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1.1 Metallodrugs 

As leading cause of death worldwide, cancer is responsible for nearly 10 million deaths in 2020 

according to World Health Organization (WHO).1 Currently, cancer patients are mainly treated 

with surgery, radiotherapy, and/or systemic therapy (chemotherapy, hormonal treatments, 

targeted biological therapies) to eliminate tumors. In the case of chemotherapy, strongly toxic 

chemotherapeutics such as doxorubicin (DOX), paclitaxel, 7-ethyl-10-hydroxycamptothecin 

(SN-38), S-crizotinib, gemcitabine, or cisplatin, are widely used.2, 3 Since cisplatin has been 

approved for the treatment of cancer in the clinics in 1978, metallodrugs have become an 

important line of research in oncology. Figure 1.1a shows the chemical structure of cisplatin 

and some of its derivatives that have been approved for clinical use worldwide or regionally.4, 

5 As shown in Figure 1.1b, the predominate cell-killing mechanism of cisplatin is based on three 

steps: (i) cellular uptake by passive diffusion, or with the help of an active transporter such as 

the copper transporter 1 (CTR1), (ii) hydrolysis of the chloride ligand(s) and formation of a 

mono or bis-aqua intermediate, and (iii) binding of the intermediate aqua complexes to DNA 

via coordination to N7 of the purine bases.6 Upon DNA platination, DNA repair is prevented. 

Cisplatin treatment leads hence to DNA damage, which subsequently triggers apoptosis of the 

cancer cells. However, many tumor cells exhibit some degree of resistance against cisplatin 

treatment, for example via increased DNA repair, inefficient intracellular accumulation, or 

cytosolic inactivation by overexpression of glutathione, metallothionines or further cytoplasmic, 

nucleophilic scavengers. Mutations that increase these effects limit the performance of platinum 

anticancer drugs. In addition, these drugs are also characterized by a range of severe side effects, 

including nausea, nephrotoxicity, cardiotoxicity, hepatotoxicity and neurotoxicity, which limits 

the treatment efficacy.7  
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Figure 1.1. (a) Chemical structures of platinum-based anticancer drugs approved for clinical 

use worldwide or regionally. (b) Scheme representing the mode-of-action of cisplatin as DNA-

targeted anticancer drug. 

The resistance to and side effects of platinum-based anticancer drugs observed in the clinics 

have brought the needs for novel metal-based anticancer drugs with better performance. In the 

past decades, researchers have looked for anti-tumor compounds based on alternative metals 

such as Au,8 Pd,9 Fe,10 Ru,11 and Ir,12 of which some have been approved or are currently in 

clinical trials (Figure 1.2). Among these alternative drugs, ruthenium(II) polypyridyl complexes 

have been the focus of intense investigations due to their appealing chemical and photochemical 

properties. Three Ru(Ⅲ) complexes (NAMI-A, KP1339 and BOLD-100) and one 

photoactivatable ruthenium(II) polypyridyl complex (TLD1433) (Figure 1.2) have progressed 

to clinical trials. Such complexes typically absorb visible light (metal-to-ligand charge transfer 

(MLCT) band ≈ 400-550 nm) and possess long-lived triplet excited states. Many of them emit 

light in the red or near-infrared (NIR) region of the spectrum (λem ≈ 580-800 nm).13, 14 These 

photochemical properties have made such complexes attractive in photo-based anticancer 

therapy, a class of treatment modalities in which the therapeutic action of a drug can be tuned 

(or switched on) by light irradiation of the tumor. Interestingly, the photophysical and chemical 
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properties of ruthenium(II) polypyridyl complexes can be fine-tuned by altering the nature and 

the structure of the polypyridyl ligands bound to the ruthenium(II) center. For example, 

complexes can be designed that can either emit light from their triplet excited state 

(phosphorescence), transfer energy or electrons, or perform photosubstitution reactions, using 

relatively simple chemical principles.15, 16 Furthermore, due to the octahedral geometry of most 

of these complexes, chemists can play with their 3-dimensional architecture or modify 

functional groups on the ligands to fine-tune their biological properties and in order to bind 

them selectively to biomolecular targets.17,18 

 

Figure 1.2. Chemical structures of non-platinum, transition metal-based anticancer compounds 

currently approved or in clinical trials. 8, 9, 11 

1.2 Anticancer phototherapy 

The therapeutic use of light in modern medicine originated from the Nobel prize-winning work 

of Finsen on the treatment of lupus vulgaris with UV light in 1896.19 The considerable advance 

represented by phototherapy is that it allows clinicians to administer a prodrug that disperses 

throughout the body with limited effects and toxicity, while upon local light activation the 

prodrug is activated and become highly toxic only in the irradiated area. This spatial and 

temporal activation can significantly reduce collateral damage to non-irradiated areas, 

particularly in the case of cancer therapy, in which the side effects to patients is controllable. 

