (veec), 1406 (Scn), 1368 (So-n), 1255 (Scn), 1203 (veo), 1128, 1008, 990, 827,
715 (8c-n), 648 (ves); TEM: d = 8.1 + 0.6 nm; UV/Vis: Amax = 526 nm; DLS: dhyar =17 £5 nm.

Synthesis of Au-MUDA-ADR (@ 9 nm) in H20

Au-MUDA NPs with @9 nm (7 ml) diluted in demineralised H,0 (3 ml), MUDA-ADR (15 mg + 10 mg,
65 umol), NEts (2 drops)

After degassing of the NP dispersion, MUDA-ADR (15 mg in 0.2 ml DMSO) was slowly added and the
reaction mixture was stirred at room temperature for 16 h. Further MUDA-ADR (10 mg in 0.2 m| DMSO)
was added dropwise and stirred at room temperature for 5 h. Then, the NP dispersion was purified via
dialysis against demineralised H,O (in MWCO 12000, 47 h). A pink, clear NP dispersion with a
concentration of 191 nM was obtained and stored at 4 °C in the dark.

TEM: d = 8.9 £ 0.8 nm; UV/Vis: Amax = 525 nm; DLS: dhydr = 13 3 nm.
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Synthesis of Au-MUDA-ADR (@ 10 nm) in H20

Au-MUDA NPs with @ 10 nm (5 ml) diluted in demineralised H,0 (5 ml), MUDA-ADR (30 mg, 78 umol) in
DMSO (0.5 ml), NEts (3 drops)

The NP dispersion was stirred at room temperature for 16 h and directly purified via dialysis against
demineralised H,O (in MWCO 12000, 15 x 2 h). A violet, clear NP dispersion with a concentration of
101 nM was obtained and stored at 4 °C in the dark.

TEM: d =9.9+0.9 nm; UV/Vis: Amax = 523 nm; DLS: dhyar = 13 £5 nm.

Synthesis of Au-MUDA-ADR (@ 14 nm) in H20

Au-Citrate NPs with @ 14 nm (10 ml), MUDA-ADR (20 mg, 52 umol) in DMSO (0.5 ml), NEts (2 drops)

The NP dispersion was stirred at room temperature for 16 h and directly purified via dialysis against
demineralised H,0 (in MWCO 12000, 6 x 2 h). A pink, clear NP dispersion with a concentration of 7.1 nM
was obtained and stored at 4 °C in the dark.

TEM: d =13.9 £ 1.2 nm; UV/Vis: Amax = 525 nm; DLS: dhyar = 16 £ 5 nm.

Synthesis of Au-MUDA-AT (@ 8 nm) in H20 o) %

Au-MUDA NPs with @ 10 nm (3.5 ml) diluted in demin. H,0 (6 ml), S/\Mlgko
o}

MUDA-AT (35 mg, 72 umol) in DMSO (0.5 ml), NEt3(3 drops)

The NP dispersion was purified via dialysis against demin. H,O (in MWCO 12000, 5 x 2 h). A pink, clear
NP dispersion with a concentration of 139 nM was obtained and stored at 4 °C in the dark.

IH-NMR (600 MHz, D:0): 6/ppm = 7.43-7.19 (m, 5 H, CH), 5.45 (s, 1 H, CH), 4.47-4.30 (m, 1 H, CH), 4.00-3.84
(m, 1 H, CH), 3.80-3.75 (m, 1 H, CH), 3.17-2.89 (m, 2 H, CHa), 2.56 (s, 3 H, CH3), 2.46-2.38 (m, 4 H, CH>), 2.27-1.99
(m, 8 H, CH2), 1.63-1.49 (m, 6 H, CH2), 1.42-1.15 (m, 10 H, CH2); IR (ATR): v/em™ = 3308 (vou), 2921, 2841 (ve),
1695 (vc=0), 1646 (vc=0), 1557 (vc=c), 1448, 1417 (8c-n), 1250 (8c-0), 1184 (8c-0), 1029 (ven), 813 (6cv), 729 (ves),
700 (8c-h); TEM: d = 8.0 £ 0.8 nm; UV/Vis: Amax = 530 nm; DLS: dhydar =29 = 8 nm.

Synthesis of Au-MUDA-AT (@ 10 nm) in H,0

Au-MUDA NPs with @ 10 nm (1 ml) diluted in demin. H,0 (9 ml), MUDA-AT (25 mg, 36 umol) in DMSO
(0.4 ml), NEt3 (3 drops)

After degassing of the NP dispersion, MUDA-AT (15 mg in 0.2 ml DMSO) was slowly added. To ensure a
stable dispersion, NEts (3 drops) was added and the reaction mixture was stirred at room temperature
for 45 min. Further MUDA-AT (10 mg in 0.2 mI DMSO) was added dropwise and the mixture was stirred
at room temperature for 72 h. Then, the NP dispersion was purified via dialysis against demin. H,0
(in MWCO 6000, 6 x 2 h). A pink, clear NP dispersion with a concentration of 19.0 nM was obtained and
stored at 4 °Cin the dark.

TEM: d =9.7 £ 0.9 nm; UV/Vis: Amax = 530 nm; DLS: dhydr = 33 =4 nm.
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Synthesis of Au-MUDA-AT (@ 11 nm) in H20

Au-Citrate NPs with @ 11 nm (10 ml), MUDA-AT (25 mg, 36 pmol) in DMSO (0.4 ml), NEt3 (3 drops)

After degassing of the NP dispersion, MUDA-AT (15 mg in 0.2 ml DMSO) was slowly added. To ensure a
stable dispersion NEt; (3 drops) was added and the reaction mixture was stirred at room temperature
for 45 min. Further MUDA-AT (10 mg in 0.2 ml DMSO) was added dropwise and stirred at room
temperature for 72 h. Then NP dispersion was purified via dialysis against demin. H,0 (in MWCO 6000,
6 x 2 h). A pink, clear NP dispersion with a concentration of 15.2 nM was obtained and stored at 4 °C
in the dark.

TEM: d=11.2 £ 1.1 nm; UV/Vis: Amax = 523 nm; DLS: dhydr =31 £ 5 nm.

Synthesis of Au-MUDA-AT (@ 12 nm) in H,0

Au-Citrate NPs with @ 12 nm (10 ml), MUDA-AT (40 mg, 82 umol) in DMSO (0.2 ml), diluted NaOH
(5 drops)

The NP dispersion was purified via dialysis against demin. H,O (in MWCO 12000, 3 x 2 h). A pink, clear
NP dispersion with a concentration of 11 nM was obtained and stored at 4 °C in the dark.

TEM: d = 12.0 £ 1.0 nm; UV/Vis: Amax = 529 nm; DLS: dhydr = 112 + 59 nm.

Synthesis of Au-MUDA-AT (@ 13 nm) in H20

Au-Citrate NPs with @ 13 nm (10 ml), MUDA-AT (30 mg, 61 umol) in DMSO (0.2 ml), NEt3 (5 drops)

The NP dispersion was purified via dialysis against demin. H,O (in MWCO 12000, 9 x 2 h). A pink, clear
NP dispersion with a concentration of 8.7 nM was obtained and stored at 4 °C in the dark.

TEM: d =12.9 £ 1.0 nm; UV/Vis: Amax = 528 nm; DLS: dhydr = 105 + 42 nm.

Synthesis of Au-MUDA-AT (@ 14 nm) in H,0

Au-Citrate NPs with @ 14 nm (10 ml), MUDA-AT (30 mg, 61 umol) in DMSO (0.2 ml), NEt3 (5 drops)

The NP dispersion was purified via dialysis against demin. H,0 (in MWCO 6000, 9 x 2 h). A pink, clear
NP dispersion with a concentration of 7.5 nM was obtained and stored at 4 °C in the dark.

TEM: d =14.0 £ 1.0 nm; UV/Vis: Amax = 527 nm; DLS: dhyar =31+ 13 nm.

Synthesis of Au-MUDA-AT (@ 16 nm) in H20

Au-Citrate NPs with @ 16 nm (10 ml), MUDA-AT (30 mg, 61 pmol) in DMSO (0.5 ml), NEt3 (3 drops)

The NP dispersion was purified via dialysis against demin. H,O (in MWCO 6000, 5 x 2 h). A pink, clear NP
dispersion with a concentration of 3.6 nM was obtained and stored at 4 °C in the dark.

TEM: d = 15.9 + 1.1 nm; UV/Vis: Amax = 528 nm; DLS: dhydr = 53 £ 19 nm.
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Synthesis of Au-MUDA-SB (@ 13 nm) in H20

OH
o
‘ /\/C[/OH
Au-Citrate NPs with @ 13 nm (10 ml), MUDA-SB (20 mg, 46 umol) in S/\%\/NK oH

DMSO (0.2 ml), NEt3 (2 drops)

The NP dispersion was stirred at room temperature for 16 h and directly purified via dialysis against
demineralised H,0 (in MWCO 12000, 6 x 2 h). A pink, clear NP dispersion with a concentration of 8.1 nM
was obtained and stored at 4 °C in the dark.

IR (ATR): v/cm™ = 3373 (vn-, Vo), 2981, 2926 (vcn), 2849, 1711 (ve=o), 1575 (vcn), 1443 (ve=c), 1381 (So-+),
1225 (6cn), 1198 (veo), 1081, 1033, 892, 840, 788 (6cH), 618 (vcs), 543 (ven); TEM: d= 13.0 £ 1.0 nm;
UV/VIS Amax =531 nm, DLS: dhydr =18 +3 nm.
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5.6 AMINE STABILISED AU NPS AND BIOMIMETIC FUNCTIONALISATION

5.6.1.1 Ligand Synthesis

Preparation of 11-Hydroxyundecylphthalimide %
HO/M;\N
(according to a method by Perez et al.3'?) 5

11-Bromoundecanol (4.09 g, 16.28 mmol, 1.0 eq.) was dissolved in anhydr. DMF (70 ml), potassium
phthalimide (4.47 g, 24.14 mmol, 1.0 eq.) was added and the reaction mixture was heated to 75 °C for
16 h under argon atmosphere. The clear solution was cooled to room temperature and the colourless
precipitate was removed by filtration. The filtrate was evaporated under reduced pressure, the residue
was suspended in DCM (40 ml) and washed with demineralised H,O (3 x 50 ml) and with brine
(3 x50 ml). The organic layer was dried over Na,SQ,, filtered and the solvent was evaporated. The
product could be obtained as a colourless crystalline solid in a very good vield (5.00 g, 15.76 mmol,
97%).

IH-NMR (500 MHz, CDCl3): 6/ppm = 7.84 (dd, J = 3.0, 5.5 Hz, 2 H, CH), 7.71 (dd, J = 3.0, 5.5 Hz, 2 H, CH), 3.67
(t,J=7.3 Hz, 2H, CH2N), 3.60 (t, J = 6.8 Hz, 2 H, CH20), 1.72-1.62 (m, 2 H, CH2), 1.56 (q, 2 H, CH2), 1.41-1.22
(m, 16 H, CH,); 13C{*H} NMR (125 MHz, CDCls): /ppm = 168.5, 133.9, 132.2, 123.2, 63.0, 38.1, 32.8, 30.9, 29.5,
29.4, 29.1, 28.6, 26.8, 25.7 ; IR (ATR): v/cm™ = 3548, 3498 (von), 2919, 2848 (vcn), 1770 (5cw), 1702 (ve-o),
1459 (60-1), 1398 (5ch), 1061 (vn-w), 718 (8ch), 627, 527; ESI-MS (m/z): [M+Na]* = 340.19 (calcd: [M+Na]* = 340.20);
Elemental Analysis: Anal. Calcd for C19H27NOs: C, 71.89; H 8.57; N, 4.41. Found: C, 72.04; H, 8.66; N, 4.02.

Synthesis of 11-Bromoundecylphthalimide 0

Br/\Q;\N
(according to a procedure by Jarboe et al.33) 5

2-(11-Hydroxy-undecyl)-isoindole-1,3-dione (1.77 g, 5.58 mmol, 1 eq.) and tetrabromomethane (1.86 g,
5.61 mmol, 1.01 eq.) were dissolved in dry DCM (50 ml). Triphenylphosphine (1.65 g, 6.29 mmol,
1.13 eq.) was added under vigorous stirring and the reaction mixture was stirred at room temperature
for 2 h under argon atmosphere. The solution was reduced in vacuo before Et,0 was added. The
precipitate was filtered off and the concentrated filtrate was purified via column chromatography
(eluted with hexane : ethyl acetate, 10:1; Rf = 0.36). The pure product could be obtained as a colourless
solid in a good yield (1.67 g, 4.41 mmol, 70%).

H-NMR (500 MHz, CDCl): 6/ppm = 7.83 (dd, J = 2.8, 5.5 Hz, 2 H, CH), 7.70 (dd, J = 2.8, 5.5 Hz, 2 H, CH), 3.66
(t,J=7.3 Hz, 2 H, CH2N), 3.39 (t, / = 6.8 Hz, 2 H, CH2Br), 1.83 (q, 2 H, CH2), 1.65 (q, 2 H, CH2), 1.40 (q, 2 H, CH>),
1.36-1.21 (m, 12 H, CH2); 3C{*H} NMR (125 MHz, CDCls): /ppm = 168.5, 134.0, 132.1, 123.2, 38.1, 34.2, 33.6,
29.5, 28.6, 28.3, 26.9; IR (ATR): v/cm™ = 2919, 2845 (vcr), 1770 (6ch), 1697 (ve=o0), 1466, 1398 (Sch), 1053 (Vn-H),
866 (6c=c), 722 (6ch), 639 (veer), 627, 524; ESI-MS (m/z): [M+Na]* = 404.0 (caled: [M+Na]* = 404.1);
Elemental Analysis: Anal. Calcd for C1sH26NOo02Br: C, 60.00; H 6.89; N, 3.68. Found: C, 60.22; H, 7.01; N, 3.29.
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Synthesis of 1-[11-(N-phthalimido)]undecyl thioacetate

(according to a procedure by Wang et al.*") /\H/\ t

11-Bromoundecylphthalimide (0.61 g, 1.63 mmol, 1 eq.) was dissolved in anhydrous THF (20 ml) before
potassium thioacetate (0.30 g, 2.62 mmol, 1.48 eq.) was added. The reaction mixture was heated to
reflux for 24 h under argon atmosphere. After cooling down, demineralised H,0 (50 ml) was added and
the mixture was stirred for 1 h. The product was extracted with EtOAc (5 x 30 ml). The combined organic
layers were dried over Na,SQO;, filtered and the solvent was removed in vacuo. The pure product was
obtained as a brown solid in a very good yield (0.61 g, 1.63 mmol, 92%).

H-NMR (300 MHz, CDCls): §/ppm = 7.83 (dd, J = 2.8, 5.5 Hz, 2 H, CH), 7.70 (dd, J = 2.8, 5.5 Hz, 2 H, CH), 3.67
(t,J=7.3 Hz, 2 H, CHaN), 2.85 (t, J = 7.4 Hz, 2 H, CH:S), 2.31 (s, 3 H, CHs), 1.66 (q, 2 H, CH2), 1.54 (g, 2 H, CHa),
1.41-1.15 (m, 14 H, CH,); 3C{*H} NMR (75 MHz, CDCls): §/ppm = 196.1, 168.5, 134.0, 132.1, 123.2, 38.1, 30.6,
29.5,29.4, 29.1, 28.8, 28.6, 26.8; IR (ATR): v/cm™ = 2916, 2850 (vcw), 1770 (8c), 1681 (ve=o), 1395 (Scw), 1105,
1046 (vn-+), 961, 878 (6c=c), 716 (6cn), 624 (vcs), 535, ESI-MS (m/z): [M+H]* = 376.1 (calcd: [M+H]* = 376.2);
Elemental Analysis: Anal. Calcd for C21H2sNOsS: C, 67.17; H 7.78: N, 3.73; S, 8.54. Found: C, 67.18; H, 2.61; N, 2.50;
S, 9.10.

