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Introduction

Cancer, listed as a chronic degenerative non-communicable disease by the World Health Organization (WHO), is a leading cause of death worldwide. [START_REF] Organization | Noncommunicable diseases[END_REF] Despite the clinical success of several platinum-based drugs (e.g., cisplatin, carboplatin and oxaliplatin). [START_REF] Hartinger | From Bench to Bedside -Preclinical and Early Clinical Development of the Anticancer Agent Indazolium Trans-[Tetrachlorobis(1H-Indazole)Ruthenate(III)] (KP1019 or FFC14A)[END_REF] their efficacy is impeded by intrinsic and acquired resistance, and dose-limiting toxicity. [START_REF] Oun | The Side Effects of Platinum-Based Chemotherapy Drugs: A Review for Chemists[END_REF] Therefore, the search for more effective therapeutic strategies has led to the development of other metal complexes with anticancer properties. [START_REF] Boros | Classification of Metal-Based Drugs According to Their Mechanisms of Action[END_REF] Ruthenium (Ru)-based compounds have emerged as potential anticancer drug candidates due to their unique physico-chemical and biological properties, [START_REF] Mari | Combination of Ru(II) Complexes and Light: New Frontiers in Cancer Therapy[END_REF][START_REF] Smith | Targeted and Multifunctional Arene Ruthenium Chemotherapeutics[END_REF][START_REF] Nazarov | Opening the Lid on Piano-Stool Complexes: An Account of Ruthenium(II)-Arene Complexes with Medicinal Applications[END_REF][START_REF] Zeng | The Development of Anticancer Ruthenium(II) Complexes: From Single Molecule Compounds to Nanomaterials[END_REF] generally lower systemic toxicity (in animal models) and higher cellular uptake compared to platinum complexes. [START_REF] Mari | Combination of Ru(II) Complexes and Light: New Frontiers in Cancer Therapy[END_REF] NAMI-A, 9,10 KP1019 [START_REF] Hartinger | A New Redox-Active Anticancer Agent -Preclinical Development and Results of a Clinical Phase I Study in Tumor Patients[END_REF][START_REF] Lentz | Pharmacokinetics of a Novel Anticancer Ruthenium Complex (KP1019, FFC14A) in a Phase I Dose-Escalation Study[END_REF] and its water-soluble sodium salt IT-139 (formerly KP1339) [START_REF] Trondl | the First Ruthenium-Based Anticancer Drug on the Edge to Clinical Application[END_REF] are Ru complexes that have been evaluated in clinical trials as chemotherapeutic agents for the treatment of cancer. NAMI-A is an antimetastatic drug candidate with diverse mechanisms of action. [START_REF] Levina | Recent Developments in Ruthenium Anticancer Drugs[END_REF][START_REF] Sava | Metal-Based Antitumour Drugs in the Post-Genomic Era: What Comes Next? Dalt[END_REF][START_REF] Bergamo | Approaching Tumour Therapy beyond Platinum Drugs: Status of the Art and Perspectives of Ruthenium Drug Candidates[END_REF][START_REF] Alessio | Thirty Years of the Drug Candidate NAMI-A and the Myths in the Field of Ruthenium Anticancer Compounds: A Personal Perspective[END_REF] Unfortunately, during a phase I/II study, its clinical activity was found to be disappointing, which led to the discontinuation of the trials. These poor results were mainly attributed to dose-limiting adverse events associated with the treatments. [START_REF] Leijen | Phase I/II Study with Ruthenium Compound NAMI-A and Gemcitabine in Patients with Non-Small Cell Lung Cancer after First Line Therapy[END_REF] Therefore, current trends in the development of novel Ru-based anticancer drug candidates aim to meet the need for more efficient treatments and improved toxicological profiles for the emergent drugs. For instance, Ru(II) polypyridyl complexes have shown great potential, [START_REF] Mital | Biological Applications of Ru(II) Polypyridyl Complexes[END_REF][START_REF] Notaro | Monomeric and Dimeric Coordinatively Saturated and Substitutionally Inert Ru(II) Polypyridyl Complexes as Anticancer Drug Candidates[END_REF] finding applications in tumour diagnosis, [START_REF] Lin | Applications of Ruthenium Complex in Tumor Diagnosis and Therapy[END_REF] as antineoplastic agents [START_REF] Notaro | Monomeric and Dimeric Coordinatively Saturated and Substitutionally Inert Ru(II) Polypyridyl Complexes as Anticancer Drug Candidates[END_REF][START_REF] Salassa | Polypyridyl Metal Complexes with Biological Activity[END_REF] or photosensitizers for PDT. [START_REF] Heinemann | Critical Overview of the Use of Ru(II) Polypyridyl Complexes as Photosensitizers in One-Photon and Two-Photon Photodynamic Therapy[END_REF][START_REF] Jakubaszek | Mechanisms of Action of Ru(II) Polypyridyl Complexes in Living Cells upon Light Irradiation[END_REF] The most successful compound bearing a Ru(II) polypyridyl scaffold, TLD-1433, [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] has recently entered phase II clinical studies as a photosensitizer for intravesical photodynamic therapy (PDT) against bladder cancer. [START_REF]Intravesical Photodynamic Therapy (PDT) in BCG Refractory/Intolerant Non-Muscle Invasive Bladder Cancer (NMIBC) Patients[END_REF][START_REF] Mcfarland | Metal-Based Photosensitizers for Photodynamic Therapy: The Future of Multimodal Oncology?[END_REF] Moreover, very interesting results have been found for heteroleptic complexes of Ru(II), bearing an O,O-chelating ligand. For instance, RAPTA complexes with curcuminoid ligands (IC50 values ≤ 1 μM) displayed novel binding modes with biomolecular targets and high, cancer cell selective activity. [START_REF] Pettinari | Ruthenium(II)-Arene RAPTA Type Complexes Containing Curcumin and Bisdemethoxycurcumin Display Potent and Selective Anticancer Activity[END_REF] In addition, Ru II (η [START_REF] Smith | Targeted and Multifunctional Arene Ruthenium Chemotherapeutics[END_REF] -p-cymene) complexes with flavonol-derived ligands were found to have potent cytotoxic activity against several human cancer cell lines, with IC50 values in the low micromolar range. [START_REF] Kurzwernhart | Structure-Activity Relationships of Targeted Ru II (η 6 -p-Cymene) Anticancer Complexes with Flavonol-Derived Ligands[END_REF] These recent discoveries have prompted us towards the study of the therapeutic potential of Ru(II) polypyridyl complexes with the flavonoids shown in Figure 1, as O,O-chelating ligands.

