Michèle Salmain 
  
Benoît Bertrand 
email: benoit.bertrand@sorbonne-universite.fr
  
Emerging anticancer therapeutic modalities brought by gold complexes: overview and perspectives

Keywords: Gold, cancer, phototherapy, protein labeling, intracellular catalysis

The medicinal chemistry of gold has experienced an exponential development since the 2000s. For long, the mechanisms of action of gold complexes have been limited to direct coordination of the gold ion or supramolecular interactions of the whole gold complex with biomolecules. In the recent years, other modes of action of gold-based drug candidates have emerged. Herein, we review these new modalities, including photo-induced cytotoxicity, selective protein modification and in cellulo catalysis.

Introduction

At the end of the XIX th century, the German physician Robert Koch reported the use of K[Au(CN) 2 ] for the treatment of tuberculosis. Although its efficacy was heavily debated and further replaced by streptomycin, it represented the starting point of the modern use of gold-based compounds in medicine. [1] During the XX th century, gold-based polymeric compounds such as sodium aurothiomalate and aurothioglucose and orally available drug auranofin (Figure 1) were clinically used for the treatment of rheumatoid arthritis. [2] As such, when it became necessary to circumvent problems of resistance and heavy side effects, isoelectronic Au(III) complexes appeared as promising alternatives to platinum-based anticancer chemotherapeutic agents [3] . Moreover, auranofin is currently in repurposing investigations by undergoing clinical trials for various types of cancer, including ovarian cancer and leukemia. [START_REF]Study Record | Beta ClinicalTrials[END_REF][START_REF]Study Record | Beta ClinicalTrials[END_REF][START_REF] Roder | [END_REF] In this context, both Au(I) and Au(III) complexes have attracted an exponentially growing interest in the last decades regarding the development of new anticancer drug candidates and the field has been abundantly reviewed during the last 5 years. [7][8][9][10][11][12][13] It is worth noting that beyond their anticancer properties, gold complexes have also demonstrated promising antibacterial, [14] antiparasitic, [15] antifungal [16] and antiviral [17] properties which topics are beyond the scope of the present review.

Interestingly, while the well-recognized target of cisplatin and its derivatives is DNA via the direct bonding of the Pt(II) center to puric bases such as guanines, [18] the mechanism of gold-based complexes appears to be very different since it mostly involves interactions with proteins and enzymes. [19] The vast majority of the gold complexes can be divided into two categories according to their reactivity. On one side, Au complexes presenting hydrolysable (exchangeable) ligands such as halogenides, carboxylates, thiolates (as for auranofin) will react by direct coordination of the gold atom to the target. Due to the soft nature of gold cations, which is even more pronounced for Au(I), gold complexes have been reported to interact with their targets by direct coordination of the Au center to sulfur-and selenium-containing residues, i.e. cysteines, methionines and selenocysteines. [19] In this category, are found Au(I)-PR 3 /NHC (Figure 1), [20,21] Au(III)dithiocarbamates, [22] (N^N) [23] and cyclometalated complexes [24][25][26][27] (Figure 1). Different potential targets for reactive gold complexes have been identified, among which thioredoxin reductase (TrxR), which is involved in the cellular redox balance, [28] glutathione-S-transferase (GST), involved in cisplatin resistance, [29] the 20S subunit of proteasome [30] , zinc-finger enzymes such as poly-ADPribose polymerase 1 (PARP-1), involved in DNA repair mechanisms, [31,32] or aqua(glycero)porins, some trans-membrane channels for water and glycerol. [33] The second main category comprises structural cationic complexes including stable ligands that prevent the possibility of direct coordination of the gold atom. These complexes interact with their targets via weak interactions such as π-stacking or electrostatic interactions as was demonstrated in the cases of the non-canonical G-quadruplex DNA structures, [34,35] and topoisomerase I, an enzyme involved in DNA cleavage and reannealing. [36] In this category one can find [Au(I)-(NHC) 2 ] + , [37][38][39] [(C^N^C)Au-(NHC)] + , [36,40,41] [(C^N^N^C)Au] + [42] and [Au(porphyrin)] + [43] (Figure 1).

Figure 1. Examples of the main families of reactive and structural gold-based anticancer drug candidates

One of the main limitations of most gold-based anticancer drug candidates, common to the platinum-based drugs, is the generally low selectivity of the gold complexes for cancer cells. To bypass this shortcoming, different strategies have been explored such as vectorizing the gold complexes toward the desired cancer cells by conjugation of peptides, [44] aptamers, [45] vitamins, [46,47] or antibodies, [48] or to incorporate the gold complexes into nanocarriers. [13] In the recent years, beyond the classical mode of action of gold-based complexes, new therapeutic modalities have emerged to improve the selectivity and the efficacy of gold-based therapies. The present review will discuss the latest developments in the emerging gold-based therapeutic modalities which include gold-based photoactive therapies, selective protein modification and gold-based in cellulo / in vivo catalysis (Figure 2). 

