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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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ABSTRACT 

Supramolecular Pd2L4 cages (L = ligand) hold promise as drug delivery systems. With the 

idea of achieving targeted delivery of the metallacages to tumor cells, the bioconjugation of 

exo-functionalized self-assembled Pd2L4 cages to peptides following two different 

approaches is reported for the first time. The obtained bioconjugates were analyzed and 

identified by high-resolution mass spectrometry. 
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2.1 Introduction 

Chemotherapy is one of the main modalities of treatment for cancer patients. However, 
its success rate remains limited, primarily due to limited selectivity of drugs for the 
tumor tissue, often resulting in severe toxicity, as well as to the development of multi-
drug resistance caused by the heterogeneous biology of the growing tumors. 

In general, an important challenge in cancer treatment is to find a technology for 
targeted delivery and controlled release of drugs to eradicate tumor cells while sparing 
normal ones. Therefore, considerable efforts have been devoted to the development of 
drug delivery systems that can overcome the above mentioned issues related to 
anticancer drugs used in chemotherapy[1,2]. In some cases, it was also possible to 
achieve a synergistic anticancer effect of different therapeutic modalities combined in 
one drug delivery system[3]. 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 targeting groups[4–6] 
Thus, lipid nano-systems, such as liposomes and micelles along with virus-inspired 
vectors and polymeric particles, as well as inorganic nanoparticles, have been studied 
to deliver bioactive compounds to the target tissues. 

In this context, supramolecular chemistry offers new opportunities for improved drug 
delivery systems, its principal aim being to create nanoscale structures while exerting 
control over their size and shape, and to emulate biological systems with synthetic 
ones[7]. 

Interestingly, coordination-driven self-assembly utilizes the spontaneous formation of 
metal-ligand bonds in solution to drive mixtures of molecular building blocks to single, 
unique 2D metallocycles or 3D metallacages based on the directionality of the 
precursors used. The supramolecular coordination complexes (SCCs) obtained via this 
process are characterized by well-defined internal cavities and relatively facile pre- or 
post-self-assembly functionalization[8]. These properties augment the modularity of the 
directional bonding design strategy to provide structures with unprecedented fine-
tuning possibilities, spatially and electronically. In spite of the numerous advantages 
of SCCs, these systems have been the least-explored of the supramolecular material 
categories for biomedical applications, both as drug delivery systems and as anticancer 
agents. 

 

2.2 Results and discussion 

A specific and attractive area of SCCs is the self-assembly of M2L4 (M = metal, L = 
ligand) metallacages[9], which can enclose a wide range of small molecules within 
their cavity, such as ions[10–14] and neutral molecules[15–21]. In addition, the properties 
of the M2L4 coordination cages can be optimized by functionalization of the ligand 
framework with the aim to target molecular system to a specific cell/tissue type or to 
enhance detection. Recently, we investigated fluorescent Pd2L4 cages (with L being 

exo-functionalized bipyridyl ligands) as drug delivery systems for cisplatin, which 
proved to be active in cancer cells, while showing low ex vivo toxicity in healthy rat 
liver tissue[15]. The obtained Pd(II) metallacages showed fluorescence properties due 
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to the used ligand system. Similarly, exo-functionalized cages with naphthalene or 
anthracene groups, or featuring Ru(II) pyridine complexes, were studied with the aim 
to image their fate in cells via fluorescence microscopy[22,23]. 

Selective accumulation of metallacages in tumors has been hypothesized to occur via 
the enhanced permeability and retention (EPR) effect[24], which has been widely used 
in cancer therapy for delivery via passive targeting. In fact, the EPR effect has been 
predominantly shown to be involved in the passive targeting of drugs with a molecular 
weight of more than 40 kDa and for low molecular weight drugs presented in drug-
carriers such as polymeric conjugates, liposomes, polymeric nanoparticles, and 
micellar systems to solid tumors[25]. However, for supramolecular metallacages, with 
molecular weight of ca. 2-3 KDa, the EPR effect is not likely to influence their 
delivery. Therefore, it can be assumed that successful conjugation of cell-specific 
ligands to the cage, including tumor-targeting peptides (TTPs) that are specific for 
tumor related surface markers, such as membrane receptors[4,26], could improve target 
specificity and efficacy. However, so far this concept has never been explored, and 
only Fujita et al. have been published on the non-covalent peptide coating on self-
assembled M12L24 coordination spheres[27] 

The synthesis of three Pd2L4 cages and their bioconjugation to a model peptide is 
reported in this work. To the best of our knowledge this is the first attempt to 
bioconjugate M2L4 cages to peptides. The selected cages feature COOH or NH2  

groups in exo position for coupling to the peptide by amide bond formation (Fig. 1, 
C1a, C1b, C1c). It is also investigated whether a longer aliphatic linker between the 
COOH group and the cage favours coupling of the targeting moiety by reducing 
possible steric hindrance. 

It is worth mentioning that we have opted for this classical bioconjugation method 
instead of the modern click-chemistry approach, since the latter may lead to 
interference of Cu2+ ions with the stability of the self-assembled cage. In fact, click 
chemistry makes often use of copper in the concentration range 50-250 µM or 
higher[28], which would be ca. equivalent to the necessary concentration of Pd2+ 
precursor and resulting metallacage, therefore, leading to possible ligand exchange 
reactions.  

The bioconjugation was performed using two different approaches: i) 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) (Fig. 1). Formation 
of the metallacage-peptide constructs was assessed via high-resolution electrospray 
mass spectrometry in most cases coupled to high performance liquid chromatography 
(LC-MS). The obtained results are discussed in relation to the advantages and 
disadvantages of the reported bioconjugation approaches, and constitute the proof of 
concept for further studies using peptides selected for targeting properties (e.g. cyclic 
RGD peptides or affimers). 

Synthesis 

The rigid bidentatepyridyl ligands L1a-L3a (see Fig. 1) were synthesized using 
Sonogashira cross-coupling. Reaction of the ligands L1a-L3a with the Pd precursor 
[Pd(NCCH3)4](BF4)2 in a 2:1 ratio in DMSO resulted in the coordination cages 
[Pd2(L)4](BF4)4 C1a-C3a, respectively, within one hour. The synthesis of the carboxy-
functionalized ligand L1a and cage C1a,[22] as well as of the amine-based ligand L3a 
and cage C3a were previously reported,15 while ligand L2a and cage C2a were 
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synthesized for the first time following a similar procedure and characterised by NMR 
and mass spectrometry (Fig. S1-S5 in the Supplementary material). In the 1H NMR 
spectrum of C2a, the pyridyl proton signals (Ha-Hd) are significantly shifted downfield 
upon cage formation (Fig. S3). Additional proof for successful cage formation of C2a 
is given by diffusion-ordered NMR spectroscopy (DOSY) revealing a Dligand/ Dcomplex 
ratio of about 2:1 being in line with literature values.15 High-resolution ESI–MS 
analysis of C2a shows the expected isotope abundance distribution, with the most 
intense peaks at m/z = 405.8232, 569.7655 and 897.1510, which can be assigned to 
[Pd2(L2a)4]4+, [Pd2(L2a)4(BF4

-)]3+ and [Pd2(L2a)4(BF4
-)2]3+, respectively (See Fig. S5 

and Table S1 in the Supplementary material). 

 

 

Figure 1. Scheme of the two different bioconjugation approaches applied in this study: i) 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 in situ (Approach II). Theoretically, both approaches can produce bioconjugated 
Pd2L4 cages tethered to four peptide units. 

Bioconjugation 

Initially, the direct bioconjugation of cages C1a and C2a to the protected model 
peptide Ac-NLEFK-Am (acetylated (Ac) at the N-terminal and amidated (Am) at the 
C-terminus) (Approach I, Fig. 1) was attempted via activation of C1a or C2a with 
DCC (N',N'-dicyclohexyl carbodiimide) and NHS (N-hydroxysuccinimide)  as 
described in the experimental section. Subsequently, the peptide was added to the 
intermediate product solution in bicarbonate buffer (pH=9.2) and stirred for 1 h. In the 
case of the NH2 exo-functionalized cage C3a, bioconjugation was carried out by 
adding EDC to the mixture of model peptide and C3a in MES buffer (pH=4.7). 

Representative results for cage C1a are reported in Fig. S6 in the Supplementary 
material. The result from MS analysis shows that Approach I gives low yield of the 
bioconjugate product C1c (quadruply charged ion m/z = 1050.5178). Moreover, a 
variable number of peptide units were coupled to the cage. Specifically, cages tethered 
to either one, two or three peptide moieties were detected, corresponding to the most 
abundant peaks C1c-1 (triply charged, m/z = 727.66), C1c-2 (quadruply charged, m/z 
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= 713.89; triply charged, m/z = 951.40), C1c-3 (quadruply charged, m/z = 882.17; 
triply charged, m/z = 1175.16), respectively. In the MS spectrum, the most abundant 
peaks were attributed to [C1c-3+DCC] species (quadruply charged, m/z = 934.02; 
triply charged, m/z = 1244.84), corresponding to one DCC moiety coupled to the 
carboxylic acid group of the model peptide after formation of C1c-3. 

Similar results were obtained when bioconjugating cage C2c, featuring the longer 
linker between the cage and the COOH group (data not shown). In the case of cage 
C3a, the activating agent EDC was utilized to promote coupling to the model peptide 
but most of the peptide appeared to undergo cyclization reactions under these 
conditions preventing successful bioconjugation. 

In general, the obtained results show that it is difficult to both control the number of 
peptides coupled to the Pd2L4 cage and efficiently separate the mixture of different 
types of bioconjugated cages using Approach I. 

Therefore, Approach II (Fig. 1) was attempted where the carboxylic acid groups of 
ligands L1a or L2a were first activated via EDC (1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide) and sulfo-NHS (N-hydroxysulfosuccinimide) 
treatment. Afterwards, the coupling reaction was accomplished by incubating the 
protected model peptide with 0.5% TEA for 0.5 h (pH=7). In the case of the NH2 exo-
functionalized ligand L3a, bioconjugation was achieved by adding EDC directly to a 
solution of L3a and the model peptide in MES buffer (pH = 4.7). 

The chromatogram obtained to analyze the bioconjugation reaction of ligands L1a and 

L2a are depicted in Fig. S7 (panels A and C), and show almost complete conversion 
of the ligands into the desired products. In fact, L1b (L1a-peptide) and L2b (L2a-
peptide) are obtained, with a yield higher than 90%. The results show no significant 
difference in yield of coupling reaction using the ligand with longer aliphatic linker. 
Fig. S7 (panels B and D) show the MS spectrum of the bioconjugate products L1b 

(singly charged, m/z = 997.45; doubly charged, m/z = 499.22) and L2b (singly charged, 
m/z = 1025.59; doubly charged m/z = 513.32) obtained by ion trap MS. 

The amino-functionalized ligand L3a forms bioconjugate L3b (L3a-peptide, singly 
charged, m/z = 968.59; doubly charged, m/z = 484.80) less efficiently (singly charged, 
m/z = 968.59; doubly charged, m/z = 484.80) most likely due to formation of internal 
cyclization and dimerization from the model peptide (Fig. S7, panels E and F). Thus, 
only L1b and L2b were selected to achieve self-assembly of the bioconjugated cages. 

Subsequently, the bioconjugated cages C1c or C2c were formed in situ using a 2:1 
ratio of L1b or L2b and the Pd2+ precursor [Pd(NCCH3)4](BF4)2 in DMSO. 
Representative extracted ion chromatograms and mass spectrum for the bioconjugate 
cage C2c is reported in Figure 2. Fig. S8 in the Supplementary material shows the 
mass spectrum of bioconjugated cage C1c. The results show that both the 
bioconjugate ligands L1b and L2b are converted into cage molecules tethered to four 
peptide units with a yield higher than 95%.  
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Figure 2. In situ self-assembly of the bioconjugated cage C2c with peptide Ac-NLEFK-Am analysed by MS 
with 75% acetonitrile and 0.1% formic acid infused at 50 µL/min. (A) Extracted ion signals of bioconjugated 
ligand L2b (green) and of bioconjugated cage C2c (red) at 10 min after self-assembly. (B) Mass spectrum and 
molecular structure of the bioconjugated product C2c. 

Table 1. Main peaks identified in the mass spectra of C2c and their corresponding CID fragments. The m/z 
values refer to the most intense isotopomer, since the monoisotopic peak has low intensity. No additional peaks 
were observed in the mass spectrum of the self-assembly reaction of C2c. 

Reaction and 

observed ions  

m/z Error 

/ppm 
CID fragment 

Measured Theoretical 

[C2c]4+ :  
[Pd2(L2b)4]4+ 

1078.1852 1078.1839 1.2 
1025.52 (L2b) 

1129.48 
1640.11 

[C2c-H]3+ : 
[Pd2(L2b)4-H]3+ 

1437.2448 1437.2430 1.3 
1025.57 (L2b) 

1129.25 
1641.56 

The identity of peaks from C1c and C2c were confirmed by comparison of the 
experimental and theoretical isotopic patterns, and by CID MS/MS analysis using high 
resolution MS (Table 1 and Fig. S9 for cage C2c, Table S2 and Fig. S10 for cage C1c, 
respectively). Fig. S9 shows that collision induced dissociation (CID) fragmentation of 
the quadruply charged precursor ion (m/z = 1078.19) and triply charged precursor ion 
(m/z = 1437.25) of bioconjugated cage C2c leads to dissociation into singly-charged 
product ions of [L2b+H]+ (m/z = 1025.52 and m/z = 1025.57, respectively). Similarly, 
Fig. S10 shows that CID fragmentation of the quadruply charged precursor ion (m/z = 
1050.40) and the triply charged precursor ion (m/z = 1399.54) of bioconjugated cage 
C1c, which leads to dissociation into singly charged product ions of [L1b+H]+ (m/z = 
997.45 and m/z = 997.24, respectively). 
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2.3 Conclusion 

With the aim of implementing supramolecular metallacages as drug delivery systems, 
we report the first example of bioconjugation of self-assembled Pd2L4 cages to the 
model linear peptide Ac-NLEFK-Am. The obtained results open the possibility of 
efficient bioconjugation of metallacages to peptides which could be extended to 
targeting moieties such as cyclic RGD peptides or affimers, and possibly also to 
antibodies. This opportunity is particularly attractive in the case of metallacages 
encapsulating anticancer drugs (e.g. cisplatin) in order to efficiently target them to 
cancer cells. 

Two approaches of bioconjugation of metallocages to peptides have been attempted, 
both based on amide bond formation between the carboxylic acid (or amine) serving 
as exo-functionalized ligand/cage and the amine (or carboxylic acid) groups of the 
model peptide side chains. So far the best results were achieved with Approach II, 
where first the coupling of the peptide to the ligands constituing the cages was 
performed, followed by in situ reconstitution of the Pd2L4 cages via self-assembly. No 
major advantages were noticed in the use of a long-linker COOH moiety for 
bioconjugation in both approaches. Instead, improved bioconjugation efficiency was 
observed in the case of the exo-functionalization with carboxylic acids compared to 
amino groups. In the latter case, formation of peptide cyclic by-products prevented 
efficient bioconjugation under the applied reaction conditions. Nevertheless, NH2 
functionalization may still be suitable for bioconjugation of the cages with peptides of 
different sequences and with antibodies, and will be certainly considered in future 
studies. 

Future research in our group will focus on tethering Pd2L4 cages to targeting peptides 
and to investigate the activity of the supramolecular bioconjugates in cancer cells and 
tissues. 
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2.5 Supporting information 

The SI provided contains the most relevant information, while the complete document 
can be found in the online version of the Supporting Information which is available on 
The Royal Society of Chemistry Publications website at DOI: 10.1039/C6CC08937B 
(http://www.rsc.org/suppdata/c6/cc/c6cc08937b/c6cc08937b1.pdf). 

Experimental 

General. All reagents were purchased from commercial sources and used without further 
purification. NMR spectra were recorded with a BrukerAvance DPX 400 or a BrukerAvance 
III 400 or a BrukerAvance I 500 spectrometer at 298 K. The spectra were referenced to the 
residual 1H and 13C{1H} signals of the solvents in parts per million (ppm). Abbreviations for 
NMR multiplicities are: singlet (s), doublet (d), triplet (t), multiplet (m). Coupling constants J 
are given in Hz. The IR spectra were collected on a Varian ATR-FTIR instrument. UV-Vis 
absorption spectra were acquired with a Jasco V-550 UV/vis spectrometer. Ligands L1a, L3a 
and cages C1a, C3a were prepared according to literature procedures.[1,2] All of these 
reactions, except otherwise stated, were carried out at room temperature in a thermomixer at 
700 rpm. The final product mixture analyzed by LC-MS. Chromatographic separations of the 
ligands were performed using silica gel (60-200 µm). 

2.5.1 Synthesis 

Synthesis of ligand L2a.  

A mixture of 3-(3,5-dibromophenyl)propionic acid (298.7 mg, 0.97 mmol, 1 equiv.), 3-
ethynylpyridine (400.0 mg, 3.88 mmol, 4 equiv.), [Pd(PPh3)2Cl2] (68.1 mg, 0.10 mmol, 10 
mol%) and CuI (18.5 mg, 0.10 mmol, 10 mol%) was suspended in degassed triethylamine (15 
mL) and stirred under an argon atmosphere at 70 °C. After 72 h, the reaction mixture was 
diluted with ethylacetate (50 mL) and filtrated over celite. The solvent was removed under 
reduced pressure and the crude residue was further purified by column chromatography 
(CH2Cl2:MeOH = 100:5 � 100:7) which resulted in the beige solid precipitate corresponding 
to ligand L2a (66.5 mg, 0.19 mmol, 19%). %). 1H NMR (400 MHz, [D6]DMSO): [ppm] = 
12.21 (s, 1 H, COOH), 8.78 (s, 2 H, Ha), 8.61 (d, J = 4.8 Hz, 2 H, Hb), 8.00 (d, J = 7.8 Hz, 2 
H, Hd), 7.65 (s, 1 H, He), 7.55 (s, 2 H, Hf), 7.49 (dd, J = 5.0, 7.6 Hz, 2 H, Hc), 2.88 (t, J = 7.5 
Hz, 2 H, CH2), 2.61 (t, J = 7.3 Hz, 2 H, CH2). DOSY NMR (400 MHz, [D6]DMSO): D[m2 s-1] 
= 1.79 x 10-10. 13C NMR (101 MHz, [D6]DMSO): [ppm] = 173.6, 151.7, 149.3, 142.6, 
138.7, 132.1, 123.7, 122.4, 119.1, 91.3, 86.8, 34.6, 29.7. IR (solid):  [cm-1] = 3480, 2844, 
1583, 1263, 1165, 1020, 769, 692, 644, 408. MS (ESI, DMSO/MeCN): m/z = 353.39 [M + 
H]+ (calculated for C23H17N2O2: 353.13). UV-vis (DMSO, ε [M-1cm-1]): λmax[nm] = 288 (4.8 
× 104). 

Synthesis of cage C2a.  

A solution of [Pd(NCCH3)4](BF4)2 (22.2 mg, 0.05 mmol, 2 equiv.) and L2a (35.2 mg, 0.10 
mmol, 4 equiv.) in DMSO (2 mL) was stirred at room temperature for 1 h. After precipitation 
by addition of acetone and diethylether, the solid precipitate was filtrated and washed with 
acetone and diethyl ether, and yielded white solid precipitate corresponding to cage C2a (38.4 
mg, 0.02 mmol, 78%). 1H NMR (400 MHz, [D6]DMSO): [ppm] = 12.15 (s, 1 H, COOH), 
9.62 (s, 2 H, Ha), 9.35 (d, J = 5.8 Hz, 2 H, Hb), 8.25 (d, J = 7.8 Hz, 2 H, Hd), 7.84-7.79 (m, 2 
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H, Hc), 8.77 (s, 1 H, He) 7.61 (s, 2 H, Hf), 2.84 (t, J = 6.4 Hz, 2 H, CH2), 2.59-2.55 (m, 2 H, 
CH2). DOSY NMR (400 MHz, [D6]DMSO): D[m2 s-1] = 8.49 x 10-11. 13C NMR (101 MHz, 
[D6]DMSO): [ppm] = 173.4, 152.9, 150.7, 143.2, 142.8, 133.5, 131.6, 127.4, 122.2, 121.7, 
93.9, 85.1, 34.4, 29.6. 11B NMR (128 MHz, [D6]DMSO): [ppm] = -1.21. 19F NMR (377 
MHz, [D6]DMSO): [ppm] = -148.04 (10BF4

-), -148.09 (11BF4
-). MS (ESI, DMSO/H2O with 

0.1% FAc): m/z = 405.82 [M - 4BF4
-]4+ (calculated for Pd2C92H64N8O8: 405.57), 569.77 [M - 

3BF4
-]3+ (calculated for Pd2C92H64N8O8BF4: 569.77), 897.15 [M - 2BF4

-]2+ (calculated for 
Pd2C92H64N8O8B2F8: 898.15). UV-vis (DMSO, ε [M-1cm-1]): λmax[nm] = 289 (16.9 × 104). 

2.5.2 Bioconjugation procedures 

Approach I. To achieve bioconjugation of cages C1a and C2a to the model peptide Ac-
NLEFK-Am, which was acetylated (Ac) at the N-terminal and amidated (Am) at the C-
terminus (>98%, ThermoFisher Scientific), a solution of cage (1 eq.) and activating agents 
DCC and NHS (5 eq. each) was incubated in MeCN and stirred overnight. The model peptide 
(5 eq.) in bicarbonate buffer (pH=9.2) was added after 12 h of incubation and stirring was 
maintained for 1 h. In the case of cage C3a, direct bioconjugation was carried out by adding 
5 eq. of EDC to a mixture of model peptide (2 eq.) and C3a (1 eq.) in MES buffer (pH=4.7). 
In all cases, the reaction products were chromatographically separated using an Agilent series 
1100 capillary LC system (Waldbronn, Germany) equipped with an Atlantis dC8 column. 
Mobile phase A consisted of 0.1 % (vol/vol) formic acid in ultrapure water. Mobile phase B 
was 0.1 % (vol/vol) formic acid in MeCN (HPLC-S gradient grade; Biosolve, Valkenswaard, 
The Netherlands). Injection volumes were 1 μL. The separation was performed with an 
increasing gradient of B 3%-90% at 3 %×min–1) at a flow rate of 50 μL/min. Mass spectra 
were acquired on an Agilent SL ion trap mass spectrometer equipped with an ESI source 
operated in positive mode, over a mass range of 100–2500 Da. 

Approach II. For the ligands with a carboxylic acid group, L1a or L2a, a solution of ligand 
(1 eq.) was activated with EDC and sulfo-NHS (10 eq.) in DMSO for 2 h. The resulting 
ligand-NHS ester was reacted with the model peptide (1.25 equiv) by adding 0.5% vol/vol 
(TEA) for 0.5 h (final pH=7). The bioconjugation of L3a was performed by adding EDC (10 
eq.) into the mixture solution of L3a (1.25 eq.) and model peptide (1 eq.) in MES buffer 
(pH=4.7) for 1 h. The reaction products were analyzed by LC-MS as described for Approach 
I. 

The bioconjugated cage C1c or C2c was reconstituted in situ using a 2:1 ratio of L1b or L2b 
and Pd precursor [Pd(NCCH3)4](BF4)2 in DMSO under stirring for 1 h, respectively. The 
product was analysed using the same Agilent 1100 MS system than with Approach I without 
using LC column (direct injection in MS) and using eluent of 0.1 % (vol/vol) formic acid in 
ultrapure water at a flow rate of 50 μL/min. For this analysis a high-resolution mass 
spectrometer (LTQ-Orbitrap XL, ThermoScientific Bremen, Germany) equipped with an ESI 
source operated in positive mode was used, over a mass range of 100-2500 Da. Tandem mass 
spectrometry was utilized to confirm the formation of bioconjugated cages using collision 
induced dissociation (CID) fragmentation at a collision energy of 35 eV in the LTQ-Obitrap 
MS instrument. 
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2.5.3 NMR Spectroscopy 

 

Figure S1.1H NMR (400 MHz, [D6]DMSO) spectrum of ligand L2a. 

 
Figure S2.13C NMR(101 MHz, [D6]DMSO) spectrum of ligand L2a. 

 
Figure S3.1H NMR (400 MHz, [D6]DMSO) spectrum of cage C2a. 

 
Figure S4.13C NMR (101 MHz, [D6]DMSO) spectrum of cage C2a. 

2.5.4 Mass Spectrometry 
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Figure S5. High-resolution MS spectrum of cage C2a in H2O with 0.1% Formic Acid. 

Table S1. List of the chemical structures and corresponding isotope pattern distributions of the various species 
observed by high-resolution ESI mass spectrometry of metallacage C2a in H2O with 0.1% Formic Acid. 
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Figure S7. The coupling reaction of ligands L1a, L2a and L3a with model peptide Ac-NLEFK-Am analyzed 
by LC-MS. (A), (C) and E) are total ion LC-MS chromatograms of the ligand-bioconjugate coupling reaction. 
(B), (D) and (F) are the mass spectra of the bioconjugated products L1b (L1a-peptide), L2b (L2a-peptide) and 

L3b (L3a-peptide). 

 

Figure S8. Mass spectrum of the bioconjugated product C1c obtained with in situ self-assembly of the 
bioconjugated cage C1c with model peptide Ac-NLEFK-Am analyzed by MS. 
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Figure S9. Comparison of theoretical (A and B) and the measured isotope patterns (C and D) of the 
bioconjugated metallacage C2c at charge state +4, [C2c]4+ and +3, [C2c-H]3+, as well as the analysis of their 
corresponding fragment peaks by CID tandem mass spectrometry (E and F). 

Table S2. Main peaks identified in the mass spectra of C1c and their corresponding CID fragments. No 
additional peaks were observed in the mass spectra recorded for the self-assembly reaction of C1c. 

