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Abstract  Metal complexes of N-heterocyclic carbene (NHC) ligands are the object of 

increasing attention for therapeutic purposes. Among the different metal centres, interest on Au-

based compounds started with the application as anti-arthritis drugs. On the other hand, Ag(I) 

antimicrobial properties have been known for a long time. For Au(I)/Au(III)-NHC and Ag(I)-NHC 

anti-tumour and anti-proliferative properties have been quite recently demonstrated. In addition 

to these and as for Group 11, copper is a much less investigated metal centre, but a few papers 

underline its pharmacological potential. This review wants to focus on the different biological 

targets for these metal-based compounds. It is divided into chapters which are respectively 

devoted on: i) mitochondria and thiol oxidoreductase systems; ii) other relevant enzymes; iii) 

nucleic acids. Examples of representative coinage NHCs for each of the targets are provided 

together with significant references on recent advances on the topic. Moreover, a final comment 

summarises the aspects enlightened by each chapter and provides some hints to better 

understand the metal-NHCs mechanistic behaviour based on structure-activity relationships. 
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1. Introduction 

A great number of possible biological targets (in particular subcellular structures in the eukaryotic 

cell) have been identified as relevant for anticancer therapies [1]. Among these, some have been 

successfully reached by prospective metal-based anticancer compounds, as widely documented 
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for the cornerstone anticancer metal complex, the diamminedichloridoplatinum(II) (cisplatin or 

CDDP) [2,3]. On this basis, many early studies were focused on the optimisation of alternative 

cisplatin compounds [4], and this is a research line still active nowadays [5,6]. For these systems, 

able to damage polynucleotides by creating adducts or crosslinks, natural double-stranded DNA 

is regarded as the main target (Figure 1). Moreover, peculiar nucleic acid geometries such as G-

quadruplex structures are since some years put under the spotlight [7,8].  

 

 

Figure 1. DNA damaging agents and types. 

 

Besides genomic targets, inhibition of cancer-sustaining proteins is an important anticancer 

weapon and metal complexes offer unique features for designing effective protein inhibitors with 

anticancer potentialities [9,10]. Also, mitochondria are crucial cellular organelles not only for the 

energy supply of the cell but also for signalling and apoptosis regulation (Figure 2). In fact, 

impairment of the activity of cancer cell mitochondria, whose metabolism is usually altered, could 

pave the way for overcoming resistance and developing more selective drugs [11,12]. 

 

 

 

Figure 2. The various functions of mitochondria. Reprinted with permission from ref [11]. 
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Within this frame, complexes with N-heterocyclic carbene ligands (NHCs, Figure 3) have found 

application as potential anticancer compounds [13]. They are cyclic carbenes characterized by a 

two-coordinate sp2 hybridized carbon atom bearing a lone pair which is stabilised by two π-

donating heteroatoms (at least one nitrogen) [14]. Through functionalization of the ring, targeting 

properties can be fine-tuned [15,16], together with steric and electronic features [17]. Another 

advantage is that NHCs can coordinate practically all transition metals [18,19].  

 

 

Figure 3. Chemical structure of a generic N-heterocyclic carbene ligand.  

 

Gold-based medicine has a long history tracing back to ancient times [20,21] but, more 

importantly, gold compounds have been mostly used recently for the cure of rheumatoid arthritis 

[22,23]. Despite the relevance of anti-arthritis chrysotherapy is decreasing, its discovery was a 

turning point for the repurposing of gold drugs in the treatment of cancer and infectious diseases 

(human immunodeficiency virus, amoebiasis) [24–26]. Silver salts were mainly employed for their 

antimicrobial effects [27]. Nowadays, silver preparations are found in wound dressings and 

creams to prevent infections in burns or wounds [28,29], and the interest in silver antimicrobials 

is now experiencing a new impulse for overcoming the issue of bacterial resistance [30]. More 

recently, it has been pointed out that silver also exerts antiproliferative efficacy on cancer cells. 

