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Introduction

Photodynamic therapy (PDT, see Figure 1) has gained significance in medicine over the last twenty years. This rise can in part be attributed to the discovery of several generations of photosensitizers (PSs). The earliest generation is represented by the first clinically established PSs, namely Photodyn® (Hematoporphyrin, HpD) and Photofrin ® (Porfimer Sodium), which are used for ophthalmological and cancer treatments. [1][2] The second generation of PSs, as for example Foscan ® (Temoporfin) and Levulan ® (δ-Aminolevulinic acid, 5-ALA), were developed to overcome the disadvantages of the first generation such as their low phototoxic index (PI, defined as the ratio between the dark toxicity and phototoxicity) or their slow body excretion rate, which correlates with unspecific cutaneous photosensitivity for the patients over several days to weeks. Even further down the road, the third generation of PSs were developed to increase the target specificity and their design is based on the combination of a PS with other components such as in vivo-activated firefly luciferase, micelles, gap junctional intercellular communication and nanoparticles, assemblies or gels to name some examples. [2] Although metal-free PDT PSs have been dominating the clinical applications so far, metalcontaining PSs have finally entered clinical trials, or in several cases already received a local therapeutical approval. [3] To the best of our knowledge, the first metal-based PDT PS which was clinically approved (only in Russia so far) is Photosens ® (Figure 2: 1). [4][5][6][7] Since November 2017, TOOKAD ® soluble (2, Padeliporfin) was approved in the European Union and in Mexico for the treatment of single-side located low-risk prostate cancer. [8] The phase III study with 413 men with low-risk prostate cancer showed that after 24 months, 49% of the patients treated with 2 had no signs of cancer activity in comparison with 14% of the untreated patients. 2 also showed a delay in the average tumor growth progression of 50% (28 months) in comparison with untreated men (14 months). After successfully passing stage III clinical trials in 2017, 2 entered phase IV which aims to access the undesired post-treatment side effects such as erectile dysfunction, incontinence and related effects which impair the quality of life. [9,10] Three other very promising PDT PS candidates containing metals are in clinical trials, namely Purlytin (Figure 2: 3), TLD1433 (4) and LuTex (5, also called Lutrin or Antrin).

The tin-based purpurin complex 3 was tested in clinical phase I/II against basal cell carcinomas, metastatic breast cancer and the to the acquired immune deficiency syndrome (AIDS) related Kaposi's sarcoma. [3,11] The ruthenium-based complex 4 developed by McFarland et al. is a representative example for the high-potential class of (ruthenium) polypyridyl complexes. 4 has recently successfully passed Phase Ib with six participants for BCG refractory high-risk bon-muscle invasive bladder cancer (NMIBC). [3,12] The fifth candidate 5 is based on a lutetium texaphyrin (Texas-shaped porphyrin) structure which exhibits an outstanding deep tissue-penetration ability e.g. penetration ability as well as an incredibly high accumulation rate in the body which allows for very short therapeutic cycles of just 3 h. The compound is in preclinical studies for recurrent breast cancer and in clinical trials for recurrent prostate and cervical cancer. [11,13] These examples mark the beginning of the era for metal-based PDT PSs and have paved the way for further steps in the drug development processes. The development of a PDT PS is more complex than just optimizing a series of physical, chemical and medicinal parameters to a maximum. An ideal PS is unlikely to be found. Instead it is more of a screening for a suitable candidate, which can fulfil several aspects of the requested therapeutic effect. [3] Nevertheless, the potential candidates are expected to possess some basic properties. A very relevant attribute which has to be considered is the solubility. Many currently established PSs are known for their strong hydrophobicity resulting in an undesired body distribution pattern. This high lipophilicity can lead to a very low body distribution rate, which is visible in the therapeutic intervals (Table 1). [11] The low body distribution rate is especially a problem for Photofrin ® with its impressive long plasma half-life time of ≈ 452 h can induce a drug-related photosensitivity for several weeks for the patients. [11] According to the Lipinski's rule of five, the n-octanol-water partition coefficient (log P) should be below 5.0 (although the exact value is debatable). [14] However, porphyrins easily reach log P values of 10.0 or even higher, underlining their poor hydrophilicity. [15] A detailed example on how complexation to a metal can optimize the hydrophilicity and therefore the potential biodistribution, cellular uptake and posttherapeutical excretion of a compound will be described later in detail for perylenequinonoids Hypocrellin A and B. [16][17][18][19][20][21][22][23][24][25] Light penetration in tissue strongly depends on the irradiated wavelength and, of course, the nature of the tissue itself. [1,26] In order to ensure the accessibility of the complete tumor, it is therefore advantageous if the PSs responds to a wavelength that ensure a maximum penetration depth into the tissue. A comparison between several tissues (Figure 3: human retinoblastoma (black), porcine brain (red), human hand (blue) and melanotic melanoma (green)) revealed that most of them had a window of high penetrability for light between 600 and 900 nm, and the longer the wavelength the deeper the penetration of the light into the tissue.

At the bathochromic end, this window is predominantly limited by tissue water and fat, whereas undesired absorption at the hypsochromic end is mainly caused by hemoglobin and melanin. Therefore, for many tumor types, it makes sense to aim for compounds with a metal-to-ligand charge transfer (MLCT)based absorption in the range between 600 and 900 nm, which is known as the phototherapeutic window. [1,26] Consequently, the photophysical properties of a PDT PS are a key aspect. The absorption of light in the phototherapeutic window between 600 and 900nm is one of the most important parameters. The mechanism of the whole absorption process is explained in detail by the (SOD) transforms it into hydrogen peroxide (H2O2) and molecular triplet oxygen ( 3 O2). [28] But, since H2O2 is highly reactive too, it can undergo a Haber-Weiss or an iron-catalyzed Fenton reaction to produce hydroxyl radicals (HO • ), which are incredibly chemically active and will immediately react with almost any biomaterial in the vicinity. [26] In addition, HO • is also able to induce radical chain cascades, which can cause severe cellular damage at very low concentrations. Depending on the cell phase and cellular localization, this oxidative stress will cause necrosis, paraptosis, apoptosis or other types of cell death. [1] These ROS-induced chain reactions are called Type I mechanism. On the other hand, the 3 PS * can also undergo a

Type II mechanism and do a spin exchange with locally present molecular oxygen which is naturally configured in the triplet state ( 3 O2). As a result, the highly reactive singlet oxygen

( 1 O2
) is produced which is known to cause strong oxidative stress to living cells. [START_REF] Wayne | Advances in Photochemistry[END_REF] 1 O2 is metastable and has a relatively long lifetime of ≈3µs in cells, allowing it to spread before it reacts or decomposes.