Synthesis of 11-Mercaptoundecylamine (MUAM)
(according to a method described by Wang et al.3™) HSMNHZ

1-[11-(N-phthalimido)]undecyl thioacetate (0.89 g, 2.36 mmol, 1 eq.) was dissolved in dry EtOH (90 ml)
and cooled to 0 °C. Hydrazine hydrate (0.45 g, 0.44 ml, 9.00 mmol, 4 eq.) was added slowly and the
reaction mixture was heated to 85 °C for 24 h. After cooling down, the reaction mixture was adjusted
to pH 1 and extracted with DCM (3 x 50 ml). Now the pH was adjusted to 13, and it was further extracted
with DCM (5 x 50 ml). The combined organic phase was dried over Na,SQ, filtered and the solvent was
removed in vacuo. The pure product could be obtained as a slightly brown solid in a good yield (0.36 g,
1.77 mmol, 75%) and was stored at 4 °C in the dark.

'H-NMR (600 MHz, CDCls): 6/ppm = 5.94 (s, 3 H, NH2, SH), 2.51 (t, J = 7.2 Hz, 2 H, CH:S), 1.68 (m, 2 H, CH,) 1.59
(g, 2 H, CH2), 1.47-1.12 (m, 18 H, CH-); 3C{*H} NMR (125 MHz, CDCl3): §/ppm = 40.6, 40.2, 29.5, 34.0, 29.5, 29.4,
29.1, 29.0, 28.3, 26.6, 24.6; IR (ATR): v/cm™ = 3367, 3194 (vn-n), 2916, 2845 (vcn), 2550(vsh), 1657, 1513 (Sn-n),
1143 (ven), 624 (ves); ESI-MS (m/z): [IM+H]* = 204.2 (calcd: [M+H]" = 204.2); Elemental Analysis: Anal. Calcd for
C11H2sNS: C, 64.96; H 12.39; N, 6.89; S, 15.76. Found: C, 44.16; H, 8.32; N, 6.10; S, 11.10.
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5.6.1.2 Nanoparticle Syntheses

Direct Synthesis of Au-Cys (@ 46 nm) S/\/NHZ

(according to a method described by Lee et al.3%)

HAuCl, - 3 H,0 (8.3 mg, 21 umol, 1.0 eq.) was dissolved in H,0 (14 ml) and CA - HCI (3.6 mg, 32 umol,
1.5 eq.) was added and stirred at room temperature in the dark for 20 min. 0.001 M NaBH,4 solution
(375 ul, 0.38 umol, 0.18 eq.) was added quickly under vigorous stirring and the reaction mixture was
stirred at room temperature in the dark for 16 h. Then, the violet NP dispersion was purified via dialysis
against H,0 (in MWCO 12000, for 3 x 2 h). A dark violet NP dispersion was obtained and stored at 4 °C
in the dark, but was not stable over time.

TEM: d=46.5+3.4 nm

Syntheses of 4-Aminothiophenol (ATP) coordinated Gold Nanoparticles
@~
Direct Synthesis of Au-ATP (@ 8 nm)

PPhsAuCl (9 mg, 18 umol, 1.0 eq.) was dissolved in DMSO (4 ml) and a solution of ATP (1.3 mg, 11 umol,
0.6 eq.) dissolved in DMSO (0.5 ml) was added. The mixture was heated to 60 °C and a solution of
‘Bu-amine borane complex (14 mg, 160 pumol, 8.9 eq.) in DMSO (0.5 ml) was added quickly under
vigorous stirring. The dark red dispersion was stirred at 60 °C for 1 h in the dark and cooled in an ice
bath. Then, the NP dispersion was purified via dialysis stepwise against H,O (in MWCO 12000, for 36 h).
A pink violet, stable NP dispersion with a concentration of 238 nM was obtained and stored at 4 °C in
the dark.

'H-NMR (600 MHz, DMSO-ds): &/ppm = 7.55 (d, J = 9.0 Hz, 2 H, CH), 7.23 (d, J/ = 9.0 Hz, 2 H, CH);
IR (ATR): v/cm™ = 3450, 3329 (vn-h), 2980, 2889, 3329 (vcw; DMS0), 1973 (Sch), 1581 (6n-n), 1463, 1392, 1303
(ven), 1206, 1147, 1073 (vs=0; DMSO), 825 (8ch), 689, 565 (vcs), 547; TEM: d = 7.9 + 0.8 nm; UV/Vis: Amax = 537 nm;
DLS: dhydr = 45 + 8 nm.

Direct Synthesis of Au-ATP (@ 6 nm)

PPhsAuCl (12 mg, 24 umol, 1.0 eq.) was dissolved in DMSO (3.5 ml) and a solution of ATP (3 mg, 24 umol,
1.0 eq.) dissolved in DMSO (0.5 ml) was added. The mixture was heated to 60 °C and a solution of
‘Bu-amine borane complex (20 mg, 230 pumol, 9.6 eq.) in DMSO (1.0 ml) was added quickly under
vigorous stirring. The dark red dispersion was stirred at 60 °C for 1 h in the dark and cooled in an ice
bath. Then, NP dispersion was purified via dialysis against DMSO (in MWCO 12000, for 3 x 2 h) and
afterwards stepwise against H,O (in MWCO 12000, for 3 x 2 h). A violet, stable NP dispersion with a
concentration of 570 nM was obtained and stored at 4 °C in the dark.

TEM: d = 5.8 + 0.8 nm; UV/Vis: Amax = 538 nm; DLS: dhyar = 100 + 15 nm.
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Syntheses of Mercaptoundecylamine (MUAM) coordinated Gold Nanoparticles
Direct Synthesis of Au-MUAM (@ 11 nm) C ”M“NHZ

PPh3AuCl (9 mg, 18 umol, 1.0 eq.) was dissolved in DMSO (2 ml) and a solution of MUAM (4 mg, 20 umol,
1.1 eq.) dissolved in DMSO (0.5 ml) was added. The mixture was heated to 60 °C and a solution of
‘Bu-amine borane complex (15 mg, 173 umol, 9.6 eq.) in DMSO (0.5 ml) was added quickly under
vigorous stirring. The dark red dispersion was stirred at 60 °C for 1 h in the dark and cooled in an ice
bath. Then, the particles were precipitated with CHsCN and centrifuged (1 h, 7000 rpm). The
supernatant was discarded and the dark residue was redispersed in H,O (5 ml). Semi concentrated HCl
(1 drop) was added to obtain a violet, clear and stable NP dispersion, which was purified via dialysis
against H,O (in MWCO 12000, for 2 x 2.5 h). Aviolet, stable NP dispersion with a concentration of 95 nM
was obtained and stored at 4 °C in the dark.

1H-NMR (600 MHz, D;0): 6/ppm = 4.41 (m, 2 H, NH2), 2.98 (m, 2 H, CH2N), 2.52 (m, 2 H, CH2S), 1.68 -1.54
(m, 4 H, CH2), 1.43-1.16 (m, 14 H, CH2); IR (ATR): v/cm™ = 3391 (vn.n), 2919, 2836 (vew), 1723 (Snn), 1487 (Scw),
1223, 1117 (ven), 1041 (ven), 606 (ves); TEM: d = 10.7 £ 1.3 nm; UV/Vis: Amax = 538 nm; DLS: dhydr = 40 £ 19 nm.

Direct Synthesis of Au-MUAM (@ 12 nm), solid reducing agent

PPhsAuCl (10 mg, 20 umol, 1.0 eq.) was dissolved in DMSO (2.5 ml) and a solution of MUAM (3 mg,
15 umol, 0.8 eq.) dissolved in DMSO (0.5 ml) was added. The mixture was heated to 60 °C and the solid
powder ‘Bu-amine borane complex (17 mg, 196 umol, 9.8 eq.) was added quickly under vigorous stirring.
The dark red dispersion was stirred at 60 °C for 1 h in the dark and cooled in an ice bath. Then, the
NP dispersion was purified via dialysis stepwise against H,O (in MWCO 12000, for 2 x 2.5 h). A violet,
stable NP dispersion with a concentration of 135 nM was obtained and stored at 4 °C in the dark.

TEM: d = 11.7 £ 1.7 nm; UV/Vis: Amax = 534 nm; DLS: dhyar = 21 £ 5 nm.

Direct Synthesis of Au-MUAM (@ 8 nm), solid reducing agent at 55 °C

PPhsAuCl (10 mg, 20 umol, 1.0 eq.) was dissolved in DMSO (2.5 ml) and a solution of MUAM (3 mg,
15 umol, 0.8 eq.) dissolved in DMSO (0.5 ml) was added. The mixture was heated to 55 °C and the solid
powder ‘Bu-amine borane complex (17 mg, 196 umol, 9.8 eq.) was added quickly under vigorous stirring.
The dark red dispersion was stirred at 55 °C for 1 h in the dark and cooled in an ice bath. Then,
NP dispersion was centrifuged after adding of CHsCN (30 min, 7000 rpm) and redispersed in H,0 (5 ml).
The violet dispersion was further purified via dialysis against H,O (in MWCO 6000, for 6 x 2 h). A violet,
stable NP dispersion with a concentration of 255 nM was obtained and stored at 4 °C in the dark.

TEM: d = 8.0 £ 0.9 nm; UV/Vis: Amax = 532 nm; DLS: dhyar = 25 + 8 nm.
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Direct Synthesis of Au-MUAM (@ 6 nm), at 55 °C

PPhsAuCl (10 mg, 20 umol, 1.0 eq.) was dissolved in DMSO (2.5 ml) and a solution of MUAM (3 mg,
15 umol, 0.8 eq.) dissolved in DMSO (0.2 ml) was added. The mixture was heated to 55 °C and
‘Bu-amine borane complex (17 mg, 196 umol, 9.8 eq.) dissolved in DMSO (0.3 ml) was added quickly
under vigorous stirring. The dark red dispersion was stirred at 55 °C for 1 h in the dark and cooled in an
ice bath. Then, the NP dispersion was centrifuged after adding of CHsCN (30 min, 7000 rpm) and
redispersed in H,O (5ml). The violet dispersion was further purified via dialysis against H,O
(in MWCO 6000, for 6 x 2 h). A violet, stable NP dispersion with a concentration of 522 nM was obtained
and stored at 4 °C in the dark.

TEM: d = 6.3 £ 0.7 nm; UV/Vis: Amax = 525 nm; DLS: dhyar = 19 = 4 nm.

Direct Synthesis of Au-MUAM (@ 8 nm)

PPhsAuCl (10 mg, 20 umol, 1.0 eq.) was dissolved in DMSO (2 ml) and a solution of MUAM (10 mg,
20 umol, 2.5 eq.) dissolved in DMSO (0.5 ml) was added. The mixture was heated to 60 °C and a solution
of ‘Bu-amine borane complex (15 mg, 173 umol, 8.6 eq.) in DMSO (0.5 ml) was added quickly under
vigorous stirring. 4 drops of diluted HCl was added and the dark red dispersion was stirred at 40 °C for
2 h in the dark and cooled in an ice bath. Then, the particles were precipitated with CHsCN and
centrifuged (30 min, 8000 rpm). The supernatant was discarded, the dark residue was washed with
CH3CN 3 times (8000 rpm, 30 min) before it was redispersed in H,0 (5 ml). Semi concentrated HCI
(1 drop) was added to obtain a violet, clear and stable NP dispersion, which was purified via dialysis
against H,O (in MWCO 12000, for 2 x 2.5 h). A violet, stable NP dispersion with a concentration of
196 nM was obtained and stored at 4 °C in the dark.

TEM: d = 7.8 + 0.9 nm; UV/Vis: Amax = 524 nm; DLS: dhyar = 47 £ 16 nm.

Direct Synthesis of Au-MUAM (@ 5 nm)

PPhsAuCl (12 mg, 45 umol, 1.0 eq.) was dissolved in DMSO (3.5 ml) and a solution of MUAM (10 mg,
49 umol, 1.3 eq.) dissolved in DMSO (0.5 ml) was added. The mixture was heated to 45 °C and ‘Bu-amine
borane complex (20 mg, 230 umol, 5.1 eq.) dissolved in DMSO (1 ml) was added quickly under vigorous
stirring. The dark red dispersion was stirred at 45 °C for 80 min in the dark and cooled in an ice bath.
Then, NP dispersion was precipitated with CH3CN: H,O (2:1) and purified via centrifugation (3 times,
7000 rpm, 30 min). The residue was redispersed in H,O (5 ml). Semi concentrated HCI (1 drop) was
added to obtain a violet, clear and stable NP dispersion with a concentration of 697 nM which was
stored at 4 °Cin the dark.

TEM: d = 5.0 £ 0.7 nm; UV/Vis: Amax = 524 nm; DLS: dhydr = 64 + 1 nm; { potential: {=-29.67 + 1.16 mV.
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Direct Synthesis of Au-MUAM (@ 17 nm)

PPhsAuCl (10 mg, 20 umol, 1.0 eq.) was dissolved in DMSO (2 ml) and a solution of MUAM (4 mg,
20 umol, 1.0 eq.) dissolved in DMSO (0.5 ml) was added. The mixture was heated to 60 °C and a solution
of ‘Bu-amine borane complex (17 mg, 195 umol, 9.8 eq.) in DMSO (0.5 ml) was added quickly under
vigorous stirring. 4 drops of diluted HCl were added and the dark red dispersion was stirred at 60 °C for
1h in the dark and cooled in an ice bath. Then, the particles were precipitated with CHsCN and
centrifuged (30 min, 8000 rpm). The supernatant was discarded, the dark residue was redispersed in
H,O and washed with EtOH three times (30 min, 8000 rpm). The residue was redispersed in in H,0O
(6 ml). The pH was adjusted to 2 with semi concentrated HCl to obtain a violet, clear and stable
NP dispersion which was purified via dialysis against H,O (in MWCO 6000, for 5 x 2 h). A violet, stable
NP dispersion with a concentration of 23 nM was obtained and stored at 4 °C in the dark.

TEM: d = 16.8 £ 1.4 nm; UV/Vis: Amax = 537 nm; DLS: dhydr = 38 £ 19 nm.

Synthesis of Au-MUAM (@ 13 nm) in H20 in a Ligand Exchange Reaction
(according to a procedure by Mattern et al.?)

The Au-Citrate NP dispersion with @ 13 nm (10 ml) was filtrated using syringe filtration on a cellulose
membrane with 0.2 um pore size. MUAM (7 mg, 34 umol) was dissolved in 0.01 M HCI (0.2 ml) and
added to the Au-Citrate NPs dispersion. Semi concentrated HCI (2 drops) was added and the reaction
mixture was stirred at room temperature for 3 h. Then, MUAM (7 mg, 34 umol) dissolved in 0.01 M HCl
(0.2 ml) was added a second time and the reaction mixture was stirred at room temperature for 16 h.
Subsequently, the Au NP dispersion was purified via dialysis against demineralised H,0
(in MWCO 12000, 6 x 2 h). A violet, clear NP dispersion with a particle concentration of 7.4 nM was
obtained and stored at 4 °Cin the dark.

1H-NMR (600 MHz, D:0): 8/ppm = 4.41 (m, 2 H, NHa), 2.98 (m, 2 H, CH:N), 2.52 (m, 2 H, CH.S), 1.68 -1.54
(M, 4 H, CH2), 1.43-1.16 (m, 14 H, CH2); IR (ATR): v/em™ = 3421, 3217 (vin), 2921, 2842 (vc), 1708, 1513 (Enn),
1232, 1176, 1126 (ven), 981, 598 (ves) ; TEM: d = 13.2 + 1.1 nm; UV/Vis: Amax = 530/523 nm; DLS: dhyar = 20 + 4 nm.