Besides the discovery of new generations of light-activatable drugs, the physical and 

technological progress of light sources and light-delivery technologies (such as fiber optic light 

guides) over the last decades has made this therapeutic method very versatile.20 Next to 
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treatments of tumors at an available surface of the body (skin, esophagus, bladder, lungs), light 

irradiation of internal organs is also possible nowadays. Currently, the related clinical trials for 

cancer treatment of the brain, pancreas, liver, and prostate are ongoing as well.21 

 

Figure 1.3. A modified Jablonski diagram of PTT (blue arrow), PDT (green arrow) and PACT (red 

arrow) pathway. 22-24 

Hitherto, anticancer phototherapy entails mainly three different pathways: photothermal 

therapy (PTT), photodynamic therapy (PDT), and photoactivated chemotherapy (PACT). 

Unlike PTT, causing thermal damage of the irradiated cancer cells, the toxicity in PDT and 

PACT arises from the light-induced formation of chemical toxins. Depending on the 

photochemical activation pathway, the photoactivated agents may have different modes-of-

action in a cancer cell (Figure 1.3). PTT agents absorb light energy and evolve from a ground 

state to an excited singlet state S1. The electronic excitation energy then undergoes vibrational 

relaxation, a non-radiative form of excited state decay, and returns to the ground state which is 

mediated by collisions between the excited agent and the surrounding molecules. Consequently, 

increased kinetic energy leads to heating of the tumor microenvironment, and localized thermal 

damage occurs.25 Similar to PTT, PDT and PACT agents first generate an excited singlet state 

upon absorption of a photon with the required energy. After intersystem crossing (ISC), 

however, these singlet states transform into relatively long-lived triplet excited states T1. For 

PDT prodrugs, so-called photosensitizers, the molecule in its lowest triplet (T1) excited state 

can either return to the ground state through phosphorescence, or interact with surrounding 

molecules via electron transfer or energy transfer. Two mechanisms of reactive oxygen species 

(ROS) generation can be considered, namely PDT type I and PDT type II (Figure 1.3).26 In PDT 

type I, the photosensitizer in the triplet excited state reacts with biomolecules or O2 through 

electron transfer with the productions of superoxide anions (O2
•-), dihydrogen peroxide (H2O2), 

or hydroxyl radicals (OH•). In PDT type II, the photosensitizer transfers energy to triplet 
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ground-state molecular oxygen (3O2) to generate highly reactive singlet oxygen (1O2). This 

mechanism is considered to be the primary mode of action for most approved PDT agents used 

in the clinics so far. Whether from PDT type I or type II, the ROS produced photochemically 

in PDT react further with biomolecules, which causes chemical damage in the irradiated area, 

ultimately leads to cell death.27-29 As note, type I and type II mechanisms sometimes occur 

simultaneously in PDT.18  

In PACT the excited state decays via rupture of a chemical bond. For PACT agents built from 

a ruthenium(II) center and a set of polypyridyl ligands, ISC to T1 occurs within <100 fs due to 

the strong heavy-atom effect of ruthenium. Usually, this T1 state has a metal-to-ligand charge 

transfer character (3MLCT), and can lead either to phosphorescence, ROS generation (PDT), or 

non-radiative decay (PTT). Albeit, a sub-set of ruthenium polypyridyl complexes also possesses 

a metal-centered triplet state (3MC, also called 3LF state for “ligand-field” state) proximate to 

the 3MLCT state. In such a case, thermal promotion of the 3MLCT to the 3MC state leads to 

elongation of a ruthenium-ligand bond distance, resulting in cleavage of the ligand from the 

metal center and photosubstituted by solvent molecules. This “uncaging” process generates two 

photoproducts, i.e., the dissociated ligand and an “uncaged” metal complex, both of which are 

intended, individually or in combination, be more toxic than the starting prodrug.30 Despite of 

in PTT and PDT the drug stays in their initial configuration during photoactivation and turnover 

catalytically, the composition of PACT complexes changes upon light irradiation. A pivotal 

difference between these three pathways is the high dependence of the effectiveness of PDT in 

the presence O2, as a consequence of its mode of action. Nevertheless, low O2 concentrations 

are often observed in solid tumors due to the rapid consumption of O2 accompanying highly 

proliferating cancer cells, and to inadequate O2 delivery. In fact, so-called hypoxia is sometimes 

considered as a characteristic hallmark of cancer.31 For example, the dioxygen pressure (pO2) 

in brain tumors lies around 5 mmHg while that in normal tissue is nearly 50 mmHg.32  Hypoxia 

condition is one of the most significant barriers for the use of PDT so far. One vision for PACT 

is that its independence from the presence of O2 may help solving this problem, enabling the 

treatment of tumors that are hypoxic.  