Reaction and 
observed ions 

m/z Error 
/ppm 

CID fragment 
Measured Theoretical 

[C1c]4+ : 

[Pd2(L1b)4]4+ 
1050.1528 1050.1526 0.19 

997.45（L1b)  
1101.32 

[C1c-H]3+ : 

[Pd2(L1b)4-H]3+ 
1399.8679 1399.8677 0.14 

997.24（L1b) 1102.40, 
1600.19 
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Figure S10. Comparison of calculated (A and B) and measured isotope patterns (C and D) of the bioconjugated 
metallocage C1c at charge state +4, [C1c]4+ and +3, [C1c-H]3+, as well as the analysis of their corresponding 
fragment peaks by CID tandem mass spectrometry (E and F). 
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ABSTRACT 

Cisplatin occupies a crucial role in the treatment of various malignant tumours. However, its 

efficacy and applicability are heavily restricted by severe systemic toxicities and drug 

resistance. Our study exploits the active targeting of supramolecular metallacages to enhance 

the activity of cisplatin in cancer cells while reducing its toxicity. Thus, Pd2L4 cages (L = 

ligand) have been conjugated to four integrin ligands with different binding affinity and 

selectivity. Cage formation and encapsulation of cisplatin was proven by NMR 

spectroscopy. Upon encapsulation, cisplatin showed increased cytotoxicity in vitro, in 

melanoma A375 cells overexpressing αvβ3 integrins. Moreover, ex vivo studies in tissue 

slices indicated reduced toxicity towards healthy liver and kidney tissues for cage-

encapsulated cisplatin. Analysis of metal content by ICP-MS demonstrated that encapsulated 

drug is less accumulated in these organs compared to the ‘free’ one. 
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3.1 Introduction 

Recently, supramolecular coordination complexes (SCCs) have attracted exploration in the 
fields of drug delivery, biomolecular recognition and imaging.[1,2] Thus, the number of 
reports on the bioactivity of three-dimensional SCCs with different shapes, including 
helicates,[3] metallacages,[4] cubes,[5] prisms[6] and capsules,[7] and different compositions - 
(MnLm) where M is usually Fe(II), Pd(II), Pt(II), or half-sandwich organometallic clips based 
on Ru(II), Os(II), or Ir(III) and Rh(III), and L is the ligand of the coordination complex - has 
substantially increased. In this context, supramolecular metallacages offer several properties 
making them attractive candidates for future drug delivery systems.[8] These discrete 
chemical entities, at variance with metal organic framework (MOFs), feature a secure cavity 
to host small drug molecules, while the ability to modify the ligand structure both pre- and 
post-self-assembly allows for fine tuning of the overall properties like solubility in aqueous 
environment.[9] Despite these promising properties, the full potential of metallacages as drug 
delivery vehicles has not been explored so far.[2] 

In 2012, Crowley and co-workers reported on the encapsulation properties of the anticancer 
drug cisplatin within Pd2L4 cages (L = 2,6-bis(pyridine-3-ylethynyl)pyridine as the bidentate 
ligand), studied by NMR and X-ray diffraction.[10] Platinum-based anticancer drugs are the 
mainstay of chemotherapy regimens in clinic. Nevertheless, the efficacy of cisplatin is badly 
affected by serious systemic toxicities and drug resistance, and its pharmacokinetics is still 
under consideration.[11] 

Therefore, cisplatin encapsulation in metallacages could enable a better delivery approach, 
minimizing the systemic toxicity of the drug while reducing its speciation. More recently, we 
explored similar cationic [Pd2L4]4+ systems and developed the exo-functionalization of the 
ligand scaffold to add different functionalities (e.g. fluorescent tags).[12,13] Structural studies 
by 1H NMR ad X-ray diffraction were performed demonstrating encapsulation of 
cisplatin.[14,15] Furthermore, the cytotoxicity of the [Pd2L4]4+ cages have been tested in vitro 
against a small panel of human cancer cells, showing scarce or moderate antiproliferative 
activities depending on the ligand scaffold.[15] However, in order to achieve tumour 
selectivity, we envisaged the conjugation of the cages to cancer-cell-specific ligands – such 
as used in virus-like particles[16] – as the best strategy. Thus, we recently reported the first 
example of bioconjugation of self-assembled Pd2L4 cages to a linear model peptide.[17] 

Here we extended our investigation to the bioconjugation of the cages to integrin binding 
ligands. Integrins have been extensively studied as drug targets, interacting with the 
extracellular matrix (ECM) and thereby regulating many cellular functions, such as 
proliferation, migration, and survival.[18,19] In mammals, there are eight RGD recognizing 
integrin subtypes among them αvβ3 and α5β1, expressed in cancer tissue and promoting 
tumour metastasis.[19] Over the years, numerous small peptidic or peptidomimetic molecules 
were designed and used to selectively address various integrin sub-types to treat different 
pathologies or for imaging.[20-26] As an example, the cyclic pentapeptide cyclo(RGDfV)[27] 
and the related Cilengitide[28] were found to be potent ligands for the integrins αvβ3, αvβ5, 
and α5β1.[25,29]  

It is worth mentioning that direct tethering of integrin binding peptides to cytotoxic platinum 
complexes have been also reported. For example, Lippard et al. explored the targeting ability 
of linear and cyclic RGD and Asn–Gly–Asp (NGR) integrin targeting ligands, and 
synthesized a Pt(IV) series comprising mono- and difunctionalized complexes, which 
improved the cisplatin anticancer activity, once the Pt(IV) compound is reduced to cisplatin 
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in the intracellular environment.[30] More recently, other Pt(II) and Pt(IV) complexes, 
functionalized with cyclic and multimeric RGD-containing peptides, have been 
described.[31,32] Interestingly, conjugation of a photoactivatable Pt(IV) prodrug to a cyclic 
RGD-containing peptide, led to increased phototoxicity in melanoma cancer cells 
overexpressing the αvβ3-integrin receptor.[32] However, these targeting approaches do not 
address the problem of metallodrug speciation until the target is reached, and, therefore, 
possibilities of cisplatin encapsulation into a targeted drug delivery vector are extremely 
appealing.  

Hence, we conjugated a Pd2L4 metallacage to four integrin ligands for subtype specific 
targeting of integrin αvβ3 (compounds 1-3)[26,27,33] or α5β1 (compound 4),[34] respectively 
(Figure 1).[23,24,35,36] Cage formation and cisplatin encapsulation were studied by NMR 
spectroscopy. The conjugated cages were first studied for their integrin recognition properties 
using an ELISA assay. Afterwards, the three cages targeted to αvβ3 and encapsulating 
cisplatin were tested for their antiproliferative effects against two human cancer cell lines 
with different levels of integrin expression, namely the melanoma cell line A375 
overexpressing αvβ3, and the lung cancer cell line A549, deprived of this integrin. Moreover, 
the toxicity of a representative cage and of its encapsulated cisplatin was evaluated ex vivo in 
healthy tissues. Finally, the accumulation of cisplatin was also studied in tissues by 
Inductively Coupled Plasma Mass Spectrometry (ICP MS). 

 

3.2 Results and Discussion 

Initially, the ligand L0 featuring a carboxylic acid group in exo-position has been synthesised 
adapting a previously reported procedure,[12] to increase the overall yield and including a 
protecting step of the carboxylic moiety (See Experimental for details). Thus, L0 was used 
for coupling to the amino-functionalized integrin ligands 1-4 to form the cage precursors L1-
L4 (Fig. 1). The products were analysed by various methods, including NMR spectroscopy 
(Figures S1-S7, S10-S11, S13-S14, S16-17, S19-S20). Afterwards, the cages C0-C4 were 
formed by self-assembly upon addition of 2 eq. of the Pd2+ precursor (Pd(MeCN)4(BF4)2), as 
proven by 1H NMR (Fig. S8-S9 and S12, S15, S18, S21), and remained stable in solution for 
at least 24 h. (The general procedures (GPs) for the synthesis of the peptide, and Figures S1-
S21 can be find in the online version of the Supporting Information which is available on 
ACS website at DOI: 10.1021/acs.bioconjchem.8b00682.) 

In Figure 2, the stepwise addition of Pd2+ precursor to ligand L4 enabled following the self-
assembly process leading to cage C4 formation by 1H NMR spectroscopy. In details, to the 
free bioconjugated ligand L4 (4.00 eq. Figure 2A), Pd(MeCN)4(BF4)2 was added in four 
portions (0.50 eq., Figure 2B-E). The adjacent protons of the metal binding site undergo a 
significant shift of about 1 ppm (a to a' and b to b') and also the two remaining protons of the 
pyridyl residue (e to e’ and f to f’) slightly shift after binding of the Pd2+ ions. The more 
distant protons (c and d, and the protons of the integrin ligand) do not show any remarkable 
shift with binding of the Pd2+ precursor to form the cage C4 (Figure 2E). The full 
consumption of the free ligand after an addition of 2.00 eq. Pd(MeCN)4(BF4)2 clearly 
indicates a ratio of ligand to Pd of 2:1, which could be explained by the formation of cage C4 
(Pd2L44). 
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Figure 1. Synthesis of the bioconjugated ligands L1-L4 and of cages C0 and C1-C4 via metal-mediated self-
assembly. (HATU = hexafluorophosphate azabenzotriazole tetramethyl uronium, HOBt = 
hydroxybenzotriazole). Compounds 1-4 are the integrin binding ligands for αvβ3 (1-3) and α5β1 (4). The 
integrin ligands were originally described in the following literature: 1[27,35], 2[24,33], 3[26], and 4[23,34]. 

 

Figure 2. Titration of ligand L4 with Pd(MeCN)4(BF4)2 and self-assembly process leading to formation of cage 
C4 followed by 1H NMR spectroscopy. A. Spectrum of the bioconjugated metal ligand L4 (4.00 eq.) in DMSO-
d6. Addition of the Pd(MeCN)4(BF4)2 (B. 0.50 eq.; C. 1.00 eq.; D. 1.50 eq.; E. 2.00 eq.; as a solution in DMSO-
d6) results in the step-wise self-assembly of cage C4. 

The bioconjugated cages C1-C4 as well as their precursors L1-L4 were assessed for their 
integrin binding affinity and selectivity by an established ELISA-like solid-phase binding 
assay.[25,37] Data are reported in Table 1 and show that C1-C3 αvβ3 and C4 α5β1 complexes 
feature strong binding, as expected from the original binding affinity of the parent ligands 
L1-L4,[25] while the unsubstituted cage C0 exhibited no binding affinity at all. Compared to 
Cilengitide,[28] the metallacages C1-C4 show higher selectivity for their target integrin with 
affinities in the low nanomolar range. The observation that multimerization is improving the 
binding affinity of ligands is well-known and often investigated,[38,39] this was also found by 
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us for RGD-containing ligands very early[40,41] The role of multimerization is especially 
important for integrins[42] as multimeric integrin ligands might help to enter cells by 
endocytosis as it is used by viruses such as foot and mouth disease[43] and used for virul-like-
particles.[16] Within the group of αvβ3 active cages C1-C3, the nature of the integrin binding 
ligand has an influence on the discriminating selectivity towards the other integrins. Whereas 
the cyclic peptides in C1 and C3 show increased affinity for all integrins upon cage 
formation, the peptidomimetic C2 displays in addition an enhanced selectivity for its target 
integrin αvβ3. The peptidomimetic α5β1 targeting cage C4, as well as the precursor L4, show 
very high selectivity for the integrin α5β1. The activity of L4 for α5β1 was far below 1 nM 
and might additionally be attributed to any unspecific interaction between L4 and the integrin. 

Table 1. IC50 values of metallacages C0-C4 and their ligand precursors L1-L4 for binding to RGD-recognizing 
integrin subtypes α5β1, αvβ3, αvβ5 and αvβ6. 

 IC50 [nM] [a] 

compound     αααα5ββββ1  ααααvββββ3  ααααvββββ5 ααααvββββ6 

C0 >10000 >10000 >10000 >10000 

C1 20±2 2.1±0.8 49 ± 6 159±18 

C2 1025±331 0.98±0.24 6580 ±911 644±66 

C3 193±62 0.38±0.01 24±6 13±2 

C4 1.77±0.15 >10000 >10000 2370±303 

L1 215±71 24±5 147±9 479±39 

L2 66±12 3.3 ±1.3 827±118 148±11 

L3 396±127 0.87±0.31 156±20 64±13 

L4 <1 >1000 >10000 1361±151 

Cilengitide[b] 14.9±3.1 0.61±0.06 8.4±2.1 2050±640 
[a] The reported IC50 values were calculated using a sigmoidal fit to 16 data points, obtained from two serial dilution rows, by 
using Origin software package. All IC50 values determined were referenced to the affinity of the internal standard and are 
presented as mean ± SD. [b] IC50 values of Cilengitide as previously reported.25 

Previously reported results on unsubstituted Pd2L4 cages showed that they are able to 
encapsulate two molecules of cisplatin as determined by X-ray diffraction and NMR 
spectroscopy.[10,15] Thus, we also studied the cisplatin encapsulation properties of the 
protected cage Bz-C0 by 1H NMR (Fig. S22) and 1H DOSY NMR (Fig. S23-S27). The use of 
the protected cage instead of cage C0 is due to its higher solubility in the selected NMR 
conditions. In the 1H NMR spectrum in Fig. S22, the inward directed pyridyl proton signals 
undergo shifts upon encapsulation of 2 eq. of cisplatin, which are consistent with previously 
reported results.[15] Specifically, Ha undergoes a downfield shift of Δδ = 0.0048 ppm, and Hb 
of Δδ = 0.0148 ppm. Instead, for the benzyl proton He an upfield shift of Δδ = 0.114 ppm was 
observed (Fig. S22). Furthermore, the titration of cisplatin (up to 2 eq.) to a cage solution 
shows marked differences in the 1H DOSY NMR spectra of free cisplatin, due to its 
encapsulation (Fig. S23-S27). Further addition of cisplatin (3 eq.) shows reappearance of the 
free cisplatin signals (Fig. S27). Formation of the host-guest complex was also supported by 
195Pt NMR spectroscopy where the disappearance of the classical Pt resonance of free 
cisplatin at -2080 ppm was observed upon addition of cage Bz-C0 (Figure S28). 
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To validate our targeting concept, the antiproliferative effects of the coordination cages C1-
C3, alone and encapsulating cisplatin [cisplatin⊂(C1-3)] were evaluated against two different 
cell lines with different αvβ3 integrin expression pattern, in comparison to free cisplatin (see 
SI for experimental details). Specifically, the malignant melanoma cell line A375 has been 
shown to overexpress αvβ3,[44] while the human lung cancer cell line A549 is reported not to 
express it.[45] The latter cell type is also resistant to cisplatin. Thus, cells were treated with 
increasing concentrations of cages and ligands; concentrations higher than 60 µM were 
usually not reached due to the toxic effect induced by the presence of DMSO, particularly in 
the A375 cells. Drug encapsulation in each cage system was assessed by 1H NMR prior each 
experiment and confirmed encapsulation of 2 eq. of cisplatin per eq. of cage (data not shown). 
It should be mentioned that cisplatin stock solutions were freshly prepared in aqueous 
solution (1 mM) to avoid ligand exchange reactions with DMSO.  

The results are summarized in Table 2 and show that cages C1-C3 alone are scarcely toxic to 
the two cell lines, while cisplatin is moderately toxic only in the A375 cells (EC50 = 33.9 ± 
2.9 µM). Moreover, while treatment with cisplatin encapsulated in the “untargeted” cage C0 
([cisplatin⊂(C0)]) does not change the drug’s antiproliferative effects, cisplatin encapsulated 
in the bioconjugated cage C2 significantly increases its cytotoxic potency against the αvβ3 
integrin expressing A375 cells (ca. 2-fold more potent with respect to free cisplatin). Instead, 
the same [cisplatin⊂(C2)] formulation does not increase the cisplatin toxicity against the 
A549 cells with no expression of αvβ3. Concerning cages C1 and C3, none of them increase 
significantly the cytotoxicity of cisplatin in the A375 cell line, which could be related to the 
lower selectivity against α5β1 and/or αvβ5 (Table 1). This result could also be due to 
differences in stability and drug release properties of the cages in the biological environment. 
Finally, it is worth mentioning that the Pd2+ precursor, as well as the different ligands L0 and 
L1-L4 were also studied and resulted to be non-toxic at the highest tested concentrations in 
both cell lines. Representative values are reported in Table 2 for L0. 
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Table 2. Antiproliferative activity (EC50 values) of different cages and cage:cisplatin (1:2) formulations in 
human A375 and A549 cancer cells compared to cisplatin after 24 h incubation. 

 EC50 [µµµµM] [a] 

Treatment A375 (melanoma) 

ααααvββββ3 ++ 

A549 (lung) 

ααααvββββ3 – 

Ligand L0 > 50 > 100 

cage C0 > 50 82.6 ± 15.1[b] 

[cisplatin⊂(C0)] 31.5 ± 3.0 > 60 

cage C1 > 50 > 60 

[cisplatin⊂(C1)] 32.4 ± 1.2 > 60 

cage C2 > 50 > 60 

[cisplatin⊂(C2)] 15.80 ± 3.35* > 60 

cage C3 > 50 > 60 

[cisplatin⊂(C3)] 29.5 ± 0.6 > 60 

cisplatin 33.9 ± 2.9 63.2 ± 5.2 

[a] The reported EC50 values are presented as mean (± SEM) of at least four independent experiments.  
[b] Value taken from reference [12]. * (p < 0.01) indicate the difference is significant when compared to samples treated with 
cisplatin only. 

In order to constitute an optimal drug delivery system, metallacages should be deprived of 
intrinsic toxic effects in normal tissues, and preferably reduce the toxicity exerted by the 
encapsulated drug. Thus, as proof of concept, cage C0, alone or encapsulating cisplatin, was 
tested for its toxicity on healthy rat kidney and liver tissues ex vivo using the precision-cut 
tissue slices (PCTS) technique.[46-50] PCTS are thin (150-250 μm) slices of viable tissue. In 
this model, all cells remain in their natural environment maintaining the original cell-cell and 
cell-matrix contacts, which are absent in classical 2D cell cultures in vitro. This method is a 
FDA-approved model for drug toxicity and metabolism studies, and is also useful to 
determine drug uptake/efflux mechanisms.[46-50] Recently, we have successfully used the 
PCTS method to study the toxic effects of experimental anticancer organometallic 
compounds, including aminoferrocene-containing prodrugs, ruthenium-based kinase 
inhibitors, as well as gold(I) carbenes and gold(III) cyclometalated cytotoxic agents.[46-50] 

Thus, the viability of the liver and kidney slices was determined by incubating the PCTS with 
different concentrations of cage C0, alone or encapsulating cisplatin (cage:cisplatin = 1:2), 
for 24 h and measuring the ATP/protein content (see SI for details). Cisplatin was also 
administered in the same range of concentrations for comparison. The obtained results for 
liver and kidney are presented in Fig. 3 (A and B). As expected, and in line with previous 
results,[49] cisplatin alone causes a marked reduction of slice viability in both organs. Instead, 
cage C0 was substantially not toxic even at the highest tested concentration in the liver slices. 
Ligand L0 and the Pd2+ precursor were also non-toxic above 100 µM (data not shown). Of 
note, encapsulated cisplatin showed a significantly reduced toxicity in both liver and kidney 
slices compared to free cisplatin. 
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Figure 3 – A and B: Viability of Precision Cut Tissue Slices (PCTS) from liver (A) and kidney (B), treated for 
24 h with different concentrations of cisplatin (10, 30 and 50 µM), cage C0 (5, 15 and 25 µM) and encapsulated 
cisplatin [cisplatin⊂(C0)] ([cage]/[cisplatin] = 5/10, 15/30, 25/50 µM). C and D: Total metal content (Pd and Pt) 
determined by ICP-MS in PCTS of liver (C) and kidney (D) treated for 24 h with different concentrations of 
cisplatin, cage C0 and encapsulated cisplatin ([cisplatin⊂(C0)]). The error bars show the standard deviation of 
at least three independent experiments. For statistical analysis the Two Independent Sample t-Test was applied. 
* (p ≤ 0.01) indicates the difference is significant when compared to its control (treatment with cisplatin at the 
same concentration). 

In order to evaluate the relation between toxicity and intracellular metal accumulation, we 
determined the Pt and Pd content of tissue slices exposed to cisplatin alone or encapsulated in 
cage C0 by ICP-MS. Thus, PCTS were incubated for 24 h in the same conditions as for the 
ATP determination described above. In PCTS, the metal concentration increases in a 
concentration dependent manner (Fig. 3, C and D). Overall, as expected,[51] the Pt content is 
higher in kidney (Fig. 3D) than in liver (Fig. 3C). However, the accumulation of Pd is 
somewhat higher in the liver than in the kidney PCTS. Moreover, the results suggest that Pd 
accumulation is not influenced by cisplatin encapsulation. As it can be observed in Fig. 3C, in 
the case of liver slices, cisplatin encapsulated in cage C0 is markedly less accumulated than 
free cisplatin. Similar conclusions can be made for kidney samples although the differences 
are not as significant (Fig. 3D). Thus, the obtained results are another indirect evidence that 
cisplatin encapsulation in the metallacage is mostly preserved even in biological environment. 

In the liver, the content of Pd and Pt in the [cisplatin⊂(C0)] treated slices is roughly in 
accordance with the predicted metal stoichiometry (Pd:Pt). However, in the kidney, the Pt 
content is higher than the Pd content, and this result should be further investigated. Possibly, 
Pd is partly excreted from the tissue over 24 h, while Pt is not (or less). Alternatively, a part 
of cisplatin may be released from the cage before uptake and enter the tissue more efficiently 
than in the liver. In this latter case the overall Pt content may be the result of accumulation of 
both encapsulated and free cisplatin. However, this latter explanation may be less likely in 
liver as such an effect is not seen in this organ. 
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3.3 Conclusion 

In conclusion, we herein present an integrin selective supramolecular drug delivery system 
for cisplatin based on the Pd2L4 metallacage scaffold. Encapsulation of cisplatin in the RGD-
modified metallacage exhibits increased anticancer effects in vitro, and the metallacaged 
cisplatin itself has a decreased toxicity against healthy tissues ex vivo. The latter observation 
is explained on the basis of reduced platinum uptake in healthy tissues. Although further 
studies are necessary to fully characterize the properties of metallacages as drug delivery 
systems, including their stability in physiological conditions and drug release properties, 
toxicity of cages conjugated with integrin ligands in healthy tissue, as well as study of the 
effects in in vivo models, our work constitutes a first proof-of-concept of the possible use of 
supramolecular coordination complexes for directed drug delivery. 
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3.4 Supporting information 

The SI provided contains the most relevant information, while the complete document can be 
found in the online version of the Supporting Information which is available on Wiley 
Publications website at DOI: 10.1021/acs.bioconjchem.8b00682  
(https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.8b00682/suppl_file/bc8b00682_si_0
01.pdf). 

Experimental 

General. All reagents, solvents and resins were obtained from commercial suppliers and used 
without further purification, unless otherwise stated. Semi-preparative reversed phase HPLC 
was performed on a Waters instrument: Waters 2545 (Binary Gradient Module), Waters SFO 
(System Fluidics Organizer), Waters 2996 (Photodiode Array Detector), Waters 2767 
(Sample Manager) equipped with a C18-column (Reprosil 100 C18, 5 µm, 150 x 30 mm, Dr. 

Maisch). Suitable linear gradients (40 mL/min) of H2O (0.1%v/v trifluoroacetic acid (TFA), 
buffer A) and acetonitrile (0.1%v/v TFA, buffer B) were applied for the purification of all 
compounds. Analytical HPLC-HESI-MS (heated electrospray ionization mass spectrometry) 
was performed on an UltiMate 3000 UHPLC focused chromatographic system (Dionex) 
connected to a LCQ Fleet mass spectrometer (Thermo Scientific) equipped with a C18 
column (Accucore C18, 80 Å, 2.6 µm, 50 x 2.1 mm, Thermo Scientific). Linear gradients (0.9 
mL/min, 5 min) of water (0.1% formic acid) and acetonitrile (0.1% formic acid) were used 
for analytical purpose. Further, analytical ESI-MS spectra of the metal-ligand L were 
recorded on a Walter Synapt G2SI QTOF. High resolution mass (HRMS) was measured on a 
LTQ Orbitrap XL (Thermo Scientific). 1H-NMR and 13C-NMR spectra were recorded on a 
500 MHz DMX (Bruker), a 500 MHz cryo AV (Bruker), on a 400 MHz AV spectrometer 
(Bruker) and on a 400 MHz Ultrashield spectrometer (Bruker), respectively, at 298 K. 

DOSY-NMR was measured on a 400 MHz Ultrashield spectrometer (Bruker) at 298 K. 
Chemical shifts are given in parts per million (ppm). Abbreviations for NMR multiplicities 
are: singlet (s), doublet (d), triplet (t), multiplet (m). Coupling constants J are given in Hz. 
Following solvents were used as internal standards: DMSO-d6: 2.50 ppm (1H-NMR) and 
39.52 ppm (13C-NMR); CDCl3: 7.26 ppm (1H-NMR) and 77.16 ppm (13C-NMR)[1]. 

3.4.1 Synthesis 

Synthesis of ligand L0 

Ligand L0 has been synthesised adapting a previously reported procedure,[2] to increase the 
overall yield and including a protecting step of the carboxylic moiety (Scheme S1). The 
starting compound benzyl 3,5-dibromobenzoate was synthesised according to a previously 
reported procedure by benzyl protection of 3,5-dibromobenzoic acid,[3] and fully 
characterized by NMR (Figures S1-S6 details can be found in the online version of the 
Supporting Information) 

 
Scheme S1. Synthesis of ligand L0 via Sonogashira cross-coupling. 



Bioconjugation of Supramolecular Metallacages to Integrin Ligands for 
Targeted Delivery of Cisplatin 

46 

 

Synthesis of ligands 1-4  

3,5-bis(pyridin-3-ylethynyl)benzoic acid (1.00 eq.), HATU (O-(7-azabenzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium-hexafluorophosphate, 1.00 eq.) and HOBt (1-
hydroxybenzotriazole, 1.00 eq.) were dissolved in DMF (50 mM, referred to 1.00 eq.) and 
DIPEA (N,N-diisopropylethylamine, 2.00 eq.) was added. The solution was stirred at room 
temperature for 20 min and subsequently added to a solution of the corresponding amine (50 
mM in DMF, 1.00 eq.) in DMF. The reaction mixture was stirred for 1 h at r.t., the solvent 
was removed in vacuo and the crude product was purified via semi-preparative RP-HPLC.  

Titration of Pd(MeCN)4(BF4)2 to a solution of ligand L4 

The exclusively tetrameric cage formation of C4 (Pd2L44) is proven by a titration experiment. 
To a solution of ligand L4 (2.89 mg, 2.89 µmol, 4.00 eq.) in DMSO-d6 (0.4 mL) a solution of 
Pd(MeCN)4(BF4)2 (14.3 mM) in DMSO-d6 was added in four portions (each 0.36 µmol, 23.8 
µL). After each addition a 1H-NMR spectrum was measured (see Figure 2). 

• cyclo(RGDfK((3,5-bis(pyridin-3-ylethynyl)benzoyl)Ahx)) (L1)  

 
The carboxylic acid L0 (8.37 mg, 25.8 µmol, 1.00 eq.) and the free amine 1 (18.5 mg, 25.8 µmol, 1.00 eq.) were 
converted according to the above-mentioned procedure. The final bioconjugated metal ligand L1 was isolated 
after purification via preparative RP-HPLC (20-35% buffer B, 10 min, Waters) and lyophilization as a white 
solid (9.0 mg, 8.78 µmol, 34%). 
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• (S)-3-(4-(3-(6-(3,5-bis(pyridin-3-ylethynyl)benzamido)hexanamido)propoxy)benzamido)-4-(4-(3-

((4-methoxypyridin-2-yl)amino)propoxy)phenyl)butanoic acid (L2)  

 
The carboxylic acid L0 (2.75 mg, 8.46 µmol, 1.00 eq.) and the free amine 2 (5.50 mg, 8.46 µmol, 1.00 eq.) were 
converted according to the above-mentioned procedure. The final bioconjugated metal ligand L2 was isolated 
after purification via preparative RP-HPLC (20-45% buffer B, 10 min, Waters) and lyophilization as a white 
solid (6.5 mg, 6.80 µmol, 80%). 

• cyclo(RGDA*L*v)((3,5-bis(pyridin-3-ylethynyl)benzoyl)Ahx)) (L3)  

 
The carboxylic acid L0 (8.45 mg, 26.0 µmol, 1.00 eq.) and the free amine 3 (20.0 mg, 26.0 µmol, 1.00 eq.) were 
converted according to the above-mentioned procedure. The final bioconjugated metal ligand L3 was isolated 
after purification via preparative RP-HPLC (20-35% buffer B, 10 min, Waters) and lyophilization as a white 
solid (8.0 mg, 7.45 µmol, 59%). 

• (S)-2-(4-(3-(6-(3,5-bis(pyridin-3-ylethynyl)benzamido)hexanamido)propoxy)-2,6-

dimethylbenzamido)-3-(2-(3-guanidinobenzamido)acetamido)propanoic acid (L4)  

 
The carboxylic acid L0 (7.59 mg, 23.4 µmol, 1.00 eq.) and the free amine 4 (15.0 mg, 23.4 µmol, 1.00 eq.) were 
converted according to the above mentioned procedure. The final bioconjugated metal ligand L4 was isolated 
after purification via preparative RP-HPLC (20-35% buffer B, 10 min, Waters) and lyophilization as a white 
solid (8.04 mg, 8.49 µmol, 54%). 

