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1.1 Bioconjugation 

Bioconjugation is designed to chemically synthesize stable compounds by covalently linking 
two or more molecules, at least one of which is a biomolecule. In bioconjugation reactions, a 
crosslinker serves as a bridge between two or more linked components. Crosslinkers can be 
homo-bifunctional or hetero-bifunctional consisting of a carbon or nitrogen-based chain 
spacer connecting two chemically identical or different reactive ends. Alternatively, 
multivalent bioconjugation scaffolds can have dendrimer functionality enhancing the readout 
signal in assays that are used to detect and eventually quantify the biomolecule; alternatively 
they may have a moiety that serves to attach the bioconjugated compound to planar surfaces 
or to the surface of particles (Figure 1A). Some bioconjugates are produced using a zero-
length crosslinker for linking molecules without introducing an intermediate cross-bridge 
(Figure 1B). Bioconjugates contain either an equal molar amount of the constituting 
components (e.g. Figure 1C-j) or integer multiples from the signal-providing component 
leading to signal amplification or targeting enhancement (e.g. Figure 1C-b). The process of 
making bioconjugates from individual molecules thus creates new compounds having the 
combined properties of each molecular constituent. Figure 1C shows common 
bioconjugation strategies used in life science.  

 

Figure 1. The scheme of basic bioconjugation strategy: (A) a crosslinker (blue line) is used serving as bridge 
between compound a and b; (B) activation agent (highlighted with a yellow star) is used as zero-length cross-
linker. In both strategies, there are two types of bioconjugate products, one containing an equal molar amount of 
the constituting components (1), and another type containing multiple moieties of the component providing a 
stronger signal that can be registered during analytical screening assay (2). (C) Examples for bioconjugation 
strategies used in life science are (a) streptavidin-enzyme conjugate, (b) immobilized affinity ligand on a solid 
particle, (c) oligo molecular signal probe containing two fluorophore labels and a quencher tag at opposite end, 
(d) fluorophore-labeled streptavidin, (e) affinity ligand attached to a surface or flat solid support, (f) biotinylated 
enzyme, (g) antibody-enzyme conjugate, (h) fluorophore-labeled antibody, (i) biotinylated antibody, (j) 
biotinylated oligo probe, (k) antibody-drug conjugate, (l) gadolinium chelate-modified dendrimer containing 
folate molecules as targeting moiety[1]. 

To design a bioconjugates for a specific application, an appropriate bioconjugation strategy 
should be chosen by considering the target compound and the molecular components 
involved in the bioconjugation reaction, such as a drug and the corresponding targeting 
moiety that is responsible for selective transport or delivery of a drug to a specific tissue, cell 
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type or cellular location or the sensitive and specific detection of biomolecules in case of 
imaging or targeted assay reagents. In most cases, the targeting molecule can specifically 
bind and interact with the desired molecular target in a complex biological matrix. Typically, 
targeting moieties include large molecules such as proteins, peptides, nucleic acids 
(aptamers), or small molecules, such as vitamins or carbohydrates, enzyme substrate analogs, 
or other affinity ligands that have sufficient affinity to interact and stay bound in a biological 
environment. A common example is the arginine-glycine-aspartic (RGD) sequence contained 
in extracellular matrix proteins, which exhibits high affinity to the integrin αvβ3. Integrin 
proteins are a family of adhesion receptors, which can facilitate cell-extracellular matrix 
(ECM) adhesion and transduce biochemical signals inside and outside the cell. Generally, 
integrin proteins are composed of alpha and beta subunits forming transmembrane 
heterodimers[2]. Among all the integrins, the αvβ3 integrin is in the focus of cancer research 
due to its important role during the angiogenesis and metastasis. Compared with epithelial 
cells and mature endothelial cells, it is expressed at relatively high levels in activated 
endothelial cells of tumor neovasculature and tumors such as osteosarcoma, glioblastoma, 
melanoma, and lung, ovarian, and breast cancer[3–9]. Therefore, many research groups have 
considered integrin αvβ3 as an important target to design antiangiogenic drugs, drug delivery 
vehicles[10,11], and reagents for molecular imaging[12–14]. Various cyclic RGD peptides have 
been designed as targeting moieties to interact with αvβ3, as discussed in the following 
sections. 

 

Figure 2. Main molecular components of bioconjugates and their application fields. 

