Lisa Gourdon 
  
Kevin Cariou 
  
Gilles Gasser 
  
Gilles 
  
  
  
  
  
Phototherapeutic Anticancer Strategies with First-Row Transition Metal Complexes: a Critical Review

Keywords: Anticancer, Bioinorganic Chemistry, Medicinal inorganic Chemistry, Photoactivated Chemotherapy (PACT), Photodynamic Therapy (PDT), Transition Metal Complexes

Photodynamic therapy (PDT) and photoactivated chemotherapy (PACT) are therapeutic techniques based on a photosensitizer (PS) and light. These techniques allow the spatial and temporal control of the activation of drugs with light. Transition metal complexes are attractive compounds as photoactivatable prodrugs since their excited states can be appropriately designed by subtle modifications of the ligands, the metal centre, or the oxidation state. However, most metal-based PSs contain heavy metals such as Ru, Os, Ir, Pt or Au, which are expensive and non-earth-abundant, contrary to first-row transition metals. In this context, the exploration of the photochemical properties of complexes based on first-row transition metals appears to be extremely promising. This did encourage several groups to develop promising PSs based on these metals. This review presents up-to-date state-of-the-art information on first-row-transition metal complexes, from titanium to zinc in regard to their application as PSs for phototherapeutic applications.

Introduction

Medicinal inorganic chemistry is a vibrant research field because of its incredible versatility. 1 The prototypical compound of this family is the anticancer drug cisplatin discovered more than 50 years ago by Rosenberg, which is activated by hydrolysis when entering the cell. 2 Since then, the interest in metal complexes in medicine has steadily increased. For example, other platinum drugs such as carboplatin 3 or oxaliplatin [START_REF] Culy | A Review of Its Pharmacological Properties and Clinical Efficacy in Metastatic Colorectal Cancer and Its Potential in Other Malignancies[END_REF] , and the arsenic-based drug As 2 O 3 [START_REF] Soignet | Complete Remission after Treatment of Acute Promyelocytic Leukemia with Arsenic Trioxide[END_REF] have been developed and commercialized as anticancer therapeutic compounds.

However, these drugs act in a non-specific way, usually leading to heavy side effects. To avoid this problem, the use of an inactive prodrug, which can be specifically activated, is an efficient solution. To accomplish this, light can be used as an external stimulus, which will control the spatial and temporal activation of the drug.

Photodynamic therapy (PDT) is an approved technique based on a photosensitizer (PS), light and endogenous O 2 . The PS absorbs light to reach an excited singlet state. As the molecule returns to the ground state (GS), the energy can be dissipated in many ways. It can directly go back to the GS in a radiative way (by fluorescence) or in a non-radiative way (i.e., by generating heat). The molecule in its excited singlet state can also undergo intersystem crossing (ISC) to a different excited state, for example a triplet state. The triplet states have longer lifetimes than singlet ones (typically in the micro-to millisecond range vs the nanosecond range). Apart from relaxation to the GS -via a radiative or non-radiative pathway -this triplet state can initiate reactions with endogenous molecules in the cell. Currently, PDT has been classified into two types depending on the mechanism of action (Figure 1).

In type II PDT, the PS in its excited triplet state ( 3 PS) reacts with endongenous 3 O 2 via energy transfer to produce highly reactive singlet oxygen 1 O 2 . There are two energy levels of 1 O 2 : 1 Σ g and 1 Δ g . A decay from 1 Σ g can either lead to the GS or to 1 Δ g . The latter is highly reactive and is responsible for the cytotoxicity of the PS. Type II PDT's efficiency can be characterized by two values: the lifetime of 3 PS (usually in the microsecond range) and by the singlet oxygen formation quantum yield Φ Δ . This yield is defined as the ratio between the number of singlet oxygen molecules formed and the number of photons absorbed. It can be more easily visualized as the fraction of triplet excited state complexes that is actually quenched by 3 O 2 . In black is represented the diagram of a typical metal complex with different spin multiplicities (for clarity, the GS is only represented as a singlet state, but might be a triplet state as well). In yellow is represented the energy transfer between T 1 and O 2 for type II PDT. In green is represented the electron transfer from T 1 leading to ROS for type I PDT.

Type I PDT, on the other hand, causes cell apoptosis via reactive oxygen species (ROS) such as hydroxyl or superoxide radicals. These ROS are produced via electron or hydrogen transfer from singlet or triplet excited states of the PS. Thanks to their tuneable redox properties, the use of metal complexes is particularly relevant for achieving type I PDT.

In PDT, the PS is eventually regenerated in its GS and not chemically modified during the process, it can therefore undergo many cycles of photon absorption and ROS production. The ideal metal-based PS should:

-Absorb in the visible range. Depending on the medical application, different wavelengths can be required. Red light allows for deeper tissue penetration, which can be sought after or avoided. For example, the Ru-based PS TLD1433, which is currently undergoing clinical trial against non-muscle invasive bladder cancer (NMIBC), is activated with green light. [START_REF] Monro | Transition Metal Complexes and Photodynamic Therapy from a Tumor-Centered Approach: Challenges, Opportunities, and Highlights from the Development of TLD1433[END_REF] The absorption range can be tuned by playing on the ligand coordination sphere.

-Possess a high quantum yield for 1 O 2 generation.

-Have a rather long-lived triplet lifetime (in the microseconds range, for the molecule in its excited triplet state to diffuse to 3 O 2 before relaxation to the GS) -by playing on the excited states of the metal centre.

-Be inactive in the dark.

-Be soluble in water and biological medium to penetrate cells and show binding affinity for the target (by intercalating DNA for example).

A related alternative to PDT is photoactivated chemotherapy (PACT), in which the photoactivated PS can lead to cell death via other mechanisms not involving O 2 . [START_REF] Farrer | Photoactivated Chemotherapy (PACT): The Potential of Excited-State d-Block Metals in Medicine[END_REF] Since cancer cells are frequently hypoxic, the effectiveness of PDT may be limited by the low O 2 concentration in tumours. PACT can overcome this limitation as it it relies on a prodrug, which, once photoactivated, can produce cytotoxic species, independently of the presence of O 2 . PACT agents do not regenerate after producing cytotoxic species, though; the drug is therefore stoichiometric and requires higher doses than for PDT, which acts in a catalytic manner. Due to the photochemical complexity of the PACT agents, it is not possible to establish a classification as clear for PDT. Sadler and co-workers, however, distinguished four main types of mechanisms in their recent minireview on the topic of PACT agents: [START_REF] Imberti | New Designs for Phototherapeutic Transition Metal Complexes[END_REF] photoinduced electron transfer, photosubstitution, bioactive ligand release, and ligand photocleavage. Some promising PACT agents have been developed, notably based on Pt [START_REF] Farrer | A Potent Trans-Diimine Platinum Anticancer Complex Photoactivated by Visible Light[END_REF][START_REF] Mitra | The Cis-Diammineplatinum(II) Complex of Curcumin: A Dual Action DNA Crosslinking and Photochemotherapeutic Agent[END_REF] or Ru. [START_REF] Sharma | Ruthenium Tris(2-Pyridylmethyl)Amine as an Effective Photocaging Group for Nitriles[END_REF][START_REF] Lameijer | A Red-Light-Activated Ruthenium-Caged NAMPT Inhibitor Remains Phototoxic in Hypoxic Cancer Cells[END_REF][START_REF] Respondek | Inhibition of Cathepsin Activity in a Cell-Based Assay by a Light-Activated Ruthenium Compound[END_REF] Several comprehensive reviews have recently covered metal-based PS for PDT, [START_REF] Monro | Transition Metal Complexes and Photodynamic Therapy from a Tumor-Centered Approach: Challenges, Opportunities, and Highlights from the Development of TLD1433[END_REF][START_REF] Huang | Targeted Photoredox Catalysis in Cancer Cells[END_REF][START_REF] Stacey | New Avenues in the Design and Potential Application of Metal Complexes for Photodynamic Therapy[END_REF][START_REF] Mckenzie | Transition Metal Complexes as Photosensitisers in Oneand Two-Photon Photodynamic Therapy[END_REF][START_REF] Zhang | Recent Development of the Transition Metal Complexes Showing Strong Absorption of Visible Light and Long-Lived Triplet Excited State: From Molecular Structure Design to Photophysical Properties and Applications[END_REF] yet most of the examples presented were based on heavy and rare metals such as Pt, Ru, Ir, Re or Os. A recent review presented heavyatom-free PS for PDT, focusing on boron-based and organic PS. [START_REF] Nguyen | Heavy-Atom-Free Photosensitizers: From Molecular Design to Applications in the Photodynamic Therapy of Cancer[END_REF] In the present review, the focus will exclusively be on the use of first-row transition metals.