In this regard, silver organometallics, which could ensure an increased solubility and stability with 

a slower release of the silver ions, are considered very interesting [31,32]. Given the promising 

results coming from gold and silver metal compounds, the attention moved the other component 

of Group 11, copper. Different researchers highlighted that copper may be an interesting 

substitute for platinum, as this endogenous metal could in principle be better tolerated [33] and 

natural biological pathways detoxify when necessary [34]. Unfortunately, investigations of the 

medicinal activity of copper NHCs are nowadays still scarce [35]. On the other hand, there is 

evidence that the flexible Cu(I)/Cu(II) redox behaviour may tune metal complexes activity/toxicity 

[36] and the altered copper metabolism between normal and tumour cells may be a basis for 

increased selectivity [37]. 
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This review will focus on the main biological targets which have been individuated as relevant for 

the anticancer activity of Group 11 metal N-heterocyclic carbenes. Indeed, coinage metal 

compounds are among the most promising alternatives to platinum-based treatments [38].  

 

2. Mitochondria and thiol oxidoreductase systems as targets 

Mitochondria are regarded as cells’ powerhouse accounting for about 80% of adenosine 

triphosphate (ATP) production in normal cells [39]. Recently, their role in the triggering of the 

intrinsic apoptotic pathway has been elucidated [40]. The ‘non-return’ point of this pathway is the 

mitochondrial outer membrane permeabilization (MOMP) leading to the release in the cytosol of 

cytochrome c and other pro-apoptotic proteins located in the transmembrane space. Two 

pathways occurring in response to various pro-apoptotic signals were individuated as responsible 

for MOMP. One involves the direct interaction of proteins belonging to the Bcl-2 family with the 

outer mitochondrial membrane [41]. The other one leads to the so-called membrane 

permeabilization transition (MPT) via the opening of a pore in the inner membrane [42]. As a 

consequence, the transmembrane potential is depleted and mitochondria inner membrane 

swelling occurs, leading to the break of the outer membrane and consequent MOMP. However, 

some cancer cells are intrinsically resistant to MOMP and thus unresponsive to pro-apoptotic 

stimuli that lead to this specific cell death pathway [43,44]. Thus, in the light of the above-

described mechanisms, novel ways can be explored to develop drugs which directly affect the 

mitochondria and triggering apoptosis by evading these upstream regulatory mechanisms which 

often involve overexpression of Bcl-2 anti-apoptotic proteins or p53 deregulation [45,46]. p53 is a 

very important transcription factor activated following DNA damage or other stress stimuli; it is 

implicated in numerous functions including maintenance of genomic stability, cell-cycle inhibition, 

tumour suppression and regulation of apoptosis [47,48]. Some differences between normal and 

tumour cells could be exploited for selective targeting [49]. For instance, it is now known that the 

mitochondria of cancer cells have elevated transmembrane potential (ΔΨm) [49,50]. The class of 

anticancer agents known as delocalized lipophilic cations (DLCs) are able to accumulate in 

mitochondria of cancer cells owing to their lipophilicity and charge [50]. DLCs based on silver and 

gold NHCs have been prepared and tested and some will be presented in this paragraph (see 

Figure 4) [51]. An alternative strategy for the delivery of metal-based compounds to mitochondria 

involves bioconjugation with peptides recognized by mitochondria protein import machinery or 

peptides and peptoids able to accumulate inside these organelles [52,53]. Accumulation of DLCs 

in mitochondria can cause toxicity by affecting different pathways [54–56]. Among these, inhibition 
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of the enzyme thioredoxin reductase has gained a central role in prospective anticancer strategies 

[46,57].  