5.6.1.3 Surface Functionalisation: General Synthetic Procedure of a Reaction at the Ligand
Periphery (air sensitive)

The coupling reagents EDC and NHS, as well as the biogenic substance (amine) and the base (NEts), were
dissolved in degassed H,0 and stirred for 0.5 h — 2 h at room temperature under argon atmosphere. In
the meantime, the Au NP dispersion of the preferred size was filtrated using syringe filtration on a
cellulose membrane with 0.2 um pore size. Then, the NP dispersion was degassed with argon for 45 min.
The ligand solution was slowly added to the NP dispersion and was stirred at room temperature for a
certain time under argon before purification took place.
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Synthesis of Au-MUAM-DHCA (@ 13 nm) in H20

Au-MUAM NPs with @ 13 nm (6 ml), DHCA (8 mg, 44 pumol), EDC (10 mg, C AM“ k/\©[

52 umol), NHS (5 mg, 43 umol), triethyl amine (NEts) in D2O (1 drop)

EDC, NHS and NEt; were dissolved in degassed H,O (0.5 ml). Dihydrocaffeic acid (DHCA) in DMSO
(0.2 ml) was added and the mixture was stirred for 2 h at room temperature under argon atmosphere.
Au-MUAM NPs with @ 13 nm were degassed with argon for 45 min. The ligand solution was slowly
added dropwise to the NP dispersion and was stirred at room temperature for 16 h under argon. Then,
the NP dispersion was purified via dialysis against demineralised H,0 (in MWCO 6000, 3 x 2 h). A violet,
clear NP dispersion with a concentration of 191 nM was obtained and stored at 4 °C in the dark.

1H-NMR (600 MHz, D;0): §/ppm = 6.59 (d, J = 4.1 Hz, 1 H, CH), 6.55 (s, 1 H, CH), 6.39 (d, J = 4.1 Hz, 1 H, CH),
3.07-2.99 (m, 3 H, CH>, NH), 2.39-2.16 (m, 6 H, CH>), 1.61-1.02 (m, 18 H, CH>); IR (ATR): v/cm™ = 3359 (Vn-; Vo-),
2987 (vo-n), 2921, 2842 (vcn), 2030 (6cn), 1782 (ve=0), 1708, 1628 (dn-H), 1560 (So+), 1454 (ScH), 1392, 1289,
1209 (vco), 1073 (ven), 807, 716 (6ch), 640 (vcs); TEM: d= 1298 + 1.1 nm; UV/Vis: Amax = 556 nm;
DLS: dhydr = 198 £ 65 nm.

Synthesis of Au-MUAM-DHCA (@ 8 nm) in H20

Au-MUAM NPs with @ 8 nm (0.75 ml) diluted in demineralised H,0 (7.75 ml), DHCA (8 mg, 44 umol),
EDC (10 mg, 52 umol), NHS (5 mg, 43 umol), triethyl amine (NEts) in D,O (1 drop)

EDC, NHS, NEt; were dissolved in degassed H,0 (0.5 ml), DHCA in DMSO (0.2 ml) was added and the
mixture was stirred for 2 h at room temperature under argon atmosphere. Au-MUAM NPs with @ 8 nm
were degassed with argon for 45 min. The ligand solution was slowly added dropwise to the
NP dispersion and was stirred at room temperature for 16 h under argon. Then, the NP dispersion was
purified via dialysis against demineralised H,O (in MWCO 6000, 3 x 2 h). A pink, clear NP dispersion with
a concentration of 191 nM was obtained and stored at 4 °C in the dark.

TEM: d =8.2 £ 0.9 nm; UV/Vis: Amax = 550 nm; DLS: dhydar = 164 + 39 nm.

Synthesis of Au-MUAM-DHCA (@ 5 nm) in H,0

Au-MUAM NPs with @ 5 nm (0.75 ml) diluted in demineralised H,0 (7.75 ml), DHCA (8 mg, 44 umol),
EDC (10 mg, 52 umol), NHS (5 mg, 43 umol)

EDC and NHS were dissolved in degassed H,0 (1ml), DHCA in DMSO (0.2 ml) was added and the mixture
was stirred for 1 h at room temperature under argon atmosphere. Au-MUAM NPs with @ 8 nm were
degassed with argon for 45 min. The NP dispersion was added to the ligand solution and was stirred at
room temperature for 16 h under argon. Then, the NP dispersion was purified viag dialysis against
demineralised H,O (in MWCO 6000, 2 x 3 h). A violet, clear NP dispersion with a concentration of
191 nM was obtained and stored at 4 °C in the dark.

TEM: d = 5.0 + 0.8 nm; UV/Vis: Amax = 545 nm; DLS: dhydr = 101 £ 27 nm; { potential: { =-48.07 £ 1.99 mV.
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5.7 FLUORESCENT DYE FUNCTIONALISED AU NPs

5.7.1 LIGAND SYNTHESES

Synthesis of Rhod-MUAM

Rhod (100 mg, 0.21 mmol, 1.0 eq.) was dissolved anhydrous DMF (2 ml) and cooled to 0 °C. NEt; (87 ul,
0.63 mmol, 3.0 eq.) and HATU (160 mg, 0.42 mmol, 2.0 eq.) were added and stirred for 5 min at 0 °C.
MUAM (43 mg, 0.21 mmol, 1.0 eq.) dissolved in anhydrous DMF (2 ml) was added slowly dropwise and
the dark violet reaction mixture was stirred under argon atmosphere at room temperature for 12 d. The
reaction mixture was quenched with demineralised H,0 (3 ml) and diluted HCl (15 ml) was added before
extraction with EtOAc (3 x 15 ml) as well as with DCM (3 x 15 ml). The different organic layers were
washed with demin. H,0 twice separately, dried over Na,SO,, filtered and the solvents were evaporated.
However, ESI-MS spectra did not reveal a mass peak of the desired product in any fraction.

Synthesis of Rhod-ATP

(according to a method of Abed et a/.3%)

Rhod (100 mg, 0.20 mmol, 1.0 eq.) and NHS (18 mg, 0.16 mmol, 0.8 eq.) were dissolved anhydrous
pyridine (5 ml). DIC (39 pL, 0.24 mmol, 1.2 eqg.) was added to the purple solution and the reaction
mixture was stirred at room temperature for 4 h. K;COs3 (30 mg, 0.22mmol, 1.1 eq.) in degassed water
(0.5 ml) was added to a solution of ATP (25 mg, 0.20 mmol, 1.0 eq.) in anhydrous DMF (0.5 ml), which
was then quickly added to the reaction solution and stirred at room temperature for 40 h under argon
atmosphere in the dark. However, ESI-MS spectra did not reveal a mass peak of the desired product.

Synthesis of Eosin-MUDOL

(according to a method by Steglich et a/.3%)

Eosin Y (138 mg, 0.20 mmol, 1.0 eq.) was dissolved in anhydrous DCM (5 ml). DMAP (73 mg, 0.60 mmol,
3.0 eq.) and mercaptoundecanol (MUDOL, 41 mg, 0.20 mmol, 1.0 eq.) dissolved in anhydrous DCM
(5 ml) were added under argon counter flow and stirred at -5 °C. DIC (34 uL, 0.22 mmol 1.1 eq.) was
added quickly and stirred for 5 min at 0 °C. Afterwards, the reaction mixture was stirred at room
temperature for 18 h under argon atmosphere. During the work-up process, the solvent was evaporated
to obtain a dark purple solid. The ESI-MS spectra revealed a mass peak of the desired product, so the
crude material was purified via flash column chromatography (DCM/MeOH 60:1). However, pure
product was not isolated.

ESI-MS (m/z): [M+H]*= 832.86 (calcd: [M+H]* = 832.83).
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Synthesis of Eosin-Cys o 0 0
Eosin Y (138 mg, 0.20 mmol, 1.0 eq.) and NHS (19 mg, 0.17 mmol, 0.8 eq.) were * o

dissolved anhydrous MeCN (5 ml). DIC (39 uL, 0.24 mmol, 1.2 eq.) was added to the O o~
purple solution and the reaction mixture was heated to reflux for 4 h. K;COs (152 mg,

1.10mmol, 5.2 eq.) in degassed water (3 ml) was added to a solution of cysteamine hydrochloride
(24 mg, 0.21 mmol, 1.0 eq.) in anhydrous DMF (3 ml), which was then quickly added to the reaction
solution and stirred at 60 °C for 19 h under argon atmosphere. The solvent was evaporated and a red,
sticky solid was obtained. However, ESI-MS spectra did not reveal a mass peak of the desired product.

\

N 0. N
Synthesis of Rhod-EN - -
Q N/\/NH2
Rhodamine B (430 mg, 0.89 mmol, 1.0 eq.) was dissolved anhydrous EtOH (8 ml) and 5

heated to 90 °C. In the meantime, ethylenediamine (80 uL, 1.16 mmol, 1.3 eq.) was diluted in anhydrous
EtOH (2 ml) and added to the reaction mixture slowly dropwise under vigorous stirring. The reaction
mixture was heated to reflux for 16 h under argon atmosphere. The solvent was removed in vacuo. The
residue was colourless with slightly orange spots and was dissolved in EtOAc (15 ml). Demin. H,0 (20 ml)
was added and extracted with EtOAc (3 x 15 ml). The combined organic layers were washed with demin.
H,0 twice, dried over Na,SQ,, filtered and the solvent was evaporated. The pure product was obtained
as a colourless (some parts slightly pink, orange) crystalline solid in a very good yield (370 mg, 85%) and
stored at 4 °Cin the dark. The product was crystallised via slow diffusion of n-pentane into a deuterated
chloroform solution to yield colourless crystals.

1H-NMR (499 MHz, CDCls): §/ppm = 7.96-7.88 (m, 1 H, CH), 7.51-7.42 (m, 2 H, CH), 7.15-7.07 (m, 1 H, CH), 6.58
(d,/ =9.0Hz, 2 H, CH), 6.46 (s, 1 H, CH), 6.45 (s, 1 H, CH), 6.35 (dd, / = 9.0 Hz, 2.7 Hz, 2 H, CH), 3.35
(0,/=7.1,14.2 Hz 8 H, CH,), 3.21 (t, J = 6.6 Hz, 2 H, CH2), 2.44 (t, /] = 6.6 Hz, 2 H, CH2), 1.44-1.24 (m, 2 H, NH2),
1.18 (t, /= 7.1 Hz, 12 H, CHs); *3C{*H} NMR (125 MHz, CDCl3): §/ppm = 156.2, 154.7, 153.3, 148.8, 132.4, 128.7,
128.0,123.8,122.8,108.2,105.6,97.7,64.4,44.3,43.8,40.8,12.6; IR (ATR): v/cm™* =3320 (vn-), 2971, 2921, 2866
(ven), 1678 (ve=0), 1613 (ve=c), 1542, 1514 (6n-w), 1353 (ven), 1265, 1218 (ven), 1118 (veo), 1076, 1019, 820 (6cH),
789 (6c=c), 768 (6ch), 704 (6c=c), 576, 539; ESI-MS (m/z): [M+H]* = 485.31 (calcd: [M+H]* = 485.29);
Elemental Analysis: Anal. Calcd for CaoH3sN402: C, 74.35; H 7.49; N, 11.56. Found: C, 73.26; H, 7.50; N, 11.01.

Synthesis of Rhod-DAH J. O o O N
Rhodamine B (400 mg, 0.84 mmol, 1.0 eq.) was dissolved anhydrous EtOH (8 ml) Nx\x
and heated to 90 °C. In the meantime, diaminohexane (DAH) (126 mg, 1.08 mmol, ° NH,

1.3 eq.) was dissolved in anhydrous EtOH (2 ml) and added to the reaction mixture slowly dropwise
under vigorous stirring. The reaction mixture was heated to reflux for 3 d under argon atmosphere. The
solvent was removed under reduced pressure. The residue was colourless with slightly orange spots and
was dissolved in EtOAc (15 ml). Demin. H,0 (20 ml) was added and extracted with EtOAc (3 x 20 ml).
The combined organic layers were washed with demin. H,0 (5 x 50 ml), dried over Na,SQ,, filtered and
the solvent was evaporated. The pure product was obtained as a colourless (sometimes slightly pink,
orange) crystalline solid in a very good yield (382 mg, 84%) and stored at 4 °C in the dark.

IH-NMR (499 MHz, CDCl3): 6/ppm = 8.03-7.99 (m, 1 H, CH), 7.69-7.55 (m, 2 H, CH), 7.23 (d, J = 7.1 Hz, 1 H, CH),
6.45 (d, J = 8.8 Hz, 2 H, CH), 6.40 (s, 1 H, CH), 6.39 (s, 1 H, CH), 6.29 (dd, J = 8.8 Hz, 2.5 Hz, 2 H, CH), 3.37
(q,)=8.8Hz, 2.5 Hz, 8 H, CHa), 3.35-3.25 (m, 2 H, CH2), 1.69 (b.s, 2 H, NH:), 1.28 (t, 4 H, CH2), 1.23-1.05
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(m, 16 H, CHs, CH,); B3C{*H} NMR (125 MHz, CDCl3): §/ppm = 153.4,153.1,149.5, 134.3,129.1, 128.9, 124.8, 124.2,
108.0, 106.0, 97.6, 60.4, 44.5, 12.5; IR (ATR): v/cm™ =3392, 2973, 2921, 2866 (vch), 1749 (vc-0), 1688 (vc-0),
1604 (vc=c), 1539, 1519(6n-n), 1428 (Sc-H), 1325 (ven), 1212 (ven), 1102 (ve-o), 1011, 851(6c-H), 813 (Sc=c), 760 (bc-H),
699 (8c=c), 665, 580, 535; ESI-MS (m/z): [M+H]* = 541.35 (calcd: [M+H]* = 541.35); Elemental Analysis: Anal. Calcd
for CasHaaN4O2: C, 75.52; H 8.20; N, 10.36. Found: C, 74.91; H, 7.22; N, 6.93.

~N o N~
Synthesis of Rhod-EN-LA O O

O s
Lipoic acid (LA) (44 mg, 0.21 mmol, 1.2 eq.) was dissolved anhydrous DMF (2 ml) o o%
and cooled to 0 °C. NEts (84 pl, 0.61 mmol, 3.4 eq.) and HATU (152 mg, 0.40 mmol, 2.2 eq.) were
added. Rhod-EN (90 mg, 0.18 mmol, 1 eq.) dissolved in anhydrous DMF (2 ml) was added slowly
dropwise and the dark violet reaction mixture was stirred under argon atmosphere at room
temperature for 48 h. The reaction mixture was quenched with demineralised H,O (3 ml) and diluted
HCI (15 ml) was added before extraction with EtOAc (3 x 15 ml). The combined organic layers were
washed with demin. H,O twice, dried over Na,SO,, filtered and the solvent was evaporated. Then it was
extracted again with DCM (15 ml). The product was obtained as a pink residue in a moderate yield
(52 mg, 77 umol, 42%) and stored at 4 °C in the dark. However, traces of Rhod remained within the
residue.

'H-NMR (499 MHz, CDCls): §/ppm = 7.92-7.86 (m, 1 H, CH), 7.47-7.42 (m, 2 H, CH), 7.10-7.04 (m, 1 H, CH), 6.90-6.82
(m, 1 H, CH), 6.45-6.39 (m, 2 H, CH), 6.38-6.35 (m, 2 H, CH), 6.29-6.24 (m, 2 H, CH), 3.58-3.50 (m, 1 H, NH),
3.38-3.31(q, 8 H, CH2, /= 6.6 Hz), 3.18-3.07 (m, 2 H, CH>), 3.06-3.00 (m, 2 H, CH>), 2.50-2.24 (m, 3 H, CH2), 1.98-1.81
(m, 3 H, CH2), 1.73-1.55 (m, 5 H, CH2), 1.52-1.23 (m, 2 H, CH2), 1.16 (t, 12 H, CHs, J = 6.6 Hz); 3C{*H} NMR (125 MHz,
CDCl3): §/ppm = 172.6, 169.7, 153.3, 149.0, 132.4, 128.5, 128.0, 123.8, 122.4, 108.0, 104.6, 97.7, 56.0, 55.5, 44.4,
40.8, 40.3, 39.5, 36.6, 34.7, 28.7, 25.2, 12.4; IR (ATR): v/cm™ = 3398 (vi-n), 2917, 2846 (vc-n), 1720 (vc=0), 1641
(Ve-0), 1585 (6n-1), 1457, 1415 (6c-n), 1330 (ven), 1274, 1240 (ven), 1179, 1128 (ve-o), 1066, 1009, 920, 840 (Su-css),
680 (vcs), 548 (vs-s); ESI-MS (m/z): [M+Na]* = 695.31 (calcd: [M+Na]* = 695.31); Elemental Analysis: Anal. Calcd for
C3gH4sN40352: C, 67.82; H 7.19; N, 8.33; S 9.53. Found: C, 62.46; H, 7.31; N, 8.72; S 8.45.