1.3 Ruthenium-based PDT and PACT 

Many phototherapeutic compounds are ruthenium(II) polypyridyl complexes, working either 

via a PDT or a PACT pathway. Figure 1.4 illustrates different ruthenium complexes that are 

active via the PDT pathway (Figure 1.4a), the PACT pathway (Figure 1.4b), or in a dual 

PDT+PACT pathway (Figure 1.4c). In fact, to some extent it is possible to connect the 



Chapter 1 

7 

phototoxicity pathway of a ruthenium complex to its chemical structure. TLD-1433 (Ru1) is a 

representative PDT complex developed by the group of McFarland; it was also the first Ru(II)-

based photosensitizer entering human clinical trial (ClinicalTrials.gov, identifier 

NCT03053635).33 It shows 1O2 generation quantum yields near unity,34 and is activated by 

green (520 nm) or red light (625 nm). Upon red light activation (625 nm, light dose: 100 J/cm2), 

Its EC50 value (defined as the concentration that kills half of a cell population, compared to 

untreated cells) towards HL-60 human leukemia cells is around 7.20 ± 1.0 µM, while its toxicity 

in the dark is much lower (EC50>300 µM).33 

A series of ruthenium(Ⅱ)-arene complexes [Ru(η6-arene)(L)(X)]n+, in which X is a monodentate 

ligand (usually a halide) and L comprises neutral monodentate or chelating ligands, has been 

widely studied as PACT complexes.35-37 The anticancer activity of this type of complexes is 

associated with the labile nature of the X– ligand. Replacement of X– by pyridines may render 

the anticancer compound light-sensitive. As an example, [Ru(η6-p-cymene)(bpm)(py)]2+ (Ru4, 

bpm = 2,2′-bipyrimidine, py = pyridine) designed by the Sadler group, undergoes pyridine 

dissociation and DNA binding upon irradiation with white light (400-600 nm), showing PACT 

potential.35 

Our group has also developed a series of PACT ruthenium complexes, the therapeutic activity 

of which either relies on the toxicity of the dissociated ligand,38, 39  or on that of the uncaged 

metal center.40, 41 For example, in the microtubule-targeted compound 

[Ru(tpy)(bpy)(MTI)](PF6)2 (Ru5, tpy = 2,2’;6’-2’’-terpyridine; bpy = 2,2’-bipyridine), the 

toxic microtubule-targeted inhibitor (MTI) is “caged” by the ruthenium-polypyridine complex 

[Ru(tpy)(bpy)]2+ moiety in the dark. After light activation, MTI is liberated and inhibits tubulin 

polymerization in cancer cells.39 This “photocaging” strategy was also applied to other 

ligands,38, 42, 43 such as the cytotoxic nicotinamide phosphoribosyltransferase (NAMPT) and 

Glut-1 enzyme inhibitor STF31. Alternatively, the metal-containing photoproduct might be the 

cytotoxic species. For example, the bis-aqua ruthenium-based photoproduct of 

[Ru(Ph2phen)2(mtmp)]Cl2 (Ru6, Ph2phen = 4,7-diphenyl-1,10-phenanthroline; mtmp = 2-

methylthiomethylpyridine), showed high toxicity (EC50,light = 0.48 µM) towards human lung 

cancer cell line A549, while when the non-toxic mtmp caging ligand still bounded, the complex 

was less toxic (EC50,dark=2.66 µM). 
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Figure 1.4. Examples of ruthenium(Ⅱ) polypyridine complexes used as PDT drug (a)33, 44, 45, PACT drugs 

(b), 35, 39, 41 or dual PDT+PACT drug (c).46-48  

Apart from the development of anticancer ruthenium-based compounds for PDT or PACT, 

other attempts aimed at making molecules exhibiting synergetic phototherapeutic effects 

combining a PDT and a PACT effect. In fact, transformation of a PDT compound to a PACT 

compound can be accomplished by lowering the relative energy of the 3MC state, compared to 

the 3MLCT state, facilitating thermal promotion to the 3MC dissociative state from the 3MLCT 

state. If the 3MC state is at an intermediate energy level, both 1O2 generation and 

photosubstitution can be obtained simultaneously. A strategy to attain this effect is the use labile 

ligands, for example, thioethers RSR’ (i.e. Ru6) or nitriles NCR (as in Ru8). These ligands are 

weaker σ-donors than (poly)pyridine ligands,49 which can lower the 3MC state and promotes 

photosubstitution.  

