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The emergent use of transition metal (TM) complexes in clinical practice for the detection or treatment of different diseases has been impressive over the last years. [1] Besides the most renowned three Pt(II)-based drugs that are used worldwide, Pd(II), Ru(II) and (III) complexes have been showing promising results as anticancer, antimicrobial, antiparasitic and antiviral agents over the past decades. Apart from metallodrugs with intrinsic biological activity, TM have also been explored for intracellular catalysis since Sharpless and Meldal groups' groundbreaking discovery of biocompatible Cu(I)-catalysed azide-alkyne cycloaddition (CuAAC). [2] Intracellular catalysis mediated by Pd(0) and (II), Ru(II) and Fe(II) has become an invaluable tool for photodynamic therapy, prodrug activation, in situ drug and probe synthesis or uncaging and peptide labeling in living cells. [3] Such highly sophisticated technologies promote bioorthogonal reactions by means of catalysts that only react with a defined pair, while being innocuous towards all other surrounding entities. This concept is extremely demanding in complex environments such as living cells.

Encouraged by antirheumatic agent Auranofin repurposing for cancer treatment, gold complexes are currently emerging as a novel class of promising anticancer metal-based drugs. [4] Notably, oxygen and moisture tolerant Au(I) species present particular reactivities that allow the exploitation of alternative pathways for biocatalysis and multitargeted approaches in biocompatible environments. [5] However, the high thiophilicity of Au(I) has been one of the major concerns of such complexes, which can undergo ligand exchange with ubiquitous thiolates in different biological media and consequently give rise to significant undesired side-effects. To address this issue, new methodologies have been developed to stabilize the metal center by using ligands with strong electron donating properties. Phosphines, alkynes and N-heterocyclic carbenes (NHC) are the most common examples of strong σ-donors to prepare these stabilized Au(I) complexes without compromising their bioactivity. [6] In particular, the great ability to tune the electronic and steric properties of NHC structure has rendered NHCtransition metal complexes significant improvements for catalysis and medical applications, including the development of new anticancer agents. [7] Very recently, another appealing strategy has been described by Zou and co-workers for the controlled, bioorthogonal in situ activation of stable Au(I) complexes. This concept resulted in bioactive species with decreased off-target activity and improved selectivity. [8] More specifically, the authors showed effective transmetallation of stable NHC-Au(I)-alkyne complexes with non-toxic Pd(II) catalysts that resulted in Au(I) complexes with acquired anticancer activity. The preliminary results showed consistent activation of the Au(I) complexes not only in physiological-like conditions but also in more challenging environments such as living cancer cells. These observations clearly support the inertness of the dual-catalytic system towards significant amounts of thiols and proved its suitability for further in vitro and in vivo studies. Furthermore, as the Au(I) activation is Pd(II) transmetallation-dependent, installation of RGD peptide motif as targeting unit on the Pd(II) catalyst enhanced the specific activation of the described Au(I) complexes in a highly controlled fashion. Remarkably, instead of traditional direct labelling of organogold(I) complex, different Pd(II) accumulation on integrinoverexpressing cancer cells versus normal cells triggered the selective activation of organogold(I) complexes in cancer cells. However, the L-02 cells used as a normal cell line were recently revised by the International Cell Line Authentication Committee (ICLAC) to be cervical adenocarcinoma cells with HeLa cells as contaminating cell line. [9] For this reason, additional toxicity studies should be conducted using other viable healthy cell lines in the future to further confirm the selectivity for cancer cells over normal cells. Nevertheless, the authors went even a step further by undertaking in vivo assays. A remarkable efficacy on the orthogonal activation of gold complexes, which halted the tumoral angiogenesis process in the zebrafish model, was unveiled. In this article, we would like to emphasize the versatility of this elegant methodology by highlighting other possible course of actions that could be envisioned as potential targets and applications. First, beyond the inhibition of both isoforms of thioredoxin reductase (TrxR), which have been established as the primary targets for Au(I) complexes' mode of action, the specific activation of gold complexes could pave the way to exploit additional targets. Besides TrxR, there are other known thiolatedependent enzymes, namely human glutathione reductase (hGR), glutathione peroxidase (GpX), glutathione-S-transferases (GSTs) and cysteine protease. [10] Building a multitarget metallodrug that could irreversibly disrupt a large part of the redox-active enzyme network would ultimately prevent the occurrence of acquired resistance mechanisms. Furthermore, redox metabolism plays crucial roles not only in cancer but also in parasitic and microbial diseases. Thus, the design of specific activation strategies in pathogenic organisms would be a valuable strategy to advance the treatment of worldwide infectious diseases.