For functional characterization of biomolecules, numerous synthetic bioconjugation strategies 
were developed, which found applications in the fields of clinical, diagnostic and analytical 
assays. Figure 2 shows examples of bioconjugate components, the main aspects of 
bioconjugate reagents and some applications of bioconjugate products. Biomolecules with 
synthetic modifications have been applied widely in various fields, such as tracking cellular 
events, revealing the function, activity and kinetics of an enzyme, imaging protein 
distribution in tissues, and developing targeted therapies[15–18]. Antibody-drug conjugates 
(ADCs) have also been developed to combine the targeting potential of a specific antibody 
against a tumor-specific antigen with the known anti-tumor effect of a small-molecule drug. 
For example, the first U.S. Food and Drug Administration (FDA) approved ADC 
gemtuzumab ozogamici contains a monoclonal antibody against CD33 and the drug 
calicheamicin is used for treating acute myeloid leukemia (AML)[19]. 

Overall, bioconjugation makes it possible to design new chemical entities, which open new 
potential therapeutic applications, including the discovery and validation of complex 
biological processes, and the innovation of technologies in medical, life sciences, 
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microelectronics, and material sciences. It should be noted that chemical conjugation may 
affect the binding characteristics between the target and the targeting moiety and this must be 
evaluated case-by-case. For this aspect, structural data or modelling may help to define the 
best conjugation sites. In the current thesis the application of a bioconjugation strategy in the 
field of targeted drug delivery and distribution imaging of biomolecules in tissue is 
investigated and discussed. 

 

1.2 The applications of bioconjugation in tumor targeting 

1.2.1 Tumor targeting 

Chemotherapy is the main treatment modality for cancer patients and its efficacy is restricted 
by multiple factors mainly defined by the applied anti-cancer agents, such as the nonspecific 
drug distribution, rapid clearance, drug resistance, and eventual toxicity, and off-target and 
other side-effects at higher doses. To overcome the issues mentioned above, a key challenge 
is to develop cancer treatments which are more specific and precise with respect to targeting 
and controlling the release of drugs to eradicate tumor cells while sparing normal ones[20]. 
Over the past decades, the usage of nanocarriers for drug delivery, including metal 
nanoparticles, liposomes, polymers, etc., has been well established both in pharmaceutical 
and clinical research. To specifically target the drug delivery systems to cancer cells, the two 
most advanced approaches are passive and active targeting. The former approach can 
implement targeted delivery and accumulation of the bioconjugated drug in cancer tissue 
mediated by improving the circulation time and by employing the enhanced permeability and 
retention (EPR) effect, while the later method can enhance specific cellular uptake in cancer 
cells by attaching specific ligands (targeting peptides, antibodies, transferrin, etc.) as 
targeting moeity to the drug targeting bioconjugate. The current thesis focuses on the active 
targeting approach for cancer treatment. 

To target diseased tissue efficiently and with high specificity, it is necessary to identify 
receptors that are specifically expressed or overexpressed on the surface of target cells[21]. 
The targeting moiety should have a strong affinity for a specific receptor and may be based 
on various compounds, such as small molecules, peptides or antibodies[17,22,23]. We have 
designed a family of Pd2L4 metallacages, which can recognize and encapsulate guest 
molecules (such as anions, cations and neutral molecules) within a well-defined inner cavity 
mainly by hydrogen bonding and electrostatic interactions. These metallacages showed less 
toxicity than cisplatin in an ex vivo test in healthy rat liver tissues[24]. In the last years, an 
increasing interest on highly luminescent metallacages arose for potential applications such 
as imaging of biocompounds. In this aspect, luminescent metallosupramolecular complexes 
can be obtained by synthesis of RuII polypyridyl complexes which have promising photo-
physical properties. Inspired by our previous work, we have currently designed 
functionalized metal-based compounds, including Pd2L4 metallacages and RuII terpyridine 
complexes bioconjugated with peptides and peptide-mimetic ligands that target to integrin 
receptors in cancer cells[17,18,25]. Additional information for the development and application 
of targeted drug delivery systems can be found in chapter 2 - 4. The development of 
compounds for targeted protein mass spectrometry imaging (MSI) is described in chapter 5 
and Chapter 6, with a focus on the investigation of targeted protein MSI using a 
photocleavable mass-tag. 
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1.2.2 Cisplatin and its targeting strategies 