Another method to stimulate photosubstitution is to use ligands that distort the 1st coordination 

sphere of the metal center,46 such as 2,2’-biquinoline (biq),38, 50 2,2’;6’,2”-terpyridine (tpy),39, 

51 or 6,6’-dimethyl-2,2’-bipyridine (dmb).38, 52, 53 Complexes bearing these ligands often show 
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PACT properties, while non-distorted analogues are often active via a PDT mechanism. Figure 

1.5a displays the comparison of structure and mode of action between TLD-1433 and its 

distorted analogue during light activation. As mentioned above, the PDT complex TLD-1433 

(Ru1) has a 1O2 generation quantum yield near unity and does not undergo any 

photosubstitution reaction. Shifting the position of the methyl groups on the chelating ligand 

from para (4,4’-dimethyl-2,2′-bipyridine = 4,4’-dmb) to the ortho-position towards nitrogen 

atoms in the pyridine, the complex [Ru(6,6’-dmb)2(IP-3T)]Cl2 (Ru7, Figure 1.5b) is obtained, 

which photoreleases one of the 6,6′-dmb chelating ligands by a rapid photosubstitution process. 

At the same time, owing to the low-lying π orbitals on the tris-thiophene (3T) fragment, high 
1O2 generation quantum yields were retained (ΦΔ=0.42),54 so that Ru7 works both via PACT 

and PDT mechanisms, resulting in particularly high anticancer efficiency (photo index (PI, 

EC50,dark/EC50,light)>700).46  

 

Figure 1.5. Formula and activation mode of the PDT complex TLD1433 (a) and of its analogue 

[Ru(6,6’-dmb)2(IP-3T)]Cl2 ) which is working as a dual PDT and PACT complex upon light activation.   

 

Noticeably, a synergistic effect of PDT with chemotherapy can improve the anticancer 

efficiency of both.55, 56 Chemotherapy may improve the sensitivity of the cancer cells to ROS 

generated by PDT, while the ROS generated by PDT may suppress the drug-efflux activity that 

limits the efficacy of chemotherapy. The light-activated character of such molecules makes 
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combined treatment more controllable.22 For example, a synergetic treatment by Doxorubicin 

with PDT therapy (Hematoporphyrin derivative (HPD) + 630 nm red light) was shown to 

suppress the tumor growth in mice more effectively than PDT or Doxorubicin alone.57 Thus, 

complexes with both PDT and PACT effects may result in synergism, leading to an important 

direction for the development of ruthenium-based anticancer drugs. 

1.4 Peptide conjugation to ruthenium complexes 

Besides the physical selectivity of phototherapy, as local irradiation results in spatially-resolved 

delivery of the toxicity, several issues still need to be addressed for enhancing the activity and 

selectivity of metallodrugs towards tumors (cell type, intracellular, molecular, physiological 

area, etc.), and for increasing their biocompatibility.58 In order to increase the biological 

selectivity of a (pro)drug and thus lower its side effects, one strategy has shown great promise: 

the conjugation of the ruthenium drug to tumor-targeting molecules,18 which interact efficiently 

via non-covalent interactions with proteins that are overexpressed in tumor cells. As shown in 

Figure 1.6a, researchers have conjugated different kinds of tumor-targeting biomolecules to 

metallodrugs, such as peptides,59, 60 peptoids,61 antibodies,62, 63 or proteins.63, 64 These functional 

groups can target e.g. cell adhesion proteins,65 organelles,66, 67 growth factors,61, 68 or G-protein-

coupled receptors.59, 69 In particular, the use of peptides has drawn great attention as their easy 

synthesis, low toxicity, and high biological specificity. Peptides are defined as short sequences 

of 2-50 amino acids connected to each other through amide bonds; they often represent a 

minimal functional unit retained from proteins. Technological developments have led to large 

libraries of natural and synthetic peptides, advanced peptide candidates can be selected via high 

throughput screening campaigns.70 Last but not least, each amino acid residue in a peptide can 

be modified at will, adjusted and replaced by multiple auxiliary molecules, which allows 

researchers to attach various functional groups such as fluorophores,71 proteins,72 or 