Flavonoids are a naturally occurring subclass of polyphenols, with high structural versatility. [START_REF] Uivarosi | Chapter 2 -An Overview of Synthetic and Semisynthetic Flavonoid Derivatives and Analogues: Perspectives in Drug Discovery; Attaur-Rahman[END_REF] They have been extensively studied in the design of novel anticancer drug candidates. As a result, two derivatives of the flavonoid chrysin (Figure 1), namely flavopiridol and P276-00, have entered clinical trials. [START_REF] Senderowicz | Flavopiridol: The First Cyclin-Dependent Kinase Inhibitor in Human Clinical Trials[END_REF][START_REF] Jain | Cyclin-Dependent Kinase Inhibition by Flavoalkaloids[END_REF] Although not yet fully understood, the cytotoxic activity of flavonoids is believed to rely upon the modulation of cellular processes that include proliferation, differentiation, apoptosis, metastasis and oxidative stress. [START_REF] Uivarosi | Chapter 2 -An Overview of Synthetic and Semisynthetic Flavonoid Derivatives and Analogues: Perspectives in Drug Discovery; Attaur-Rahman[END_REF][START_REF] Chahar | Flavonoids: A Versatile Source of Anticancer Drugs[END_REF][START_REF] Singh | An Important Scaffold for Medicinal Chemistry[END_REF] Moreover, naturally occurring flavonoid aglycons display exceptionally low, if any, systemic toxicity. It should be noted, however, that the absence of acute toxic effects is related to their low water solubility and bioavailability. [START_REF] Kumar | Chemistry and Biological Activities of Flavonoids: An Overview[END_REF][START_REF] Hostetler | Food Sources, Bioavailability, Metabolism, and Bioactivity[END_REF] The present work focuses on the synthesis of four novel monocationic Ru(II)-polypyridyl Worthy of note, morin bears three possible coordination sites (Figure 1) and literature data suggests that the preferred binding site of metal ions to morin is the 3,4-O,O site. [START_REF] Porter | The Aluminium(III) Complexes of Hydroxyflavones in Absolute Methanol. Part II. Ligands Containing More than One Chelating Site[END_REF][START_REF] Panhwar | Synthesis and Properties of Zirconium (IV) and Molybdate (II) Morin Complexes[END_REF][START_REF] Naso | Biological Evaluation of Morin and Its New Oxovanadium(IV) Complex as Antio-Xidant and Specific Anti-Cancer Agents[END_REF][START_REF] Zahirović | Heteroleptic Ruthenium Bioflavonoid Complexes: From Synthesis to in Vitro Biological Activity[END_REF] Therefore, in order to The second isomer is presumed to be the result of the morin binding via the 3,4-O,O site. The rate of isomerisation between the two isomers, however, is slow, with approximately 25% of the 3,4-O,O complex being visible by 1 H NMR after 5 days in solution (Figure S5). It should be noted that [Ru(DIP)2(mor)](OTf) is stable if stored as a powder at -20 o C for over 6 months.

The identity of the compounds was confirmed by ESI-MS and NMR spectroscopy (Figures S1-S9) and their purity confirmed by microanalysis. All complexes are chiral and were isolated as a racemic mixture of ∆ and Λ enantiomers. No attempt to obtain enantiopure complexes was made in this work. All four complexes are stable in the solid state and soluble in methanol, DCM, DMSO, DMF and moderately soluble in acetone, acetonitrile. Since the stability and aggregation of metal-based drug candidates is an important parameter, stability studies were undertaken. [START_REF] Huang | Influence of the Dissolution Solvent on the Cytotoxicity of Octahedral Cationic Ir(III) Hydride Complexes[END_REF] S13).

Cytotoxicity, cellular uptake and metabolic studies

The biological activity of the complexes was tested on MDA-MB-435S (human, melanoma), FaDU (human, pharynx carcinoma), MCF-7 (human, ductal carcinoma), U87 (human, glioblastoma), RPE-1 (human, normal retinal pigmented epithelium) and HEK 293 (human embryonic kidney) cell lines using a fluorometric cell viability assay. [START_REF] Frei | Characterization, and Biological Evaluation of New RU(Ii) Polypyridyl Photosensitizers for Photodynamic Therapy[END_REF] Cisplatin and doxorubicin were tested in the same conditions as positive controls. The literature cites good to excellent cytotoxic activity for other 5-hydroxyflavone, chrysin and morin metal complexes, [START_REF] Zahirović | Heteroleptic Ruthenium Bioflavonoid Complexes: From Synthesis to in Vitro Biological Activity[END_REF][START_REF] Munteanu | Cytotoxicity Studies, DNA Interaction and Protein Binding of New Al (III), Ga (III) and In (III) Complexes with 5-Hydroxyflavone[END_REF][START_REF] Deka | Ferrocene Conjugated Copper(II) Complexes of Terpyridine and Traditional Chinese Medicine (TCM) Anticancer Ligands Showing Selective Toxicity towards Cancer Cells[END_REF][START_REF] Roy | Potentiating Apoptosis and Modulation of P53, Bcl2, and Bax by a Novel Chrysin Ruthenium Complex for Effective Chemotherapeutic Efficacy against Breast Cancer[END_REF][START_REF] Spoerlein | Effects of Chrysin, Apigenin, Genistein and Their Homoleptic Copper (II) Complexes on the Growth and Metastatic Potential of Cancer Cells[END_REF] results that prompted us to the design of these compounds. Worthy of note, complexes of morin (bound via the 3,4-O,O site) and chrysin bearing a Ru(II) polypyridyl scaffold have been previously reported. Their cytotoxic activity was studied on HeLa (cervical carcinoma), SW620 (colorectal adenocarcinoma, metastatic), HepG2 (hepatocellular carcinoma)