There are several effects which can induce the probability for an ISC from the S1 to the T1 state. ISC is formally forbidden in non-relativistic quantum theory. However, it has been shown that heavy element-related relativistic effects can induce spin-orbit coupling (SOC)

and thus lead to highly probable and efficient ISC. Therefore, combining several heavy elements close together in a single complex can have beneficial effects for the quantum yield of every kind of chromophore. [22,[START_REF] Marian | [END_REF][31][32][33][34] An important value is the stability of these T1 states. (Heavy) metals like ruthenium or rhodium can have benefit from their electronic configuration in their excited triplet states (d 5 -Ru(II) and d 6 -Rh(II)). Excited state lifetimes in the high ns-or low µs-range are not uncommon for ruthenium [35][36][37][38][39][40] or rhodium [41][42][43][44][45][46][47][48][49] complexes, which will be discussed in detail later on in this review.

Over the past years, there has been an increasing interest in developing polymetallic complexes as PDT PSs, with various motivations and aims behind this approach. The striking advantage is that such compounds can comprise two different functionalities. For example, if a (metal-based) PDT PS is combined with cytostatic drugs, a bifunctional molecule is formed which allows for PDT and chemotherapy. [50][51][52][53][54] The aim of this review is to outline the possibilities of polymetallic complexes and their value for the next generation of PDT PSs. Of note, this review is focusing only on compounds with a molecular character as well as metal complexes or metal-containing clusters which were tested as potential candidates for PDT applications. We are mainly focusing on compounds where at least one type of biological experiments was conducted (e.g. DNA cleavage experiments or in vivo studies).

Combination of PDT PSs with metal-containing anticancer agents

Since there are already a multitude of established agents for both PDT and cancer related chemotherapy, it is not surprising that scientists have tried to combine some of the most successful examples from both of those therapeutic modalities. It has been shown that the combination of PDT and chemotherapy can significantly increase the success of a cancer treatment. [55] While porphyrins (e.g. Photofrin ® and Foscan ® ) are regarded as the most established PDT PSs, platinum(II) complexes such as cisplatin, carboplatin and oxaliplatin play the same role in chemotherapy. [2,56] The combination of such systems ( ]. [50] Experiments for the determination of dark and light toxicity in HeLa (human cervical cancer) and CP70 (human ovarian endometrioid adenocarcinoma) cells revealed a significant increase in the PI for the tetra-platinated TPP complexes 6a-c (Table 2). Compound 6c showed an extraordinarily superior PI (1210) in comparison with TPP (PI = 17.3) in HeLa cells. [50] In addition, fluorescence confocal laser scanning microscopy (CLSM, Figure 6) and inductively coupled plasma mass spectrometry (ICP-MS) revealed a complex-induced Pt accumulation in the nucleus of almost 20:1 (versus the cytosol) in HeLa cells. Consequently, the high PI was explained by the strong tendency of TPP to act as a cellular transport shuttle for Pt(II) compounds, which underlined the synergistic properties of the two different therapeutic approaches. Interestingly, the therapeutic efficiency of trans complex 6c was higher than for the corresponding cis complex, the opposite of what is observed for cis-and transplatin. [50] Considering the increasing amounts of platinum-resistant tumors, alternatives to the normally omnipotent family of Ptbased anti-cancer drugs are currently being searched. Ruthenium-based arene and polypyridyl complexes appear to be a promising class of possible substituents. [START_REF] Lentz | Central European Society for Anticancer Drug Research[END_REF][58][59][60] Besides exhibiting activity against Pt-resistant cancer types, many of these ruthenium arene complexes also show anti-metastatic activity and can be selectively transported into cancer cells by transferrin. [52,58,60] An optimized solubility behavior of 7a-e was distribution of TPP and platinum, which suggests that the complexes might be stable in cells. [51] already observable during the synthetic procedures since 7a-e were found to be readily water-soluble. [51] Cellular uptake in Me300 (human melanoma cells) revealed a high uptake for 7a-e with an accumulation tendency in cytoplasm and certain cell organelles, whereas the rhodium complex 7g showed no uptake. Investigation of the cellular localization also revealed a similar dark toxity was determined as moderate for 7c,d,f ( IC50 ≈50µm) and low for 7a,b,e (IC50 >100µm), whereas 7g showed no cytotoxicity at all. A phototoxicity of 60-80% was achieved for 7a-e with a dose of 5Jcm -2 while for 7f, a dose of 30Jcm -2 was necessary to obtain a similar result. [51] In summary, the authors have found that the differences in absorption, photo-and dark toxicity, cellular uptake and localization between 7a-g are independent from the arene and just determined by the m et al. Consequently, the arene could be of any type of aromatic compound, such as for example targeting agents, inhibitors of resistance mechanisms or other cytotoxic or -static agents. [51] Compound 8 was tested by another group, who found a slightly improved photodynamic efficiency of the 3pyridiyl derivative in comparison with the 4-pyridiyl compound 7c. [52] The anti-tumoral activity of 8 was determined during in vivo studies with female non-consanguine nude mice (nu/nu). The experiments revealed a mean residence time (MRT) of 85.4h in the plasma, respectively 38.4h in the tumor and a half-life time (t1/2) of 58.0h in the plasma and 26.9h in the tumor. [52] ICP-MS experiments confirmed the accumulation of 8 in the liver and the kidneys. The absence of measurable Ru in the brain tissue suggests that 8 seems unable to cross the blood-brain barrier (BBB). [52] The high (photo)chemical stability, low tendency for photobleaching, low toxicity, as well as their easy tunable solubility behavior make Ru(II) polypyridyl complexes one of the most extensively studied families of PDT PSs. [1,1,3,[64][65][66][67] As a flagship compound, TLD1433 (see introduction, compound 4) has just entered phase II clinical trials. [3] It is therefore not surprising that such an important compound class also contains several polynuclear species. As already shown before, the combination of PDT PSs with platinumbased anti-cancer drugs might have many beneficial effects. [50][51][52]55] Similar approaches have also been attempted with Ru(II) polypyridyl complexes (Figure 7: 9). [53] This complex is based on a [Ru(II)dpp3] center, which is coordinatively saturated by two [Ru(II)bpy2] systems and cisplatin. [53] Compound 9 binds to DNA (pUC18 plasmids) via covalent coordination and light-induced (λIrr = 450-1000nm) DNA cleavage only take place in the presence of oxygen. [53] Another compound which was successfully tested for DNA binding and cleavage is the bimetallic complex 10. [61][62][63] It has been shown that 10 is able to covalently bind to DNA and can induce photocatalytic double-strand cleavage. The absorption in the red-light range due to the 4,7-diphenyl-1,10-phenanthroline (DIP) ligands is especially remarkable. DIP (or bathophenanthroline, Bphen) is already known for its superior DNA-binding capability and is able to induce a bathochromic shift in the emission of Ru polypyridyl complexes in comparison to other polyazine ligands like bpy or phen. [61- 63,68,69] Binding experiments with calf thymus deoxyribonucleic acid (ct-DNA) revealed covalent cisplatin-like binding to DNA with a binding site of ≈32Å. [62] In F98 (rat malignant glioma cells), complex 10 has shown a low dark toxicity of IC50 of >75µm while a light toxicity (TInc = 48h, λIrr = 470 nm, 4.35 Jcm -2 ) IC50 of <25µm was achieved. [63] An example of a two-photon PS is represented by compound 11 [54] , which can be synthesized via a fast forward auto-assembling reaction of a Ru(II) precursor and a cisplatin derivative.

