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This PhD project was focused on the importance of bioconjugation of peptides to chemical 
entities for different biomedical applications (section A) or for implementing imaging 
techniques of complex biological samples (section B). Below, we provide a summary of the 
background of the research, aims and obtained results for each section. 

Chapter 1 provides a short introduction and outline of the thesis. 

Section A 

Cancer is a heterogeneous, complex disease, one of the deadliest disorders of modern society. 
Among all therapeutic options, chemotherapy will remain the main treatment modality for 
many tumors; therefore it is essential to suppress side effects of anticancer drugs, to increase 
selectivity toward tumor cells to avoid toxicity in normal cells and organs and to overcome 
drug resistance. Therefore, to develop novel anticancer treatments, increasing attention has 
been devoted to targeted therapeutics, which selectively deliver cytotoxic drugs to tumor cells. 
To this end, bioconjugation of anticancer drugs to targeted drug delivery vectors, including 
antibodies and peptides, holds promise. Furthermore, the development of drug delivery 
systems able to encapsulate anticancer agents, protecting them from metabolism, has already 
proven to be successful. For example, the use of liposomes, polymeric conjugates, micelles, 
dendrimers and nanomaterials (e.g. inorganic nanoparticles), resulted in  the reduction of the 
anticancer drug dose with concomitant increase of the quantity of active agent reaching the 
cancer cells in numerous reports[1].  

Within this framework, an increasing number of reports has appeared on tethering anticancer 
compounds to or encapsulating them in a wide range of functional molecules or 
nanomaterials with or without bioconjugated targeting groups. However, such targeted 
constructs have several limitations: for example, polymers and dendrimers often require 
considerable synthetic effort and can be plagued by low yields and largely amorphous final 
structures, and are not deprived of immunological effects, while nanoparticles may present 
other issues of toxicity and lack of biodegradability.  

In this context, 3-dimensional supramolecular coordination complexes (SCCs) – namely, 
metallacages, have emerged as a promising opportunity to be used as a novel targeted drug 
delivery system[2]. The discrete metallacage system, synthesized by self-assembly, features 
controlled size and shape, as well as a cavity that can encapsulate anticancer drugs via host-
guest chemistry. Thus, metallacages have attracted increasing attention because their ability 
to encapsulate a wide range of small molecules (e.g., ions and neutral molecules, amongst 
them anticancer drugs) within their molecular cavity[3,4].  

Furthermore, the cages can be further derivatized to tune their chemical and biological 
properties and to be optimized for efficient targeted anticancer delivery[5]. Some reports 
describe a simple model of self-assembled M2L4 (M=metal, L=ligand) metallacages, for 
example Pd2L4, which presents low toxicity in ex vivo models while maintains the 
encapsulation ability. These properties of Pd2L4 metallacages illustrate their potential as drug 
delivery system. 

In this section, we present the bioconjugation of Pd-based metallacages, of general formula 
Pd2L4, to peptides with the aim to develop novel drug delivery systems for the anticancer 
drug cisplatin (Chapter 2 and Chapter 3).  

In details, in Chapter 2, we provide the first example of self-assembled Pd2L4 cages 
conjugated to a model linear peptide and discuss their potential application as drug delivery 
systems. In this work, the cage bioconjugation was performed via amide bond formation 
between the carboxylic acid (or amine) group on the ligand serving as an exo-functionalized 
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ligand/cage and the amine (or carboxylic acid) groups located in the model peptide side 
chains. Two approaches have been used to achieve the ligand-peptide coupling: direct 
tethering of the metallacage to the peptide (Approach I); or ii) initial anchoring of the ligand 
to the peptide, followed by metallacage self-assembly (Approach II). 

High-performance liquid chromatography coupled to high-resolution mass spectrometry 
(HPLC-MS) confirmed the efficient synthesis of metallacages bioconjugated to model linear 
peptides with good yield. In addition, this bioconjugation strategy can be extended to couple 
Pd2L4 metallacage scaffolds to various specific targeting biomolecules, such as peptides, 
affimers and antibodies. Certainly, the size and 3-dimensional physical-chemical properties 
of the ligand influence the coupling reaction, which should be explored in the future as 
efficient bioconjugation strategy. 

Chapter 3 presents the next step to use metallacage bioconjugation to synthetize an efficient 
drug delivery system. This chapter discusses the synthesis, bioconjugation and applications of 
Pd2L4 metallacages coupled to four cyclic RGD peptides. These cyclic RGD peptides are 
specific for integrin αvβ3 and α5β1 that are enriched in certain tumor types such as breast and 
head and neck cancers. Encapsulation of cisplatin in the cyclic RGD-modified metallacage 
exhibits increased anticancer effects in vitro. On the contrary, cisplatin encapsulated in a 
metallacage itself has a decreased toxicity against healthy tissues shown in ex vivo precision 
cut slices due to the reduced platinum uptake in normal tissues. My work constitutes the first 
proof-of-concept of the possible use of supramolecular coordination complexes for directed 
drug delivery. This work should be followed-up by performing more extensive toxicological 
studies in other human tissues using precision cut slices, and in full animal models. If all 
toxicological studies and elevated toxicity in tumors are similar to those shown in this study, 
then testing in human subjects within clinical trials can be started. Certainly, this work will 
require intensive research and testing in clinical settings, and in addition would require to 
synthetize the compound in large quantities with high purity, This will require much higher 
funding, which was not available for this project. 