Gold-based complexes for photo-induced anticancer therapy

Light-induced therapies can be divided into two families, namely photodynamic therapy (PDT) and photoactivated chemotherapy (PACT). PDT relies on the formation of reactive oxygen species (ROS) upon irradiation by energy transfer from a photosensitizer to molecular oxygen. The most common ROS produced in PDT is singlet oxygen ( 1 O 2 ) generated by energy transfer from a triplet excited state of the photosensitizer induced by an intersystem crossing (ISC) mechanism from an excited singlet state (Figure 3A). Highly reactive 1 O 2 will trigger oxidative damages to DNA, unsaturated lipids and proteins leading to cell death. [49] On the other hand, PACT pharmacophores rely on the photoactivation of a prodrug generating a reactive metabolite able to directly interact with biomolecules to trigger cell death (Figure 3B). PDT is an FDA-approved therapeutic modality since the 90's for the treatment of various types of cancer including non-small lung cancer, head and neck cancer or bladder cancer. Approved PDT photosensitizers are often based on porphyrin or porphyrinoid scaffolds due to their strong absorption in the therapeutic window and high photostability. [50,51] However, recently, a [Ru(N^N) 3 ] 2+ complex has completed phase Ib clinical trial as PDT photosensitizer for the treatment of non-muscle-invasive bladder cancer. [52] This prompted the development of PDT photosensitizers beyond organic compounds using metal-based complexes due to the ease of modulation of their photophysical properties. Most reported examples rely on heavy metals such as Ru, Ir, Pt or Re [53] but recent studies demonstrated the potential use of cheaper and more abundant first row metal complexes for phototherapy. [54] To date, most reports of gold-based PDT photosensitizers rely on gold nanoparticles which is beyond the scope of the present review. [55,56] [Au(TPP)] + (TPP = mesotetraphenylporphyrin) (Figure 4) introduced by Che and colleagues has been demonstrated to have strong cytotoxic activity on various cancer cell lines including nasopharyngal carcinoma and melanoma cells as well as cancer stem cells. [43,57] Its mechanism of action has been investigated in depth and involves the inhibition of mitochondrial chaperone HSP60. [58] Considering the numerous porphyrins and metalloporphyrins for PDT applications, the use of [Au(TPP)] + and [Au(TPP)] + -based Au(III)/Pt(II) bimetallic complexes (1, Figure 4) as PDT agents was explored. [59] Unexpectedly, very low singlet oxygen quantum yields were measured for both gold porphyrins and bimetallic complexes (below 1 %). However, irradiation of [Au(TPP)] + -treated MCF-7 cells at λ exc = 390-420 nm led a 60% reduction of cell viability compared to dark condition. This reduced cell viability was associated with the production of ROS detected by fluorescence microscopy using DCFH 2 -DA as a probe demonstrating a small PDT activity of [Au(TPP)] + . Moreover, despite the absence of PDT activity of the Au/Pt bimetallic complex 1, its cytotoxic activity was improved against MCF-7 breast cancer cell line, as compared to the corresponding Pt-malonato complex. [59] Corroles are a sort of porphyrinoid lacking a meso carbon resulting in a smaller chelating site and lower symmetry than porphyrins. Corroles can coordinate various metals in a tetradentate trianionic mode. [60] Interestingly, Au-corrole complexes appeared to have a very different biological behavior compared to porphyrin analogs. Indeed, while the porphyrin-based complex [Au(TPP)] + presented strong cytotoxic activity in the dark, [43] neutral amphiphilic Au(III) corrole complex 2 (Figure 4) presented a low antiproliferative activity around 100 µM against AY27 rat bladder cancer cells. Moreover, corrole complex 2 could reduce AY27 cells viability by 60 % at a concentration of 10 µM upon 2.5 min of irradiation at 435 nm demonstrating a strong phototoxicity, contrasting with the limited PDT activity of [Au(TPP)] + . [61] Despite these promising results, the investigation of PDT agents based on Au-corroles has not been further developed and they remain mostly used for solar cell construction. [62] Introduction of an NHC-Au(I) moiety linked to the porphyrin core has been investigated to (1) combine a PDT agent with a chemotherapeutic fragment and (2) enhance the ISC efficiency due the spin-orbit coupling (SOC) of a heavy atom (heavy atom effect). Within this frame, porphyrins mesosubstituted with NHC-Au-Cl moieties either directly attached to the porphyrin or via a benzyl group have been synthesized (3a,b, Figure 4). [63] However, while the corresponding imidazolium salts at 0.5 µM could induce high toxicity when irradiated at 450 and 545 nm for 10 min, neither 3a nor 3b did show any phototoxicity on MCF-7 cells. Moreover, while complex 3a without spacer between the porphyrin and the imidazole rings appeared poorly cytotoxic on MCF-7 cells up to a concentration of 2 µM, at the same concentration 3a induced 60 % of cell death, highlighting the need of a distance between the photosensitizer and the NHC-Au fragment to induce cytotoxic properties. [63] NHC-Au-Cl fragment has been conjugated via a histamine linker to a bacteriopurprinimide (BPI) core (4, Figure 4) a photosensitizer absorbing at λ > 800 nm within the therapeutic window. [64] When tested on PC3 (prostate cancer) and HCT116 (colon cancer) cells, complex 4 demonstrated phototoxicity when irradiated at λ > 720 nm with IC 50 values of 101 ± 11 and 96 ± 14 nM respectively, comparable to the BPI-imidazolium precursor and 4 appeared twice more cytotoxic in the dark than its BPI-imidazolium precursor. In vivo experiment on PC-3 xenografts demonstrated the quick accumulation of complex 4 in tumors and its excretion after 6 h similarly to its BPI-imidazolium precursor. Moreover, when irradiated at 810 nm, complex 4 induced a higher anti-tumor activity than BPI-imidazolium compound. [64] Fused porphyrin-NHC ligands are a particular class of NHC in which the backbone of the imidazole core corresponds to two adjacent β-positions. [65] Fused porphyrin-NHC-Au-Cl complex 5a (Figure 4) appeared to be a more efficient photosensitizer for the photo-oxidation reaction of cholesterol than the corresponding tetraarylporphyrin. [66] Similarly, complex 5a was demonstrated to generate singlet oxygen more efficiently than the corresponding imidazolium salt and tetrarylporphyrin analog. However, similarly to complexes 3a and 3b, no particular phototoxicity was observed on MCF-7 cells treated with up to 10 µM of complex 5a. This lack of activity was attributed to poor complex uptake. Thus, the porphyrin-NHC-Au(I) fragment was conjugated to a mannose moiety through a thiolate linker (complex 5b, Figure 4). 5b showed a strong phototoxicity through ROS production with complete cell death at a concentration of 10 µM. Interestingly, the PDT effect of 5b could be abolished by co-incubation with mannose, suggesting the involvement of mannose receptors in the uptake mechanism of 5b. Authors also demonstrated the thiolate oxidation to sulfonate by singlet oxygen leading to the release of the thiolate ligand. As such, preservation of complex 5b from light prior to incubation with cells is of major importance to avoid decomposition of the mannose conjugate, uptake reduction and loss of PDT efficacy. [67] Computational studies have been carried out on 3a and 5a to investigate the impact of the Au(I) cation and its position on the porphyrin ring on SOC of these systems. Calculation showed that, despite the expected heavy atom effect of gold, no particular changes of the SOC constant where observed in both cases due to the absence of involvement of the Au-NHC fragments in the LUMO and LUMO+1 molecular orbitals.

[68] Boron-dipyrromethene (BODIPY) is another well studied class of organic fluorophores with a broad range of applications as fluorescent sensors (pH, metal ion, biomolecules, …) [69] or fluorescent probes for drug uptake studies and intracellular localization. [70] Moreover, BODIPY-based PDT photosensitizers are currently under intense investigation due to their high extinction coefficient, low dark toxicity, resistance to photobleaching and ease of photophysical properties modulation. [71][72][73] In particular, introduction of heavy atoms such as iodine on the BODIPY core was demonstrated to dramatically enhance the singlet oxygen quantum yield by heavy atom effect. [74] Within this context, an Au(I)-PPh 3 complex conjugated to a BODIPY core through an acetylene linker has been synthesized (complex 6, Figure 5). This strategy appeared very efficient to promote SOC thanks to the presence of the gold heavy atom as 6 appeared to have very high singlet oxygen quantum yield (Φ Δ = 84 %, λ exc = 415 nm), even higher than the diiodo-BODIPY photosensitizer (Φ Δ = 79 %). [75] While in the case of porphyrin-based Au(I) complexes, the Au(I) fragment was not involved in the π-π* transitions responsible for the PDT effect, the alkyne-Au(I) complex extends the π system of the BODIPY core thus participating in the π-π* transitions. [76] Computational studies demonstrated high and very similar inter-system crossing constant for both 6 and the diiodo-BODIPY in agreement with their close and high singlet oxygen quantum yields. [76] 6 was used as PDT agent against A549 lung adenocarcinoma cells and demonstrated strong phototoxicity only when the cells where irradiated at 525 nm at a concentration as low as 2.5 nM, demonstrating the high potential of Au-BODIPY conjugates for PDT applications. [75] Moreover, while [(C^N^C)Au(III)]-alkyne-fluorophore has been demonstrated to have higher inter-system crossing constant than Au(I)-PPh 3 analogs such as 6, [77] to the best of our knowledge, no Au(III)-alkyne-fluorophore conjugates have been investigated as potential PDT agents.

