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Introduction

Glioblastoma is a highly aggressive brain cancer commonly found in adults. The current treatment includes surgical resection followed by a combination of radiotherapy and temozolomide chemotherapy. However, the development of intrinsic or acquired resistance to temozolomide [START_REF] Strobel | Temozolomide and Other Alkylating Agents in Glioblastoma Therapy[END_REF][START_REF] Mukherjee | Current insights on extracellular vesicle-mediated glioblastoma progression: Implications in drug resistance and epithelial-mesenchymal transition[END_REF] results in poor efficacy of treatment with a median survival rate of approximately 15 months for patients. In addition, numerous side effects are associated with these treatments [START_REF] Mukherjee | Current insights on extracellular vesicle-mediated glioblastoma progression: Implications in drug resistance and epithelial-mesenchymal transition[END_REF].

Between 50% and 70% of cancer patients who undergo chemotherapy receive a platinum derivative treatment. Cisplatin (PtCl2(NH3)2), the lead drug, is commonly used for, ovarian, uterine, lung, testicular and bladder cancers [START_REF] Rancoule | 50th anniversary of cisplatin[END_REF]. Alternatively, oxaliplatin is commonly used to treat metastatic colorectal, colon, pancreas and stomach cancers [START_REF] Martinez-Balibrea | Tumor-Related Molecular Mechanisms of Oxaliplatin Resistance[END_REF]. However, these two drugs, which are alkylating agents of nuclear DNA and cytosolic molecules leading to cell death, remain associated with severe systemic toxicity and resistance phenomena [START_REF] Rosenberg | Inhibition of Cell Division in Escherichia Coli by Electrolysis Products from a Platinum Electrode[END_REF][START_REF] Wisher | Martindale: The Complete Drug Reference. 37th ed[END_REF][START_REF] Dasari | Cisplatin in cancer therapy: Molecular mechanisms of action[END_REF][START_REF] Enriquez Perez | The effect of locally delivered cisplatin is dependent on an intact immune function in an experimental glioma model[END_REF].

Therefore, developing new platinum-based drugs that have reduced toxicity, higher efficacy and no drug resistance is an active area of research, including for glioblastoma [START_REF] Ferrari | A New Platinum-Based Prodrug Candidate for Chemotherapy and Its Synergistic Effect With Hadrontherapy: Novel Strategy to Treat Glioblastoma[END_REF]. In this context, using N-heterocyclic carbene (NHC) ligands has emerged as an interesting strategy to develop new metal complexes to effectively combat cancer [START_REF] Bourissou | Stable Carbenes[END_REF][START_REF] Herrmann | N-heterocyclic carbenes: a new concept in organometallic catalysis[END_REF][START_REF] Cesar | Chiral N-heterocyclic carbenes as stereodirecting ligands in asymmetric catalysis[END_REF][START_REF] Mercs | Beyond catalysis: N-heterocyclic carbene complexes as components for medicinal, luminescent, and functional materials applications[END_REF][START_REF] Benhamou | Synthetic Routes to N-Heterocyclic Carbene Precursors[END_REF][START_REF] Bellemin-Laponnaz | Group 1 and 2 and early transition metal complexes bearing N-heterocyclic carbene ligands: coordination chemistry, reactivity, and applications[END_REF][START_REF] Teyssot | Metal-NHC complexes: a survey of anti-cancer properties[END_REF]. Platinum NHC complexes and other metal NHC complexes (Au and Ag in particular [START_REF] Monticelli | Synthesis, Structure and Antitumoural Activity of Triazole-Functionalised NHC-Metal Complexes[END_REF][START_REF] Baron | Synthesis and biological assays on cancer cells of dinuclear gold complexes with novel functionalised di(N-heterocyclic carbene) ligands[END_REF][START_REF] Malik | Synthesis, structural characterization, docking simulation and in vitro antiproliferative activity of the new gold(III) complex with 2-pyridineethanol[END_REF]) have successfully been investigated for the development of potential metallodrugs [START_REF] Gasser | Organometallic anticancer compounds[END_REF][START_REF] Gautier | Advances in metal-carbene complexes as potent anti-cancer agents[END_REF][START_REF] Hartinger | Challenges and Opportunities in the Development of Organometallic Anticancer Drugs[END_REF][START_REF] Liu | Update on metal N-heterocyclic carbene complexes as potential anti-tumor metallodrugs[END_REF][START_REF] Zou | Anticancer metal-N-heterocyclic carbene complexes of gold, platinum and palladium[END_REF][START_REF] Porchia | New insights in Au-NHCs complexes as anticancer agents[END_REF][START_REF] Mora | Recent advances in gold-NHC complexes with biological properties[END_REF][START_REF] Hussaini | Recent progress in silver(I)-, gold(I)/(III)and palladium(II)-N-heterocyclic carbene complexes: A review towards biological perspectives[END_REF][START_REF] Bellemin-Laponnaz | N-Heterocyclic Carbene Platinum Complexes: A Big Step Forward for Effective Antitumor Compounds[END_REF]. They offer high stability of transition metal complexes, easy functionalization, and have been observed to be more cytotoxic than the platinum molecules currently used in vitro as well as in vivo [START_REF] Chekkat | N-Heterocyclic Carbene-Polyethylenimine Platinum Complexes with Potent in Vitro and in Vivo Antitumor Efficacy[END_REF][START_REF] Chtchigrovsky | Antitumor trans-N-heterocyclic carbene-amine-Pt(II) complexes: synthesis of dinuclear species and exploratory investigations of DNA binding and cytotoxicity mechanisms[END_REF][START_REF] Skander | N-heterocyclic carbene-amine Pt(II) complexes, a new chemical space for the development of platinum-based anticancer drugs[END_REF][START_REF] Mccartin | An N-heterocyclic carbene iridium(III) complex as a potent anticancer stem cell therapeutic[END_REF][START_REF] Mccartin | Polyethylenimine, an Autophagy-Inducing Platinum-Carbene-Based Drug Carrier with Potent Toxicity towards Glioblastoma Cancer Stem Cells[END_REF][START_REF] Mccartin | Evaluation of the Cytotoxicity of Cationic Polymers on Glioblastoma Cancer Stem Cells[END_REF].

Resistance phenomena in cancer treatments are common, and several hypotheses have been put forward to explain them. A growing body of experimental and clinical evidence indicates that rare populations of cells, called cancer stem cells (CSCs), play an important role in the development and therapeutic resistance of several cancers, including glioblastoma [START_REF] Reya | Stem cells, cancer, and cancer stem cells[END_REF][START_REF] Singh | Identification of human brain tumour initiating cells[END_REF], leading to invasive tumour growth and relapse [START_REF] Venere | Cancer stem cells in gliomas: Identifying and understanding the apex cell in cancer's hierarchy[END_REF][START_REF] Safa | Glioblastoma stem cells (GSCs) epigenetic plasticity and interconversion between differentiated non-GSCs and GSCs[END_REF]. This is the consequence of the low proliferation capacity of CSCs, among other things, which renders them resistant to common treatments that target the replication cell systems. Thus, in addition to eradicating cancer cells, the elimination of CSCs is of crucial importance for the effective and definitive treatment of glioblastoma and other cancers in general.

Several studies have indicated that mitochondria are involved in drug resistance of CSCs due to their role in the energy metabolism and susceptibility to cell death. In agreement with these observations, it has been demonstrated that CSCs have a higher mitochondrial capacity [START_REF] Vlashi | Metabolic state of glioma stem cells and nontumorigenic cells[END_REF][START_REF] Farnie | High mitochondrial mass identifies a subpopulation of stem-like cancer cells that are chemo-resistant[END_REF] and results obtained with a proteomic approach showed that CSCs overexpress more than 60 mitochondria-related proteins. This suggests that CSCs require significant mitochondrial biogenesis for their survival and proliferation. Importantly, Lamb et al. have shown that inhibition of mitochondrial biogenesis by drugs, such as several classes of FDA-approved antibiotics, can efficiently kill CSCs [START_REF] Lamb | Mitochondria as new therapeutic targets for eradicating cancer stem cells: Quantitative proteomics and functional validation via MCT1/2 inhibition[END_REF].

Recently, our group has shown that N-heterocyclic carbene iridium(III) complexes [START_REF] Mccartin | An N-heterocyclic carbene iridium(III) complex as a potent anticancer stem cell therapeutic[END_REF] as well as polyethylenimine (PEI) and a PEI-NHC-Pt conjugate [START_REF] Mccartin | Polyethylenimine, an Autophagy-Inducing Platinum-Carbene-Based Drug Carrier with Potent Toxicity towards Glioblastoma Cancer Stem Cells[END_REF][START_REF] Mccartin | Evaluation of the Cytotoxicity of Cationic Polymers on Glioblastoma Cancer Stem Cells[END_REF] are effective in killing glioblastoma cancer stem cells. The iridium complex [START_REF] Mccartin | An N-heterocyclic carbene iridium(III) complex as a potent anticancer stem cell therapeutic[END_REF] and the PEI-NHC-Pt [START_REF] Chekkat | N-Heterocyclic Carbene-Polyethylenimine Platinum Complexes with Potent in Vitro and in Vivo Antitumor Efficacy[END_REF] both localize at the mitochondria of the cells. Therefore, the hypothesis is that developing anticancer drugs that better target the mitochondria of CSCs could further increase their killing efficacy.