Two-photon PDT has the great advantage that a higher tissue penetration depth is possible in comparison with the common single-photon PDT.

Accumulation of 11 in nuclei and mitochondria of A549 (human pulmonary carcinoma) was confirmed by fluorescence CLSM. [54] PI values were determined in several cancer cell lines (Table 3) and are outstanding in comparison with therapeutically established compounds like 5-ALA. In vivo studies in naked mice (Figure 8, n = 14, A549, xenograft tumor volume:

80mm 3 ) showed a tumor size of 78% in comparison with untreated mice, which exhibited a tumor growth of 1300%. [54] Overall the combination of a PS like TPP with metal-based (potential) anti-cancer drugs might have some advantages over already therapeutically established drugs. Especially the mono-substituted derivative of 8 showed the potential of polynuclear derivatives over the mono-substituted ones. [52] All discussed compounds 6a-c, 7a-h, 8, 9 and 10 profit from synergistic effects between the organic PS and the coordinated metal complexes. [50][51][52][53][54] 

Synergistic Effects of Ruthenium(II)-and Rhodium(II)-based Polynuclear Metal Complexes as PDT PSs

Since the number and the atomic mass of metal centers play a role in the efficiency of a chromophore, a synergistic effect between several metal centers in polynuclear systems can result in better photophysical properties. The achievability of a bathochromic shift towards the desired absorption window, for example, was indirectly demonstrated by Ruminksi et al. (Figure 9, Table 4). [33,34] Both series of complexes with the ligands dipyrido(2,3-a:3 ′ ,2 ′j)phenazine (dpop ′ ) and 2,3,5,6-tetra(2-pyridyl)-pyrazine (tppz) showed a significant redshift of the MLCT absorption band due to the influence of the second metal, which underlined the beneficial effect of additional metal centers. [33,34] A whole series of polynuclear complexes were published by Brewer et al., for example 14-18 (Figure 10). [35][36][37][38][39][40] It was previously shown that [Rh(III)(phen)2phi] 3+ and [Rh(III)(phi)2bpy] 3+ (phen = 1,10-phenanthroline,phi = 9,10-phen-anthrenequinonediimine, bpy = 2,2 ′ -bipyridine) are able to selectively cleave deoxyribonucleic acid (DNA) via C3 ′ -H abstraction under ultraviolet (UV) light in aerobic and anaerobic conditions (see Table 5). [70] Based on these earlier results, Swavey et al. published compounds 14a,b (14a: M ′ = Rh(III), 14b: M ′ = Ir(III)) [35][36][37] , 15a [35] and 16 [35] based on ruthenium(II) and the derivative 14c [36,37] based on osmium(II) with dpp (2,3bis(2-pyridyl)pyrazine)and bpm (2,2 ′ -bipyrimidine) ligands. [START_REF] Brewer | Supramolecular complexes as photoactivated DNA cleavage agents[END_REF][START_REF] Brewer | Supramolecular complexes as photoactivated DNA cleavage agents[END_REF][START_REF] Brewer | Supramolecular complexes as photoactivated DNA cleavage agents[END_REF] Complex 14a showed light-induced DNA cleavage (λIrr ≤475nm) on pUC18 plasmids. Interestingly, this effect was not observable for the iridium-containing derivative 14b and the bpm-based complex 16. [35] To further investigate this effect, the ruthenium and bpy in 14a were replaced by osmium (14c), tpy (15, tpy = 2,2 ′ :6 ′ ,2 ′′ -terpyridine) and chloride ligands, respectively. [36] Compounds 14a,c were tested in African green monkey (Chlorocebus sabaceus) kidney epithelial (Vero) cell replication assays under exposition of light (Table 5: λIrr >460nm). [37] Since Vero cells are adherent, changes in cell replication rates (after 48h) were detected for the light-exposed cultures and compared with the non-irradiated cells (cells48h/cells0 ≈4.0). While for 14a the cell growth factor was reduced to 2.7 (3.0µm), the inhibition effect for 14c was significantly smaller (cells48h/cells0 = 3.4, c = 5.5µm). [37] Interestingly, while 14c reached a maximum inhibition concentration of 110µm with a growth limitation of cells48h/cells0 = 1.3, 14a reached an inhibition of cells48h/cells0 = 0.13 (c = 120µm) without reaching the maximum inhibition concentration. [37] The different inhibition behavior led to the assumption that compounds 14a,c are using two different mechanisms. In fact, it was just the growth of the cell population that was obstructed, but no significant cytotoxicity was observed with concentrations between 3.0 and 120µm. [37] In the case of bimetallic complexes 17 and 18a, it was reported that light-induced DNA cleavage occured for both complexes.