A limitation of classical photosensitizers is their aggregation-induced quenching at high concentration (achieved upon accumulation in a specific sub-cellular compartment for instance) resulting in a reduced photoactivity. As such, the conjugation of aggregation-induced emission luminogens (AIEgens) for labeling anticancer drugs appears particularly promising. This approach has been recently applied successfully with Au(I)-NHC complexes that preferentially accumulate in cancer cells and induce high TrxR inhibition, resulting in antiproliferative activities in the low micromolar range. [78] Similar approach has been explored for the development of AIEgens-Au(I) PDT agents by coordinating an Au(I)-(C 6 F 5 ) fragment to a triphenylamine benzothiodiazole pyridine (TBP) (complex 7, Figure 5). [79] 7 was shown to aggregate starting from a fraction of water of 40 % giving rise to a strong emission at 660 nm. In cell culture conditions (99 % water), complex 7 self-assembles in aggregates of 110 nm average size. Interestingly, while TBP ligand is demonstrated to accumulate selectively in lipid droplets, [80] the presence of the Au(I) fragment enhanced the intracellular accumulation in lysosomes. [79] This is in good agreement with previous data showing that the presence of an organic fluorophore could modify the intracellular accumulation site of Au(I)phosphine complexes, [81] highlighting the need to consider metal-fluorophore conjugates as an independent entity with a behavior differing from their individual constituents. Interestingly, complex 7 appeared mildly cytotoxic in vitro in dark condition against HeLa, A549, HepG2 and PC-3 cells but its cytotoxic activity could be improved upon white light irradiation for 30 min. Similarly, complex 7 could trigger ROS production after 8 h incubation in dark condition but this effect was even more pronounced under white light irradiation. This result could be attributed to a combined strong intracellular TrxR inhibition due to the Au(I) fragment associated with efficient photoinduced singlet oxygen generation by the TBP ligand. This synergistic effect between the PDT agent and a chemotoxic Au(I) complex was confirmed in vivo on mice bearing subcutaneous xenograft tumors without toxic effects on heart, kidney spleen and liver. [79] Figure 5. BODIPY-and AIEgen-based gold complexes used for PDT (C^N^C)Au(III) complexes are reported to have a strong cytotoxic activity against various cancer cells. [8,11,27] This activity can result from the direct coordination of the gold cation onto sulfurcontaining proteins and enzymes such as TrxR. [19] This is observed for either neutral complexes with halogens [82] or thiolate ligands [27] or with cationic species with labile ligands such as pyridines [82] or phosphines [83] upon substitution of the coordinated ligand by sulfur atoms of the biological target.

On the other hand, cationic complexes with NHC ligands have been shown to be unreactive toward cysteine-containing (poly)peptides such as GSH or TrxR. [41,84] As such, their cytotoxic effect as structural compounds originates from supramolecular interaction such as π-stacking or electrostatic interactions. [36,41] On the contrary, neutral complexes with stable ligands such as alkynyl ligands have been demonstrated to have no cytotoxic effects. [41] [(C^N^C)AuH] complexes, despite being formally metal-hydride complexes, have a very weak hydride reactivity as they were shown to be stable in the presence of acetic acid but could react with strong acids such as trifluoroacetic acid. [85] However, upon outer sphere radical activation, [(C^N^C)AuH] complexes could undergo hydroauration reaction of unsaturated C-C bonds. [86,87] On this basis, Zou and coworkers explored the potential photoactivation of [(C^N^C)AuH] complexes. They demonstrated that while complex 8 (Figure 6) was perfectly stable in dark conditions, in the presence of pyridinium, acetic acid and N-acetylcysteine (NAC), the corresponding pyridine, acetato and thiolato complexes were obtained upon irradiation at 365 and 420 nm. [88] Computational studies showed that, in dark conditions, energy barriers for the reaction of 8 can be as high as 52 kcal/mol in the case of the reaction with NAC associated with an endergonic formation of the products, preventing this reaction to take place. Upon irradiation, 8 reaches triplet excited state via ISC mechanism with distorted geometry. In this triplet state, the gold atom is protruding above the plan of the (C^N^C) pincer causing the elongation of the Au-H bond.

From this activated triplet state, the energy barrier is reduced to 15 kcal/mol and the product formation appears exergonic explaining the reaction of 8 under irradiation. [89] Taking advantage of the photoreactivity of complex 8 with thiols, 8 was tested as inhibitor of TrxR. 8 proved to be a potent TrxR inhibitor when irradiated at 365 nm for 5 min with an IC 50 value of 7.5 ± 1.4 nM on the recombinant enzyme and 1.7 ± 0.6 µM on the enzyme of HepG2 human cancer cells, being comparable to the potent TrxR inhibitor Auranofin. [88] The interaction with cellular proteins was further studied by ICP-MS, revealing an almost four fold higher gold content in HepG2 cells proteins under irradiation compared to dark conditions. Complex 8 appeared cytotoxic when irradiated at 365 nm for 5 min on A549, MCF-7, HepG2 and HCT116 cells with IC 50 values of 0.9 ± 0.3, 1.3 ± 0.7, 0.6 ± 0.2 and 1.0 ± 0.3 µM, respectively. Moreover, co-incubation of ROS scavengers such as NaN 3 and Dmannitol did not reduce the cytotoxic activity of 8, suggesting that 8 should act as a PACT rather than a PDT agent. However, a limitation of this system is the high energy wavelength required for activation of the complexes poorly compatible with in vivo conditions due to limited tissue penetration. This limitation could be overcome by using two-photon excitation. Indeed, similar phototoxicity was observed under irradiation at 690-700 and at 405 nm.