So, the objective of this study was to design, synthetize and evaluate novel NHC-based platinum complexes that target mitochondria to simultaneously eradicate glioblastoma cancer cells as well as glioblastoma CSCs. Herein, we propose the synthesis and characterization of N-heterocyclic carbene-platinum complexes with, or without, a mitochondria-targeting moiety, namely a triphenylphosphonium cation (TPP + ) which is the most widely used mitochondriotropic carrier [START_REF] Zielonka | Mitochondria-Targeted Triphenylphosphonium-Based Compounds: Syntheses, Mechanisms of Action, and Therapeutic and Diagnostic Applications[END_REF].

Our in vitro studies showed that these complexes are cytotoxic against a human glioblastoma cell line (U87) as well as against a human glioblastoma stem cell line (NCH421K). Additional studies indicate that these molecules alter mitochondria function leading to their death. The cell death mechanism is non-classical as caspase 3 and 7 activation was observed but not apoptosis.

Materials and Methods

Synthesis of ligand precursors and platinum derivatives

For all NMR spectra see Supporting Information (SI). triphenylphosphonium bromide (1 g, 2.15 mmol, 1 equiv.) was heated at 120°C in dry C6H5Cl (20 mL) under argon for 15 h. The solvent was removed in vacuo and once the crude residue was dry, it was washed with Et2O (3 x 20 mL) thanks to an ultrasonic bath. The supernatant was discarded and the obtained white powder was dried under vacuum (1.09 g, 93%). Spectroscopy data are consistent with those reported in the literature [START_REF] Benaissa | A convenient access to N-phosphonio-substituted NHC metal complexes [M = Ag(i), Rh(i)[END_REF]. 1 H NMR (300 MHz, CDCl3) δ 2.54 (d, J = 7.8 Hz, 2H, N-CH2-CH2-CH2-P), 3.81 (t, J = 15.1 Hz, 2H, N-CH2-CH2-CH2-P), 3.92 (s, 3H, N-CH3), 5.05 (t, J = 7.4 Hz, 2H, N-CH2-CH2-CH2-P), 7.03 (t, J = 1.9 Hz, 1H, Himid), 7.57 -8.02 (m, 15H, HPPh3), 8.60 (t, J = 1.8 Hz, 1H, Himid), 10.35 (s, 1H, Himid(N=CH-N)) ppm.

Proligand 1a2: 3-benzyl-1-(3-(triphenylphosphonio)propyl)-1H-imidazol-3-ium bromide

A mixture of benzimidazole (2.2 g, 13.91 mmol, 1.5 equiv.) and (3-bromopropyl) triphenylphosphonium bromide (4.3 g, 9.27 mmol, 1 equiv.) was heated at 120 °C in dry C6H5Cl (40 mL) under argon for 15 h. The solvent was removed in vacuo and once the crude residue was dry, it was washed with Et2O (3 x 80 mL) affording a white aggregate. This white solid was then suspended in Et2O (20 mL) and was put in an ultrasonic bath to give, after a few minutes, a white fine powder (5.26 g, 91%). Spectroscopy data are consistent with those reported in the literature [START_REF] Pawłowski | Copper(I)-catalyzed multicomponent reactions in sustainable media[END_REF]. 1 H NMR (300 MHz, CDCl3) δ 2.62 -2.45 (m, 2H, N-CH2-CH2-CH2-P), 3.87 -3.77 (m, 2H, N-CH2-CH2-CH2-P), 5.05 (t, J = 7.3 Hz, 2H, N-CH2-CH2-CH2-P), 5.33 (s, 2H, CH2Bn), [START_REF] Wisher | Martindale: The Complete Drug Reference. 37th ed[END_REF].92 (d, J = 2.0 Hz, 1H, Himid), 7.41 -7.32 (m, 5H, HBn), 7.92 -7.69 (m, 15H, HPPh3), 8.55 (d, J = 1.9 Hz, 1H, Himid), 10.50 (s, 1H, Himid(N=CH-N)) ppm.

Proligand 1a3: 3-(((3r,5r,7r)-adamantan-1-yl)methyl)-1-(3-(triphenylphosphonio)propyl)-1H-imidazol-3-ium bromide

A mixture of 1-(adamantan-1-yl) methylimidazole (0.474.6 g, 2.19 mmol, 1.5 equiv.) (synthesized according to reported procedure [START_REF] Verron | Synthesis and Characterization of N-Heterocyclic Carbene Dithiocarbamate Platinum Complexes with Antitumoral Activity[END_REF]) and (3-bromopropyl) triphenylphosphonium bromide (0.678.91 g, 1.46 mmol, 1 equiv.) was heated at 120 °C in dry C6H5Cl (20 mL) under argon for 16 h. The solvent was removed in vacuo. Once the crude residue was dry, it was washed with Et2O (3 x 20 mL) thanks to an ultrasonic bath affording a white aggregate. The obtained white powder was dried under vacuum (0.992 g, 99 %). 1 H NMR (300 MHz, CDCl3) δ 1.39 -1.47 (m, 6H, HAd), 1.54 (d, J = 12.5 Hz, 3H, HAd), 1.68 (d, J = 12.4 Hz, 3H, HAd), 2.21 (s, 3H, HAd), 2.55 (q, J = 7.9 Hz, 2H, N-CH2-CH2-CH2-PPh3), 3.62 -3.77 (m, 2H, N-CH2-CH2-CH2-PPh3), 3.80 (s, 2H, N-CH2-Ad), 5.06 (t, J = 7.4 Hz, 2H, N-CH2-CH2-CH2-PPh3), 6.92 (t, J = 1.8 Hz, 1H, Himid), 7.64 -7.91 (m, 15H, HPPh3), 8.63 (t, J = 1.8 Hz, 1H, Himid), 10.21 (t, J = 1.7 Hz, 1H, Himid(N=CH=N)) ppm. 13 

Proligand 1b1: 3-methyl-1-(4-(triphenylphosphonio)butyl)-1H-imidazol-3-ium bromide

A mixture of methylimidazole (0.48 mL, 6.28 mmol, 3 equiv.) and (4-bromobutyl) triphenylphosphonium bromide (1 g, 2.09 mmol, 1 equiv.) was heated at 120 °C in dry C6H5Cl (30 mL) under argon for 40 h. The solvent was removed in vacuo. Once the crude residue was dry, it was washed with Et2O (3 x 30 mL) thanks to an ultrasonic bath affording a white aggregate. The obtained white powder was dried under vacuum (1.16 g, 99%). 1 H NMR (500 MHz, CDCl3) δ 1.74 -1.90 (m, 2H, N-CH2-CH2-CH2-CH2-P), 2.36 -2.49 (m, 2H, N-CH2-CH2-CH2-CH2-P), 3.76 (dddd, J = 13.3, 8.2, 5.1, 3.2 Hz, 2H, N-CH2-CH2-CH2-CH2-P), 3.93 (s, 3H, N-CH3), 4.64 (dt, J = 15.3, 7.4 Hz, 2H, N-CH2-CH2-CH2-CH2-P), 7.32 (t, J = 1.7 Hz, 1H, CHimid), 7.62 -7.84 (m, 15H, HPPh3), 8.33 (t, J = 1.8 Hz, 1H, CHimid), 10.27 (t, J = 1.6 Hz, 1H, CHimid(N=CH-N)) ppm. 13 C NMR (126 MHz, CDCl3) δ 19.17 

Proligand 1b2: 3-benzyl-1-(4-(triphenylphosphonio)butyl)-1H-imidazol-3-ium bromide

A mixture of benzimidazole (0.45 g, 2.85 mmol, 1.5 equiv.) and (4-bromobutyl) triphenylphosphonium bromide (1 g, 2.09 mmol, 1 equiv.) was heated at 120 °C in dry C6H5Cl (10 mL) under argon for 16 h. The solvent was removed in vacuo. Once the crude residue was dry, it was washed with Et2O (3 x 30 mL) thanks to an ultrasonic bath affording a white aggregate. The obtained white powder was dried under vacuum (1.3 g, 31%). 1 H NMR (500 MHz, CDCl3) δ 1.79 -1.91 (m, 2H, N-CH2-CH2-CH2-CH2-P), 2.46 (p, J = 7.0 Hz, 2H, N-CH2-CH2-CH2-CH2-P), 3.76 (dddd, J = 13.3, 8.2, 5.0, 3.0 Hz, 2H, N-CH2-CH2-CH2-CH2-P), 4.58 -4.73 (m, 2H, N-CH2-CH2-CH2-CH2-P), 5.39 (s, 2H, CH2Bn), 7.10 (t, J = 1.8 Hz, 1H, Himid), 7.29 -7.43 (m, 5H, HBn), 7.65 -7.81 (m, 15H, HPPh3), 8.34 (t, J = 1.7 Hz, 1H, Himid), 10.53 (t, J = 1.6 Hz, 1H, Himid(N=CH-N)) ppm. 13 

Proligand 1c: 3-benzyl-1-(4-((triphenylphosphonio)methyl) benzyl)-1Himidazol-3-ium bromide