 

Cage formation and analysis (C0, C1-C4) 

Synthesis of cage C0. A solution of [Pd(NCCH3)4](BF4)2 (22.2 mg, 0.05 mmol, 2.00 equiv.) 
and ligand L0 (32.4 mg, 0.10 mmol, 4.00 equiv.) in DMSO was stirred for 1 h at room 
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temperature (Scheme S3). Following precipitation by addition of acetone and diethyl ether, 
the solid was then filtrated and washed with diethyl ether to yield the cage compound as an 
off-white solid (42.0 mg, 23.0 µmol, 92%). The product was characterized by NMR 
spectroscopy and high-resolution mass spectrometry. 

Synthesis of cages C1-C4. It was achieved by self-assembly adapting the procedure reported 
for cage C0 described above. The starting material (compounds L1-L4, ~2 µmol, 4.00 eq.) 
was weighed into an NMR-tube, respectively, and solubilized in DMSO-d6 (0.4 mL). A 
solution of Pd(MeCN)4(BF4)2 in DMSO-d6 (20.54 mM, 2.00 eq.) was added to the solution in 
the NMR-tube and homogenized. In the 1H-NMR, the starting material was completely 
converted to the corresponding metallacage (C1-C4). For the ligands L1, L3 and L4 the 
molecular weight was calculated as one-fold TFA-salts, for ligand L2 a calculation without 
TFA-salt gave full consumption of the starting material. Due to their chromatographic 
instability, the formation procedure was optimized in NMR-solvent (DMSO-d6) and analyzed 
without isolating the product. Hereafter ELISA-assays were performed directly with these 
solutions. 1H-NMRs are shown in Figure 2 and Figures S10-S20 of the online version of the 
Supporting Information). 
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Scheme S3. Synthesis of cage C0, C1-C4 via metal-mediated self-assembly. 

 

 

Figure S12. 1H NMR (400 MHz, DMSO-d6) spectrum of cage C1. 

3.4.2 Encapsulation studies 

1H-NMR spectroscopy.  

The benzoate protected Pd2L4 cage C0-Bz (8 mg, 36 µmol, 1.00 eq.) was dissolved in DMF-
d7 (1mL) and the 1H-NMR (500 MHz, 64 scans) spectrum was recorded. Cisplatin (2 mg, 72 
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µmol, 2.00 eq.) was added and the yellow solution was stirred for 10 min. The 1H-NMR (500 
MHz, 64 scans) spectrum of the sample was recorded and compared with the previous one. 

 

Figure S22. Stacked aromatic region 1H NMR (DMF-d7) showing: Top: Free ligand. Middle: Pd2L4 metallacage 
formation. Bottom: Pd2L4 metallacage encapsulating two equivalents of cisplatin. Box A: Magnified region 
showing the downfield shift of peaks Ha and Hb upon cisplatin encapsulation. Box B: Peak upfield shift of peak 
He. 

1H-DOSY NMR spectroscopy.  

The benzoate protected ligand L0-Bz (15.7 mg, 37.9 µmol, 4.00 eq.) was dissolved in DMF-
d7 (2.63 mL, 14.4 mM) and a solution of Pd(MeCN)4(BF4)2 (8.41 mg, 18.9 µmol, 2.00 eq.) in 
DMF-d7 (461 µL, 41.1 mM) was added and a 1H-NMR (400 MHz) spectrum was measured 
to ensure cage-formation. For each ratio, cisplatin was exactly measured out in a glass vial 
and the previously prepared cage solution was added to get a final cage:cis-Pt ration of 1:1, 
1:2, 1:3. The solution was mixed for about 5 min to guarantee complete dissolution of 
cisplatin, subsequently a 1H-NMR and a DOSY-NMR was measured (Figure S22-S26 can be 
found in the online version of the Supporting Information). 

3.4.3 Integrin binding studies 

The affinity and selectivity of integrin ligands were determined by a solid-phase binding 
assay applying a previously described protocol37 that involves coated extracellular matrix 
(ECM) proteins and soluble integrins. The following compounds were used as internal 
standards: cilengitide29, c(f(NMe)VRGD) (αvβ3 – 0.54 nM, αvβ5 – 8 nM, α5β1 – 15.4 nM). 
Flat-bottomed 96-well ELISA plates (BRAND, Wertheim, Germany) were coated overnight at 
4 °C with ECM protein (1) (100 μL per well) in carbonate buffer (15 mM Na2CO3, 35 mM 
NaHCO3, pH 9.6). Afterwards, each well was washed with PBS-T buffer (phosphate-buffered 
saline/Tween 20, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 0.01% 
Tween 20, pH 7.4; 3 × 200 μL) and blocked for 1 h at room temperature with TS-B buffer 
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(Tris-saline/bovine serum albumin (BSA) buffer, 20 mM Tris-HCl, 150 mM NaCl, 1 mM 
CaCl2, 1 mM MgCl2, 1 mM MnCl2, pH 7.5, 1% BSA; 150 μL/well). Meanwhile, a dilution 
series of the compounds and internal standard was prepared in an extra plate, ranging from 20 
μM to 256 pM in 1:5 dilution steps. After washing the assay plate three times with PBS-T 
(200 μL), 50 µL aliquots of the dilution series were transferred to each well from B-G in 6 
appropriate concentrations. Well A was filled with 100 µL of TSB solution (blank), and well 
H was filled with 50 µl of TS-B buffer. Then, 50 µl of a solution of human integrin (2) in TS-
B buffer was transferred to wells H–B and incubated for 1 h at r.t. The plate was washed 
three times with PBS-T buffer, and then primary antibody (3) (100 μL per well) was added to 
the plate. After incubation for 1 h at r.t., the plate was washed three times with PBS-T. Then, 
secondary peroxidase-conjugated antibody (4) (100 μL/well) was added to the plate and 
incubated for 1 h at r.t. Details on the respective solutions (1-4) for each integrin ligand are 
provided in the supplementary material. The plate was then washed three times with PBS-T, 
developed by the addition of SeramunBlau (50 μL/well, Seramun Diagnostic GmbH, 
Heidesee, Germany) and incubated for approx. 1 min at r.t. in the dark. The reaction was 
stopped with 3 M H2SO4 (50 μL/well), and the absorbance was measured at 450 nm with a 
plate reader (infinite M200 Pro, TECAN).  The IC50 value of each compound resulted from a 
sigmoidal fit of two data rows (serial dilution rows) done by OriginPro 9.0G statistical 
software. All IC50 values were referenced to the affinity of the internal standard. 

3.4.4 Antiproliferative assays 

Human malignant melanoma cancer cell line A375 and human lung cancer cell line A549 
were obtained from ATCC and maintained in culture as described by the provider. The cells 
were cultured in DMEM (Dulbecco`s Modified Eagle Medium, Corning), supplemented with 
10% fetal bovine serum (FBS, Eu-approved South American Origin, Thermo Fisher 
Scientific) and 1% penicillin/ streptomycin (Gibco) at 37 °C and 5% CO2. 

To monitor the self-assembly of the cages C0-C4 from ligands L0-L4 and to study the 
subsequent cisplatin encapsulation, 1H NMR studies were conducted directly in DMSO/H2O 
with a capillary of CDCl3 (so the solution could then directly be used for further biological 
studies). Thus, each cage was dissolved in 1 mL of DMSO (max 20%) in H2O (stock solution 
3 mM, 1 eq.) and added to a NMR tube containing a closed capillary of CDCl3. Only in the 
case of the poorly soluble cage C0 the initial stock solution 3 mM was prepared in 100% 
DMSO. 1H NMR spectra were recorded before and after addition of 2 eq. of cisplatin to 
assess drug encapsulation. After confirmation of the encapsulation process, the solution was 
then extracted from the NMR tube and further diluted for the cell viability studies (0.1 to 
60 µM) in DMEM medium. The maximal tested DMSO concentration was 0.1%, except than 
in the case of the least soluble cage C0 (0.5%). In this latter case, control experiments with 
different concentration of DMSO were conducted to exclude possible effects on cells 
viability. Concentrations higher than 50 µM were not tested in A375 cells to avoid toxic 
effects of DMSO. Cisplatin (Sigma-Aldrich) was used as reference compound (tested 
between 0.1 to 100 µM), and its stock dilutions (1 mM) were freshly prepared in aqueous 
solution prior each experiment. For evaluation of cell growth inhibition, cells were seeded in 
96-well plates (Corning) at a concentration of 15000 cells/well and grown for 24 h in 200 μL 
complete medium. After 24 h incubation, 200 μL of the compounds’ dilutions were added to 
each well and the cells were incubated for additional 24 h. Afterwards, the medium was 
removed and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 
Fluorochem) in 10x PBS (Phosphate Buffered Saline, Corning) was added to the cells, at a 
final concentration of 0.3 mg/mL and incubated for 3-4 h. Then, the MTT solution was 
discarded and replaced with DMSO to allow the formed violet formazan crystals to dissolve. 
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The optical density was quantified in quadruplicate at 550 nm using a multi-well plate reader. 
The percentage of surviving cells was calculated from the ratio of absorbance of treated to 
untreated cells. The EC50 value was calculated, using GraphPad Prism software, as the 
concentration causing 50% decrease in cell viability, using a nonlinear fitting of cell viability 
vs [treatment], and presented as mean ± SEM of at least three independent experiments. 
Statistical testing was performed using a Two Sample t-Test, to compare the [cisplatin⊂(C0-

3)] treated samples with its control samples (treatment with cisplatin at the same 
concentration). A p-value of ≤0.01 was considered to be significant. 

3.4.5 Ex vivo studies 

Male Wistar rats (Charles River, France) of 250-300 g were housed under a 12 h dark/light 
cycle at constant humidity and temperature. Animals were permitted ad libitum access to tap 
water and standard lab chow. All experiments were approved by the committee for care and 
use of laboratory animals of the University of Groningen and were performed according to 
strict governmental and international guidelines. 

Livers and kidneys were harvested (from rats anesthetized with isoflurane) and immediately 
placed in University of Wisconsin solution (UW, Dupont Critical Care, Waukegan, IL, USA, 
4⁰C) until further use. For livers, cylindrical cores of 5 mm diameter were made using a 
Schlagbohrer Bosch (3 603 A 26 200). The kidneys, after removal of fat were cut in half 
lengthwise using a scalpel, and cores of 5 mm diameter were cut from the kidney cortex from 
each half perpendicular to the cut surface using disposable Biopsy Punches (KAI medical, 
Japan). Precision-cut liver slices (PCLS, diameter 5 mm; thickness 250 μm; weight 5 mg;) 
and precision-cut kidney slices (PCKS, diameter 5 mm; thickness 150 μm; weight 3 mg;) 
were sliced with a Krumdieck tissue slicer (TSE, Bad Homburg, Germany) in ice-cold Krebs 
buffer at pH 7.42, enriched with glucose to a final concentration of 25 mM and saturated with 
carbogen (95% O2/5% CO2).44 PCLS and PCKS were immediately moved to ice-cold UW 
and stored on ice until the beginning of the experiment for maximally 3 h. PCLS and PCKS 
were preincubated individually at 37 °C for 1 h in 12-well plates in 1.3 mL of Williams 
Medium E (WME, Gibco by Life Technologies, UK) with glutamax-1 (Gibco, Invitrogen, 
Paisley, Scotland) supplemented with 25 mM D-glucose, supplemented with 50 μg/mL 
gentamycin (Gibco, Invitrogen, Paisley, Scotland) for PCLS and with ciprofloxacin HCl (10 
µg/mL, Sigma-Aldrich, Steinheim, Germany) for PCKS. In the incubator (Sanyo CO2/O2 
Incubator, PANASONIC, Secaucus, NJ, USA), the plates were under 80% O2 and 5% CO2 
atmosphere, while being gently shaken (90 times/min). Preincubation allows the slices to 
restore the ATP levels44 and is helpful to remove debris and dead cells before the start of the 
experiments. After preincubation, the slices were moved to different well plates filled with 
1.3 mL of prewarmed complete WME medium and different concentrations of the tested 
compounds and incubated for 24 h. The final concentrations of tested compounds are: Cage 
C0 = 5 μΜ, 15 μΜ and 25 μΜ with 0.83% DMSO v/v; cisplatin = 10 μΜ, 30 μΜ and 50 μΜ; 
[cisplatin⊂(C0)] = [cisplatin]:[cage] of 5/10 μΜ, 15/30 μΜ and 25/50 μΜ with 0.83% 
DMSO v/v. For the final concentration of [cisplatin⊂(C0)]. Experiments were performed in 
triplicate using at least 3 individual rat organs. For each treatment, three slices were used to 
assess the ATP content. It is important to note that the PCLS and PCKS of each liver/kidney 
sample were exposed to all three compounds, as well as controls, in order to limit the 
influence of non-biological experimental variation. This experimental design helps to limit 
interindividual variation between compound’s classes, as well as between compounds and 
controls, in the data set. 

Evaluation of ATP content.  
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After PCTS pre-incubation, different concentrations of cisplatin and cage C0 or of 
encapsulated cisplatin [cisplatin⊂(C0)] were added to the wells and the slices were incubated 
for 24 h. Afterwards, slices were collected for ATP and protein determination, by snap 
freezing in 1 mL of ethanol (70% v/v) containing 2 mM EDTA with pH = 10.9. After 
thawing, the slices were homogenized using a mini-bead beater and centrifuged. The 
supernatant was used for the ATP essay and the pellet was dissolved in 5 M NaOH for the 
protein assay. ATP was measured using the ATP Bioluminescence Assay kit CLS II (Roche, 
Mannheim, Germany). The ATP content was corrected by the protein amount of each slice 
and expressed as pmol/μg protein. The protein content of the PCTS was determined by the 
Bio-Rad DC Protein Assay (Bio-Rad, Munich, Germany) using bovine serum albumin (BSA, 
Sigma-Aldrich, Steinheim, Germany) for the calibration curve.  

Statistics.  

A minimum of three independent experiments were performed using slices in triplicates from 
each rat tissue. Statistical testing was performed with Two Sample t-Test to compare the 
[cisplatin⊂(C0)] treated samples with its control samples (treatment with cisplatin at the 
same concentration). A p-value of ≤0.01 was considered to be significant.  

3.4.6 Metal content determination by ICP MS 

After incubation with the different concentrations of cisplatin, cage C0 or of the 
cage/cisplatin complex [cisplatin⊂(C0)], PCTS were washed with ice-cold Krebs-Henseleit 
buffer and snap-frozen and stored at -80°C until the analysis. 

Sample preparation and Pt and Pd determination.  

The tissue samples were digested with 100 µL nitric acid overnight, all samples were 
completely dissolved. 100 µL hydrochloric acid and 800 µL milliQ were added to produce a 
volume of 1 mL. Prior to analysis the samples were diluted 20 times with 0.65% HNO3/0.1% 
HCl. 

The Pt and Pd contents were quantitated applying a Perkin Elmer (Waltham, MA, USA) 
Sciex Elan DRC-e ICP-MS instrument, equipped with a Cetac ASX-110FR autosampler, a 
0.2 mL min-1 MicroMist U-series pneumatic concentric nebulizer (Glass Expansion, West 
Melbourne Vic, Australia) and a PC3 cyclonic spray chamber (Elemental Scientific Inc., 
Omaha, NE, USA). ICP-MS RF power, lens voltage and nebulizer gas and flow were 
optimized on a daily basis and other settings were: 1 sweep/reading, 25 readings/replicate, 5 
replicates, 50 ms dwell time. The 195Pt+, 194Pt+ and 105Pd+ isotopes were monitored. Pt and Pd 
concentrations were determined by external calibration (0-20 ppb Pt and Pd). LODs were 0.1 
µg L-1 for both Pt and Pd, (3*SD on blank, n=10) and the spike recovery were 102% and 99% 
for Pt and Pd (n = 3), respectively. Pt and Pd single element PlasmaCAL standards (SCP 
Science, Quebéc, Canada) were used and the standards were prepared in a mixture of 0.1% 
HCl and 0.65% sub-boiled HNO3 in MilliQ water. This mixture was furthermore used to 
dilute samples after digestion and as blank solution. 

Statistics 

A minimum of three independent experiments were performed using slices with triplicates for 
each condition. The PCLS and PCKS were prepared from three rats and in each experiment 
slices were exposed in triplicate. The Pt and Pd contents were expressed as nmol/mg slice and 
is presented as a mean (± SD) of at least three independent experiments. Pt and Pd 
concentrations were calculated to compare the [cisplatin⊂(C0)] treated samples with its 
control samples (treatment with cisplatin or C0 at the same concentration). 
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ABSTRACT 

The lack of selectivity for cancer cells and the resulting negative impact on healthy tissue is a 

severe drawback of actual cancer chemotherapy. Tethering of cytotoxic drugs to targeting 

vectors such as peptides, which recognize receptors overexpressed on the surface of tumor 

cells, is one possible strategy to overcome such a problem. The pentapeptide cyc(RGDfK) 

targets the integrin receptor αvβ3, important for tumor growth and metastasis formation. In 

this work, two terpyridine based Ru(II) complexes were prepared and for the first time 

conjugated to cyc(RGDfK) via amide bond formation resulting in a monomeric and a dimeric 

bioconjugate. Both Ru(II) complexes bind strongly and selectively to integrin αvβ3, with the 

dimeric molecule displaying a 20-fold higher affinity to the receptor than the monomeric 

one. However, the cytotoxicity of the complexes and related bioconjugates against human 

A549 and SKOV-3 cell lines is still not sufficient for application as anticancer agents. 

Nevertheless, considering the high selectivity for integrin receptor αvβ3, the synthesis of Ru-

based bioconjugates with cyc(RGDfK) paves a promising way towards the design of 

effective targeted anticancer agents. 
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4.1 Introduction 

Platinum anticancer drugs are widely used for chemotherapy of various cancers. However, 
indiscriminate distribution or poor selectivity often results in severe side effects and drug 
resistance.[1] Therefore, enhancing the tumor selectivity has become a major goal for the 
development of platinum-based cytotoxic agents. Similar issues are encountered with the new 
generation of experimental anticancer metal complexes, including, among others, compounds 
based on ruthenium,[2] gold,[3] iron[4] and copper[5]. Thus, the development of so-called 
targeting and drug delivery strategies of metallodrugs has become a priority in the field, 
together with the design of new chemical scaffolds. 

Within this framework, an increasing number of reports on tethering metal complexes to a 
wide range of functional molecules or nanoparticles with or without targeting groups has 
appeared in recent years.[6] Specifically, the functionalization of metallodrugs is aimed at 
improving the tumor selectivity and/or minimizing the systemic toxicity to enhance their 
cellular accumulation and overcome tumor resistance. Moreover, a synergistic anticancer 
effect of different therapeutic modalities would also be welcome. In some cases, the use of 
imaging tags conjugated to the metal compounds allow to visualize the drug molecules in 

vitro or in vivo, thus leading to the design of theranostic agents.[7]  

Among the various strategies explored so far to actively target cytotoxic metallodrugs to 
cancer cells, tumor-targeting peptides (TTPs) that are specific for tumor related surface 
markers, such as membrane receptors, can be used.[8]  

Integrin receptors have been largely explored as drug targets since they are heterodimeric, 
transmembrane receptors that function as mechanosensors, adhesion molecules and signal 
transduction platforms in a multitude of biological processes.[9] Integrins interact with the 
extracellular matrix (ECM) thereby regulating many cellular functions, such as proliferation, 
migration, and survival. Integrins are also involved in the cell-to-cell interactions. Through 
cell–cell and cell–ECM contacts, the integrins transduce the information from the external 
environment into the cell and vice-versa, to promote cell adhesion, spreading and motility.[10] 
One common feature of the integrin family is a heterodimeric structure that consists of α and 
β subunits.[11] These structures form 24 different subtypes in mammals, which can be 
classified according to their binding partners (e.g. laminin, collagen). Different integrins are 
also associated with tumor angiogenesis and metastasis,[12] being upregulated in tumor cells 
compared to low levels in normal endothelial cells. The integrin receptor αvβ3 plays a crucial 
role in these processes[13],[14] and  became an attractive target for pharmaceutical research.[15]  

In 1984, Pierschbacher and Ruoslahti discovered that the amino acid sequence Arg-Gly-Asp-
Ser (RGDS) is essential for binding integrin receptors.[16] In fact, eight of the above 
mentioned integrin subtypes form the RGD-binding class.[17] Since then, a wide screening of 
peptide libraries has been carried out to discover ligands including the RGD sequence, and 
targeting the integrin receptors with even higher selectivity. Interestingly, the cyclic 
pentapeptide cyc[RGDfK] (Figure 1) was found to have increased selectivity for integrin 
αvβ3.[18] 
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Figure 1. Cyclic pentapeptide cyc[RGDfK] (A) and two representative targeted Pt constructs: a Pt(IV) 
conjugate[19] (B) and nanoparticles encapsulating a cisplatin prodrug[20] (C). 

Among the metal-based radiopharmaceuticals tethered to cyclic RGD peptides, the majority 
of the examples reported in the literature have been evaluated as SPECT and PET 
radiotracers for tumor imaging.[7a, 21] Recently, the preclinical evaluation of the potential 
theranostic radiopharmaceutical 66Ga-DOTA-E(cyc[RGDfK])2 compound has been 
reported.[22] 

As an example of targeted anticancer metal complexes, recent reports describe the synthesis 
and biological evaluation of Pt(IV) prodrugs, whose axial positions could be functionalized 
with cyclic RGD tripeptides that bind selectively to the integrin receptor αvβ3.[[19, 23] In a 
more elaborated approach, Lippard et al. synthesized a cisplatin prodrug encapsulated into 
poly(D,L-lactic-co-glycolic acid)-block-polyethylene glycol (PLGA-PEG) nanoparticles 
tethered to cyc[RGDfK]. The prodrug shows a significant increase in cytotoxicity towards 
αvβ3 integrin–expressing cancer cell lines, comparable to cisplatin. In vivo studies also 
revealed equivalent tumor growth inhibition (ca. 60%) by both the prodrug and cisplatin in 
mice bearing ovarian cancer xenografts.[20] 

Concerning anticancer ruthenium complexes coupled to peptides, some examples have been 
already reported in the literature,[8] including luminescent Ru(II) complexes linked through 
the mitochondrial penetrating peptide (MPP),[24] as well as to the nuclear localization 
sequence (NLS),[25] the latter enabling the active transport of drugs into the cell nucleus as 
confirmed by fluorescence microscopy studies. Interestingly, Keyes et al. developed 
ruthenium(II) polypyridyl luminophores anchored to peptide sequences as a new class of 
stimulated emission depletion (STED) microscopy probes for imaging of key cell 
organelles.[26] Ueyama et al. also described a peptide labeling approach using Ru(II) 
terpyridine complexes, to implement the mass spectrometry detection of proteolytic 
peptides.[27] 

 

4.2 Results and discussion 

The experimental procedures can be found in the Supporting Information. The two ligands 
used in this work are 2,2':6',2''-terpyridine (terpy, 1a) and [2,2':6',2''-terpyridine]-4'-
carboxylic acid (terpy*, 1b). For the synthesis of 1b a reported two step procedure has been 
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followed.[32] In the first step, 2-acetylpyridine and furfural were combined in ethanol under 
basic conditions to yield 4'-(furan-2-yl)-terpyridine, which was oxidized in the following step 
with KMnO4 to obtain [2,2':6',2''-terpyridine]-4'-carboxylic acid (terpy*, 1b) (see Scheme 1). 

 

Scheme 1. Synthesis of ligand 1b, [2,2':6',2''-terpyridine]-4'-carboxylic acid. 

The complexes 3a and 3b were prepared by a novel synthetic route based on literature 
procedures[33] (Scheme 2). Heating RuCl3⋅3H2O with 1a or 1b in dry ethanol yields the brown 
complexes 2a and 2b, respectively, after one hour in the dark. Afterwards, the complexes 
reacted with 1b, triethylamine and LiCl for chloride abstraction and reduction of Ru(III) to 
Ru(II). Upon addition of 1 M KPF6 solution, the complexes [Ru(terpy)(terpy*)](PF6)2 (3a) 
and [Ru(terpy*)2](PF6)2 (3b) bearing one or two carboxylic acid groups, respectively, 
precipitate. 

 

Scheme 2. Two step procedure for the synthesis of [Ru(terpy)(terpy*)](PF6)2 (3a) and [Ru(terpy*)2](PF6)2 (3b). 

The conjugation of 3a and 3b to the cyclic peptide cyc[R(Pbf)GD(tBu)fK] was accomplished 
by reaction of the free carboxylic acid groups of the complexes with the primary amine of the 
lysine side chain in the presence of a mixture of the activating agents HATU and HOAt 
(Scheme 3). The success of the bioconjugation reaction was confirmed by Electrospray 
Ionisation Mass Spectrometry (ESI-MS), which allowed to identify the intermediate products 
at m/z = 752.78 for [Ru(terpy)(terpy-cyc(R(Pbf)GD(tBu)fK))]2+ and 1221.58 for [Ru(terpy-
cyc(R(Pbf)GD(tBu)fK))2]2+, respectively. Afterwards, the remaining protection groups of 
Arg and Asp were cleaved using a cleavage cocktail as detailed in the experimental section. 
For purification of the crude product, size exclusion chromatography with Sephadex® G-15 
was used since the compounds decomposed during reverse phase (RP)-HPLC. Finally, the 
products were precipitated by addition of solid KPF6 to give [Ru(terpy)(terpy-
cyc(RGDfK)](PF6)2 (4a) and [Ru(terpy-cyc(RGDfK))2](PF6)2 (4b) as red solids.  
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Scheme 3. Synthesis of the bioconjugate products 4a and 4b (PG = protecting group). 

Characterization of the ligand 1b complexes 3a,b and 4a,b 

 

Figure 2. 1H NMR spectra of 1b and complexes 3a and 3b (in DMSO-d6). 

The ligands and the corresponding complexes were characterized by 1H-, 13C- and 31P-NMR 
spectroscopy and ESI-MS. 

Comparing the 1H NMR spectra of ligand 1b with 3a, several signal shifts are observed due 
to complex formation (Figure 2). The signals of H3’,5’ and H3,3’’ are shifted downfield around 
∆δ = +0.61 or +0.49 ppm. In contrast, the signal of H4,4’’ remains and the signals of H6,6’’ and 
H5,5’’ show a strong upfield shift of ∆δ = −1.25 and −0.28 ppm. Nearly the same values are 
observed for complex 3b containing two ligands 1b. The downfield shift of H3’,5’ and H3,3’’ is 
about ∆δ = +0.62 and +0.47 ppm, whereas the signal of H4,4’’ remains and the signals of H6,6’’ 
and H5,5’’ are shifted upfield about ∆δ = −1.20 and −0.26 ppm. For these observations, two 
effects have to be taken into account: first, the deshielding effect of the carboxylic acid group 
and second, the increase of electron density in the aromatic system through coordination of 
ruthenium. The remaining signals in the spectrum of 3a can be assigned to coordinated ligand 
1a. In the 31P NMR spectra the presence of the PF6

- counter ions in complexes 3a and 3b is 
confirmed by the characteristic septet.  

The complexes 3a and 3b and their conjugation derivatives 4a and 4b were characterized by 
ESI-MS, where the characteristic isotopic patterns are consistent with the assigned structures 
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(Figure S3-S14 in the supplementary material). The ESI-MS spectra of the complexes show 
signals at 757.05 and 306.04 m/z for 3a and 801.04 and 328.04 m/z for 3b, which indicate the 
loss of one or two PF6

- anions, leading to a single or double positive charge cationic species. 
Similarly, for the coupling products 4a and 4b, the loss of PF6

- anions is observed. The 
characteristic isotopic patterns of the signals match perfectly with the calculated ones, which 
can be seen in the supporting information. 

Integrin binding assay 

The impact of the conjugation of Ru(II) complexes to cyc[RGDfK] on the binding affinity to 
the integrin receptors αvβ3 and α5β1 was evaluated. The binding affinities for 4a, 4b and 
benchmark Cilengitide[34] are shown in Table 1. 