\

ey O
5.7.2 SURFACE FUNCTIONALISATION
Synthesis of Au-LA-EN-Rhod (@ 13 nm) in H,0 s;fw

S

ZT

O
e}

Au-Citrate NP @ 13 nm dispersion (10 ml) was purged with argon for 45 min. Rhod-EN-LA (25 mg,
37 umol) in DMSO (0.3 ml) was slowly added. Furthermore, NEts (0.1 ml) was added to ensure a stable
NP dispersion, which was stirred for 16 h at room temperature. The Au NPs were precipitated with EtOH
and centrifuged (30 min, 7000 rpm). The supernatant was discarded, the residue was redispersed three
times and washed again with EtOH. The supernatant was discarded and the residue was redispersed in
H,0 (10 ml). The clear Au NP dispersion was further purified via dialysis against H,0 (in MWCO 6000,
for 3 x 2 h). Aviolet, clear NP dispersion with a concentration of 15 nM was obtained and stored at 4 °C
in the dark.

IR (ATR): v/cm'? = 2918, 2846 (vcw), 1678 (ve-o), 1586 (Sn-h), 1514, 1400 (8c-n), 1344 (ven), 1264, 1217 (ven), 1175,
1108 (vco), 1066, 835 (Bh.cs), 746 (Snw), 681 (ves), 563 (vss); TEM: d = 12.9 + 0.9 nm; UV/Vis: Amax = 534 nm;
DLS: dhyar = 75 + 16 nm.
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5.8 MULTIFUNCTIONAL AU NPS LABELLED WITH 2°MTC

5.8.1 PRECURSOR SYNTHESES

Synthesis of [ReBr(CO)s]

Re(CO)10 (4.90 g, 7.51 mmol, 1.0 eq.) was dissolved in dry DCM (147 ml) and cooled to 0 °C. Bromine
(0.42 ml, 8.20 mmol, 1.1 eq.) was diluted in dry DCM (25 ml) and added dropwise to the Re solution
over a time period of 30 min. In the meantime, the clear solution turned orange over yellow and a
colourless precipitate formed. The reaction mixture was then further stirred at room temperature for
2 h under nitrogen atmosphere and filtered. The colourless residue was dried in vacuo. The filtrate was
reduced in vacuo (colour intensified) to % of its original volume. The reaction mixture was stirred at
room temperature for 16 h under N, atmosphere before the colourless precipitate was filtered off again
and dried in vacuo. ReBr(CO)s could be obtained as a colourless powder in a good yield (5.24 g, 84%).

IR (ATR): v/cmt = 2149, 2078, 2061, 2021, 1956 (vc=o), 1078, 1038, 1003, 937, 906, 575 (Vge-&r);
Elemental Analysis: Anal. Calcd for CsOsReBr: C, 14.79. Found: C, 14.59.

Synthesis of (NEts)2[ReBrs(CO)s]

NEt4Br (5.25 g, 25.0 mmol, 2.03 eq.) was dried in vacuo before use and suspended in degassed diglyme
(130 ml) in a three necked flask (250 ml) and heated to 85 °C for 20 min. ReBr(CO)s (5.00 g, 12.31 mmol,
1.0 eq.) was added and stirred at 115 °Cfor 19 h under N, atmosphere. A yellow solution with colourless
precipitate was cooled in an ice bath, filtered and the crude product was washed with cold Et,0
(3 x5 ml), suspended in cold EtOH (45 ml), filtered and washed with cold EtOH (3 x 5 ml). The product
was dried in vacuo and could be obtained as a colourless solid in a good yield (7,08 g, 73%).

IR (ATR): v/em™t = 2988 (vcn), 1993 (vc=o), 1845, 1459, 1402, 1180, 1028 (vnc), 1002, 798, 650 (Vre-sr);
Elemental Analysis: Anal. Calcd for C11H40N203ReBr3: C, 29.62; H, 5.23; N, 3.64. Found: C, 29.49; H, 5.18; N, 2.49.

o}

HO
Synthesis of 2-Picolylamine-N,N-diacetic acid (PADA) f
NN
(according to a method described by Shepherd et al.3%3) q H(OH
[e]

Bromoacetic acid (11.76 g, 106 mmol, 2 eq.) was dissolved in demin. H,0 (13 ml) and cooled to 0 °C.
2-Picolylamine (5.74 g, 53 mmol, 1 eq.) in demin. H,0 (6 ml) was added dropwise and the reaction
mixture was stirred at 0 °C for 10 min. An 8 M NaOH solution (212 mmol, 4 eq.) was added slowly under
vigorous stirring. The strongly orange reaction mixture was stirred at 0 °C for 15 min and at room
temperature for 16 h. The pH of the dark red brown solution was adjusted to 4 with semi concentrated
HCI (15 ml) and was reduced in vacuo. Brown residue with crystalline solid was filtered and washed with
MeOH. EtOH (120 ml) was added to the brown filtrate and left to crystallise at — 18 °C for 2 d. A formed
yellow precipitate was filtered and recrystallised in EtOH/H,0 (3:1), filtered again and dried in vacuo.
The product was obtained as a colourless crystalline solid in a good yield (5.87 g, 26 mmol, 49%).

'H-NMR (400 MHz, DMSO-ds): §/ppm =8.47 (d, 1 H, CH), 7.75 (t, J = 7.8 Hz, 1 H, CH), 7.40 (d, / = 7.8 Hz, 1 H, CH),
7.25(t,J=7.8 Hz, 1 H, CH), 3.90 (s, 2 H, CH2), 3.35 (s, 4 H, CH2); 3C{*H} NMR (100 MHz, DMSO-ds): §/ppm = 174.8,
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159.3,149.0, 137.0, 122.5, 59.5, 59.3; IR (ATR): v/cm™ = 3401 (vo-), 3017 (ven), 1743(vec), 1620 (ve-o), 1439 (Scw),
1390 (6c-0), 1342(veo), 901 (o), 773 (6ch), 526 (ven); ESI-MS (m/z): [M-H]" = 223.0 (caled: [M-H]" = 223.1);
Elemental Analysis: Anal. Calcd for CioH12N204: C, 53.57; H, 5.39; N, 12.49. Found: C, 43.77; H, 5.23; N, 6.10; S,
10.24.

Synthesis of S-Thioacetyl-cysteamine (Ac-Cys)
o]
' H 333

(modified version of Frost et al.>*) )J\S/\/NHz
Cysteamine hydrochloride (500 mg, 4.40 mmol, 1 eq.) was dissolved in anhydr. DCM (24 ml).
Acetyl chloride 1 M in DCM (13.2 ml, 13.2 mmol, 3 eq.) was slowly added under vigorous stirring. The
yellow solution with solid was heated to reflux for 4.5 h and was further stirred at room temperature
for 16 h under N, atmosphere. The precipitate was filtered, washed with cold DCM (5 x 3 ml each) and
dried in vacuo. The product was obtained as colourless solid in a good yield (372 mg, 3.12 mmol, 71%).

'H-NMR (400 MHz, MeOH-da): 6/ppm = 3.32-3.29 (m, 2 H, CH>), 3.19-3.09 (m, 4 H, CH2and NH-), 2.38 (s, 3 H, CH3);
B3C{*H}NMR (100 MHz, MeOH-da4): §/ppm =195.1, 39.3, 29.0, 25.7; IR (ATR): v/cm™=3293 (vn-u), 2868 (vc-n), 1995,
1682(vc-0), 1523 (8cn), 1373, 1254, 1139(6cn), 1108, 967, 893 (6ch), , 681, 623 (vcs), 531 (ven); ESI-MS (m/z):
[M+H]* = 120.1 (calcd: [M+H]* = 120.1); Elemental Analysis: Anal. Calcd for C4aHsNOS: C, 40.31; H, 7.61; N, 11.75;
S, 26.90. Found: C, 28.49; H, 6.21; N, 9.73; S, 18.74.

5.8.2 LIGAND SYNTHESES

(0]
Synthesis of MUAM-PADA Hs N Z
9 H;\I\Q

(modified version of Chiotellis et al.3*%)

0% 0H
PADA (180 mg, 0.80 mmol, 1 eq.) and BOP-CI (200 mg, 0.80 mmol, 1 eq.) were dissolved in anhydr. THF
(8 ml) and NEt; (326 pl, 2.35 mmol, 3 eq.) was added. The reaction mixture was stirred at 20 °C for 1 h
under argon atmosphere. The orange solution with a colourless precipitate was filtered using a Schlenk
filter. Anhydr. THF (10 ml) was added to the orange solution and cooled to 0 °C. MUAM (210 mg,
1.03 mmol, 1.3 eq.) was suspended in anhydr. pyridine (3 ml) and anhydr. THF (2 ml) and slowly added
to the orange solution. The reaction mixture was stirred at room temperature under argon atmosphere
for 7 d. The light yellow solution was evaporated to yield a yellow gel, which was further dissolved in
DCM (10 ml) and arium® H,O (ca. 15 ml) was added. Gas evolution occurred. The organic layer was
washed with H,0 (10 ml, pH 8 with NaOH). The combined aqueous layers were extracted with DCM
(3 x 15 ml each). The combined organic phase was washed with H,0 (15 ml, pH 7), dried over Na;SO,,
filtered and evaporated. The product was obtained as a yellow gel in a moderate yield (101 mg,
0.25 mmol, 31%).

'H-NMR (400 MHz, MeOH-da): 5/ppm =8.79 (d, J=7.0 Hz 1 H, CH), 8.39 (t, /= 7.1 Hz, 1 H, CH), 7.91-7.81 (m, 2 H,
CH) 4.39 (s, 2 H, CHz), 3.65 (s, 2 H, CHa,; 3.64 (s, 2 H, CH2), 3.26-3.17 (m, 2 H. CH), 2.51-2.54 (m, 2 H, NH and SH)
1.62-1.54 (m, 2 H, CH,), 1.53-1.45 (m, 2H, CHa), 1.43-1.35 (m, 2 H, CH>), 1.34-1.26 (m, 14 H CH.); ¥C{*H} NMR
(100 MHz, MeOH-da): 6/ppm = 172.4, 171.3, 155.2, 144.9, 141.5, 125.5, 125.1, 57.1, 56.2, 54.9, 39.1, 28.3, 33.8,
29.2, 29.0, 28.9, 28.8, 28.0, 26.6, 23.5; IR (ATR): v/cm™ = 3300 (vo-H), 3075 (vn-n), 2916, 2846 (vcn), 1730 (ve=c),
1659 (ve-0), 1540 (vc=0), 1426 (Sc-t), 1184 (Scn), 1135, 980, 773 (5c-h), 720 (En-n), 601 (ves), 521 (ven); ESI-MS (m/z):
[M-H] = 408.2 (calcd: [M-H] = 408.2); Elemental Analysis: Anal. Calcd for C21H3sN30sS: C, 61.58; H, 8.61; N, 10.26;
S, 7.83. Found: C, 60.36; H, 7.61; N, 8.50; S, 4.02.
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o
Synthesis of Cys-PADA HNCAy
07 0oH

PADA (300 mg, 1.34 mmol, 1 eq.) and BOP-CI (339 mg, 1.34 mmol, 1 eq.) were dissolved
in anhydr. THF (8 ml) and NEts (555 pl, 4.12 mmol, 3 eq.) was added. The reaction mixture was stirred
at 20 °Cfor 1 h under argon atmosphere. The orange solution with a colourless precipitate was filtered
using a Schlenk filter. The orange clear filtrate was cooled to 0 °C. Cysteamine (Cys)(134 mg, 1.73 mmol,
1.3 eq.) was dissolved in anhydr. DCM (15 ml) and slowly added to the orange solution. The reaction
mixture was stirred at room temperature under argon atmosphere for 5 d. The light yellow solution was
evaporated to yield a slightly yellow gel, which was further dissolved in DCM (10 ml) and arium® H,0
(ca. 10 ml) was added. The agueous layer was washed with DCM (3 x 10 ml). Then the pH of the aqueous
layer was adjusted to 7 (by adding dil. NaOH), washed with EtOAc (3 x 15 ml each) and the solvent was
evaporated and dried in vacuo. The product was obtained as a yellow solid in a good yield (280 mg,
0.99 mmol, 77%).

'H-NMR (400 MHz, MeOH-d4): 6/ppm = 8.87-8 81 (m, 1 H, CH), 8.57-8.48 (m, 1 H, CH), 7.91-7.81 (m, 2 H, CH) 4.48
(d, 2 H, CH2), 3.76-3.64 (m, 4 H, CH,), 3.53 (t, /= 6.7 Hz 2 H, CH>), 3.41-3.29 (m, 2 H, NH and SH), 2.85 (t, /= 6.7 Hz,
2 H, CHa); 3C{*H} NMR (100 MHz, MeOH-da): §/ppm = 171.8, 171.3, 154.9, 146.1, 140.9, 126.1, 125.6, 57.2, 55.8,
55.0, 38.1, 36.9; IR (ATR): v/cm™ = 3256 (vo-n), 3053 (vn-t), 2921 (ven), 1743 (vec), 1638 (ve=0), 1540 (ve-o),
1439 (6c+), 1390 (6¢c-0), 1219(6cn), 1078, 985, 901 (bo-1), 769 (6ch), 592 (ves), 523 (ven); ESI-MS (m/z): [M-H] =
282.0 (calcd: [M-H] = 282.1); Elemental Analysis: Anal. Calcd for C12H17N30sS: C, 51.05; H, 5.71; N, 14.88; S, 11.36.
Found:, 39.65; H, 6.13; N, 10.67; S, 7.87.

o
S
ragsve
O/I//\OH
PADA (300 mg, 1.34 mmol, 1 eq.) and BOP-CI (340 mg, 1.34 mmol, 1 eq.) were dissolved in anhydr. THF
(8 ml) and NEts (555 pl, 4.12 mmol, 3 eq.) was added. The reaction mixture was stirred at 20 °C for 1 h
under argon atmosphere. The orange solution with a colourless precipitate was filtered using a Schlenk

Synthesis of Ac-Cys-PADA

filter. Ac-Cys (207 mg, 1.74 mmol, 1.3 eq.) was dissolved in anhydr. pyridine (1 ml) and anhydr. THF
(12 ml) and slowly added to the orange solution. The reaction mixture was stirred at room temperature
under argon atmosphere for 13 d. The light yellow solution was filtered and the solvent was evaporated
to yield a slightly yellow gel, which was further dissolved in DCM (5 ml) and arium® H,O (ca. 10 ml) was
added. The DCM layer was extracted with arium H,O (3 x 10 ml). Then the aqueous layer was extracted
with EtOAc (6 x 10 ml each). The combined EtOAc phases were dried over Na,SQ;,, filtered and the
solvent was evaporated and dried in vacuo. The product was obtained as a yellow solid in a poor yield
(88 mg, 0.27 mmol, 21%). And it was further purified via prep. HPLC to obtain a yellow solid in a rather
good yield (60 mg, 0.19 mmol, 14%).