A mixture of benzimidazole (0.45 g, 2.85 mmol, 1.5 equiv.) and (4-(bromomethyl) benzyl) triphenylphosphonium bromide (1 g, 1.9 mmol, 1 equiv.) was heated at 120 °C in dry C6H5Cl (30 mL) under argon for 16 h. The solvent was removed in vacuo. Once the crude residue was dry, it was washed with Et2O (3 x 20 mL) thanks to an ultrasonic bath affording a white aggregate. The obtained white powder was dried under vacuum (1.2 g, 97%). 1 H NMR (500 MHz, CDCl3) δ 5.39 (d, J = 14.7 Hz, 2H, N-CH2-pPhp-CH2-PPh3), 5.43 (s, 2H, CH2Bn), 5.47 (s, 2H, N-CH2-pPhp-CH2-PPh3), 7.05 (dd, J = 8.3, 2.6 Hz, 2H, HN-CH2-pPhp-CH2-PPh3), 7.18 (d, J = 7.9 Hz, 2H, HN-CH2-pPhp-CH2-PPh3), 7. [START_REF] Hussaini | Recent progress in silver(I)-, gold(I)/(III)and palladium(II)-N-heterocyclic carbene complexes: A review towards biological perspectives[END_REF] 

Proligand 6: 3-benzyl-1-propyl-1H-imidazol-3-ium bromide

A mixture of benzimidazole (1 g, 6.32 mmol, 1 equiv.) and 1-bromopropane (7.7 mL, 82.01 mmol, 12.97 equiv.) was heated at 80 °C under argon overnight. The mixture was dried in vacuo. Then, the obtained residue was washed with Et2O (3 x 20 mL) thanks to an ultrasonic bath. The supernatant was discarded and the obtained yellowish oil was dried under vacuum (1.6 g, 90%). Spectroscopy data are consistent with those reported in the literature [START_REF] Che | Method of targeting mismatched DNA using D8 square planar metal complexes[END_REF]. 1 H NMR (300 MHz, CDCl3) δ 0.98 (t, J = 7.4 Hz, 3H, CH3), 1.89 -2.03 (m, 2H, N-CH2-CH2-CH3), 4.27 (t, J = 7.0 Hz, 2H, N-CH2-CH2-CH3), 5.62 (s, 2H, CH2Bn), 7.28 (t, J = 1.8 Hz, 1H, Himid), 7.32 (t, J = 1.9 Hz, 1H, Himid), 7.34 -7.41 (m, 3H, Harom), 7.44 -7.53 (m, 2H, Harom), 10.79 (t, J = 1.7 Hz, 1H, Himid(N=CH-N)) ppm.

NHC-Pt(II)-Pyr complexes synthesis

Complex 3a

For the first step of the reaction, a mixture of the proligand 1a1 (58.6 mg, 106.8 µmol, 1 equiv.), PtCl2(SMe2)2 (50 mg, 128 µmol, 1.2 equiv.), KI (177.3 mg, 1.068 mmol, 10 equiv.) and K2CO3 (147.6 mg, 1.068 mmol, 10 equiv.) was heated at 40 °C in dry (CH3)2CO (10 mL) under argon overnight. The solvent was removed in vacuo. The resulting yellowish solid was solubilized in DCM and then filtered through celite in order to remove the salts. The DCM was evaporated after the filtration. For the second step of the reaction, 5 mL of extra-dry pyridine was added under argon and the reaction was stirred at room temperature overnight. The pyridine was removed in vacuo. Remaining salts were removed by filtering through celite. The desired product was purified using the CombiFlash® Rf+ apparatus using RediSep disposable chromatography columns (gradient dichloromethane/methanol 100/0 à 95/5). The obtained yellow powder was dried under vacuum (41.4 mg, 46%). 1 H NMR (300 MHz, CDCl3) δ 2.67 (q, 

J = 7.8 Hz, 2H, N-CH2-CH2-CH2-PPh3), 3.77 -4.02 (m, 5H, N-CH3 & N-CH2-CH2-CH2-PPh3)

Complex 3b

For the first step of the reaction, a mixture of the proligand 1a2 (66.6 mg, 107 µmol, 1 equiv.), PtCl2(SMe2)2 (51.9 mg, 139.1 µmol, 1.3 equiv.), KI (283.4 mg, 1.7 mmol, 10 equiv.) and K2CO3 (235.9 mg, 1.7 mmol, 10 equiv.) was heated at 40 °C in dry (CH3)2CO (10 mL) under argon overnight. The solvent was removed in vacuo. The resulting yellowish solid was solubilized in DCM and then filtered through celite in order to remove the salts. The DCM was evaporated after the filtration. For the second step of the reaction, 5 mL of extra-dry pyridine was added under argon and the reaction was stirred at room temperature overnight. The pyridine was removed in vacuo. Remaining salts were removed by filtering through celite. The desired product was purified using the CombiFlash® Rf+ apparatus using RediSep disposable chromatography columns (gradient dichloromethane/methanol 100/0 à 95/5). The obtained yellow powder was dried under vacuum (74.2 mg, 76%). 1 H NMR (400 MHz, CDCl3) δ 2.72 (q, 

J = 9.2 Hz, 2H, N-CH2-CH2-CH2-P), 3.83 -3.96 (m, 2H, N-CH2-CH2-CH2-P)

Complex 3c

For the first step of the reaction, a mixture of the proligand 1a3 (100 mg, 146.95 µmol, 1 equiv.), PtCl2(SMe2)2 (68.82 mg, 176.34 µmol, 1.2 equiv.), KI (243.94 mg, 1.47 mmol, 10 equiv.) and K2CO3 (203.1 mg, 1.47 mmol, 10 equiv.) was heated at 40 °C in dry (CH3)2CO (5 mL) under argon overnight. The solvent was removed in vacuo. The resulting yellowish solid was solubilized in DCM and then filtered through celite in order to remove the salts. The DCM was evaporated after the filtration. For the second step of the reaction, 5 mL of extra-dry pyridine was added under argon and the reaction was stirred at room temperature overnight. The pyridine was removed in vacuo. The desired product was purified using the CombiFlash® Rf+ 

Complex 4b

For the first step of the reaction, a mixture of the proligand 1b2 (200 mg, 314.26 µmol, 1 equiv.), PtCl2(SMe2)2 (147.17 mg, 377.11 µmol, 1.2 equiv.), KI (521.68 mg, 3.14 mmol, 10 equiv.) and K2CO3 (434.32 mg, 3.14 mmol, 10 equiv.) was heated at 40 °C in dry (CH3)2CO (10 mL) under argon overnight. The solvent was removed in vacuo. The resulting yellowish solid was solubilized in DCM and then filtered through celite in order to remove the salts. The DCM was evaporated after the filtration. For the second step of the reaction, 10 mL of extra-dry pyridine was added under argon and the reaction was stirred at room temperature overnight.

The pyridine was removed in vacuo. The desired product was purified using the CombiFlash® Rf+ apparatus using RediSep disposable chromatography columns (gradient dichloromethane/methanol 100/0 à 95/5). The obtained yellow powder was dried under vacuum (27.9 mg, 8%). 

X-ray structure of (NHC-TPP + )Pt(II)-Pyr complexes

CCDC-2250317, CCDC-2250318, and CCDC-2250319 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data-_request/cif.

Preparation of platinum derivatives for in vitro assays

Oxaliplatin

Oxaliplatin (Sigma-Aldrich) was dissolved in ultrapure water at a concentration of 5 mM platinum.

NHC-Pt(II)-Pyr

NHC-Pt(II)-Pyr complexes were dissolved in diméthylsulfoxide (DMSO, EuroBio) at a concentration of 5 mM. The solutions can be stored at 4 °C for several weeks, with no change in activity.

Cell culture

NCH421K cells

The NCH421K glioblastoma stem cells (GSCs) were obtained from Pr. Christel Herold-Mende (Division of Neurosurgical Research, Department of Neurosurgery, University of Heidelberg, Germany) [START_REF] Campos | Differentiation therapy exerts antitumor effects on stem-like glioma cells[END_REF]. GSCs are growing as spheroids and they were cultivated in DMEM-F12 (Dulbecco's Modified Eagle Medium, Dutscher) supplemented with 20% of BIT100 (Bovine Serum Albumin, Insulin, Transferrin) (Provitro), 20 ng/mL of Fibroblast Growth Factor (FGF, Reliatech), 20 ng/mL of Epidermal Growth Factor (EGF, Reliatech), 100 U/mL of penicillin and 0,1 mg/mL of streptomycin (Sigma-Aldrich) at 37 °C, 95% humidity and 5% CO2. Spheroid cultures were maintained by passaging once a week via recuperation of spheroids, washing with PBS, followed by treatment with Accutase (Sigma-Aldrich) for 5 min at room temperature. Dissociated cells were then washed once, resuspended in culture medium, and counted.

U87-MG TMZ-Sensitive cells

U87-MG TMZ-Sensitive cells (obtained from D. Monique Dontenwill's laboratory, UMR7021, Strasbourg, France) come from a cell line, with epithelial morphology, isolated from a malignant human glioblastoma. These cells are sensible to 50 µM of TMZ. They are adherent cells and were cultivated in RPMI-1640 medium (Roswell Park Memorial Institute, Sigma-Aldrich) supplemented with 10% Fetal Bovine Serum (FBS, Gibco), 100 U/mL of penicillin and 0.1 mg/mL of streptomycin (Sigma-Aldrich) at 37 °C, 95% humidity and 5% CO2.