Mammalian thioredoxin reductase (TrxR) is a high molecular weight (50 kDa each subunit) 

homodimeric flavoprotein which belongs to a thiol oxidoreductase system deputed to the 

reduction of hydrogen peroxide (Figure 4). Each subunit contains a redox-active site 

accommodating a flavin adenine dinucleotide (FAD) molecule and a catalytic site with one 

selenocysteine (Sec) and one cysteine (Cys) amino acid residue [58]. These residues can 

undergo reversible oxidation through the formation of Se-S bond, shuttling electrons to the 

principal substrate of the enzyme, i.e. thioredoxins (Trx). These latter are a family of redox-active 

small peptides (10-12 kDa) which are involved in the reactive oxygen species (ROS) balance 

regulation and the viability and cell proliferation signalling [57]. The Trx system isoforms are 

present in cytoplasm and mitochondria. It has been shown that some types of cancers 

overexpress TrxR [59] and that inhibition of this selenoenzyme can trigger apoptosis [60,61]. The 

more acidic and softer Se− is considered more prone to electrophilic attack by soft metal Lewis 

acids such as gold. Generally, gold(III) compounds show a lower inhibitory potency than gold(I) 

complexes but still appreciable. In a pivotal paper by Bindoli and co-workers, it was reasonably 

proposed that Au(III) compounds may act with a different mechanism on the TrxR that not involves 

the direct metal binding on Sec and/or Cys amino acid residues, but a probable redox pathway 

causing oxidative damage of the enzyme’s active site [62,63]. 

 

 

 

Figure 4. Thioredoxin system and crystal structure of the complex between human TrxR and Trx (PDB 
3QFB), see also reference [58]. 
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2.1 Mitochondria directed NHCs: delocalized lipophilic cations (DLCs) and neutral 

monocarbenes 

An early interesting finding about NHCs antimitochondrial activity was reported by Barnard and 

others [64,65]. The accumulation of dinuclear gold carbene complexes of imidazolylidene-linked 

cyclophanes in the organelles was measured by inductively coupled plasma-mass spectrometry 

(ICP-MS) and Ca2+ sensitive mitochondrial membrane permeabilization (MMP) was observed. 

Compound 1 (Figure 5) was the most effective in the series. The same group prepared a series 

of cationic gold(I) NHC complexes of the type [(R2Im)2Au]+ (compounds 2-6) which had 

lipophilicity ranging from -1.09 to 1.73 and behaved as DLC. Indeed, it was found that there is a 

direct correlation between LogPow (the partition coefficient between octanol and water), the 

accumulation in the mitochondria of cancer cells and the antimitochondrial activity (measured as 

the rate of MMP) [66]. Therefore, further development consisted of the tuning of the lipophilicity 

around the intermediate value. From this latter work, compound 3 (LogPow = -0.83) [66] emerged 

as the optimum in terms of selectivity towards breast cancer cells if compared to compounds 7 

and 8 [67]. Moreover, nuclear magnetic resonance (NMR) experiments in the presence of Sec 

and Cys pointed out that these compounds could undergo a two-step ligand exchange process. 

The higher rates were measured for less bulky substituents in the presence of Sec. This finding 

explained the high selectivity in the inhibition of the selenoenzyme thioredoxin reductase TrxR if 

compared to the one of glutathione reductase (GR), which contains a Cys in the active site. TrxR 

inhibition measured on cell lysates justified antimitochondrial effects and ensuing cytotoxicity [67]. 

Comparison of the biological activity of the cationic compound 3 with the related neutral 

monocarbene 9 confirmed that an increased membrane potential in cancer cells drove 

mitochondrial accumulation and cancer cell selectivity for this charged lipophilic complex. The 

same did not happen for the neutral complex, which showed similar cytotoxicity towards both 

tumorigenic and non-tumorigenic cell lines [49]. Cisnetti, Gautier and co-workers devised an 

‘autoclick’ strategy for the functionalization of copper NHCs; after transmetalation, the neutral 

fluorescent gold NHC 10 was obtained and demonstrated to localize in mitochondria [68]. More 

recently, Arambula and co-workers synthesized heteroleptic gold NHCs bearing carbamate 

functional groups achieving a rich molecular diversity [69]. The fluorescence of the two carbenes 

11 and 12 allowed confirmation of the mitochondrial localization. Of particular interest is the 

doxorubicin-functionalized NHC 12: coordination to gold(I) redirects doxorubicin from the nucleus 

to mitochondria. Indeed, it has been proposed that this could be interesting for limiting the 

cardiotoxic effect of this chemotherapeutic agent [70].  
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Figure 5. Chemical structures of metal NHCs targeting mitochondria. 