[88] β-hydride elimination reactions, although very common in Pd, Pt or Ni chemistry and being an elementary step in many catalytic processes such as in the Heck cross-coupling reaction, remained largely unexplored for Au until the last decade. [90] Zou and coworkers recently demonstrated that [(C^N^C)Au(ethyl/styryl)] complexes such as complex 9 (Figure 6) could undergo β-hydride elimination under irradiation at 365 nm to generate the corresponding hydride complex 8. [91] Then, in the presence of an excess of NAC, the photo-generated complex 8 can also be photo-activated (as described before) to generate the corresponding thiolato complex. However, while when starting from complex 8, the photo-activation stops at the Au-thiolate stage, starting from the alkyl complex 9, the photo-activation proceeds further with the remaining complex 9 acting as a photosensitizer activating the generated complex 8 undergoing a reductive elimination to form the C-S coupling adduct (CH^N^C-NAC) and an anionic Au(I) complex coordinated by two NAC thiolates which structure is known to have cytotoxic activity. [91] As such, the anticancer property of complex 9 was tested on a panel of human cancer cell lines with IC 50 under irradiation at 365 nm between 1.4 and 4.6 µM. Similarly to what has been observed for the hydride complex 8, no particular generation of ROS has been noticed upon irradiation of complex 9 suggesting that the toxic properties might arise from the photo-generation of the dithiolate gold(I) species. [91] Introduction of a glucose moiety via a styryl spacer (complex 10, Figure 6) enhanced the cytotoxic activity of the complex. The amphiphilic complex 10 was shown to self-assemble into round-shape particles of average size 160 nm which uptake mechanism involves endocytosis mediated by glucose transporters. In vivo, on mice bearing A375 xenografts, complex 10 significantly reduced the tumor development under 420 nm irradiation without causing particular body weight loss of the treated animals. Similarly to complex 8, complex 10 could trigger photo-toxicity using two-photon excitation. [91] Complex 11 (Figure 6) bearing a fluorene-isoquinoline (C^N) cyclometalated ligand and two phenylacetylide ligands has been reported to be completely stable in dark condition for 24 h in the presence of a large excess of NAC while complexes with reduced aromatic (C^N) ligands appeared less stable in the same conditions. [92] Contrarily to what has been observed for (C^N^C)-based complexes 8-10, under irradiation at 420 nm, complex 11 appeared to trigger the formation of singlet oxygen in oxygenated condition. Moreover, in the absence of oxygen and in the presence of thiol, irradiation of complex 11 at 420 nm led to its reduction to a phenylacetylide-Au(I)-thiolate species along with the release of the fluorene-quinoline ligand and the formation of C-S reductive elimination product of NAC with phenylacetylene. [92] This demonstrates that complex 11 could act as both PDT and PACT agent depending on oxygen quantity. These results could be translated to the cellular environment where intracellular 1 O 2 formation was detected under normoxia and the release of the fluorescent fluorene-quinoline ligand was observed in hypoxic conditions. Complex 11 was tested on various cancer cell lines and showed strong photo-induced activity with IC 50 values between 0.47 and 1.23 µM under irradiation at 420 nm for 5 min in normoxic conditions. In hypoxic conditions, complex 11 maintained photo-induced activity although reduced by a factor 2 to 5 depending of the considered cell line. Under hypoxia, complex 11 has been shown to very efficiently inhibit TrxR (IC 50 against cellular enzyme = 3.1 ± 0.6 µM). In normoxia, a 5 min irradiation time appeared necessary to reach efficient inhibition of cellular TrxR (IC 50 = 3.9 ± 1.1 µM) suggesting that in normoxia both PDT and PACT could take place while in hypoxia only PACT could happen which might explain the differences observed for the cytotoxic activity measured in normoxic and hypoxic conditions. In vivo experiments carried out on mice bearing A3475 xenografts treated with 3 mg.kg -1 of complex 11 and irradiated at 465 nm showed very promising results with a 92 % tumor growth reduction, no loss of body weight and release of the fluorene-quinoline in tumors suggesting that the photoreduction reaction indeed took place in vivo. [92] 

Gold-mediated selective modification of proteins

While platinum-based drugs are reported to trigger cell death due to intrastrand coordination of the platinum center onto puric bases, [18] gold-based complexes demonstrate their toxic effects mostly via enzyme inhibition. [19] In particular, due to their very soft Lewis acid character, various Au(I) complexes have been reported to efficiently inhibit TrxR, an enzyme responsible for the redox homeostasis of the cells and often overexpressed in cancer cells. [28] By means of mass spectrometry techniques using peptide analogs and biochemical assays, [93,94] it has been demonstrated that the Au(I) complexes inhibited TrxR by selective coordination to the selenocysteine residue located in one of the redox active sites, demonstrating the potential for selective enzyme modification using gold complexes. In the same way, due to their high affinity for sulfur containing ligands Au(III) complexes have been reported to efficiently inhibit cysteine-rich zinc-finger (ZF) enzymes such PARP-1 by replacing the Zn(II) cation from the ZF moiety leading to a conformational change. [31] By means of HPLC-ESI-MS techniques, it could be demonstrated that the benzylpyridinebased (C^N) complex 12 (Figure 7) presented higher affinity for PARP-1 CysCysHisCys ZF than for CysCysHisHis ZFs. After 5 min incubation with the ZFs, adducts with the [(C^N)Au III ] fragment were observed. [95] Figure 7.

(C^N) cyclometalated Au(III) complexes used for cysteine arylation

Similarly, immediately after mixing, incubation of complex 12 with the HIV nucleocapsid NCp7 presenting two CysCysHisCys ZF domains resulted in the formation of [(C^N)Au III ]-F adduct as observed by ESI-MS. [96] However, when the reaction was carried out for 48 h, the appearance of a (C^N)-F adduct was observed which is indicative of the loss of the gold atom and a C-S bond formation by reductive elimination as evidenced by X-Ray absorption spectroscopy (XAS). [96] Although much less described than for Pd(II) and Pt(II) complexes, reductive elimination in Au(III) complexes has been reported in the context for C-C, C-N, C-halogen bond formation. [97] Similar C-S bond formation was observed when 12 was reacted with a CysCysHisHis ZF and with NAC, but, while the fast formation of an adduct between the [(C^N)Au III ] fragment and GSH was assessed, no C-S bond formation between the (C^N) chelate and GSH was observed. This demonstrates that the environment of the cysteine plays a role in the reductive elimination reaction. [96] Following these results, a larger panel of [(C^N)AuCl 2 ] complexes including 2-benzoylpyridine, 2-aminophenylpyridine and 2-phenylpyridine was screened as potential arylation agents of a model CysCysHisHis ZF domain after 24 h of incubation in a 3/1 complex/ZF ratio. [98] Variable results were obtained depending of the (C^N) chelate used. While complexes with benzyl-and aminophenylpyridine showed adducts of the ZF with both the [(C^N)Au] fragment and the arylation product, complex 13 with a 2benzoylpyridine chelate afforded adducts with two and three arylation products. Moreover, in the same conditions, the five-membered (C^N) complex with 2-phenylpyridine ligand did not give any arylation products. These data highlighted the strong impact of the size of the metallacycle and the nature of the bridge in the (C^N) chelate in the ability of Au(III) complexes to trigger ZF arylation. [98] Such cysteine arylation might be involved in the inhibitory mechanism of PARP-1 by cyclometalated Au(III) complexes. [99] Moreover, while C-S reductive elimination could be demonstrated in the case of (C^N^C)Au complexes, [100] no evidence of its involvement in the anticancer activity of this class of complexes has yet been provided. Theoretical studies were carried out to investigate the differences in C-S bond formation efficiency observed for the different complexes. It has been reported that the first substitution reaction of a chlorido ligand takes place in trans position regarding the N-atom of the chelate due to the lower trans influence of the N with respect to the C placing the thiolate ligand in cis position with respect to the C. [99] However, due to geometrical constraints imposed by the cyclometallation, the C-S reductive elimination is disfavored. At this stage, the N-atom of the pyridine is substituted by a second thiolate ligand leading to the formation of an arylchloridodithiolate anionic complex. In this case, the aryl group can adopt a more favorable conformation enabling the C-S reductive elimination to take place. Calculation revealed that the energetic barriers of both pyridine substitution and reductive elimination steps were the lowest in case of complex 13 rationalizing its higher reactivity observed in the MS experiments. [101] Further studies using cysteine-containing peptides in the middle of the peptide chain and in a terminal position revealed that while in both cases the formation of adducts with the [(C^N)Au] fragments were observed, the arylation reaction did not take place with the terminal cysteine peptide. Calculations showed that, for the arylation to take place, the peptide needs to coordinate in a polydentate way. In a first step, the sulfur of the cysteine along with a nitrogen-containing residue such as asparagine, will chelate the Au(III) center by substituting both chlorido ligands (intermediate A, Scheme 1). At this stage, the pyridine ligand has to be replaced by a third residue of the peptide to place the aryl ligand in the favorable conformation for the reduction elimination to occur (intermediate B, Scheme 1). As such, the ability of peptides to undergo or not arylation reaction seems to arise from their variable ability to generate and stabilize intermediate B. [102] 

Scheme 1. Proposed mechanism for cysteine arylation reaction with [(C^N)AuCl 2 ] complexes

Taking advantage of its sequence-selective cysteine arylation reaction, complex 13 has been used to perform the global profiling of the arylable cysteines in Staphylococcus aureus. [103] S. aureus proteome was incubated with 50 µM of complex 13 for 1 h and then with an alkyne-iodoacetamide. A control sample was prepared with only DMSO in the first step and then the alkyne-iodoacetamide.