Cisplatin, cis-[PtCl2(NH3)2] (CDDP), was first reported by M. Peyrone in 1844, and was 
discovered as a potential chemotherapeutic drug in 1965 by G.B. Kauffman, and approved for 
cancer treatment in 1978[26,27]. It is classified as an alkylating agent and used intravenously to 
treat various human cancers related to head and neck, lung, bladder, ovary, and testicle, as 
well as lymphomas, myelomas, melanoma and sarcomas. The proposed mechanism of 
cisplatin as anticancer drug is shown in Figure 3. Following cellular uptake due to the 
concentration difference of chloride between inside and outside of the cell, cisplatin 
undergoes hydrolysis with loss of chloride ligands, which activates the compound for binding 
to various cellular targets. This results in the formation of Pt-DNA adducts, which adducts 
interfere with transcription and with DNA repair mechanism. If the DNA lesion due to Pt-
DNA adducts cannot be repaired by DNA-repair system it results in apoptosis and tumor 
reduction, while successful repair leads to cisplatin resistance and further growth of the tumor. 

 

Figure 3. Schematic diagram of cisplatin accumulation in the cell and mechanism of antitumor action. 

Despite its therapeutic importance, cisplatin treatment has various bottlenecks. Apart from 
drug resistance, it may also induce severe kidney problems, allergic reactions, decreased 
immunity to infections, gastrointestinal diseases, haemorrhage, and hearing loss. Therefore, 
one subject of intense research is to develop novel drug delivery vehicles for delivering 
cisplatin more specifically to the tumor sites. An ideal and efficient drug delivery system 
could reduce the anticancer drug dose and raise the quantity of active agent reaching the 
cancer cells. Many materials have been designed for this aim, including liposomes, polymeric 
conjugates, micelles, dendrimers, nanomaterials, and supramolecular coordination complexes 
as well as other types of molecular carriers. 

Liposomes (Lipoplatin) 

Liposomes were discovered by Bangham et al. and established as pharmaceutical carriers. 
Liposomes have a lipid bilayer and an aqueous cavity facilitating the transportation of 
hydrophobic and hydrophilic drugs, respectively[28]. For example, Lipoplatin is a promising 
liposomal platinum drug formulation with a drug-to-lipid ratio of 1:10[29]. Clinical research of 
lipoplatin demonstrated its relatively low toxicity in blood and gastrointestinal tissue and 
reduced most of the other side effects of cisplatin treatment. Importantly, platinum 
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accumulation in tumor tissues was up to 50 fold higher than in healthy tissues[29]. 
Furthermore, the combination regimen of lipoplatin with gemcitabine exhibits promising 
clinical benefit for many patients previously resistant to chemotherapy[30]. 

Polymers (ProLindac) 

Polymer-drug conjugates prepared through covalent binding between a drug and a 
hydrophilic polymer, were originally designed by Ringsdorf et al.[31] and further developed 
by Duncan and Kopeček et al.[32]. The accumulation of most polymer-drug conjugates is 
based on the EPR effect. To make the targeting more tumor-specific, a targeting moiety (such 
as antibodies or peptides) was introduced into platinum drug containing polymer-based drug 
carrier systems[33,34]. Currently, a dozen polymeric conjugates have been tested with 
promising results in clinical trials. ProLindac (AP5346, Access Pharmaceuticals, Inc.) is a 
third-generation polymer prodrug, attaching a more potent DACHPt (cis-dichloro(1,2-
diamminocyclohexane) platinum(II)) moiety to hydrophilic HPMA (N-(2-hydroxypropyl) 
methacrylamide). The polymer releases platinum from a pH-sensitive amidomalonate-
platinum chelate at lower pH[35,36] while exhibiting considerable stability at physiological pH. 
It has been demonstrated that ProLindac shows similar efficacy to oxaliplatin in breast, 
ovarian, lung and prostate cancer cell lines[37,38]. ProLindac exhibits significant advantages in 
syngeneic murine and human tumor xenograft models, such as inhibiting tumor growth, 
reducing toxicity towards normal cells as well as by increasing and sustaining plasma 
platinum levels[37]. A Phase I trial of ProLindac proved its good tolerance and its low toxicity 
in human tumor tissues. When compared to oxaliplatin, platinum in ProLindac accumulated 
up to 14-fold in the tumor tissue[35]. Furthermore, it was highly effective in tumor models of 
human colon xenografts, murine leukemia and hybridoma[37]. 