Cell viability assays

NCH421K cells

7 500 NCH421K cells per well in 100 µl of their specific culture media were seeded in 96-well flat solid bottom plates (Greiner Sigma-Aldrich) and were incubated for 4 days at 37 °C, 95% humidity and 5% CO2 for them to form spheres before any treatment.

For the cell viability assay, 10 µl of each compound, diluted in NCH421K culture medium, 11 times more concentrated, were directly added to each well to reach the desired concentration. Cells were incubated for 24h at 37 °C, 95% humidity and 5% CO2 in the presence of the compounds.

U87-MG TMZ-Sensitive cells

18 000 U87-MG TMZ-Sensitive cells per well in 100 µl of their specific culture media were seeded in 96-well flat solid bottom plates (Greiner Sigma-Aldrich) and were incubated for 24h at 37 °C, 95% humidity and 5% CO2 for them to adhere and acquire their spindle shape before any treatment. Old medium was discarded and replaced with 100 µl of new culture medium containing the compound under investigation at the desired concentration. Cells were incubated for 24h at 37 °C, 95% humidity and 5% CO2 in the presence of the compounds.

Revelation -Cell Titer-Glo® 3D

Cell Titer-Glo® 3D (Promega) reagent was used, v/v, to determine the number of viable cells based on ATP quantification, marker for the presence of metabolically active cells. Cells were incubated for 25 minutes at room temperature in the dark. SAFAS Xenius XC spectrofluorometer was used to read the bioluminescence. To calculate the viability, the absorbance of the blank (wells without cells and just the culture medium + Cell Titer-Glo® 3D)

was subtracted to the values of each well. Then, the absorbance of non-treated cells was considered as 100% viability. Thus, the viability was calculated by using the following formula:

% viable cells =

!" (%&'(%'))

!" (+,+-%&'(%')) * 100. The half maximal inhibitory concentration (IC50) values were determined with GraphPad Prism 8 software by performing a non-linear regression analysis.

Reactive Oxygen Species (ROS) generation assay on NCH421K cells by flow cytometry

Cells were treated in the same way as for the cell viability assay. NCH421K cells, treated for 12h at 37 °C with the different compounds, at their IC50, IC50x2 as well as IC50x4 concentrations, were analyzed for ROS generation. Staurosporine was used as positive control. Cells (in 96well V plates) were dissociated by centrifuging for 5 minutes at 4 °C at 350 g and by incubating them in 75 µl of accutase (400-600 U/mL, Sigma-Aldrich) at room temperature for 5 minutes.

Then, cells were incubated with a 5 µM solution of MitoSOX TM Red mitochondrial superoxide indicator (lexc = 510 nm; lem = 580 nm) for live cell imaging solution (Invitrogen), diluted in Hanks' Balanced Salt Solution (HBSS, Sigma-Aldrich), for 30 minutes at 37 °C in the dark. Ten thousand cells were acquired for each experimental condition using the BD FacsCalibur TM flow cytometer. The results were processed with FlowJo Data Analysis Software. The statistical analysis was done using GraphPad Prism 8 software by performing an ordinary one-way anova test (p < 0.05).

Apoptosis analysis by Annexin V-Propidium Iodide labelling on NCH421K cells by flow cytometry

Cells were treated in the same way as for the cell viability assay. NCH421K cells, treated for 12h at 37 °C with the different complexes, at the IC50, IC50x2 as well as IC50x4 concentrations,

were analyzed for the study cell death. Cells (in 96-well U plates) were centrifuged for 5 minutes at 4 °C at 350 g. Pellets were resuspended with 75 µl accutase and incubated at room temperature for 5 minutes. After a second centrifugation for 5 minutes at 4 °C at 350 g, pellets were resuspended in an Annexin V buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2 in Milli-Q H2O at a pH = 7.4). A third centrifugation was carried out for 5 minutes at 4 °C at 350 g and pellets were resuspended in a solution of APC-Annexin V (Biolegend®) diluted 20 times in the Annexin V buffer. Cells were incubated 15 minutes at room temperature in the dark. Then cells were centrifuged for 5 minutes at 4 °C at 350 g once more, and pellets were resuspended in 50 µl the Annexin V buffer. This last step was repeated in order to wash the remaining Annexin V in excess. The 50 µl of cells were transferred to micronic tubes containing 150 µl of the Annexin V buffer. Lastly, 1 µl of a 2 mg/ml aqueous solution of Propidium Iodide (PI, Sigma Aldrich) was added to the cells just before being analyzed by the BD FACSCanto TM cytometer.

Annexin V: lexc = 633nm; lem = 675 nm;

Propidium Iodide: lexc = 535 nm; lem = 617 nm. APC-AnV fluorescence was detected in the FL4 channel while PI fluorescence was detected in the FL3 channel. Ten thousand cells were acquired for each experimental condition. Results were first processed with FlowJo Data Analysis Software. The statistical analysis was done using GraphPad Prism 8 software by performing an ordinary one-way anova test (p < 0.05).

Caspase 3/7 activation study

7 500 NCH421K cells were seeded per well in 100 µl of their specific medium in 96-well flat solid bottom plates (Greiner Sigma-Aldrich) and were incubated for 4 days at 37 °C, 95% humidity and 5% CO2. Tested compounds were diluted in NCH421K cell culture medium. 10 µl of each compound, 11 times more concentrated, were directly added to each well to reach the desired concentration. Cells were incubated for 24h at 37 °C, 95% humidity and 5% CO2.

Caspase-Glo® 3/7 (Promega) reagent was used at v/v, to determine the activation rate of caspase 3/7 enzymes, which are involved in the mitochondrial apoptosis pathway. It is based on the cleavage of a caspase 3/7 substrate that, after cleavage, generates the substrate necessary for the luciferase to emit photons. So, the luminescence is proportional to the caspase activity present in the cells. Cells were incubated for 2h at room temperature in the dark. SAFAS Xenius XC spectrofluorometer was used to read the bioluminescence.

To calculate the activation rate of caspase 3/7 enzymes, the absorbance of the blank (wells without cells and just the culture medium + Caspase-Glo® 3/7) was subtracted to the values of each well. Then, the absorbance of non-treated cells was considered as a ratio of 1. Thus, the activation rate was calculated by using the following formula: Caspase 3/7 activation ratio = !" (%&'(%'))

!" (+,+-%&'(%')) . The statistical analysis was done using GraphPad Prism 8 software by performing an ordinary one-way anova test (p < 0.05).

Results and discussion

Synthesis and characterization of proligands and their corresponding NHC platinum complexes

Platinum (II) complexes bearing N-heterocyclic carbene (NHC) ligands are kinetically stable compounds usually suitable for post-functionalization, either by ligand exchange [START_REF] Chardon | Derivatization of Preformed Platinum N-Heterocyclic Carbene Complexes with Amino Acid and Peptide Ligands and Cytotoxic Activities toward Human Cancer Cells[END_REF][START_REF] Chardon | Exploring nitrogen ligand diversity in trans-N-heterocyclic carbeneamine platinum complexes: synthesis, characterization, and application to fluorescence[END_REF],

ruthenium-catalyzed azide-alkyne cycloaddition [START_REF] Chardon | Direct functionalisation of group 10 N-heterocyclic carbene complexes for diversity enhancement[END_REF][START_REF] Chardon | Easy Derivatisation of Group 10 N-Heterocyclic Carbene Complexes and In Vitro Evaluation of an Anticancer Oestradiol Conjugate[END_REF], or oxime ligation [START_REF] Dahm | A Chemoselective and Modular Post-Synthetic Multi-Functionalization of NHC-Platinum Complexes[END_REF][START_REF] Borré | Post-functionalization of platinum-NHC complexes by oxime ligation for ligand targeted therapy[END_REF]. However, the triphenylphosphonium moiety (TPP + ), which is not chemically inert, could be satisfactory introduced prior to the synthesis of platinum complexes, inspired by the work of Canac,

Valyaev and collaborators [START_REF] Taakili | NHC Core Phosphonium Ylide-based Palladium(II) Pincer Complexes: The Second Ylide Extremity Makes the Difference[END_REF][START_REF] Taakili | Direct Access to Palladium(II) Complexes Based on Anionic C,C,C-Phosphonium Ylide Core Pincer Ligand[END_REF][START_REF] El Kadiri | Diverse C-Coordination Modes of NHC-Tricyclohexylphosphonium Ylide Ligands in Palladium(II) Complexes[END_REF]. For this purpose, three types of TPP + arms were introduced thus giving the N-phosphonio-substituted imidazolium salts displayed in scheme 1. The TPP + arms differ by the spacer between the imidazolium and the TPP + which is a C3, C4 or a paraxylyl linker.

Scheme 1. Molecular structure of the proligands used in the study.