Both samples were then labeled with desthiobiotin-azide enabling the identification of the cysteines that were modified by 13 by LC-MS/MS technique. [103] As such, 108 cysteines appeared ligandable by 13, among which were found cysteines from metal-(Zn, Mg and K) and ATP binding sites and from the bacterial thioredoxin reductase, a well-established target of gold complexes. [28] Another identified target was glyceraldehyde-3-phosphate dehydrogenase (GAPDH) a reported target for Ag + and Cu + cations. Using HR-ESI-MS techniques, the formation of adducts of one of the protein targets with the [(C^N)Au] fragments and arylation products could be demonstrated. [103] Replacement of the chlorido ligands by an N,N'-bis(methanesulfonyl)ethylenediamine chelate (complex 14, Figure 7) improved the selectivity for cysteine. This is due to the softer basicity of the sulfonamide ligands with respect to the chlorido ligands disfavoring the substitution by NH 2 residues from lysine or N-terminal of peptides. [104] Using complex 14 as arylating agent, it was possible to perform cysteine-selective functionalization of hexa-to decapeptides with yields up to 99 %. A dansyl ligand was then introduced on the (C^N) chelate by the formation of an oxime function on the bridging carbonyl which was then transferred on the exposed cysteine residues of human and bovine serum albumins, opening the way to site-selective bioconjugation. [104] A similar strategy was used to selectively target the cysteine-containing G12C-mutated KRAS a recognized oncogenic protein. A KRAS-binder was introduced on the (C^N) ligand though an oxime function leading to complex 15 (Figure 7). [105] The KRAS-binder ensure the tight and selective association of 15 with KRAS favoring the interaction of the Au(III) center with the cysteines leading to their arylation. When tested in vitro on pancreas and lung cancer cell lines expressing the G12C mutation, complex 15 showed IC 50 values of 43 ± 1 and 17 ± 4 µM on MiaPaCa and H358 cells respectively while being totally ineffective on H640 lung cancer cells presenting a different mutation of KRAS. Control complex 13 did not show any selectivity demonstrating the importance of the targeting moiety. [105] Following Bourissou's work about [(N^P)AuArCl] + complexes (15, Figure 7) through the oxidative addition of iodoaryls, [106] Spokoyny used a similar strategy for selective arylation of cysteine derivatives in mild conditions, quantitative yields and short reaction times (Figure 8A). [107] This contrasts with the necessity of reaction time up to 48 h for cysteine arylation by [(C^N)AuX 2 ] complexes. [96,101,104] When applied to the arylation of GSH, this methodology appeared especially tolerant for the aryl group to transfer as electron-donating and withdrawing groups both led to cysteine arylation with the same quantitative yields. The authors used this methodology to introduce various elaborated moieties such as heterocycles, polymers, fluorescent tags, biotin derivatives and the anticancer drug trametinib. [107] The authors extended the scope of the reaction to mono-cysteine protein functionalization although an increased number of gold complex equivalents was required (20 and 15 equivalents for designed ankyrin repeat protein and fibroblast growth factor 2, respectively). [107] Using di-and tri-cysteine peptides along di-and tri aurated aryl substrates it was possible to form cyclic and bicyclic peptides (Figure 8B). In the same way, by using an excess of GSH, it was possible to decorate by up to 12 peptides poly aurated aryl platforms. [108] Due to the high conversion rate and short reaction time, this methodology was successfully applied for the 18 F labelling of various peptides and sugar derivatives including RGD peptides and β-amyloid fragment opening potential application in PET imaging. [109] This demonstrates the great potential of such approach, however therapeutic applications of this methodology have not yet been reported.

Figure 8. A) GSH arylation conditions using [(N^P)AuArCl] + complexes B) Peptide structures obtained by this methodology

Gold(III) meso-tetraphenylporphyrin [Au(TPP)] + possesses well-established anticancer properties with IC 50 s ranging between 33 and 81 nM on a panel of human nasopharyngeal carcinoma cells (SUNE1, HK1, HONE1). [43] Deeper studies on the mechanism of [Au(TPP)] + revealed strong interactions with various proteins such as the anti-apoptotic protein bcl-2 or the mitochondrial chaperone heat-shock protein 60 (HSP60). [43,58] Although the exact mode of interaction between [Au(TPP)] + and its targets are not fully disclosed, docking studies point toward non-covalent association relying on electrostatic or π-stacking interactions. [43] Interestingly, the β-substituted gold(III) porphyrin complex 17 (Scheme 2), outperformed the [Au(TPP)] + complex against various cancer cell lines including ovarian (A2780), lung (NCI-H460), breast (MDA-MB-231) and colon (HCT116) cells along with a reduced toxicity against non cancerous cells. [110] Reactivity studies carried out by mass spectrometry revealed the formation adducts between 17 and various cysteinecontaining peptides including GSH and thioredoxin while analogous Zn(II) porphyrin complexes did show only minor formation of the corresponding adducts. This highlights the peculiarity of the Au(III) cation with respect to other transition metals. By means of NMR spectroscopy techniques, the addition of one thiol to the β-position could be demonstrated. Due to this very particular feature, 17 was demonstrated to trigger its anticancer activity via the inhibition of various cysteine-containing proteins such as the mitochondrial antioxidant enzyme PRDX3, the protein deubiquitinase UCHL3 and the chaperone HSP90. In all cases, mass spectrometry analysis of reaction between 17 and target-derived peptides revealed the formation of [17-peptides] adducts by reaction of the different cysteines. In vivo studies on BALB/c mice bearing A2780 and HCT116 xenografts revealed a reduction of the tumor growth by 80 % and 72 % for A2780 and HCT116 xenografts respectively, when treated twice a week for three weeks with 17 (2 mg/kg). [110] Scheme 2. Meso addition of cysteine containing proteins on the gold(III)-porphyrin complex 17

Beyond cysteines, a recent report by Awuah and colleagues described the use of a Au(I) complex to target a lysine of the oncotarget MYC by incorporating a c-MYC affinity ligand onto the [(PR 3 )AuCl] structure (18, Figure 9A). [111] 18 induced cell death in a c-MYC-dependent manner with up to ten times higher efficacy than the purely organic affinity ligand 10058-F4. Immunoblots studies revealed 18 could induced a higher c-MYC inhibition in treated cells than compound 10058-F4 while the analogous Au(I) complex without the c-MYC affinity ligand substituent had only a limited impact on c-MYC activity. This shows that the presence of the Au(I) complex enhanced the activity of the organic inhibitor. The authors proposed a mechanism for the gold-mediated lysine modification of c-MYC. While bonded to c-MYC the sulfur atom of the thiocarbonyl group of the thioxothiazolidinone can interact with the Au(I) ion making the thiocarbonyl carbon more susceptible to nucleophiles such as amines. Then the Au(I) sulfide can react on the amide carbonyl causing the cleavage of the C-N bond leading to the modification of the lysine by a thiazolone function (Figure 9B). 

c-MYC c-MYC c-MYC

Bioorthogonal catalysis with gold-based compounds

The ability to perform / achieve new-to-nature reactions in vivo by metal-based catalysis, also simply known as bioorthogonal catalysis, is a truly innovative approach to visualize, manipulate or alter biological processes occurring in cells in a controlled fashion. [112,113] In this field, gold-based compounds currently occupy one of the prominent places, mostly owing to their excellent biocompatibility. Nevertheless, performing metal-catalyzed reactions in highly complex aqueous media such as cells lysates, cells or even whole organisms is extremely challenging and requires either to properly design and / or formulate the metal species so that its catalytic activity is maintained. This holds particularly true for small molecular gold compounds that can readily be poisoned by sulfur compounds, known to be abundant in biological settings, owing to the formation of strong gold-sulfur bonds.