Nanoparticles and nanomaterials 

The nanodelivery strategy has shown great potential and encouraging results in transportation 
of pharmaceutically active agents using nanoscale drug vehicles. Nanocarriers have been 
widely investigated in the drug delivery field. This type of carriers is able to overcome initial 
limitations such as unfavorable pharmacokinetics and solubility. In addition, it can 
circumvent biological barriers such as renal, hepatic, or immune clearance. Therefore, it 
shows high potential to improve drug solubility, cell uptake, blood circulation time, 
controlled release and drug action efficacy while reducing systemic toxicity and morbidity[39–

43]. This platform provides a significant advantage such as specifically targeting to tumor 
tissue in both active and passive mode[44]. 

Nanotubes are tubular structures with a diameter in the nanometer region[45]. Carbon 
nanotubes, such as Single-Walled Carbon Nanotubes (SWCNTs) and Multi-Walled Carbon 
Nanotubes (MWCNTs), have emerged as popular vehicles for the delivery of platinum drugs 
based on several advantages, including but not limited to, high loading capacities, favorable 
biocompatibility, and low toxicity in vivo[46,47]. In vivo investigations of nanotubes 
demonstrated that, when used as drug delivery vehicles, they do not only increase the 
anticancer activity and tumor suppression of cisplatin, but also provide some anticancer effect 
at unloaded nanotube state[48]. 

Carbon nanoparticles are carbon-based nanocarriers of interest in the platinum drug delivery 
field, which were first isolated as byproducts during the preparation of SWCNTs. These 
nanomaterials have been subsequently studied for platinum drug delivery based on their 
unique photophysical properties. For example, a carboxylate-functionalized carbon 
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nanoparticle loaded with cis,trans,cis-[Pt(NH3)2(OH)2(NH3)(3-NH2Py)] facilitates the 
photoreduction of the platinum(IV) species and the preferential cellular uptake. In addition, 
cytotoxicity assays verified their anticancer activity upon irradiation with UV light[49]. 

Gold nanoparticles have been developed as yet another nanodelivery platform for covalently 
conjugated platinum(IV) prodrugs. Recent research has shown that the large surface areas of 
gold nanoparticles facilitate the attachment of up to 70,000 cisplatin-like drug molecules on a 
single gold nanoparticle[48]. In addition, gold nanoparticles modified with the CRGDK 
peptide have been reported for targeted delivery of cisplatin prodrug cis,cis,trans-
[Pt(NH3)2Cl2(O2CCH2CH2CO2H)2] to the neuropilin-1 receptor. Results from in vitro tests 
showed an enhanced targeted delivery to cells expressing high levels of the neurophilin-1 
receptor[50]. 

Supramolecular coordination complexes 

In the past decades, two metal-organic materials (MOMs) compound classes, namely metal-
organic frameworks (MOFs) and supramolecular coordination complexes (SCCs), have been 
designed as drug delivery vehicles based on their particular host-guest structures. In general, 
MOFs constitute infinite networks, while SCCs exhibit discrete constructs[51]. This thesis is 
focusing on the investigation of SCCs as targeting drug delivery systems. 

SCCs, generally formulated as MxLy (M = metal ion, L = ligand), also named metallacages, 
have received tremendous interest. Self-assembly is often used to generate various 
metallacages and the produced metallacages have been used to encapsulate a large number of 
guest compounds driven by specific host-guest interactions or nonspecific supramolecular 
interactions such as hydrogen bonding, ion-association forces, van der Waals, coulomb, and 
steric interactions[52], where the binding preferences of the host-guest system is often a 
synergistic combination of charge, dielectric, shape, size, and solvation effects. Thus, they 
have been designed for many applications, such as sensors, probes, catalysts, molecular 
containers and used as reagent in basic host-guest chemistry. Many research groups have 
devoted efforts to study a type of self-assembled M2L4 metallacage (Figure 4) having a 
simple composition and a highly symmetric structure[53]. The cavity of this type of M2L4 

metallacage can encapsulate small guest molecules (e.g., anionic and cationic ions or neutral 
molecules) through coordination properties between the metals and chemical groups of the 
ligand. Currently, these M2L4 host-guest scaffolds are being developed into drug delivery or 
molecular enrichment systems. 

 

Figure. 4. Schematic structures of various functionalized M2L4 metallacages: unfunctionalized (left), exo-
functionalized (middle) and endo-functionalized (right) cages[53]. 