 4a exhibits an IC50 value of 49 ± 4.3 nM, 90 fold higher than Cilengitide (0.54 ±0.06 nM). 
However, the selectivity for αvβ3 is reasonably high reflecting the fact that the bioconjugate 
does not bind the α5β1 receptor at all (IC50 > 1000 nM), while Cilengitide has still an affinity 
of 15.4 ± 0.2 nM. Considering bioconjugate 4b, enhanced binding affinities are predicted due 
to its dimeric character. Indeed, the binding affinity for integrin αvβ3 is 2.5 ± 0.3 nM, 
presenting a 20 times higher affinity than that observed for the monomeric product and nearly 
approaching the value of Cilengitide. Since the affinity for the α5β1 receptor shows merely a 
value about 595 ± 67 nM, the high selectivity of 4b for αvβ3 is demonstrated.  
Table 1. Results of integrin binding assays for the bioconjugates 4a and 4b, in comparison to the benchmark 
Cilengitide.[a] 

IC50 [nM] ± SD 

Compound ανβ3 α5β1 

Cilengitide[34] 0.54 ± 0.06 15.4 ± 0.2 

4a 49 ± 4.3 >1000 

4b 2.5 ± 0.3 595 ± 67 
 

[a] The reported IC50 values were determined using a solid-phase binding assay (see the Supporting Information 
for details). 

Antiproliferative activity 

The ruthenium compounds (3a and 3b) and their respective cyc[RGDfK] bioconjugates (4a 
and 4b) were evaluated for their antiproliferative properties on two human cancer cell lines 
with scarce (A549) or moderate (SKOV3) expression of integrins αvβ3.[31] Unfortunately, 
both the ruthenium(II) complexes and their targeted derivatives show similarly very low 
cytotoxic effects against both cell lines, independent of the presence of the RGD domains 
(Table 2). This could be attributed to the intrinsic limited anticancer effects of the selected 
Ru(II) derivatives. Therefore, although their cell uptake should be favored by the presence of 
cyc[RGDfK] domains, in the end no toxic effects are observed. 

 
Table 2. IC50 values of Ru complexes and their RGD bioconjugates against human A549 and SKOV-3 cell lines. 

IC50 [µM][a] 

Compound A549 SKOV-3 
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3a 70.3 ± 9.8 74.5 ± 13.7 

4a 87.7 ± 5.4 85.2 ± 18.7 

3b >100 >100 

4b >100 >100 

[a] The reported values are the mean ± SD of at least three determinations. 
 

4.3 Conclusion 

In summary, two novel ruthenium(II) polypyridyl complexes coupled to the cyclic 
pentapeptide cyc[RGDfK] with monomeric or dimeric character have been prepared in order 
to deliver anticancer metallodrugs directly to tumors cells overexpressing the αvβ3 integrin 
receptor.  

The preparation of the terpy-based ruthenium complexes 3a and 3b bearing one or two 
carboxylic acid groups, respectively, was carried out using a novel synthetic strategy. The 
compounds were coupled to a protected derivative of the cyclic pentapeptide via amide bond 
formation between the carboxylic acid of the complex and the amine group of the lysine side 
chain. Purification of the resulting monomeric (4a) or dimeric (4b) bioconjugates and was 
achieved by Size Exclusion Chromatography followed by precipitation as PF6-salt. 
Considering the binding affinities of the bioconjugates towards the integrin receptors, a high 
selectivity for the αvβ3 integrin receptor and a negligible impact on the α5β1 receptor was 
observed. Still, the cytotoxicity of all the reported bioconjugates was low, most likely due to 
still scarce uptake in cancer cells. Hence, while the reported strategy holds promise to achieve 
targeted metallodrugs, future studies have to focus on the tethering to the RGD peptide of 
ruthenium complexes with an intrinsically higher cytotoxic potency, such as similar types of 
ruthenium complexes with terpyridine-type ligands [35]. 
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4.5 Supporting Information 

The SI provided contains the most relevant information, while the complete document can be 
found in the online version of the Supporting Information which is available on Wiley 
Publications website at DOI: 10.1002/ejic.201601094  
(https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fejic.20160109
4&file=ejic201601094-sup-0001-SupMat.pdf). 

Experimental 

General. All chemicals were purchased from commercial sources and used without further 
purification. HPLC grade DMF was used and all other solvents were freshly distilled. The 
synthesis of [Ru(terpy)Cl3] and [Ru(terpy*)Cl3][1] (terpy = 2,2′:6′,2′′-terpyridine and terpy* = 
[2,2':6',2''-terpyridine]-4'-carboxylic acid) were carried out using Schlenk techniques and 
under inter atmosphere with argon 6.0 as protective gas. The ligand terpy was purchased from 
Strem Chemicals, terpy* was prepared according to a literature procedure.[2] NMR spectra 
were recorded on a Bruker Ultrashield spectrometer, 1H at 400 MHz, 13C at 101 MHz and 31P 
at 162 MHz. The chemical shifts δ are reported in ppm and refer to the signal of the 
deuterated solvent used. Electrospray ionization mass spectrometry (ESI-MS) was carried out 
on LCQ classic or on a LTQ FT Ultra, both from Thermo Finnigan. Elemental analysis was 
carried out in the microanalytical laboratories of the Technical University in Munich.  

Reverse phase (RP) HPLC analysis were performed with a Perkin Elmer LC pump. UV 
detectors of Shimadzu SPD-10AV or Perkin Elmer LC 290 were used. HPLC grade solvents 
were applied. The bidistilled water was filtered over Millipore 0.22 µm filters prior to use. 
Analytical measurements were carried out on a Discovery® BIO Wide Pore C18 (Sigma 
Aldrich, 150 mm x 4.6 mm, 5 µm) with a flow rate of 1 mL/min. Purifications were carried 
out on a semi-preparative column of Thermo Scientific™ (Hypersil™ C18, ODS, 250 x 8 
mm, 10 μm) and a precolumn (Hypersil™ C18, ODS, 4.6 mm × 25 mm, 10 μm) with a flow 
of 5.0 mL/min. Linear gradients of solvent A (0.1% TFA in H2O) and solvent B (0.1% TFA 
in CH3CN) were applied. (Tabble S1, details can be found in the online version of the 
Supporting Information)  

4.5.1 Synthesis  

4'-(Furan-2-yl)-2,2':6',2''-terpyridine:  

To 4.50 mL 2-acetylpyridine (4.84 g, 40.0 mmol, 2.00 equiv.) in 100 mL ethanol, 1.70 mL 
furfural (1.92 g, 20.0 mmol, 1.00 equiv.) and 3.08 g (55.0 mmol, 2.75 equiv.) KOH are added 
and stirred for 20 minutes at room temperature. Then, 58.0 mL ammonia solution (w = 25%) 
are transferred to the mixture and stirred for further 20 h. The resulting white solid is filtered, 
washed five times with cold ethanol solution (50 Vol.-%) and dried under reduced pressure to 
give 2.55 g, 43% product. 1H NMR (400 MHz; CDCl3): δ = 8.74 (d, 2H, H6,6’’), 8.72 (s, 2H, 
H3’,5’), 8.65 (dt, 2H, H3,3’’), 7.88 (td, 2H, H4,4’’), 7.59 (d, 1H, H4’’’), 7.36 (ddd, 2H, H5,5’’), 7.12 
(d, 1H, H5’’’), 6.57 (dd, 1H, H3’’’). 
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[2,2':6',2''-Terpyridine]-4'-carboxylic acid (terpy*, 1b):  

2.10 g (7.02 mmol, 1.00 equiv.) 4'-(furan-2-yl)-2,2':6',2''-terpyridine are diluted in 110 mL 
H2O and the pH is set to 10 by addition of solid KOH. KMnO4 (4.43 g, 28.0 mmol, 4.00 
equiv.) is added and the mixture refluxed for three hours. After cooling to room temperature, 
manganese dioxide is removed via filtration over celite. The filtrate is set to pH 5 by addition 
of concentrated HCl and the emerging white precipitate isolated by filtration. The white 
powder is washed two times with 20 mL water and dried under reduced pressure to yield 1.58 
g, 81% product. 1H NMR (400 MHz; DMSO-d6): δ = 13.86 (s, 1H, COOH), 8.85 (s, 2H, 
H3’,5’), 8.75 (d, 2H, H6,6’’), 8.64 (d, 2H, H3,3’’), 8.03 (td, 2H, H4,4’’), 7.53 (dd, 2H, H5,5’’). 13C 
NMR (101 MHz; DMSO-d6): δ = 166.10, 156.05, 154.25, 149.54, 140.65, 137.63, 124.87, 
120.91, 119.64. 

[Ru(terpy)Cl3] (2a):  

327 mg RuCl3⋅3H2O (1.25 mmol) and 292 mg 2,2':6',2''-terpyridine (1.25 mmol, 1.00 equiv.) 
are dissolved in 60 mL dry ethanol and refluxed at 90°C under argon atmosphere for one 
hour. After cooling, the precipitate is filtrated and washed two times with 20 mL H2O, 
ethanol and diethyl ether, respectively. The dark brown solid is dried under vacuum to yield 
431 mg, 78% product. Elemental analysis: Found: C, 40.02; H, 2.58; N, 9.77. Calc. for 
C15H11Cl3N3Ru: C, 40.88; H, 2.52; N, 9.54%. 

[Ru(terpy*)Cl3] (2b): 

To 327 mg RuCl3⋅3H2O (1.25 mmol) and 347 mg [2,2':6',2''-terpyridine]-4'-carboxylic acid 
(1.25 mmol, 1.00 equiv.) 60 mL dry ethanol are added and the solution is heated to reflux at 
90°C under argon atmosphere for one hour. The precipitate is filtered and washed two times 
with 20 mL water, ethanol and diethyl ether respectively. The dark brown solid is dried under 
vacuum to yield 375 mg, 62% product. Elemental analysis: Found: C, 39.50; H, 2.22; N, 
8.73; Cl, 20.8. Calc. for C16H11Cl3N3O2Ru: C, 39.65; H, 2.29; N, 8.67; Cl, 21.94%.  

[Ru(terpy)(terpy*)](PF6)2 (3a):  

The synthesis of this complex has been carried out adapting literature procedure.[1] 
[Ru(terpy)Cl3] (304 mg, 0.70 mmol), 194 mg [2,2':6',2''-terpyridine]-4'-carboxylic acid (0.70 
mmol, 1.00 equiv.) and LiCl (161 mg, 3.80 mmol, 5.00 equiv.) are dissolved in 40 mL of a 
mixture of ethanol and water (7:3). Then, 0.6 mL triethylamine (4.30 mmol, 6.20 equiv.) are 
transferred to the solution and the mixture refluxed at 100°C for 4 h. After cooling down to 
room temperature, the crude product is obtained by filtration. The dark violet solid is 
dissolved in a mixture of acetonitrile and water and precipitated by addition of an aqueous 1 
M KPF6 solution. The product is filtered and dried under vacuum to yield in 480 mg, 76%. 1H 
NMR (400 MHz; DMSO-d6): δ = 9.44 (s, 2H, Hterpy*

3’,5’), 9.15 - 9.07 (m, 4H, Hterpy
3’,5’, 

Hterpy*
3,3’’), 8.84 (d, 2H, Hterpy

3,3’’), 8.56 (dt, 1H, Hterpy
4), 8.10 - 7.97 (m, 4H, Hterpy*

4,4’’, 
Hterpy

4,4’’), 7.56 - 7.41 (m, 4H, Hterpy*
6,6’’, Hterpy

6,6’’) 7.34 - 7.14 (m, 4H, Hterpy*
5,5’’, Hterpy

5,5’’). 
13C NMR (101 MHz; DMSO-d6): δ = 165.79, 157.48, 157.39, 155.41, 154.32, 152.39, 151.89, 
138.26, 138.19, 137.61, 127.97, 127.66, 125.06, 124.58, 124.07, 123.24, 120.88, 119.59.31P 
NMR (162 MHz; DMSO-d6): δ = −144.21 (sept). ESI-MS: m/z 757.05 [M-PF6]+, 306.04 [M-
2PF6]2+. 
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[Ru(terpy*)2](PF6)2 (3b):  

The synthesis of this complex has been carried out adapting literature procedure.[1] 378 mg 
[Ru(terpy*)Cl3] (0.78 mmol), 216 mg [2,2':6',2''-terpyridine]-4'-carboxylic acid (0.78 mmol, 
1.00 equiv.) and LiCl (182 mg, 4.29 mmol, 5.50 equiv.) are diluted in 40 mL of a mixture of 
water: ethanol = 1:3. After addition of 0.65 mL triethylamine (4.68 mmol, 6.00 equiv.) the 
solution is refluxed for 4 h at 100°C. Then, the mixture is reduced to a volume of 10 mL, 
acidified with 0.2 mL concentrated HCl and mixed with 3.20 mL of 1 M KPF6 solution (3.20 
mmol, 4.00 equiv.) The resulting solid is filtered over celite, washed with slight HCl-acidic 
water and recovered by diluting in acetone. After removal of the solvent the red brownish 
product yielded 306 mg, 42%. 1H NMR (400 MHz; DMSO-d6): δ = 14.49 (s, 2H, COOH), 
9.45 (s, 2H, H3’,5’), 9.09 (d, 2H, H3,3’’), 8.02 (t, 2H, H4,4’’), 7.53 (d, 2H, H6,6’’), 7.26 (t, 2H, 
H5,5’’). 13C NMR (101 MHz; DMSO-d6): δ = 165.63, 157.24, 155.16, 152.34, 138.44, 128.00, 
125.25, 123.40.31P NMR (162 MHz; DMSO-d6): δ = −144.22 (sept). ESI-MS: m/z 801.04 
[M-PF6]+, 328.04 [M-2PF6]2+. 

Peptide synthesis:  

9-Fluorenylmethoxycarbonyl (Fmoc) amino acids, 2-chlorotrityl resin, benzotriazole-1-yl-
oxy-tris-pyrrolidino-phosphonium hexafluorophosphate (PyBop), 1-hydroxybenzotriazole 
(HOBt) were purchased from Novabiochem (Merck, Lisbon, Portugal). N,N-
Diisopropylethylamine (DIPEA) was purchased from Sigma-Aldrich (Portugal) and used 
without further purification.  

Arginine and lysine are protected by the 2,2,4,6,7-pentamethyldihydro-benzofuran-5-sulfonyl 
(Pbf) and 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl (ivDde) groups, 
respectively, whereas aspartic acid is protected as a tert-butyl ester. Glycine was chosen as 
the C-terminal amino acid. The fully protected linear pentapeptide R(Pbf)GD(tBu)fK(ivDde) 
(H2N-Asp(tBu)-D-Phe-Lys(ivDde)-Arg(Pbf)-Gly) is prepared manually by the usual 
continuous flow technology and the Fmoc-based Solid Phase Peptide Synthesis using 
glycine-preloaded 2-chlorotrityl resin, PyBop/HOBt (1:1) as coupling mixture and DIPEA as 
base, following standard procedures.[3] Fmoc cleavage is carried out with a 20% piperidine 
solution in DMF. The Kaiser test is monitored for each amino acid assembly to verify the 
completeness of coupling. Cleavage of protected linear peptide from the resin is performed 
without affecting the side chain protecting groups upon treatment of the resin (10 times) with 
a 1 % trifluoracetic acid (TFA) solution in dichloromethane (DCM). The fractions are 
collected in a 10 % pyridine solution in methanol and analyzed by RP-HPLC. The product 
fractions are combined and the solvents evaporated. The resulting solid is dissolved in DCM 
and precipitated by addition of cold diethyl ether. HPLC analysis shows pure product at Rt = 
20.6 min.  

Cyclization is performed via in situ activation with 2.5 equiv. of PyBop and HOBt 
respectively, and 10 equiv. of DIPEA under high-dilution conditions (5 mM) in DCM/DMF 
(11:1) for 16 h. The formation of the cyclic product is monitored by RP-HPLC (Rt = 21.0 min, 
analytical column). Purification is carried out with semi-preparative HPLC (Rt = 25.7 min, 
Method A). The ivDde protection group is selectively cleaved with a 2% N2H4×H2O solution 
in DMF. After 1.5 h under stirring at room temperature, the solvents are evaporated and the 
white solid is washed twice with DMF and three times with cold diethyl ether to yield 33% of 
cyc[R(Pbf)GD(tBu)fK]. The compound is lyophilized and characterized by ESI–MS: m/z 
912.21 [M]+, 456.68 [M]2+. 
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General procedure for the preparation of [Ru(terpy)(terpy-cyc(RGDfK))](PF6)2 (4a) 

and [Ru(terpy-cyc(RGDfK))2](PF6)2 (4b):  

To a solution of the ruthenium precursors [Ru(terpy)(terpy*)](PF6)2 (11.8 mg, 13.1 µmol) or 
[Ru(terpy*)2](PF6)2 (6.2 mg, 6.6 µmol) and the protected peptide cyc[R(Pbf)GD(tBu)fK] (1.0 
equiv. or 2.0 equiv., respectively) in DMF (0.7 mL) are added 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid 
hexafluorophosphate, (HATU 1.5 equiv. or 3.0 equiv., respectively), 1-hydroxy-7-
azabenzotriazole (HOAt, 1.5 equiv. or 3.0 equiv., respectively) and DIPEA (3.0 equiv. or 6.0 
equiv. respectively). After 24 h, the solvent is evaporated and the residue obtained is dried 
under vacuum and dissolved in a deprotection mixture (80% TFA, 5% triisopropylsilane, 5% 
H2O, 10% DCM). After 1 h at room temperature the solvents are evaporated, the residue is 
dried under vacuum and washed twice with DMF. For purification the red solids are 
dissolved in PBS buffer (pH = 7.4) and purified with Sephadex G-15.  

[Ru(terpy)(terpy-cyc(RGDfK))](PF6)2 (4a):  

The pure product is obtained via addition of solid KPF6, filtered and dried to result in 7.0 mg, 
42 % product. ESI-MS: m/z 671.68 [M-PF6+H+]2+, 399.46 [M-2PF6+H]3+. 

[Ru(terpy-cyc(RGDfK))2](PF6)2 (4b):  

The pure product is obtained via addition of solid KPF6, filtered and dried to result in 4.5 mg, 
33% product. ESI-MS: m/z 913.34 [M-2PF6]2+, 609.23 [M-2PF6+H]3+, 457.17 [M-
2PF6+2H]4+.  

Integrin Binding Assay:  

For the integrin binding assays, the following buffer solutions are used: carbonate buffer (15 
mM Na2CO3, 35 mM NaHCO3, pH 9.6), PBS-T buffer (phosphate-buffered saline/Tween20: 
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 0.01% Tween20, pH 7.4) and TS-B buffer 
(Tris-saline/BSA buffer, 20 mM Tris-HCl, 150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 1 mM 
MgCl2, 1 mM MnCl2, pH 7.5, 1% BSA). The selectivity of integrin ligand binding is 
determined by a solid-phase binding assay which is carried out according to the procedure 
published by Kessler et al.[4] As internal standard Cilengitide (cyc[RGDf(NMe)V]) is used. 
Flat-bottom 96-well ELISA plates are coated with 100 µL ECM protein (1.0 µg/mL human 
vitronectin for αvβ3 or 0.5 µg/mL human fibronectin for α5β1) in carbonate buffer per well 
overnight at 4 °C. The wells are washed two times with 200 µL PBS-T buffer and blocked 
with 150 µL TS-B buffer for 1 h at room temperature. Again, the wells are washed three 
times with each 200 µL PBS-T. A dilution series of compounds 4a, 4b and Cilengitide as 
internal standard in the range of 20 µM to 6.4 nM in 1:5 dilution steps are prepared and 50 uL 
of each dilution transferred to the wells B – G. In well A 100 uL of TSB solution as blank 
and in well H 50 uL of TS-B buffer are added. Then 50 uL of a 2.0 µg/mL solution of human 
αvβ3 integrin (for αvβ3) or of human α5β1 integrin (for α5β1) in TS-B buffer are transferred to 
wells B to H and incubated at room temperature. After 1 h, the plate is washed three times 
with PBS-T and 100 µL of a primary antibody (2.0 µg/mL mouse anti-human CD51/61 for 
αvβ3 or 1.0 µg/mL mouse anti-human CD49e for α5β1) are added. After incubation of 1 h at 
room temperature, the plate is washed three times with PBS-T buffer. 100 µL of the 
secondary peroxidase-labelled antibody (1.0 µg/mL anti-mouse leggy-POD for αvβ3 or 2.0 
µg/mL anti-mouse lgG-POD for α5β1) is added to each well. After 1 h at room temperature, 
the plate is washed three times with PBS-T buffer and developed by addition of 50 µL 
SeramunBlau in each well. The plates remain for 5 minutes in the dark, and afterwards the 
reaction is stopped by addition of 50 µL 3 M H2SO4 to each well. The absorbance is 
measured at 450 nm with a plate reader and the resulting inhibition curves analyzed using 
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OriginPro 7.5G software. The inflection point describes the IC50 value. All determined IC50 
are referenced to the activity of the internal standard Cilengitide.  

Cell lines:  

The human lung cancer (A549), and human ovarian cancer (SKOV-3) cell lines, obtained 
from the European Centre of Cell Cultures ECACC, Salisbury, UK, were cultured in DMEM 
containing GlutaMax-I supplemented with 10% FBS and 1% penicillin/streptomycin (all 
from Invitrogen), at 37°C in a humidified atmosphere of 95% of air and 5% CO2 (Heraeus, 
Germany). 

Antiproliferative assays:  

Cells in an exponential growth rate were seeded (8000 cells per well) in 96-well plates 
(Costar 3595) grown for 24 h in complete medium. Solutions of ruthenium compounds were 
prepared by diluting a stock solution (10-2 M in DMSO) of the corresponding compound in 
culture media (DMSO in the culture medium never exceeded 0.2%). Subsequently, 
intermediate dilutions of the compounds were added to the wells to obtain a final 
concentration from 1 to 100 μM. Following 72 h of exposure, 3 (4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) was added to the cells at a final concentration of 
0.50 mg/ml in PBS (Phosphate buffered saline solution) and incubated for 2.5 h. The solution 
was removed and the violet formazan crystals were dissolved in DMSO. The optical density 
of each sample was quantified in quadruplicate at 550 nm, using a multi-well plate reader 
(ThermoMax microplate reader, Molecular devices, US) and the percentage of surviving cells 
was calculated from the ratio of absorbance between treated and untreated cells. The IC50 
value was calculated as the concentration inhibiting the cells growth by 50% and is presented 
as a mean (± SD) of at least two independent experiments. 

4.5.2 NMR and ESI-MS Spectra 

Compound 1b 

 
Figure S1. 1H NMR of compound 1b (DMSO-d6). 
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Figure S2. 13C NMR of compound 1b (DMSO-d6). 

Compound 3b 

 
Figure S3. 1H NMR of compound 3b (DMSO-d6). 
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Figure S4. 13C NMR of compound 3b (DMSO-d6). 

 

Figure S5. ESI-MS of compound 3b. 
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Figure S6. Isotopic patterns in ESI-MS of compound 3b – calculated vs. measured. 

Compound 4b 

 

Figure S7. ESI-MS of compound 4b. 
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Figure S8. Isotopic patterns in ESI-MS of compound 4b – calculated vs. measured. 
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ABSTRACT 

The recent development of mass spectrometry imaging (MSI) technology allowed to obtain 

highly detailed images of the spatial distribution of proteins in tissue at high spatial resolution 

reaching cell dimensions, high target specificity and a large dynamic concentration range. 

This review focusses on the development of two main MSI principles, targeted and 

untargeted detection of protein distribution in tissue samples, with special emphasis on the 

improvements in analyzed mass range and spatial resolution over the last 10 years. 

Untargeted MSI of in situ digested proteins with matrix-assisted laser desorption ionization is 

the most widely used approach, but targeted protein MSI technologies using laser ablation 

inductively coupled plasma (LA-ICP) and photocleavable mass tag chemical labeling 

strategies are gaining momentum. Moreover, this review also provides an overview of the 

effect of sample preparation on image quality and the bioinformatic challenge to identify 

proteins and quantify their distribution in complex MSI data. 
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5.1 Introduction 

Proteins participate actively in biological events and fulfill a wide range of molecular 
functions, such as substrate transport, cellular signaling, catalysis of metabolic reactions, and 
regulation of DNA replication and transcription events. Protein expression changes may 
indicate the presence and severity of a disease and can be used to identify disease onset at an 
early stage, providing better treatment options for patients. Tissues are particularly important 
samples in clinical research, because they contain rich information on morphologic, 
metabolomic and proteomic changes related to biological events and disease pathology[1,2]. 
The imaging of protein distribution in tissues can provide new insights into the molecular 
mechanisms of diseases and the normal function of cells and tissues, as well as of aging 
processes. The spatial distribution of proteins in tissue samples provides information that is 
complementary to the relative and absolute concentration information obtained with 
commonly applied high-throughput molecular profiling omics approaches, such as liquid 
chromatography mass spectrometry (LC-MS)-based proteomics and metabolomics. 

In order to obtain an image from a complex tissue specimen, several non-invasive imaging 
approaches have been developed such as radiography (X-ray, Computed Tomography 
(CT))[3], ultrasonography (USG)[4], positron emission tomography (PET)[5] and magnetic 
resonance imaging (MRI)[6] making use of different measurable physicochemical properties 
such as emitted/reflected light, particles (e.g. positrons) and ultrasound. These approaches 
have contributed significantly to the visualization of biological processes and many of them 
are applied routinely in clinical diagnostics. While many commonly used “non-invasive” (not 
requiring tissue sampling from patient) imaging technologies, such as CT and X-ray 
radiography, and “invasive” (requiring tissue sampling from patients) imaging technologies, 
including those based on ultraviolet-visible (UV-VIS) and fluorescence spectroscopy, are 
applied to provide high-quality images from tissues, this information cannot always be 
straightforwardly translated into an image reflecting the spatial distribution of individual 
analytes (e.g. proteins). Immunostaining in combination with optical or fluorescence imaging 
can provide signals from specific proteins by visualizing the distribution of antibody-antigen 
pairs in tissue. However, images acquired with UV-VIS, fluorescence and radiography[7,8] 
usually provide spatial distribution for only a limited number of proteins in a single 
experiment. In addition, most methods require a priori knowledge of the target molecules, 
which prevents their use as a hypothesis-free discovery and hypothesis-generating tool. Some 
imaging technologies measure the physicochemical properties of an ensemble of compounds, 
with spatial localisation in tissue such as nuclear magnetic resonance spectroscopy, or 
common UV-VIS microscopy[9,10], therefore, only inferring the presence of some compounds 
or classes of compounds. In this context, mass spectrometry imaging (MSI) is a powerful 
alternative, which circumvents some of these limitations. 

In fact, MSI takes full advantage of the high chemical specificity of mass spectrometry and 
allow to quantify the spatial distribution of hundreds of individual molecules in tissues in a 
single measurement, without the need for labels or prior knowledge of the analytes. In 
addition, MSI technology allows to detect in one experiment multiple compounds which do 
not ionize well or are in low abundance, using reagents specifically targeting these 
compounds. Nowadays, there are several MSI approaches, which differ in the way that 
compounds are desorbed into the gas phase and ionized for sampling into the mass 
spectrometer, including secondary ion mass spectrometry (SIMS), MALDI MSI, LA-ICP 
MSI, desorption electrospray ionization (DESI), rapid evaporative ionization mass 
spectrometry (REIMS)[11], direct analysis in real time (DART)[12] and easy ambient sonic-
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spray ionization (EASI)[13]. Thus, the unique features of MSI to sample compounds directly 
allows analysis of many types of (bio)molecules such as proteins, metabolites and drugs, and 
provides potential for a wide range of research applications. Examples of these applications 
include approaches which provide new insight into normal and disease-related molecular 
processes[14],[15],[16], enable disease prognosis and prediction of response to therapy, allow to 
obtain the distribution of a drug in its intact form and its metabolites in tissue[17–20], or 
provide classification of tissues based on molecular information and reveal details of 
microbiome molecular communication[21]. 