Molecular gold catalysts

Cationic gold species display characteristic π-Lewis acidity that translates into the facile coordination to unsaturated bonds, especially alkynes, allowing their functionalization via intra-or intermolecular nucleophilic attack. This unique reactivity leads to a large diversity of functionalized products. [114,115] Besides, gold(I) complexes are tolerant to O 2 and water. Thus, gold species are highly suitable candidates for bioorthogonal catalysis

The first examples of gold-based transformations in cells dealt with chemosensors of Au(III) ions operating by conversion of rhodamine or BODIPY-based profluorescent probes to fluorescent products via gold-catalyzed heterocyclization reactions [116][117][118][119] or uncaging [120] . One of the most interesting approaches in this area involved the gold(III)-catalyzed hydroarylation (carbocyclisation) of the propargyl ester derivative A in protic medium, yielding a blue-fluorescent coumarin derivative (Scheme 3). [121] This strategy inspired Mascareñas and his coworkers who performed a thorough study of the conditions of catalysis. To begin with, they designed the fluorogenic probe B to prevent the formation of a mixture of 2 regioisomers occurring upon heterocyclisation of A.

Scheme 3. Gold-catalyzed fluorogenic hydroarylation reactions

They compared the performances of 8 different gold(I) or gold(III) derivatives in the conversion of B in aqueous medium and found out that all of them except one gave the coumarin derivative C in 65-99% yield. The reaction was transposed to a cellular context (HeLa cells) and the PTA-Au-Cl complex 19 (PTA = 1,3,5-triazaphosphaadamantane), a very well-known ligand in organometallic medicinal chemistry of arene-ruthenium complexes, [122] was found to be the most efficient while inducing the lowest cytotoxicity among the tested compounds. Interestingly, the efficacy of the gold compounds measured from the level of fluorescence was not related to the intracellular concentration of gold measured by ICP-MS. [123] Tanaka and coworkers exploited the alkynophilic property of gold compounds to catalyze diverse reactions involving terminal alkynes. First, they reported the gold-catalyzed uncaging of pharmacologically active secondary amines via a 6-endocyclisation reaction allowing the removal of the 2-alkynyl benzamide (Ayba) protecting group (Scheme 4). Deprotection of the glycine derivative Ayba-Gly-OBn was achieved in very good yield in water-miscible solvents as well as in PBS/DMF 9:1 mixture but required a large amount of NaAuCl 4 (50 -75 mol%). Also, uncaging of the ER antagonist endoxifen from Ayba-ENDO was carried achieved in 60 % yield in the presence of 100 mol% NHC gold complex 20. Eventually, co-treatment of HeLa, A549 or PC3 cells with caged doxorubicin (Ayba-DOX) and 10 µM coum-Au2 (Figure 10) led to a reduction of the EC 50 by a factor of 2 to 5 with respect to caged DOX alone. However, EC 50 's were still 3 to 18 fold higher than those of DOX alone. [124] Scheme 4. Uncaging of biologically active secondary amines by gold-catalyzed 2-alkynylbenzamide cyclization

Artificial metalloenzymes

To protect the gold catalysts from deactivation by cellular thiols, Tanaka and coworkers developed approaches relying on their encapsulation within biopolymers so as to generate artificial metalloenzymes (ArMs). To this aim, they took advantage of the known affinity of coumarin derivatives for albumin [125,126] to generate the ArM HSA  coum-Au1 from supramolecular anchoring of coum-Au1 (Figure 10) to albumin. Effective assembling of coum-Au1 to the albumin scaffold was evidenced by enhancement of the fluorescence emission of coumarin due to its insertion in the hydrophobic binding pocket located in the subdomain IB of human serum albumin. In a preliminary experiment, fluorescence labeling of the albumin protein host was achieved by addition of TAMRA-OProp to the ArM most likely by reaction of lysine residues located in the vicinity of the gold complex. [127] Scheme 5. Mechanism of gold-assisted protein labeling by amide bond formation

This strategy was extended to protein labeling in live mice using N-glycoalbumin scaffolds hosting the gold cofactor coum-Au1. These N-glycoalbumins are bioconjugates of human serum albumin and two different glycans whose composition is chosen so as to selectively and rapidly accumulate within the intestine or the liver. These ArMs were independently shown to be poorly cytotoxic on cell cultures and caused no damage to organs in vivo. [128] Successive injections of glycoHSA  coum-Au1 and the NIR imaging probe Cy7.5-OProp to mice resulted in a high level of fluorescence in the corresponding organ as revealed by fluorescence imaging system, while the NIR probe was distributed all over the body upon application of N-glycoalbumin devoid of coum-Au1. [129] The mechanism of reaction was assumed to involve gold(III) complex π-coordination allowing the activation of the propargyl ester towards nucleophilic attack by an amine (Scheme 5).

Figure 10. Gold-based cofactors of artificial metalloenzymes

These achievements gave rise to a new concept named Selective Cell Tagging (SeCT) Therapy which is based on the labeling of specific cells with selected chemical moieties (cell surface labeling) in vivo to elicit a therapeutic response. The ArM glycoHSA  coum-Au1 formed by assembling of N-glycoalbumin (with (2,3)sialic acid-terminated glycan) and coum-Au1 was employed to selectively tag the surface of HeLa cells with the cyclic peptide cRGD to prevent integrin-based cell adhesion to the ECM (extracellular matrix). In a murine model, tumor progression was shown to be considerably slowed down over 4 weeks upon concomitant administration of glycoHSA  coum-Au1 and cRDG-Poc and the rate of survival was 40% after 81 days whereas, survival rate was 0% under other tested conditions. The same strategy was used to label proteins present at the cell surface with the doxorubicin derivative DOX-PE (PE = propargyl ester) (Figure 11), assuming that once DOX-labeled proteins are internalized in cells, DOX may be released and exert its cytotoxic effect. DOX-PE was carefully designed to inhibit its cell uptake. DOX-PE also included a cathepsin B cleavage site to facilitate its intracellular release. Derivatization via the amino group of DOX also ensured a relative innocuity of DOX-PE. In vivo, successive administration of glycoHSA  coum-Au1 and DOX-PE to mice led to a significant reduction of tumor growth rate and improvement of animal survival. The concept of SeCT was also applied to generate an antiproliferative activity by attaching a proapoptotic peptide to proteins at the surface of cancer cells. To this aim, cells in culture were treated with the ArM cRGD-HSA  coum-Au1 generated by supramolecular assembling of coum-Au1 to cRGD-HSA conjugate and peptide Ac-GGKLFG-PE. The cRGD motif was meant to target HSA to the cancer cells. This combination induced a marked reduction of SW620 cell viability that was assumed to arise from cell surface protein labeling since neither the cRGD-HSA  coum-Au1 nor the peptide were toxic on their own. In vivo, the administration of peptide and cRGD-HSA  coum-Au1 significantly impaired growth of xenografted tumors in mice and increased their lifetime. [131] Tanaka and coworkers also reported the design of gold-based ArM for the in-cell synthesis of biologically active molecules structurally similar to natural phenanthridinium alkaloids, known for their DNA intercalating properties. [132] They found out that 5-methyl phenanthridinium E could be obtained by gold-catalyzed hydroamination of 2'-ethynyl-N-methyl-2-aminobiphenyl D (Scheme 6).