When compared with non-functionalized self-assembled M2L4 metallacages, functionalized 
cages with rigid alkyne ligands exhibit unique properties. For example, Crowley et al. 
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reported a Pd2L4 metallacage with full conversion via self-assembly of a rigid tripyridyl 
ligand and [Pd(NCCH3)4](BF4)2

[54]. The central pyridyl unit-functionalized cage showed 
reversible disassembly-reassembly by adding or removing competitive ligands (e.g., DMAP 
or Cl− ions) that can compete for binding and replace the original ligand. X-ray diffraction 
analysis also demonstrated that it can encapsulate the anticancer drug cisplatin in the cavity. 
To improve the bioconjugation options of M2L4 metallacages, additional modifications have 
been introduced into ligands such as exo-and endo-functional groups[53,55–57](Figure 4). For 
example, Crowley et al. developed a Pd2L4 cage via self-assembly of a Pd precursor with the 
1,2,3-triazole-modified ligands[53]. This study also demonstrated that the exo-functionality 
does not impede the self-assembly process nor the encapsulation of two cisplatin molecules. 

 

Figure 5. (A) Self-assembly of the palladium cage using [Pd(NCCH3)4](BF4)2 as precursor and the bidentate 
ligand with different exo-functionalized groups (R=OH, CH2OH, NH2, COOH, CH2CH2COOH, fluorophore 
moieties, RuII pyridine complexes, etc). (B) Molecular structure of the metallacage in solid state showing 
encapsulation of two cisplatin molecules[24]. 

The research group of A. Casini has recently investigated a family of self-assembly Pd2L4 
metallacages with various functionalization groups and well-defined cavities for 
encapsulating small molecules (e.g. cations, drugs) (Figure 5A)[57]. Single crystals 
demonstrated that the exo-functionalized Pd2L4 metallacages could encapsulate two cisplatin 
molecules (Figure 5B)[24]. These promising results open the possibility to use supramolecular 
metallacages as drug delivery systems. However, these cages cannot benefit from the EPR 
effect due to their low size. To implement supramolecular metallacages as targeting drug 
delivery vehicles, more efforts must be devoted to the development of modifications of exo-
functionalized metallacages by other approaches such as bioconjugation with a tumor-
specific ligand to facilitate the active targeted delivery. 

 

1.3 Targeted imaging of biomolecules in tissue with mass spectrometry 

Mass spectrometry imaging (MSI) is a molecular profiling technology providing information 
on the spatial distribution of hundreds of individual molecules in tissues in a single 
measurement. Currently, there are numerous MSI approaches depending on liberation and 
ionization mechanisms of analytes, such as proteins, peptides, lipids, metabolites and drugs. 
Therefore, MSI has been applied in wide research fields, such as exploring biological 
molecular processes, prognosing disease, predicting therapeutic response, imaging drug 
distribution in tissue, classifying tissues and revealing microbiome molecular communication. 
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Olejnik et al. have proposed a photocleavable (PC) mass-tag strategy for targeted analysis of 
protein distribution with laser desorption ionization (LDI)[58]. In this strategy, the antibody is 
linked to a mass-tag through a PC-linker, which will cleave with high yield upon irradiation 
with MALDI UV laser and release the mass-tag into the gas phase followed by the ionization 
and sampling of the ionized mass-tag into the mass spectrometer without applying a matrix 
for the analysis. Promisingly, the spatial resolution and sensitivity are improved by avoiding 
the interference of analyte-matrix ion clusters in the gas phase and the influence of the crystal 
size of the applied solid matrix. Generally, with an ideal PC-linker and mass-tag, this strategy 
can be applied to almost all biomolecules without the limitation of mass range or ionization 
ability, and offers high selectivity and sensitivity (dependent on the affinity moiety) for target 
proteins. Two different research groups have developed two types of photolinkers and mass-
tags, respectively. The group of Fournier[59] reported a mass-tag strategy by coupling the PC-
linker 4-[4-[1-(Fmoc-amino)ethyl]-2-methoxy-5-nitrophenoxy]butanoic acid to a mass-tag 
peptide (e.g., bradykinin) (Figure 6). Through extending to other types of targeting probes, 
such as lectins or aptamers, this strategy can be implemented for the imaging of 
polysaccharides, peptides, proteins, or drugs. Thiery et al.[60] developed a different 
photocleavable mass-tag reagent for targeted multiplexed mass spectrometry imaging 
(TAMSIM) of proteins. The mass-tag was prepared by coupling an N-hydroxysuccinimide 
(NHS) linker to a trityl-thioproprionate group, which provides low molecular weight 
fragments (500-600 Da) in LDI (Figure 7). In addition, this strategy can increase the 
detection sensitivity via an indirect approach by coupling the affinity compound to a biotin-
avidin-system labeled with numerous mass-tags (e.g., peptides), which increasing the number 
of detectable mass-tags and decreasing the influence on the binding strength of the affinity 
compound. Moreover, it shows high potential to implement analysis of multiple target 
compounds on the same tissue section by using mass-tags with different masses of the 
released and ionized mass-tags and different conjugated targeting compounds. 