and MCF-7 cell lines with IC50 values ranging from 7.64 to >100 μM. [START_REF] Zahirović | Heteroleptic Ruthenium Bioflavonoid Complexes: From Synthesis to in Vitro Biological Activity[END_REF] [Ru(DIP)2(mor)](OTf), however, was found to be essentially non-toxic, with IC50 values above 50 μM in all cell lines tested, while [Ru(DIP)2(5-OHF)](PF6) and [Ru(DIP)2(chr)](OTf) exerted moderate toxicity towards some of the cell lines tested. Interestingly, the most promising complex identified in this study is the complex bearing the flavonoid genistein, ([Ru(DIP) 2 (gen)](PF 6 )), with IC50 values comparable to those of both cisplatin and doxorubicin. Genistein is considered a suitable lead for anticancer drug development and derivatives have been synthesised in order to enhance its cytotoxic activity. [START_REF] Fotsis | a Dietary Ingested Isoflavonoid, Inhibits Cell Proliferation and in Vitro Angiogenesis[END_REF][START_REF] Peterson | Genistein Stimulated Inhibits Both Proliferation Estrogen and Growth of Human Breast Cancer[END_REF][START_REF] Ullah | Soy Isoflavone Genistein Induces Cell Death in Breast Cancer Cells through Mobilization of Endogenous Copper Ions and Generation of Reactive Oxygen Species[END_REF][START_REF] Marverti | Stimulation of Cis-Diamminedichloroplatinum(II) Accumulation by Modulation of Passive Permeability with Genistein: An Altered Response in Accumulation-Defective Resistant Cells[END_REF][START_REF] Spagnuolo | Genistein and Cancer: Current Status, Challenges, and Future Directions[END_REF] It should be stated that among all chemical derivatives of genistein, scarce data exists regarding its metal complexes. For instance, a homoleptic copper (II) genistein complex was reported to enhance the cytotoxic activity of the ligand against four cancer cell lines, including 518A2 melanoma and MCF-7/Topo breast carcinoma cell lines. [START_REF] Spoerlein | Effects of Chrysin, Apigenin, Genistein and Their Homoleptic Copper (II) Complexes on the Growth and Metastatic Potential of Cancer Cells[END_REF] Unfortunately,

[Ru(DIP)2(gen)](PF6) exerted no selectivity between cancerous and non-cancerous cell lines with comparable IC50 values. However, this drawback is commonly faced in medicinal chemistry and could be improved by the introduction of a targeting moiety.

[Ru(DIP) 2 (gen)](PF 6 ) showed good activity towards the MDA-MB-435S cell line, with an IC50 of 2.64 μM. Currently, this cell line is identified as a melanoma cell line, which derives from the pleural effusion of a 31-year-old female with metastatic, ductal adenocarcinoma of the breast and considered still valuable for the study of metastasis. [START_REF] Chambers | MDA-MB-435 and M14 Cell Lines : Identical but Not M14 Melanoma ?[END_REF][START_REF] Rae | MDA-MB-435 Cells Are Derived from M14 Melanoma Cells --a Loss for Breast Cancer , but a Boon for Melanoma Research[END_REF] The lower activity expressed by the complex towards the MCF-7 cell line (IC50=16.67 μM) led us to study the cellular uptake and mechanism of uptake of this complex in two different cell lines derived from breast tissue. In these experiments, cells were treated with 5 μM of [Ru(DIP) 2 (gen)](PF 6 ) for 2 h and the metal content was analysed via inductively coupled plasma mass spectrometry (ICP-MS). Cisplatin and Ru(DIP)2Cl2 were tested in the same conditions as controls. The viability of the cells after the 2 h treatment was additionally tested, confirming that the acquired results were obtained from living cells (Figure S14). Figure 2a shows that the cellular uptake is much lower for the MCF-7 cell line when compared to MDA-MB-435S for all the tested compounds. Interestingly, Ru(DIP) 2 Cl 2 accumulates more in MDA-MB-435S compared to [Ru(DIP) 2 (gen)](PF 6 ), in the same cell line, but shows lower cytotoxicity than the flavonoid complex. This observation can be rationalised by the explanation provided by Policar et al. in 2014 where they state that IC50 is a resultant value of cellular uptake, interaction with cellular target and its intrinsic toxicity. [START_REF] Clède | Influence of the Side-Chain Length on the Cellular Uptake and the Cytotoxicity of Rhenium Triscarbonyl Derivatives : A Bimodal Infrared and Luminescence Quantitative Study[END_REF] Therefore, one could argue that the higher activity expressed by [Ru(DIP)2(gen)](PF6) towards MDA-MB-435S when compared to MCF-7 cells, comes as a consequence of its higher cellular uptake. To understand the kinetics of the tested compounds in the chosen cell lines, we have performed time-dependent accumulation experiments. Ruthenium and platinum contents in treated cells were measured by ICP-MS after 2 h, 12 h, 24 h and 48 h. In this analysis, the concentration of the tested compounds was decreased to 1 µM to reduce cell loss during the experiment. Figures 2b and2c Ru(DIP)2Cl2 strongly inhibit mitochondrial respiration. Cells do not respond to the oligomycin injection, which inhibits ATP synthase, [START_REF] Shchepina | Inhibitor of the F 0 Part of H + -ATP-Synthase , Suppresses the TNF-Induced Apoptosis[END_REF] nor to the FCCP which will interfere with the mitochondrial membrane proton gradient. [START_REF] Inho | FCCP Depolarizes Plasma Membrane Potential by Activating Proton and Na + Currents in Bovine Aortic Endothelial Cells[END_REF] ATP production, as well as spare respiratory capacity (calculated as the difference between maximal and basal respiration), are extremely low, further confirming non-functioning mitochondria in treated MDA-MB-435S cells.

Next, the effect on the glycolysis process was investigated. to Ru(DIP) 2 Cl 2 . This result suggests that addition of the flavonoid moiety changes the behaviour of the complex in living cells and allows for a more complex mode of action, leading to cell death.

Therefore, we consider [Ru(DIP)2(gen)](PF6) to be a suitable candidate for further studies, which will aim to identify the cellular targets of the complex and possible interactions with protein transporters. Since the current treatment of advanced melanoma provides modest results, this work may open new opportunities in the search for chemopreventive and/or chemotherapeutic agents for human cancers, especially melanoma.

Experimental Section

Materials

All chemicals were either of reagent or analytical grade and used as purchased from commercial sources without additional purification. Ruthenium trichloride hydrate was provided by I 2 CNS, 4,7-diphenyl-1,10-phenanthroline, lithium chloride (anhydrous, 99%), the flavonoids and tetrabutylammonium hexafluorophosphate were provided by Sigma-Aldrich. All solvents were purchased of analytical, or HPLC grade. When necessary, solvents were degassed by purging with dry, oxygen-free nitrogen for at least 30 minutes before use. Preparative thin layer chromatography (TLC) glass plates (Analtech, Sigma-Aldrich, Steinheim, Germany, 20 cm × 20 cm; 1500 𝜇m thickness).