First-row transition metals are all more abundant on Earth than any metal from higher periods (Figure 2). [START_REF] Lide | CRC Handbook of Chemistry and Physics[END_REF] From this point of view, the use of first-row transition metals for photoactivated anti-cancer therapy would be more sustainable compared to more rare heavy metals. Besides, many heavy metal complexes are toxic, even when not irradiated, and using first-row transition metal complexes could help reducing the prodrug's dark toxicity. Moreover, five of these metals are essential to human health (i.e., Mn, Fe, Co, Cu and Zn). The use of these metals for drug design could therefore comfort pharmaceutical companies and patients who often associate heavy metal-containing complexes with toxicity. [START_REF] Crans | Open Questions on the Biological Roles of First-Row Transition Metals[END_REF] It is important to highlight that such a statement is erroneous. As an example, grams of a gadolinium complex are given as a contrast agent to patients undergoing a magnetic resonance imaging (MRI) scan. [START_REF] Tircsó | 2 Gadolinium(III)-Based Contrast Agents for Magnetic Resonance Imaging. Re-Appraisal. In 2 Gadolinium(III)-Based Contrast Agents for Magnetic Resonance Imaging. A Re-Appraisal[END_REF] One can also think that a mercurycontaining complex, namely Thiomersal, is used as a preservative for vaccine. A comprehensive mini-review from Behm and McIntosh gives a great perspective of the use, and associated challenges, of first-row transition metal complexes as PSs, although not specifically for applications in PDT or PACT, [START_REF] Behm | Application of Discrete First-Row Transition-Metal Complexes as Photosensitisers[END_REF] which are the focus of the present review. First-row transition metals display characteristics that can prove challenging for photochemical endeavors. [START_REF] Foerster | Photophysics and Photochemistry with Earth-Abundant Metals -Fundamentals and Concepts[END_REF][START_REF] Wegeberg | Luminescent First-Row Transition Metal Complexes[END_REF] One can describe transitions in metal complexes as such:

metal-centred (MC) for d-d transitions, ligand-centred (LC) for transitions between occupied (π) and unoccupied (π*) ligand orbitals, metal-to-ligand and ligand-to-metal charge transfers (MLCT and LMCT, respectively) when both metal and ligand orbitals are involved (Figure 3).

The ligand field of first-row metal complexes (i.e, the energy difference between t 2g and e g levels of the d orbitals) is generally low in terms of energy. This means that MC transitions are favourable; the resulting MC state is generally distorted, low in energy, and therefore short-lived because it is subject to non-radiative deactivation towards the GS. [START_REF] Foerster | Photophysics and Photochemistry with Earth-Abundant Metals -Fundamentals and Concepts[END_REF] One way to circumvent this problem is to use filled d subshells -in Ni(0), Cu(I)

or Zn(II) complexes, therefore eliminating MC transitions and favouring MLCT absorption in the visible range.

Otherwise, for 3d 1 -3d [START_REF] Farrer | A Potent Trans-Diimine Platinum Anticancer Complex Photoactivated by Visible Light[END_REF] complexes, the d orbitals can be destabilized by σ-donor ligands, increasing the d-d orbital splitting. However, when MC states are lower in energy than the charge transfer, complexes are labile, because the overlap between metal orbitals and ligand ones is weak. [START_REF] Wegeberg | Luminescent First-Row Transition Metal Complexes[END_REF] This means that ligand exchange or release are favoured, which can be desirable in PACT agents, but can also leads to stability issues, particularly in biological media. The MC bands can also be quenched by oxidation of DNA guanine bases, which causes fatal DNA damage. To achieve MLCT absorption instead of MC absorption, the use of π-accepting ligands is another solution. Finally, increasing the rigidity of the complex usually prevents conformational reorganization of the complex that could lead to non-radiative deactivation.

In addition to this, since the d-orbital splitting is small for first-row transition metals, the complexes can have either a high spin or low-spin multiplicity in the GS -depending on the position of the ligand in the spectrochemical series. The photochemistry of 1 st row metal complexes is therefore significantly more complex than the simplified Jablonski diagram depicted PS in Figure 1, because these complexes could be attaining metal-centred excited states that are not just singlets but triplets as well. Furthermore, in 3d transition metals, spin-dependent relativist effects such as spin-orbit coupling are not so significant compared to 4d or 5d metal complexes. [START_REF] Roundhill | Photochemistry of Complexes of First-Row Transition Metals[END_REF] Because of the weakness of spin-orbit coupling, triplet excited states are more difficult to access via ISC, contrary to heavy metals. This feature can be overcome by choosing rigid ligands such as porphyrins, which usually lower the splitting between the singlet and triplet excited states. That said, the weak spin-orbit coupling in 1 st row transition metals makes the Russel-Saunders approximation reasonable: we can hence consider the 3 PS to 1 GS transition as spin-forbidden, allowing the 3 PS state to be rather long-lived -even though there are still possible nonradiative processes that are difficult to suppress. This feature combined to low-lying 3 PS excited states allow favourable energy transfer to 1 O 2 , and therefore a high Φ Δ . The photochemistry of first-row transition metal complexes, although challenging, is promising, and allows designing inexpensive and sustainable anticancer drugs and the purpose of this review is to discuss the advances in this promising field of research. This review will be restricted to articles discussing phototoxic complexes, which have been tested on cells. We have decided to also mention in the review the articles which describe compounds which were inefficient in cells to show the difficulty to obtain such phototoxic compounds based on 1 st row transition metals. We chose to exclude nanoparticles from the scope of this review to focus our attention only on molecular complexes. We have organized this manuscript with one section by element, inside which the compounds are listed to provide an overview of promising phototoxic complexes and their mechanisms of action.

2 Phototoxic first-row transition metal complexes

Titanium

Due to its [Ar]3d 2 4s 2 electronic configuration, titanium mainly exists in its +4 oxidation state. Ti(IV) complexes were explored as anticancer drugs, but their tendency to quickly hydrolyse and form aggregates in cells hindered further research. [START_REF] Tshuva | Coordination Complexes of Titanium(IV) for Anticancer Therapy[END_REF] To the best of our knowledge, despite a few attempts to design titanium (IV) phthalocyanines suitable for PDT, [START_REF] Atilla | Photophysical and Photochemical Properties of Poly(Oxyethylene)-Substituted Phthalocyaninato Oxotitanium(IV) Complexes[END_REF][START_REF] Canlıca | Synthesis and Photophysical Properties of Metal Free, Titanium, Magnesium and Zinc Phthalocyanines Substituted with a Single Carboxyl and Hexylthio Groups[END_REF][START_REF] Yu | Photophysical Properties of Catechol Axially Substituted Tetra-Alpha-(Pentyloxy) Titanium (IV) Phthalocyanine. In Optics in Health Care and Biomedical Optics Vii[END_REF] no titanium complex showed any phototoxic behaviour. However, TiO 2 nanoparticles display an anticancer effect under UV-A irradiation : several reviews already treated the subject. 31-33

Vanadium

Vanadium is an essential trace element that is present in all mammalian tissues. [START_REF] Clarke | Non-Platinum Chemotherapeutic Metallopharmaceuticals[END_REF] High oxidation states of vanadium (+4 and +5) can be stabilized by the well-known oxo ligand, owing to its π-donating ability.

Oxovanadium(V) and peroxovanadium(V) complexes acting as 1 O 2 -mediated DNA cleavers under UV-A light were described, but they are not active in visible light because of their predominant LMCT absorption in the UV range. [START_REF] Hiort | Chemically and Photochemically Initiated DNA Cleavage by an Insulin-Mimeticbisperoxovanadium Complex[END_REF][START_REF] Chen | Site-Selective DNA Photocleavage Involving Unusual Photoinitiated Tautomerization of Chiral Tridentate Vanadyl(V) Complexes Derived from N-Salicylidene α-Amino Acids[END_REF][START_REF] Kwong | DNA-Photocleavage Activities of Vanadium(V)-Peroxo Complexes[END_REF] In vanadium(IV) complexes however, visible-light absorption can be achieved. The 3d 1 electronic configuration in these one-electron paramagnetic complexes allows for a near-IR d-d band.