 

As for silver, Eloy et al. reported a panel of fourteen Ag(I)-NHCs [71]. 13 and 14, endowed of 

bulky aromatic wingtip substituents, elicited the most promising antiproliferative activity against 

various cancer cell lines followed by compound 15. Subsequent experiments showed that these 

complexes do not cause reactive ROS overproduction but trigger mitochondrial Δψm loss in 

human leukaemia HL60 cells with related mitochondrial pores opening and release of pro-

apoptotic factors. Indeed, results showed that apoptosis was due to the caspase-independent 

mitochondrial apoptosis-inducing factor (AIF) pathway activation. 
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The synthesis of the fluorescent analogue 16 was employed to demonstrate a mitochondrial 

localization of the complexes. This, and the among mentioned work [68], highlight how also 

carbenes with a lack of net charge can target mitochondria. These complexes are more prone to 

ligand exchange reactions and, as discussed in the next paragraph, some have been individuated 

as potent inhibitors of both the cytosolic and mitochondrial forms of TrxR. 

An interesting report by Lin and others highlighted differences in the mechanism of action of 

silver(I) and gold(I) carbenes with the same NHC ligand derived from fluorescent cyclophanes 

[72]. 17 and 18 (the gold(I) compound to higher extents) accumulate in mitochondria, cause 

depolarization of the transmembrane potential and ensuing apoptosis. However, the apoptotic 

pathway due to the gold(I) carbene is ROS and caspase 3/7 dependent while the programmed 

cell death due to the silver(I) carbene is not. Caspases 3/7 are proteolytic enzymes that are 

activated when some apoptotic death pathways are triggered. Also, the gold(I) compound is more 

cytotoxic and selective. 

 

2.2 NHC complexes inhibiting thioredoxin reductase (TrxR) 

2.2.1 Gold(I) NHCs  Several gold and silver carbenes have been individuated as potent 

inhibitors of purified and cellular TrxR so far [60,73,74]. An interesting work reported by Rubbiani 

and others in 2011, compared the in vitro biological activity of NHC-Au(I)-L type compounds 19-

21 (Figure 6), with NHC = 1,3-benzimidazole-2-ylidene and L = NHC, PPh3, Cl, showing how the 

bovine serum albumin protein (BSA) binding and TrxR inhibition were related to the Au-L bond 

dissociation energy [75]. The Au-Cl bond was the most unstable and, as expected, the 

correspondent complex was the most potent TrxR inhibitor. Conversely, the charged and lipophilic 

complexes with L = NHC, PPh3 had an increased mitochondrial and cellular accumulation which 

explained their more potent cytotoxicity if compared to the neutral complex. These complexes 

displayed strong antimitochondrial effects that could possibly be related to additional mechanisms 

not involving mitochondrial TrxR inhibition. Moreover, it is worth to mention that these carbenes 

also displayed selective inhibition of TrxR compared to glutathione reductase (GR) and 

glutathione peroxidase (GPX), another selenoenzyme. Some selectivity towards cancer cell was 

only observed for the biscarbenic compound. Additionally, in collaboration with the group of 

Messori, the reaction of these 19-21 with the C-terminal peptide of human TrxR was investigated 

with electrospray ionization mass (ESI-MS) spectrometry [76]. This provides structural evidence 

for the binding of the gold carbenes to the selenocysteine and preference over binding to cysteine. 