However, the efficiency of 17 was slightly smaller than for 18a which was observable in the different irradiation times which were necessary to achive similar results (18a t = 10min, 17 t = 60min). [39] It was shown that complex 18b ([bpy2Os(II)dppRh(III)Cl2phen] 3+ ) is binding to DNA via a light-dependent mechanism and is inhibiting polymerase activity. [38,40] Photobinding and cleavage of DNA were only observed under light irradiation (λIrr ≤645nm)

in polymerase chain reaction (PCR) inhibition experiments. Furthermore, 18b showed a high thermal and (photo)chemical stability since there was no visible decomposition of the compound during the whole PCR procedure (ncycles = 35, T = 94, 58 and 72 • C, t = 180min). [40] Complexes 19a-c (Figure ) are examples of compounds that Figuwere specifically designed for DNA intercalation. [START_REF] Mardanya | [END_REF] The three dinuclear (bis)bpy2-complexes are bridged by a 2-

imidazolylpyreno[4,5-d]imidazole (PyBiimz), which is a strong DNA intercalator (19a = bpy2Ru(PyBiimz)Rubpy2, 19b = bpy2Ru(PyBiimz)Osbpy2, 19c = bpy2Os(PyBiimz)Osbpy2
). [START_REF] Mardanya | [END_REF] The spectroscopically determined data was backed up with in silico results. [START_REF] Mardanya | [END_REF] The DNA intercalation constant KB was determined to be in the order of ≈8.00×10 5 m -1 . Once again, the absorption behavior of the osmium-containing derivatives 19b,c were superior in comparison to the ruthenium complex 19a (Table 4). [START_REF] Mardanya | [END_REF] Another example of a DNA-cleaving dinuclear compound is 20, which was described by Swavey et al. [75] Complex 20 showed single and double strand cleavage of circular plasmid DNA (pUC18) under irradiation with a 300W mercury arc lamp. Living tissue was simulated by a low-pass filter cutting wavelengths below 550nm. [75] This complex had a high binding constant KB of 3.04±0.33×10 5 m -1 , which was determined by ct-DNA titration experiments and was explained by DNA intercalation. [75] An interesting compound with great potential is complex 21. [76] In this new approach, it was attempted to optimize the efficiency of a metal complex by placing a second metal close to it. In this case, the copper amine complex plays the role of a redox catalyst. As explained before (see introduction, Figure 4), the Fenton reaction is a key step to increase the ROS cytotoxicity by turning the formed peroxides into hydroxyl radicals (HO • ). While iron usually catalyses the classic Fenton reaction, copper and zinc are also able to do so. [27,76] Fluorescence CLSM in A375 (human melanoma cells) indicated that 21 is successfully internalized into cell compartments such as the nucleus. While the copper-free precursor of 21 showed no cytotoxicity, the IC50 value for 21 was quantified to be about 40µl in A375 cells. [76] Interestingly, the amount of light-induced double strand breaks is significantly increased from the copper-free precursor to the final compound 21, which is a hint for the augmented HO • formation. [76] The majority of approved PSs work via photocatalytic activation of triplet to singlet oxygen.

Another option (Figure 12) is provided by photocatalytic enzyme inhibition. [77] Although the concept of selective photoinduced enzyme inhibition is still at an early stage, the approach is quite promising. The principle is based on the photoinduced transformation of a prodrug into an activated metabolite. The complex [Co(III)(acacen

)(MeIm)2]Br (22, Doxovir ™ , acacen = (4E,4 ′ E)-4,4 ′ -(1,2-ethanediyldinitrilo)di(2-pentanone), MeIm = 1-Methyl-1H-imidazole) was
tested for antiviral activity against the drug-resistant herpes simplex virus 1. [78] 22 showed an inhibition activity against transport proteins which are necessary for the cellular uptake of the virus. [78] The complex showed no cellular uptake but exhibited a selective irreversible binding and inhibition of transcription factor SP1 in vitro. This Zn-finger protein plays a key role in cellular replication and is a potential target for antiviral and antitumoral drug applications. [78] The activity of 22 and similar Co(III) complexes with labile axial ligands is explained by their binding to the active site of histidine-containing proteins and is demonstrated with the inhibition of enzymes like thermolysin, α-thrombin and MMP-2 [79] . Hereby, these Co(III) complexes act as prodrugs and will lose their axial ligands in a biological environment.

Interestingly, the combination of 22 or one of its derivatives with a PS such as a Ru(II) polypyridyl complex, the drug activation process can be controlled by light irradiation. arteries, which can appear after the thrombolytic therapy of a myocardial infarction. [77] More specifically, under irradiation of light (LED, 4W, λ em max = 455nm), a significant increase in enzyme activity (kdark = 6.8 × 10 -5 s -1 , klight = 3.8 × 10-4 s-1) was observed. complex (iii). The square-planar Co(II) species thus formed is now able to occupy the active site of α-thrombin (iv) and is sterically protected by the enzyme from re-reduction by another reactivated Ru(II) complex. The α-thrombin is thus irreversibly inhibited. [77] Similar to the ruthenium polypyridyl complexes, the bi-metallic d 7 -d 7 complex dirhodium tetraacetate (Figure 13: 24) has long-living excited states in the µs-range, DNA-binding and DNA-polymerase-inhibition properties as well as photoinduced double strand cleavage abilities. All these capabilities are very favorable in view of use as a PDT PS. [41,64] Although many such bi-metallic systems with at least one metal-metal bond are known for their photoactivity (like Mo-Mo, W-W, Pt-Pt and Ir-Ir), none of them are as well studied for photoinduced interaction with DNA as the Rh-Rh complexes. The paddle-wheel shaped di-rhodium complex 24 and its cation 24 + have already shown their large potential for medicinal applications in 1975, when high anti-cancer activities against L1210, Ehrlich ascites, Sarcoma 180 and P388 tumors in mice and tumor cell lines were reported. [64,[START_REF] Chifotides | [END_REF] This activity was explained by covalent binding to DNA via the axial binding site. After exchange of the coordinated solvent molecules L (Figure 14: 24), the complexes bind with high affinity to the N, O, P, or S donor atoms. This implies that a coordination to nucleobases (Figure 15) and proteins is possible, which was demonstrated by Chifotides and Dunbar et al. [64,[START_REF] Chifotides | [END_REF]83] Starting from the basic structure 24, acetate ligands can be replaced by various bi-and tridentate polypyridyl ligands (25a-e, 26a-e, 27d,e, 28, 29 and 30). The same applies for axial or equatorial ligands, which can be replaced by various solvent molecules. [41][42][43][44][45][46][47][48][49] In the case of the basic complex 24, the PS is in need of an electron acceptor such as 3-cyano-1-methylpyridinium or 1,8-anthraquinone disulfonate. Therefore, the d 7 -d 7 dirhodium system is oxidized into a d 6 -d 7 complex and via photoactivation (λ ≈ 610nm), 24 will induce DNA cleavage trough an anaerobic mechanism. [64,84] Oxygen even seems to have an inhibition function for the activity of 24. [84] On the other hand, the complex series 26a-d (Table 6) is induces DNA cleavage via a strongly ROS-based mechanism which was not observable for 26e. [49] The different interactions of 26e with DNA were explained by an aggregation of the polyanions. [49] It should be mentioned that series 26a-e is able to cleave DNA under oxygenfree conditions, however with much weaker activity. [49] Consequently, the significant increase of the PI of 26d,e makes them potential PDT PSs. Besides the DNA cleavage compounds 28, 29 and 30 also showed a transcription inhibition by stabilizing the duplex DNA in vitro. [47] To summarize this brief overview about the dirhodium complexes, it can be said that they bear a high potential for future application in PDT. The versatility and straightforward tunability of these systems allow for high flexibility, increase of solubility and improved photophysical behavior.