The classical method of preparation of the NHC-platinum (II) complexes by reaction of the imidazolium precursors with PtCl2 in the presence of excess of KI and K2CO3 in pyridine at 100 °C was not suitable here [START_REF] Chardon | Derivatization of Preformed Platinum N-Heterocyclic Carbene Complexes with Amino Acid and Peptide Ligands and Cytotoxic Activities toward Human Cancer Cells[END_REF]. Under these conditions, a mixture of several different Pt compounds was obtained, including the desired complex in very low yield (data not shown)

N N R PPh 3 N N R PPh 3 N N R PPh 3 1a 1b 1c R = Me, 1a 1, 93% Bn, 1a 2, 91% -CH 2 Ad, 1a 3, 30% R = Me, 1b 1, 99% Bn, 1b 2, 31% R = Bn, 1c, 97%
Br Br Br Br Br Br but also species that contain a phosphonium ylide function, thus suggesting that the ligand acts as a bidentate system [START_REF] Taakili | Direct Access to Palladium(II) Complexes Based on Anionic C,C,C-Phosphonium Ylide Core Pincer Ligand[END_REF][START_REF] El Kadiri | Diverse C-Coordination Modes of NHC-Tricyclohexylphosphonium Ylide Ligands in Palladium(II) Complexes[END_REF]. Lowering the reaction temperature to 60 °C did not change the reaction outcome and no reactivity was observed at room temperature. Nevertheless, the recent procedure developed by Nolan and co-workers was found suitable here, starting from PtCl2(SMe2)2 as metal precursor [START_REF] Maliszewski | A green route to platinum N-heterocyclic carbene complexes: mechanism and expanded scope[END_REF]. In fact, by heating up the NHC-Pt complexes bearing the TPP + above 40 °C, C-H insertion reactions occurred. This reaction induces the cyclisation of the alkyl TPP + spacer into the NHC core, which in turn strongly decreases cytotoxicity (data not shown). Figure 1 displays the synthetic procedure: reaction of the imidazolium salt with PtCl2(SMe2)2 in the presence of excess of KI and K2CO3 in acetone at room temperature overnight which gave the corresponding (NHC)PtI2(SMe2) complex. The crude product was isolated and dissolved in pyridine and stirred overnight at room temperature, thus giving the desired (NHC)PtI2(pyridine) complexes in usually reasonable yield. For comparison purposes, a Pt control complex [START_REF] Dasari | Cisplatin in cancer therapy: Molecular mechanisms of action[END_REF], was also synthetized. This compound was the equivalent to 3b but without the TPP + moiety, i.e., with an NHC bearing benzyl and propyl substituents onto the N-atoms. The compound could be synthetized using the classical method (Figure 1B) [START_REF] Bellemin-Laponnaz | N-Heterocyclic Carbene Platinum Complexes: A Big Step Forward for Effective Antitumor Compounds[END_REF].

Analytical data confirmed the coordination of the NHC ligand in a monodentate manner with TPP + as the pendant arm. Also, the molecular structure of complexes 3b, 4a and 4b was validated by X-ray diffraction studies as displayed in Figure 2. In all cases, the platinum center adopts the classical square planar geometry with the pyridine located trans to the Nheterocyclic carbene ligand. The carbene-metal bond lengths are 1.96 Å while the metalpyridine bond lengths are 2.09 Å, which is consistent with literature reports [START_REF] Chardon | Derivatization of Preformed Platinum N-Heterocyclic Carbene Complexes with Amino Acid and Peptide Ligands and Cytotoxic Activities toward Human Cancer Cells[END_REF]. The iodine ligands adopt the trans geometry and, as usual, point almost perpendicularly to plane of the carbene ligand, a feature that indicates possible interactions between the lone electron pairs on the I ligands and the formally antibonding p orbital of the NHC carbon. Overall, the first coordination sphere of the complexes is not influenced by the TPP + functional group, which clearly acts as a dangling unit. 

Cytotoxic activity of the NHC-Pt compounds on human glioblastoma cell lines

The cytotoxicity of the N-Heterocyclic Carbene (NHC)-Platinum compounds was assessed on two cell lines, namely NCH421K (human glioblastoma Cancer Stem Cell line (CSCs)) and U87-MG TMZ sensitive (human differentiated glioblastoma cell line, which we will refer to as simply U87). As a control, compound 7 was tested, lacking the TriPhenylPhosphonium (TPP + ) mitochondria moiety targeting, for comparison with compound 3b, bearing the TPP + .

The cytotoxic effects of the NHC platinum complexes were evaluated on both cell lines following 24 h of treatment (Table 1) via ATP decrease using the Cell Titer Glo® 3D cell viability assay. The commercial platinum-based anti-cancer therapeutic oxaliplatin, stock solution in H2O, was used as a control. As shown in table 1, all the platinum complexes exhibit significantly better cytotoxic activities than oxaliplatin (p-values < 0,01 for NHC421K cells and < 0.05 for U87 cells using the student's t-test). The complexes displayed IC50 activities ranging from 10.0 µM (complex 5) to 0.5 µM (complex 3c) on CSCs (NCH421K) and values were much more widely spaced on differentiated cancer cells (U87) ranging from 77.3 µM (complex 4a) to 2.0 µM (complex 3c). It is noteworthy that the cytotoxicity of all the compounds is higher against the NCH421K cells (nearly triple) compared to U87 cells. Of all the compounds, 3c is the most potent with the best cytotoxicity on both cell lines. However, on NCH421K cells, there is no significative difference between compounds 3b, 7 and 3c. Regarding complex 3b, and its control lacking the TPP + group (compound 7), there is a slight difference on the cytotoxicity against the U87 cells after 24 h. In fact, compound 7 has a greater cytotoxic activity (nearly 2 times more cytotoxic) than complex 3b on this cell line but it is not significantly different.

Nevertheless, compound 3c is significantly more cytotoxic (p-value < 0,001) than 3b on U87 cells.

Moreover, the cell killing activity was diminished by increasing the length of the spacer between the NHC and the TPP + . Indeed, compounds 3a and 3b are more efficient than 4a and 4b. Also, the alkyl spacer arms performed better on the CSCs than the spacer arm containing a benzyl group (3b>4b>5).

The cytotoxicity of the different compounds was also evaluated after 72 h on the U87 cells to investigate if a longer exposure time was required on this cell line to achieve a high cytotoxicity similar to the one observed on NCH421K cells. Actually, there was an improvement of the IC50 after 72 h. It was significantly different for compounds 3a, 3b, 3c, 4a and 4b (see Table S1 in the SI).

Compounds 3b and 7 were also tested on NCH421K cells for 72 h. However, there was no improvement of cytotoxicity against this cell line or any difference between them (Table S1).

Notably, the stock solutions of NHC-platinum in DMSO were conserved at 4 °C for at least 3 weeks and no change in activity was observed (results not shown).

The most promising compounds from the initial screening, based on their significant cytotoxic activity, were compounds 3b, 7 and 3c. These compounds were selected to undergo further investigation in the study, owing to their potential to be developed as effective anti-cancer agents. .01 comparing all the compounds with oxaliplatin for that specific cell line. +++ = p < 0.001 when comparing complex 3c and 3b.

Effect of the NHC-Pt compounds on mitochondrial activity of NCH421K cells

Platinum complexes 3b, 7 and 3c were selected for further studies due to their strong cytotoxic activity. Evaluation of the IC50 (Table 1) showed that the NHC-Pt complexes are more effective towards the glioblastoma stem cells (NCH421K) than on the more differentiated glioblastoma cells U87. As mitochondrial activity is essential for the survival of Cancer Stem Cells (CSCs) [START_REF] Vlashi | Metabolic state of glioma stem cells and nontumorigenic cells[END_REF][START_REF] Farnie | High mitochondrial mass identifies a subpopulation of stem-like cancer cells that are chemo-resistant[END_REF], the mitochondrial activity of glioblastoma stem cells (NCH421K) was evaluated in the presence of the selected Pt complexes by measuring Reactive Oxygen Species (ROS) production. 3A). Staurosporine is used as a technical control [START_REF] Guemez-Gamboa | Reactive oxygen species participate in the p38-mediated apoptosis induced by potassium deprivation and staurosporine in cerebellar granule neurons[END_REF], which is a well-known compound to affect ROS production. The vehicle DMSO was used as a negative control, at the highest concentration used (corresponding to 0.4%). Measurements were made before massive cell death, i.e. after 12 h of incubation at 37 °C, at the concentrations corresponding the IC50, IC50 x2 and IC50 x4 (measurements after 24 h were not possible due to the presence of dead cell debris). A concentration-dependent increase of ROS was observed for all three compounds. Interestingly, a closer examination of compounds 3b and 7, revealed a significantly lower number of ROS positive cells for complex 7 compared to 3b at concentrations corresponding to IC50x2 (about two-fold reduction) and IC50x4 (about 1.5-fold reduction). Regarding compound 3c, at the IC50 concentration, it caused a significant increase of ROS positive cells compared to compounds 3b (approximately 2 times less) and 7

(approximately 8 times less). At higher concentrations, ROS production induced by 3b, 7 and 3c was similar. Overall, these results confirm that there is a different behavior towards alteration of mitochondria between compounds 3b and 7, although the IC50 are quite similar.

This may be due to the fact that the TPP + moiety is present in compound 3b and not in compound 7, resulting in a more important generation of ROS in mitochondria, the targeted organelle. Still, compound 3c induces similar ROS at lower concentrations compared to 3b, making it the best candidate so far. Staurosporine is used as a technical control (purple). Three independent assays were carried out where at least ten thousand cells were acquired for each experimental condition. Results were processed with FlowJo Data Analysis Software. The statistical analysis was done using GraphPad Prism 8 software by performing an ordinary one-way anova test (p < 0.05).