 

 

 

Figure 6. (A) Schematic representation of MALDI laser induced photocleavage principle. Oligonucleotides 
were used as mass-tag in MALDI MSI, which can reveal the spatial distribution of specific mRNA’s by 
photocleavage upon irradiation with a MALDI laser. (B) Structure of the photocleavable mass-tag system and 
its photocleavable process upon MALDI UV laser irradiation. After incubation with multiple reagents contaning 
different mass-tages and targeting moieties, the tissue is placed inside the MALDI-MS instrument. The tag is 
released due to cleavage of the photocleavable bond by UV laser in the MALDI-MS instrument. Finally, the 
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image of the mRNA distribution is reconstructed by extracting ion-images corresponding to specific mass-tag 
mass using MSI data analysis software[59]. 

MALDI MSI was the first mass spectrometry approach for mapping directly intact proteins in 
tissue[61]. It has now become the most popular MSI method for imaging biomolecules with a 
wide mass range[62]. However, due to the properties of biological tissues and the MALDI-
MSI process, it still has several limitations with respect to analyzing biomolecules in tissue 
sections, especially in FFPE tissues[63,64]. For more systematic elaboration, the reader is 
referred to several excellent reviews, for example related to the application of matrix and 
sample preparations on the tissue section intended to be analyzed[65]. This thesis aims to 
introduce a novel matrix-free laser desorption ionization (LDI)-MSI strategy that can 
overcome well-known drawbacks due to the application of a matrix, such as high noise at 
lower m/z, mass range limitation and low spatial resolution. This approach can also provide 
sensitive targeted detection of compounds in tissue by conjugating the photocleavable Ru(II) 
polypridine complex with specific targeting biomolecules such as target specific peptides or 
antibodies. 

 

Figure 7. Conjugation of a photocleavable mass-tag to an antibody and subsequent photocleavage of the mass-
tag upon MALDI laser irradiation. The conjugation reagent contains an N-hydroxysuccinimide (NHS) ester for 
covalent attachment to primary amino groups of an antibody. In the mass spectrometer, the trityl group absorbs 
the UV light of the MALDI laser, which results in the cleavage of the C-S bond and to the release and ionization 
of the mass-tag[60]. 

 

1.4 Aims of the thesis 

This thesis is divided into two sections, A and B. 

In section A we aimed to synthesize metallacages that can incorporate a cytostatic drug such 
as cisplatin and that can be bioconjugated to a peptide that allows targeting of the 
bioconjugate to a specific cell type in cancer tissue. Such a bioconjugate might improve the 
delivery of the cytostatic drug to the cancer cells and thereby decrease the side effects of 
these drugs. In addition, we aimed to develop RuII based polypyridyl complexes conjugated 
to specific peptide(s) that will provide a promising opportunity to deliver anticancer drugs 
directly to tumor cells. 

The research work described in section B aimed at developing a method to image the 
localization of proteins in tissue samples by incubating them with a targeting molecule 
coupled to a mass-tag via a photocleavable linker, and subsequently analyzing the 
localization of the mass-tag by MSI. 
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1.5 Outline of the thesis 

Chapter 1 gives an introduction on the main topics of this thesis such as synthesis strategies 
of bioconjugation and its biomedical applications, an overview on bioconjugated materials 
used for targeted delivery of the anticancer drug cisplatin, and imaging of protein distribution 
in tissue sections using MSI. This chapter introduces the reader into various targeting drug 
delivery strategies including liposomes (Lipoplatin), polymers (ProLindac), nanodelivery 
materials (carbon nanotubes, carbon nanoparticles, gold nanoparticles) and SCCs. In addition, 
this chapter discusses a novel matrix-free LDI-MSI technique and chemical reactions, using a 
PC-linker and photocleavable mass-tag, for targeted imaging of the distribution of proteins in 
tissues. 