Scheme 6. Synthesis of phenanthridinium compounds by gold-catalyzed heterocyclization reactions

The NHC gold complex 21 outperformed NaAuCl 4 since product E was obtained in 99% yield after 3 h with only 0.25 mol% catalyst. Intramolecular hydroamination of prodrug F was also achieved in 84 % yield in the presence of 4 mol% NHC gold catalyst 21 (Scheme 6). Transposition to the cellular context was then attempted. A549 cells were treated with 8 µM prodrug F and 0.6 -10 µM coum-Au2. Concentration-dependent decrease of cell viability was observed to which coum-Au2 took some part. To alleviate the toxicity arising from the metal catalyst, coum-Au2 was assembled to HSA by supramolecular anchoring to afford the ArM HSA  coum-Au2. This ArM catalyzed the full conversion of prodrug D to E in 6 h with 20 mol% catalyst. Besides, the ArM was tolerant to the presence of GSH in the reaction medium while the catalytic activity of the free complex was fully inhibited. Finally, when A549 cells were exposed to 8 µM prodrug D and as low as 1.25 µM HSA  coum-Au2, the effect on cell growth was similar to that measured on cells exposed to drug E while the prodrug D alone had almost no effect. [133] Tanaka and coworkers also developed a similar strategy to generate dehydropyrrolizidine (DHP) derivatives by gold-catalyzed 5-endo-dig cyclization (hydroamination) of homopropargylamines (Scheme 7).

Scheme 7. Synthesis of dehydropyrrolizidine (DHP) by gold-catalyzed heterocyclization reactions

Dehydropyrrolizidines are metabolitically produced from pyrrolizidine alkaloids by CYP450 in the liver and are responsible for their hepatotoxicity and carcinogenicity caused by the high electrophilicity of DHP, giving non specific protein alkylation via Michael addition (Scheme 8).

Scheme 8. Mechanism explaining the toxicity of DHP

Indeed, fluorescence labeling of HSA was observed upon its reaction with the NBD cyclisation precursor H in the presence of the NHC gold catalyst 21 (Scheme 7). The effect of the mixture of coum-Au2 and cyclisation precursor H on the growth of 3 different cancer cell lines was next studied. It was found that, while precursor H was completely inactive (EC 50 's of ca. 100 µM), its mixture with coum-Au-2 led to a significant decrease of the EC 50 's although there were not as low as that of DHP itself. The ArM glycoHSA  coum-Au2 formed by assembling of coum-Au2 to N-glycoalbumin (with (2,3)sialic acid-terminated glycan) was shown to induce a strong cytotoxic effect on SW620 cells in the presence of the cyclisation precursor H while their combined effect was moderate on A549 cells and nil on HeLa cells. This selectivity was assumed to be linked to the relative affinities of Nglycoalbumin for the 3 cell lines. [134] Ward and coworkers also reported the design of gold-based ArMs to catalyze the hydroamination of homopropargylamines. These ArMs are based on the supramolecular association of streptavidin (Sav) derivatives and 5 different biotin-NHC-Au cofactors. Hydroamination of substrate I in the presence of gold catalyst can afford either the quinazoline J1 from 6-exo-dig cyclisation or/and the indole J2 from 5-endo-dig cyclisation (Scheme 9). The former one stems from single π-activation by the gold complex while the latter one stems from dual ,π-activation requiring simultaneous binding of two gold complexes. The tetrameric nature of Sav and the spatial arrangement of the monomers makes theoretically possible the dual activation process leading to the indole product. Accordingly, the ArM formed by wtSav and biot-Au1 gave exclusively the quinazoline J1. Mutation of K121 by A in Sav gave a mixture of quinazolinone J1 and indole J2 but the quinazoline J1 was still the major product (82:18 ratio).

Scheme 9. Gold ArM-catalyzed 6-exo-dig and 5-endo-dig cyclizations of homopropargylamines leading to quinazolinone and indole products

This poor regioselectivity was attributed to the multiple conformations of the biotin cofactor within its binding site. To reduce this flexibility and shield the gold catalyst, a "lid" taken from the dimerization domain of SOD was introduced over the neighboring binding sites of Sav to afford chimeric Sav. With the ArM formed from K121A SOD-Sav and biot-Au1, the quinazolinone/indole ratio changed to 62:38. The X-ray structure of SOD-Sav  biot-Au1 shows that the gold(I) ions lie 6.5 Å apart from each other (Figure 12), supporting the ability of the ArM to catalyze the hydroamination of substrate I by dual ,π-activation. The SOD-Sav scaffold was then submitted to three successive rounds of directed evolution to eventually identify ArMs giving exclusively quinazolinone J1 or indole J2 with high TON. By appending the signal peptide of the outer membrane protein A to the sequence of Sav, the same team developed gold-based ArMs operating in the periplasm of E. coli. These ArMs were generated by supramolecular anchoring of biotin-NHC-Au cofactors biot-Au1 and biot-Au2 (Figure 10) to wtSav or to the library of 400 S112X K121Y Sav mutants. Whole cell screening of the ArM catalytic activity was performed on two model reactions, i.e. hydroamination of 2-ethynylaniline (Scheme 10) and hydroarylation of the aminocoumarin precursor A (Scheme 3). The detrimental effect of thiols on the ArM was bypassed by adding the oxidizing agent diamide. In each case, a double Sav mutant affording 5 to 6-fold increase of TON with respect to the free biotin cofactor was identified by high throughput screening. [136] Scheme 10. Gold ArM-catalyzed hydroamination of 2-ethynylaniline ([Au] = biot-Au2)

Gold nanoparticles

The catalytic properties of gold nanoparticles (AuNP) have also just lately been implemented for in vivo bioorthogonal catalysis. The idea underlying this alternative strategy is eventually to generate a pharmacologically active molecule locally from a prodrug using the nanoparticulate catalyst in the shape of a biocompatible implant. In this condition, side effects due to systemic distribution of the active molecule should be alleviated and its therapeutic index improved. In this field, the Unciti-Broceta Surprisingly, while addition of β-mercaptoethanol completely suppressed the reaction, addition of ethanolamine had the opposite effect. GSH had an ambivalent behavior since it favored the reaction at concentrations up to 50 µM while it progressively quenched the reaction at higher concentration. Next, the AuNP-coated resin was used to uncage 3 different anticancer drugs, namely SAHA, floxuridine and doxorubicin (Scheme 12). In the form of the O-or N-propargyl derivatives, none of the molecules were cytotoxic. However, in the presence of AuNP-based nanocatalyst, the percentage of A459 cell viability was similar to that reached with the free drugs.