The NHC-Pt compounds do not induce a classical death mechanism of NCH421K cells

To understand how the NHC-Pt compounds (3b, 7 and 3c) induce cell death on NCH421k cells, the activation of the mitochondrial apoptotic pathway (intrinsic apoptosis pathway) was investigated. This pathway involves the executioner caspase-3 and 7. When an apoptotic signal is triggered, such as oxidative stress, the mitochondrial outer membrane becomes permeable, causing the proton gradient created by the electron transport chain to dissipate [START_REF] Green | The pathophysiology of mitochondrial cell death[END_REF][START_REF] Crompton | Cyclophilin-D binds strongly to complexes of the voltage-dependent anion channel and the adenine nucleotide translocase to form the permeability transition pore[END_REF]. This leads to the release of apoptogenic proteins, including cytochrome c [START_REF] Yang | Induction of the mitochondrial permeability transition causes release of the apoptogenic factor cytochrome c[END_REF], which form an "apoptosome" complex [START_REF] Zou | An APAF-1.cytochrome c multimeric complex is a functional apoptosome that activates procaspase-9[END_REF] that activates caspase-9, which in turn activates executioner caspases-3 and 7, causing apoptosis [START_REF] Susin | Molecular characterization of mitochondrial apoptosis-inducing factor[END_REF]. However, caspases can be also activated (Biolegend® -Sigma Aldrich) staining. Staurosporine was, once again, used as a technical control for apoptosis. This assay was done at two different incubation times at 37 °C, 6 h and 12 h with the same concentrations as those used in the previous studies. First, the death induction after a 12 h incubation was studied so that it was coherent with the rest of the cytometry studies (see Figure S1A in the SI). In this test, early apoptotic cells are Annexin Vpositive and PI-negative (Annexin V-APC+/PI-), whereas late (end-stage) apoptotic cells are Annexin V/PI-double-positive (Annexin V-APC+/PI+). Unfortunately, this method cannot discriminate between late apoptotic and primary necrotic cells, since both of these groups of cells are Annexin V-APC+/PI+ [START_REF] Brauchle | Cell death stages in single apoptotic and necrotic cells monitored by Raman microspectroscopy[END_REF].

After 12 h (see Figure S1 in the SI), no early apoptotic cells were detected (see Figure S1B in the SI), even after a staurosporine treatment, suggesting that this time point is too late to discriminate between apoptosis and necrosis.

Therefore, the cells for were treated for 6 h (Figure 5) using the same conditions as for 12 h.

As expected, early apoptotic cells were observed in the Staurosporine condition (Figure 5 and S2A in the SI). Surprisingly, cells in an early apoptosis state were not detected after treatment with compounds 3b, 3c and 7 whatever the concentration used showing that our compounds do not induce classical apoptosis. However, cells were mostly Annexin V-APC-/PI+ (see Figure S2B and C in the SI).

These data are in accordance with previous results from our group showing that a PEI-NHC-Pt conjugate does not induce apoptosis on NCH421K cells [START_REF] Mccartin | Polyethylenimine, an Autophagy-Inducing Platinum-Carbene-Based Drug Carrier with Potent Toxicity towards Glioblastoma Cancer Stem Cells[END_REF].

Figure 5. Study of the death mechanism induced by the NHC-Pt complexes 3b, 3c and 7 after 6 h of incubation at 37 °C (staining with APC-Annexin V and Propidium Iodide). Staurosporine is used as a technical control. A) Percentage of NCH421K cells stained AnnV+/PI-6 h after incubation at 37 °C with the complexes 3b, 7 and 3c. Three independent assays were carried out where at least ten thousand cells were acquired for each experimental condition. Results were first processed with FlowJo Data Analysis Software. The statistical analysis was done using GraphPad Prism 8 software by performing an ordinary one-way anova test (* = p < 0.05, ** = p < 0.01, *** = p < 0.001).

Conclusion

To sum up, 6 NHC-platinum complexes functionalized with various TPP + ligands were synthetized. Their anti-tumoral activity was on two glioblastoma cell lines (NCH421K and U87-MG TMZ sensible).

Amongst our investigations, compound 3c is the most cytotoxic and compound 3b follows behind for both cell lines. Although both 3b and 3c have similar cytotoxicity against NCH421K cells, when tested on U87-MG TMZ sensitive cells, 3c was found to be significantly more toxic (p-value below 0.001) compared to 3b. Therefore, based on this result, compound 3c can be considered as the best one. All compounds have a higher cytotoxic effect against the NCH421K stem cell line compared to the U87-MG TMZ sensitive differentiated cell line. Complexes 7 and 3b do not differ in their cytotoxic activity. However, compound 7 induces significantly less ROS production compared to compound 3b on NCH421K cells. Moreover, the 3b, 7 and 3c complexes seem to induce an atypical cell death as they activate caspase 3 and 7 but do not induce apoptosis.

Finally, although TPP + is known to facilitate an efficient targeting of mitochondria, we were unable to observe any difference in the IC50 between compounds 3b and 7. Notably, the TPP + modified NHC-Pt induced higher production of ROS than its TPP -counterpart suggesting that addition of this chemical group may nevertheless be interesting for killing cancer cells.

There is still a lot to learn about how these compounds induce cell death, and conducting additional studies could help provide a better understanding of this process. Additionally, further studies are being carried out to deal with their poor solubility in water. In vivo studies are a next step that will certainly be explored in the future.

1 .

 1 Proligand 1a1: 3-methyl-1-(3-(triphenylphosphonio)propyl)-1H-imidazol-3-ium bromide A mixture of methylimidazole (0.26 mL, 3.22 mmol, 1.5 equiv.) and (3-bromopropyl)

  C NMR (101 MHz, CDCl3) δ 20.34 (d, J = 54.3 Hz, N-CH2-CH2-CH2-PPh3), 25.12 (d, J = 2.7 Hz, N-CH2-CH2-CH2-PPh3), 27.92 (d, J = 10.6 Hz, 3xCHAd), 34.00 (d, J = 12.1 Hz, CAd), 36.35 (d, J = 11.9 Hz, 4xCH2Ad), 39.90 (d, J = 18.3 Hz, N-CH2-Ad), 48.88 (d, J = 22.5 Hz, N-CH2-CH2-CH2-PPh3), 61.92 (2xCH2Ad), 117.67 (d, J = 86.6 Hz, 3xCPh-P), 122.59 (CHimid), 124.06 (CHimid), 130.72 (d, J = 12.6 Hz, 6xCHmPh-P), 134.05 (d, J = 10.3 Hz, 6xCHoPh-P), 135.25 (d, J = 3.2 Hz, 3xCHpPh-P) , 137.44 (CHimid) ppm. 31 P NMR (202 MHz, CDCl3) δ 24.29 ppm. HRMS ESI: calculated for C35H41N2 81 BrP 601.2170, found 601.2164. n (ATR): 688.39 (s), 722.48 (s), 995.12 (m), 1161.55 (m), 1483.7 (m), 1557.47 (m), 2845.67 (m), 3051.62 (m), 3129.5 (w) cm -1 .

  (d, J = 4.1 Hz, N-CH2-CH2-CH2-CH2-P), 22.37 (d, J = 51.8 Hz, N-CH2-CH2-CH2-CH2-P), 30.73 (d, J = 16.8 Hz, N-CH2-CH2-CH2-CH2-P), 36.53 (N-CH3), 48.32 (N-CH2-CH2-CH2-CH2-P), 117.84 (d, J = 86.3 Hz, 3xCPh-P), 122.62 (CHimid), 124.09 (CHimid), 130.68 (d, J = 12.7 Hz, 6xCHmPh-P), 133.82 (d, J = 10.4 Hz, 6xCHoPh-P), 135.25 (d, J = 3.2 Hz, 3xCHpPh-P), 137.14 (CHimid) ppm. 31 P NMR (202 MHz, CDCl3) δ 24.21 ppm. HRMS ESI: calculated for C26H29N2 79 BrP 479.5005, found 479.1244. n(ATR) : 722.5 (s), 748.0 (s), 1159.61 (m), 1173.35 (m), 1573.8 (m), 3049.0 (m), 3139.0 (w) cm -1 .

  C NMR (126 MHz, CDCl3) δ 19.27 (d, J = 3.6 Hz, N-CH2-CH2-CH2-CH2-P), 22.43 (d, J = 51.3 Hz, N-CH2-CH2-CH2-CH2-P), 30.69 (d, J = 17.3 Hz, N-CH2-CH2-CH2-CH2-P), 48.52 (N-CH2-CH2-CH2-CH2-P), 53.36 (CH2Bn), 117.87 (d, J = 85.8 Hz, 3xCPh-P), 120.88 (CHimid), 124.40 (CHimid), 128.91 (CHpBn), 129.51 (2xCHmBn), 129.54 (2xCHoBn), 130.69 (d, J = 12.7 Hz, 6xCHmPh-P), 132.97 (CBn), 133.83 (d, J = 10.0 Hz, 6xCHoPh-P), 135.25 (d, J = 3.2 Hz, 3xCHpPh-P), 136.74 (CHimid) ppm.

  (m), 1618.37 (m), 1920.3 (w), 3063.88 (m), 3132 (w) cm -1 .