Such structural evidence confirmed what found for other gold complexes and partially remedies 

the lack of a crystal structure of TrxR with an inhibitor [77]. Notably, the chloride 21 shows the 
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most extensive metalation, followed by the dicarbene. This order does not reflect nor the binding 

energy of the Au-L bond nor the inhibition potency previously found [75]. In a later work, Ott and 

co-workers analysed in detail the signalling pathways and metabolic features of cancer cells 

treated with the model compound 22 [78].  

 

 

Figure 6. Chemical structures of gold(I) NHC TrxR inhibitors 

 

Results evidenced three different effects contributing to the triggering of apoptosis: (i) direct 

depletion of mitochondrial respiration; (ii) TrxR inhibition and (iii) indirect DNA damage (mainly 
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due to oxidative stress arising). In 2013 the same group reported an extensive structure-activity 

relationship analysis on gold(I)/gold(III) NHC inhibition of TrxR and correlated it with cytotoxicity 

[79]. In all cases, gold(I) complexes were more effective enzyme inhibitors, but the gold(III) 

chloride 23 was the most cytotoxic of the series. Most of the compounds displayed low IC50 values 

for both TrxR inhibition and cytotoxicity, but an unambiguous correlation lacked. Different uptake, 

metabolization or activation pathways could account for these results, depending on the 

characteristics of the complexes. Overall, a scarce dependence of the biological activity on the 

oxidation state is outlined for these type of compounds [79–84]. These findings may suggest a 

limited stability of these complexes in vitro. In vivo reduction of the gold(III) NHC 24 to its gold(I) 

NHC precursor 25 was recently demonstrated by positron emission tomography (PET) and 

inductively coupled plasma mass spectrometry (ICP-MS) biodistribution experiments on a 

radiolabelled analogue [85]. Additionally, in vitro experiments showed that reduction to the 

corresponding gold(I) NHC is important for exerting a full antiproliferative activity. The dicarbene 

complex 25 maintains its structure also in the presence of biologically relevant reducing agents 

such as glutathione (GSH) [86] and showed potent cytotoxic properties in vitro against several 

cancer cell lines [86,87]. When incubated with model proteins, e.g. cytochrome c and lysozyme, 

bearing solvent-exposed sulfurs or other coordinating groups, no interaction is observed. 

Conversely, after the release of the NHC ligands, a naked gold(I) atom was found covalently 

bound to the protein target, in this case the copper trafficking protein Atox-1 [86]. A comparative 

proteomic investigation of the antiproliferative activity of 25 and 26 against A2780 human ovarian 

cancer cells pointed out the increased antiproliferative activity of the dicarbene with respect to the 

monocarbene analogue. The report evidenced that compound 25 behaved as a DLC inhibiting 

TrxR and thus causing mitochondrial metabolism impairment [88]. Casini, Rigobello and 

coworkers [89], and more recently Messori and colleagues [90] have shown that anthracene 

functionalized gold(I) (and silver(I)) carbenes have potent antiproliferative properties, they are 

potent TrxR inhibitors and, taking advantage from to the fluorescence of the anthracenyl label, 

can be visualized inside cells. Interestingly, compounds 27 and 28 reported by Casini and 

Rigobello showed an increased accumulation in the nucleus while the silver biscarbene 29 

reported by the group of Messori is shown to localize principally in vesicles within the cytoplasm. 