Usually, a ligand-centred (LC) band can be present in addition to the MC one. Moreover, oxovanadium(IV) complexes were extensively studied, particularly by Chakravarty and co-workers. [START_REF] Kumar | Crystal Structure, DNA Crosslinking and Photo-Induced Cytotoxicity of Oxovanadium(IV) Conjugates of Boron-Dipyrromethene[END_REF][START_REF] Kumar | Terpyridyl Oxovanadium(IV) Complexes for DNA Crosslinking and Mito-Targeted Photocytotoxicity[END_REF][START_REF] Banerjee | Photoinduced DNA Crosslink Formation by Dichloridooxidovanadium(IV) Complexes of Polypyridyl Bases[END_REF][START_REF] Balaji | Photocytotoxic Oxovanadium(IV) Complexes of Ferrocenyl-Terpyridine and Acetylacetonate Derivatives[END_REF][START_REF] Banerjee | Remarkable Selectivity and Photo-Cytotoxicity of an Oxidovanadium(IV) Complex of Curcumin in Visible Light[END_REF][START_REF] Balaji | Photoactivated Cytotoxicity of Ferrocenyl-Terpyridine Oxovanadium(IV) Complexes of Curcuminoids[END_REF][START_REF] Prasad | Mitochondria-Targeted Photoinduced Anticancer Activity of Oxidovanadium( IV) Complexes of Curcumin in Visible Light[END_REF][START_REF] Banerjee | Photocytotoxic Oxidovanadium(IV) Complexes of Polypyridyl Ligands Showing DNA-Cleavage Activity in Near-IR Light[END_REF][START_REF] Balaji | Ferrocene-Conjugated Oxidovanadium(IV) Complexes as Potent Near-IR Light Photocytotoxic Agents[END_REF][START_REF] Banik | Terpyridine Oxovanadium(IV) Complexes of Phenanthroline Bases for Cellular Imaging and Photocytotoxicity in HeLa Cells[END_REF][START_REF] Sasmal | Photocytotoxic Oxovanadium(IV) Complexes Showing Light-Induced DNA and Protein Cleavage Activity[END_REF][START_REF] Sasmal | IV) Complexes of Phenanthroline Bases: The Dipyridophenazine Complex as a near-IR Photocytotoxic Agent[END_REF][START_REF] Sasmal | Structure, DNA Binding and DNA Cleavage Activity of Oxovanadium(IV) N-Salicylidene-S-Methyldithiocarbazate Complexes of Phenanthroline Bases[END_REF][START_REF] Sasmal | DNA Cleavage by New Oxovanadium(IV) Complexes of N-Salicylidene α-Amino Acids and Phenanthroline Bases in the Photodynamic Therapy Window[END_REF][START_REF] Kumar | Cellular Imaging and Mitochondria Targeted Photo-Cytotoxicity in Visible Light by Singlet Oxygen Using a BODIPY-Appended Oxovanadium(IV) DNA Crosslinking Agent[END_REF][START_REF] Prasad | Mitochondria-Targeting Oxidovanadium(IV) Complex as a Near-IR Light Photocytotoxic Agent[END_REF][START_REF] Sasmal | IV)-Based near-IR PDT Agents: Design to Biological Evaluation[END_REF] More specifically, in 2007, they presented oxovanadium(IV) complexes with N,N-donor heterocyclic base, such as dipyridophenazine (dppz), showing a weak d-d band around at 840 and 700 nm and another one around 470 nm (V-1, Figure 4, the dppz ligand is highlighted in light pink). [START_REF] Sasmal | DNA Cleavage by New Oxovanadium(IV) Complexes of N-Salicylidene α-Amino Acids and Phenanthroline Bases in the Photodynamic Therapy Window[END_REF] These complexes bind to calf thymus DNA and cleave it under irradiation with UV-A light and red light, both via a 1 O 2 pathway. In 2010, the same team published a promising oxovanadium(IV) complex capable of intercalating DNA and cleaving it under red light irradiation (>750 nm) via a hydroxyl radical pathway this time. These compounds have been studied on HeLa cells and displayed an IC 50 of 12.0 µM in visible light (400-700 nm) vs >100 µM in the dark (V-2). [START_REF] Sasmal | IV) Complexes of Phenanthroline Bases: The Dipyridophenazine Complex as a near-IR Photocytotoxic Agent[END_REF] This complex also displayed a PDT effect under UV light activation (1 µM in HeLa cells under 365 nm), by forming 1 O 2 and HO • , thus cleaving DNA, bovine serum albumin (BSA) and lysozyme. This is due to the presence of both a weak d-d band around 715 nm in 15% DMF-Tris-HCl buffer and a n-π * transition around 350 nm in the dipyridophenazine ligand. This type of quinoxaline derivatives possesses excited triplet states -3 (n→π * ) and 3 (π→π * ) that are known to cleave DNA via electron transfer. [START_REF] Toshima | Molecular Design and Evaluation of Quinoxaline-Carbohydrate Hybrids as Novel and Efficient Photo-Induced GG-Selective DNA Cleaving Agents[END_REF] In 2012, the same authors reported oxovanadium(IV) complexes bearing polypyridyl ligand with the same dppz base cleaving calf thymus DNA at 705 and 785 nm via a HO • -mediated pathway, thanks again to the vanadium-centred d-d band. [START_REF] Banerjee | Photocytotoxic Oxidovanadium(IV) Complexes of Polypyridyl Ligands Showing DNA-Cleavage Activity in Near-IR Light[END_REF] Promising IC 50 values of 3.9 µM in HeLa cells under visible light irradiation were obtained while a low toxicity in the dark (IC 50 = 40 µM) was observed. Curcumin (yellow moiety in V-3 and V-4) has been expansively investigated as a therapeutic agent against various diseases, including cancer. [START_REF] Esatbeyoglu | Curcumin--from Molecule to Biological Function[END_REF] From this perspective, oxovanadium(IV) complexes of curcumin and terpyridine (highlighted in dark pink) -for ROS production and DNA binding, respectively -were synthesized by Chakravarty and co-workers in 2014 (V-3). [START_REF] Banik | IV) Complexes of Curcumin for Cellular Imaging and Mitochondria Targeted Photocytotoxicity[END_REF] Since curcumin is green-emissive, cellular imaging could be performed. A derivative containing a triphenylphosphonium moiety allowed mitochondrial localization. The complex absorbs thanks to its curcumin π → π * band around 450 nm and its MC band around 720 nm and shows good type I PDT effect under these wavelengths with IC 50 of 10 µM in visible light vs >100 µM in the dark (in HeLa cells). Another promising phototoxic oxovanadium(IV) agent with a curcuminoid ligand was reported in 2014 (V-4). [START_REF] Balaji | Photoactivated Cytotoxicity of Ferrocenyl-Terpyridine Oxovanadium(IV) Complexes of Curcuminoids[END_REF] This complex contains a ferrocene-terpyridine ligand. The ferrocene (highlighted in red) is non-toxic, and lipophilic, which should increase the cellular uptake of the resulting complex. The redox properties of the ferrocene also clearly improved the PDT effect of the molecule: the ferrocene can be photooxidated into a ferrocenium Fc + that undergoes a Fenton type reaction with the metal centre, which initiates the formation of HO • radicals. [START_REF] Patra | The Medicinal Chemistry of Ferrocene and Its Derivatives[END_REF] The complex displays different absorption bands: around 414-436 nm because of the π→π * transitions in the curcuminoid ligand; around 585 nm for the MLCT. The latter is strong and only present if the Fc moiety is attached to the terpyridine, as if it is replaced by a phenyl only a weak d-d band around 777 nm was measured. The complex binds strongly to calf thymus DNA and can cleave plasmid DNA under blue and red light by formation of hydroxy radicals. This leads to cell's death via an apoptosis pathway, with good phototoxicity results. Cellular localization of the complex was also achieved thanks to the emissive properties of the curcuminoid derivatives. An analogue of this complex where the curcumin is replaced by a pyrene moiety was also synthesized (V-5). [START_REF] Balaji | Photocytotoxic Oxovanadium(IV) Complexes of Ferrocenyl-Terpyridine and Acetylacetonate Derivatives[END_REF] This compound is also an avid DNA binder and cleaves plasmid DNA under green light via a type I PDT pathway. Interestingly, the complex is quite phototoxic on HeLa and MCF-7 cancer cells but shows no toxicity -even under irradiation -on 3T3 non-cancerous cells.

An interesting target for chemotherapeutic agents is the endoplasmic reticulum (ER) as it plays a central role in the folding of essential proteins. ER stress -by ROS for example -could induce apoptosis. As vitamin B6 (VB6) targets the ER, complex V-6 bearing a ligand derived from VB6 (highlighted in purple) and a dppz)derivative (acting as a PS) appended with an acridinyl moiety (as a fluorophore, in bright green) was developed. [START_REF] Banerjee | Endoplasmic Reticulum Targeted Chemotherapeutics: The Remarkable Photo-Cytotoxicity of an Oxovanadium(IV) Vitamin-B6 Complex in Visible Light[END_REF] The VB6 group was previously demonstrated to enhance cancer cell uptake as tumours are highly VB6-demanding, which enters the cells via a VB6 transporting membrane carrier. [START_REF] Said | A Carrier-Mediated Mechanism for Pyridoxine Uptake by Human Intestinal Epithelial Caco-2 Cells: Regulation by a PKA-Mediated Pathway[END_REF] Chakravarty and co-workers most recent work was focused on BODIPY-appended cis-dichlorooxovanadium(IV) complexes (V-7 & V-8). [START_REF] Kumar | Crystal Structure, DNA Crosslinking and Photo-Induced Cytotoxicity of Oxovanadium(IV) Conjugates of Boron-Dipyrromethene[END_REF][START_REF] Kumar | Cellular Imaging and Mitochondria Targeted Photo-Cytotoxicity in Visible Light by Singlet Oxygen Using a BODIPY-Appended Oxovanadium(IV) DNA Crosslinking Agent[END_REF] The cis disposition of the chlorides allows for DNA crosslinking, making the drug a transcription inhibitor, similarly as cisplatin. The first chloride is labile, but the second one can only be hydrolysed under light irradiation, which makes the DNA crosslinking temporally and spatially controllable. The BODIPY (green moiety in V-7 and V-8) is responsible for an additional mode of action, based on light. The frontier molecular orbitals of BODIPY are at the origin of the 500 nm absorption bands and leads to generation of 1 O 2 with a quantum yield of approximatively 0.6 in DMSO, causing apoptosis via a type-II PDT pathway upon red light (633 nm) irradiation. [START_REF] Kumar | Crystal Structure, DNA Crosslinking and Photo-Induced Cytotoxicity of Oxovanadium(IV) Conjugates of Boron-Dipyrromethene[END_REF] A diiodo derivative (V-8) gave better PDT results than complex V-7 as it is non-emissive. These heavy atoms favoured spin-orbit coupling, and thus inter-system crossing. V-8 therefore generates significantly more 1 O 2 than V-7, which is more emissive. Thanks to the BODIPY moiety, emission properties of the complexes allowed cellular imaging: the complex localized in the mitochondria. That kind of complex is unique as it acts both as a transcription inhibitor and a 1 O 2 -mediated PS.

Chromium

Although some chromium complexes possessing high 1 O 2 quantum yields have been reported, 61,62 their phototoxic activities are generally rather disappointing. The biological study of a Cr(III) complex which was expected to be very promising as a PDT PS was reported in 2019 by the Heinze and Gasser groups (Cr-1, Figure 5). 61 This complex is photostable, water-soluble, and displays a good 1 O 2 quantum yield (61 %) in DMF.