  , 4.90 (t, J = 6.6 Hz, 2H, N-CH2-CH2-CH2-PPh3), 6.83 (d, J = 2.0 Hz, 1H, Himid), 7.27 -7.34 (m, 2H, Hpyr), 7.62 -7.90 (m, 16H, Harom), 7.95 (d, J = 2.0 Hz, 1H, Himid), 8.87 (dt, J = 5.2, 1.6 Hz, 2H, Hpyr) ppm. 13 C NMR (126 MHz, CDCl3) δ 20.15 (d, J = 52.5 Hz, N-CH2-CH2-CH2-P), 22.81 (d, J = 3.4 Hz, N-CH2-CH2-CH2-P), 38.55 (CH3), 49.67 (d, J = 19.4 Hz, N-CH2-CH2-CH2-P), 117.92 (d, J = 86.5 Hz, 3xCPh-P), 121.98 (CHimid), 124.21 (CHimid), 124.99 (2xCHmpyr), 130.70 (d, J = 12.6 Hz, 6xCHmPh-P), 134.19 (d, J = 10.1 Hz, 6xCHoPh-P), 134.39 (C-Pt), 135.20 (d, J = 3.1 Hz, 3xCHpPh-P), 137.60 (CHppyr), 153.84 (2xCHopyr) ppm. 31 P NMR (121 MHz, CDCl3) δ 24.92 ppm. HRMS ESI: calculated for C30H31N3 127 I2P 195 Pt 912.9993, found 912.9994. n (ATR) : 686.96 (s), 722.03 (s), 995.53 (m), 1017.44 (w), 1069.1 (m), 1161.16 (m), 1227.43 (m), 1435.29 (s), 1467.28 (w), 1482.65 (m), 1604.7 (m), 3052.58 (w) cm -1 .

  , 4.95 (t, J = 6.6 Hz, 2H, N-CH2-CH2-CH2-P), 5.67 (s, 2H, CH2Bn), 6.59 (d, J = 2.1 Hz, 1H, Himid), 7.27 -7.40 (m, 5H, HBn), 7.42 -7.48 (m, 2H, Hpyr), 7.65 -7.92 (m, 17H, Harom), 8.86 (dt, J = 5.0, 1.6 Hz, 2H, Hpyr) ppm. 13 C NMR (126 MHz, CDCl3) δ 20.14 (d, J = 52.7 Hz, N-CH2-CH2-CH2-P), 22.81 (d, J = 3.3 Hz, N-CH2-CH2-CH2-P), 49.93 (d, J = 19.5 Hz, N-CH2-CH2-CH2-P), 55.10 (CH2Bn), 117.96 (d, J = 86.5 Hz, 3xCPh-P), 120.09 (CHimid), 124.71 (CHimid), 124.99 (2xCHmpyr), 128.46 (CHpBn), 128.94 (2xCHmBn), 129.21 (2xCHoBn), 130.69 (d, J = 12.6 Hz, 6xCHmPh-P), 134.20 (d, J = 10.1 Hz, 6xCHoPh-P), 134.84 (C-Pt), 135.18 (d, J = 3.0 Hz, 3xCHpPh-P), 135.41 (3xCBn), 137.61 (CHppyr), 153.87 (2xCHopyr) ppm.

  1 H NMR (300 MHz, CDCl3) δ 1.79 (d, J = 8.0 Hz, 2H, N-CH2-CH2-CH2-CH2-PPh3 + ), 2.68 (t, J = 7.4 Hz, 2H, N-CH2-CH2-CH2-CH2-PPh3 + ), 3.71 -3.86 (m, 2H, N-CH2-CH2-CH2-CH2-PPh3 + ), 4.58 (t, J = 6.6 Hz, 2H, N-CH2-CH2-CH2-CH2-PPh3 + ), 5.66 (s, 2H, CH2Bn), 6.55 (d, J = 2.1 Hz, 1H, Himid), 7.27 -7.49 (m, 8H, Harom), 7.59 -7.88 (m, 16H, Harom), 8.86 -9.09 (m, 2H, Hpyr) ppm.13 C NMR (126 MHz, CDCl3) δ 20.20 (d, J = 3.9 Hz, N-CH2-CH2-CH2-CH2-P), 23.11 (d, J = 50.8 Hz, N-CH2-CH2-CH2-CH2-P), 29.92 (t, J = 22.4 Hz, N-CH2-CH2-CH2-CH2-P), 50.32 (N-CH2-

  ) was heated at 40 °C in dry (CH3)2CO (5 mL) under argon overnight. The solvent was removed in vacuo. The resulting yellowish solid was solubilized in DCM and then filtered through celite in order to remove the salts. The DCM was evaporated after the filtration. For the second step of the reaction, 5 mL of extra-dry pyridine was added under argon and the reaction was stirred at room temperature overnight. The pyridine was removed in vacuo. The desired product was purified using the CombiFlash® 100/0 à 95/5). The obtained yellow powder was dried under vacuum (49 mg, 29%).1 H NMR (400 MHz, CDCl3) δ 5.28 (s, 1H, Himid), 5.32 (s, 1H, Himid), 5.68 (s, 2H, N-CH2-Ph-CH2-PPh3), 5.73 (s, 2H, N-CH2-Ph-CH2-PPh3), 6.61 (s, 2H, CH2Bn), 7.12 (dd, J = 8.2, 2.5 Hz, 2H, H N-CH2-pPhp-CH2-PPh3), 7.29 (s, 1H, Hpyr), 7.32 -7.41 (m, 5H, HBn), 7.48 -7.53 (m, 2H, HN-CH2-pPhp-CH2-PPh3), 7.61 -7.68 (m, 6H, Harom), 7.70 -7.81 (m, 11H, Harom), 9.02 (dt, J = 5.1, 1.6 Hz, 2H, Hpyr) ppm. 13 C NMR (126 MHz, CDCl3) δ 30.98 (d, J = 47.2 Hz, N-CH2-pPhp-CH2-PPh3), 54.23 (N-CH2-pPhp-CH2-PPh3), 54.97 (CH2Bn), 117.58 (d, J = 85.8 Hz, 3xCPh-P), 120.83 (CHimid), 121.02 (CHimid), 125.15 (2xCHmpyr), 127.09 (d, J = 8.5 Hz, C-Pt), 128.56 (CHpBn), 129.01 (2xCHmBn), 129.31 (2xCHoBn), 129.57 (d, J = 3.3 Hz, 2xCHCH2-pPhp-CH2), 130.45 (d, J = 12.5 Hz, 6xCHmPh-P), 132.02 (d, J = 5.5 Hz, 2xCHCH2-pPhp-CH2), 134.53 (d, J = 9.8 Hz, 6xCHoPh-P), 135.28 (d, J = 3.0 Hz, 3xCHpPh-P), 136.10 (d, J = 4.0 Hz, 2CCH2-pPhp-CH2), 137.08 (CBn), 137.68 (CHppyr), 153.85 (2xCHopyr) ppm.

Figure 1 .

 1 Figure 1. A) Synthesis of TPP + -functionalized NHC-platinum complexes 3-5. B) Synthesis of the NHC-platinum complex 7, control molecule for the compound 3b.

Figure 2 .

 2 Figure 2. Molecular structure of platinum NHC complexes 3b, 4a and 4b. The hydrogens are omitted. a) Complex 3b. Selected distances (Å) and angles (°): C1-Pt1, 1.963(7); Pt1-N3, 2.096(6); Pt1-I2, 2.6036(6); Pt1-I1, 2.5965(6); C1-Pt1-I2, 89.0(2); C1-Pt1-I1, 88.9(2); I2-Pt1-N3, 91.8(2), N3-Pt1-I1, 90.3(2); C1-Pt1-N3, 178.1(2); I2-Pt1-I1, 177.41(2); b) Complex 4a. Selected distances (Å) and angles (°): C1-Pt1, 1.962(5); Pt1-N3, 2.089(4); Pt1-I2, 2.6046(4); Pt1-I1, 2.5984(4); C1-Pt1-I2, 86.6(1); C1-Pt1-I1, 90.7(1); I2-Pt1-N3, 91.0(1), N3-Pt1-I1, 91.7(1); C1-Pt1-N3, 176.4(2); I2-Pt1-I1, 176.93(3); c) Complex 4b. Selected distances (Å) and angles (°): C1-Pt1, 1.960(4); Pt1-N3, 2.093(2); Pt1-I2, 2.6011(3); Pt1-I1, 2.5954(4); C1-Pt1-I2, 88.3(1); C1-Pt1-I1, 89.9(1); I2-Pt1-N3, 89.8(8), N3-Pt1-I1, 92.15(8); C1-Pt1-N3, 176.7(1); I2-Pt1-I1, 176.8(1).

Figure 3 .

 3 Figure 3. Effect on the generation of Reactive Oxygen Species (ROS) by NHC-Pt complexes 3b, 3c and 7 at their IC50 (blue), IC50x2 (green) and IC50x4 (orange) after 12 h of incubation at 37 °C on NCH421K cells (staining with MitoSox Red mitochondrial superoxide indicator).Staurosporine is used as a technical control (purple). Three independent assays were carried out where at least ten thousand cells were acquired for each experimental condition. Results were processed with FlowJo Data Analysis Software. The statistical analysis was done using GraphPad Prism 8 software by performing an ordinary one-way anova test (p < 0.05).