'H-NMR (400 MHz, MeOH-d4): &6/ppm 8.76 (d, J = 6.7 Hz, 1 H, CH), 8.54 (t, J = 6.7 Hz, 1 H, CH), 8.03-7.93
(m, 2 H, CH), 439 (s, 2 H, CH2), 3.69 (s, 2 H, CH2), 3.56 (s, 2 H, CH2), 3.50 (t, J = 6.7 Hz, 1 H, NH), 3.40
(t,/=6.7 Hz, 2 H, CH2),3.02 (t, J=6.7 Hz 2 H, CH2), 2.89-2.80 (m, 1 H, OH), 2.33 (s, 3 H, CH3); 3C{*H} NMR (100 MHz,
MeOH-ds): 6/ppm = 200.2, 174.4, 172.7, 153.2, 146.8, 140.7, 126.5, 126.0, 57.3, 55.7, 55.3, 38.3, 29.8, 28.5;
IR (ATR): v/cm™ = 3293 (von), 3083 (vn-H), 2936 (ven), 1720 (ve=c), 1655 (ve=0), 1537 (ve=0), 1420 (6c-n), 1349 (6c-0),
1188 (6cn), 1128, 981, 951 (So-n), 826 (6cn), 798, 764, 710, 623 (vcs), 525 (ven); ESI-MS (m/z): [M+H]* = 326.2
(calcd: [M+H]* =326.2); Elemental Analysis: Anal. Calcd for C14H19N304S: C, 51.68; H, 5.89; N, 12.91; S, 9.85. Found:
56.50; H, 6.58; N, 12.67; S, 11.16.
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5.8.2.1 Surface Functionalisation: General Synthetic Procedure of a Ligand Exchange
Reaction

(according to a procedure by Mattern et a/.3%)

The Au NP dispersion was filtrated using syringe filtration on a cellulose membrane with 0.2 um pore
size. Then, the NP dispersion was degassed with argon for 45 min. The dissolved ligand was added
dropwise. The pH of the NP dispersion was adjusted by the addition of acid or base to achieve a stable
clear dispersion, which was stirred at room temperature for a certain time under argon atmosphere
before purification took place.

Synthesis of Au-MUAM-PADA (@ 14 nm) in H20 C & H /

Au-Citrate NPs with @ 14 nm (10 ml), MUAM-PADA (17 mg, 42 umol) in DMSO (0.2 ml), NEt3 (2 drops)

The NP dispersion was stirred at room temperature for 16 h and directly purified via dialysis against
demin. H,O (in MWCO 6000, 4 x 2 h). A pink, clear NP dispersion with a concentration of 8.0 nM was
obtained and stored at 4 °C in the dark.

1H-NMR (600 MHz, D20): 6/ppm = 8.52-8.41 (m, 1 H, CH), 7.82-7.70 (m, 1 H, CH), 7.52-7.41 (m, 1 H, CH), 7.25-7.14
(m, 1 H, CH), 4.19-3.97 (m, 2 H, CH3), 3.59-3.31 (m, 2 H, CH2), 3.15-2.95(m, 2 H. CH2), 1.80-1.59 (m, 2 H, CH2),
1.48-1.04 (m, 18 H, CH2); IR (ATR): v/ecm'® = 3283 (vo-n), 3057 (vni), 2925, 2841 (ver), 1655 (ve-o), 1571 (vc-o),
1395 (6c0), 1232 (6cn), 1148, 1135, 990 (So-+), 760 (6cn), 720 (n-H), 614 (ves), 535 (ven); TEM: d =14.0 £ 0.9 nm;
UV/Vis: Amax = 527 nm; DLS: dhydr = 19 £ 4 nm.

otOH
0 N
Synthesis of Au-Cys-PADA (@ 14 nm) in H,0 S“uw Q*/

Au-Citrate NPs with @ 14 nm (10 ml), Cys-PADA (15 mg, 53 umol) in DMSO (0.2 ml), NEt; (2 drops)

The NP dispersion was stirred at room temperature for 72 h and directly purified via dialysis against
demin. H,O (in MWCO 6000, 4 x 2 h). A pink, clear NP dispersion with a concentration of 7.0 nM was
obtained and stored at 4 °Cin the dark.

IH-NMR (600 MHz, D:0): 6/ppm = 856 (d, J = 6.1 Hz, 1 H, CH), 804 (t, J = 6.1 Hz, 1 H, CH), 7.66
(d,J=6.1Hz,1H,CH), 754 (t, /] = 6.0 Hz, 1 H, CH), 4.12 (s, 2 H, CH2), 3.51 (s, 2 H, CH2), 3.48-3.40 (m, 5 H, CH>
and NH); 2.77 (t, J = 6.2 Hz, 2 H, CH2); IR (ATR): v/em™ =3343 (vo-n), 3059(vn-n), 2975 (ven), 1712 (ve=c), 1678 (ve-0),
1581 (vc=0), 1394 (b6co), 1162 (vco), 1077 (bcn), 895 (6oH), 828, 765 (6ch), 618 (vcs), 544 (ven);
TEM: d =13.9 £ 1.1 nm; UV/Vis: Amax = 522 nm; DLS: dhydr = 19 £ 6 nm.

OYO'L N7
Synthesis of mixed shell Au-MUDA-AT/MUAM-PADA (@ 12 nm) in H20 Ow g
Au-Citrate NPs with @ 12 nm (10 ml), MUDA-AT (10 mg, 24 umol) in DMSO SW
(0.2 ml) and MUAM-PADA (8 mg, 16 umol) in DMSO (0.5 ml) were added
simultaneously under vigorous stirring, NEts (2 drops) ®/§r

The NP dispersion was stirred at room temperature for 16 h and directly purified via dialysis against
demin. H,O (in MWCO 6000, 4 x 2 h). A pink, clear NP dispersion with a concentration of 9.5 nM was
obtained and stored at 4 °C in the dark.
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1H-NMR (600 MHz, D20): 6/ppm = 8.51-8.40 (m, 1 H, CH), 7.82-7.77 (m, 1 H, CH), 7.72-7.61 (m, 1 H, CH), 7.52-7.08
(m, 6 H, CH), 4.97-4.81 (m, 2 H, CH), 3.97-3.76 (m, 4 H, CH), 3.57-3.18 (m, 2 H, CH,), 2.78-2.67 (m, 2 H, CHa),
2.64-2.59 (m, 2 H, CHa), 2.33- 2.23 (s, 3 H, CHs), 2.03-2.01 (m, 4 H, CH,), 1.64-1.41 (m ,12 H, CH2), 1.36-1.29
(M, 6 H, CHa), 1.28-1.18 (m, 34/28 H, CH,); IR (ATR): v/cm™ = 2982 (vn.+), 2916, 2854 (vcH), 1712 (vie=o), 1580 (vco),
1390 (6co), 1232, 1073 (Scn), 1033, 897, 835 (6cw), 663 (ves) 610, 549 (ven); TEM: d= 12.0 + 1.0 nm;
UV/Vis: Amax = 528 nm; DLS: dhydar = 20 + 6 nm.

Oﬁ: /
Synthesis of mixed shell Au-MUDA-ADR/MUAM-PADA (@ 14 nm) in H20 o A1)

NH
Au-Citrate NPs with @ 14 nm (10 ml), MUDA-ADR (15 mg, 39 umol) in DMSO 2@
OH

(0.30 ml) and MUAM-PADA (8 mg, 20 umol) in DMSO (0.30 ml), NEts (2 drops) ‘ /NEQ/Q

OH

After degassing of the NP dispersion, MUDA-ADR (10 mg in 0.2 ml DMSO) and MUAM-PADA (5 mg in
0.2 ml DMSO) were slowly added simultaneously. To ensure a stable dispersion NEt; was added and the
reaction mixture was stirred at room temperature for 3 h. Further MUDA-ADR (5 mg in 0.1 ml DMSO)
and MUAM-PADA (3 mg in 0.1 ml DMSQO) were simultaneously added dropwise and stirred at room
temperature for 16 h. Then, the NP dispersion was purified via dialysis against demin. H,0 (in MWCO
6000, 6 x 2 h). A pink, clear NP dispersion with a concentration of 8.0 nM was obtained and stored at
4 °Cin the dark.

1H-NMR (400 MHz, CDCls): §/ppm = 7.30-7.18 (m, 5 H, CH), 5.23 (s, 1 H, CH), 4.99-4.93 (m, 1 H, CH), 4.53
(t,J=9.3 Hz, 1 H, CH), 4.23 (t, J=6.7 Hz, 1 H, CH), 2.60 (t, J=6.7 Hz, 2 H, CHa), 2.27 (s, 3 H, CH3), 2.33-2.12
(m, 4 H, CH2), 1.85-1.67 (m, 4 H, CH2), 1.63-1.41 (m, 6 H, CH2), 1.36-1.10 (m, 10 H, CH2); IR (ATR): v/cm™ = 3287
(VoH), 2925, 2850 (vch), 1725 (vewo), 1575 (veo), 1395 (6c-0), 1241, 1147; 1077 (6c), 971 (So+), 892, 843 (6ch),
764, 720, 654 (vcs), 618, 530 (ven); TEM: d = 13.9 £ 1.2 nm; UV/Vis: Amax = 532/533 nm; DLS: dhyar = 20 £ 6 nm.

Synthesis of Au-MUDA-AT/Cys-PADA (@ 14 nm) in H,0 O(E:IL@

Au-Citrate NPs with @ 14 nm (10 ml), MUDA-AT (7 mg, 14 umol) in DMSO (0.2 ml) ZINHO P
N
and Cys-PADA (7 mg, 25 umol) in DMSO (0.2 ml) were added simultaneously Mo ;/é
O

under vigorous stirring, NEt3 (3 drops) O/%F

o
The NP dispersion was stirred at room temperature for 16 h and directly purified via dialysis against
demin. H,O (in MWCO 6000, 4 x 2 h). A pink, clear NP dispersion with a concentration of 7.1 nM was
obtained and stored at 4 °C in the dark.

1H-NMR (600 MHz, D20): 6/ppm = 8.40-8.37 (m, 1 H, CH), 8.35-8.32 (m, 1 H, CH), 7.81-7.77 (m, 1 H, CH), 7.74-7.69
(m, 1 H, CH), 7.53-7.19 (m, 5 H, CH), 4.97 (s, 1 H, CH), 4.39-4.35 (m, 2 H, CH), 3.91-3.86 (m, 1 H, CH), 3.82-3.74
(m, 2 H, CHa), 3.40-3.28 (m, 2 H, CHa), 3.26-3.16 (m, 5 H, CH> and NH), 3.02-2.98 (m, 2 H, CH,),2.69-2.60
(m, 4 H, CH,), 2.08-2.00 (m, 2 H, CH:), 1.88 (s, 3 H, CHs), 1.51-1.37 (m, 2 H, CH,), 1.36-1.11 (m, 10 H, CHa);
IR (ATR): v/cm™® = 2992 (i), 2921, 2850 (ve), 1704 (ve-o0), 1575 (vco), 1386 (8co0), 1231, 1073 (6c), 1033, 896,
835 (6c), 720, 658 (ves) 610, 539 (ven); TEM: d = 13.8 £ 1.1 nm; UV/Vis: Amax = 545 nm; DLS: dhyer = 29 + 11 nm.
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5.8.3 Re-COMPLEXES OF THE LIGANDS Oto\;l:?co
o] _Re_

. JJ\/N 'L_co

Synthesis of [Re(CO)3PADA] HO @

(NEta)2[ReBr3(CO)s] (77 mg, 0.1 mmol, 1 eq.) was dissolved in purged MeOH (10 ml). PADA (22 mg,
0.1 mmol, 1 eq.) dissolved in purged MeOH (2 ml) was added under vigorous stirring and the mixture
was heated to 65 °C for 3.5 h under N, atmosphere. The solvent was reduced to half of the volume in
vacuo and the flask was stored at 4 °C for 72 h. Colourless crystals were obtained after 3 d, which were
filtered off and dried. The pure product was obtained in a moderate yield (25 mg, 49 umol, 49%).

1H-NMR (400 MHz, MeOH-ds): 6/ppm = 8.81 (d, J = 5.9 Hz, 1 H, CH), 8.10 (t, J = 7.3 Hz, 1 H, CH), 7.75 (d, J = 7.4 Hz,
1H, CH), 7.55(t,J=5.9 Hz, 1 H, CH), 5.25 (d, /= 15.5 Hz, 1 H, CH,), 4.65 (d, J = 15.4 Hz, 1 H, CH>), 4.59 (d, J = 16.5 Hz,
1H, CHa), 4.40 (d, ) = 16.5 Hz, 1 H, CHa), 4.08 (d, J = 17.6 Hz, 1 H, CH2), 3.86 (d, J = 17.5 Hz, 1 H, CH,); 3C{*H} NMR
(100 MHz, DMSO-de): 6/ppm = 197.7, 197.5, 197.3, 179.4, 170.4, 160.1, 152.3, 141.0 126.3, 124.5, 68.3, 68.0,
62.1; IR (ATR): v/cm™ 3442 (vo-n), 2975 (vcn), 2021, 1921(ve=o), 1879, 1716, 1616 (vc=o), 1483, 1445 (6cn), 1383
(6c-0), 1303 (vco), 1197, 1103 (Vre-n), 996, 914 (Vre-0), 866 (So-1), 768 (8c-+), 626; Elemental Analysis: Anal. Calcd for
C14H14N207Re: C, 33.07; H, 2.78; N, 5.51. Found: C, 33.10; H, 5.04; N, 5.41.

oo
HS%NJ\/N | >co

H \ /

(NEts)2[ReBr3(CO)s] (188 mg, 0.24 mmol, 1 eq.) was dissolved in purged MeOH (20 ml). PADA-MUAM
(100 mg, 0.24 mmol, 1 eq.) dissolved in purged MeOH (4 ml) was added under vigorous stirring and the

mixture was heated to reflux for 19 h under argon atmosphere. The solvent was removed in vacuo when

Synthesis of [Re(CO)sPADA-MUAM]

the solution cooled down to room temperature and was purified via column chromatography (CHCls:
MeOH; 10:2). The pure product was obtained as a brown solid in a rather low yield (51 mg, 0.08 mmol,
33%).

'H-NMR (300 MHz, DMSO-ds): 6/ppm = 8.75 (d, J = 6.5 Hz, 1 H, CH), 8.28 (t, J = 5.3 Hz, 1 H, NH), 8.13
(d,J=7.3Hz, 1H,CH), 7.81(d,J=7.3Hz, 1 H, CH), 7.57 (d,/=6.6 Hz, 1 H, CH), 5.10 (d, /= 16.0 Hz, 1 H, CH>), 4.61
(d,J=15.5Hz, 1 H, CH,), 4.34 (d, J=15.5Hz, 1 H, CH2), 4.15 (d, /= 16.0 Hz, 1 H, CH>), 3.96 (d, /= 16.0 Hz, 1 H, CH>),
3.60 (d, J=16.0 Hz, 1 H, CH2), 3.10 (g, / = 8.8 Hz, 2 H, CHa), 2.68 (t, / = 8.2 Hz, 2 H, CH>), 1.67-1.53 (m, 2 H, CHa),
1.51-1.39 (m, 2 H, CH2), 1.38-1.20 (m, 14 H CH,); 3C{*H} NMR (75 MHz, DMSO-ds): §/ppm = 197.7, 179.3, 167.5,
160.1, 152.3, 140.9, 126.3, 124.5, 69.3, 68.8, 62.4, 39.9, 38.3, 29.4, 29.4, 29.4, 29.3, 29.2, 29.1, 29.0, 28.2, 26.9;
IR (ATR): v/cm™ = 3313 (vo-n), 3087 (wn-), 2921, 2846 (vcn), 2008, 1914 (ve=o), 1857, 1645 (vc=0), 1551 (vc=o),
1448 (6c), 1349, 1250, 1156 (6cn), 1113, 1061 (vren), 925 (vreo), 774 (6c), 638 (ves), 539 (ven);
Elemental Analysis: Anal. Calcd for CasHs7N3OgReS: C, 42.47; H, 5.05; N, 6.19; S, 4.72. Found: C, 38.44; H, 4.13; N,
5.84; S, 3.85.

/’\CO

O
5.8.4 SURFACE FUNCTIONALISATION WITH A RE-COMPLEX C °\ e
%N

Synthesis of Au-MUAM-PADA-Re(CO)3 S /

Au-Citrate NPs with @ 13 nm (5 ml) were filtrated using syringe filtration on a cellulose membrane with
0.2 um pore size. Then, the NP dispersion was degassed with argon for 45 min. The complex
[Re(CO)sPADA-MUAM] (5 mg, 7 umol) dissolved in DMSO (0.2 ml) and the ligand PADA-MUAM (1 mg,
2 umol) dissolved in DMSO (0.2 ml) were slowly added dropwise. The pH of the reaction mixture was
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adjusted by the addition of dil. NaOH (2 drops) in order to achieve a stable clear dispersion, which was
stirred at room temperature for 17 h under argon atmosphere. The reaction mixture was purified via
desalting column PD 10 and the stable pink coloured fractions were collected and stored at 4 °C in the
dark.