Instrumentation and methods

Amber glass or clear glassware wrapped in tin foil were used when protection from the light was necessary. Schlenk glassware and a vacuum line were employed when reactions sensitive to moisture/ oxygen had to be performed under a nitrogen atmosphere. Thin layer chromatography (TLC) was performed using silica gel 60 F-254 (Merck) plates with detection of spots being achieved by exposure to UV light. Eluent mixtures are expressed as volume to volume (v/v) ratios.

1 H and [START_REF] Trondl | the First Ruthenium-Based Anticancer Drug on the Edge to Clinical Application[END_REF] C NMR spectra were measured on Bruker Avance III HD 400 MHz or Bruker Avance Neo 500 MHz spectrometers using the signal of the deuterated solvent as an internal standard. [START_REF] Fulmer | NMR Chemical Shifts of Trace Impurities: Common Laboratory Solvents, Organics, and Gases in Deuterated Solvents Relevant to the Organometallic Chemist[END_REF] The chemical shifts δ are reported in ppm (parts per million) relative to tetramethylsilane (TMS)

or signals from the residual protons of deuterated solvents. The following abbreviations were used to designate multiplicities: s = singlet, d = doublet, app t = apparent triplet, m = multiplet, dd = double-doublet, br = broad. Chemical shifts were expressed in ppm. ESI experiments were carried out using a 6470 Triple Quad (Agilent Technologies). Elemental analysis was performed at Science Centre, London Metropolitan University using Thermo Fisher (Carlo Erba) Flash 2000 Elemental Analyser, configured for %CHN. IR spectra were recorded with a SpectrumTwo FTIR Spectrometer (Perkin-Elmer) equipped with a Specac Golden GateTM ATR (attenuated total reflection) accessory; applied as neat samples; 1/λ in cm -1 .

Synthesis and characterization

RuCl 2 (dmso) 4

RuCl2(dmso)4 was synthesised following an adapted literature procedure. [START_REF] Brastos | Ruthenium Complexes[END_REF] Spectroscopic data were in agreement with the literature. 36

Ru(DIP) 2 Cl 2

Ru(DIP)2Cl2 was synthesised following an adapted literature procedure. [START_REF] Brastos | Ruthenium Complexes[END_REF] Spectroscopic data were in agreement with the literature. [START_REF] Caspar | A New Family of Mono-and Dicarboxylic Ruthenium Complexes [Ru(DIP) 2 (L 2 )] 2+ (DIP = 4,7-Diphenyl-1,10-Phenanthroline): Synthesis, Solution Behavior, and X-Ray Molecular Structure of Trans -[Ru(DIP) 2 (MeOH) 2[END_REF][START_REF] Notaro | A Ruthenium(II) Complex Containing a Redox-Active Semiquinonate Ligand as Potential Chemotherapeutic Agent: From Synthesis to In Vivo Studies[END_REF] [Ru(DIP) 2 (5-OHF)](PF 6 )

Ru(DIP)2Cl2 (0.20 g, 0.24 mmol) and aq. NaOH (0.38 mL, 1 M) were dissolved in ethanol (20 mL). The solution was degassed for 20 min and 5-hydroxyflavone (0.09 g, 0.38 mmol) was added. The resulting mixture was heated to reflux for 1.5 h under a N2 atmosphere and protected from light. The mixture was cooled to RT, while still protected from light, and the solvent was removed under vacuum. The residual solid was redissolved in ethanol (10 mL), and H2O (100 mL) and NH4PF6 (1.00 g, 6.13 mmol) were added. The precipitate formed was filtered, washed with H2O (3 × 50 mL) and Et2O (3 × 50 mL) and collected. The solid with Et2O (10 mL) and then heptane (10 mL), was sonicated for 10 min and then centrifuged. This procedure was repeated three times for each solvent. The solid was collected with DCM and dried under vacuum to deliver 

[Ru(DIP) 2 (gen)](PF 6 )

Ru(DIP)2Cl2 (0.20 g, 0.24 mmol) was dissolved in ethanol (20 mL). The solution was degassed for 20 min and silver triflate (0.13 g, 0.52 mmol) was added. The mixture was stirred at RT for 1 h protected from light, under a N2 atmosphere. The crude reaction mixture was filtered and the filtrate was degassed for 20 min. To the degassed solution, genistein (0.10 g, 0.38 mmol) and an ethanolic solution of sodium ethoxide (21%, 285 μL) were added. The mixture was heated to reflux for 2 h under N2 atmosphere whilst protected from light. The mixture was cooled to RT and the solvent was removed under vacuum. The residual solid was dissolved in ethanol (10 mL), and H2O (100 mL) and NH4PF6 (1.00 g, 6.13 mmol) were added. The precipitate which formed was filtered and washed with H2O (3 x 50 mL), heptane (3 x 50 mL) and Et2O (2 x 50 mL). The solid was collected with DCM and dried under vacuum to deliver the crude product. Purification was achieved via preparative TLC (DCM/ethylacetate/methanol 79/20/1). The product was collected from the prep TLC with methanol and the solvent was subsequently removed under reduced pressure. The solid with Et2O (10 mL) and then heptane (10 mL), was sonicated for 10 min and then centrifuged. This procedure was repeated three times for each solvent. [Ru(DIP) 2 (chr)](OTf)ꞏ4H 2 O Ru(DIP)2Cl2 (0.50 g, 0.60 mmol) was dissolved in ethanol (30 mL). The solution was degassed for 20 min and silver triflate (0.34 g, 1.32 mmol) was added. The mixture was stirred at RT for 1 h protected from light, under a N2 atmosphere. The crude reaction mixture was filtered and the filtrate was degassed for 20 min before chrysin (0.24 g, 0.96 mmol) and an ethanolic solution of sodium ethoxide (21%, 717 μL) were added. The mixture was heated to reflux for 2 h under N2 atmosphere and protected from light. The mixture was cooled to RT, while still protected from light, and the solvent was removed under vacuum. The residual solid was collected in DCM (20 mL) and filtered through celite. The solvent was removed under vacuum to deliver the crude product. Purification was achieved via preparative TLC (DCM/ethylacetate/methanol 79/20/1).