Solubility-tuning by Complexation of Hypocrellin with Transition Metals

The perylenequinonoids Hypocrellin A and B (HA and HB; Figure 16) were found to be molecules of interest in medicinal applications as PDT or anti-HIV agents. [85,86] These naturally occurring PSs which are directly extracted from the bamboo-infesting parasitic fungus hypocrella bambusae have a high singlet oxygen quantum yield in benzene (Φ∆ = 0.84)

compared to the values of rose bengal (Φ∆ = 0.76) or eosin (Φ∆ = 0.24). HA and HB have a tendency for accumulation in cellular membranes and lysosomes, [86] which makes them potential candidates as a replacement for therapeutically established PDT PSs. Hypocrellins have similar lipophilicity to Photofrin II ® with significantly faster biodistribution and uptake kinetics. [85] Unfortunately, they are non-light-absorbing in the desired phototherapeutic window between 600 and 900nm. In order to tackle this drawback, HA and HB were coordinated to (transition) metals.

Hypocrellin-based metal-organic frameworks

The first series of complexes (32a-n and 33a-n; Figure 17) with first row transition metals were described by Diwu and An et al. [16,17] They showed high water solubility and the main absorption area could be shifted by almost 200nm towards the deep red range in respect to the free HA and HB molecules, where the first therapeutic window is located. Unfortunately, only the Mg(II)(Φ∆ = 0.81/0.71) and the Ca(II)HA/HB complexes (Φ∆ = 0.94/0.79) gave a relative 1 O2 production in comparison to the free HA/HB. The absence of 1 O2 was explained by an 1 O2-inhibition due to the 3d-orbitals of the transition metals. [16] . Spectrometric titration of the free HA/HB molecules versus Mg(II) concentration revealed an ideal ligand to metal ratio of 1:1. [16,17] Coordination via both phenolate groups was postulated due to the disappearance of the OH-signals in the 1 HNMR spectra. [17] For the first time, experimental investigations about the mechanistic Types I and II were carried out for the corresponding Al(III)-HA-complex (Figure 17: 34). The presence of the superoxide anion O2 •-(Type I) and singlet oxygen 1 O2 (Type II) were verified by photoinduced quenching experiments. [87] Hu et al. underlined that 34 was more soluble in water than free HA and had a higher chemical stability than the other HA complexes (32a-n). The Al(III)-HB complex (35; Figure 17) was reported by Ma et al. [19] Interestingly, the TypeI activity in the HB complex 35 is twice as high as that of the uncoordinated ligand HB. On the other hand, the free HB showed a three times higher TypeII activity than the corresponding complex 35.

Assumptions about the strutural composition were made based on the characteristic IR spectra and 1 HNMR signals of the quinonoid carbonyl group. Spectrophotometrical titration experiments gave again a consistent result for a metal-organic framework (MOF) like complex formation with a 1:1 HB-Al(III) ratio. Chloride as the corresponding anion was confirmed by precipitation as silver chloride. [19] Due to the enhanced permeability and retention (EPR) effect, a potential higher uptake for several types of cancer cells might be possible for these complexes. [18,20] The rare earth metal complexes 36 and 37 (Figure 17) with HA were reported by Zeng et al. [21] Elemental analysis revealed two different types of complexes. While for Sc(III), Y(III), La(III), Gd(III) and Lu(III) the same composition was obtained as for the first row transition metal ions 32a-n (complexation type X), Ce(III), Nd(III), Sm(III), Eu(III), Tb(III), Dy(III), Ho(III), Er(III), Tm(III) and Yb(III) showed a metal-ligand ratio of 2:1 (37a-j: complexation type Y). For Pr(III) a ratio of 1.8:1 was unveiled, which did not allow an explicit classification.

It turned out that the complexation type (X or Y) had an influence on the luminescence and 1 O2 production (Table 7). Only the coordination type X (36a-e) showed a measurable luminescence and detectable relative 1 O2 formation (HAΦ∆rel = 1.0) from 1.32 (La(III)>Gd(III)>Lu(III)>Y(III)>Sc(III) to 0.28. As an exception, only small amounts of 1 O2 (0.10), close to the detection limit of the apparatus, could be detected for HA-Tb(III) (37e).