IH-NMR (600 MHz, D>0): 6/ppm = 8.40-8.36 (m, 1 H, CH), 7.72-7.63 (m, 1 H, CH), 7.54-7.45 (m, 1 H, CH), 7.20-7.10
(m, 1 H, CH), 3.87-3.82 (m, 2 H, CH2), 3.35-3.31 (m, 2 H, CH2), 3.17-3.09 (m, 2 H, CH>), 2.63-2.58 (m, 2 H, CHa),
1.68-1.56 (m, 2 H, CHa), 1.42-1.32 (m, 2 H, CHa), 1.23-1.10 (m, 14 H CH>); IR (ATR): v/cm™ = 3308 (vo-n), 3072 (vn-n),
2921, 2846 (vcn), 2017, 1918 (ve=o), 1862, 1655 (ve-o), 1584 (ve-o), 1396 (6c-r), 1349, 1240, 1151 (6c-n), 1052 (Veen),
981, 920 (vkeo), 835, 770 (6cw), 713 (6nw), 618 (ves), 534 (ven); TEM: d = 12.9 + 0.9 nm; UV/Vis: Amax = 523 nm;
DLS: dhydr = 15 = 3 nm.

5.8.5 LABELLING OF THE LIGANDS
Synthesis of [**™T¢(OH3)3(CO)s]*

A microwave vial (0.5 — 2 ml) was charged with the Isolink kit chemicals sodium boranocarbonate NaBC
(4 mg, 38 umol), sodium tartrate dihydrate (7 mg, 30 umol) and sodium tetraborate decahydrate (7 mg,
18 umol). The vial was sealed, purged with N, for 20 min and [**™TcQO4] eluate (2 ml) from a commercial
generator was added. Afterwards, the solution was heated in the microwave to 110 °C for 10 min.
Unreacted NaBC was quenched with 1 M HCl to a pH of 2. Then, then pH of the solution was adjusted
to 7 or 8 with 1 M NaOH.

5.8.5.1 General Procedure of *™Tc Radiolabelling

A vial was charged with the ligand dissolved in MeOH, sealed and purged with N3 into dryness. The
residue was redissolved in a certain volume degassed EtOH or degassed H,0O and freshly prepared
[**"Tc(OH,)3(CO)s]* solution was added. The reaction mixture was stirred for a certain time and was
monitored via HPLC.

Labelling of PADA with [**™Tc(OH,)3(CO)s]*

A vial was charged with a 2 mM MeOH solution of PADA (0.2 ml, 0.4 pmol), sealed and purged with N,
into dryness. Then, the residue was redissolved in degassed EtOH (0.2 ml) and freshly prepared
[**"Tc(OH,)3(CO)s]* solution (0.4 ml, pH 8) was added. The reaction mixture was stirred at 80 °C for
30 min and analysed via HPLC. The complex [*™Tc(CO)sPADA] was obtained in >99.5% RCP.

Labelling of MUAM-PADA with [*™Tc(OH,)s(CO)s]*

A vial was charged with a 2 mM MeOH solution of MUAM-PADA (0.2 ml, 0.4 umol), sealed and purged
with N into dryness. Then, the residue was redissolved in degassed H,0 (0.2 ml) and freshly prepared
[®*™Tc(OH,)3(CO)3]* solution (0.4 ml, pH 8) was added. The reaction mixture was stirred at room
temperature for 30 min and analysed via HPLC. The complex [*™Tc(CO)sPADA-MUAM] was obtained in
91.9% RCP.
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Stability test of [**™Tc(CO)sPADA-MUAM] in the presence of Histidine

The reaction mixture of [**™Tc(CO)sPADA-MUAM)] was incubated with histidine (0.5 mg, 0.5 umol) in
degassed H,O (0.1 ml), stirred at room temperature and monitored via HPLC analysis. The complex
[**"Tc(CO)sPADA-MUAM] remained in 92% RCP.

Labelling of Cys-PADA with [**™Tc(OH,)s(CO)s]*

A vial was charged with a 2 mM MeOH solution of Cys-PADA (0.2 ml, 0.4 umol), sealed and purged with
N, into dryness. Then, the residue was redissolved in degassed H,O (0.2 ml) and freshly prepared
[[®*™Tc(OH,)3(CO)s]* solution (0.4 ml, pH 7) was added. The reaction mixture was stirred at room
temperature and monitored via HPLC analysis. The complex [**™Tc(CO)sPADA-Cys] was obtained in 76%
RCP after 300 min.

Labelling of Ac-Cys-PADA with [**™T¢(OH3)3(CO)s]*

A vial was charged with a 2 mM MeOH solution of Ac-Cys-PADA (0.2 ml, 0.4 umol), sealed and purged
with N into dryness. Then, the residue was redissolved in degassed H,0 (0.2 ml) and 1 drop degassed
DMF and freshly prepared [®™Tc(OH,)3(CO)s]* solution (0.4 ml, pH 8) was added. The reaction mixture
was stirred at 75 °C for 30 min and monitored vig HPLC analysis. The complex [®"T¢(CO)sPADA-Cys-Ac]
was obtained in 82.6% RCP after 90 min.

5.8.6 RADIOLABELLING OF AU NPs

5.8.6.1 General Procedure of **™Tc Radiolabelling of functionalised Au NPs

The Au NP dispersion was purified via a desalting column (PD MiniTrap). Then, the NP dispersion was
purged with N3 (for 30-45 min). [*™Tc(OH,)s(CO)s]* was added. The pH of the NP dispersion was adjusted
by the addition of base to achieve a stable, clear dispersion. The complexation was monitored via SEC
HPLC. After [®™Tc(OH,)3(CO)s]* was consumed or no further change was observed, purification via
desalting columns (PD 10 or PD mini) took place before the collected pink fractions were further
analysed via (size exclusion) SEC HPLC.

mTc Radiolabelling of Au-MUAM-PADA (@ 14 nm)

Au-MUAM-PADA NP dispersion with @ 14 nm (0.5 ml) was purged with N,. [®™Tc(OH,)s(CO)s]* (0.5 ml,
(a)/(b)/(c) pH 7 or (d) pH 8) was added together with 2 drops NaOH (1 M) in order to achieve a stable
pink dispersion. The reaction mixture was stirred at (a) room temperature for 165 min, (b) 50 °C for
180 min (c) 60 °C for 170 min or (d) 75 °C for 60 min and subsequently purified via a desalting column
(PD10 ((a) and (c)) or PD MiniTrap (b) and (c)). The pink coloured fractions were collected and further
analysed via size exclusion HPLC. Furthermore, the activities of the collected fractions were measured
with a dose calibrator. Fractions 2 & 3 contained pure labelled functionalised Au NPs.

IR (ATR): v/em™ = 3375 (vo-n), 3087 (vn-u), 2925, 2823 (vcn), 1712 (ve=0), 1590 (veo), 1390 (6c-0), 1071 (6en),
971 (80-4), 601 (ves), 522 (ven); TEM: d = 13.9 + 1.2 nm; UV/Vis: Amax = 528 nm; DLS: dhysr = 16 £ 3 nm.
186



5 Experimental Section

3mTc Radiolabelling of Au-Cys-PADA (@ 14 nm)

Au-Cys-PADA NP dispersion with @ 14 nm (0.5 ml) was purged with Ny. [®™Tc(OH,)3(C0O)3]* (0.5 ml, pH
7) was added together with 1 drop NaOH (1 M) in order to achieve a stable pink dispersion. The reaction
mixture was stirred at room temperature for 120 min and subsequently purified via a desalting column
(PD MiniTrap). The pink coloured fractions were collected and further analysed via size exclusion HPLC.
Furthermore, the activities of the collected fractions were measured with a dose calibrator.
Fractions 2 & 3 contained pure labelled functionalised Au NPs.

IR (ATR): v/em™ = 3303 (vo-n), 2952 (vcn), 1598 (vco), 1399 (6co), 976 (Son), 866, 694 (Scn/ves), 548 (ven);
TEM: d = 15.3 £ 4.7 nm; UV/Vis: Amax = 575 nm; DLS: dhyar = 272 + 45 nm.

#mMTc Radiolabelling of mixed shell Au-MUDA-AT/MUAM-PADA (@ 12 nm)

Au-MUDA-AT/MUAM-PADA NP dispersion with @ 12 nm (0.5 ml) was purged with N,.
[®*™Tc(OH,)3(C0O)s]* (0.5 ml, (pH 7) was added together with 2 drops NaOH (1 M) in order to achieve a
stable pink dispersion. The reaction mixture was stirred (a) for 90 min at room temperature, (b) for
30 min at room temperature and 90 min at 60 °C and subsequently purified via a desalting column
(PD MiniTrap). The pink coloured fractions were collected and further analysed via size exclusion HPLC.
Furthermore, the activities of the collected fractions were measured with a dose calibrator.

TEM: d = 11.8 £ 1.3 nm; UV/Vis: Amax = 528 nm; DLS: dhyar = 15 £ 4 nm.

3mTc Radiolabelling of mixed shell Au-MUDA-ADR/MUAM-PADA (@ 14 nm)

Au-MUDA-ADR/MUAM-PADA NP dispersion with @ 14 nm (0.5 ml) was purged with N.
[®*"Tc(OH,)3(CO)s]* (pH 8) was added together with 1 drop NaOH (1 M) in order to achieve a stable pink
dispersion. The reaction mixture was stirred (a) at room temperature for 140 min or (b) at 75 °C for
30 min and subsequently purified via a desalting column (PD10). The pink coloured fractions were
collected and further analysed via size exclusion HPLC. Furthermore, the activities of the collected
fractions were measured with a dose calibrator. Additionally, the collected and analysed pink fractions
were used for a second purification step with a new desalting column. Again, the pink coloured fractions
were collected and analysed via size exclusion HPLC. Furthermore, the activities of the collected
fractions were measured with a dose calibrator. All fractions contained pure labelled functionalised
Au NPs.

IR (ATR): v/em™ = 2952 (vew), 1576 (ve-o), 1554 (veo), 1330 (Sc0), 1245, 1042 (Scw), 971 (SoH), 875, 840 (6ch),
693 (ves) 517 (ven); TEM: d = 14.0 £ 1.5 nm; UV/Vis: Amax = 535 nm; DLS: dhyar = 35 + 13 nm.

#mTc Radiolabelling of mixed shell Au-MUDA-AT/Cys-PADA (@ 14 nm)

Au-MUDA-AT/Cys-PADA NP dispersion with @ 14 nm (0.5 ml) was purged with N,. [®*™Tc(OH,)3(CO)s]*
(0.5 ml, pH 7) was added together with 2 drops NaOH (1 M) in order to achieve a stable dispersion. The
reaction mixture was stirred at room temperature for 260 min and subsequently purified via a desalting
column (PD MiniTrap). The violet coloured fractions were collected and further analysed via size
exclusion HPLC.

TEM: d =14.0 £ 1.6 nm; UV/Vis: Amax = 551 nm; DLS: dhyar = 243 + 38 nm.
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3mTc Radiolabelling of Au-Citrate (blind study)

Au-Citrate NP dispersion with @ 14 nm (0.5 ml) was filtrated using syringe filtration on a cellulose
membrane with 0.2 pum pore size and was purged with N,. [*™Tc(OH,)3(C0O)s]* (0.5 ml, pH 7) was added
together with 2 drops NaOH (1 M) in order to achieve a stable darker dispersion. The reaction mixture
was stirred at room temperature for 60 min and subsequently analysed via size exclusion HPLC.

5.8.6.2 General Procedure of a Hot Ligand Exchange

The Au-Citrate NP dispersion was filtrated using syringe filtration on a cellulose membrane with 0.2 um
pore size. Then, the NP dispersion was purged with N, (for 30-45 min). [*™Tc(CO)sMUAM-PADA] was
added. The pH of the NP dispersion was adjusted by the addition of base to achieve a stable clear
dispersion and the reaction mixture was stirred for a certain time. Purification was performed via
desalting columns (PD 10 or PD mini) before the collected pink fractions were further analysed via size
exclusion HPLC.

Hot ligand labelling of Au-Citrate (@ 14 nm) with **™"Tc-MUAM-PADA

Au-Citrate NP dispersion with @ 14 nm (0.5 ml) was purged with N. [**™Tc(CO)sMUAM-PADA] (ca.
0.5 ml, pH 8) was added. The pink reaction mixture was stirred at room temperature for 90 min and
subsequently purified via a desalting column (PD MiniTrap). The pink coloured fractions were collected
and analysed via size exclusion HPLC. Furthermore, the activities of the collected fractions were
measured with a dose calibrator. All fractions contained pure radiolabelled functionalised Au NPs with
a yield of 86% of the overall activity loaded on the column.

IR (ATR): v/em™ = 3384 (vo.r), 2925, 2823 (ven), 1718 (veo), 1594 (veo), 1396 (Sco), 1340, 1065 (Sc), 960 (5o-1),
614 (vcs) 533 (ven); TEM: d = 13.9 + 1.3 nm; UV/Vis: Amax = 526 nm; DLS: dhyar = 16 + 4 nm.

Hot ligand labelling of Au-Citrate (@ 12 nm) with >°™Tc-MUAM-PADA

Au-Citrate NP dispersion with @ 12 nm (0.5 ml) was purged with Na. [**™Tc(CO)sMUAM-PADA] (0.3 ml,
pH 7) was added. The pink reaction mixture was stirred at room temperature for 90 min and
subsequently purified via a desalting column (PD MiniTrap). The pink coloured fractions were collected
and analysed via size exclusion HPLC. Additionally, these fractions were used for a second purification
step with a new desalting column. Again, the pink coloured fractions were collected and analysed via
size exclusion HPLC. Furthermore, the activities of the collected fractions were measured with a dose
calibrator. All fractions contained pure labelled functionalised Au NPs.

TEM: d=11.9 £ 1.2 nm; UV/Vis: Amax = 528 nm; DLS: dhydr = 12 £ 3 nm.

188



5 Experimental Section

5.9 STUDIES ON THE FUNCTIONALITY OF THE SYNTHESISED NANOPARTICLES

Experiments on the functionality of the NPs were performed at the Institute of Veterinary
Physiology and Biochemistry at the Justus Liebig University Giessen by Rebecca ClaRen as part
of her PhD thesis.

Depending on the type of NPs, they were tested in isometric contraction measurements on
their (relaxing or contracting) effect on a smooth trachea muscle of a rat or they were studied
in Ussing Chamber experiments to investigate their receptor activation on rat Jejunal epithelial
membranes.

5.9.1 [ISOMETRIC CONTRACTION MEASUREMENTS

The synthesised Au NPs were tested in isometric contraction measurements on their receptor
effects. An isometric contraction is a static contraction without a change in the length of the
muscle. Instead, the force with which the muscle pulls at the force transducer is measured. In
this way it is possible to detect muscle contractions or relaxations. The measurements were
performed in an organ bath, shown Figure 101. In this setup, the interaction between the
parasympathetic (contraction by the acetylcholine derivative carbachol) and the sympathetic
(relaxation by norepinephrine or epinephrine) nervous system can be investigated.

Figure 101: Set of organ baths (left) with rat trachea muscle restrained in the middle (right).
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5.9.1.1 Setup of a Muscle Bath and Procedure of a Measurement

A muscle bath consists of a chamber which is filled with 10 ml Parsons buffer solution
Figure 102 (left). This chamber is surrounded by a temperature-controlled water bath. A gas
mixture of 5% CO2/ 95% O, flows through the buffer solution via an opening at the bottom of
the chamber. The tissue is restrained in the middle between the bottom of the chamber and
the force transducer. A contraction or relaxation is detected by the force transducer,
transformed into voltage, amplified, displayed and analysed on the computer
(Figure 102 (right).>*¢ The experiments were performed on smooth muscle tissue of a rat

trachea.
amplifier force transducer
solution composition [ in mmol-L1]
Parsons buffer 107 NaCl; 25 NaHCO;; ]
solution 12.2 Glucose; 4.5 KCl; 1.8 computer ol S
Na,HPO,; 1.25 CaCl,; 1 o
MgSO,; 0.2 NaH,PO,. 5. 8
. g o Eo
brought to pH = 7.4 with glo o 4
addition of NaOH/HCI o | 1A
C0,/0,

Figure 102: Composition of Parsons buffer solution (left) and schematic set up of a muscle bath (right).