Poly(ethylene glycol) (PEG) groups,73 and other groups.74-76 
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Figure 1.6. (a) Schematic representation of anticancer metal complexes incorporating a tumor-

targeting ligand for active targeting of cancer cells. (b) An emissive Ru(II) polypyridyl complex 

conjugated with nuclear location signal peptide (NLS) shows efficient nuclear accumulation in CHO 

cells.77 (c) Examples of Ru-peptide conjugates targeting integrins (sequence: RGD-NH2), nuclei (NLS 

sequence: VQRKRQKLMR-NH2), mitochondria (MTP = mitochondria-targeting peptide, sequence: 

FrFKFrFK-NH2, r represents D-Arg), or endoplasmic reticulum (ERP = endoplasmic reticulum peptide, 

sequence:  RQIKIWFQNRRMKWKK-NH2).37, 67, 78, 79  

 

Peptide conjugation to ruthenium(II) polypyridyl complexes has been used effectively to 

improve water solubility, enhance cellular uptake, act as active tumor targeting motifs, and 

improve biocompatibility, that altogether contributes reducing systemic toxicity (Figure 1.6).80 

It is particularly attractive to use a peptide that can bind to biological markers overexpressed 

on the surface of tumor cells to increase the tumor accumulation efficacy of a complex. For 

example, an adhesion-protein family called integrin, which mainly locates on plasma 

membranes, were proved to be associated with many cancer-related hallmarks such as adhesion 

and signaling.81 Integrins are divalent cation-dependent heterodimeric membrane glycoproteins 

composed of non-covalently associated α- and β-subunits. There are 18 α- and 8 β-subunit 

integrins in mammals, which combine into 24 subtypes of integrin heterodimers.82 Each subunit 

is composed of (i) an extracellular domain, (ii) a single transmembrane region, and (iii) a 

cytoplasmic region.83 Typically, ligand binding can be realized through the recognition of a 

small peptide sequence that is derived from classical extracellular matrix proteins, including 

fibronectin, fibrinogen, vitronectin, osteopontin, and several other adhesive extracellular matrix 
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proteins.84 As representative, the tripeptide sequence arginyl-glycyl-aspartic acid (RGD) was 

proved to bind with several integrin heterodimers (Figure 1.7a). Based on this observation, 

many RGD-conjugated bioactive compounds have been developed for preferential binding to 

e.g. integrin αvβ3.85 Figure 1.7b shows the binding modes of the linear RGD peptide with two 

integrin examples, i.e. αvβ3 and αIIbβ3. The two charged residues Asp and Arg are key factors 

for the specific recognition of the RGD peptide with integrin: they allow for coordination of 

divalent metal ions (i.e. Asp with β3 metal ion–dependent adhesion site (MIDAS)) and the 

formation of salt-bridge hydrogen bonds (i.e. Arg with Asp218 of αV), respectively.86, 87 The 

binding of the RGD sequence to integrins is strongly influenced by the rigidity of their 

conformation. For example, cyclic RGD peptides show improved binding affinity and also 

possess higher plasma stability.88 Most promisingly, overexpression of the related integrin 

subunit have been repeatedly reported in cancer cell lines, though at diverse degrees (Figure 

1.7c). Thus, tumor cells with highly expressed integrin receptors have become potential 

therapeutic targets in oncology, and many large and small-molecule inhibitors (RGD or non-

RGD containing) targeted to RGD integrin are in preclinical or clinical trials.89 
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Figure 1.7. (a) Integrin heterodimeric α/β partners which are RGD receptors. (b) Illustration of the 

binding modes of integrin αVβ3 and αIIbβ3 with the RGD linear tripeptide. For the αVβ3-RGD complex 

structure, the Arg of RGD is hydrogen bonded to αV D218 from the side, and the Asp carboxylate directly 

coordinates the β3 metal ion–dependent adhesion site (MIDAS) Mg2+,90 whereas in the αIIbβ3-RGD 

complex, Arg is hydrogen bonded to αIIb D224 with head on,91 and Asp recapitulating the RGD-binding 

mode found in β3 integrins. Figure is adapted from reference.87 (c) RNA expression levels related to 

integrin subunit αV and β3 in different cancer cell lines. Figure was taken from the Human Protein Atlas 

(www.proteinatlas.org).a 

 

                                                           
a Long cell line name is simplified,  h/S1: hTEC / SVTERT24-B; BSL2: BJ hTERT + SV40 Large T+; BSR3: BJ 
hTERT + SV40 Large T + RasG12V. 

http://www.proteinatlas.org/
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1.5 Chirality in ruthenium complexes 

Octahedral ruthenium (Ⅱ) complexes with three bidentate ligands are chiral by virtue of the 

configuration of the chelating ligands around the metal center, as shown in Figure 1.8a. This 

results in the formation of either a left-handed Λ-enantiomer or a right-handed ∆-enantiomer.18 

Like for organic structures, the two enantiomers of a (pro)drug based on chiral inorganic 

compounds may behave differently in biological systems due to the chiral nature of most 

biopolymers (nucleic acids and proteins). Thus, the two enantiomers should better be separated 

and studied individually.  