The product was collected from the prep TLC with methanol and the solvent was subsequently removed under reduced pressure. The solid with Et2O (10 mL) and then heptane (10 mL), was sonicated for 10 min and then centrifuged. This procedure was repeated three times for each solvent. The solid was collected with DCM and dried under vacuum to afford [Ru(DIP) 2 (chr)](OTf) (0.12 g, 0.09 mmol, 16% yield) as a deep purple solid. 

[Ru(DIP) 2 (mor)](OTf)

A. Morin (0.56 g, 1.85 mmol) was suspended in dry tetrahydrofuran (50 mL) and triethylamine

(1.55 mL, 11.1 mmol) was added. The mixture was stirred at RT under a N2 atmosphere for 15 minutes before TMS-Br (1.47 mL, 11.1 mmol) was added. The mixture was stirred at RT under a N2 atmosphere for 2.5 h before being added to a separating funnel. H2O (50 mL) was added and the product was extracted in DCM and dried on Na2SO4. The solvent was removed under vacuum to yield the crude product A.

B. Ru(DIP)2Cl2 (0.83 g, 1.00 mmol) was dissolved in ethanol (50 mL). The solution was degassed for 20 min and silver triflate (0.56 g, 2.20 mmol) was added. The mixture was stirred at RT for 1 h protected from light, under a N2 atmosphere. The crude reaction mixture was filtered and the filtrate was degassed for 20 min before product A and an ethanolic solution of sodium ethoxide (21%, 750 μL) were added. The mixture was heated to reflux for 2 h under N2 atmosphere and protected from light. The mixture was cooled to RT, while still protected from light, and the solvent was removed under vacuum. The residual solid was collected in DCM (20 mL) and filtered through celite. The solvent was removed under vacuum to deliver the crude product. Purification was achieved via preparative TLC (DCM/ethylacetate/methanol 79/20/1). The product was collected from the prep TLC with methanol and the solvent was subsequently removed under reduced pressure. The solid with Et2O (10 mL) and then heptane (10 mL), was sonicated for 10 min and then centrifuged. This procedure was repeated three times for each solvent. 

Stability studies

The stability in DMSO-d6 or DMF-d7 at room temperature was assessed by 1 H NMR over 96 h. or DMF ([Ru(DIP)2(mor)](OTf), Ru(DIP)2Cl2, which were further diluted to 100 μM in cell media. After 48 h incubation, the medium was removed and 100 μL of complete medium containing resazurin (0.2 mg/mL final concentration) was added. After 4 h of incubation at 37 °C, the fluorescence signal of resorufin product was read (ex: 540 nm em: 590 nm) in a SpectraMax M5 microplate Reader. IC50 values were then calculated using GraphPad Prism software.

Cytotoxicity assay using a 2D cellular model

GraphPad Prism calculations of IC 50 values

XY analysis with three replicate values in side by side sub-columns were chosen. Inserted raw data obtained from SpectraMax M5 microplate reader was treated as follows: X values were transformed into logarithm; data was normalised to the lowest Y value. Data was then analysed with XY analysis "Nonlinear regression (curve fit)" then "log(inhibitor) vs. normalized response".

Cytotoxicity assay using a 2D cellular model f (2 h incubation)

Cytotoxicity of [Ru(DIP) 2 (gen)](PF 6 ) and cisplatin was assessed by a fluorometric cell viability assay using Resazurin (ACROS Organics). Briefly, cells were seeded in triplicate in 96-well plates at a density of 4×10 3 cells/well in 100 μL. After 24 h, cells were treated with increasing concentrations of the complexes. Dilutions were prepared as described in the section "Cytotoxicity assay using a 2D cellular model". After 2 h incubation, the medium was removed and 100 μL of complete medium containing resazurin (0.2 mg/mL final concentration) was added. After 4 h of incubation at 37 °C, the fluorescence signal of resorufin product was read (ex: 540 nm em: 590 nm) in a SpectraMax M5 microplate Reader. IC50 values were then calculated using GraphPad Prism software as stated before.

Sample Preparation for cellular uptake

MDA-MB-435S and MCF-7 cells were seeded at a density of 2×10 6 in 10 cm plates. Next day, cells were treated with 5 μM concentration of [Ru(DIP)2(gen)](PF6), Ru(DIP)2Cl2 or cisplatin.

Dilutions were prepared as described in the section "Cytotoxicity assay using a 2D cellular model".

After 2 h, cells were washed, collected, counted and snap frozen in liquid nitrogen and stored at -20 ºC. ICP-MS samples were prepared as follows: samples were digested using 70% nitric acid (1 mL, 60 ºC, overnight). Samples were then further diluted 1:100 (1% HCl solution in MQ water)

and analysed using ICP-MS.

Sample preparation for studies on the mechanism of cellular uptake

Samples were prepared as previously reported. [START_REF] Notaro | A Ruthenium(II) Complex Containing a Redox-Active Semiquinonate Ligand as Potential Chemotherapeutic Agent: From Synthesis to In Vivo Studies[END_REF] Briefly, MDA-MB-435S and MCF-7 cells were seeded at a density of 2×10 6 in 10 cm dishes and were pre-treated the following day with the corresponding inhibitors or kept at a specific temperature for 1 h. Next, cells were washed with PBS and were incubated with 5 μM of [Ru(DIP)2(gen)](PF6) or Ru(DIP)2Cl2 for 2 h (low temperature samples were still kept at 4 ºC). Dilutions were prepared as described in the section "Cytotoxicity assay using a 2D cellular model". Subsequently, cells were washed with PBS, collected, counted and snap frozen in liquid nitrogen. Pellets were stored at -20 ºC. ICP-MS samples were prepared as follows: samples were digested using 70% nitric acid (1 mL, 60 ºC, overnight), further diluted 1:100 (1% HCl solution in MQ water) and analysed using ICP-MS.

Sample Preparation for time-dependent cellular accumulation

MDA-MB-435S and MCF-7 cells were seeded at a density of 3×10 6 in 10 cm plates. The next day, cells were treated with 1 μM concentration of [Ru(DIP)2(gen)](PF6), Ru(DIP)2Cl2 or cisplatin.

Dilutions were prepared as described in the section "Cytotoxicity assay using a 2D cellular model".