Singlet oxygen is produced by energy transfer from the doublet excited state of the Cr(III) compound with attributed by the author to a poor cell uptake, although the presence of various biomolecules in cells that could prematurely quench the excited state and preclude its reaction with singlet oxygen could be another plausible explanation. In summary, at this stage, chromium does not seem to be suitable for the design of PDT agents. Very importantly, one has also to consider that chromium is not entirely stable in its +3 oxidation state under biological conditions, [START_REF] Van Cleave | The First-Row Transition Metals in the Periodic Table of Medicine[END_REF] as a 2016 study showed that Cr(III) compounds found in dietary supplements can be oxidized in cellulo, [START_REF] Wu | Carcinogenic Chromium(VI) Compounds Formed by Intracellular Oxidation of Chromium(III) Dietary Supplements by Adipocytes[END_REF] leading to extremely carcinogenic Cr(VI) species. [START_REF] Proctor | Assessment of the Mode of Action for Hexavalent Chromium-Induced Lung Cancer Following Inhalation Exposures[END_REF] 

Manganese

Manganese is a very abundant metal and is essential for humans as it is present in hydrolases, superoxide dismutase, and photosystem II. Apart from manganese oxide particles, very few manganese-based compounds have shown phototoxic properties. Nevertheless, we can cite the work of Liu and co-workers on Mn(III) (and Fe(III)) mesotetrakis(carboxyl)porphyrins (Mn-1). [START_REF] Shi | Water-Soluble Manganese and Iron Mesotetrakis(Carboxyl)Porphyrin: DNA Binding, Oxidative Cleavage, and Cytotoxic Activities[END_REF] The porphyrin Mn-1 displayed promising phototoxicity results in Hep G2 cells (19.0 µM upon 625 nm irradiation while remaining non-toxic in the dark up to 100 µM), acting via a hydroxyl radical pathway. Moreover, several potential Mn tricarbonyl-based PACT agents have been developed, to act as photo-CORMs (carbon monoxide-releasing molecules). Although most photo-CORMs were developed to release CO as a signal molecule, some highly active photo-CORMs led to cell death under irradiation. Schatzschneider and co-workers worked on a photo-CORM showing phototoxicity under UV light thanks to CO release (Mn-2, Figure 6). [START_REF] Niesel | Photoinduced CO Release, Cellular Uptake and Cytotoxicity of a Tris(Pyrazolyl)Methane (Tpm) Manganese Tricarbonyl Complex[END_REF] The cell biomass of HT29 cells was significantly reduced (up to about 30%) with 20 µM of Mn-1 upon UV light irradiation, while remaining constant in the dark up to 100 µM. Mascharak and co-workers also reported a Mn-based photo-CORM capable of eradicating human colorectal adenocarcinoma cells in a dose-dependent manner (while remaining non-toxic in the dark up to 100 µM). [START_REF] Jimenez | A Luminescent Manganese PhotoCORM for CO Delivery to Cellular Targets under the Control of Visible Light[END_REF] This complex also did not show any toxicity -even upon irradiationon human embryonic kidney cells (HEK-293). An analogue showing a red-shifted absorption and meaningful phototoxicity results was recently developed (Mn-3). [START_REF] Khaled | Cytotoxicity of Photoactivatable Bromo Tricarbonyl Manganese(i) Compounds against Human Liver Carcinoma Cells[END_REF] The introduction of a conjugated quinoline ring (in grey) allowed the complex to absorb green light (525 nm). Manimaran and co-workers worked on Mn(I) (and Re(I)) crown ether photoCORMs that induce apoptosis in different cancer cell lines upon irradiation at 365 nm, with IC 50 values of 7.15 µM in HCT-15 cells for example, vs > 50 µM in the dark (Mn-4). 70 Overall, if promising Mn-based photoCORMs have been successfully designed, efficient PDT PSs are still

lacking. Yet, article study presenting Mn(I) complexes with long enough LMCTs suitable for triplet-triplet energy transfers was recently published, which gives hope for the design of type II PDT agents. [START_REF] Herr | Manganese(i) Complexes with Metalto-Ligand Charge Transfer Luminescence and Photoreactivity[END_REF] 

Iron

Iron is the most abundant transition metal in the Earth's crust and is widely present in the human body (for the most part in haemoglobin, which accounts for more than half of the 4 to 5 grams of total body iron). The use of this metal in drugs is therefore not only more affordable but also particularly reassuring for patients and companies. The commercialized anticancer drug bleomycin (a nonribosomal peptide) acts as a chelator of endogenous metals, particularly iron. [START_REF] Chen | Towards Better Therapeutics[END_REF] The complex thus formed cleaves DNA by generating hydroxyl radicals (in the dark). This mode of action drew attention to iron complexes for therapeutic purposes. For example, the iron-containing compounds ferroquine and ferrocifens are undergoing pre-clinical trials as antimalarial and anticancer drugs, respectively. [START_REF] Patra | The Medicinal Chemistry of Ferrocene and Its Derivatives[END_REF] In addition, iron is the lighter congener of ruthenium, which is present in many PDT PSs. However, iron possesses low-energy MC states that are therefore very shortlived, which makes oxygen sensitization, as well as the charge transfer to ligands, less favourable. To overcome this issue, the use of σ-donor or π-accepting ligands, as well as rigid structures can help achieve longer 3 MLCT lifetimes. [START_REF] Reuter | Higher MLCT Lifetime of Carbene Iron(II) Complexes by Chelate Ring Expansion[END_REF] For a more detailed analysis, we highly recommend the review by Wenger and coworkers which describes the challenges associated with iron comparatively to ruthenium. [START_REF] Wenger | Is Iron the New Ruthenium?[END_REF] Although a wide variety of iron oxidation states can exist in complexes -from Fe(0) to Fe(VI) -, the ferrous (+2) and ferric (+3) states are mostly used. In 2010, Roelfes and co-workers discovered that the cytotoxicity of their Fe(II) complex was significantly enhanced under UV irradiation. [START_REF] Li | Photoenhanced Oxidative DNA Cleavage with Non-Heme Iron(II) Complexes[END_REF] Double-strand DNA cleavage was observed via both hydroxyl radical and singlet oxygen pathways. Since then, Chakravarty and co-workers studied Fe(II) complexes as PDT agents. They designed diamagnetic complex Fe-1 with a 3d 6 configuration, photocleaving DNA by generating O 2 •-and HO • radicals under green light (Figure 7). The complex bears a terpyridine moiety (in purple), which acts as a PS, a DNA binder, and a stabilizer of the ferrous state. The terpyridine being a π-acceptor moiety, an MLCT band (from the metal centre to the ligand) is observed around 565 nm, as well as an LC band in the UV region. Terpyridines are also emissive; however, when coordinated, the fluorescence is mostly quenched thanks to the low-lying d-d orbitals of the metal. The weak luminescence of the complex still allowed cellular imaging, which revealed that the complex accumulates in the nucleus, where it binds in a partial intercalative mode to DNA. The same team published another diamagnetic Fe(II) complex bearing polypyridyl ligands, which induces apoptosis in cancer cells with significant phototoxicity under visible light (Fe-2). [START_REF] Garai | Polypyridyl Iron(II) Complexes Showing Remarkable Photocytotoxicity in Visible Light[END_REF] A new type of Fe(II) complex was presented in 2018 by

Tabrizi: it bears a tridentate ligand (which stabilizes the ferrous state as a pincer) appended with a BODIPY moiety known for its mitochondria-targeting, photodynamic and emissive properties (Fe-3). [START_REF] Tabrizi | Novel Cyclometalated Fe(II) Complex with NCN Pincer and BODIPY-Appended 4'-Ethynyl-2,2':6',2"-Terpyridine as Mitochondria-Targeted Photodynamic Anticancer Agents[END_REF] The complex displays good cytotoxicity upon 500 nm irradiation (1.06 µM in HeLa cells) while remaining essentially nontoxic in the dark. The BODIPY allowed cellular imaging: the complex actually accumulates in the mitochondria. 

Fe-3 Fe-4

For Fe-4c : 365 nm and 479 nm: Contrary to Fe(II) complexes, Fe(III) are prone to reduction by glutathione in cellulo, which drastically alters their stability. This result led several teams to focus on ferric complexes rather than ferrous ones. [START_REF] Saha | Structure-Activity Relationship of Photocytotoxic Iron(III) Complexes of Modified Dipyridophenazine Ligands[END_REF] With this in mind, a series of iron(III) complexes bearing a bis-phenolate (for low-energy charge transfer to the metal) and a modified dppz base (for DNA binding) were reported and displayed good phototoxicity upon visible irradiation and sub-micromolar toxicity in the UV range, with minor dark toxicity (Fe-4 complexes). [START_REF] Saha | Structure-Activity Relationship of Photocytotoxic Iron(III) Complexes of Modified Dipyridophenazine Ligands[END_REF][START_REF] Saha | An Iron Complex of Dipyridophenazine as a Potent Photocytotoxic Agent in Visible Light[END_REF] These 3d [START_REF] Soignet | Complete Remission after Treatment of Acute Promyelocytic Leukemia with Arsenic Trioxide[END_REF] high spin compounds are redox active and act by generating hydroxyl radicals by electron transfer, leading to cancer cell death by apoptosis. Fe-4 complexes contain lipophilic tertiary butyl groups for lipophilicity and -again -dppz moiety derivatives for intercalative properties (particularly the dppz derivative Fe-4c). The tetradentate structure of the ligand (with two phenolates, one amine, one acetate) stabilizes the Fe(III) against reduction by glutathione. The Fe-4 complexes absorb intensely in the UV region because of the N-N moiety, whereas the phenolate-to-Fe(III) charge transfer is responsible for the broad absorption around 475 nm. The absorption tail goes up to higher wavelengths, cytotoxicity could therefore be evaluated under red light. The compounds cleave DNA via a hydroxyl radical pathway, particularly under UV irradiation, but also upon visible irradiation. Another phototoxic Fe(III) complex was presented in 2012 (Fe-5, Figure 8): [START_REF] Basu | Photodynamic Effect in Near-IR Light by a Photocytotoxic Iron(III) Cellular Imaging Agent[END_REF] it partially intercalates DNA and damages it upon near-IR light irradiation. This absorption at exceptionally high wavelengths was achieved thanks to the LMCT from the π frontier molecular orbital of a catecholate ligand to the Fe(III) centre, around 805 nm. The complex also bears an anthracenyl moiety which acts as a DNA binder and a fluorophore. HeLa and MCF-7 cancer cells die in an apoptotic pathway because of HO • radicals.