The diversity of activities of organogold(I) complexes is highly dependent on the ligand structures. This has been widely explored in very recent works. Schobert and co-workers showed how NHC structural changes are determinant for distinct intracellular accumulation and distribution, resulting in diverse mode of actions and anticancer activities. [11] The Casini group applied purine-based NHC ligands for G-quadruplex interactions. [12] The Ott group described the multivalency of potential targets of xanthine-derived alkynylgold(I) complexes, including aneuploidy induction for cancer cell death, anti-metastatic and vascular disruption effects. [13] Enhancement of oxidative stress induction has been explored by the same group using NHC ligands equipped with ferrocenyl moieties and also by Wei and co-workers by decorating the ligand with a naphthoquinone motif with subsequent promotion of immunogenic cell death. [14] According to this latter work, the redox imbalance experienced by the treated cells triggered an effective anticancer immune response through the generation of death signals known as damage-associated molecular patterns (DAMPs). Furthermore, the role of gold-based drugs in anticancer immunity has been thoroughly reviewed, underlining the potential of gold complexes to hamper diverse immune escape mechanisms build-up by tumor cells. [15] Another interesting target for in situ gold complexes activation would be the formation of gold fingers that destabilize the precursor zinc fingers conformation. In this context, Au(I) and Au(III) complexes equipped with labile ligands facilitate zinc(II) ion ejection to afford stable adducts with a distorted secondary structure. In theory, this could be easily promoted by Pd(II) transmetallation to afford a labile chlorine coordinate. The loss of the prerequisite protein shape resultant upon metal exchange showed a great impact on the activity of zinc finger proteins such as Sp1 and TFIIIA transcription factors but also in the nucleocapsid protein HIVNCp7 zinc finger, which is crucial for RNA interaction and viral replication, as studied by Farrell group. [16] Apart from stable Au(I) complexes with σ-bonding donors, metallo-prodrugs containing other TM could be tested for the effective transmetallation with Pd(II) and biocatalysis activation. For instance, as for Au(I) complexes, the design of robust organosilver(I) compounds is also prized to avoid off-target toxicity. Toxic effects of silver complexes are highly dependent on the strength of ligand coordination that keeps silver ions unreactive until they reach the desired target. According to Mármol et al.'s latest results of Ag(I) 2-anilinopyridine-based heterocycle complexes, [17] these new metallodrugs showed enhanced stability and offered alternative mechanisms of action than their Au(I) counterparts. The selective and controlled activation of such Ag(I) complexes mediated by Pd(II) could also be valid and newsworthy trial. Moreover, it would be appealing to study the transmetallation system for Au(I) activation compatibility with other metallodrugs with acknowledged activity such as cisplatin. The activated Au(I) species potential disruption of GSTP1-1 enzymatic activity would hinder the inactivation of cisplatin by GSH conjugation. [18] This is an example of a natural resistance mechanism to cisplatin that could be easily tackled by in situ activated Au(I) complexes, extending the potential of this highly selective approach. This safer and highly controlled system developed by the Zou group is another successful example that reinforces the great potential of TM catalysis toolbox for in vivo studies. [19] Hopefully, this will encourage the translation of such thriving endeavors to be applied in clinical practice in the near future as more advanced and targeted therapies.
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 1 Figure 1 -Transmetallation of stable NHC-Au(I)-alkyne complexes with Pd(II) catalysts to provide in situ activated Au(I)-chlorine complexes with anticancer properties.
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 2 Figure 2 -Versality and activity potential of activated NHC-Au(I) complexes.

Acknowledgements

The authors acknowledge the financial support from Fundação para a Ciência e a Tecnologia, Ministério da Ciência e da Tecnologia, Portugal (SFRH/BD/132710/2017, iMed.ULisboa UIDB/04138/2020 and UIDP/04138/2020; PTDC/QUI-QOR/29967/2017); LISBOA-01-0145-FEDER-029967. This work was also financially supported by an ERC Consolidator Grant PhotoMedMet to G.G. (GA 681679), has received support under the program "Investissements d' Avenir" launched by the French Government and implemented by the ANR with the reference ANR-10-IDEX-0001-02 PSL (G.G.). Keywords: anticancer drugs• intracellular catalysis • gold • palladium • transmetallation

Entry for the Table of Contents

Novel metal-based drugs have recently been under the spotlight to treat diverse diseases. Fine control of off-targeted toxic effects was achieved by using a great variety of stabilized coordination ligands along with the use of different metal centers. In this article, we highlight the versatile, effective and valuable use of transition metals in medicine, namely for in situ activation of metal-based drugs.
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