PART A 

In Chapter 2 we aimed to synthesize a bioconjugate of a Pd2L4 cage with a peptide, to 
demonstrate a proof of concept for the synthesis of a bioconjugate of a metallacage 
encapsulating cisplatin with a peptidic targeting device. We choose for the self-assembling 
metallacage containing two palladium (Pd) moieties and four tripyridil units (L) containing a 
functional group enabling coupling to a peptide. We investigated two approaches of synthesis 
and characterized the resulting structures by high-resolution ESI-MS and high-performance 
liquid chromatography coupled to high-resolution mass spectrometry (HPLC-MS). 

In Chapter 3 we aimed to further study the bioconjugation of the Pd2L4 metallacage scaffold 
to RGD related peptides as integrin-specific supramolecular drug delivery system for 
cisplatin. The formation of bioconjugated cages and encapsulation of cisplatin was analyzed 
by NMR spectroscopy. The bioconjugated cages were studied for their integrin recognition 
properties using an ELISA assay. Moreover, we investigated the anticancer effects and 
toxicity of the RGD-modified metallacage as anticancer drug cisplatin delivery system in 

vitro and ex vivo. Inductively coupled plasma mass spectrometry (ICP-MS) was also used to 
study the uptake of free- and encapsulated-platinum in healthy tissues. 

In Chapter 4, our major aim was to design effective targeted anticancer agents based on the 
bioconjugation of RuII polypyridyl complexes, which have already been reported to have 
anticancer activity, to peptides. We designed two methods for synthesis of a monomeric and a 
dimeric cyc(RGDfK) bioconjugate of carboxylic acid group-functionalized RuII terpyridyl 
complexes and two terpyridine-based RuII complexes using the primary amine group of the 
pentapeptide cyc(RGDfK) for targeting integrin αvβ3. Two cyc(RGDfK) peptides were 
conjugated to the terpyridine-based RuII complexes with aim to enhance the binding to the 
αvβ3 integrin receptor. Receptor binding assays were used to evaluate the binding affinities 
of the RuII-cyc(RGDfK) conjugates for both the αvβ3 and α5β1 integrin receptors. 

PART B 

Chapter 5 provides a systematic review on the possibilities to measure protein distribution in 
tissues using MSI, with emphasis on the recent developments in MSI technology such as 
approaches to achieve high spatial resolution reaching subcellular dimensions. The focus of 
the review lies on the development of two main MSI principles, direct and indirect detection 
of protein distribution in tissue samples, with special emphasis on the improvements in 
analyzed mass range and spatial resolution. This chapter discusses in detail the most widely 
used direct MSI of proteins with matrix assisted laser desorption ionization, and provides an 
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overview of the methods used for indirect protein MSI, such as using laser ablation ICP-MS 
and photocleavable mass-tag chemical labeling strategies. In addition, an overview of the 
effect of sample preparation on image quality and the bioinformatic challenge to identify 
proteins and quantify their spatial distribution in complex MSI data are described in detail. 

Chapter 6 describes the synthesis and application of bioconjugated photocleavable RuII 
polypyridine complexes used for targeted imaging of protein distribution in tissues by matrix-
free LDI MSI. Specifically, this chapter presents a novel photocleavable RuII 
[(terpyridine)(dipyridyl)]L (L=ligand) complex bioconjugated to cyc(RGDfK) peptide for 
targeted imaging of integrin αvβ3. We investigated two approaches of synthesis and 
characterized the resulting products by high-resolution ESI-MS coupled to high-performance 
liquid chromatography (HPLC-MS). The photocleavable and ionization properties of 
bioconjugated RuII complexes were investigated upon radiation by the UV laser of the 
MALDI MS instrument. The effectivity and reliability of the LDI MSI strategy using the 
photocleavable RuII polypyridine complexes were further studied by comparing 
immunohistochemical staining of the integrins in tumor tissue samples from the patients’ 
hypopharynx. 

The last chapter concludes the thesis with the summary and future outlook. This chapter 
summarizes the achieved results obtained in part A, concerning the development of 
supramolecular targeted delivery system for cisplatin and discusses future perspectives. 
Moreover, the results obtained in part B on the development of novel Ru-photocleavable 
reagents to reveal the distribution of proteins in tissue samples with high specificity and 
sensitivity, are summarized and discussed. 
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