HO • -mediated DNA cleavage
Another catecholate Fe(III) complex was designed with a triphenylphosphonium moiety, allowing mitochondria targeting thanks to its positive charge. 81 In 2014, a phototoxic glucose-appended Fe(III) complex was designed (Fe-6). [START_REF] Basu | Carbohydrate-Appended Tumor Targeting Iron(III) Complexes Showing Photocytotoxicity in Red Light[END_REF] In tumours, the glucose transporter GLUT-1 is overexpressed, therefore, the addition of a carbohydrate could specifically improve the cellular uptake in cancer cells. [START_REF] Macheda | Molecular and Cellular Regulation of Glucose Transporter (GLUT) Proteins in Cancer[END_REF] The phenolate-to-Fe(III) CT band displays a shoulder around 500 nm and the absorption tail goes up to 700 nm, which allows a PDT effect under red light irradiation. The reported high-spin complex cleaves DNA via a type I PDT pathway, which induces cell's apoptosis.

The same year, an article on Fe(III) benzhydroxamates of dipicolylamines (Fe-7) was published. [START_REF] Garai | Iron(III) Benzhydroxamates of Dipicolylamines for Photocytotoxicity in Red Light and Cellular Imaging[END_REF] Fe-7 exhibits phototoxicity on HeLa cells under visible light (14.6 µM) while remaining essentially non-toxic in the dark (77.0 µM). The compound displays a broad and intense absorption band -attributable to a benzhydroxamate-to-Fe(III) charge transfer -with an absorption tail going up to 650 nm, which allowed the authors to study the phototoxicity upon red light (24.4 µM).

Similarly to the oxovanadium(IV) complex previously described (see V-6, Figure 4), Fe(III) complexes bearing a ligand based on VB6 (in light blue) for ER targeting (and visible absorption thanks to the LMCT band) were designed by Chakravarty and co-workers (Fe-8). [START_REF] Basu | Iron(III) Complexes of a Pyridoxal Schiff Base for Enhanced Cellular Uptake with Selectivity and Remarkable Photocytotoxicity[END_REF] Interestingly, these complexes particularly accumulate in cancer cells and induce cell death by ROS-based ER stress, while being 5 to 6 less toxic in normal cells. Other VB6-based complexes were designed, [START_REF] Sarkar | Significant Photocytotoxic Effect of an Iron(III) Complex of a Schiff Base Ligand Derived from Vitamin B6 and Thiosemicarbazide in Visible Light[END_REF] with thiosemicarbazones as tridentate donor ligands and DNA binders (Fe-9). [START_REF] French | The Carcinostatic Activity of Alpha-(N) Heterocyclic Carboxaldehyde Thiosemicarbazones. I. Isoquinoline-1-Carboxaldehyde Thiosemicarbazone[END_REF] Lysosome selective phototoxicity was observed on a Fe(III) complex with a VB6 Schiff base bearing a diiodinated BODIPY for singlet oxygen generation (Fe-10). [START_REF] Sahoo | Iron(III) Complexes of Vitamin B-6 Schiff Base with Boron-Dipyrromethene Pendants for Lysosome-Selective Photocytotoxicity[END_REF] This complex was especially cytotoxic in HeLa cells upon visible light irradiation (0.11 µM vs > 100 µM in the dark), inducing apoptosis via a type-I PDT pathway. Unfortunately, no in vivo studies have been conducted, avoiding a full assessment of the potential of this compound.

Curcumin complexes of Fe(III) were published in 2021 (Fe-11, Figure 9). [START_REF] Sahoo | Biotin-Appended Iron(III) Complexes of Curcumin for Targeted Photo-Chemotherapy[END_REF] Cancer cells over-express nutrient receptors such as biotin receptors, which explains why the complex appended with biotin (in pink, Fe-11a)

displays better uptake and higher phototoxicity on various cancer cell lines than the one without biotin (Fe-11b). Thanks to the curcumin ligand, Fe-11 complexes generate hydroxyl radicals upon irradiation, hence causing cell apoptosis. The Fe(III) mesotetrakis(carboxyl)porphyrin analogue of Mn-1 displayed disappointing phototoxicity results on Hep G2 cells (137.5 µM upon irradiation vs 175.5 µM in the dark), which highlights the considerable influence of the metal centre on the complexes photochemotherapeutic properties. [START_REF] Shi | Water-Soluble Manganese and Iron Mesotetrakis(Carboxyl)Porphyrin: DNA Binding, Oxidative Cleavage, and Cytotoxic Activities[END_REF] In 2020, Fe(II) polypyridine complexes with extension of the π-system were designed to achieve red-shifted absorption into the biological spectral window (600 -900 nm). [START_REF] Karges | Characterisation and Biological Evaluation of Pi-Extended Fe(II) Bipyridine Complexes as Potential Photosensitizers for Photodynamic Therapy[END_REF] However, the complexes were poor singlet oxygen generators and only displayed a slight cytotoxicity enhancement upon exposure with 480 and 540 nm light in HeLa cells. Although not as well developed as for manganese, phototoxic iron-based photoCORMs have also been studied. [START_REF] Jackson | Characterization, and Reactivity of the Stable Iron Carbonyl Complex [Fe(CO)(N4Py)](ClO4)2: Photoactivated Carbon Monoxide Release, Growth Inhibitory Activity, and Peptide Ligation[END_REF][START_REF] Rimmer | Photochemically Activated Carbon Monoxide Release for Biological Targets. Toward Developing Air-Stable PhotoCORMs Labilized by Visible Light[END_REF] Oxo-bridged diiron(III) complexes were shown to be photoactive thanks to intense oxo → Fe(III) charge transfer. Recently developed oxo-bridged diiron(III) complexes displayed tumour-specific anticancer activity thanks to HO • -mediated DNA cleavage (Fe-12). [START_REF] Chanu | Potent Anticancer Activity of Photo-Activated Oxo-Bridged Diiron(III) Complexes[END_REF] Another Fe(III) oxo-bridged complex with salen ligands showed good phototoxicity results on various cancer cell lines (Fe-13). [START_REF] Das | Evaluation of Photochemotherapeutic Potential of a Few Oxo-Bridged Dimeric Fe(III) Compounds Having Salen-Type Ligands[END_REF] The salen ligand allows for an LMCT band between 400 and 600 nm, which makes photoexcitation with red light possible. The charge separated excited species induces the production of O 2 •-and hence hydroxyl radicals, causing fatal DNA damage. We take advantage of this section on iron to recall the undeniable interest of the ferrocene group in the design of (photo)therapeutic drugs. As previously described (See Figure 4), ferrocene has attracted attention due to its low toxicity, lipophilicity and favourable redox properties allowing the formation of hydroxyl radicals. [START_REF] Patra | The Medicinal Chemistry of Ferrocene and Its Derivatives[END_REF][START_REF] Basu | Recent Advances in the Chemistry of Iron-Based Chemotherapeutic Agents[END_REF] Ferrocifens (ferrocene derivatives of 4-hydroxytamoxifen, Fe-14), for example, have been extensively studied as chemotherapeutic agents against breast cancers. [START_REF] Jaouen | Ferrocifen Type Anti Cancer Drugs[END_REF] Chakravarty and co-workers published a study on different ferrocenyl terpyridine 3d metal complexes conjugates, based on Fe(II), Co(II), Cu(II) and Zn(II) ions. [START_REF] Maity | Impact of Metal on the DNA Photocleavage Activity and Cytotoxicity of Ferrocenyl Terpyridine 3d Metal Complexes[END_REF] The Fe(II) ferrocenyl complex did not show any toxicity in HeLa cells up to 50 µM, both upon irradiation and in the dark, despite promising photocleavage activity.

Cobalt

Cobalt is of great interest, as an essential element present in various metalloproteins and cobalamin -also known as Vitamin B 12 . Cobalt complexes showed promising photo-properties or DNA-cleaving activity, similarly to Ru. Phototoxic Co(III) complexes were extensively studied. For example, a Co(III) DNAintercalating complex, active under 365 nm irradiation, was reported (Co-1, Figure 10). [START_REF] Prabhakara | III) and Ni(II) Complexes Containing Bioactive Ligands: Synthesis, DNA Binding, and Photocleavage Studies[END_REF] Interestingly, the compounds release curcumin under green light by photoreduction to a Co(II) complex, whereas blue light photolyzes the free curcumin, producing a highly phototoxic product.