After 2 h, 12 h, 24 h and 48 h, respectively, the cells were washed, collected, counted and snap frozen in liquid nitrogen and stored until further use at -20 ºC. ICP-MS samples were prepared as follows: samples were digested using 70% nitric acid (0.5 ml for the 2 h and 12 h samples; 1 mL for the 24 h and 48 h samples, 65 ºC, overnight). The samples were further diluted 1:50 (2 h samples) or 1:100 (12 h, 24 h, 48 h samples) in 1% HCl solution in MQ water and analysed using ICP-MS.

ICP-MS studies

All ICP-MS measurements were performed on a high resolution ICP-MS (Element II, ThermoScientific) located at the Institut de physique du globe de Paris (France). The monitored isotopes are 101 Ru and 195 Pt. Daily, prior to the analytical sequence, the instrument was first tuned to produce maximum sensitivity and stability while also maintaining low uranium oxide formation (UO/U ≤ 5%). The data were treated as follows: intensities were converted into concentrations using uFREASI (user-FRiendly Elemental dAta proceSsIng ). [START_REF] Tharaud | UFREASI: User-FRiendly Elemental DAta ProcesSIng. A Free and Easy-to-Use Tool for Elemental Data Treatment[END_REF] This software, developed for HR-ICP-MS users community, is free and available on http://www.ipgp.fr/~tharaud/uFREASI.

ICP-MS data analysis

Cellular uptake studies: The amount of metal detected in the cell samples was transformed from ppb into μg of metal. Data were subsequently normalised to the number of cells and expressed as ng of metal/ amount of cells.

Mechanism of uptake:

The amount of ruthenium detected in cell samples was transformed from ppb into μg of ruthenium and values obtained were normalised to the number of cells used for specific treatment. The value for the ruthenium found in the 37 ºC sample was used as a 100%.

Metabolic Studies

HeLa cells were seeded in Seahorse XFe96 well plates at a density of 10×10 3 cells / well in 80 μL.

After 24 h, the medium was replaced with fresh medium and cisplatin (1 μM), genistein (1 μM), Ru(DIP)2Cl2 (1 μM) or [Ru(DIP)2(gen)](PF6) (1 μM) were added. Dilutions were prepared as described in the section "Cytotoxicity assay using a 2D cellular model". After 24 h of incubation, the regular medium was removed, cells were washed thrice using Seahorse Base Media and incubated in a non-CO2 incubator at 37 °C for 1 h.

Mito Stress Test: Mitostress assay was run using oligomycin, 1 μM, FCCP 1 μM and mixture of antimycin-A/ rotenone 1 μM each in ports A, B and C respectively using Seahorse XFe96

Extracellular Flux Analyzer.

Glycolysis Stress Test: Glycolytic stress test was run using glucose (10 mM), oligomycin (1 μM) and 2-Deoxyglucose (50 mM) in ports A, B and C respectively using Seahorse XFe96 Extracellular Flux Analyzer.

Supporting Information

The Supporting Information is at DOI: XXXXX. 

  complexes with the general formula [Ru(DIP)2flv]X, where DIP is 4,7-diphenyl-1,10phenanthroline, flv stands for the flavonoid ligand (5-hydroxyflavone in [Ru(DIP)2(5-OHF)](PF 6 ), genistein in [Ru(DIP) 2 (gen)](PF 6 ), chrysin in [Ru(DIP) 2 (chr)](OTf), and morin in [Ru(DIP) 2 (mor)](OTf)) and X is the counterion (PF6̄ or OTf ̄ (triflate)). Following the successful synthesis and characterisation, the antiproliferative activity of the complexes was tested against different cell lines. For the most potent compound of the series, metabolic studies were performed and compared with the Ru(DIP) 2 Cl 2 precursor. 0 Results and Discussion Synthesis and characterization of the Ru(II) complexes The synthesis of the Ru(II) complexes was achieved in a 2-step process for [Ru(DIP)2(5-OHF)](PF 6 ), a 3-step process for [Ru(DIP) 2 (gen)](PF 6 ) and [Ru(DIP) 2 (chr)](OTf) and a 4-step process for [Ru(DIP)2(mor)](OTf), respectively (Scheme 1). Briefly, RuCl2(dmso)4 36 , DIP and LiCl were refluxed in DMF to afford Ru(DIP) 2 Cl 2 in a 72% yield after precipitation with acetone. 37 Ru(DIP) 2 Cl 2 was then refluxed in a nitrogen atmosphere for 1.5-2 hours with the appropriate flavonoid in the presence of sodium ethoxide in dry ethanol. Complexes [Ru(DIP)2(5-OHF)](PF 6 ) and [Ru(DIP) 2 (gen)](PF 6 ) (25% and 13%, respectively) were obtained after precipitation with a large excess of NH4PF6 and further purification. Complexes [Ru(DIP)2(chr)](OTf) and [Ru(DIP)2(mor)](OTf) (16% and 35%, respectively) were obtained via a ruthenium triflate intermediate. Briefly, Ru(DIP) 2 Cl 2 and silver triflate were stirred to afford [Ru(DIP)2(OTf)2], and the appropriate flavonoid was added after filtration of AgCl in the presence of sodium ethoxide.

Figure 1 .

 1 Figure 1. Chemical structures of flavonoids 5-hydroxyflavone, chrysin, genistein and morin.

1 allowScheme 1 .

 11 Scheme 1. Synthesis of complexes of the type [Ru(DIP)2(flv)]X, where flv = flavonoid and X = counterion. I) DIP, LiCl, DMF, reflux, 24 h, 78%. II) (i) NaOH, 5-hydroxyflavone, ethanol, reflux, 2 h; (ii) NH4PF6, ethanol/H2O (1:10), 25%. III) (i) silver triflate, ethanol, RT, 1h. IV) sodium ethoxide, genistein, ethanol, reflux, 2 h; (ii) NH4PF6, ethanol/H2O (1:10), 13%. V) sodium ethoxide, chrysin, ethanol, reflux, 2 h, 16%. VI) NEt3, TMSBr, THF, RT, 1h. VII) sodium ethoxide, Ru(DIP)2(OTf)2, ethanol, reflux, 2 h, 35%.