This review focuses on state-of-the-art MSI approaches used to determine protein distribution 
in tissues. In details, the manuscript discusses the technical aspects of protein MSI, such as 
sample preparation, protein desorption in the gas-phase and ionization, spatial resolution and 
measured dynamic concentration range, and presents in detail various MSI approaches for 
targeted and untargeted detection of protein distributions in tissue samples. This includes the 
most commonly used untargeted protein imaging MSI using MALDI, and other ion 
generation and sampling approaches such as LA-ICP MSI, and targeted protein MSI using 
chemical labeling with photocleavable mass tags (e.g. Tag-Mass)[22–25]. One section discusses 
the data processing and interpretation challenge related to protein MSI. The review ends with 
a discussion of the possible future directions of MSI methodologies for protein distribution 
analysis in tissue samples. 

 

5.2 Main steps of protein distribution analysis in tissue using mass 
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Figure 1. An example of mass spectrometry imaging (MSI) using a MALDI interface, which is a commonly 
used workflow for peptide/protein distribution analysis in tissue including tissue sectioning and sample 
preparation (A) and data acquisition and evaluation (B). 

MSI of protein distribution in tissue samples consists of three main steps: sample preparation, 
data acquisition and data (pre-)processing and interpretation (Fig. 1). The sample preparation 
protocols have a crucial impact on the quality of the MSI process. Sample preparation has the 
goal to facilitate the desorption into the gas-phase and the ionisation of proteins or peptides 
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obtained after trypsin digestion, while keeping protein diffusion to a minimum and 
maintaining the original spatial distribution of proteins. These two aims are conflicting, and 
their balance plays a crucial role in the quality of the obtained MSI image. The mass 
spectrometer interface determines the desorption in the gas-phase, ionization and ion 
sampling efficiency, the speed of sampling and the area from which the ions are sampled. 
The latter property determines the theoretical spatial resolution of the MSI image. Theoretical 
spatial resolution can only be reached if sample preparation ensures that local protein 
abundance is maintained in the tissue to be imaged. The mass analyzer and acquisition 
parameters determine the speed of data acquisition, the type of registered spectra (with or 
without fragmentation), the measured dynamic range and the resolution of the acquired mass 
spectra. Bioinformatics solutions to pre-process and analyze MSI data form an important part 
of protein MSI workflows and have the goal to interpret the large amount of collected protein 
distribution information together with other metadata such as a histology image with 
anatomical annotation by an expert pathologist[26],[27]. 

5.2.1 Tissue sample preparation 

Tissue sample preparation is probably the most critical step to obtain optimal sensitivity, 
reproducibility and spatial resolution of the protein distribution in an MSI experiments[28,29]. 
Inappropriate sample preparation leading to protein degradation, signal interference by non-
target chemical species, alteration of the original protein distribution, or low ion sampling 
efficiency due to insulating properties of tissue have a negative effect on the quality of the 
acquired MSI data. Normally, tissue sample preparation involves organ harvesting and tissue 
sectioning (Fig. 1). In order to avoid delocalization and degradation of proteins, it is essential 
to handle tissues correctly starting with the surgical removal process. After removal of the 
tissue from the body, tissue samples should be immediately snap-frozen in 2-methyl-butane 
(isopentane) and stored at -80 °C until use. For MSI of proteins, fresh frozen tissue is 
preferred over alcohol-preserved, or formaldehyde-fixated and paraffin-embedded (FFPE) 
tissue sections, because of the covalent crosslinking of proteins in FFPE sections or 
precipitated proteins in alcohol-preserved sections, although recently the antigen retrieval 
strategy has been suggested to overcome the protein crosslinks in FFPE sections[30,31]. In all 
cases, tissue sections with a thickness of approximately 10 μm are prepared with a 
microcryotome. It is important to place the frozen tissue sections on sample plates or 
conductive glass slides without scratches, rips or tears. Once the section (at this point still 
frozen) is in position, it is thaw-mounted by warming the bottom of the sample plate for 
macroscopic drying of the section which usually takes 20-30 seconds. Freeze-drying of tissue 
sections is an often performed operation, however many researchers omit this step from their 
tissue preparation pipelines without issue[32]. The sample plate and tissue section are quickly 
warmed together, resulting in no loss of water-soluble proteins nor translocation of the 
proteins due to diffusion in the liquid state[33]. 

Biological tissues contain numerous chemical species over a wide range of concentrations, 
and more abundant and/or easier ionizable species such as lipids can suppress the detection of 
less abundant species due to charge competition of compounds during ionization. For 
instance, salts and lipids[32] will interfere with MALDI MSI of proteins or peptides. To 
partially overcome these problems, tissue-washing procedures have been introduced prior to 
matrix deposition when using the MALDI MSI method. These washing protocols vary 
greatly depending on the target analytes. Ideally, all of the unwanted chemical species should 
be removed from the tissue while maintaining tissue morphology and not disturbing the 
original spatial distribution of soluble proteins. Assessment of all tissue-washing steps is 
necessary since each one may lead to some degree of disruption of the original spatial 
distribution of analytes in the tissue. 
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Matrix application is required for some of the approaches such as MALDI MSI or matrix 
enhanced secondary ion mass spectrometry (ME-SIMS) MSI. The most widely used 
technique for MSI is MALDI, for which the reproducibility of the ionization process is still a 
challenge and the MS acquisition parameters are difficult to optimize. Matrices such as 3,5-
dimethoxy-4-hydroxycinnamic acid (sinapinic acid) and α-cyano-4-hydroxycinnamic acid are 
generally used to promote ionization and prevent degradation of target compounds by the 
probe beam (laser) energy. Generally, ion signal intensities in MALDI-MS are strongly 
influenced by the choice of matrix compound and the matrix preparation and deposition 
procedure, which determines the size distribution of the matrix crystals. Matrix crystal size is 
the most important parameter, which influences the ionization efficiency and reproducibility 
of desorption in the gas-phase of compounds. The goal of the procedure is to obtain a 
homogeneous distribution and uniformly small crystal sizes of matrix for optimal 
performance[34]. Several matrix application and drying cycles can be performed until an 
optimal matrix thickness with high quality and homogeneity is achieved. There are several 
methods by which a homogeneous matrix layer can be applied, such as spraying, solvent free 
dusting or coating by sublimation[35], and manual or robotic spotting[36,37]. Manual spraying is 
an often used, simple approach for matrix application which works well in the hands of an 
experienced operator, without requiring sophisticated instrumentation. However, automatic 
deposition provides a more homogenous matrix layer and improved reproducibility 
enhancing the imaging performance. The review by Goodwin on commonly used matrix and 
matrix applications approaches for MSI provides more details on this topic[29]. 

In MALDI MSI, proteins are measured with two approaches: either in their intact form, 
where smaller proteins are easier to measure than large proteins, or after digestion using a 
protease such as trypsin, which has the advantage that there is no limit with respect to protein 
size. Mass spectrometers with higher mass resolution allow to achieve better mass accuracy 
which improves identification of peptides and proteins. Moreover, since peptides are easier to 
detect and identify, this facilitates subsequent identification of proteins and their post-
translational modifications. 

5.2.2 Desorption and ionization of peptides and proteins from tissue 

The choice of desorption (extraction into the gas-phase) and ionization technique has an 
important influence on the spatial resolution of the obtained MSI image and on the detected 
compound profile (Figure 2). SIMS is using high-energy primary ion beams of ionized noble 
gas, oxygen, fullerene or SF6, to generate and to sputter secondary ions from sample surface. 
SIMS was introduced to MSI in the 1960s and was developed to detect atoms or small 
fragments of vitamins, pharmaceuticals, lipids and peptides in tissue and cells[38–40]. SIMS 
was applied to obtain information on elemental, isotopic and molecular composition of the 
upper atomic layers of the scanned sample[41],[42]. It has the primary advantage of achieving a 
high spatial resolution (< 100 nm or even ≤ 20 nm), which cannot be achieved with MALDI, 
LDI or DESI interfaces[43–56]. However, SIMS suffers from severe in-source fragmentation of 
biomolecules due to excessively hard ionization, which results in impaired identification of 
target analytes. The lower sensitivity of SIMS-MSI in comparison to MALDI MSI in 
detecting peptides and proteins was reported in several studies[57]. 

DESI is an ambient ionization technique developed by Zoltán Takáts, Graham Cooks and 
their coworkers in 2004 at Purdue University[58],[59]. In this method, a fast, nebulized 
electrospray gas jet transports charged microdroplets of an eluent to impact the surface of the 
sample and to carry away ionized molecules. The approach requires no or limited sample 
preparation effort and allows simple MSI under ambient conditions preventing change in 
tissue slice shape. Furthermore, DESI is a spray-based soft ionization technique with an 
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average internal energy deposition of ~2 eV, which is similar to the internal energy 
deposition of electrospray (ESI)[60]. Thus, DESI yields minimal fragmentation of large 
molecules compared to the excessive fragmentation of SIMS[61] and avoids interference with 
the matrix compounds, such as observed in MALDI. DESI MSI and other variants, such as 
nano-DESI, have been used for imaging compounds in the low mass region below 1000 Da 
with a high spatial resolution (approximately 10 μm), as shown for metabolites in leaf tissues 
or drugs (e.g. clozapine) distribution in animal tissue sections and microbiome sampling[18,62–

66]. The spot size and spatial resolution in (nano)-DESI-MSI – amongst other parameters – 
depend on the capillary diameter, angle of spray incidence and the tip-to-surface distance, 
which can be difficult to optimize[67]. (nano)-DESI MSI suffers from the limitation of a much 
lower spatial resolution compared to SIMS and MALDI, which is for (nano)-DESI typically 
around 100 μm or upwards in imaging of peptides or proteins[68–71]. Recently, Garza et al. 
presented a DESI-high field asymmetric waveform ion mobility (FAIMS) device for protein 
mass spectrometry imaging and reported to simultaneously detect lipids and intact protein 
forms in mouse kidney, mouse brain, and human ovarian and breast tissue samples[72]. 

Another ambient ionization method is laser ablation electrospray ionization (LAESI)[73,74], 
which was introduced by Vertes et al. in 2007 and combines laser ablation with a mid-
infrared laser and electrospray ionization, where the latter serves to ionize the laser ablated 
compounds[73]. LAESI does not require complex sample preparation for MSI of peptides or 
proteins. However, it also suffers from low lateral resolution, which does not allow detailed 
(sub)cellular imaging. 

It is necessary to find a technology to overcome all of the above-mentioned issues that can be 
used for imaging protein distributions in tissue samples. In this context, currently three MSI 
approaches are used: (1) untargeted MSI of proteins using MALDI, (2) targeted MSI of 
proteins based on detecting metals ions in their active sites or structural domains or metal 
ions coupled to antibodies using LA-ICP MSI such as used in mass cytometry, and (3) 
targeted MSI of proteins using chemical labeling, where the chemical label consists of a 
protein targeting affinity moiety (antibody, affirmers, activity probes) coupled with 
photocleavable (PC) mass tags, where mass tag labels are released and measured with 
MALDI or LDI. 

MALDI was the first MS-based method for imaging intact proteins in a human glioma[75] and 
is currently by far the most commonly used untargeted MSI approach for imaging protein 
distribution[76],[77]. The first application of MALDI MSI in mapping peptides and proteins in 
biological samples was developed by the groups of Bernard Spengler (1994)[78] and Richard 
Caprioli (1997)[79]. MALDI MSI has since become a mature technology to determine the 
distribution of proteins over a large mass range from hundreds of Da to beyond 100 kDa with 
little or no fragmentation of the original protein[80],[81],[82–84]. During the last decade, MALDI 
imaging has been further improved, with respect to detection sensitivity and spatial 
resolution[85],[86–90]. Current methods can reach a spatial resolution of 10-20 μm[83,91], a value 
that is limited by the crystal size distribution of the matrix, and therefore does not reach the 
typical spatial resolution of 100-250 nm of (nano)SIMS. In a typical MALDI MSI interface, 
ions are formed under vacuum, which constraints the choice of matrix, and may change tissue 
section morphology. To overcome these problems, atmospheric pressure MALDI (AP-
MALDI) ion sources have been developed for MSI applications, where ions are generated at 
ambient conditions and transferred into the vacuum of the mass analyzer using methods 
similar to those developed for introduction of ions generated via ESI. AP-MALDI MSI using 
IR or UV lasers provides high spatial resolution (1.4 μm) in mapping small biomolecules, 
such as metabolites, lipids, peptides and carbohydrates, but has so far not been applied for 
protein MSI[92–96]. In addition, lower sensitivities are observed with AP-MALDI than with 
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vacuum MALDI sources in analyzing plant metabolites[97]. 
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Figure 2. The main characteristics of desorption (extraction in the gas-phase) and ionization interfaces used for 
mass spectrometry imaging. Abbreviations: LOD: Limit of detection; AP: Atmosphere pressure; IP: 
Intermediate pressure. UHV: Ultra-high vacuum. *Static SIMS MSI detection of intact molecules above 1,500 
Da from biological samples is rarely reported owing to source-induced fragmentation and high LOD for 
peptides and proteins. LAESI combining DESI and LA for desorption-ionisation was not included in the figure. 

Other laser irradiation-based desorption/ionization MSI interfaces have been used in protein 
MSI besides those mentioned above, such as matrix-assisted laser desorption electrospray 
ionization (MALDESI)[98], and infrared laser desorption electrospray ionization (IR-
LDESI)[99]. LA-ICP MSI is another popular approach used for imaging trace elements (e.g. 
metals and metalloids) in biological materials with a spatial resolution ranging from 200 μm 
down to 10 μm for a wide range of applications, among them visualization of metal-
containing proteins[100–102]. 

 

5.2.3 Data processing and analysis 

5.2.3.1 Spatial resolution in MSI 

Spatial resolution is a key parameter to assess the performance of MSI. Spatial resolution is 
defined in the imaging field as the ability to distinguish two data points with different 
information content separated in units of distance such as mm or μm. Current MSI 
technology is able to provide data at low and submicron resolution, however, the spatial 
resolutions of 10-50 nm[103] achieved by super-resolution imaging is still not achievable. The 
term spatial resolution is used in multiple contexts, which often leads to confusion. The 
concept and definition of spatial resolution in the context of MSI is provided here. In general, 
a tissue is a three-dimensional (3D) compartment, whose MS imaging also provides 3D data, 
with three coordinate dimensions in tissue and one mass spectrum for each spatial coordinate. 
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A general imaging approach such as MRI, PET or CT collects information on the entire 3D 
volume of data and in this context two types of resolution are defined: in the axial and the 
lateral dimension. Axial (longitudinal, azimuthal, range, radial, and depth[104]) resolution is 
defined in parallel to the probe beam of electrons, ions, or photons and defines the ability to 
distinguish structures at various depths of the sample with respect to the tissue surface[105]. 

Conversely, lateral resolution is defined perpendicular to the probe beam and defines the 
ability to distinguish structures which lie close to each other side by side, as individual 
objects. Lateral resolution is affected by the width of the beam, the difference between two 
adjacent coordinates (step size of sampling) at the tissue surface, but also depends on the 
depth of imaging i.e. the distance that the beam penetrates the tissue surface, since 
compounds are sampled from a tissue volume reached effectively by the sampling beam. 
Wider beams typically scatter in the tissue section and therefore, lateral resolution is 
improved by using narrower beams and beams that do not penetrate the tissue to great 
depths[106]. MSI is a surface scanning technology, with a low penetration depth into the 
sample, which is generally applied to a tissue section of a few µm thickness. Therefore, 
lateral spatial resolution in the plane of the tissue section is the important resolution 
parameter and this is the definition of spatial resolution used in this review. MSI techniques 
which acquire data from 3D samples achieve this by merging mass spectrometry ion intensity 
data from adjacent tissue sections[107–111]. 

Spot size, pixel size and step size are important terms to describe the lateral resolution 
obtained in MSI. Spot size refers to the focus area of the probe beam (laser pulse, ion beam, 
etc.)[112], which has two definitions; one is based on a Gaussian distribution model of the 
beam intensity, or irradiance, across its standard deviation, while the second definition 
expresses the width of the beam at half-intensity[113,114]. Pixel size refers to the lateral binning 
(summing up intensity between a predefined set of borders) of 2D data into digital image 
elements and the step size refers to the raster of the sampling stage or beam deflections[48]. 
Step sizes smaller than the spot size were found to generate lower quality images when 
sampling with a laser which does not ablate all ionizable compounds from one spot. In this 
case, the tissue area is sampled with high overlap in adjacent sampling positions and 
sampling from the subsequent spot will result in some signal from compounds of the previous 
spot position. This is called oversampling. When the sampling area is completely ablated at 
each position without oversampling, the overlapping position will not be cross contaminated 
and leads to a clear image. In this case the resolution of the image is determined by the step 
size, since for each spot the sampled ions originate from the non-overlapping and non-ablated 
sample area. For this situation the lateral resolution is not limited by the diameter of the probe 
beam, but the intensity of the sample compound will be lower due to the lower amount of 
available material in the non-ablated sample area[115,116]. 

5.2.3.2 Pre-processing and visualization of large MSI data 

The data pre-processing, visualisation and interpretation depends on the dimensionality of the 
MSI data. Tissue specimen has 3 dimensions (3D), from which a planar 2-dimensional (2D) 
tissue section with defined thickness (generally 5-10 μm) is used for MSI. Orientation of the 
tissue section used for MSI should be provided by sampling using an anatomical orientation 
description[117]. If multiple adjacent tissue sections are analyzed then volumetric MSI data is 
acquired[107]. The dimensionality of the MSI data is generally reflected as the spatial 
dimensions of the analysed tissue, thus it can be 2D or 3D. MSI data obtained from a single 
tissue section is multidimensional with two spatial, one separation (m/z) dimension and one 
quantitative readout (ion intensity). The two spatial dimensions are in the plane of the 
analysed tissue section and the separation dimension consist of the mass-to-charge (m/z) 
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separation. The ion intensity is the quantitative readout, which is used for quantification of 
the measured compounds. 

“Pseudo” MSI data can be obtained by taking individual samples at different parts on an 
organ, the full body or body surface and analyzing the samples with LC-MS or MALDI time-
of-flight (TOF). Mapping the measured data to the original sample location enables coarse 
mapping of compound distribution in the analyzed samples, as shown in a study measuring 
metabolites, peptides and proteins in samples taken from skins of volunteers by Bouslimani et 

al[118]. 

The size of the MSI data collected on large tissue sections at high spatial resolution is large 
and ranges typically from 1 to 100 GB and in extreme cases can reach 1 TB such as for 3D 
FTICR data, but smaller data sets of a few to hundreds of MB targeting small tissue areas 
with low spatial resolution is collected routinely. There are many ways to pre-process, 
analyze and evaluate the large amount of MSI data, and the main aims are to obtain a better 
understanding of the underlying molecular mechanisms of biological events such as: (1) to 
determine the spatial distribution of compounds and how this correlates with the anatomic 
morphology and cellular composition of the tissue, (2) to determine how the spatial 
distribution of a particular compound correlates with those of the other compounds. In the 
data interpretation process, visualization plays an important role, which is challenging for the 
large amount of MSI data, but large data sets represent a challenge for pre-processing as well. 
In order to reduce the volume of data, many data pre-processing pipelines use data reduction 
techniques such as centroiding, noise reduction, intensity filtering and baseline removal, 
creating images for features (isotopes) detected in a minimum number of spectra or filtering 
out ion images that have low information content[119,120]. 

Suits et al.[121,122] presented an approach which does not use any data reduction and allows to 
process large volume profile MSI dataset as it was collected. This is achieved by using three 
different types of indexed data structures of the same MSI data to allow interactive data 
interpretation by the users without loss of information (Figure 3): (1) one representation 
contains sliced MSI data in the m/z dimension with user defined thickness for fast 
visualization of MSI ion images, and enables correlation queries between slices to find 
compounds that show spatial correlation with each other or with an anatomical location, (2) 
representation of all MSI data in triplets of m/z, intensity and pixel index. In this data, triplets 
are sorted and indexed according to m/z values, which serves to recalculate a slice in the m/z 
dimension quickly with user defined thickness and m/z limits using a graphical user interface, 
and (3) indexed storage of all MS spectra of each image pixel serving to quickly get MS 
spectra for a particular tissue location. 

The next level of data analysis is based on clustering similar mass spectra to determine how 
the spatial distribution of the mass spectra clusters correlates to anatomic structures, a process 
called segmentation. Another bioinformatics task is the alignment of the histology image with 
MSI data, which transfers identified anatomical regions in the histology image to the MSI 
data and enables identification of compounds in the identified anatomical region. This 
procedure is called the image registration process and performs 2D alignment of the histology 
image to e.g. a specific m/z slice or to the total ion current image (the sum of all ion 
intensities collected for one pixel) of MSI data[123]. Visualization of 2D MSI data obtained 
from one tissue slice is already challenging since one pixel is described with four values (x 
and y coordinates, m/z value and intensity) and the most common approach is to provide 2D 
images of single (normal image showing intensity as a color map) or multiple (separate red, 
blue and green color maps combined with intensity dependent transparency for 3 different 
slices) m/z slices. Visualization of ion intensity for a particular m/z range in 3D MSI data 
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obtained from a volumetric sample or visualization of multiple m/z slices in 2D MSI can be 
performed with volumetric rendering frequently used in 3D computer graphics. Volumetric 
rendering is a 3D visualization method for 4D data where the color and the transparency of 
one pixel is set according to its intensity values (pixels with lower intensity are more 
transparent than pixels with higher intensity)[108]. 

 

 

Figure 3. Data processing workflow, which allows analysing of all signals collected in an MSI experiment 
using an Orbitrap Velos instrument equipped with a MALDI interface interactively without information loss. 
Reprinted with permission from Suits et al[121]. Copyright (2013) American Chemical Society. 

Identification of the detected peptides and proteins by MSI is still challenging, for instance 
due to the presence of isobaric compounds, poor fragmentation of large proteins, the presence 
of metabolites, adduct formation and the presence of non-tryptic peaks when local trypsin 
digestion is performed on the tissue section. Improvement of mass spectrometer sensitivity 
will allow detection of lower abundant proteins, but may actually exacerbate the 
identification challenge by increasing spectrum complexity. With a tandem mass analyzer, 
ions of interest can be specifically targeted for fragmentation, to facilitate their identification. 
However, tandem mass spectrometry (MS/MS) spectra of sufficient quality can only be 
obtained for ions with high intensity signals. An open non-reviewed database, the MSiMass 
list (https://ms-imaging.org/wp/msi-mass-list), helps users to assign identities to peaks 
submitted to MS/MS fragmentation observed in MALDI MSI experiments. This database is 
the result of a community effort without a formal review panel and therefore information in 
this database should be considered with care. In this concept, authors can freely enter data 
and can comment on existing entries. Its ability to provide high quality data and identification 
is currently under evaluation[124]. In this section we have mentioned only the most important 
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aspects and challenges of MSI data processing and the reader is referred to a recent detailed 
review by Alexandrov on this topic[119]. 

MSI data is acquired with a wide range of MS systems and many software tools are available 
to process MSI data. For MSI data processing, imzML[125,126] is the accepted open standard 
format, which is supported by the Proteomics Standards Initiative of the Human Proteome 
Organisation (HUPO-PSI)[127], and has become widely used for the flexible exchange and 
processing of MSI data between different instruments and data analysis software. High-
resolution molecular profiles of tissue collected from MSI experiments often have data files 
of sizes of several tens to hundreds of gigabytes requiring powerful visualization software, 
such as the Biomap (Novartis, Basel, Switzerland, www.maldi-msi.org) image processing 
application, the MALDI Imaging Team Imaging Computing System (MITICS)[128] and the 
Datacube Explorer (DCE, available at the www.imzml.org) to explore imaging mass 
spectrometry data sets[129]. Recently, high-quality 3D MALDI and DESI benchmark MSI 
datasets in imzML format were made available for software evaluation purposes[130]. 

 

5.3 Untargeted mass spectrometry imaging of proteins 

This section discusses MSI strategies for hypothesis-free untargeted analysis of protein 
distribution in tissue and presents the technological limitations and current challenges, 
illustrated with example applications. Untargeted analysis of protein distribution requires the 
collection of ion intensity signals specific to proteins and linking accurate identification to 
these signals. In untargeted MSI, proteins can be identified with two approaches. In the first 
approach the proteins are digested in situ by application of a protease (typically trypsin) in 
isolated spots, and the proteins in these spots are cleaved into peptides. These peptides are 
then ionized, sampled into the mass spectrometer and analyzed intact or following 
fragmentation using conventional MS/MS fragmentation methods such as collision induced 
(CID) or electron transfer dissociation (ETD). The application of droplets limits the spatial 
resolution of this approach. The second approach uses ionize, sample into the mass 
spectrometer and analyze intact proteoforms, which can be combined with fragmentation 
methods such as higher-energy collision induced dissociation (HCD) and ETD that can be 
directly applied to intact proteins extracted from tissue and submitted to purification[131–133]. 
The first strategy does not provide information on the entire protein sequence, and the 
detected peptides in many cases do not allow differentiation between protein isoforms or 
partially degraded proteins in the absence of additional information (e.g. the mass of the 
intact protein). Top-down fragmentation of intact protein provides more complete 
information on the entire protein sequence and allows better discrimination between isoforms; 
however, it requires clean and extracted proteins and cannot be applied directly in an MSI 
setting. The advantage of the first approach is that it can be applied to determine the 
distribution of post-translational modifications of specific residues in proteins directly from 
tissue[134]. 

5.3.1 Untargeted MALDI MSI of intact proteins in tissue 

5.3.1.1 Extending the mass range for intact protein MALDI MSI 

The matrix deposition method has a critical impact on the mass range of intact protein MSI. 
Leinweber et al. developed a sandwich matrix deposition protocol, which includes 
application of different solvents and detergents for MALDI MSI of proteins in tissue sections, 
extending the mass range to 25-50 kDa and increasing the number of detected intact proteins. 
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This protocol uses two layers of matrix, one below and one on top of the tissue section, and 
has been employed for MSI of proteins in kidney, heart, lung and brain tissue sections of 
different rodent species[135]. Grey et al. introduced a tissue preparation procedure, which 
includes extensive washing with water to remove highly abundant water-soluble proteins, and 
automated spotting of matrix solution using a high percentage of organic (acetonitrile) 
solvent. This protocol allowed to measure membrane proteins up to 28 kDa in bovine lens, 
human lens, and rabbit retina by MALDI MSI, but at moderate spatial resolution of 100-200 
µm due to application of matrix spotting[136]. Franck et al. enhanced the solubilization of 
large proteins using hexafluoroisopropanol (1,1,1,3,3,3-hexafluoro-2-propanol) and 2,2,2-
trifluoroethanol during sample preparation and achieved MSI of proteins between 30 and 70 
kDa directly from tissue[137]. Mainini et al. investigated ferulic acid as matrix on different 
tissues deposited with an automated matrix deposition device, ImagePrep (Bruker Daltonics, 
Bremen, Germany), which performs matrix deposition by spraying sequences and allowed 
the detection of proteins up to 135 kDa[138]. 

The shortcoming of widely-used mass spectrometers is the inefficient transmission and 
fragmentation of large proteins[135,137–141], particularly the low transmission efficiency of the 
latter. Recent development of mass spectrometers has enabled the implementation of large 
protein analysis even under native conditions by enhancing the ion transmission of intact 
proteins up to one megadalton[142]. These developments have allowed to expand the mass 
range within which intact proteins can be analyzed and will certainly contribute to generate 
more informative MSI data. 

Another improvement of MSI of intact proteins was achieved by van Remoortere et al., who 
used a high mass HM1 TOF detector (CovalX, Zurich, Switzerland) to improve the 
sensitivity of MALDI MSI of intact proteins up to 70 kDa[143]. Compared with traditional 
micro-channel plate detectors, this instrument has a much larger charge capacity and is 
therefore less prone to detector saturation. Another novel method in MALDI MSI was 
described by Jungmann et al., who used a parallel, active pixel TOF detector for MSI of 
ubiquitin oligomers reaching a molecular mass of 78 kDa[144]. 