After preparation of the tissue, it was clamped in the chamber which was filled with warm and
gas-flowing Parsons buffer solution. The force transducer was adjusted electrically, and the
voltage was calibrated to a value of 1 g. In a period of approx. 10 min an equilibrium was
adjusted. Prior to the addition of the substances to be tested, carbachol (10 uM) was added as
a stable acetylcholine derivative to trigger a pre-contraction of the rat trachea and to create a
stable standard of the tissue. Subsequently, the substances (NPs) were added and the resulting
relaxation or contraction was measured.31®

Animals

Female and male Wistar rats with a body mass of 200 — 250 g were used. The animals were
bred and housed at the Institute for Veterinary Physiology and Biochemistry of the Justus Liebig
University Giessen at an ambient temperature of 22.5 °C and air humidity of 50 — 55% on a
12 h : 12 h light-dark cycle with free access to water and food until the time of the experiment.
Experiments were approved by the animal welfare officer of the Justus Liebig University
(administrative number 577_M) and performed according to the German and European animal
welfare law.
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Tissue preparation

Animals were anaesthetised in a cage filled with air (20% O,) by pure CO; (flow rate 20% of the
cage volume/min) and killed by a cervical dislocation and heart cut after opening the chest
cavity. By using thin tweezers and scissors, trachea rings about 0.5 cm in size were isolated and
kept refrigerated in Parsons buffer solution at 0 °C until use.

5.9.2 UsSING CHAMBER EXPERIMENTS

Receptor activities and the ability of a substance to stimulate receptors can be investigated in
Ussing Chamber setups. Here, jejunal epithelium of a rat’s intestines was used and restrained
in the middle of the chamber. A short circuit current (/sc) was measured to detect the receptor
activities after the addition of an agent of interest. In a standard Ussing Chamber setup, the
substance of interest is added on the same side on which the receptors to be investigated are
located. A stimulation of the receptors would be displayed in an increase of the measured /sc.
Measuring an increase in /s is equivalent to a strong Ca?* or a respective cAMP-dependent CI”
secretion, which is a direct result from the stimulation of the receptors with the agent of
interest.

5.9.2.1 Setup of an Ussing Chamber and Procedure of a Measurement

As shown in Figure 103, an Ussing Chamber consists of two half chambers, which are separated
in the middle by the tissue to be investigated. In this work, epithelial tissue from the rats
jejunum was used. The half chambers are filled with Parsons buffer solution (pH 7.4) and
incubated at 37 °C. The solution is gassed with carbogen (5% CO; in 95% Oy, v/v) via an opening
at the bottom of each half chamber. Throughout the entire experiment, the tissue was short-
circuited by a computer-controlled voltage-clamp device (Figure 103).

apical o) m basolateral
half chamber O half chamber|
O O
O O
o O
, I ¥
water bath circulation
C0,/0, C0,/0,

electrical current
Figure 103: Schematic illustration of an Ussing Chamber (left) and actual laboratory setup (right) consisting of an

intestinal/epithelial tissue preparation (A), Ag-AgCl electrodes (B), 02/CO; supply (C), an apical compartment (half chamber, D)
and a basolateral compartment (half chamber, E).
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The prepared tissue was fixed in the Ussing Chamber and incubated in gas-flowing Parsons
buffer solution at 37 °C. The substance of interest was basolaterally added. The tissue was
incubated for a certain time before carbachol (CCh) as a M3 receptor agonist was added on the
basolateral side to attempt a stimulation of the receptors. At the end of an experiment, the
secretagogue forskolin (Forsk.) was inserted to test the tissue viability by inducing a strong
increase of the measured Isc.

Animals

Female and male Wistar rats with a body mass of 200 — 250 g were used. The animals were
bred and housed at the Institute for Veterinary Physiology and Biochemistry of the Justus Liebig
University Giessen at an ambient temperature of 22.5 °C and air humidity of 50 — 55% on a
12 h : 12 h light-dark cycle with free access to water and food until the time of the experiment.
Experiments were approved by the named animal welfare officer of the Justus Liebig University
(administrative number 577 _M) and performed according to the German and European animal
welfare law.

Tissue preparation

Animals were killed by stunning followed by exsanguination. The serosa and tunica muscularis
were stripped away by hand to obtain a mucosa-submucosa preparation of the proximal colon.
Briefly, the colon was placed on a small plastic rod with a diameter of 5 mm. A circular incision
was made near the anal end with a blunt scalpel, and the serosa together with the tunica
muscularis were gently removed in a proximal direction. Two segments of the proximal colon
of each rat were prepared. In the case of the jejunum, unstripped preparations were used.
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TEM images

Au-Citrate @ 11 nm | Au-Citrate @ 13 nm

NMR spectra
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XRD Data

Table 9: Crystal data and structure refinement for vi_runl_2 (Rhod-EN).

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

a/A

b/A

c/A

a/°

B/?

v/°

Volume/A3

VA

Pealc g/cm3
p/mm?

F(000)

Crystal size/mm?

Radiation

20 range for data collection/®

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=20 (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A3

vl runl 2
C3o0H36N402
484.63
120
triclinic
P-1
11.097(2)
11.539(2)
12.280(3)

80.45(3)

63.33(3)

64.82(3)

1270.9(6)

2

1.266

0.080

520.0

0.04 x0.04 x 0.04
MoKa (A =0.71073)
3.714 t0 51.354

7 Appendix

-13<h<13,-14<k<14,-14<1<14

24297

4666 [Rint = 00846, Rsigma = 00576]

4666/0/470

1.087

R1=0.0595, wR> = 0.1356
R1=0.0881, wR2 =0.1503
0.42/-0.33
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Table 10: Crystal data and structure refinement for mo_AM400_full070 (Re(CO)sPADA).

Identification code
Empirical formula
Formula weight
Temperature/K

Crystal system

Space group

a/A

b/A

c/A

a/°

B/?

v/°

Volume/A3

VA

Pealc g/cm3

p/mm*

F(000)

Crystal size/mm?
Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [I>=20 (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A3

mo_AM400_full070
Ci3H11N207Re

493.44

100.0

monoclinic

P21/c

7.6084(3)

24.1148(11)

7.7772(3)

90

91.146(2)

90

1426.64(10)

4

2.297

8.558

936.0

0.403 x 0.234 x 0.232
MoKa (A =0.71073)
5.356 t0 61.004
-10<h<10,-34<k<34,-11<1<11
70718

4341 [Rint = 0.0527, Rsigma = 0.0190]
4341/0/209

1.171

R1=0.0207, wR> = 0.0480
R1=0.0218, wR, = 0.0484
1.42/-1.85
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and Au-MUDA-CCH NPS (B 9 NIM). .o 42
Figure 22: IR spectra of Au-MUDA-CCh NPs (2" from bottom) in comparison to Au-Citrate NPs
(top), Au-MUDA NPs (2" from top) and CCh (BOTEOM). ....c.ovieeeeeeeeeeeeeeeeeee e 43

Figure 23: (A) Au-MUDA-CCh NPs induced a concentration-dependent increase in Isc. Values
are given as increase in /sc above baseline in short-circuit current Alsc) just before
administration of the corresponding drug and are means + SEM, n =6, (B) 0.5 uM native CCh
and 1 pM Au-MUDA-CCh NPs yielded approximately the same response in Ussing chambers
X M ENES. e 44
Figure 24: (A) Scheme of a G protein-coupled receptor, e.g. muscarinic receptor, and its
subunits Ga and Gyz coupled to the yellow fluorescence protein (YFP) or cyan fluorescence
protein (CFP), respectively. (B) Images of transiently transfected HEK293T cells with CFP (i),
YFP (ii) and overlay (iii) staining were taken using an inverted fluorescence microscope with a
100x oil immersion objective, 100 ms exposure time, 2% YFP (500 nm) and/or CFP (425 nm)
LEDS INTENSITY). woeiiiiiiie e e oottt ettt et e et e et e e et e e e e e 45
Figure 25: Scheme of the parallel ligand synthesis (top) and biogenic substances used with
amine groups (noradrenaline, adrenaline, salbutamol (bottom left)) and an alcohol group
containing tropane alkaloid (atropine (bottom right)). ..........coooviiiiii 45
Figure 26: (A) UV/Vis spectra of the functionalised Au NPs Au-MUDA-ADR @ 14 nm, @ 10 nm,
@9 nm, @ 8 nm and Au-MUDA-NA @ 10 nm and (B) their corresponding TEM images of (i) Au-
MUDA-ADR d =8.1 + 0.6 nm, (ii) Au-MUDA-ADR d = 8.9 £ 0.8 nm, (iii) Au-MUDA-ADR d=9.9 ¢

0.9 nm, (iv) Au-MUDA-NA d =9.9 + 0.8 nm and (v) Au-MUDA-ADR d =139+ 1.2 nm........... 48
Figure 27: (A) NMR spectra sequence of Au-MUDA-ADR (top) and MUDA-ADR (bottom) and
(B) IR spectra of Au-MUDA-NA (top) and MUDA-NA (bottom)............ccooiiiiiiiiiiiic 49

Figure 28: Results from isometric contraction measurements with adrenaline functionalised
Au NPs (Au-MUDA-ADR @ 9 nm) (left) or native adrenaline (ADR) (right). Rat tracheal rings
were restrained in an organ bath, pre-contracted with CCh (0.5 umol, green arrows) and
relaxation was measured after the addition of Au-MUDA-ADR (2 nM, left) or native ADR (1
mM, right). After a washing step, the same substances were applied to detect a possible
desensitisation. Values are mean (pink line€) £ SEM, N'=6.....cooiiiiiiiiiiiiiiiiiiieeccceeee e, 51
Figure 29: Concentration-dependent relaxation of segments from rat tracheal rings (upper
respiratory tract) by adrenaline (arrows) after pretreatment with the B.-blocker ICI-118551
(10 umol - I't; black bar) (left). Missing effect of Au-MUDA-ADR (10 nmol - I'1; arrows) after
pretreatment with ICI-118551 (10 pumol - I'; black bar) (right). All segments were pre-
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NS ), N = 5 — it 51
Figure 30: Concentration-dependent increase in contractility of isolated rat cardiomyocytes
(measured as cell shortening) by Au-MUDA-ADR (red symbols; n = 53 —81), but not by Au-
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Figure 31: (A) TEM image of Au-MUDA-SB NPs and (B) corresponding IR spectra in comparison

to the free [igand MUDA-SB (FOP). ..c.uuiiiiiiiiiie et 55
Figure 32: Image of deadly nightshade "atropa belladonna" (photo: Annabelle Mattern) (left),
scheme (centre) and structure of atropine functionalised Au NPs (right)...........c...cccoeeiiiin 56
Figure 33: IR spectra of MUDA-AT (bottom) and atropine (AT) (tOP)....ccovvvreeeiiiieeeiiieeeee . 58
Figure 34: TEM images of Au-MUDA-AT NPs with a size of @ 8 nm (A), @ 10 nm (B), @ 12 nm
(C), P13 nm (D), @14 nm (E) and @ 16 NM (F). coveeeriieeeeee e, 59
Figure 35: (A) Properties of the functionalised Au-MUDA-AT samples in different sizes and (B)
their corresponding UV/ViS SPECTIa.....cc.viiiiii e 60
Figure 36: IR spectra of Au-MUDA-AT NPs (bottom) and the corresponding free ligand MUDA-
FAN I o] ) FE R O PSP PUROUPUPRRURPPPRR 61

Figure 37: Measured short-circuit current (/sc) over time on rat jejunal epithelium mounted in
an Ussing Chamber. No treatment with the NPs took place (control measurement). Carbachol
(50 uM; CCh, M3 receptor agonist) was added to stimulate the receptors displayed as an
increase in lsc. Then, forskolin (5 uM; Forsk., another secretagogue) was added resulting in an
increase of Isc in order to reveal the functional viability of the tissue. Data are given in mean
VAIUBS £ SEM, N7 et 64
Figure 38: Measured short-circuit current (lsc) over time on rat Jejunal epithelium mounted in
an Ussing Chamber. A treatment with the NP (75 pM) took place on the apical side of the
tissue before the secretagogue carbachol (50 uM; CCh, M3 receptor agonist) was added to
stimulate the receptors displayed as an increase in ls.. Then, forskolin (5 uM; Forsk., another
secretagogue) was added resulting in an increase of s in order to reveal the functional
viability of the tissue. Incubation of the tissues with Au-MUDA-AT reduced (left) or abolished
(right) the response to CCh, without impairing tissue viability. Data are given in mean values +

Figure 39: (A) Scheme of the experimental implementation in a "standard Ussing Chamber
Setup" on an epithelial membrane (jejunum) of a rat and (B) change of the measured short
circuit current Isc after the application of CCh (50 umol) on the basolateral side of Jejunal
epithelium, which was treated with Au-MUDA-AT NPs (20 nmol) of a selected size on the
basolateral side 20 MiN DEFOrE. ...uviiiiiiieee e 65
Figure 40: Synthetic strategy towards amine stabilised Au NPs (red) and their subsequent
functionalisation with an acidic compound (yellow). A biomimetic functionalisation (violet) is
possible when compounds mimic biogenic substances, e.g. dihydrocaffeic acid (DHCA) mimics

OPAMINE (DA). ...t 67
Figure 41: TEM images of Au-Cys NPs before (left) and after (right) purification via dialysis
implying agglomeration Of the NPS.........ooooiiii e, 68

Figure 42: (A) Optical monitoring of the synthesis over time; Au NP solution turns increasingly
dark red. TEM images of Au-ATP NPs @ 8 nm (B) and @ 6 nm (C) and their corresponding

UV/VIS SPECEIA (D)oo e e 70
Figure 43: IR spectra of the ligand ATP (top) and Au-ATP NPs (bottom). .........cccceeevieeiiieeennnn. 71
Figure 44: IR spectra of 11-hydroxyundecylphthalimide (HUPh) (top) and 11-
bromoundecylphthalimide (BrUPh) (bottom). ........ooooiii e 74
Figure 45: IR spectra of 11-(N-phthalimido)undecyl thioacetate (AcSUPh) (top) and
mercaptoundecylamine (MUAM) (BOttOM)........ooooiiiiiiie e, 76
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7 Appendix

Figure 46: TEM images of Au-MUAM NPs synthesised with ‘BuNH:BH3 added (A) as a solid
(drem =11.7 + 1.7 nm (Au-MUAM NPs @ 12 nm)) or (B) dissolved in DMSO (drem = 10.7 £ 1.3

nm (Au-MUAM NPs @ 11 nm)) at 60 *CTOr L . cviioiiieeoee e, 78
Figure 47: TEM of Au-MUAM NPs synthesised with ‘BuNH:BH3 added (A) as a solid (dtem = 8.0
+ 0.9 nm) or (B) dissolved in DMSO (drem =6.3+0.7 nm) at 55 °Cfor1 h. .....cccoooiiiiiiinninnn, 79

Figure 48: TEM images of Au-MUAM NPs synthesised at (A) 60 °C for 1 h with drem = 16.8 =
1.4 nm, at (B) 40 °C for 2 h with drem = 7.8 £ 0.9 nm or at (C) 45 °C for 1 h with drem =5.0+£ 0.7