Notably, the silver carbene 28 is a more potent TrxR inhibitor if compared to the gold analogue 

27 and selectively cytotoxic towards cancer cells. The ESI-MS of the adduct of a synthetic C-

terminal dodecapeptide of hTrxR(488-499) with the two related anthracenyl functionalized silver 

NHCs 29 and 30 evidenced that the NHC ligand alone with no metal atom was bound [90]. At 

variance, no adduct was found in the case of the monocarbene 28. The dinuclear compound 31 



11 
 

exhibited promising properties [91]. It shows limited reactivity towards bovine serum albumin 

protein (BSA) which has positive effects on the cytotoxicity if compared to the other complexes 

reported. At the same time, it is a tight binder of TrxR active site: ESI-MS and NMR experiments 

demonstrate that the two gold centres bind the Sec and Cys groups with release of the bis NHC 

ligand. Moreover, it inhibited the growth of Hela xenografts and mouse melanoma, without evident 

toxicity. Rarely observed anti-angiogenesis effects in vivo are also pointed out. For the same 

complex, inhibition of the sphere-forming ability of cancer stem cells was observed, indicating a 

tendency to contrast metastasis formation [91]. 

In 2017 a series of hydrophilic gold(I) carbenes were characterized as TrxR inhibitors [92]. The 

dicarbene 32 is poorly reactive toward nucleophiles and, accordingly, it lacked inhibitory activity 

against TrxR and cancer cell proliferation. On the other hands, hydroxylated monocarbenes 33-

35 were cytotoxic and strong selective inhibitors of TrxR if compared to GR considering the 

purified enzyme and ovarian cancer cell extracts. The affinity of the compounds for Sec and Cys 

was demonstrated by means of biotinylated iodoacetamide (BIAM) switch assay and competition 

mass spectrometry (MS) experiments in the presence of other amino acids. MS speciation 

experiments of 33 highlighted the propensity to undergo ligand exchange reactions: the formation 

of the corresponding dicarbene was observed in water, while coordination of NH3 was observed 

in ammonium carbonate buffer. In all the experiments the Au(NHC)+ moiety remained intact. A 

comparative work between various Au(I) complexes evidenced the improved antiproliferative 

properties of the dicarbene 36 [93]. Interestingly, it was demonstrated how its poor reactivity 

towards serum proteins positively affected the uptake and cytotoxicity. As expected, the carbene 

36 is the least reactive towards purified rat liver mitochondrial TrxR, but still a good inhibitor. This 

compound is inactive towards bacterial TrxR devoid of the Sec residue which probably facilitates 

ligand exchange reactions in the case of mammalian TrxR. Probable binding poses of the 

compounds in the active site of mammalian TrxR are obtained with molecular docking studies. 

Very recently two gold(I) complexes coordinated to an alkynyl ibuprofen ligand and an NHC (see 

compound 37) or PPh3 ligand were reported [94]. Both compounds are nanomolar inhibitor of 

purified cytosolic and mitochondrial TrxR while being at least 240-fold less active towards GR. 

Both complexes are more selective towards cancer cells than cisplatin or auranofin but the 

phosphinic complex displays more potent antiproliferative activity. Experiments correlated this 

behaviour with an increased cellular uptake, and density-functional theory (DFT) calculations 

suggest a dependence on the ligand exchange favourable thermodynamics. 

2.2.2 Gold(III) and gold-containing heterometallic NHCs  The versatility of metal NHCs 

also allowed the preparation of heterometallic compounds (Figure 7). Compound 38 shows 
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improved TrxR inhibition and increased cytotoxicity towards Caki-1 human clear cell renal 

carcinoma line and HCT116 human colon cancer cell line if compared to monometallic precursors 

demonstrating the synergistic effect of the two metals [95]. With the aim of designing complexes 

that could impair the antioxidant system via different pathways, Arumugan and co-workers 

prepared ferrocene linked Au(I)NHC complexes [96]. A synergistic effect concerning lung cancer 

cell proliferation inhibition was observed. Also, antiproliferative properties and ROS elevation 

increased with the ferrocene content. Complexes 39 and 40 were also confirmed to inhibit TrxR 

in live cells and RNA microarray gene expression pointed out that ROS increase after treatment 

with 40 triggers endoplasmic reticulum stress response pathways. 