The complexes 36a-e were also tested for their photodamage ability of ct-DNA (Table 7), which revealed a similar activity pattern as for the 1 O2 formation. Therefore, the mechanism for photodamaging was assumed to be based on the light-induced 1 O2 and O2 •-production. The non-existent phototoxic activity of the 37-series was explained by the absence of low-energy excited states in the complexes with those metal ions. [21] Complexes of HA coordinated to Au(III) (38) and Pt(IV) (39) were published by Zhou et al. [22] In comparison to uncoordinated HA, the absorption bands were again red-shifted, closer to the phototherapeutic window. The complexes showed high water solubility (PO/W of HA, 38 and 39: 9.755, 5.411 and 5.212). [22] Furthermore, the tendency for photobleaching was significantly lower for 38 (6min at 460nm for HA = 3.80%) and 39 (4.78%) compared to HA (10.16%). [22] Cellular localisation experiments in HeLa cells investigated by CLSM and energy-dispersive X-ray spectroscopy (EDX) demonstrated cytosolic accumulation of HA, 38 and 39. However, HAuCl4 and H2PtCl4 were not taken up by the cells. [22] Irradiation of the treated cells revealed a rather strong light toxicity for HA, 38 and 39 while having a relatively low dark toxicity. Although HAuCl4 was found to produce small amounts of 1 O2, almost no phototoxicity was detected (Figure 18). This was explained by the lack of cellular uptake. [22] 

Hypocrellin-bridged dinuclear complexes

There are a number of examples where HB acts as a bridging ligand for two polypyridyl complexes, for instance [µ-HB(Ru(II)(bpy)2)2] (Figure 19: 40), whose redshifted absorption and increased water solubility in comparison to HB are due to the dinuclear coordination. [23] The major advantage of these confined complexes in comparison to the extendend frameworks is that they have a stronger tendency for accumulation in cells. While large metal-organic framework-based complexes 32-39 could have potential uptake limitations 42). [24,25] First, the differences in 1 O2 production and mostly HO • and O2 •-driven (TypeI). [24] An even superior DNA binding capability was expected for [µ-HB(Co(III)(tmp)2)2](PF6)4 (42) due to its higher charge. [25] However, the expected greater polarity was not observable in DNA binding experiments and log P experiments even confirmed a lower polarity for 42 in comparison with 41c. This was explained by a stronger influence of the two additional lipophilic tmp ligands, which were fully compensating the higher charge of 42. [25] Surprisingly, while 41c is mostly HO • and O2 •-driven (TypeI), 42 exhibits a strong 1 O2 formation (TypeII). [25] 

Combination of PDT and MRI

A crucial step towards personalized medicine is the development of theranostic (i.e. therapy plus diagnosis) treatments, which allow for the diagnosis and the treatment to be done in parallel. This opens up the opportunity to start therapy directly after confirmed successful localization of the drug in the desired tissue. [88] Magnetic resonance imaging (MRI) is one of the key techniques in localisation and size determination of tumors. To increase the image quality, the use of several gadoliniumbased contrast agents has been common practice for many years. MRI allows visualisation of different tissues depending of their content of hydrogen atoms (mostly bound in water molecules). Due to their paramagnetic character, these Gd(III)-based contrast agents can improve the image quality of T1 weighed images. [88,90,91] The protons of the exchanging water molecules that are interacting with the contrast agents have a much shorter relaxation time than the ordinary ones. This difference is observed as a stronger (brighter) signal in the final image. Therefore, modifying the water exchange rate of these Gd(III) complexes and therefore their longitudinal relaxivity r1 is a key task in the development of MRI contrast agents. [91] In the early studies of the proton relaxation enhancement effect (PRE), it was found that the water exchange rate of several metal complexes bound to a macromolecule was faster than the exchange of the same amount of the analogue free complexes. [92,93] These experiments contained the modification of IgG (bovine [bis(carboxymethyl)amino]ethyl]amino]acetic acid). The Gd(III)modified biomolecules indeed showed a considerably higher T1 relaxivity than would have been obtained by the free complexes with the same Gd(III) concentration in solution (Table 8) [89] . High restrictions further induce this effect, as for example in large symmetric structures, where the bound Gd complexes have high sterical restrictions in their translational mobility. The combination of a PDT active metal complex with diagnostically suitable metal complexes offers a potential strategy for achieving an efficient theranostic aim. [88] For example, gadolinium compounds typically applied for MRI like Magnevist ® (Gd-DTPA) or Dotarem ® (Gd-DOTA = 1,4,7,10tetraazacyclododecane-N,N ′ ,N ′′ ,N ′′′ -1,4,7,10-tetra-acetato gadolinium(III)) can be linked with PDT PSs. There were numerous attempts to develop larger, self-organizing and structure-fixing chelators. For example, the octahedral geometry of in situ-generated transition metal complexes as a symmetric and structurally well-defined and fixed backbone can fullfill the same task as the proteins IgG and BSA did in earlier attempts. The use of corresponding Fe(II) (Figure 20: 43, 44a, 45a and 46a) [94][95][96][97][98] , Ni(II) (45b) [97] , Ru(II) (44bd, 46b and 48) [98][99][100] or Re(I) (47) [101] polypyridyl complexes (Figure 20) as structural backbones quickly led to the idea to combine highly active MRI contrast agents with optical fluorescence properties. The well analysed "Metallo Star" 44a has been used several times as an important reference for the PRE effect by researchers investigating new PDT-MRI drug candidates. [95] As a first combination of MRI and PDT agents, a family of Ga-DTPA-modified chlorophyll A compounds (Figure 21: 50a-h) were developed. [102][103][104] While complexes 50dh were mostly of interest due to their magnetic properties, complexes 50a-c were directly tested for biological activity in mice (female, C3H/He, implanted RIF tumor). An accumulation of 50a-c in tumors was observable by MRI scans with injection concentrations between 1.0 and 10.0µm/kg. Due to the low water solubility of 50a, 50a-c were administered in a liposomal formulation, which had no influence on the body distribution pattern. In comparison with Magnevist ® , compound 50c showed a ten times lower tumor imaging dose (10.0µm/kg, Magnevist ® = 100.0µm/kg) and reached a maximum tissue concentration after 8h (Magnevist ® = 10min), which could allow for full body scans due to the longer time window (Figure 22). [102] While 50a,b showed severe side effects like light edema on the tumor imaging dose (10.0µmolkg -1 ), no light-induced stress reactions were observable for 50c. Compound 50b revealed 100% photoinduced lethality on the imaging dose (10.0,µmolkg -1 ), whereas compound 50c showed high activity against the RIF tumors after light exposure (130Jcm -2 for 30min, 8h postinjection). 80% of the mice were tumor-free after 90 days and showed normal behavior during the whole procedure. Histological analysis of skin, heart, lungs, liver, kidneys and spleen gave no pathologic evidence of toxicity for 50c at the tumor imaging dose. [104] Another approach is based on the idea to combine the therapeutically accepted porphyrin systems with the DTPA-related Gd-DTTA (H4DTTA = 2,2 ′ ,2 ′′ ,2 ′′′ -((azanediylbis(ethane-2,1diyl))-bis(azanetriyl))tetraacetic acid) complexes (Figure 23). DTTA complexes have the significant advantage of two water molecules coordinated to the Gd(III) center (instead of just one as for Gd-DTPA and Gd-DOTA), which significantly reduces the T1 relaxation time. On the other hand, the reduced stability of Gd-DTTA could lead to a higher risk for nephrogenic systemic fibrosis (NFS), an illness which is induced by gadolinium intoxication. [88,90,91,107] Since the probability for NFS is strongly related to the stability of a Gd(III) compound, less stable chelators like H4DTTA could increase the probability for NFS-related medicinal complications. [107] Nevertheless, it has to be considered that the increased r1-relaxivity would allow for lower therapeutic doses, which could compensate the higher lability and thus result in a similar risk for NFS. The first example of such a compound (Figure 23: 51) was published by Lou et al. [105] Interestingly, 51 showed a strong interaction with HSA (human serum albumin) which led to an additional reduction of the T1 relaxation time. The cellular accumulation of 51 in H1299 (human lung cancer cell line) was strongly optimized by interaction with HSA. Since many cancer cell types have a larger tendency for HSA uptake than healthy cells, a tumorspecific accumulation of 51 could be probable and would increase the local concentration of 51 up to a higher level compared to healthy cells. [105,108] Also a raise of the r1-relaxivity from 14.1 to 29.2mm -1 s -1 was possible by the addition of 0.6mm HSA (Table 10). Consequently, this would lead to a higher phototoxic activity and r1-relaxivity in the malignant tissue. [105] Via several photochemical quenching experiments, the production of 1 O2 (Table 9) was confirmed. [105] A very similar compound (Figure 23: 52) was published a few years later. [106] Interestingly, the r1-relaxivity of 52 (Table 10: 48.6mm -1 s -1 ) was significantly higher than that of 51, even taking into account the differences in magnetic field strengths during NMR experiments. This leads to the assumption that the effective number of coordinated water molecules in 51 is significantly smaller than the expected two because of competitive coordination of the nitrogen and oxygen atoms from the ester bonds. Cellular uptake experiments in HeLa cancer cells with CLSM showed a slow but strong accumulation of 52 in lysosomes. The 1 O2 production of 52 was quantified to be 45% (Table 10). [106] Their photophysical behavior is comparable with that of porphyrin-based PDT PSs, and combined with their simpler synthetic pathways it makes them interesting challengers for PDT-MRI-combined approaches. A large collection of porphyrin-based Gd-complexes as further potential fluorescent MRI contrast agents which was published by Calvete et al. may have potential applications in PDT. However, they will not be discussed here since they have never been tested specifically for their PDT activity. [109] Besides porphyrins, phthalocyanines are also PSs of interest. A photophysical behavior, comparable with this of porphyrins combined with their simpler syntheses makes them interesting challengers to the well-established porphyrins. The aluminiumphthalocyanine based Photosens ® (Figure 2: 2) which has already reached therapeutical acceptance in Russia demonstrates that metal-containing derivatives bear several advantages over metal-free phthalocyanines. [4,6,7] A series of zinc-containing phthalocyanines (ZnPc, Figure 24: 53a-c) was published by Song et al. in 2010. [110] Their absorption which is located in the near-IR range up to 790nm (Table 9) is undoubtly outstanding. Complexes 53a-c differ concerning the number of copper-catalyzed clickchemistry-attached Gd-DOTA complexes (Table 10: 53a