The separation of ruthenium-centered chiral stereoisomers can be performed using different 

methods. For example, capillary electrophoresis (CE) has been successfully applied to separate 

Ru-based enantiomers,92-94 but this technique is limited to analytical scales. HPLC has also been 

used for successful separation of Ru enantiomers, using chiral stationary phases (CSPs) such as 

cyclodextrin95, teicoplanin,96 or macrocyclic glycopeptides,97, 98 with high efficiency, good 

selectivity, and at larger scales (>10 mg). Besides the use of specialized separation equipment, 

chemists have also tried to use chiral auxiliaries during synthesis, to obtain chiral ruthenium 

complexes at a large scale and in high yield. Enantiomerically pure counter ions such as O,O’- 

dibenzoyl-L/D-tartrate can be used to crystallize specifically one of the enantiomers of the 

ruthenium complex.99, 100 Nevertheless, introducing enantiomerically pure chiral ligands such 

as N-acetyl-tert-butanesulfinamide ((R)-ASA)101 or proline102 is also possible, allowing to 

separate diastereoisomers before replacing the chiral auxiliary by the final target ligand.  

 

Figure 1.8. (a) The octahedral coordination geometry of three bidentate ligands bound to a Ru(II) 

center give a pair of chiral Λ- and ∆-enantiomers. (b) The relations between Ru-peptide isomers 

obtained by conjugation of a Λ-/∆-Ru fragment and a L-/D- peptide.b 

                                                           
b Here the peptide is fully coordinated and there is no other chiral center besides Ru. 
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As note, the differences in biological properties between the Λ and ∆ enantiomers of a 

ruthenium complex are controversial. Chemical studies have shown that the two enantiomers 

of Ru(II) polypyridyl complexes such as [Ru(phen)2(dppz)]2+ (dppz = dipyrido[3,2-a:2',3'-

c]phenazin) can interact differently with chiral biomolecules such as DNA and proteins. 

Dramatic differences in cellular uptake mechanism or localization have been reported, such as 

the Λ enantiomer of the complex [Ru(bpy)2(p-BEPIP)](ClO4)2 (p-BEPIP = 2-(4-

phenyacetylenephenyl)-1H-imidazo[4,5f][1,10]phenanthroline]) that was mostly found in the 

nucleus while the ∆ enantiomer was localized in the cytoplasm.103 However, further studies 

have found no differences in cellular staining between another  ∆ and Λ enantiomers of Ru 

complexes.104 Overall, for many examples of ruthenium complexes the Δ and Λ enantiomers 

are capable of distinct behavior in the chiral environment of a cell, while some maybe not. 

For Ru-peptide conjugates not only the chirality of the ruthenium complexes has to be 

considered, but also that of the peptide, as this may also influence the biological properties of 

the conjugate. Natural peptides in animals and plants are composed of about 20 different types 

of L-amino acids since ribosomes are specific to L-amino acids. D-amino acids rarely occur in 

organisms and peptides containing D-amino acids are not easily digested or degraded.105 

Compared to all L-peptides, this property often leads to higher stability in physiological 

environment for peptides containing D-amino acids. For example, a D-peptide drug which is 

currently under clinical trial for use in Alzheimer’s disease (RD2 peptide, sequence: ptlhthnrrrrr, 

D-type amino acids are shown by lowercase letters), was shown to possess longer half-life, 

higher oral bioavailability and higher resistance against metabolization, compared to the 

corresponding L-peptide.106, 107 However, the binding specificity of peptides containing D-

amino acids to the natural protein targets might be suboptimal compared to L-analogues, and 

the side effect from this unnatural products in psychological condition should be inspected. 

It is interesting to explore further the chemistry of Ru-peptide conjugates containing both Λ or 

∆ ruthenium enantiomers and L or D peptides. In absence of any other chiral center, we can 

expect four stereoisomers for each Ru-peptide conjugate, i.e., Λ-Ru/L-P, ∆-Ru/L-P, Λ-Ru/D-P 

and ∆-Ru/ D-P. They are either enantiomers or diastereomers, as shown in Figure 1.8b. 