Co-1

365 nm: Co-8a and Co-8b exhibit high cytotoxicity in HeLa cells (3.9 and 6.8 µM) and MCF-7 cells (12.2 and 6.1 µM) upon visible light irradiation while remaining significantly less toxic in the dark. Excitingly, Co-7 complexes were even cytotoxic upon visible light towards multidrug resistant MDA-MB-231 cells (14.1 µM and 9.3 µM) while being far less toxic towards normal lung HPL1D cells (81.0 and 25.6 µM).

Nickel

Nickel is not an essential element to humans in itself, but is contained in many metalloenzymes, 107 such as urease, often found in human gut bacteria, therefore being indirectly important for humans. 108 Nickel complexes are extensively studied for photoinduced cross-coupling catalysis. 109 Despite these promising photochemical properties, little research has been conducted with nickel, which may be due to the fact that it frequently causes allergies in humans. 110 However, a few complexes displaying phototoxicity have been designed. A curcumin-releasing Ni(II) complex of dppz bases was described in 2020 (Ni-1, Figure 11), displaying IC 50 values of 4.4 µM in HeLa cells under irradiation by visible light, while remaining inactive in the dark. 111 The curcumin-based band can be excited with visible light, leading to cell death (mainly apoptosis) with a ROS-dependant mechanism. A 2014 article introduces a Ni(II) porphyrazine as well as its Zn(II) analogue. 112 However, the Ni(II) complex tends to aggregate, giving poor phototoxicity results in MCF-7 cells. The Ni(II) complex with a tetradentate ligand (Ni-2), similarly as the Co(II) complex mentioned above, displayed cytotoxicity on MCF-7 cells (85.14 µM), slightly enhanced upon UV-A light irradiation (47.59 µM). 105 Finally, an attempt to design a Ni(II) complex as a PDT photosensitizer was published in 2020, but no 1 O 2 generation nor phototoxicity were observed. 113 ). The ligands are highlighted and annotated when they display certain properties of interest. Visible light is defined as a range between 400 and 700 nm.

Copper

Copper is an abundant and essential metal and is already at the heart of current anticancer research. [114][115][116] Cu(II) complexes (d 9 ) share similarities with V(IV) ones (d 1 ) as they both possess intense low-energy visible bands. However, Cu(II) complexes are easily reduced by thiols to Cu(I) in biological medium, inducing in-thedark toxicity. Nevertheless, some Cu(II) complexes generating ROS under irradiation were reported. In 2011,

Yan and co-workers published a work on two Cu(II) complexes efficiently cleaving DNA upon visible light or

UV-A irradiation by generation of 1 O 2 (Cu-1, Figure 12). 117 Cu-1b with its dppz moiety shows especially good binding propensity to calf thymus DNA, which explains its cytotoxicity on HeLa cells (4.40 µM upon visible light exposure and 2.18 µM in upon 365 nm irradiation). However, no cytotoxicity study in the dark were reported for these complexes. In 2013, Chakravarty and co-workers described a Cu(II) complex of curcumin and N-ferrocenylmethyl-L-amino acids (Cu-2). 118 Cu-2 displays great cytotoxicity upon visible light irradiation (3 µM vs 48 µM in the dark, HeLa cells) and efficient plasmid DNA cleavage activity was reported. Curcumin is, once again, used as a PS, fluorophore and anticancer agent, while the ferrocene moiety increases the compound lipophilicity and redox activity. The ferrocenyl moiety was also incorporated in complex Cu-3, which binds and cleaves DNA upon visible light irradiation by generating to hydroxyl radicals. 119 As expected, the dppz ligand allows for better DNA binding and cleaving properties; Cu-3 gives IC 50 values of 3.7 µM in visible light, which is comparable to the oxovanadium(IV) and iron(III) complexes that were previously described. [START_REF] Sasmal | IV)-Based near-IR PDT Agents: Design to Biological Evaluation[END_REF][START_REF] Saha | An Iron Complex of Dipyridophenazine as a Potent Photocytotoxic Agent in Visible Light[END_REF] The ferrocenyl moiety is responsible for an enhancement of the cytotoxicity (both in the dark and upon irradiation) compared to its phenyl analogue. Another study on the effect of ferrocenyl moiety on phototoxic Cu(II) complexes appended with L-tryptophan was published in 2011 (Cu-4). 120 The same team published other Cu(II) complexes of curcumin appended with non-iodinated and iodinated BODIPY moiety (Cu-5a and Cu-5b respectively). 121 Cu-5a with its non-iodinated BODIPY ligand is emissive, More recently, Chakravarty and co-workers also published Cu(II) complexes of curcumin and acridine-dppz ligands (Cu-7, Figure 13) -as well as its Zn homologue (Zn-2, see below Figure 14). 123 Cu-7 displayed very good photodynamic activity in HeLa, MCF-7 and HepG2 cells: apoptosis is provoked by both type I and II mechanisms. Moreover, the fluorescent acridinyl moiety allowed for cellular localization, which showed that Cu-7 accumulates in the cytosol. However, as for many Cu(II) complexes, Cu-7 displays in-the-dark cytotoxicity, contrarily to its Zn analogue (see below). Phototoxic Cu(II) complexes with Schiff base ligands were also designed for PDT (Cu-8). 124 Cu-8 was quite cytotoxic upon visible light irradiation in human squamous carcinoma cells (SCC15) and in basal carcinoma cells (BCC) and less toxic in the dark. The charge transfer from the phenolate π orbitals to the metal dπ* orbitals is responsible for a visible LMCT absorption band. DNA cleavage occurs upon blue light irradiation and not in the dark. Moreover, the cells treated with Cu-8 exhibit nuclei morphological changes and cell apoptosis. However, despite the use of a tridentate Schiff base as a stabilizer, the Cu(II) complex still exhibits significant cytotoxicity in the dark (7.25 µM in HeLa cells).

Metalloporphyrins are expected to give interesting photo-induced toxicity results, thanks to the Q-band -in the near-IR region -characteristic for that kind of extended π-conjugated systems. Copper porphyrin were therefore investigated as PSs. In 2015, a paramagnetic Cu(II) porphyrin displayed enhanced cytotoxicity upon red light (> 600 nm) irradiation (Cu-9). 125 Tetraaryl porphyrins appended with L-glutamate (for better hydrophilicity and phototoxic activity) and their Cu(II) and Zn(II) complexes were studied in 2016. 126 However, complexation to copper decreased the phototoxic activity of the porphyrins. This could be due to the paramagnetic nature of the Cu(II) complex, generally prone to non-emissive deactivation from the singlet excited state. ). The ligands are highlighted and annotated when they display certain properties of interest. Visible light is defined as a range between 400 and 700 nm.

Roy and co-workers studied the role of S-coordination in Cu(II) complexes for PDT applications (Cu-10). 127 They studied complexes coordinated to O or S, which were all toxic in the dark (~10 µM, HeLa cells) but the cytotoxicity was significantly enhanced upon irradiation for all complexes (~1 µM). S-coordinated complexes possess low-lying and long-lived excited states, which favours ISC and hence singlet oxygen generation. Even though rather cytotoxic in the dark, the complex was still quite phototoxic upon blue irradiation on A375 (human malignant melanoma) and A549 (human lung carcinoma) cell lines, thanks to its extended excited state lifetime. DNA damage was observed in the dark, yet significantly enhanced upon irradiation thanks to the generation of ROS.

Zinc

Zinc is a key element in many enzymes for their activities or their structure (such as in Zn finger proteins) and is therefore essential to humans. Zinc exists in two oxidation forms: Zn(0) and Zn(II), and is mostly redoxinactive in biological conditions. Zn(II) complexes possess a closed-shell d 10 configuration, resulting a lowenergy excited states and allowing for LC absorption bands. Moreover, adding substituents to the ligands enhances the yield of the triplet state for these diamagnetic complexes. 130 A bis(terpyridine)zinc(II) complex possessing two-photon absorption properties and acting as type I and type II PDT agent was recently reported. 131 Unlike the free ligand, the Zn complex has a much smaller singlet-triplet gap: this allows for better ISC (which is confirmed by a lower fluorescence), and thus better singlet oxygen generation. This complex is also capable of reducing dioxygen into superoxide radicals and the two-photon absorption capacity allows for near-IR absorption. Moreover, the cationic and lipophilic ligand allow excellent mitochondria targeting.

A Zn(II) analogue of the previously reported Cu(II) complex of curcumin and dppz appended with an acridinyl moiety (Cu-3, Figure 12) showed very good photodynamic activity in HeLa, MCF-7 and HepG2 cells (Zn-1, Figure 14). 123 This green-emissive complex revealed cytosolic localization. Zn-1 is stable in physiological medium (10% FBS-DMEM), contrarily to the free curcumin. Apoptosis is caused by both singlet oxygen and hydroxyl radical pathways. The Zn(II) analogue of Cu-4 was studied (Zn-2). 120 Zn(II) is redox inactive, and is not involved with the ferrocenyl, contrary to the Cu(II) complex Cu-4. Zn-2 is therefore a mediocre DNA cleaver and is non-toxic on HeLa cells up to 80 µM both upon irradiation and in the dark. In the 2014 article describing Ni(II) and Zn(II) complexes (see Ni-2), the zinc derivative displayed promising results, contrary to the nickel one which tended to aggregate. 112 No IC 50 measures were performed, however, viability tests on MCF-7 cells have concluded that this Zn complex is not toxic in the dark up to 30 µM while being significantly toxic upon 631.4 nm irradiation.