= ZnPc(Gd-DOTA), 53b = ZnPc(Gd-DOTA)4 and 53c = ZnPc(Gd-DOTA)8). By increasing the amount of GdDOTA species, the r1-relaxivity climbs from 4.2 (Table 10) up to 102.4mm -1 s - 1 . By comparing the relative r1-relaxivity proportion of each gadolinium center, the ionic r1relaxivity for 53c is four times higher than for 53a, which is a beautiful example of the PRE effect. Unfortunately, only 53a showed significant phototoxicity, which was confirmed by cellular uptake experiments in WI-38 VA13 (non-tumorigenic, human embryonic fibroblastlike cells). Interestingly, the cellular uptake of 53a in VA13 was ten times larger than for free Gd-DOTA. [110] Although the PRE effect has nowadays lost its importance due to the availability of strong-field MRI devices, compounds 53a-c may still have potential for MRIfluorescence diagnostics. A similar approach was published four years later by Aydin Tekdas et al. [111] The ZnPc complex 54 was designed with six polyethylene glycol (PEG) chains to achieve good ambiphilicity. It was shown that 54 had a similar 1 O2 quantum yield (Table 9: complexes. [111] On the other hand, the r1-relaxivity of 54 (Table 10: 1.43mm -1 s -1 ) was significantly lower than for Gd-DOTA (3.23mm -1 s -1 ). A possible explanation is that the flexible side chain with donating atoms like the triazole, the amide or the (thio)ether could hinder the access or even compete with water molecules on the gadolinium center. This would cancel out the gained r1-relaxivity to the larger molecular size of 54. [111] On the other hand, the in vitro compatibility assessments in MCF-7 (human breast cancer) cells revealed promising results with an absence of dark toxicity below a concentration of 20µm (IC50 >50µm). [111] Complexes made of a combination of porphyrins, PEG chains and zinc (Figure 25: 55 and 56)

Φ∆ = 0.
were published by Schmitt et al. [112,113] Interestingly, besides the one-photon absorption up to 750nm, 55 also showed a two-photon cross-section (σ2) of ≈ 1000GM between 910 and 940 nm. [112] Similar to 51, compound 55 exhibited an elongation of the r1-relaxivity from 19.9

(Table 10: 40MHz, 25°C) to 23.9mm -1 s -1 upon the addition of BSA. [112] In general, the r1relaxivity of 19.9mm -1 s -1 is relatively high for a complex with a molecular weight of 2.4kDa.