Although these methods demonstrate encouraging results for imaging proteins of increasing 
mass, each of these protocols has some drawbacks that are usually associated with low 
reproducibility, including: ion suppression effects[145], low ion yield (it has been estimated 
that only 1 molecule ionizes out of 1000 desorbed proteins[146–148]), the need for a special 
non-commercially available mass analyzer[143], a limitation to detect membrane proteins[136], 
the requirement of complex and laborious experimental protocols[135] and time-consuming, as 
well as extensive sample preparation[137]. 

5.3.1.2 Spatial resolution improvement of MALDI MSI for intact proteins 

A number of methods were developed to implement the spatial resolution of MALDI MSI of 
proteins from tissue samples. These methods focused on improving the sample preparation 
protocol, reducing the laser beam spot size, and improving the ion sampling and transmission 
parts of the mass spectrometer. As mentioned in section 2.1.1, tissue sample preparation is 
the most important factor to achieve both high sensitivity and high spatial resolution in 
MALDI MSI. McDonnell et al. performed an extensive comparison of five tissue washing 
protocols using human arterial tissue samples, and assessed the methods in terms of the 
information content (e.g. number of detected peaks, quality of morphological structures) as 
well as their suitability for analyzing tissue containing small but distinct regions. In this work, 
they demonstrated an optimized tissue washing protocol using 70% and 90% isopropanol for 
imaging proteins that are specific to the intimas and media layers of atherosclerotic arterial 
tissues at a high spatial resolution of 30 μm[149]. With an appropriate laser spot profile (flat-
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top) and diameter (10-20 μm) and a matrix application method (spraying matrix with the 
Bruker ImagePrep device) that precludes analyte delocalization and maintains the original 
lateral spatial distribution of proteins, the group of Pineau reported a MALDI MSI of proteins 
in the 10 kDa range in rat testis tissue at 20 μm lateral resolution[133]. Caprioli’s group 
implemented a matrix sublimation/recrystallization process, which provides a more 
homogeneous distribution of the matrix resulting in more sensitive detection of large proteins 
using MALDI MSI with a spatial resolution as low as 10 μm[83]. Additionally, for targeted 
analysis, histology-directed imaging was performed using this protocol, where MSI analysis 
and hematoxylin and eosin (H&E) staining were performed on the same tissue section which 
was previously used for MSI. Integrating H&E staining with MSI data acquired on the same 
tissue section allows to transfer anatomical annotation from H&E staining to MSI data and 
allows to identify protein signals which correlate spatially with anatomical features. In 
another study, Deutskens et al. applied a robotic spray apparatus for matrix application, and 
applied MALDI MSI on a tissue section followed by elimination of the matrix by washing 
and subsequent histology staining and microscopic examination of the same tissue section. 
This matrix application protocol has two steps (one dry matrix coating and one 
hydration/recrystalisation), which separates the processes of matrix coating from analyte 
extraction and provides a highly reproducible homogenous matrix layer. A key advantage of 
this protocol is that it limits the delocalization of proteins and enables imaging at a relatively 
high spatial resolution of 35 µm[150]. 

The spatial resolution achievable with MALDI is ultimately restricted by the size of the laser 
spot[151]. While it is possible to image with a spatial resolution less than the diameter of the 
laser beam by oversampling (i.e. with a laser spot size of 60 μm, one could raster with 20 μm 
steps) to effectively achieve 20 μm spatial resolution[115], it is important to completely ablate 
the prior spot before moving the laser beam to the next position to reduce crosstalk between 
pixels. To minimize the laser spot size, the group of Caprioli et al. developed a new source 
for MSI with a transmission geometry that allows the laser beam to irradiate the backside of 
the sample and the separation of ion and laser optics resulting in a laser spot size close to the 
wavelength of the applied laser, thereby allowing MSI at higher spatial resolution. This 
method produced high-quality images of intact insulin in the cytoplasm at sub-cellular 
resolution in mouse cerebellum tissue[152]. With appropriate sample preparation and using 
2,5-dihydroxyacetophenone as matrix, the transmission geometry principle was able to 
achieve a 1 μm laser spot diameter on target with a minimal raster step size of 2.5 μm. This 
approach allowed to produce mass spectrometry images of proteins acquired in a step raster 
mode at 5 pixels/s and in a continuous raster mode at 40 pixels/s[153], which  is much faster 
than the 0.5-2 pixel/s acquisition of common QTOF and Orbitrap instruments. Increasing 
acquisition speed has the advantage that data is acquired within a reasonable time frame, 
which prevents molecular alteration of tissue in time from the beginning to the end of the 
MSI process. Zavalin et al.[154] developed a “laser beam filtration” approach, using lenses and 
a 25 µm ceramic spatial filter (pinhole) to remove the satellite secondary laser beam energy 
maxima resulting in a well-defined 5 μm diameter laser spot. The images generated from a 
mouse cerebellum showed clearly distinguishable cellular forms such as the Purkinje layer, 
dendrites, and axon fibers. Spengler’s group introduced a Scanning Microprobe Matrix 
Assisted Laser Desorption/Ionization (SMALDI)-MSI method, which features the possibility 
to investigate and visualize the spatial distribution of analytes including peptides such as 
bradykinin and angiotensin II in samples with sub-cellular resolution (0.5-10 μm) in pine tree 
roots[106,155]. 

Spatial resolution MSI of proteins from tissue sections can also be improved with specific 
sample preparation techniques or with dedicated data processing. Caprioli et al. have 
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developed an approach to image proteins by blotting the tissue sections on a specially 
prepared target containing an adsorbent material[79]. Peptides and small proteins bind to the 
C18 material and create a positive imprint of the tissue, which can then be imaged by the mass 
spectrometer. The imprinted tissue material prevents any further delocalization of proteins 
and enables washing away interfering compounds such as lipids and salts. This approach has 
been applied to map proteins from the rat pituitary gland with a spatial resolution of ~25 µm. 
Integration of a coaxial laser illumination ion source into a MALDI-TOF-MS instrument 
allowed visualization of proteins of a molecular mass up to 27 kDa using this approach. In 
another study, two highly expressed secretory epididymal proteins in a mouse caudal 
epididymis tissue section were visualized, with a spatial resolution below 10 µm[91]. 

Low spatial resolution MSI data can be combined with high-resolution spatial microscopic 
images using multivariate regression called image fusion approach. Image fusion enables to 
predict distribution of MSI data at the spatial resolution of the H&E image. The resulting 
images combine the advantages of both technologies, enabling prediction of a molecular 
distribution both at high spatial resolution and maintaining the high chemical specificity of 
MSI data. For example, an ion image of m/z 778.5 (identified as a lipid) measured in mouse 
brain at 100 µm spatial resolution, can be extrapolated for 10 µm spatial resolution using 
fusion with H&E microscopy image measured from the same tissue sample at 10 µm 
resolution. Another example describes the prediction accuracy of an ion image with m/z 

10,516 Da corresponding to an unidentified protein measured in a mouse brain section at 100 
µm resolution and fused with an H&E microscopic image resulting in a predicted image at 5 
µm resolution. This approach has been successfully applied for various tissue types, target 
molecules and histological staining protocols at different resolution scales. In addition, this 
approach can generate ion image predictions using microscopic images at the nanometer 
range, below the resolution achievable with current MALDI MSI instrumentation[156]. 
However, it should be noted that the image fusion approach is a statistical procedure 
predicting distribution at higher spatial resolution than the actually acquired MSI data. 
Therefore, thorough assessment of the prediction accuracy should be applied for each specific 
location and m/z slice. 

A study from Spraggings et al.[157] presents an ultra-high speed MALDI-TOF MS, which 
provides image acquisition rates >25 pixels/s with high spatial resolution of 30 (full tissue 
section) and 10 µm (only selected tissue areas due to time required to collect the data) and a 
high mass resolution MALDI Fourier transform ion cyclotron resonance (FTICR) MS 
operated with 100 µm spatial resolution. These novel instruments improve protein image 
acquisition rates by a factor of 10, can provide MALDI MSI data at 10 μm spatial resolution 
with good sensitivity, and isotopically resolve proteins up to 20 kDa. The data from these two 
instruments on the same tissue section could be combined e.g. with interpolation similar to 
the image fusion approaches resulting in high spatial resolution and high mass accuracy MSI 
data. 

5.3.1.3 Identification of intact proteins in MSI 

Intact proteins can be fragmented in the gas phase outside or inside the mass spectrometer 
through various mechanisms[158], such as MALDI in-source decay (ISD), collision-induced 
dissociation (CID), infrared multiphoton dissociation (IRMPD), electron capture dissociation 
(ECD), ETD, ultraviolet photodissociation (UVPD) and laser-induced dissociation (LID). 
Among these, MALDI ISD[159–161], where the fragmentation occurs in the MALDI ion source 
is the most widely used approach[79],[75],[162]. ISD has proven to be an efficient method for the 
N- and C-terminal sequencing of proteins in tissue sections. In ISD, proteins are cleaved at 
the N-Cα bond of the peptide backbone at high laser fluence (radiant exposure expressing the 
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amount of energy received per unit of surface area) in the hot MALDI plume, giving 
principally c-and z-type protein fragments[163]. As early as 2001, Chaurand et al. applied ISD-
MSI in the characterization of spermine-binding protein (SBP) in mouse prostate lobes with 
respect to sequence variants and PTMs and the localization of this protein[164]. The main 
advantage of ISD is that there is no mass limitation since fragmentation occurs prior to ion 
acceleration. However, ISD suffers from the major drawback of lack of precursor ion 
selection, which leads to a complicated mass spectrum if more than one protein is present at 
the laser shot position, which is generally the case in MSI of tissue section. In addition, many 
c- or z-fragment ions below 1000 Da are often difficult to assign due to the presence of 
matrix adduct peaks, making the identification of the sequence part close to the protein 
termini challenging. ISD-MSI require multiple laser shots in the same spot ablating all 
available proteins to gain the highest signal, which is a time-consuming task. 

To circumvent this issue, a “pseudo-MS3” approach, also known as “T3-sequencing”, has 
been developed to improve MALDI-ISD in proteins[165,166]. In this approach, the fragments 
produced by ISD are further isolated and fragmented with a classical tandem MS/MS 
approach in QTOF or MALDI-TOF/TOF instruments. The T3-sequencing method with 
specific MALDI matrices, such as 2,5-dihydroxybenzoic acid or 1,5-diaminonaphthalene, has 
been applied to identify proteins such as myelin basic protein and crystallins in the tissue 
slices of mouse brain and porcine eye lens respectively[160]. The efficacy of MALDI-ISD-
MSI to simultaneously identify the protein and determine its localization has been 
demonstrated in another study using tissue sections of porcine eye lens. In this study a new 
bioinformatics pipeline was presented for processing MALDI-ISD-MSI data to identify 
proteins based on spectra containing high numbers of correlated fragments that are likely to 
be part of the same protein. This approach allows to determine the lateral spatial distribution 
of identified proteins as well[167]. Pauw and coworkers recently presented a high-resolution 
MALDI-ISD- FTICR method to identify a set of selected protein markers on histological 
slices simultaneously with minimal sample pretreatment[168]. In this method, known protein 
markers are spotted next to the tissue of interest and the whole MALDI plate is coated with 
1,5-diaminonaphthalene matrix. The latter promotes MALDI ISD, providing large amino acid 
sequence tags. Comparative analysis of ISD fragments between the reference spots and the 
specimen in imaging mode allows for unambiguous identification of protein markers while 
preserving full spatial resolution, as well as the N- and C-terminal sequencing of proteins 
present in tissue sections. This was demonstrated with the distribution of myelin basic protein 
(MBP) from mouse brain and human neutrophil peptide 1 (HNP-1) in human liver sections 
containing metastasis from colorectal cancer. 

Another approach to identify proteins uses fragmentation methods in mass spectrometers 
applied in “top-down” protein analysis such as ETD, ECD, or UVPD[169–172]. These might be 
applicable to top-down identification approaches in MSI, although the speed and sensitivity 
are currently not yet compatible with MSI. Even with these novel achievements, the detection 
of signals from intact proteins will still remain much easier than performing accurate 
identification, which will result in the fact that the majority of the protein signals in MSI 
remains unidentified. 

5.3.2 Mass spectrometry imaging of proteins after in situ digestion 

Another strategy used in MSI for protein imaging is in situ digestion prior to MALDI MSI 
analysis, which can be used to identify proteins and to determine protein distribution using 
surrogate proteotypic peptides. The method retrieves protein distributions in tissue sections 
using the corresponding proteotypic peptides after enzymatic digestion, most of the time 
using trypsin. Proteotypic peptides are those peptides that uniquely identify a protein and are 
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used in bottom-up targeted and untargeted proteomics workflows to identify and quantify 
proteins with a (tandem) mass spectrometer[173]. In fact, peptides are smaller and, due to their 
better fragmentation, are easier to be identified by tandem mass spectrometry. Additionally, 
peptide fragments are easier to obtain than intact proteins from FFPE tissue. Therefore, in situ 
digestion analysis is the method of choice for this sample type, which is more abundantly 
available in hospital biobanks compared to fresh frozen tissue samples. With this technique, 
Caprioli and coworkers described on-tissue identification of proteins in spatially discrete 
regions using tryptic digestion followed by MALDI MSI with (TOF-TOF) MS/MS 
analysis[174]. The procedure in this study identified several proteins in the coronal sections of 
a rat brain including higher molecular weight proteins, such as actin (41 kDa), tubulin (55 
kDa), and synapsin-1 (74 kDa). Ronci and Voelcker applied on-tissue trypsin digestion to 
analyze the freshly excised human lens capsule by MALDI MSI. This work demonstrated 
that the distribution of proteins can be determined from this highly compact connective tissue 
having no evident histo-morphological characteristics. Furthermore, the study shows a high 
repeatability of the digestion protocol on four different human lens capsule specimens by 
evaluating the distribution of the same set of peptides[175]. Recently, Diehl et al. optimized the 
in situ imaging of protein distribution after protease digestion with MALDI MSI using 
cryoconserved and FFPE rat brain tissue by applying different digestion times, types of 
matrix, and proteases[176]. The conclusion of this study was that the digestion time does not 
play an important role for the quality of MSI images, while trypsin provided the highest 
number of peptide signals corresponding to anatomical regions. 

Ion mobility separation (IMS) combined with MSI has emerged as a powerful technique to 
improve specific detection of isobaric peptides with different molecular shape[25,177–179]. For 
example, Clench and coworkers successfully performed IMS-MSI to localize and identify 
peptides of the glucose-regulated protein 78 kDa (Grp78), which is known as a tumor 
biomarker, directly from FFPE pancreatic tumor tissue sections. Grp78 was found to be 
mainly located in tumor regions using MALDI-IMS-MSI[178]. In this procedure IMS 
separated isobaric peptides, which facilitated their identification following fragmentation, 
obtaining a cleaner image with less interferences for a particular peptide. Stauber et al. 
applied enzymatic digestion protocols for MALDI-IMS-MSI with high sensitivity 
localization and identification of proteins from FFPE and frozen tissues obtained from rat 
brain[179]. This study showed that isobaric peptides can be separated, which improves ion 
image specificity and improves identification accuracy of fragmented peptides. 

Schober et al. presented a method for imaging tryptic peptides[180] in which MALDI MSI 
experiments were complemented by off-line liquid chromatography coupled to electrospray 
ionization tandem mass spectrometry (LC-ESI-MS/MS) analysis on an FT-ICR mass 
spectrometer to increase the number of identified peptides and proteins. Comparative results 
were obtained by analyzing two adjacent mouse brain sections in parallel. The first section 
was spotted with trypsin and analyzed by MALDI MSI. On-tissue MS/MS experiments of 
this section resulted in the identification of only 14 peptides (originating from 4 proteins). 
The second tissue section was homogenized, fractionated by ultracentrifugation and digested 
with trypsin prior to LC-ESI-MS/MS analysis. The number of identified peptides increased to 
153 (corresponding to 106 proteins) by matching imaged mass peaks to peptides which were 
identified in these LC/ESI-MS/MS experiments. This identification difference can be 
explained that selected precursor ion windows in direct fragmentation of peptides from tissue 
include matrix and other interference which results in noisier spectra compared to LC-
MS/MS analysis where these interferences are not present. 

The group of McDonnell reported a comprehensive study of the mouse brain proteome from 
mouse brain slices with MSI using multiple proteases such as trypsin, Lys-C, Lys-N, Arg-C, 
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and a mixture of trypsin and Lys-C[181]. This study combined identification of peptides and 
proteins from tissue using bottom-up LC-ESI-MS/MS and linked the obtained identifications 
using accurate mass with non-fragmented MSI data. In the LC-ESI-MS/MS data 5337 
peptides were identified using complementary proteases, corresponding to 1198 proteins. 630 
of these peptides, corresponding to 280 proteins, could be assigned to peaks in MSI data sets 
and used to determine the parent protein distribution in tissue. Gene ontology and pathway 
analyses revealed that many of the proteins are involved in neuro-degenerative disorders, 
such as Alzheimer’s, Parkinson’s, and Huntington’s disease[181], which highlights the 
potential application of the technique in the future for diagnosis and pathology purposes. 

Many approaches have been developed to improve protein identification performance in 
MALDI MSI after enzymatic digestion. For example, Franck et al. developed an N-terminal 
chemical derivatization strategy using 4-sulphophenyl isothiocyanate (4-SPITC), 3-
sulfobenzoic acid (3-SBA) and N-succinimidyloxycarbonylmethyl-tris(2,4,6-
trimethoxyphenyl)phosphonium bromide (TMPP) reagents, which improves de novo peptide 
identification performance[182]. The reagents added an additional positive or negative charge 
at the N-terminus of tryptic peptides, which provided more complete ion series upon 
fragmentation. From these reagents TMPP provided the best performance in terms of 
fragmentation efficiency of peptides from tissue. Clench’s group used a recombinant protein 
termed “IMS-TAG” for MALDI-IMS-MSI[25]. The IMS-TAG recombinant proteins are 
engineered and used as a multi-protein standard. After trypsin digestion, this IMS-TAG 
protein yields – analogous to the QconCAT[183] approach – a range of peptides that can be 
used as internal standards to identify and quantify multiple proteins in a MALDI-IMS-MSI 
experiment. In this approach IMS is used to provide an additional selectivity to detect IMS-
TAG derived standard peptides and to remove any potential interfering isobaric peptide 
signals. In this study, MALDI-IMS-MSI was used to measure the distribution of HSP90 and 
vimentin in FFPE EMT6 mouse tumor sections, as well as HSP90 and plectin in a fresh 
frozen mouse fibrosarcoma using extracted ion images at the corresponding m/z values and 
drift times from IMS-MSI data. 

Performing accurate protein quantification in MSI is challenging since ion suppression due to 
other co-localized compounds can be strong and protein extraction and desorption can be 
partial in case of MSI of intact proteins. Trypsin digestion may alter quantification since this 
step creates a new ion suppression environment. The quantification performance can be made 
more accurate by using spiked stable isotope standards. For example, Porta et al. used stable 
isotope standards and performed quantification based on fragment ions obtained in SRM 
mode, which allowed to achieve a quantification precision of 10-15%, which is sufficient to 
meet requirements of most bioanalysis guidelines[184]. A further finding of this work was that 
single pixel quantification is less accurate and at least the average of 4-5 pixels is required for 
accurate quantification of compounds in MSI data. 

Komatsu et al. presented a feasibility study using a bismuth cluster ion (Bi3
+) source with 

SIMS-TOF-MSI to determine protein distribution at the sub-cellular level combined with the 
ink-jet printing of trypsin. In this approach, a modified bubble jet printer (PIXUS 990i, 
Canon Inc.) was used to deposit trypsin and trifluoroacetic acid on a human serum albumin 
film layer. Protein images were obtained by visualizing the dot-patterned proteotypic peptide 
ions[185]. Nygren and Malmberg mapped tryptic fragments of thyroglobulin (660 kDa) in pig 
thyroid glands after trypsin digestion by SIMS-MSI using a Bi3

+ primary ion source. In this 
study, trifluoroacetic acid in water was used to improve the ionization of the peptides, which 
resulted in a 3 μm spatial resolution MSI image showing a heterogeneous distribution of this 
protein in the thyroid follicle cells[39]. 
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5.4 Targeted mass spectrometry imaging of protein in tissue using tag-mass 

probes 

This section presents approaches to circumvent some of the shortcomings of MALDI MSI of 
proteins and peptides by not using matrix and detecting proteins with targeted indirect signals 
resulting from chemical derivatisation and immunochemistry recognition. Two major 
approaches are discussed in this section: the use of LA-ICP for detecting metals in proteins 
and the Tag-Mass approach. 

LA-ICP MSI generates signals for targeted biomolecular imaging, which can be applied for 
MSI of proteins with high sensitivity and dynamic range, but at a relatively low spatial 
resolution (100-200 µm). For example, Seuma et al. studied the distribution of two breast 
cancer-associated proteins, MUC-1 and HER2 in tissue sections by measuring Au or Ag 
tagged antibodies, but although successful it was concluded that the image quality was 
inferior to microscopy[186]. Becker et al. demonstrated the potential of LA-ICP-MS to detect 
metalloproteins in protein bands or spots excised from 1D and 2D gel electropherograms. 
This method was then applied for sensitive and quantitative imaging of metals in brain 
sections, with detection limits for copper and zinc at the μg/g tissue level and below[187]. 
Giesen et al. applied LA-ICP-MSI for imaging metal-labelled antibodies to detect and 
quantify proteins directly in breast cancer and palatine tonsil tissue samples[188]. More 
recently, the same group developed this method further, and used 32 metal labeled antibodies 
to determine simultaneously 32 markers for protein and protein modification distribution in 
breast cancer tissue with laser ablation on a CyTOF instrument at subcellular resolution. The 
subcellular resolution at 1 μm enabled them to use this approach as mass spectrometry based 
cytometry i.e. to measure the concentration of these 32 protein markers in individual cells in 
tissue sections[189,190]. 

In 1998, a novel PC mass tag strategy for targeted detection of proteins has been suggested 
by Olejnik et al.[191]This strategy implements the targeted analysis of proteins by affinity 
labeling with an antibody (or another affinity agent) containing a PC mass tag and analyzing 
the labeled sample with LDI. The tag contains a PC-linker, linking the antibody to the mass 
tag, which is cleaved upon LDI, released into the gas phase, ionized and sampled into the 
mass spectrometer without the requirement to apply matrix for the analysis. Due to the 
absence of matrix, spatial resolution is not limited by the size of the analyte-matrix co-crystal 
and sensitivity is improved because detection of the released mass-tag reporter fragment ion 
does not interfere with matrix cluster ions. In the absence of matrix, the spatial distribution of 
LDI image is determined by the beam diameter of the applied laser. The PC-linker is cleaved 
with high yield under the near-UV laser pulses commonly used in MALDI-MS instruments. 
With a well-designed PC-linker and mass tag, this strategy has the ability to detect non-
ionizing compounds and offers high selectivity and sensitivity for target proteins. 
Furthermore, coupling multiple PC-linked reporter mass tags to one affinity compound 
enhances the sensitivity of detection by increasing the MS signal[192]. 

Although MALDI MSI has a much lower lateral resolution than classical optical microscopy 
( << 1 µm for example by using fluorescently labeled proteins), MS is both a sensitive 
method and allows for the simultaneous (mulitplexed) detection of hundreds to thousands of 
compounds. For fluorescence, only a restricted number of fluorophores are available, whereas 
the number of mass tags is only limited by the number of fragment ions that a mass analyzer 
can distinguish, which is a priori almost unlimited. Therefore, the mass tag method is a 
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promising matrix-free strategy, which has a high multiplexing capacity, and the detection and 
localization of proteins in tissue sections with high specificity and sensitivity allowing to 
detect proteins larger than 30 kDa. A limitation is the availability of separate specific affinity 
reagents with unique mass tags for each protein to be measured and the specificity of the 
affinity tag. 

In the literature, two types of photolinkers and reporter fragments (mass tags) have been 
reported, which have been developed by two different research teams. The group of Fournier 
described a targeted PC-linker strategy termed Tag-Mass based on the photocleavable linker 
4-[4-[1-(Fmoc-amino)ethyl]-2-methoxy-5-nitrophenoxy]butanoic acid coupled to a peptide 
such as bradykinin as the mass tag. To study the possibility of using photocleavage under 
multiplex analysis conditions, this group used a mixture of three photocleavable-tagged 
oligonucleotide probes corresponding to three different 20-mer oligonucleotides recognizing 
particular mRNA (Figure 4)[22]. Although 100% photocleavage yield was not achieved using 
MALDI, the MS spectra showed the expected m/z of the mass tag demonstrating efficient 
photocleavage by laser irradiation. To increase the sensitivity, the group designed a new 
photocleavable linker/tag system by replacing the disulfide bridge with a maleimide group for 
binding the peptide serving as mass tag to the photocleavable linker. This concept was 
applied to obtain specific images of proteins using tagged secondary antibodies. The results 
showed that MALDI appears to have a better sensitivity than the optical fluorescence images 
obtained from the same tissue section. 
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Figure 4. Structure of a photocleavable linker/tag system conjugated to an oligonucleotide/protein moiety and 
the reporter mass tag released via photocleavage as a result of irradiation by the UV laser (A). MALDI spectra 
of the untagged proenkephalin probe (upper plot) and the Uracil-tagged (U-tagged) proenkephalin probe (B) 
showing the peak highlighted in red corresponding to the applied mass tag in rat brain. Ion distribution image of 
the mass tag corresponding to the proenkephalin mRNA distribution. Adapted with permission from Lemaire et 

al. [22]. Copyright (2007) American Chemical Society. 

The Tag-Mass strategy has been extended to different types of targeting compounds 
including secondary and primary antibodies, lectins and aptamers, which can be used to 
selectively obtain images of specific protein antigens, glycosylated proteins and drugs, 
respectively[24]. It can be combined with hybridization and affinity recognition techniques 
including in situ hybridization of mRNA (ISH) and immunohistochemistry (IHC)[22,24,193,194]. 
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In 2007, Thiery et al.[195] reported a novel photocleavable mass-tag approach, where the 
released tag can be detected under LDI conditions and used for TAMSIM (Figure 5). 
TAMSIM is based on an N-hydroxysuccinimide (NHS) linker coupled to trityl reporters with 
a thioproprionate group, which provides low molecular weight fragments (500-600 Da) in 
LDI[195–197]. In this reagent, the trityl groups absorb UV light and form a resonance-stabilized 
carbocation, which results in cleavage of the C-S bond, and the release of the ionized mass-
tag without the use of a matrix. This strategy was successfully applied to localize three 
different cancer markers on human tissue sections, synaptophysin, protein S100 (PS100) and 
human melanosome (HMB45), that are normally below the detection threshold of untargeted 
MALDI MSI[195]. 
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Figure 5. Concept of TAMSIM to measure protein spatial distributions in tissue sections with MSI using mass 
tag reporter ions conjugated via a photocleavable trityl group to antibodies. (A) Schematic representation of the 
mass-tag reporter ion released via photodissociation as a result of UV-laser irradiation upon cleavage of the 
trityl group coupled to the affinity tag. (B) Reaction steps of the conjugation of a mass tag reporter to an 
antibody via a photocleavable group and the release of the mass-tag reporter ion upon UV-laser irradiation. The 
photocleavable mass-tag reporter reagent contains an NHS ester as reactive group for covalent attachment to 
primary amino groups e.g. to the lysine residues of an antibody. In the ionization interface of the mass 
spectrometer the trityl groups absorb UV light resulting in the cleavage of the C-S bond and the release of the 
ionized mass-tag reporter ion. (C) Improved tags have the structure of alkyl or aromatic groups for mass tuning 
and exhibit higher stabilization of residue R on the tag. Plot (A) and (B) were adapted with permission from 
Thiery et al.[195] and (C) with permission from Thiery et al[198]. Copyright (2007 and 2008) American Chemical 
Society. 