In addition, Zn(II) is particularly well suited for incorporation in macrocycles such as porphyrins -for application in PDT -because of its long triplet state lifetime, which can favour 1 O 2 production. 132 In the absence of a complexed metal ion, these macrocycles absorb in the visible range with a Soret band around 440 nm and a Q band around 560 nm. An article describing metalloporphyrins, including a Zn(II) one, as phototoxic compounds was published in 2015. 125 Unlike the Cu(II) porphyrin (Cu-5), the Zn(II) one (Zn-3) does not intercalate DNA, because of its geometry which imposes an axial configuration of one of the ligands. The compound showed moderate phototoxicity under red light in HeLa cells (0.5 µM upon >600 nm irradiation vs 11.5 µM in the dark) and slightly better activities against a cisplatin-resistant cell line (A2780cis), which gives hope for new PDT agents active against persistent tumours. In 2017, a Zn(II) porphyrin with Nmethylpyridynium groups -for water solubility -was shown to exhibit good phototoxicity on A549 cells, with and IC 50 of 75 nM under irradiation, compared to more than 100 μM in the dark. 133 More recently, another Zn(II) porphyrin was reported, with IC 50 values of 2.01 μM upon irradiation while remaining non-toxic in the dark. 134 In 2019, bis(dipyrrinato)Zn(II) complexes were designed as potential PDT PSs (Zn-4 being one of them). 135 The two dipyrrinato ligands are structurally similar to "half-porphyrins"; they display comparable excited states, while avoiding classic porphyrin drawbacks such as aggregation and a tedious synthesis. As mentioned for the BODIPY moiety in V-8, better ISC can be obtained from the presence of iodine atoms because of an increased spin-orbit coupling. The dipyrrinato ligands were therefore iodinated; however, the excited states of the complexes are significantly quenched in polar solvents. To overcome this issue, Zn-4 was However, as most porphyrins strongly absorb in the range of 400-600 nm, it can induce skin phototoxicity when the patient is in contact with the sun/light; thus patients may have to take precautions and avoid light exposure after PDT treatment. 140 Unlike porphyrins, phtalocyanines (Pcs) exhibit weak absorption in this range, which overcomes this skin sensitivity issue. Pcs are synthetic dyes that were first synthesized in the early 20 th century; 141 they are porphyrins with isoindole units replacing the pyrroles and display a weak Soret band in the UV/blue zone and a Q-band (just like for porphyrins) around 680 nm. The coordination to a diamagnetic element in the central cavity also allows for high triplet quantum yields, making them good singlet oxygen generators. This explains the extensive research in Zn phtalocyanines (ZnPcs) that have been undertaken in recent years. On this topic, two reviews have extensively covered ongoing research on phthalocyanines as PSs, including phototoxic ZnPcs. 142,143 The review by Dumoulin and co-workers presents

-by examples -strategies to optimize the photochemical or biological qualities of phthalocyanines as well as ways to excite or activate them, 142 while the review by Marino and co-workers particularly focuses on the biological effects of ZnPcs, including cell death mechanisms for example. 143 Although phthalocyanines have exceptional theoretical qualities for PDT, they suffer from aggregation problems in solution, which often makes their application in vivo tricky. To prevent this, several techniques were developed , such as, for example, the incorporation of a charged moiety: either positive 144-148 or negative. 149,150 ZnPcs can also be encapsulated in cyclodextrins, 151 liposomes, 152-154 micelles, [155][156][157][158] or nanoparticles (that can consist of polymers, 159-161 silica, 162,163 gold, 164,165 or TiO 2 166 ). Two ZnPcs are already in phase II clinical trials: CGP55847, which is a liposomal formulation of ZnPc, used against squamous cell carcinomas, 167 and Photocyanine, a di-(potassium sulfonate)-di-phthalimidomethyl ZnPc which was in clinical trial in China against human hepatocellular carcinoma up to phase II (Figure 15). As this topic is already extensively covered by Dumoulin and Marino, we will only describe the most recent and more representative examples herein. A ZnPc published in 2013 was synthesized with 16 imidazolyl moieties positively charged for improving the solubility and diminishing the risk of aggregation (Zn-5, Figure 16). 170 Zn-5 is highly phototoxic on HeLa cells with IC 50 values of 36.7 nM upon red light irradiation, but is not cytotoxic in the dark (IC 50 = 628 μM). A glycerol-appended ZnPc was published in 2014 (Zn-6). 171 The glycerol substituents were added to improve the ZnPc solubility and since they are electron-donating alkoxy moieties, they could also induce a shift of absorption towards the red. The resulting compound displays good phototoxicity on HCT-116 (3.2 μM), HSC-2 (2.8 μM) and MCF-7 cells (2.9 μM) while remaining non-toxic in the dark (> 100 μM for all cell lines). In 2018, a tumour-pH responsive ZnPc containing amino moieties was published(Zn-7). 172 The non-protonated amino moieties quench the photoactivity of Zn-7 via photoinduced electron transfer. When protonated, the photoactivity of Zn-7 is restored. Therefore, in slightly acidic conditions such as the ones found in tumours, the complex can reach a triplet state, allowing for singlet oxygen generation and fluorescence. Zn-7 indeed displays very high anti-tumour activity at a slightly acidic pH (6.4), while remaining non-toxic when pH is around 7.4. Moreover, Zn-7 is fluorescent and can be localized in cells. Zn-7 displays IC 50 values of 0.20 μM on 4T1 cells under light irradiation (2.5 J .cm -2 ). In vivo studies were conducted on mice, showing a strong tumour-growth inhibition activity of Zn-7 upon irradiation. An article recently described ZnPcs bearing several amphiphilic pyridinium groups and bulky axial ligands to minimize aggregation (Zn-8). 173 The Q-band of Zn-8 was observed around 675 nm. Upon exposure to low irradiation (1.5 J/cm²), Zn-8 was highly toxic (IC 50 = 5.3 µM vs > 100 μM in the dark).

ZnPc research for PDT is very active: in 2021 alone, several articles have been published that use the strategies mentioned above. To improve the solubility of ZnPcs, encapsulation in liposomes, 174 micelles, 175,176 vesicles 177 or nanoparticles were conducted. 178,179 Some nanoparticles were even used in combination with chemotherapeutic strategies, with the anticancer drugs soranefib 180 and doxorubicin. 181 This dual photo-and chemotherapeutic strategy has also been implemented with molecular complexes, with a histone deacetylase inhibitor 182 or with immunotherapeutic activity. 183 We can also cite a recent work on ZnPcs that target tumours through PEG functionalization. 184 An article presented a ZnPc appended with four 2-pyridones that displays three advantages for PDT (Zn-9). 185 First, Zn-9 can be excited by both 665 and 808 nm, allowing for both superficial and deep tumour treatment. Second, Zn-9 is able to slowly release 1 O 2 : the 2-pyridones can be oxidized into peroxides by 1 O 2 an d the "stored" 1 O 2 can then be slowly released at 37 °C. Third, Zn-9 can down-regulate the hypoxia-inducible factor 1 (HIF-1) expression (a transcription factor that responds to hypoxia). This would enhance the levels of O 2 for a better PDT effect. Zn-9 was not water-soluble in itself but was solubilized with Cremophor EL, a non-ionic surfactant. The resulting compound was highly phototoxic on HeLa cells: the cell survival dropped when irradiated with 665 or 808 nm light. The ligands are highlighted and annotated when they display certain properties of interest. Visible light is defined as a range between 400 and 700 nm.

Conclusion

With cancer being one of the main causes of death in the world, the development of anticancer drugs is an essential research topic. To avoid undesirable side effects, the use of a benign stimulus, such as light, to activate the molecule at a given location and time is an effective and elegant method. In the context of anticancer photodynamic therapy, metal-base PS have proven extremely versatile and promising. However, complexes based on heavy metals (Pt, Ru, Os, Ir), which are mostly used today, would often result in significant dark cytotoxicity and considerable ecological impact as well as high drug prices. There is therefore an urgent need to turn to lighter and less rare metals such as first row transition metals. Despite their advantages on these latter aspects, they display challenging chemical properties, because of the short-lived metal-centred excited states, narrow vibrational levels, and sometimes unstable oxidation states. This review has highlighted the successful exploratory work of several groups in order to overcome these issues. In Table 1 are summarized some of the most promising complexes presented in this review, classified according to their mode of action. The phototherapeutic index, which is a key indicator of the phototoxicity of the compound (IC 50 upon irradiation divided by IC 50 in the dark), is indicated in brackets in the table.

Table 1: Some complexes based on first-row metals that display a phototoxic activity, classified by type of reaction. The phototherapeutic index PI (the ratio between the IC 50 in the dark and under irradiation) is indicated between brackets. The proposed solutions in this review are varied and depend greatly on the metal. For some metals, polydentate ligands are used to stabilize the metal oxidation state. Redox properties can be enhanced by moieties such as ferrocene for example. For metals possessing low-lying MC states, the use σ-donor ligands has proven to be an effective method to promote visible absorption, thanks to ligands-to-metal charge transfers which can be rationalized by DFT studies. In many of the studies presented in this review, DNA cleavage can be achieved with ROS-generating complexes containing DNA intercalating ligands. Other ligands allow targeting of sensitive organelles such as mitochondria or the endoplasmic reticulum. Some other strategies are based on the release of a cytotoxic molecule such as curcumin or carbon monoxide upon irradiation. Overall, we hope this review will provide an asset to help in the rational design of phototoxic complexes based of first-row transition metals. This research field should allow for the development of affordable and sustainable anti-cancer drugs with reduced side effects.