] ORI 79
Figure 49: (A) TEM images of Au-MUAM NPs synthesised during a ligand exchange reaction
starting from Au-Citrate NPs and (B) vial filled with AuU-MUAM NPS. .......cccooeeiiiiiiiiiiiiieeee, 80
Figure 50: (A) Properties of Au-MUAM NP approaches and (B) their UV/Vis spectra.............. 81
Figure 51: IR spectra of the free ligand MUAM (top), Au-MUAM NPs prepared in a direct
synthesis (centre) or in a ligand exchange reaction (bottom). ..........ccooviiii 82
Figure 52: TEM images of Au-MUAM-DHCA with dtem = 5.0 £ 0.8 nm (left), with drem = 8.2 £
0.9 nm (centre) and with drem =13.0 2 1.0 nM (right).....ccoooiiiiiiiii e, 84
Figure 53: (A) Properties of the Au-MUAM-DHCA approaches and (B) their corresponding
UV/VIS SPECIIA. 1.t 84

Figure 54: Zeta potential curves of Au-MUAM NPs (red) and Au-MUAM-DHCA NPs (violet)... 85
Figure 55: IR spectra of the compound DHCA (top), Au-MUAM NPs (centre) and Au-MUAM-

DHCA NPS (DOTEOM). ..eiiiiiiiiieece e e e e taaee e 86
Figure 56: IR spectra of Rhodamine B (Rhod (top)), Rhod-EN (centre) and Rhod-DAH (bottom).
.................................................................................................................................................. 91

Figure 57: Molecular structure of Rhod-EN (displacement ellipsoids are drawn at 50%
PPODADIIITY). oo e 92
Figure 58: IR spectra of Rhod-EN (top), lipoic acid (LA, centre) and Rhod-EN-LA (bottom). ....94
Figure 59: (A) TEM image of Au-LA-EN-Rhod NPs and (B) corresponding IR spectrum in

comparison to the ligand RNOd-EN-LA. .. ..., 95
Figure 60: Schematic structure of mono ligand shell Au NPs (left) next to mixed ligand shell Au
NS (FIBIT) . oottt e e et e e et e e e e e ae e 98
Figure 61: IR spectra of PADA (top), MUAM-PADA (centre) and Cys-PADA (bottom)............. 101

Figure 62: (A) TEM image of Au-MUAM-PADA NPs with drem = 14.0 £ 0.9 nm, (B) IR spectra of
Au-MUAM-PADA NPs and Au-Cys-PADA NPs, (C) their absorptions measured on an UV/Vis
spectrometer and (D) TEM image of Au-Cys-PADA-NPs with drem =13.9+ 1.1 nm. .............. 103
Figure 63: TEM images of Au-MUDA-ADR/MUAM-PADA NPs with drem = 13.9+ 1.2 nm (A), Au-
MUDA-AT/MUAM-PADA NPs with dtem = 12.0 £ 1.0 nm (B) and Au-MUDA-AT/Cys-PADA NPs
WIth dTEM = 13.8 £ 1.1 NM (C)eiiiiiiiiiiiie et 105
Figure 64: UV/Vis spectra of Au-MUDA-ADR/MUAM-PADA NPs (top), Au-MUDA-AT/MUAM-
PADA NPs (centre) and Au-MUDA-AT/Cys-PADA NPs (bottom) and their corresponding
ADSOIPLION MAXIMA AMax cvvvreeeeeee e e e e e e e e e et a e e e e e e 106
Figure 65: (Detailed) ! H-NMR spectra of Au-MUDA-AT/MUAM-PADA NPs (above), Au-MUAM-
PADA NPs (centre) and Au-MUDA-AT NPs (bottom) in the range between 8.80 ppm and 6.80
ppm, showing the aromatic proton resonances of all samples. ..., 107
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7 Appendix

Figure 66: IR spectra of the mixed ligand shell Au-MUDA-ADR/MUAM-PADA NPs (top) in
comparison to the mono ligand shell NPs Au-MUDA-ADR (centre) and Au-MUAM-PADA

{070 ] 10T 1 1) PR U PRRTRRRR 108
Figure 67: IR spectra of the starting materials (NEta)2[ReBr3(CO)s] (top) and PADA (centre) and
the complex [Re(CO)3PADA] (DOTtOM). ...coouiiiieeeee e 110
Figure 68: Molecular structure of [Re(CO)3PADA] (displacement ellipsoids are drawn at 50%
PrODADITTTY). 1o 111
Figure 69: 'H-NMR spectra of the free ligand (top) and the complex [Re(CO)3PADA-MUAM]
(bottom) reveal splitting of the diastereotopic ProtoNns. .......ccoveeiieiiiiiiiiiiiie e, 113
Figure 70: (A) TEM image of Au-MUAM-PADA-Re(CO)s and (B) its UV/Vis spectrum in
comparison to the starting NPs AU-Citrate. .....ccccvvviiiiiiii i 114
Figure 71: IR spectra of the free ligand MUAM-PADA (top), the complex Re(CO)sPADA-MUAM
(centre) and Au-MUAM-PADA-Re(CO)3 NPs (BOttoOmM).........ccovuviiiiiiiiiieeiiiiee e, 115
Figure 72: EDX image of Au-MUAM-PADA-Re(CO)s NPs, (left) and EDX analysis at the
highlighted spot 003 (FIBRL). ....cooiueiiiiii e 116
Figure 73: y HPLC trace of [*°™Tc(CO)3PADA] (bottom) and the corresponding UV/Vis HPLC
trace (with coinjection of [Re(CO)3PADA], TOP). c.vveieiiiuiiiieieiee e 118
Figure 74: y HPLC traces of [*™Tc(CO)sPADA-MUAM] (left) and [**™Tc(CO)sPADA-MUAM] after
the addition of histidine (FGNt)........cc.viiiiii e 119
Figure 75: y HPLC traces of the [*®™Tc(CO)sPADA-Cys] approach after 30 min (top), 100 min
(centre) and 300 MIN (BOTLOMY)......oiiiiiiiiiiece e 120
Figure 76: IR spectra of Ac-Cys-PADA (bottom) in comparison to MUAM-PADA (top). ......... 121
Figure 77: y HPLC traces of [*°™Tc(CO)sPADA-Cys-Ac] after 90 min (left) and semi preparative
purified [?°™Tc(CO)3PADA-CYS-AC] (FIGNL)....c.ei e, 122
Figure 78: y SEC HPLC traces of [>°™Tc(OH,)3(C0O)s]* (left) [*MTcO4] (centre) and radiolabelled
Au NPs (right) with PBS as the eluent. ... 125
Figure 79: y SEC HPLC traces of [*°™Tc(OH,)3(CO)s]* (left) [*°™TcO4](centre) and radiolabelled
Au NPs (right) with 15 mM SDS in Hy0 as the eluent. .......coooviiiiiiiiiiiiiiceee e 125

Figure 80: (A) SEC y HPLC yields of radiolabelled Au-MUAM-PADA-*"T¢(CO)s NPs [%] plotted
against time [min]. (B) SEC y HPLC trace before purification indicate the full consumption of
[®°™Tc(OH,)3(C0O)s]* and furthermore, the complete conversion to radiolabelled Au NPs. (C)
Picture of a radiolabelled Au-MUAM-PADA-**"T¢(CO); NP sample. (D) TEM image of Au-
MUAM-PADA-?28T¢(CO)3 NPs showing a remained morphology of the Au NPs after being
heated to 75 °C during the 1abelling ProCess. ... ..., 126
Figure 81: (A) Collected fractions of Au-MUAM-PADA-*°"T¢(CO)s NPs (rt, 165 min) after
purification via PD 10 desalting column, (B) their corresponding SEC y HPLC traces of fractions
2 (top), 3 (centre) and 4 (bottom) and (C) TEM image of fraction 2 (Au-MUAM-PADA-

9%Tc(CO)s), taken after the radiolabelling ProCess. .......oovevieceeeeeeeeeeeee e 128
Figure 82: SEC UV HPLC trace (top) and SEC y HPLC trace (bottom) of purified Au-MUAM-
PADA-29MTC(CO)3 NPS (B 14 NIMN). oo, 129

Figure 83: TEM images of Au-MUAM-PADA-"6T¢(CO)s NPs (@ 13 nm) taken before purification
via desalting column, showing a contamination of the NP environment (left), and after the

purification, revealing a cleaner NP dispersion and still monodisperse spherical NPs with a size
Of drem = 13.9 £ 1.3 NM (FIGNL). oo 130

231


file:///E:/Uni%20stuff/Opus/the%20Mount/Thesis_Mattern_18.08.2021_diff_2.docx%23_Toc80192225
file:///E:/Uni%20stuff/Opus/the%20Mount/Thesis_Mattern_18.08.2021_diff_2.docx%23_Toc80192225
file:///E:/Uni%20stuff/Opus/the%20Mount/Thesis_Mattern_18.08.2021_diff_2.docx%23_Toc80192231
file:///E:/Uni%20stuff/Opus/the%20Mount/Thesis_Mattern_18.08.2021_diff_2.docx%23_Toc80192231
file:///E:/Uni%20stuff/Opus/the%20Mount/Thesis_Mattern_18.08.2021_diff_2.docx%23_Toc80192232
file:///E:/Uni%20stuff/Opus/the%20Mount/Thesis_Mattern_18.08.2021_diff_2.docx%23_Toc80192232
file:///E:/Uni%20stuff/Opus/the%20Mount/Thesis_Mattern_18.08.2021_diff_2.docx%23_Toc80192234
file:///E:/Uni%20stuff/Opus/the%20Mount/Thesis_Mattern_18.08.2021_diff_2.docx%23_Toc80192234
file:///E:/Uni%20stuff/Opus/the%20Mount/Thesis_Mattern_18.08.2021_diff_2.docx%23_Toc80192235
file:///E:/Uni%20stuff/Opus/the%20Mount/Thesis_Mattern_18.08.2021_diff_2.docx%23_Toc80192235
file:///E:/Uni%20stuff/Opus/the%20Mount/Thesis_Mattern_18.08.2021_diff_2.docx%23_Toc80192236
file:///E:/Uni%20stuff/Opus/the%20Mount/Thesis_Mattern_18.08.2021_diff_2.docx%23_Toc80192236

7 Appendix

Figure 84: (A) TEM image of Au-MUAM-PADA-°?6T¢(CO)3 NPs (@ 12 nm), (B) corresponding
SEC y HPLC trace and (C) collected fractions of radiolabelled Au NPs after the second
purification via PD MiniTrap, showing the eluted fractions (bottom) as well as the separated
unstable Au NPs trapped in the column matrix (T0P). ..cccvvveeiiiiiiiiieieeeee e, 131
Figure 85: (A) UV Vis spectra of the starting NPs Au-Citrate and Au-MUAM-PADA as well as the
radiolabelled Au-MUAM-PADA->°6Tc(CO)s NPs synthesised during the radiolabelling of
prefunctionalised Au NPs (créme) or in a functionalisation with the hot ligand (dark red), (B)
corresponding data of the radiolabelled Au-MUAM-PADA-"6T¢(CO)s NPs revealing highly
similar values, although the two NP approaches were obtained using two different reaction
AT Y S, ettt e e e e e e e e e s 131
Figure 86: IR spectra of Au-MUAM-PADA NPs (top) as a starting dispersion and the
radiolabelled Au-MUAM-PADA-*°¢6T¢c(CO)3 NPs obtained from pathway 1 (centre) and pathway

Figure 87: (A) Broad violet eluted fraction after purification via desalting column, (B) SECy
HPLC trace after purification, TEM images of Au-Cys-PADA-°?6Tc(CO); NPs after the reaction at
room temperature (C) and at 75 °C (D) and (E) IR spectra of mono ligand shell Au-Cys-PADA-
PMTc(CO)3 NPs and in comparison to Au-Cys-PADA NPS. .......ccoooiiieieeeeeeeeeeeeee e 135
Figure 88: (A) Violet eluted fraction after purification via desalting column, SEC y HPLC traces
(B) before and (C) after purification, and (D) TEM images of Au-MUDA-AT/Cys-PADA-
9%T¢(CO)3 NPs showing contaminated and (F) agglomerated NPs and (E) UV/Vis spectra of
mixed ligand shell NPs Au-MUDA-AT/Cys-PADA and Au-MUDA-AT/Cys-PADA->°6Tc(CO)s in

comparison to mono ligand shell NPs Au-Cys-PADA and Au-Cys-PADA-%%8Tc(CO)s. ............... 137
Figure 89: SEC y HPLC traces of unpurified Au-MUDA-AT/MUAM-PADA->6T¢(CO)3 NPs stirred
at (A) room temperature or (B) 60 C......oeiiiiiiii e 138

Figure 90: (A) UV/Vis spectra of Au-MUDA-AT/MUAM-PADA NPs and Au-MUDA-AT/MUAM-
PADA-%8T¢(CO)3 NPs and (B) TEM image of Au-MUDA-AT/MUAM-PADA-?6T¢(CO)3 NPs. .... 139
Figure 91: Reaction monitoring during the synthesis of Au-MUDA-ADR/MUAM-PADA-
998T¢(CO)3 NPs vig HPLC. SEC y HPLC traces after 5 min (A), 30 min (B), 80 min (C), 140 min (D)
AL FOOM LMD AU . ot et 140
Figure 92: (A) SEC y HPLC trace of unpurified Au-MUDA-ADR/MUAM-PADA-*"T¢(CO)3 NPs
after 30 min at 75 °C, (B) TEM images of purified Au-MUDA-ADR/MUAM-PADA-"°6T¢(CO)3 NPs
stirred at room temperature after 140 min or (C) 75 °C after 30 min and (D) UV/Vis spectra of
Au-MUDA-ADR/MUAM-PADA-"?6T¢(CO)3 NPs and corresponding Au-MUDA-ADR/MUAM-PADA

N P S ettt e e e e a e 141
Figure 93: IR spectra of Au-MUDA-ADR/MUAM-PADA->€Tc(CO); NPs (bottom) and Au-MUDA-
ADR/MUAM-PADA NPS (LOP). .vreeeierie ettt 142

Figure 94: SEC y HPLC trace of Au-Citrate NPs reacted with [**™Tc(OH,)3(CO)s]* (blank test) 143
Figure 95: Examples of the synthesised monodisperse Au NPs prepared within this thesis.. 144

Figure 96: Overview of biogenic substances attached to Au NPs within this thesis. .............. 145
Figure 97: Key elements of the biomimetic Au NPs functionalised with dihydrocaffeic acid
(left) and the labelling with a fluorescent dye (right). .......ccoooviiiiiiiii e, 146

Figure 98: Summary of radiolabelled Au NPs and its linkage to biofunctionalised Au NPs, which
allows the preparation of mixed ligand shell Au NPs that are both biofunctionalised and
FACIOIADEIIEA. ... 147
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7 Appendix

Figure 99: Purification via gel filtration chromatography using a desalting column. Preparation
steps include the sample application (left), the fractional elution process (centre) and the
collection of different fractions and their analyses (right). ...........coooiiiiii 151
Figure 100: Purification via dialySis............coiiiiiiiiiiii e, 152
Figure 101: Set of organ baths (left) with rat trachea muscle restrained in the middle (right).

Figure 102: Composition of Parsons buffer solution (left) and schematic set up of a muscle
DAt (FIZNT). eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee, 190
Figure 103: Schematic illustration of an Ussing Chamber (left) and actual laboratory setup
(right) consisting of an intestinal/epithelial tissue preparation (A), Ag-AgCl electrodes (B),
02/CO3 supply (C), an apical compartment (half chamber, D) and a basolateral compartment
(Nalf ChambBEr, )., 191

7.2 LIST OF SCHEMES

Scheme 1: Synthesis of Au-Citrate NPs in H,O according to Frens et al.?®°.............c..ccovene.. 29
Scheme 2: Synthesis of Au-Citrate NPs in H,O according to Panigrahi et al.?®....................... 32
Scheme 3: Synthesis of Au-Citrate NPs in H,O with different starting materials...................... 33
Scheme 4: Direct synthesis of Au-MUDA NPs according to a modified Stucky method.?°...... 36
Scheme 5: Direct synthesis of AU-AMBA NPS..........cooiiiiiiiiiiii e 38

Scheme 6: Synthesis of carbachol functionalised Au NPs via a stepwise route. Au-Citrate NPs
(left) were reacted with mercaptoundecanoic acid (MUDA) to obtain Au-MUDA NPs (centre)
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