Subsequently, this approach was further improved by the same group (Figure 5C)[198]. In 
contrast to the previous version of TAMSIM, where the mass tags were coupled to secondary 
antibodies, the primary antibody is now directly conjugated with the affinity reagent and 
incubated with the tissue section. This improvement has the advantage to increase 
multiplexing as the approach is not limited by the number of species available for first and 
secondary antibody pair production. Additionally, new reporter tags were prepared, which 
differ from the previous tags at the level of the amide group. This new class of tags has 
conjugated alkynes or substituted aromatic groups, which allow for tuning the mass of the 
reporter tag and exhibit higher stabilization of the carbocation on the photocleavable reporter 



Imaging of protein distribution in tissues using mass spectrometry: an 
interdisciplinary challenge 

94 

 

tag. These structural improvements provide more stable reagents, which facilitates handling 
and sample preparation. The results showed that fewer fragments of the mass tag were 
observed in the gas phase, which leads to higher sensitivity. The method allowed to analyze 
FFPE and fresh frozen samples, with the latter having a lower number of artifact peaks in the 
mass spectra, as these mainly originated from paraffin in FFPE samples. This improved 
strategy was successfully applied to generate specific mass spectrometric images of three 
abundant proteins insulin, chromogranin A, and synaptophysin, and the less abundant 
proteins/peptides calcitonin and somastotatin localized in Langerhans islets[198]. 

Nevertheless, trityl-based PC-linkers still have several limitations. The highly hydrophobic 
character of the tagging reagent limits the number of PC-linker/mass tag reporters that can be 
conjugated to a single antibody, since it reduces the efficiency of the coupling reaction and 
the aqueous solubility of the resulting conjugates. To overcome this problem, Thiery et al. 
modified TAMSIM by using recombinant single chain variable fragments (scFv) originally 
designed from monoclonal IgG antibodies labeled with biotin.[192] The biotinylated scFv was 
coupled to avidin-holding multiple PC-reporter-tags to the biotin moiety to form an immune 
complex (IC). Essentially, the IC approach allowed the scFv to be linked to mass tags 
through biotin/avidin coupling and allowed to prepare the IC reagent in two steps, which was 
subsequently applied to the tissue section. The scFv linked to the reporter tag using this 
approach was used to specifically and simultaneously detect CYP1A1 and CYP1B1 in breast 
tumor tissue sections (Figure 6). In 2015, Lorey et al.[23] presented a new signal detection 
method for antibody arrays using laser desorption/ionization-mass spectrometry (LDI-MS) 
based on small, photocleavable reporter molecules. In this work, signal amplification was 
achieved with a biotin labeled secondary antibody, where biotin is coupled to avidin holding 
several photocleavable mass-tags. Next, a highly sensitive sandwich assay is performed with 
immobilized primary antibody capturing prostate specific antigen (PSA) and the secondary 
antibody labeled with biotin/avidin/reporter-mass tag. This approach allowed to detect PSA 
in human plasma at clinically relevant concentrations ranging from 2 μg/mL to 200 pg/mL[23]. 
This assay has not been used for MSI yet, but it provides the option to determine the 
distribution of low abundant proteins in tissue sections. Yang et al.[199] developed an activity-
based MSI approach using reporter mass tags, which provides high spatial resolution, and 
high sensitivity through the use of signal amplification chemistry and high target specificity 
(Figure 7). In this approach, an activity-based probe (fluorophosphonate) that is specific for 
serine hydrolases is attached to a dendrimer through click chemistry containing more than 
900 reporter tags leading to a signal amplification of nearly 3 orders of magnitude. On 
irradiation of the labeled tissue by the laser beam in a raster pattern, the mass tags are 
liberated and recorded by the mass spectrometer. Consequently, the ion image of the mass tag 
reveals the distribution of active serine hydrolases in rat brain and mouse embryo tissue 
sections. Hong et al. reported a mass tag-based MSI method that enables matrix-free MSI of 
protein biomarkers in FFPE tissues[200]. It involves binding of the target protein with a 
primary antibody, followed by binding with a secondary antibody-enzyme conjugate. The 
substrate of the enzyme coupled to the secondary antibody is then added to the tissue section, 
and the enzyme converts the substrate to a product, which can be detected by LDI. The 
product is deposited at the location of the target protein by precipitation and the precipitates 
(e.g. diazonium salts) serve as reporter tags detected by mass spectrometry. The enzymes 
horseradish peroxidase and alkaline phosphatase and various substrates have been used to 
demonstrate the feasibility of this novel MSI method to image protein targets in FFPE tissue 
samples. The spatial resolution of this is only limited by the laser spot size of the 
commercially available instrument reaching limit of 10 μm without overlapping laser 
sampling area. 
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Figure 6. (A) Structure of the reagent used for targeted detection of reporter-tagged avidin bound to biotinylated 
A10B scFv on rabbit IgG coated beads used to optimize scfv-mass tag labeling. (B) Mass spectrum showing the 
released mass tag upon UV laser irradiation. (C-E) MS ion image of CYP1A1, CYP1B1 and both compounds 
on breast cancer tissue sections obtained by visualizing ion distribution of target compound specific reporter 
mass tag. The plot (E), which overlays the red and green colors of CYP1A1 and CYP1B1, respectively, shows 
that these two compounds are perfectly co-localized in the same tissue section. Adapted with permission from 
Thiery et al. [192]. Copyright (2012) American Society for Mass Spectrometry. 

(B)
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Figure 7. (A) MSI strategy using an activity-based probe conjugated to a PAMAM dendrimer modified with 
photocleavable mass tags. Structures of (B-a) active probe, (B-b) inactive probe, and (B-c) modified PAMAM 
dendrimer with the photocleavable mass tag and an azide group used to couple the PAMAM dendrimer with the 
alkyne group of the activity probe in tissue using click chemistry. Adapted with permission from Yang et al.[199]. 
Copyright (2012) American Chemical Society. 

The PC-linker reporter tag strategy in MSI has significant advantages. The ability to detect a 
wide variety of proteins without the need of applying matrix helps to overcome previous 
limitations of MALDI MSI of intact proteins, i.e. low spatial resolution, restriction to the 
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detection of high abundant and low molecular weight proteins with limited dynamic 
concentration range and incompatibility with FFPE tissues. The mass tag methods can be 
used to perform MSI on low-abundance proteins or to reveal the localization of active 
proteins in tissue. This approach can perform highly multiplexed analysis due to its ability to 
incorporate a large variety of reporter (mass) tags. However, it relies on the quality, cross-
reactivity and reliability of the affinity tag (antibody, affimer or affinity probe) and provides a 
targeted and indirect signal of the proteins of interest, which alleviates to a certain extent the 
advantage of using mass spectrometry for detection. 

 

5.5 Conclusions and Perspectives 

The methods reviewed here emphasize the immense potential of MSI for studying the spatial 
distribution of proteins in tissue samples. Major challenges associated with sample 
preparation, data processing, and MS instrument design have been identified, particularly in 
order to simultaneously detect the distribution of large numbers of proteins with high spatial 
resolution and to extend the detected dynamic range with more accurate quantification. MSI 
of proteins is a rapidly developing field in analytical chemistry and recent developments such 
as novel ionization techniques, novel strategies for chemical labeling with photocleavable 
reporter (mass) tags, novel fragmentation approaches, and the improvements in mass 
spectrometry scanning speed are advancing all aspects of this technology. For example, the 
mass tag-based LDI MSI approach, implemented as the Tag-Mass and TAMSIM methods, 
exhibits significant potential to achieve multiplexed imaging of proteins with high resolution 
in tissue sections with important applications in pathology laboratories as it can be used 
concurrent with immunohistochemistry staining. Recent advances in top-down mass 
spectrometry such as the enhanced transmission of high molecular mass protein ions[201,202] or 
the introduction of novel fragmentation approaches such as UVPD, which allow more 
complete fragmentation of intact proteins[170–172] confidently without the requirement for 
extensive cleanup, will further contribute to bringing protein MSI technology to maturation. 
Another trend holding potential improvement of protein MSI, is the combination of DESI and 
MALDI MSI, allowing to measure the lipid and protein distributions in subsequent analyses 
in the same tissue section[203]. In addition, MSI data can be integrated with spectroscopic 
images, including automatic annotation transfer of anatomic structures from microscopic 
images or from anatomical databases expanding the information content but also the 
dimensionality of the data.[204–206]. Combination of anatomical annotation, image fusion with 
bioinformatics solutions enabling to process and evaluate the large volume of MSI data in 
interactive way without loss of information would further improve the information that can 
be obtained from MSI studies. 

All these technological advances will contribute to the full development of the MSI 
technology to profile protein distributions in tissues and will allow to broaden its scope in 
various fundamental and clinical applications, including new ways of pathological evaluation 
of tissue biopsies taken from patients to support diagnostics. 
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ABSTRACT 

To overcome limitations of matrix-assisted laser desorption/ionization mass spectrometry 

imaging (MALDI-MSI) stemming from the nature of tissue samples as well as from the 

MALDI-MSI process, a novel matrix-free laser desorption/ionization (LDI)-MSI strategy is 

reported here. The LDI-MSI strategy uses photocleavable RuII polypyridine complexes as 

chemical labeling agents for targeted imaging of biomolecules in tissue samples. A 

[RuII[(terpy)(bpy)(D-biotin)cyc(RGDfK)]]Cl2 complex was synthesized by coupling a RuII 

polypyridine moiety to a targeting peptide cyc(RGDfK), which is able to specifically bind to 

integrin αvβ3. Fresh frozen human tumor tissue sections from patients with head and neck 

cancer were imaged to visualize the distribution of integrin αvβ3. Our work constitutes the 

first proof-of-concept of a novel LDI-MSI strategy using photocleavable RuII polypyridine 

complexes as mass-tags for imaging of integrins αvβ3 in human cancer tissues. 
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6.1 Introduction 

Imaging the distribution of specific proteins in tissues can provide new insights into 
biological processes related to the molecular mechanisms of diseases, the functioning of cells 
and tissues, and ageing processes. Nowadays, many commonly used imaging technologies 
are applied to acquire high-quality images from tissues, including CT and X-ray radiography, 
as well as techniques which require sampling tissue from patients (e.g. those based on 
ultraviolet-visible and fluorescence spectroscopy widely used in pathology). However, the 
collected imaging data cannot always be translated into an image reflecting the spatial 
distribution of individual analytes (e.g. proteins). While immunohistochemical (IHC) 
methods provide the distribution of specific proteins via optical imaging of antibody-antigen 
pairs in tissue, they have limitations in mapping multiple proteins in a single experiment and 
the specificity of the obtained image is dependent from the specificity of the antibody or 
applied affinity reagent. 

Matrix-assisted laser desorption/ionization mass spectrometry imaging (MALDI-MSI) was 
introduced into biological sciences by the groups of Spengler[1] and Caprioli[2] at the end of 
1990s. This technology, which has the advantage of being able to detect compounds, which 
are not necessarily known for the analyst, has seen tremendous growth since its first 
application in imaging of (bio)molecules in tissues, such as proteins, peptides, lipids, 
metabolites or drugs[3–8]. However, it still has several limitations originating from the 
MALDI-MSI process itself, which impedes the wider biomedical and clinical applications of 
MSI[9,10]. The first challenge is the application of a matrix, involving the choice of the matrix 
compound, and the matrix preparation and deposition procedure,[11] which limit the 
application of MALDI-MSI in several aspects, such as the ionization efficiency, 
reproducibility, spatial resolution, and the detection of low abundant proteins, as well as the 
size of the molecules detectable by the MALDI process[11].  

To date, significant innovations, especially in instrumentation[12] and sample preparation 
protocols, have allowed analysis of both fresh frozen and formalin-fixed paraffin-embedded 
(FFPE) tissues by MALDI-MSI.[13] However, the application of this powerful method is still 
restricted by several limitations stemming from the nature of tissue samples, as well as from 
the MALDI-MSI process.[14] For example, one of the main issues is the application of a 
matrix and its preparation and deposition procedure, limiting the application of MALDI-MSI 
in several aspects, such as the ionization efficiency, reproducibility, spatial resolution, and the 
detection of low abundant proteins, as well as the size of the molecules detectable by the 
MALDI process.[11]  

To achieve specific or targeted protein detection in tissue by MSI, especially in FFPE tissues, 
an affinity-based strategy involving the use of ‘mass-tags’ has been successfully developed, 
wherein a probe is directed against a specific molecular target. The probe features a reporter 
group, namely a mass-tag, which is an encoding molecule with a unique mass to charge ratio 
(m/z), released as charged ion from the tissue during MALDI process and sampled into and 
analyzed by mass spectrometer. 

Olejnik and coworkers developed the first PC mass-tags for targeted detection of proteins in 
1998[15]. In this approach, a specific antibody was linked to a mass-tag through a PC-linker 
and allowed to bind to the tissue. The mass-tag can be cleaved upon UV laser irradiation in 
the LDI-MSI instrument, and then released into the gas phase, ionized and sampled into the 
mass spectrometer without applying matrix on the sample. Later on, Lemaire and 
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coworkers[16] reported mass-tag approaches for targeted MSI in tissue with 4-[4-[1-(Fmoc-
amino)ethyl]-2-methoxy-5-nitrophenoxy]butanoic acid as PC-linker. The mass-tag strategy 
was extended to different types of affinity binders including antibodies, lectins or aptamers, 
which can be implemented selectively to image the tissue distribution of specific proteins, 
peptides, polysaccharides, as well as specific synthetic molecules (e.g. drugs)[17]. In the same 
year,  Gut and coworkers[18] applied trityl (triaryl methane) species as one of the most 
efficient photocleavable compounds, which provide resonance stabilized carbocations upon 
laser irradiation as mass-tags for targeted tissue MSI. However, the low water solubility is the 
most significant restriction of these compounds, which limits their application in the 
conjugation to various targeting molecules. 

In 2012, Caprioli and coworkers[19] developed an activity-based MSI approach using reporter 
trityl mass tags, providing high spatial resolution and sensitivity through the combination of 
signal amplification chemistry and target specificity. In details, an activity-based probe 
(fluorophosphonate), selective for serine hydrolases activity, was anchored through click 
chemistry to a dendrimer containing more than 900 reporter PC tags, leading to a signal 
amplification of nearly three orders of magnitude following MSI. The resulting ion image of 
the mass-tag revealed the distribution of active serine hydrolases in rat brain and mouse 
embryo tissue sections.[19] Subsequently, Bieniarz and coworkers reported n enzymatically 
amplified mass tag-based MSI method that enables matrix-free MSI of protein biomarkers in 
FFPE tissues.[20] In detail, this approach involved binding of the target protein with a primary 
antibody, followed by binding with a secondary antibody-enzyme conjugate. The substrate of 
the enzyme coupled to the secondary antibody was then added to the tissue section, and the 
enzyme converted the substrate to a product, which could be detected by LDI. Eventually, the 
product is deposited at the location of the target protein by precipitation and the precipitates 
(e.g. diazonium salts) serve as reporter mass-tags detected by mass spectrometry.[20] 

Overall, photocleavable (PC) mass-tag strategies have been established as matrix-free 
approaches and successfully implemented in the field of targeted imaging of proteins, 
which can be applied independently from the protein mass and ionization affinity.[21,22]  
Moreover, this approach can be combined with hybridization and affinity recognition 
techniques including in situ hybridization of mRNA (ISH) and immunohistochemistry 
(IHC). Despite these promising results, drawbacks of the mass-tags developed to date 
include: i) the synthesis of the tags requires often sophisticated and elaborate synthetic 
and purification steps of the linker-reporter moiety, ii) stability issues of the tag itself 
(as in the case of TAMSIM[18]), iii) enzymatically amplified mass-tags[20] cannot be 
used for multiplexed analysis, i.e. for the concomitant detection of other protein 
biomarkers that do not exhibit certain enzymatic activity or receptor biding affinity, iv) 
lack of specific isotopic pattern distribution. 
In order to overcome the above-mentioned limitations, our group attempted a different 
strategy to develop an efficient mass-tag constituted by a photocleavable Ru(II) polypyridine 
complex tethered to targeting peptides. Upon photoexcitation of the intense MLCT (Metal to 
Ligand Charge Transfer) band situated in the visible region of their absorption spectrum, 
ruthenium polypyridyl compounds are known to selectively photosubstitute one ligand of the 
coordination sphere by a solvent molecule.[23,24] Therefore, upon UV light activation inside 
the mass spectrometer ionization chamber, a ruthenium-containing charged fragment would 
be released from the tagged peptidic moiety, providing a fingerprint signal in the MS 
spectrum. In fact, not only the ionization capability of the photocleaved positively charged 
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Ru(II) fragment is more efficient with respect to the overall bio-analytes, but the metal ion 
has also a specific isotopic patter distribution which renders its identification undoubtful. 
Furthermore, this strategy enables the matrix-free analysis of tissue samples by laser 
desorption ionization (LDI)-MSI. 

Following this approach, a PC Ru(II) polypyridyl complex was bioconjugated to the cyclic 
cyc(RGDfK) peptide which specifically binds to integrins αvβ3

[25]. The expression of the 
latter has been shown to correlate well with metastasis and poor patient prognosis.[26,27] These 
integrins are also highly expressed in angiogenic endothelial cells in remodeling[28], as well as 
involved in tumor neovascularization and metastasis[29]. In our study, the Ru(II) mass tag was 
used to image αvβ3 integrins in samples of hypopharynx tumor tissue from a patient with 
head and neck cancer. 

6.2 Results and discussion 

Initially, a synthetic route based on literature procedures was attempted for preparing 
complex [RuII[(terpy)(bpy)Cl]]PF6 (1)[30] (see Scheme S1). Synthesis of compound 1 was 
confirmed by high performance liquid chromatography coupled to high-resolution MS 
(HPLC-MS) (Figure S1). As expected, compound 1 was found to be a good starting material 
for ligand exchange reactions, since the chlorido ligand can be easily abstracted, for example, 
by addition of silver ions. In order to conjugate the RuII[(terpy)(bpy)]-based complex to 
specific targeting biomolecules, the chlorido ligand in compound 1 should be exchanged with 
other ligands containing a carboxylic acid function or an amino group which can be used for 
further coupling reactions. Ligand exchange was performed with N-donor ligands such as 
ethylenediamine (en), 4-aminopyridine (fampy), as well as β-alanine (β-ala) (see Scheme S2). 
High resolution ESI-orbitrap MS and MALDI-TOF MS were utilized to characterize the 
compound.  

As previously mentioned, the group of Bonnet reported a strategy to protect RuII polypyridine 
complexes from forming aqua complexes by using biotin as protective group[31]. In this study, 
the use of thioether ligands holds promise because RuII binds strongly to the respective sulfur 
atoms of the D-biotin molecule. In addition, irradiation with visible light leads to the release 
of the RuII moiety, and the biotin ligand features a free carboxylic acid function. The latter 
might be used to deliver the ruthenium complex to the desired location via conjugation to 
specific biomolecules through amide bond formation. Inspired by this work, D-biotin was 
selected as a linker to synthesize [RuII[(terpy)(bpy)](D-biotin)]Cl2 compound 2 (Scheme S3) 
by simply mixing compound 1 and one equivalent of the thioether ligand in water at 80 °C 
and in the dark. Synthesis of compound 2 was confirmed by HPLC-MS (Figure S2). 

In order to implement the targeted imaging method, compound 2 was conjugated with 
the cyc(RGDfK) peptide which can specifically bind to αvβ3 integrin. Two different 
approaches were designed to synthesize the bioconjugated [RuII[(terpy)(bpy)(D-
biotin)cyc(RGDfK)]]Cl2 compound 3: i) initial combination of D-biotin and the 
cyc(RGDfK) peptide, followed by coordination to the ruthenium centre via ligand 
exchange (Approach I); ii) directly conjugating the ruthenium compound 2 to the 
cyc(RGDfK) peptide (Approach II) (Figure 1). Formation of compound 3 was 
confirmed using HPLC-MS (Figure 2). The obtained results showed that Approach I 
did not produce compound 3, maybe because of the charge-charge repulsion effect 
between positively charged RuII and positively charged cyc(RGDfK) peptide. 
Therefore, Approach II was implemented by firstly activating compound 2 via EDC 
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(1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide) and sulfo-NHS (N-
hydroxysulfosuccinimide) treatment, followed by reacting cyc(RGDfK) peptide for 1 
hour to form compound 3. All of the above-mentioned synthesis steps were carried out 
at room temperature in the dark. Compound 3 was purified on a C18 column and 
analyzed by HPLC-MS.  

 
Figure 1. Synthetic reaction scheme of the two different bioconjugation approaches applied in this study to 
synthesize compound 3 [RuII[(terpy)(bpy)(D-biotin)cyc(RGDfK)]]Cl2: i) by initially combining D-biotin and the 
cyc(RGDfK) peptide, followed by ligand exchange (Approach I); ii) by direct conjugation of compound 2 to 
the cyc(RGDfK) peptide (Approach II). 
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Figure 2. LC-MS analysis of purified compound 3 [RuII[(terpy)(bpy)(D-biotin)cyc(RGDfK)]]Cl2. (A) the total 
ion chromatogram of purified compound 3. The purity of the main product 3 is above 95%. The inset shows the 
mass spectrum and chemical structure of compound 3. (B) Zoom-in of mass spectra showing the isotopic pattern 
of measured (top) and theoretical (bottom) triply (left) and doubly (right) charged ions of compound 3. 
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The absorption spectrum of compound 3 showed two peaks at 315 nm and 450 nm, 
respectively (Figure S3). Typically, the wavelengths of UV lasers used in MALDI-MS 
instruments are 337 nm (nitrogen lasers), 355 nm or 266 nm (frequency-tripled and 
quadrupled Nd:YAG lasers, respectively).  

To investigate the feasibility of matrix-free LDI-MSI, the photocleavable character of 
compound 3 (10 μg/mL) was assessed by LDI-MS without matrix. Photocleavage of the Ru 
mass-tag upon UV laser irradiation appears to be quantitative, since no signal for the intact 
compound 3 could be detected in the mass spectrum (Figure 3). Instead, a main 
monocharged species appears at 567.087 m/z which was attributed to a 
[Ru(terpy)(bipy)(pyridine)-3H]+ fragment. The latter is not unexpected since previous LDI 
and MALDI studies on Ru(II) bipyridine complexes have shown that a bipyridine ligand may 
also fragment, releasing a pyridine ring which can further react with the ruthenium 
centre[32,33]. 
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Figure 3. LDI-MSI spectrum of mass-tag compound 3 [RuII(terpy)(bpy)(D-biotin)cyc(RGDfK)]Cl2. Insets show 
the isotopic patter distribution measured (top) and theoretical for the resulting [Ru(terpy)(bipy)(pyridine)-3H]+ 
fragment. 

These results show that the [RuII[(terpy)(bpy)(D-biotin)cyc(RGDfK)]]Cl2 compound is 
photocleavable, which is a necessary condition to use it as a photocleavable mass-tag for 
targeted matrix-free LDI-MSI and to image the distribution of αvβ3 integrin in tissue sections. 
To confirm the expression and distribution of integrin αvβ3, IHC and hematoxylin staining 
were implemented on hypopharynx tumor tissue sections from patients with head and neck 
cancer. With the aim of defining the optimal concentration of the first antibody Mab LM609, 
sections were incubated at serial dilutions: 1:2000, 1:4000, 1:5000, 1:8000, and 1:10000. The 
results showed highly specific staining (crimson color) in the endothelial cells in tumor 
stroma even at high dilutions up to 1:10000 (Figure 4). 
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Figure 4. Immunohistochemistry (IHC) and hematoxylin staining used for the assessment of αvβ3 integrin 
expression with different dilutions of Mab LM609 in hypopharynx tumor tissue. (A) negative control, (B) 
dilution 1:2000 (C) 1:4000, (D) 1:5000, (E) 1:8000, (F) 1:10000. The crimson color in B-F represents positive 
staining signal. Bars represent 100 μm. 

Parallel experiments of LDI-MSI and IHC and hematoxylin staining were performed on 
adjacent sections. In the LDI-MSI measurements, three sections were prepared and incubated 
with PBS, compound 2 and compound 3, respectively. LDI-MSI results are shown in Figure 

5. Incubating the section with compound 3 resulted in a clearly distinguishable, high intensity 
signal of the RuII polypyridine mass-tag (Figure 5E), which has the same MS/MS signal 
pattern (isotope pattern within one isotope cluster and isotope cluster average pattern) as the 
mass-tags from the standard compound 3 at 10 μg/mL on the ITO coated glass slide (Figure 

3). The intensity distribution diagrams of MS peaks in the whole MSI dataset also confirmed 
the much higher intensities of LDI signals in the sections treated with compound 3 compared 
to the two other slices (supporting information, Figure S4). More importantly, the 
distribution of the mass-tag (Figure 5C) correlates well with the distribution of αvβ3 integrin 
based on IHC and hematoxylin staining (Figure 5D), while the LDI-MSI images of control 
with PBS (Figure 5A) and compound 2 (Figure 5B) show almost no signal of the mass-tag. 
These results demonstrate that only compound 3, which was bioconjugated to the 
cyc(cRGDfK) peptide, results in the expected distribution of the mass-tag in the tissue section, 
while compound 2, with only D-biotin as ligand, does not bind to any specific region of the 
section. Ideally this strategy may be extended to reveal the spatial distribution of other 
molecules in tissue sample without limitation of the mass range of the target analytes by 
conjugating the [RuII[(terpy)(bpy)]]2+ moiety to various targeting moieties. 
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Figure 5. LDI-MSI images of mass-tag from hypopharynx tumor tissue sections incubated with (A) PBS 
buffer (pH 7.4), (B) compound 2 [RuII(terpy)(bpy)(D-biotin)]2+

  and (C) compound 3 
[RuII(terpy)(bpy)(D-biotin)(cyc(RGDfK))]2+.  Images were obtained with a m/z range of 560.43 – 
571.91 Da, which covers all isotope of the Ru mass tags in the LDI spectrum. (D) IHC and 
haematoxylin stained section. (E) LDI Mass spectrum of the mass-tag signal related to the image of 
sections incubated with compound 3 (pixel coordinates: x 25, y 34, pixel ID 131). The inset shows the 
experimental isotopic pattern distribution of the main fragment ion [Ru(terpy)(bipy)(pyridine)-3H]+ vs 
the theoretical one (mass range from 560 to 575 m/z). The experimental mass spectrum indicates with 
blue transparent colour the mass range used to extract ion images. Images A, B and C were obtained 
with “weak denoising” option of the SCiLS software. The images without denoising can be found in the 
supporting information (Figure S4). 

6.3 Conclusion 

In this proof-of-concept study, we propose a matrix-free LDI-MSI strategy using a 
novel metal-based photocleavable mass-tag targeted to integrin receptors, namely the 
ruthenium complex 3 [RuII[(terpy)(bpy)(D-biotin)cyc(RGDfK)]]Cl2. The mass-tag of 
the RuII polypyridine moiety provides a unique isotopic pattern, enabling 
differentiation of the tag from other background signals. Ideally this strategy may be 
extended to reveal the spatial distribution of other molecules in tissue sample without 
limitation of the mass range of the target analytes by conjugating Ru(II) polypyridyl 
fragments [RuII[(terpy)(bpy)X]] (X = photocleavable linker) with different m/z to 
various targeting moieties. 
 Further work is necessary to characterize the properties of compound 3 
[RuII[(terpy)(bpy)](D-biotin)cyc(RGDfK)]]Cl2 as photocleavable mass-tag in LDI-MSI, such 
as its specificity in tissue samples and photocleavage yield. With the aim of its potential 
application in multiplex analysis in a single measurement, more efforts need to be devoted to 
designing RuII-based mass-tags with differently modified polypyridine ligands enabling 
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photocleavage at different wavelengths to allow deep penetration of the photons in living 
tissues, as well as to facilitate bioconjugation to various targeting moieties.  