Scheme 12. Gold-catalyzed uncaging of various anticancer drugs

The last part of the study dealt with the implantation of a single AuNP-coated resin bead in the brain of a zebrafish larvae. Exposure of zebrafish to Poc-Rh 110 resulted in the generation of fluorescence only in the vicinity of the bead, supporting the relevance of the designed strategy. [137] In a following piece of work, the same team applied this uncaging strategy to generate the histone deacetylase inhibitor Panobinostat by uncaging of its N-propargyloxy derivative Po-PAN (Scheme 12). The preparation of the AuNP-based nanocatalyst was slightly changed to generate smaller AuNP at the surface of the resin beads. The second generation proved to be a little more robust than the first generation and was able to catalyze the release of Panobinostat in cell cultures and induce a significant decrease of A549 cell viability. [138] A third generation of AuNP-based nanocatalyst was designed where ultrasmall AuNP (ca. 3 nm diameter) were separately synthesized and then loaded under sonication to the positively charged resin beads. This alternative strategy was designed to shield the AuNP and prevent unwanted interactions with proteins or any other biomolecule inactivating its catalytic activity. Indeed, this new formulation enables to perform up to 8 cycles without loss of catalytic activity in the uncaging (depropargylation) of Poc-NBD to release green-emitting nitrobenzodioxazole NBD (Scheme 12). This new generation of AuNP-based nanocatalyst was then employed to release the antidepressant drug fluoxetine from the carbamate-protected precursor Poc-Fluox (Scheme 12) in the central nervous system of zebrafish larvae using an intracranial implant. Exposure of zebrafish to the inactive Poc-Fluox resulted in a strong reduction of locomotor activity without inducing any toxicity. [139] A fourth generation of heterogenous catalyst was formed by encapsulating AuPd nanoalloys in PLGA or mesoporous SiO 2 nanorods (AuPd@PLGA and AuPd@m-SiNR). Both nanocomposites were able to catalyse the depropargylation of Poc-Rh 110 (Scheme 11) in vitro but AuPd@m-SiNR outperformed AuPd@PLGA. TEM analysis of A549 cells exposed to both types of NP showed a more efficient internalization of AuPd@PLGA with respect to AuPd@m-SiO 2 while "naked" AuPd nanoalloys were not internalized at all. Nevertheless, both nanomaterials were equally able to uncage Poc-PTX (Scheme 13) in live A549 cells, leading to the same level of cell viability after 5 days. Generation of PTX inside cells was further evidenced by a dramatic change of cell morphology. [140] Scheme 13. Gold-catalyzed uncaging of paclitaxel (PTX)

The singular plasmonic properties of AuNP have also been exploited to design biocompatible photocatalytic hybrid nanomaterials able to catalyze reactions in vivo upon light irradiation. The first example of the kind was published by Kumar and Lee and dealt with hybrid nanoreactors based on porous silica nanoparticles encapsulating ultrasmall gold nanocrystals (AuNC) and covered with Au nanospheroids. Irradiation of nanomaterial suspension resulted in the rapid increase of temperature due to the well-known hyperthermia process characteristic of plasmonic particles. This hybrid nanomaterial was able to catalyze the uncaging of Poc-Rh 110 according to the reaction depicted in Scheme 11 by joint action of AuNC for alkyne activation and Au nanospheroids as light-to-heat converters. These hybrid nanomaterials were efficiently taken up by cells and it was shown that under controlled laser irradiation, rhodamine 110 could be generated in cellulo without detrimental effect on cell viability. [141] Mascareñas and coworkers also devised sophisticated photocatalytic hybrid nanomaterials for bioorthogonal reactions taking place in cellulo. These nanostructures involved gold nanorods (AuNR) and TiO 2 NP selected for their respective plasmonic (absorption in the NIR spectral range) and semi-conducting properties, both being encapsulated within mesoporous hollow silica nanospheres (AuNR-TiO 2 @hSiNP). The principle underlying the photocatalytic properties of the nanocomposites relies on the NIR irradiation that generates hot electrons which, upon their transfer to the conduction band of the semiconductor, create holes in the Fermi band of the plasmonic particles that in turn confers reduction or oxidation properties to the particles. The cavity of hollow silica nanospheres enables reactions to take place in a confined environment while efficiently protecting the catalyst from deactivation with biological components. As a proof-of-concept, the authors showed that these nanocomposites were able to catalyze the conversion of Rhodamine B to Rhodamine 110 upon NIR light exposure (Scheme 14). [142] 

Scheme 14. Light-activated, gold-catalyzed conversion of rhodamine B to rhodamine 110

To sum up, various gold-based species ranging from low molecular weight gold(I) and gold(III) complexes to gold-based artificial metalloenzymes and AuNP-based nanocomposites have been successfully employed to bioorthogonally generate fluorescent or bioactive molecules in the cellular context and even in whole animals, either by synthesis or release processes. A proper design and formulation of the active species prevented their rapid deactivation by cellular components and ensured their biocompatibility. From the therapeutic point of view, not only innocuous prodrugs are administered but the catalysts design enables drug release only in the side of action. This local delivery is likely to lessen side effects associated to systemic drug delivery.

Conclusions and perspectives

This review focused on the emerging therapeutic modalities afforded by gold molecular compounds as well as a few examples dealing with gold-containing nanoparticles. These modalities include the use of gold-based photosensitizers for the generation of ROS, the site-selective protein modification and the gold-based catalysis for the in cellulo generation of drugs. These new therapeutic strategies arise from the improved stability of the gold-based structures in physiological medium, enabling the preservation of the structure of the complexes and the development of the analytical methods such as high-resolution mass spectrometry and proteomic methods to uncover their mechanism of action down to the molecular level. These emerging uses of gold-based molecular and nanoparticular systems offer a higher selectivity for cancer cells than classical gold complexes and in some cases by the introduction of biological vectors or enzyme recognition moieties pave the way to the development of gold-based personalized medicines. Moreover, these concepts could be translated in the treatment of other deseases such as microbial, parasitic or viral infections. Although the potential of these approaches has been demonstrated in in cellulo up to in vivo contexts, the translation of these systems to clinical trials remains the next step to be reached.
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 2 Figure 2. Schematic representation of traditional and emerging modes of action of gold compounds in cancer therapy. 1) Phototherapy; 2) gold-based protein chemistry; 3) gold-based artificial metalloenzymes; 4) SeCT
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 12 Figure 12. X-ray structure of K121A SOD-Sav ⊂ biot-Au1 (two neighboring monomers), Au ions are represented as golden spheres

  team developed several AuNP formulations to uncage biologically active molecules by O-or N-depropargylation of innocuous precursors. The first formulation relied on the reduction of HAuCl 4 by tetrakis (hydroxymethyl) phosphonium chloride in the presence of 75-µm diameter, amino-functionalized TentaGel™ resin to generate 30 nm-diameter AuNP at the surface of the resin beads. The ability of this first AuNP formulation was first tested on the depropargylation of the rhodamine precursor Poc-Rh 110 to release highly fluorescent Rh 110 (Scheme 11).
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 11 Scheme 11. Gold-catalyzed uncaging of rhodamine 110
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