  show the changes in cellular accumulation in the two cell lines tested. The obtained results confirm previous conclusions that all tested compounds accumulate more in the MDA-MB-435S cell line than in MCF-7 cells. After 24 h incubation time, a similar uptake of Ru(DIP) 2 Cl 2 and [Ru(DIP) 2 (gen)](PF 6 ) was found in MDA-MB-435S (~ 30 ng of metal in 10 6 cells) in comparison with cisplatin (~ 4 ng of metal in 10 6 cells). On the other hand, [Ru(DIP)2(gen)](PF6) accumulates much more in MCF-7 cells than the two other compounds after 24 h (~ 2 ng of metal in 10 6 cells as compared to ~ 1 ng) and 48 h (~ 5 ng of metal in 10 6 cells compared to ~ 1 ng). Notably, there is a discrepancy between the amount of metal detected in the total accumulation and the time dependent accumulation experiments in both cell lines at the 2 h time point (shown in Figures 2a, 2b and 2c). This can be explained by the different mechanisms of uptake of the Ru complexes (see below) and the availability of the complexes in cellular media (5 times lower concentration of the compounds in the time dependent experiments).To understand the nature of the mechanism of uptake (passive or active) of the tested complexes, cells were pre-treated with various inhibitors or kept at different temperatures. A temperature of 4 ºC was used to slow down passive diffusion, as well as active transportation. To block cellular metabolism, pre-treatments with ATP production inhibitors 2-deoxy-D-glucose and oligomycin were performed. Chloroquine or ammonium chloride (NH4Cl) impede endocytic pathways and tetraethylammonium chloride stops the cation transporters. Following pre-treatments, cells were incubated with [Ru(DIP)2(gen)](PF6) or Ru(DIP)2Cl2 (2 h, 5 μM) and subsequently analysed via ICP-MS (Figures2d and 2e).Inhibition of active uptake mechanisms did not significantly perturb accumulation of [Ru(DIP) 2 (gen)](PF 6 ) in both cell lines tested, demonstrating that the mechanism responsible for its accumulation is energy independent (passive). On the other hand, Ru(DIP)2Cl2 is taken up via a passive mechanism by the MCF-7 cell line and an active mechanism by the MDA-MB-435S cell line. As shown for other similar ruthenium complexes, this observation indicates that slight changes in lipophilic properties and structure play a decisive role in the cellular uptake of Ru(II) polypyridyl complexes.[START_REF] Puckett | Methods to Explore Cellular Uptake of Ruthenium Complexes[END_REF][START_REF] Puckett | Mechanism of Cellular Uptake of a Ruthenium Polypyridyl Complex[END_REF][START_REF] Gill | Targeting the Endoplasmic Reticulum with a Membrane-Interactive Luminescent Ruthenium(II) Polypyridyl Complex[END_REF] 

Figure 2 .

 2 Figure 2. ICP-MS data of cellular uptake of tested compounds in MDA-MB-435S and MCF-7 cell lines. (a) Total cellular accumulation (2 h treatment, 5 µM) (b) Time-dependent cellular accumulation in MDA-MB-435S cell line (c) Time-dependent cellular accumulation in MCF-7 cell line (d) Mechanism of cellular uptake of Ru(DIP) 2 Cl 2 in tested cell lines (2 h treatment, 5 µM) (e) Mechanism of cellular uptake of [Ru(DIP)2(gen)](PF6) in tested cell lines (2 h treatment,

  Figures 2b and S16 show interesting differences between the modes of action of [Ru(DIP) 2 (gen)](PF 6 ) and Ru(DIP) 2 Cl 2 . During the glycolysis stress test the first injection is made with a saturated solution of glucose. This treatment should trigger the glycolysis process in cells and consequently lead to higher ECAR. Surprisingly, MDA-MB-435S cells treated with [Ru(DIP) 2 (gen)](PF 6 ) showed no increase in ECAR values following injection of the saturated glucose solution. This observation is a clear indication of the impaired glycolytic process. On the other hand, cells treated with Ru(DIP) 2 Cl 2 showed similar glycolysis levels when compared to those of the untreated cells. This suggests that the cytosolic process of ATP production is impaired in [Ru(DIP)2(gen)](PF6) treated cells, but not in those treated with Ru(DIP) 2 Cl 2 . Furthermore, the lack of response to the oligomycin injection in cells treated with both complexes, agrees with the results obtained via the mito stress test, which suggests non-functioning mitochondria after both treatments. Interestingly, the complexes [Ru(DIP) 2 (sq)](PF 6 ), [Ru(DIP) 2 (mal)](PF 6 ) and [Ru(DIP) 2 (3-methoxysq)](PF 6 ), recentlyreported by our group, also showed impaired mitochondrial function but did not show any effect on the glycolysis process.[START_REF] Notaro | A Ruthenium(II) Complex Containing a Redox-Active Semiquinonate Ligand as Potential Chemotherapeutic Agent: From Synthesis to In Vivo Studies[END_REF][START_REF] Notaro | Increasing the Cytotoxicity of Ru(II) Polypyridyl Complexes by Tuning the Electronic Structure of Dioxo Ligands[END_REF][START_REF] Notaro | A Maltol-Containing Ruthenium Polypyridyl Complex as a Potential Anticancer Agent[END_REF] This illustrates how subtle structural changes in the complexes bearing the same Ru(DIP)2 core but different dioxo ligands, can result in significantly different behaviour of the complexes in living cells.

Figure 3 .

 3 Figure 3. a) Mito Stress Test profile in MDA-MB-435S cells after 24 h treatment. Oxygen consumption rate changes after treatment with specific electron transport chain inhibitors.Oligomycin (inhibitor of ATP synthase (complex V)), FCCP (uncoupling agent), antimycin-A (complex III inhibitor) and rotenone (complex I inhibitor). b) Glycolysis Stress Test profile in MDA-MB-435S cells after 24 h treatment. Extracellular acidification rate that corresponds to the glycolysis process changes after treatment with glucose (basal level of glycolysis in cells), oligomycin (inhibitor of ATP synthase (complex V) -mitochondria inhibition), 2-deoxyglucose (analogue of glucose that inhibits glycolytic pathway).