1.6 Aim and outline of this thesis 

The above introduction has highlighted a few existing applications of targeting peptides for 

ruthenium-based phototherapy, but several questions need to be addressed.  
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The use of peptides for bioimaging using emissive ruthenium complexes has been proposed 

already, but Ru-peptide conjugates for anticancer therapy are scarce.58, 78, 79 So far, peptide 

functionalization of ruthenium complexes has been based on the covalent modification of 

spectator polypyridyl ligands, without direct coordination of side chains of the peptide to the 

metal center.37, 108 As long as the spectator ligand is bound to the metal, the peptide remains 

bound as well, and the metal center cannot escape. Otherwise, amino-acid residues such as 

methionine (M), histidine (H), cysteine (C), or aspartic acid (D), are known to allow for 

coordination of natural peptides and proteins to a metal cofactor.109 The direct coordination of 

such amino acids to ruthenium would offer a new strategy for the conjugation of ruthenium 

complexes to functional proteins such as monoclonal antibodies.110, 111 The photochemical and 

photobiological properties of Ru(II) complexes are strongly related to their chemical structure, 

including the ligands in the 1st coordination sphere, the chirality of the ligands and of the metal 

center, and potentially, the amino acid sequence. To the best of our knowledge, structure-

activity relationship (SAR) studies of Ru-peptide conjugates are very rare, and it is not clear 

whether histidines or methionines are better for making photosubstitutionally active ruthenium 

complexes. 

In the research described in this thesis, a series of novel Ru-peptide conjugates have been 

developed by direct coordination of metal-binding amino acid residues in [Ru(N-

N)2(peptide)]Cl2, where N-N are bidentate diimine spectator chelating ligands. The manuscript 

discusses the influence of the N-N ligand (Chapter 2), the chirality of the ruthenium center 

(Chapter 3), the peptide sequence (Chapter 4), and the chirality of the peptide (Chapter 5), on 

the (photo)chemical and (photo)biological properties of these conjugates, aiming for the 

application of such complexes to PACT treatment of cancer. An overview of the complexes 

described in this thesis is shown in Table 1.1. 

In Chapter 2 the peptide Ac-HRGDH-NH2 was utilized for making Ru-peptide conjugates. 

Besides the central RGD sequence acting as functional motif for targeting integrin, two terminal 

histidine residues have been chosen to coordinate the peptide to the ruthenium center. Three 

different bipyridine N-N ligands have been used, i.e. 2,2’-bipyridine (bpy), 6,6’-dimethyl-2,2’-

bipyridine (dmbpy), or 4,7-diphenyl-1,10-phenanthroline (Ph2phen). According to the 

photochemical and anticancer properties of these three complexes, two of the complexes behave 

as PDT compounds, while the complex based on dmbpy behaves more as a PACT compound. 

Considering uptake, in vitro cytotoxicity, ROS generation, and cellular localization studies, the 

compound containing Ph2phen was shown to offer the most promising properties for the 
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building of a phototoxic compound, and therefore was used in the research described in the 

other chapters of this thesis.     

In the research described in Chapter 3 the compound [Ru(Ph2phen)2(Ac-MRGDH-NH2)]Cl2 

was investigated as integrin-targeted prodrug for anticancer phototherapy. By changing the 

peptide of Chapter 2 into Ac-MRGDH-NH2, i.e. by substitution of one histidine by a 

methionine, faster photorelease of the peptide from the Ru fragment was obtained, which turned 

the complex into a potential PACT compound. The peptide not only acted as a targeting motif, 

but also shielded the cytotoxicity of the photoproduct [Ru(Ph2phen)2(OH2)2]2+. The Λ and ∆ 

diastereomer of [Ru(Ph2phen)2(Ac-MRGDH-NH2)]Cl2 were separated by HPLC and compared 

in a broad chemical and biological study. According of which, the phototoxicity of both isomers 

was confirmed from a combination of a PDT and PACT pathway. The phototoxicity and tumor 

targeting were further confirmed not only in vitro but also in vivo using subcutaneous tumor 

mice models. 