  31 P NMR (162 MHz, CDCl3) δ 24.9 ppm. HRMS ESI: calculated for C36H35N3 127 I2P 195 Pt 989.0306, found 989.0296. n (ATR): 687.35 (s), 722.97 (s), 995.52 (w), 1027.74 (m), 1069.67 (m), 1229.85 (m), 1435.72 (s), 1446.67 (m), 1586.25 (m), 1604.66 (m), 1729.46 (w), 2918.82 (m) cm -1 .

  argon and the reaction was stirred at room temperature overnight. The pyridine was removed in vacuo. The desired product was purified using the CombiFlash® Rf+

	apparatus	using	RediSep	disposable	chromatography	columns	(gradient
	dichloromethane/methanol 100/0 à 98/2). The obtained yellow powder was dried under
	vacuum (75.5 mg, 52%). 1 H NMR (500 MHz, CDCl3) δ 1.77 (h, J = 8.0 Hz, 2H, N-CH2-CH2-CH2-
	CH2-P), 2.65 (p, J = 6.8 Hz, 2H, N-CH2-CH2-CH2-CH2-P),), 3.75 (td, J = 12.8, 7.6 Hz, 2H, N-CH2-
	CH2-CH2-CH2-P), 3.90 (s, 3H, N-CH3), 4.53 (t, J = 6.7 Hz, 2H, N-CH2-CH2-CH2-CH2-P), 6.78 (d, J =
	2.0 Hz, 1H, Himid), 7.28 -7.33 (m, 2H, Hpyr), 7.46 (d, J = 2.1 Hz, 1H, Himid), 7.64 -7.83 (m, 16H,
	Harom), 8.97 (dt, J = 5.1, 1.6 Hz, 2H, Hpyr) ppm. 13 C NMR (126 MHz, CDCl3) δ 19.88 (d, J = 3.8 Hz,
	N-CH2-CH2-CH2-CH2-P), 22.91 (d, J = 50.8 Hz, N-CH2-CH2-CH2-CH2-P), 29.65 (d, J = 17.3 Hz, N-
	CH2-CH2-CH2-CH2-P), 38.44 (N-CH3), 49.85 (N-CH2-CH2-CH2-CH2-P), 118.08 (d, J = 86.1 Hz, 3xCPh-
	apparatus	using	RediSep	disposable	chromatography	columns	(gradient
	687.1 (s), 721.44 (s), 995.64 (s), 1027.02 (w), 1069.39 (m), 1231.64 (m), 1435.97 (s), 1483.27
	(m), 1604.91 (m), 2189.5 (w), 2844.22 (m), 3392.7 (w) cm -1 .		
	2.1.2.4. Complex 4a				
	For the first step of the reaction, a mixture of the proligand 1b1 (77.15 mg, 137.7 µmol, 1
	equiv.), PtCl2(SMe2)2 (64.5 mg, 165.2 µmol, 1.2 equiv.), KI (232.3 mg, 1.4 mmol, 10 equiv.) and
	K2CO3 (191.4 mg, 1.4 mmol, 10 equiv.) was heated at 40 °C in dry (CH3)2CO (10 mL) under

dichloromethane/methanol 100/0 à 95/5). The obtained yellow powder was dried under vacuum (128.5 mg, 74.4%).

1 

H NMR (500 MHz, CDCl3) δ 1.62 -1.77 (m, 12H, HAd), 2.02 (s, 3H, HAd), 2.74 (s, 2H, N-CH2-CH2-CH2-PPh3), 3.82 (s, 2H, N-CH2-CH2-CH2-PPh3), 4.17 (s, 2H, N-CH2-Ad), 4.96 (s, 2H, N-CH2-CH2-CH2-PPh3), 6.86 (s, 1H, Himid), 7.27 -7.35 (m, 2H, Hpyr), 7.61 -8.00 (m, 17H, Harom), 8.80 (d, J = 4.8 Hz, 2H, Hpyr) ppm. 13 C NMR (126 MHz, CDCl3) δ 20.16 (d, J = 52.1 Hz, N-CH2-CH2-CH2-PPh3), 22.87 (d, J = 2.2 Hz, N-CH2-CH2-CH2-PPh3), 28.35 (3xCHAd), 35.05 (CAd), 36.82 (4xCH2Ad), 42.04 (N-CH2-Ad), 50.47 (d, J = 19.2 Hz, N-CH2-CH2-CH2-PPh3), 64.15 (2xCH2Ad), 117.95 (d, J = 86.5 Hz, 3xCpPh-P), 122.64 (CHimid), 124.05 (CHimid), 124.97 (2xCHmpyr), 130.72 (d, J = 12.6 Hz, 6xCmPh-P), 134.21 (d, J = 10.1 Hz, 6xCHoPh-P), 135.19 (d, J = 3.0 Hz, 3xCHpPh-P), 135.26 (C-Pt), 137.54 (CHppyr), 153.92 (2xCHopyr) ppm. 31 P NMR (121 MHz, CDCl3) δ 24.85 ppm. HRMS ESI: calculated for C40H45N3 127 I2P 195 Pt 1047.1088, found 1047.1090. n (ATR): argon overnight. The solvent was removed in vacuo. The resulting yellowish solid was solubilized in DCM and then filtered through celite in order to remove the salts. The DCM was evaporated after the filtration. For the second step of the reaction, 5 mL of extra-dry pyridine was added under P), 122.11 (CHimid), 122.26 (CHimid), 125.06 (2xCHmpyr), 130.66 (d, J = 12.6 Hz, 6xCHmPh-P), 134.00 (d, J = 10.1 Hz, 6xCHoPh-P), 134.31 (C-Pt), 135.16 (d, J = 3.1 Hz, 3xCHpPh-P), 137.57 (CHppyr), 153.85 (2xCHopyr) ppm. 31 P NMR (121 MHz, CDCl3) δ 24.17 ppm. HRMS ESI: calculated for C31H33N3 127 I2P 196 Pt 927.0149, found 927.0145. n (ATR): 686.99 (s), 722.03 (s) 995.52 (m), 1026.43 (w), 1069.03 (m), 1150.77 (m), 1223.83 (m), 1435.70 (s), 1467.7 (m), 1571.07 (m), 1586.46 (m), 1604.16 (m), 2922.74 (m) cm -1 .

  For the first step of the reaction, a mixture of the proligand 1c (100 mg, 146.1 µmol, 1 equiv.), PtCl2(SMe2)2 (68.42 mg, 175.32 µmol, 1.2 equiv.), KI (242.53 mg, 1.46 mmol, 10 equiv.) and K2CO3 (201.92 mg, 1.46 mmol, 10 equiv.

	CH2-CH2-CH2-P), 55.14 (CH2Bn), 118.38 (d, J = 86.0 Hz, 3xCPh-P), 120.48 (CHimid), 122.98 (CHimid),
	125.32 (2xCHmpyr), 128.70 (CHpBn), 129.17 (2xCHmBn), 129.52 (2xCHoBn), 130.90 (d, J = 12.6 Hz,
	6xCHmPh-P), 134.26 (d, J = 10.1 Hz, 6xCHoPh-P), 135.14 (C-Pt), 135.38 (d, J = 3.0 Hz, 3xCHpPh-P),
	135.79 (CBn), 137.84 (CHppyr), 154.14 (2xCHopyr) ppm. 31 P NMR (121 MHz, CDCl3) δ 24.16 ppm.
	HRMS ESI: calculated for C37H37N3 127 I2P 195 Pt + 1003.0462, found 1003.0461. n (ATR): 691 (s),
	1027.72 (w), 1247.42 (m), 1432.15 (s), 1448.01 (m), 1585.86 (m), 1602.52 (m), 3078.05 (m),
	3132 (w) cm -1 .
	2.1.2.6. Complex 5

Table 1 .

 1 IC50 values (µM) of the compounds after 24 h of treatment. IC50 values were determined by at least two independent assays ± one standard error of the mean (SEM). Each experiment was carried out in at least a technical triplicate. IC50 values were calculated by non-linear regression of cell viability curves generated via Cell Titer Glo® 3D cell viability assay using Prism Software. Statistics represent Student's T-test. * = p < 0.05, ** = p < 0
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by the extrinsic pathway which involves transmembrane receptor-mediated interactions [START_REF] Elmore | Apoptosis: a review of programmed cell death[END_REF].

The activation of caspase 3/7 has already been reported previously for other NHC-Pt complexes [START_REF] Mccartin | Polyethylenimine, an Autophagy-Inducing Platinum-Carbene-Based Drug Carrier with Potent Toxicity towards Glioblastoma Cancer Stem Cells[END_REF]. Caspase 3/7 activation was measured after 24 h of incubation at 37 °C with staurosporine as a technical control. This time, each compound was tested for the concentration corresponding to their respective IC50. So, the staurosporine's IC50 was evaluated and found to be 0.42 µM ± 0.09 µM. The results, for each sample, are presented compared to Non-Treated cells (NT) (Figure 4). The activation induced by the vehicle control DMSO is similar to that of the NT cells. Staurosporine activates caspase 3/7 nearly 3 times more that NT cells. Compounds 3b, 7 and 3c activate caspase 3/7 between 4 and 5 times more than NT cells with no significant difference between them. However, compared to the vehicle control, all complexes activate significantly caspase 3/7. These results lead us to believe that the mitochondrial apoptotic pathway is indeed activated by all three compounds on NCH421K. Next, the induction of apoptosis by compounds 3b, 7 and 3c was explored on NCH421K cells.

For this, flow cytometry analysis was used with an APC-Annexin V -Propidium Iodide