The cellular uptake in HeLa cells was significantly higher for the gadolinium-free synthetic precursor of 55 in comparison to the final complex. While many of these porphyrin or phthalocyanine compounds show a strong accumulation tendency in pure water with a negative impact on photophysical and biological behavior, the aggregation of 55 was unavoidable without small concentrations of DMSO. [112] Similar to 55, complex 56 also showed a one-photon absorption up to 750nm together with a two-photon cross-section (σ2) of ≈1000GM between 910 and 940nm. In this compound, good photophysical and r1relaxivity abilities are combined with optimized solubility behaviour. Although the r1relaxivity in 56 (Table 10: 40MHz, 25°C) is slightly lower than for 55, it is still four to five times higher than for commercially available MRI agents like Gd-DTPA or Gd-DOTA. [113] Cellular uptake in HeLa cells was already suitable at concentrations of 1µm with an incubation time of 24 hours. Especially remarkable is the extraordinarily high twophoton cross-section of 9400GM at 920nm (1GM = 10-50cm 4 s×molecule -1 ) of 55, which could enable a tissue penetration depth of almost 4 mm. [113] As it has been underlined in the previous examples, the combination of PDT PSs with gadolinium-containing MRI sensitive complexes could significantly increase the benefits of both systems. The theranostic abilities of MRI-PDT agents could allow for much more precise treatments of patients with less and more predictable side effects.

Conclusion

Metal complexes are currently being highly investigated as alternative PDT PSs with great success as demonstrated with TOOKAD soluble and TLD1433 discussed in this review.

Recently, a sub-class of compounds, namely polymetallic complexes are gaining momentum.

The considerable amount of interesting examples of polynuclear metal complexes described in this review indeed demonstrates the high potential of these compounds for future applications in PDT. We strongly believe that such complexes hold great potential, especially for personalized medicine in cancer therapy, where promising results have recently been obtained.

Figure 5 :

 5 6a-c) was published by Spingler and coworkers. Their compounds contained 5,10,15,20-tetra(4pyridyl)porphyrin (TPP) with four tetravalent platinum(II) complexes in three different variations (6a = [TPP(Pt(II)-trans-Cl2DMSO)4], 6b = [TPP(Pt(II)-cis-(NH3)2Cl)4]), 6c = [TPP(Pt(II)-trans-(NH3)2Cl)4

  and molecular mass of the coordinated metal centers of compounds 12 and 13

Holbrook

  et al. successfully tested a bi-metallic system on the enzyme α-thrombin with an in vitro enzyme assay. A solution of 23a (100µm), human α-thrombin (4.0unitsml -1 ) in TRIS (2amino-2-(hydroxymethyl)propane-1,3diol, 100mm) and sodium azide (10mm) buffer (pH = 7.4) was diluted over time with more buffer while measuring the enzyme activity of α-thrombin. The serine protease was chosen due to its key role in the blood coagulation cascade. The authors envisioned that the [Ru(II)bpy3]-[Co(III)acacenL2] conjugate 23a (L = imidazole) may prevent reocclusion of coronary

[ 77 ]

 77 Holbrook et al. postulated the following mechanism: In the first step (Figure 12: i) the Ru(II)based PS absorbs a photon and enters an excited state S 1 . The electron is transferred from the excited Ru(II)* to the Co(III) complex upon diffusion-controlled physical contact (outersphere electron transfer) of the two complexes (ii), which is possible due to the flexible link between the two complexes, thus reducing the Co(III) to Co(II). This redox process changes the electron configuration from d 6 to d 7 , so that the complex no longer prefers an octahedral geometry with six ligands. It comes to a loss of the two labile axial imidazole ligands. However, since the Co(II)-d 7 configuration is only metastable in a biological environment, another diffusioncontrolled re-oxidation takes place by an electron transfer back to the oxidized Ru(III)

  due to their high molecular weight, small molecules like 40 might have a better chance for effective cellular uptake. Detailed analysis about potential application in PDT was performed by Sun et al. for [µ-HB(Cu(II)(L))2](PF6)2 (41ae) and [µ-HB(Co(III)(tmp)2)2](PF6)4 (

  DNA binding affinity were studied for several bidentate ligands (L) of [µ-HB(Cu(III)(L))2](PF6)2. For this, derivatives with various ligands L 41a (bpy), 41b (phen), 41c (3,4,7,8-tetramethyl-1,10-phenanthroline = tmp), 41d (dipyrido[3,2f:20,30h]quinoxaline = dpq) and 41e (dipyrido[3,2-a:20,30-c]phenazene = dppz)) were synthesised and tested for their photochemically induced nuclease activity. All compounds 41a-e showed a strong bathochromic shift of about 40nm (the dppz-derivatives of almost 90nm) in comparison to HB, which made them potential candidates for PDT in the first therapeutic window. Compared to HB, the absorbance values of 41a-e were significantly increased, but complexes 41a-e no longer showed any emission. This complete absence of measurable luminescence was explained by the paramagnetic properties of Cu(II). ct-DNA binding experiments revealed different binding constants for the five complexes 41a-e, with tmpderivative 41c giving the highest one. The photoinduced DNA cleavage was identified as

  immunoglobulin) and BSA (bovine serum albumin) with chelators such as EDTA (2,2 ′ ,2 ′′ ,2 ′′′ -

  67 in DMSO) in comparison to the PEG-modified ZnPc (ZnPc-PEG8 Φ∆ = 0.72)

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  Jabłonski diagram (Figure4: top): A PS in the singlet ground state S0 absorbs (a) a photon and enters a singlet excited state, for example S1 (PS * ). Besides the internal conversion (ic), the PS * can leave this excited state again by emission of an energetically lower photon (f =

	fluorescence) or can, if available, undergo an intersystem crossing (isc) to a triplet excited
	state T1 ( 3 PS

* 

). This triplet state can then be used to create several types of reactive oxygen species (ROS), e.g. superoxide radicals (O2

  -• is quite a dangerous species which can already cause a lot of cellular damage on its own.

	Therefore,	in	living	organisms,	the	enzyme	superoxide	dismutase

Acknowledgment

This work was financially supported by an ERC Consolidator Grant PhotoMedMet to G.G. (GA 681679) and has received support under the program "Investissements d'Avenir" launched by the French Government and implemented by the ANR with the reference ANR-10-IDEX-0001-02 PSL (G.G.). It was further supported by a Feodor Lynen Research Fellowship from the Alexander von Humboldt Foundation (S.K.) as well as an Early Postdoc. Mobility

Fellowship from the Swiss National Science Foundation (S.K., Grant P2 BSP2_181760).

Table of content

Author Information

Gilles Gasser: 0000-0002-4244-5097

Notes

The authors declare no competing financial interest.