Chapter 4 comprises the consideration to use a new peptide Ac-MRGDM-NH2 with two 

methionine residues for binding to ruthenium. A comparison was made between the three Ru-

peptide conjugates [Ru(Ph2phen)2(Ac-HRGDH-NH2)]Cl2 (Ru-p(HH)), [Ru(Ph2phen)2(Ac-

MRGDH-NH2)]Cl2 (Ru-p(MH)) and [Ru(Ph2phen)2(Ac-MRGDM-NH2)]Cl2 (Ru-p(MM)), to 

understand the role of the ruthenium-binding amino acid residues on the photochemistry and 

photobiology of this type of conjugates. The phototoxicity mechanisms of these three 

conjugates were shown to be highly dependent on the nature of the coordinated amino acids. 

Further in vivo studies were realized using zebrafish embryo tumor models, in collaboration 

with the group of Prof. Ewa Snaar-Jagalska. The potential of this series of Ru-peptide 

conjugates for brain tumor therapy was demonstrated, as a result of their capability to cross the 

Blood Brain Barrier (BBB), to target the tumor, and to destroy it upon green light activation.  

The chirality of the amino acid residues of the peptide was systematically varied for complex 

[Ru(Ph2phen)2(Ac-MRGDM-NH2)]Cl2 as reported in Chapter 5. By conjugating three 

isomeric peptides Ac-MRGDM-NH2, Ac-mrGdm-NH2, and Ac-MrGdM-NH2, (M, R, D are L-

amino acids, m, r, d are the D-enantiomers), to the racemic compound cis-[Ru(Ph2phen)2Cl2], 
six diastereomers Δ-[1]Cl2, Λ-[1]Cl2, Δ-[2]Cl2, Λ-[2]Cl2, Δ-[3]Cl2 and Λ-[3]Cl2 were 

successfully prepared and isolated by HPLC. Their structure, photochemistry, cytotoxicity, 

cellular uptake and phototoxicity mechanism were investigated and compared in detail. Upon 

irradiation with green light (515 nm) in water, all six diastereomers substituted their peptide for 

water molecules with comparatively high photosubstitution quantum yields. All diastereomers 
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showed considerable photoactivated cytotoxicity towards A549 cells in normoxic conditions 

(21% O2, PI up to 20)  and in hypoxic conditions (1% O2, PI up to 4.5), as well as towards A549 

3D tumor spheroids (PI up to >5). The limited generation of 1O2 and ROS confirmed that these 

complexes behaved mostly as PACT drugs.  

In Chapter 6, a general discussion is presented of the observations reported in this thesis, as 

well as an outlook towards potential clinical applications of ruthenium-peptide conjugates for 

PACT treatment of cancer. 
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Table 1.1. The list of N,N ligand and peptides in the [Ru(N-N)2(peptide)]Cl2 conjugates reported in this 

thesis. a, b 

Chapter No. N-N Peptide Ru-peptide conjugates 

Chapter 2 

  

      

Ac-HRGDH-NH2 

[Ru(bpy)2(Ac-HRGDH-NH2)]Cl2 

[Ru(dmbpy)2(Ac-HRGDH-NH2)]Cl2 

[Ru(Ph2phen)2(Ac-HRGDH-NH2)]Cl2 

Chapter 3 

 

Ac-MRGDH-NH2 

Ac-MRVDH-NH2 

∆–[Ru(N-N)2(Ac-MRGDH-NH2)]Cl2 

Λ–[Ru(N-N)2(Ac-MRGDH-NH2)]Cl2 

∆–[Ru(N-N)2(Ac-MRVDH-NH2)]Cl2 

Λ–[Ru(N-N)2(Ac-MRVDH-NH2)]Cl2 

Chapter 4 

 

Ac-HRGDH-NH2 

Ac-MRGDH-NH2 

Ac-MRGDM-NH2 

Ru(Ph2phen)2(Ac-HRGDH-NH2)]Cl2 

Ru(Ph2phen)2(Ac-MRGDH-NH2)]Cl2 

Ru(Ph2phen)2(Ac-MRGDM-NH2)]Cl2 

Chapter 5 

 

Ac-MRGDM-NH2 

Ac-mrGdm-NH2 

Ac-MrGdM-NH2 

∆-[Ru(N-N)2(Ac-MRGDM-NH2)]Cl2 

Λ-[Ru(N-N)2(Ac-MRGDM-NH2)]Cl2 

∆-[Ru(N-N)2(Ac-mrGdm-NH2)]Cl2 

Λ-[Ru(N-N)2(Ac-mrGdm-NH2)]Cl2 

∆-[Ru(N-N)2(Ac-MrGdM-NH2)]Cl2 

Λ-[Ru(N-N)2(Ac-MrGdM-NH2)]Cl2 

a Coordinated amino acids are underlined. b L-amino acids are shown in uppercase letters, and D--amino acids 
are in lowercase. 
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