Type II PDT (

Figure 1 :

 1 Figure 1: Jablonski diagram for generation of singlet oxygen. Nonradiative transitions are indicated by squiggly arrows while radiative ones are indicated by straight arrows.In black is represented the diagram of a typical metal complex with different spin multiplicities (for clarity, the GS is only represented as a singlet state, but might be a triplet state as well). In yellow is represented the energy transfer between T 1 and O 2 for type II PDT. In green is represented the electron transfer from T 1 leading to ROS for type I PDT.
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Figure 2 :

 2 Figure 2: Abundance (in milligrams per kilogram of Earth's crust) of elements. First-row transition metals are more abundant than Ru, Os, Os, Ir or Au, commonly used in PDT.12 This review will present PS based on the metals framed in red.

Figure 3 :

 3 Figure 3: Electronic transitions (excitation and emission) between frontier molecular orbitals for a typical 3d complex with ML 6 O h symmetry (without π-bonding). π L and π L * are the non-bonding π orbitals of the ligand, σ M-L the σ-bonding metal-ligand orbital and n π M the non-bonding π metal orbital. Adapted from ref 24 .

Figure 4 :

 4 Figure4: Oxovanadium(IV) complexes developed for PDT applications. In this figure are indicated: the absorption maximum or maxima (coloured if in the visible range), the mechanism responsible for the cell's death, the IC 50 values upon irradiation and in the dark (and the cell line in which they have been measured). The ligands are highlighted and annotated when they display certain properties of interest. Visible light is defined as a range between 400 and 700 nm.

4 -Figure 5 :

 45 Figure 5: Chromium complex displaying phototoxicity. In this figure are indicated: the absorption maximum, the mechanism responsible for the cell's death, the IC 50 values upon irradiation and in the dark (and the cell line in which they have been measured).

Figure 6 :

 6 Figure 6: Mn-based photoCORMs. In this figure are indicated: the absorption maximum or maxima (coloured if in the visible range), the mechanism responsible for the cell's death, the IC 50 values upon irradiation and in the dark (and the cell line in which they have been measured). The ligands are highlighted and annotated when they display certain properties of interest.

  µM upon 500 nm irradiation 73.22 µM in the dark

Figure 7 :

 7 Figure 7:Iron complexes displaying phototoxicity. In this figure are indicated: the absorption maximum or maxima (coloured if in the visible range), the mechanism responsible for the cell's death, the IC 50 values upon irradiation and in the dark (and the cell line in which they have been measured). The ligands are highlighted and annotated when they display certain properties of interest. Visible light is defined as a range between 400 and 700 nm.

Figure 8 :

 8 Figure 8:Iron complexes displaying phototoxicity. In this figure are indicated: the absorption maximum or maxima (coloured if in the visible range), the mechanism responsible for the cell's death, the IC 50 values upon irradiation and in the dark (and the cell line in which they have been measured). The ligands are highlighted and annotated when they display certain properties of interest. Visible light is defined as a range between 400 and 700 nm.

Figure 9 :

 9 Figure 9:Iron complexes displaying phototoxicity. In this figure are indicated: the absorption maximum or maxima (coloured if in the visible range), the mechanism responsible for the cell's death, the IC 50 values upon irradiation and in the dark (and the cell line in which they have been measured). The ligands are highlighted and annotated when they display certain properties of interest. Visible light is defined as a range between 400 and 700 nm.

  Photoexcitation of a charge-transfer band around 400 nm induces the production of singlet oxygen and leads to DNA cleavage in vitro. To confirm the type-II PDT mechanism hypothesis, a strand scission experiment was carried out in D 2 O. Singlet oxygen has a longer lifetime in D 2 O than in H 2 O,[START_REF] Merkel | Deuterium Effects on Singlet Oxygen Lifetimes in Solutions. New Test of Singlet Oxygen Reactions[END_REF] and greater photocleavage was indeed observed in D 2 O. Phototoxic curcumin-releasing cobalt complexes were studied as promising PACT agents.100 These complexes release curcumin when the Co(III) centre is reduced into Co(II), which is of great interest since reducing conditions are typically found in tumours. Chakravarty and co-workers studied Co(III) complexes releasing curcumin and mitocurcumin (a dicationic bis-triphenylphosphonium derivative of curcumin, highlighted in yellow in Co-2) via photoreduction under 420 nm irradiation.100 The mitocurcumin found in Co-2 complex augments the cellular uptake thanks to its +2 charge. Other curcumin-releasing complexes were developed by Hambley and co-workers (Co-3): they demonstrated that the Co(III) centre can be reduced either by biological reductants or upon irradiation.101 These Co(III) chaperone complexes of curcumin were very effective upon visible light irradiation, both in oxygenated and hypoxic conditions.

4 -Figure 10 :

 410 Figure 10: Phototoxic cobalt complexes. In this figure are indicated: the absorption maximum or maxima (coloured if in the visible range), the mechanism responsible for the cell's death, the IC 50 values upon irradiation and in the dark (and the cell line in which they

Figure 11 :

 11 Figure11: Phototoxic nickel complex. In this figure are indicated: the absorption maximum, the mechanism responsible for the cell's death, the IC 50 values upon irradiation and in the dark (and the cell line in which they have been measured). The ligands are highlighted and annotated when they display certain properties of interest. Visible light is defined as a range between 400 and 700 nm.

  which allowed the authors to determine the mitochondrial localization of the complex in HeLa cells. Cu-5b complexes generate ROS upon visible light irradiation, leading to HeLa cells apoptosis. Cu-5b containing the diiodo BODIPY moiety displays better cytotoxicity values upon visible light irradiation (2.8 µM in HeLa cells vs 7.9 µM for Cu-5a) because of a better ISC. In addition, they published other BODIPY-Cu(II) conjugates lacking the curcumin ligand (Cu-6).122 Cellular imaging with Cu-6a showed -again -mitochondrial localization in HeLa and MCF-7 cells. Cu-6b with the diiodinated BODIPY displayed a significant enhancement of cytotoxicity upon visible light irradiation: 0.04 µM (vs 24.65 µM in the dark).

Figure 12 :

 12 Figure12: Phototoxic copper complexes. In this figure are indicated: the absorption maximum, the mechanism responsible for the cell's death, the IC 50 values upon irradiation and in the dark (and the cell line in which they have been measured). The ligands are highlighted and annotated when they display certain properties of interest. Visible light is defined as a range between 400 and 700 nm.

Figure 13 :

 13 Figure13: Phototoxic copper complexes. In this figure are indicated: the absorption maximum, the mechanism responsible for the cell's death, the IC 50 values upon irradiation and in the dark (and the cell line in which they have been measured). The ligands are highlighted and annotated when they display certain properties of interest. Visible light is defined as a range between 400 and 700 nm.

Indeed, upon visible

  light irradiation, S-coordinated complexes are more cytotoxic than O-coordinated ones.The d-d band appears in the range of 670-750 nm and the pyrenyl moiety engages in an LMCT band around 550 nm. Cu-10 is particularly phototoxic (0.3 µM upon visible light irradiation) and induces apoptosis thanks to the photosensitization of the S-coordination and the pyrenyl moiety. Two years later, the same team designed complexes with remarkable cytotoxicity upon visible irradiation (2-11 µM), thanks -once againto the increased photosensitization with S-coordination and to the addition of an anthraquinone moiety (Cu-11).128 The in-the-dark cytotoxicity is significantly reduced (> 50 µM in HeLa cells) contrarily to most other Cu(II) complexes. Cu-11 possess a reduction potential (E 1/2 = -0.46 V) far beyond the biological redox window, therefore inhibiting the reduction of the Cu(II) complex, which might explain this relatively low dark cytotoxicity. A Cu(II) complex, analogue of Ni-2 (Figure11), displays slightly enhanced phototoxicity upon UV-A irradiation on MCF-7 cells (53.60 µM vs 131.70 in the dark).105 Another Cu(II) complex was designed as a PS, but had a very poor ability to generate singlet oxygen: exposing the cells to light did not really change their viability.113 To avoid Cu(II) reduction by thiols in cells, the use of Cu(I) complexes could be another solution, that has only been scarcely explored, however, because of the instability of the majority of fourcoordinated Cu(I) complexes. In 2018, Khnayzer and co-workers published their work on a cuprous bisphenanthroline complex for PDT (Cu-12). 129 Cu-12 shows an MLCT band around 460 nm and an IL band in the UVA range.

Figure 14 :

 14 Figure14: Phototoxic zinc complexes. In this figure are indicated: the absorption maximum, the mechanism responsible for the cell's death, the IC 50 values upon irradiation and in the dark (and the cell line in which they have been measured). The ligands are highlighted and annotated when they display certain properties of interest. Visible light is defined as a range between 400 and 700 nm.

Figure 15 :

 15 Figure 15: Zinc phtalocyanines that are currently in clinical trial.

Figure 16 :

 16 Figure 16: Phototoxic zinc phthalocyanine complexes. In this figure are indicated: the absorption maximum, the mechanism responsible for the cell's death, the IC 50 values upon irradiation and in the dark (and the cell line in which they have been measured).The ligands are highlighted and annotated when they display certain properties of interest. Visible light is defined as a range between 400 and 700 nm.

  (M = Co n =2; 2ClO 4 -) (PI = 28.8 upon visible light) Ni-1 (M = Ni n =1; AcO -) (PI = 22.7 upon visible light)

  

O 2 . The phototoxicity was evaluated in cells: while remaining essentially non-toxic in the dark, the cytotoxicity under

nm irradiation was increased by 5-fold. This rather disappointing PDT effect was
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