Moreover, the MSI spatial resolution need to be assessed and can be further optimized. For 
example, this improvement can be achieved by using displacement of the laser smaller than 
the N2 laser diameter (5-50 µm) commonly applied or use of laser of smaller diameter[34] or 
use of transmission geometry[35]. In summary, we present here a new photochemical tool for 
matrix-free targeted LDI-MSI that may have far-reaching applications. 
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6.5 Supporting Information 

6.5.2 Synthesis 

Compound 1 [RuII(terpy)(bpy)Cl]]PF6 

Compound 1 was synthesized according to literature procedures[1]. RuCl3�3H2O (500 mg, 2 
mmol) was heated with Ligand 1 2,2’:6’,2’’ terpyridine (460 mg, 2 mmol) in the 
deoxygenated H2O/EtOH mixture of 1/1 (v/v, 20 mL). A dark brown intermediate product 
was formed after heating under reflux for 4 h in the dark. The resulting precipitate (560 mg, 
1.28 mmol) was reacted directly with ligand 2 2,2’-bipyridine (200 mg, 1.28 mmol) after 
washing with EtOH (3 times) and diethyl ether. Heating under reflux overnight in 
deoxygenated H2O:EtOH 1:1 (20 mL) achieved the reduction of RuIII to RuII[2]. The resulting 
chloride complex was precipitated with excess KPF6 to achieve a brown product complex 1 
[Ru(terpy)(bipy)Cl]PF6 in a 50% overall yield (660 mg). 

 
Scheme S1. Synthesis of complex 1 [Ru(terpy)(bipy)Cl]PF6. 
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Figure S1. LC-MS analysis of purified compound 1 (A) is extracted LC-MS chromatogram of compound 1 
[RuII(terpy)(bipy)Cl]PF6. The inset shows the mass spectrum and chemical structure of compound 1. (B) Mass 
spectra showing the isotopic pattern of measured (top) and theoretical (bottom) singly charged ion of compound 
1. 

Compound S1-S3 [RuII[(terpy)(bpy)L]]Cl2 

Compound S1-S3 was synthesized according to literature[3]. Complex 1 (100 mg, 0.15 mmol) 
was reacted with ligands ethylenediamine (en, 9 mg, 0.15 mmol), 4-aminopyridine (fampy, 
14 mg, 0.15 mmol) and β-alanine (β-ala, 13.5 mg, 0.15 mmol) in a mixture of acetone/water 
at 70 ℃ under reflux overnight in the dark, respectively. 
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Scheme S2. Synthesis of compound S1 ethylenediamine (en), compound S2 4-aminopyridine (fampy) and 
compound S3 β-alanine (β-ala). 

Compound 2 [RuII[(terpy)(bpy)D-biotin]]Cl2 

Compound 2 was synthesized according to literature[1]. Compound 1 (200 mg, 0.3 mmol) was 
heated at 80 °C with D-biotin (72.8 mg, 0.3 mmol) in 20 ml of the deoxygenated H2O. A 
reddish precipitate intermediate product was formed after heating under reflux for overnight 
in the dark. The purification of crude products was implemented using column 
chromatography with silica and a mixture of acetone/H2O/HCl (v/v 16/4/1 with 1 M HCl) as 
eluent. Further purification was performed on C18-column of semi-preparative reversed 
phase HPLC with a linear gradient (30 mL/min) of water (0.1% trifluoroacetic acid, solvent 
A) and acetonitrile (0.1% trifluoroacetic acid, solvent B). The purified compound 2 was 
obtained after evaporating acetonitrile and freeze drying the product providing a final yield of 
40% (95 mg). 

 

Scheme S3. Synthesis of complex 2 [RuII[(terpy)(bpy)](D-biotin)]]Cl2. 
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Figure S2. LC-MS analysis of purified compound 2. (A) is the extracted LC-MS chromatogram of compound 2 
[RuII[(terpy)(bipy)D-biotin]2+

. The inset shows the mass spectrum and chemical structure of compound 2. (B) 
shows the mass spectra of the isotopic pattern of measured (top) and theoretical (bottom) singly charged (left) 
and doubly charged (right) ions of compound 2. 

 

 

Compound 3 [RuII[(terpy)(bpy)(D-biotin)cyc(RGDfL)]]Cl2 
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Compound 3 [RuII[(terpy)(bpy)](D-biotin)cyc(RGDfK)]]Cl2 was synthesized via two 
different approaches. In Approach I, initial combination of D-biotin and cyc(RGDfK) 
peptide was implemented by firstly activing the carboxylic group of D-biotin (5.25 mg, 0.02 
mmol) with 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 38 mg, 0.2 mmol) and 
N-hydroxysulfosuccinimide (sulfo-NHS, 43.5 mg, 0.2 mmol) overnight at r.t., followed by 
adding cyc(RGDfK) peptide (13 mg, 0.022 mmol) with 0.5% EtN3 for 0.5 h (pH = 7) at room 
temperature. The produced D-biotin-cyc(RGDfK) bioconjugation was applied to the ligand 
exchange with compound 1 (16 mg, 0.02 mmol) in 1 mL of the deoxygenated H2O at 80 °C 
overnight in the dark. Unfortunately, this approach did not provide the expected product. 
Next, Approach II was implemented by firstly activating compound 2 [RuII[(terpy)(bpy)D-
biotin]]Cl2 (65 mg, 0.08 mmol) via EDC (153 mg, 0.8 mmol) and sulfo-NHS (174 mg, 0.8 
mmol) treatment at room temperature overnight in dark. Afterwards, the coupling reaction 
was accomplished by adding cyc(RGDfK) peptide (50 mg, 0.08 mmol) with 0.5% EtN3 (pH 
= 7) for 1 hour to form compound 3 with orange color. The final product was purified on a 
C18 column with a yield of 50 % (55 mg, 0.04 mmol) and analyzed by HPLC-MS. 

Spectrophotometric studies 

UV-visible absorption spectra of compound 3 were recorded using a V-650 (Jasco) 
spectrophotometer. Stock solutions of 3 were prepared in Milli-Q water and diluted at 100 
μM concentration for analysis. 
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Figure S3. UV-visible absorption spectrum of compound 3 [RuII[(terpy)(bpy)(D-biotin)cyc(RGDfK)]]Cl2 (100 
μM) in Milli-Q water 

LC-MS and preparative HPLC 

LC-high-resolution mass spectrometry (MS) was performed on an LTQ Orbitrap XL mass 
spectrometer (Thermo Scientific) coupled to an analytical high-performance liquid 
chromatography (HPLC) Shimadzu instrument (Shimadzu 20 series) equipped with a C18-
column (Waters ACQUITY UPLC BEH C18, 1.7 μm, 2.1 × 50 mm). Suitable linear 
gradients (0.35 mL/min) of water (0.1% v/v formic acid, solvent A) and acetonitrile (0.1% 
v/v formic acid, solvent B) were applied for the analysis of all compounds. Column 
chromatography with silica and a mixture of acetone/H2O/HCl (v/v 16/4/1 with 1 M HCl) 
was used as eluent for the purification of crude products. Preparative reversed phase HPLC 
was performed on a Buchi instrument (Buchi Reveleris X2) equipped with a C18-column 
(Revelers C18, 40 µm, 12 g). Suitable linear gradients (30 mL/min) of water (0.1% 
trifluoroacetic acid (TFA), solvent A) and acetonitrile (0.1% TFA, solvent B) were applied 
for the purification of compounds. 

6.5.3 Preparation of frozen human tumor tissue samples by cryosection 
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Human tissue sample. Human tumor tissue samples were obtained from the Department of 
Otorhinolaryngology, University of Groningen. Tissues sample were collected from removed 
hypopharynx tumor tissue immediately after excision from the patients with head and neck 
cancer, which did not interfere with the diagnostics or treatment of the patients. Patients gave 
informed consent for scientific analysis of the removed tissue. 

First, tissue samples were snap frozen in isopentane on dry ice. Subsequent processes were 
performed on dry ice until preparation of the cryosections was completed. Without thawing, 
each tissue was cut into sections with a cryotome (Thermo, Cryostar NX70) at -25°C. Human 
tumor tissue sections of 4 µm thickness for IHC and hematoxylin staining were cut and 
mounted on IHC microscope glass slides, and 10 µm thick sections for LDI-MSI were cut 
and mounted on ITO coated glass slides. These glass slides were kept inside the cryotome 
until the cryosections were complete. Then sections were dried for 30 min using a fan. 
Remaining tissue samples were frozen at -80 °C for future use. 

6.5.4 Immunohistochemistry (IHC) and hematoxylin staining of the integrin αvβ3 in 

tumor tissue sections 

Initially, sections were fixated with 50 mL acetone at room temperature for 10 min. After 
drying, sections were rehydrated in PBS. In the first incubation step, control sections were 
incubated with 50 μL PBS buffer, and the others were incubated with 50 μL of the first 
monoclonal antibody (Mab) LM609 (anti-integrin αvβ3 antibody, abcam[3]) (1 mg/mL stock 
solution) at room temperature  in serial dilution: 1:1000, 1:2000, 1:3000, 1:4000, 1:5000, 
1:8000, and 1:10000. After 1 h, sections were incubated with 0.3% H2O2 in methanol for 20 
min to inhibit endogenous peroxidase and then washed in demi-water for 2 min. The second 
incubation step was implemented by incubating sections with 50 μL of the second antibody 
(Rabbit Anti-Mouse IgG(H+L), Human ads-HRP, Southern Biotech) for 30 min at 1:100 
diluted PBS solution with 5% normal human serum. In this protocol, a third antibody was 
utilized to enhance staining/amplification of the signal. The third incubation step was 
implemented by incubating sections with 50 μL of the third antibody (Goat Anti-Rabbit 
IgG(H+L), Mouse/Rat/Human ads-HRP, Southern Biotech) for 30 min at 1:100 diluted PBS 
solution with 5% normal human serum. Sections were washed three times with PBS buffer 
after each incubation step. Subsequently, sections were incubated with ImmPACT NovaRED 
(peroxidase (HRP) substrate kit, Vector) with mixture of 1 mL NovaRED diluent, 16 μL 
reagent 1, 10 μL reagent 2, 10 μL reagent 3, and 10 μL reagent 4 for 15 min followed by a 
wash step in water. All of the above incubation steps were processed in the dark. Finally, 
sections were counterstained with hematoxylin according to Mayer for 1 min and washed 
under tap-water for 5 min. Finally, they were dehydrated and embedded in mounting medium 
DePeX (Serva). Stained tissue sections were dryed in fuming cupboard and the dried sections 
were used for further analysis. 

 

6.5.5 LDI-MSI 

Laser Desorption Ionization Mass Spectrometry (LDI-MS) 

LDI-MS was implemented with compound 3 before incubating with tumor tissue. Stock 
solutions of compound 3 were prepared in Milli-Q water and diluted to 2 µg/ml for analysis. 
1 μL of this dilution was spotted in duplicate onto a polished steel MALDI target plate. 
(Matrix Assisted) Laser Desorption/Ionization ((MA)LDI) time-of-flight (TOF) MS was 
performed on a Bruker UltrafleXtreme MALDI TOF-TOF instrument (Bruker Daltonics, 
Bremen, Germany) using ImageFlex (version 3.4, Bruker Daltonics). Reflector positive 
MALDI-TOF spectra were recorded between 300 and 3000 Da under the following 
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conditions: 140 ns delayed extraction; signal deflection up to m/z 300; 2 kHz Smartbeam-II 
UV laser (Nd:YAG; λ = 355 nm) operating with the “4_large” parameter set; 5 GS/s digitizer 
sampling rate; ion source 1, 2, and lens voltages of 20.00, 17.73, and 7.7 kV, respectively.  
Initially, tissue sections were dried under a vertical electric fan for 30 min and fixed with 
acetone for 10 min. After drying, sections were rehydrated in PBS. In the incubation step, 
three sections were incubated with 50 μL of PBS buffer, compound 2 (2 mg/mL) and 
compound 3 (2 mg/mL), in the dark, respectively. After 1 h, sections were washed three 
times with PBS buffer and two times with 50%, 70% and 90% percent of ethanol 
successively to remove smaller molecules, such as small peptides, and lipids. Then the 
sections were dried for several minutes under fan for further LDI-MSI measurement. The 
MSI results were compared with the results obtained from IHC and hematoxylin staining 
detection of the integrin αvβ3 by visual inspection of corresponding images. The parameters 
of MALDI-MS instrument were set the same as those described above in the LDI-MS 
measurement of compound 3. During the LDI-MSI, the shots at raster spot is 100 and the 
diameter of the laser is 20 μm for every sample. The raster width for X and Y are both at 75 
μm. Processing of the collected MSI data was performed using SCiLS Lab version 2014b 
(version 2.02.5378, SCiLS GmBH) and Cardinal R package in R (version 3.6.1, 2019-07-05). 

LDI-MSI images of mass-tag (mass range from 560 to 575 m/z)  from sections obtained 
without “weak denoising” option of the SCiLS software (Figure S4).  
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Figure S4. LDI-MSI images of mass-tag from hypopharynx tumor tissue sections incubated with (A) PBS 
buffer (pH 7.4), (B) compound 2 [RuII(terpy)(bpy)D-biotin]Cl2 and (C) compound 3 [RuII(terpy)(bpy)(D-
biotin)cyc(RGDfK)]Cl2 without “weak denoising” option of the SCiLS software. The corresponding pixel 
intensity distribution of mass-tag signal related to the image of the tissue sections incubated with: (D) PBS (pH 
7.4), (E) compound 2 RuII[(terpy)(bpy)(D-biotin)]Cl2 and (F) compound 3 [RuII[(terpy)(bpy)(D-
biotin)cyc(RGDfK)]]Cl2. The distribution is show with box plot (left) and with bee-swarm plot indicating the 
intensity of each pixel in corresponding images of (A), (B) and (C). Blue dots are pixel intensity within 95% of 
the distribution, while red dots are outliers exceeding this limit. 
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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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Dit promotieproject was gericht op het onderzoeken van bioconjugatie van peptides aan 
chemische verbindingen voor verschillende biomedische toepassingen (sectie A) en voor het 
implementeren van beeldtechnieken voor complexe biologische monsters (sectie B). 
Hieronder geven we een samenvatting van de achtergronden van het onderzoek, de doelen en 
de verkregen resultaten voor beide secties. 

Hoofdstuk 1 geeft een korte introductie en overzicht van het proefschrift. 

 

Sectie A 

Kanker is een heterogene, complexe ziekte, en een van de dodelijkste aandoeningen in de 
moderne maatschappij. Van alle therapeutische mogelijkheden zal chemotherapie de 
belangrijkste behandelingsmethode blijven voor veel tumoren. Daarom is het van essentieel 
belang om bijwerkingen van antikankermedicijnen te onderdrukken, om de selectiviteit voor 
tumorcellen te verhogen en toxiciteit voor normale cellen te voorkomen, en om resistentie 
tegen de medicijnen te voorkomen. Om nieuwe antikankerbehandelingen te ontwikkelen is er 
daarom steeds meer aandacht voor gerichte therapieën die cytotoxische medicijnen selectief 
afleveren aan tumorcellen. Bioconjugatie van antikankermedicijnen aan vectoren voor 
gerichte medicijnafgifte is een voor dit doel hoopgevende aanpak. Er is al succes geboekt in 
de ontwikkeling van medicijnafgiftesystemen die antikankermedicijnen kunnen inkapselen, 
om ze zo te beschermen tegen het metabolisme. Het gebruik van bijvoorbeeld liposomen, 
polymeerconjugaten, micellen, dendrimeren en nanomaterialen (zoals inorganische 
nanodeeltjes), heeft volgens een aantal artikelen geresulteerd in de verlaging van de 
benodigde dosis antikankermedicijn en een gelijktijdige verhoging van de hoeveelheid 
actieve stof die de kankercellen bereikte[1]. 

In dit onderzoeksveld zijn er steeds meer artikelen verschenen over het binden of inkapselen 
van antikankermedicijnen aan of in een grote variëteit aan functionele moleculen of 
nanomaterialen, met of zonder groepen voor gerichte bioconjugatie. Toch hebben zulke 
gerichte constructen verschillende beperkingen: polymeren en dendrimeren vereisen 
bijvoorbeeld vaak aanzienlijke synthetische inspanningen en kunnen lage opbrengsten 
hebben en producten die grotendeels amorf zijn. Ze zijn bovendien niet vrij van 
immunologische effecten. Nanodeeltjes hebben weer andere problemen zoals toxiciteit en 
gebrek aan biologische afbreekbaarheid. 

In deze context zijn driedimensionale supramoleculaire coördinatiecomplexen (SCC’s), ofwel 
metallokooien, naar voren gekomen als een veelbelovende mogelijkheid om te gebruiken als 
een nieuw gericht medicijnafgiftesysteem[2]. Het discrete metallokooi-systeem wordt 
gesynthetiseerd door zelfassemblage, heeft een gecontroleerde grootte en vorm, alsmede een 
holte waarin antikankermedicijnen ingekapseld kunnen worden door gastheer-gast chemie. 
Metallokooien krijgen steeds meer aandacht vanwege hun vermogen om een breed scala van 
kleine moleculen in te kapselen in hun moleculaire holte (zowel ionen als neutrale moleculen, 
waaronder antikankermedicijnen)[3,4]. 

De kooien kunnen verder worden gederivatiseerd om hun chemische en biologische 
eigenschappen te optimaliseren voor efficiënte en gerichte antikanker-afgifte[5]. Een paar 
artikelen hebben een eenvoudig model beschreven van zelfgeassembleerde M2L4 (M=metaal, 
L=ligand) metallokooien, bijvoorbeeld Pd2L4, dat een lage toxiciteit heeft in ex vivo 
modellen terwijl het wel de mogelijkheid tot inkapseling houdt. Deze eigenschappen van 
Pd2L4

 metallokooien suggereren een potentieel gebruik als medicijnafgiftesysteem. 
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In de sectie presenteren we eerst de bioconjugatie van op Pd gebaseerde metallokooien met 
de algemene formule Pd2L4 aan peptides met als doel het ontwikkelen van nieuwe 
medicijnafgiftesystemen voor het antikankermedicijn cisplatine (Hoofdstuk 2 en Hoofdstuk 

3). 

Meer specifiek geven we in Hoofdstuk 2 het eerste voorbeeld van zelfgeassembleerde Pd2L4 
kooien geconjugeerd met een lineair modelpeptide en bespreken hun potentiële toepassing als 
medicijnafgiftesystemen. In dit werk werd de bioconjugatie van de kooi uitgevoerd door 
middel van de vorming van een amidebinding tussen de carboxylzuur- (of amine-) groep die 
dienstdoet als exo-gefunctionaliseerde ligand/kooi en een amine- (of carboxylzuur-) groep in 
de zijketens van het modelpeptide. Er zijn twee methodes gebruikt om de ligand-
peptidekoppeling tot stand te brengen: het direct verbinden van de metallokooi aan het 
peptide (Methode I) en het verankeren van het ligand aan het peptide gevolgd door 
zelfassemblage van de metallokooi (Methode II).  

Met hoogwaardige-vloeistofchromatografie gekoppeld aan hoge resolutie massaspectrometrie 
(HPLC-MS) is de efficiënte synthese met hoge opbrengst bevestigd van metallokooien 
geconjugeerd met lineaire modelpeptides. Deze bioconjugatiestrategie kan worden uitgebreid 
door de Pd2L4 metallokooi te koppelen aan allerlei specifiek-bindende biomoleculen zoals 
peptides, affimeren en antilichamen. De grootte, driedimensionale vorm en fysisch-
chemische eigenschappen van het ligand beïnvloeden zeker de koppelingsreactie en er zal in 
de toekomst een efficiënte bioconjugatiestrategie moeten worden ondergezocht. 

Hoofdstuk 3 presenteert de volgende stap om de bioconjugatie van de metallokooi te 
gebruiken om een efficiënt medicijnafgiftesysteem te synthetiseren. Dit hoofdstuk bespreekt 
de synthese, bioconjugatie en toepassingen van Pd2L4 metallokooien gekoppeld aan vier 
cyclische RGD-peptides, die specifiek binden aan integrin αvβ3 en α5β1 die verrijkt zijn in 
bepaalde types tumoren zoals in borstkanker en vormen van hoofd- en halskanker. 

Inkapseling van cisplatine in de cyclische, met RGD gemodificeerde metallokooi resulteert in 
verhoogde antikankeractiviteit in vitro. Cisplatine ingekapseld in de metallokooi zelf heeft 
daarentegen een verlaagde toxiciteit in gezond weefsel, zoals aangetoond in ex vivo precies-
gesneden weefselplakjes vanwege de verminderde opname van platina in normaal weefsel. 
Mijn werk vormt het eerste bewijs dat het concept van het gebruik van supramoleculaire 
coördinatiecomplexen voor gerichte medicijnafgifte inderdaad werkt. Dit werk zou moeten 
worden opgevolgd met uitgebreidere toxicologische studies in andere humane weefsels met 
precies-gesneden weefselplakjes en in complete diermodellen. Als alle toxicologische studies 
en de verhoogde toxiciteit in tumoren vergelijkbaar zijn met die in het huidige werk, dan 
zouden klinische testen met menselijke proefpersonen gestart kunnen worden. Uiteraard vergt 
dit intensief onderzoek en tests in een klinische omgeving, en het synthetiseren van de stoffen 
in grote hoeveelheden en van hoge zuiverheid en daarvoor is veel meer financiering nodig 
dan beschikbaar in het huidige project.  

In Hoofdstuk 4 beschrijven we de effecten van bioconjugatie van een RuII polypyridyl 
complex (RuII[terpyridine]2) aan integrin-bindende peptides op de cytotoxische activiteit van 
deze verbinding. RuII polypyridine complexen zijn interessante antikankermedicijnen en 
diagnostische reagentia vanwege hun DNA-bindende eigenschappen, mogelijkheid tot 
beeldvorming met fluorescentie, en redoxchemie[6]. In dit hoofdstuk presenteren we de 
synthese van twee nieuwe RuII[terpyridine]2 complexen gekoppeld aan respectievelijk een 
monomerisch en een dimerisch cyc(RGDfK) peptide. Beide RuII complexen bleken sterk en 
selectief te binden aan integrin αvβ3. Bovendien vertoonde het dimerische molecuul een 
verhoogde bindingsaffiniteit voor integrin αvβ3 vergeleken met de monomerische versie. 
Hoewel de bioconjugatiecomplexen een lage cytotoxiciteit vertoonden als antikankermedicijn, 
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vanwege de lage opname in kankercellen, vormen ze een goed uitgangspunt om Ru 
complexen te ontwikkelen die gericht zijn tegen tumorcellen waarin integrin-receptoren tot 
overexpressie komen. 

 

Sectie B 

Bioconjugatie kan worden gebruikt om reagentia te synthetiseren die kunnen worden 
toegepast voor gerichte beeldvorming van biomoleculen in tumorweefsel met behulp van 
massaspectrometrie-beeldvorming (MSI). Verschillende gebioconjugeerde lichtsplitsbare 
chemische labels zijn toegepast als matrix-vrij massa-label voor gerichte beeldvorming van 
biomoleculen in weefsel met behulp van laserdesorptie/ionisatie (LDI) MSI[7]. 

Massaspectrometrie-beeldvormingstechnieken hebben toenemende aandacht gekregen 
vanwege hun unieke voordelen voor het verkrijgen van informatie over de ruimtelijke 
verdeling van honderden verschillende moleculen in weefsels in een enkele meting. 
Hoofdstuk 5 geeft een systematisch overzicht van de ontwikkeling en verbetering van MSI 
voor de beeldvorming van de verdeling van eiwitten in weefsels door directe en indirecte 
analysemethodes. De indirecte analysemethode, met name de matrix-vrije MSI-strategie met 
massa-labels, heeft veel voordelen ten opzichte van de traditionele MALDI-MSI-technieken. 
Een voordeel is onder andere de mogelijkheid om de eiwitverdeling in weefsel onafhankelijk 
te meten van de massa en ionisatie-affiniteit van de gemeten eiwitten en met een hoge 
ruimtelijke resolutie en gevoeligheid. 

Lichtsplitsbare RuII polypyridine complexen zijn niet eerder gebruikt voor gerichte 
massaspectrometrie-beeldvorming van eiwitten. Hoofdstuk 6 presenteert een nieuw concept 
voor de matrix-vrije LDI-MSI methode gebruikmakend van een RuII[(terpy)(bpy)]L (L= 
lichtsplitsbaar ligand) complex als massa-label. In deze studie is een lichtsplitsbaar 
RuII[(terpy)(bpy)]L complex gesynthetiseerd en geconjugeerd aan een cyc(RGDfK) peptide 
voor specifieke binding aan integrin αvβ3. De productie en karakteristieken van de 
gebioconjugeerde RuII polypyridyl complexen zijn bevestigd met behulp van HPLC-MS, 
UV-Vis spectrometrie en matrix-vrije LDI-MS methodes. Het massaspectrum in LDI-MS 
vertoonde een signaal met een hoge intensiteit van de RuII polypyridyl-groepen, waarin het 
karakteristieke isotooppatroon van RuII duidelijk zichtbaar was. Dit bevestigt het 
lichtsplitsbare karakter van het gebioconjugeerde RuII[(terpy)(bpy)]L complex. 

Dit hoofdstuk presenteert verder een proof-of-concept studie van gerichte LDI-MSI van 
integrin αvβ3 met gebruik van het lichtsplitsbare RuII[(terpy)(bpy)]L complex als massa-label 
in hypopharynxkankerweefsel. Het MSI-resultaat liet een goede ruimtelijke correlatie zien 
van de verdeling van αvβ3 integrin met naastgelegen tumorweefsel dat met IHC plus 
hematoxyline gekleurd was. Deze proof-of-concept studie zou moeten worden gevolgd door 
de synthese van Ru complexen met verschillende massa-labels en affiniteitsgroepen (bv. door 
gebruik te maken van antilichamen, andere receptor-specifieke peptides, of affimeren). Om 
de beeldvormingsresolutie en de mogelijkheid tot multiplexen te verhogen zouden de 
structuur van het Ru complex en de LDI-condities geoptimaliseerd dienen te worden om zo 
één enkele isotoopcluster te verkrijgen. De opbrengst van de lichtsplitsing zou ook moeten 
worden bepaald in toekomstige studies. Verder zijn studies noodzakelijk naar de 
eigenschappen van het lichtsplitsbare RuII[(terpy)(bpy)]L complex, onder andere de stabiliteit 
onder normale licht- en temperatuuromstandigheden en de opbrengst en kinetiek van 
lichtspltising van de groep met het massa-label. 

Dit proefschrift had als globaal doel om nieuwe synthesemethodes en toepassingen van 
gebioconjugeerde, metaal-bevattende verbindingen te ontwikkelen. Samenvattend levert dit 
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proefschrift een bijdrage aan de verbetering van de fysisch-chemische en specifieke 
bindingseigenschappen van zowel kleine moleculen als supramoleculaire 
coördinatiecomplexen en aan het verbreden van de biomedische toepassingen van 
gebioconjugeerde, metaal-bevattende verbindingen. 

Tenslotte vertoonde de matrix-vrije massa-label LDI-MSI strategie een aantal voordelen ten 
opzichte van matrix-geassisteerde laserdesorptie/ionisatie (MALDI) MSI zoals het detecteren 
van verbindingen onafhankelijk van hun ionisatie-affiniteit of massa, zodat een hoge 
ruimtelijke resolutie en gevoeligheid bereikt kunnen worden en multiplexen (beeldvorming 
van meerdere analieten tegelijkertijd in een enkel weefsel en experiment) mogelijk wordt. 
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