  The solid was collected with DCM and dried under vacuum to deliver [Ru(DIP) 2 (gen)](PF 6 ) (0.04 g, 0.033 mmol, 14%) as a deep purple solid. 1 H NMR (400 MHz, CD3OD): /ppm = 9.59 (d, J = 5.5 Hz, 1H), 9.21 (d, J = 5.5 Hz, 1H), 8.42 (d, J = 5.5 Hz, 1H), 8.28 (dd, J = 9.4, 1.4 Hz, 2H), 8.20 (dd, J = 9.4, 3.7 Hz, 2H), 8.10 (dd, J = 5.5, 2.3 Hz, 2H), 8.00 (d, J = 5.5 Hz, 1H), 7.82 -7.73 (m, 5H), 7.72 -7.53 (m, 18H), 7.50 (d, J = 5.5 Hz, 1H), 7.38 (d, J = 5.5 Hz, 1H), 6.50 (d, J = 8.7 Hz, 2H), 6.26 (d, J = 8.7 Hz, 2H), 6.10 (s, 1H); 13 C NMR (125 MHz, CD3OD): /ppm = 178.2, 169.5, 165.

  Cytotoxicity of [Ru(DIP) 2 (5-OHF)](PF 6 ), [Ru(DIP) 2 (gen)](PF 6 ), [Ru(DIP) 2 (chr)](OTf), [Ru(DIP)2(mor)](OTf), Ru(DIP)2Cl2, cisplatin and doxorubicin was assessed by a fluorometric cell viability assay using Resazurin (ACROS Organics). Briefly, cells were seeded in triplicate in 96-well plates at a density of 4×10 3 cells/well in 100 μL. After 24 h, cells were treated with increasing concentrations of the ruthenium complexes. Dilutions were prepared as follows: 0.250 mM stock in DMSO ([Ru(DIP) 2 (5-OHF)](PF 6 ), [Ru(DIP) 2 (gen)](PF 6 ), [Ru(DIP) 2 (chr)](OTf))

1 H

 1 -NMR spectrum of [Ru(DIP)2(5-OHF)](PF6) (Figure S1), 1 H-NMR spectrum of [Ru(DIP) 2 (gen)](PF 6 ) (Figure S2), 1 H-NMR spectrum of [Ru(DIP) 2 (chr)](OTf) (Figure S3), 1 H-NMR spectrum of [Ru(DIP) 2 (mor)](OTf) (Figure S4), 1 H-NMR spectrum of [Ru(DIP)2(mor)](OTf) after 5 days in solution (Figure S5), 13 C-NMR spectrum of [Ru(DIP)2(5-OHF)](PF 6 ) (Figure S6), 13 C-NMR spectrum of [Ru(DIP) 2 (gen)](PF 6 ) (Figure S7), 13 C-NMR spectrum of [Ru(DIP) 2 (chr)](OTf) (Figure S8), 13 C-NMR spectrum of [Ru(DIP) 2 (mor)](OTf) (Figure S9), Overlap of 1 H-NMR spectra of [Ru(DIP)2(5-OHF)](PF6) in DMSO (Figure S10), Overlap of 1 H-NMR spectra of [Ru(DIP) 2 (gen)](PF 6 ) in DMSO (Figure S11), Overlap of 1 H-NMR spectra of [Ru(DIP)2(chr)](OTf) in DMSO (Figure S12) Overlap of 1 H-NMR spectra of [Ru(DIP)2(mor)](OTf) in DMF (Figure S13), Fluorometric cell viability assay (Figure S14), Oxygen consumption rates and different respiration parameters in MDA-MB-435S cells alone or after treatment with various test compounds (Figure S15), Extracellular acidification rate and different parameters during glycolysis in MDA-MB-435S cells alone or after treatment with various test compounds (Figure S16).

DIP) 2 (5-OHF)](PF 6 ), [Ru(DIP)2(gen)](PF6), and [Ru(DIP)2(chr)](OTf) are stable in DMSO over 5 days. The stability of [Ru(DIP) 2 (mor)](OTf), on

  the other hand, was tested in DMF due to the slower isomerisation rate when compared to DMSO. Taking this into account, NMR analysis in DMF over 5 days shows no degradation of the product (Figure

							-45
	Preliminary	studies	(Figures	S10-S13)	showed	that	[Ru(

47,48 Ru(DIP) 2 Cl 2 as

  

	well as the flavonoids
	5-hydroxyflavone, genistein, chrysin and morin were used as additional controls. The IC50 (half
	maximal inhibitory concentration) values obtained in this study are reported in Table 1 (all
	cytotoxicity graphs are available in Figure S14).

Table 1 .

 1 IC50 values for flavonoid ligands, cisplatin, doxorubicin, [

Ru(DIP) 2 (5-OHF)](PF 6 ), [Ru(DIP) 2 (gen)](PF 6 ), [Ru(DIP) 2 (chr)](OTf), [Ru(DIP) 2 (mor)](OTf), and Ru(DIP) 2 Cl 2 in

  

	Cisplatin	19.69 ± 1.63 5.17 ± 0.21 17.62 ± 0.54 6.94 ± 0.46 39.9 ± 9.14	2.27 ± 0.67
	Doxorubicin	9.39 ± 1.37	1.55 ± 0.18 5.55 ± 1.37	0.59 ± 0.03 14.9 ± 1.31	0.21 ± 0.03
	Ru(DIP) 2 Cl 2	>50	>50		27.73 ± 5.33 25.59	±	3.13 ± 0.28	12.11 ± 1.30
						0.29	
	[Ru(DIP)2(5-	>50	38.21	±	24.48 ± 1.92 30.72	±	19.72 ± 8.23 26.46 ± 3.20
	OHF)](PF6)		5.22			1.48	
	[Ru(DIP)2(gen)](PF6) 16.67 ± 3.93 5.21 ± 0.73 2.64 ± 0.43	5.21 ± 1.74 2.36 ± 0.77	0.72 ± 0.10
	[Ru(DIP) 2 (chr)](OTf) >50	>50		27.73 ± 5.33 25.59	±	23.21 ± 8.08 33.02 ± 3.25
						0.29	
	[Ru(DIP)2(mor)](OTf) >50	>50		>50	>50		>50	>50
	different cell lines (48 h treatment).				
	Compounds				IC50 (μM)		
		MCF-7	FaDU		MDA-MB-	U87		RPE-1	HEK293
					435S		
	5-Hydroxyflavone	>100	>100		>100	>100		>100	>100
	Genistein	>100	>100		>100	>100		>100	75.85 ± 0.84
	Chrysin	62.59 ± 3.23 95.06	±	79.37 ± 8.13 91.14	±	>100	26.80 ± 2.79
			11.55			13.76	
	Morin	>100	>100		>100	>100		>100	>100
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An interesting parallel between this compound and its dichloro precursor highlights the impact of genistein on activity.