In Chapter 4, we describe the effects of bioconjugation of a RuII polypyridyl complex 
(RuII[terpyridine]2) to integrin binding peptides on the compound’s cytotoxic activity. RuII 
polypyridine complexes have attracted attention as anticancer drugs and diagnostic reagents 
due to their DNA binding properties, imaging capability by fluorescence, and redox 
chemistry[6]. Thus, in this chapter we present the synthesis of two novel RuII[terpyridine]2 
complexes coupled to a monomeric and dimeric cyc(RGDfK) peptide, respectively. Both RuII 
complexes were found to bind strongly and selectively to integrin αvβ3. In addition, the 
dimeric molecule displayed an enhanced binding affinity to integrin αvβ3 compared to the 
monomeric version of the compound. Although the bioconjugated complexes showed low 
cytotoxicity as anticancer agents due to low uptake in cancer cells, they provide a starting 
point to design Ru complexes targeted to tumor cells overexpressing integrin receptors.  

Part B 

Bioconjugation can be used to synthetize reagents that can be applied for targeted imaging of 
biomolecules in tumor tissue using mass spectrometry imaging (MSI). Several bioconjugated 
photocleavable chemical labels have been applied as matrix-free mass-tag for targeted 
imaging of biomolecules in tissue using laser desorption/ionization (LDI) MSI[7].  

Section B 

Mass spectrometry imaging techniques have attracted increasing attention due to their unique 
advantages for providing information on the spatial distribution of hundreds of individual 
molecules in tissues in a single measurement. Chapter 5 provides a systematic review on the 
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development and improvement of MSI for imaging distribution of proteins in tissues by 
direct and indirect analysis. The indirect analysis, especially the matrix-free mass-tag MSI 
strategy, exhibits many advantages comparing with traditional MALDI-MSI technique. These 
include the ability to measure protein distribution in tissue independently of the mass and 
ionisation affinity of the measured proteins at high spatial resolution and sensitivity. 

Photocleavable RuII polypyridine complexes have never been used in targeted mass 
spectrometry imaging of proteins so far. Chapter 6 presents a novel concept of matrix-free 
LDI-MSI approach using a RuII[(terpy)(bpy)]L (L= photocleavable ligand) complex as mass 
tag. In this study, a photocleavable RuII[(terpy)(bpy)]L complex was synthesized and 
bioconjugated with a cyc(RGDfK) peptide for specific binding to integrin αvβ3. The 
formation and characterization of the bioconjugated RuII polypyridyl complexes were 
confirmed by HPLC-MS, UV-Vis spectrometer and matrix-free LDI-MS methods. The mass 
spectrum from LDI-MS showed high intensity signal of RuII polypyridyl moieties, where the 
specific isotopic pattern of RuII ion is clearly observable. This demonstrates the 
photocleavable property of the bioconjugated RuII[(terpy)(bpy)]L complex. This chapter 
presents a proof-of-concept study for targeted LDI-MSI of integrin αvβ3 using the 
photocleavable RuII[(terpy)(bpy)]L complex as mass-tag in hypopharynx cancer tissue. The 
MSI result exhibited good spatial correlation with the distribution of αvβ3 integrin in IHC 
plus hematoxylin stained adjacent tumor tissue. This proof-of-concept study should be 
followed by synthesis of Ru complexes with different mass tags and affinity moieties (e.g. 
antibodies, other receptor specific peptides or affimers). To improve the imaging resolution 
and multiplexing, the Ru complex structure and LDI conditions should be optimized in order 
to obtain only one isotope cluster, while the yield of the photocleavage should be also 
determined in future work. In addition, with respect to the photocleavable RuII[(terpy)(bpy)]L 
complex, further studies are needed to investigate its properties, including its stability in 
normal light and room temperature conditions and the yield and kinetics of photocleavage of 
the mass tag moiety.  

Overall, this thesis has aimed to provide novel synthesis approaches and applications of 
bioconjugated metal-based compounds. In summary, this thesis makes a contribution to 
improve the physical-chemical and targeting properties of small-molecule and 
supramolecular coordination complexes and widen the biomedical applications of 
bioconjugated metal-based compounds. 

Moreover, the matrix-free mass-tag LDI-MSI strategy exhibits several advantages compared 
to matrix assisted laser desorption/ionization (MALDI) MSI, such as detecting compounds 
independently of their ionization affinity or mass, allowing high spatial resolution and 
sensitivity and allowing multiplexing (imaging multiple analytes simultaneously in a single 
tissue and experiment). 
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