 

 

Figure 7. Chemical structures of heterometallic and silver(I) NHC TrxR inhibitors 

 

As for gold(III), Che and coworkers designed a series of gold(III) NHC prodrugs exploiting their 

affinity for intracellular thiols [97]: a tridentate N^N^N ligand conferred relative stability towards 

ascorbic acid or BSA, but in the presence of low molecular weight thiols such as GSH, reduction 

with the release of HN^N^NH ligand and Au(I)(NHC)(GS) occurred very rapidly (see compounds 

41 and 42). In the case of 41 the HN^N^NH free ligand was emissive in the visible region when 
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not coordinated to gold. Thus, fluorescent microscopy was employed to prove intracellular thiol 

dependent reduction and localization in mitochondria (Figure 8). TrxR inhibition was measured 

on cell lysates and correlates well with the observed cytotoxicity. In vivo experiments on mice 

bearing HeLa xenografts showed tumour growth inhibition after treatment with the most active 

compound 42, characterised by the presence of a 15-residue alkyl chain on the NHC. 

 

 

Figure 8. Fluorescence images of the intracellular localization of 41 (20 µM) in HeLa cells (left, 365 nm 
excitation), mitochondria-specific Mito-tracker Red stain (middle, 546 nm excitation), and the merged 

image (right). Adapted from ref [97]. 

 

2.2.3 Silver NHCs  The work concerning the silver carbene 28 [89], already mentioned, 

and other silver NHCs [98] show that silver carbenes can have a more favourable biological 

activity than their gold analogues. Despite this is not always the case [99], there is much room for 

research as silver complexes are historically studied as antimicrobials, while their antitumour 

properties are only very recently being underlined. However, most of the reports are limited to the 

in vitro antiproliferative properties and mechanistic aspect are not fully elucidated [100,101]. The 

antiproliferative properties of water-soluble silver NHCs were investigated by Santini and 

colleagues [98,99]. The ester- amide-functionalized silver carbenes 43 and 44 were found to be 

more cytotoxic than the gold analogues. Their activity was accompanied by very potent inhibition 

of TrxR being compound 44 the most effective; a copper analogue was prepared but its instability 

hampered the investigations on its biological activity [98]. Sulfonated dicarbene 45, was more 

cytotoxic than cisplatin and activity was maintained against cisplatin-resistant cells. Again, potent 

TrxR inhibition was observed also in cell lysates. Further mechanistic studies confirmed that the 

observed apoptosis could be related to the inhibition of this key enzyme [99]. 

 

3. Other enzymes as targets 

Despite in most cases mitochondrial damage and TrxR inhibition could account for the 

antiproliferative activity of gold(I) NHCs, also other putative targets have been identified. For 

example, the imidazole-2-ylidene gold chlorides 46-48 (Figure 9) have been demonstrated to 
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inhibit protein tyrosine phosphatases (PTPs) in cell-free assays, in leukaemia cells, and in primary 

mice thymocytes [102]. 

 

Figure 9. Chemical structures of metal NHCs directed to other enzymes. 

 

PTPs are a family of enzymes featured by a cysteine residue in the active site. They catalyse the 

removal of phosphate groups from tyrosine residues in proteins and have key regulatory roles in 

signalling pathways and in cell-cycle control. Their importance in cell growth, proliferation and 

differentiation makes them interesting targets for diseases such as cancer or autoimmune 

disorders. Experiments suggested a competitive, reversible inhibition. In all cases, the NHCs were 

more potent inhibitors than auranofin. Moreover, 47 and 48 were the most potent inhibitors, 
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suggesting the importance of the benzyl side chain. Cellular studies showed that these 

compounds have good activity against PTPs as PTP-PEST and LYP but poor affinity for PTP - 

CD45 antigen, although inhibition of other PTPs could not be ruled out. The series of gold(I) 

carbenes with phosphane ligands 49-52 reported by Ott, Casini and coworkers exhibited 

nanomolar inhibitory activity against the zinc finger protein poly[ADP-ribose] polymerase-1 

(PARP-1) and TrxR [103]. PARP-1 is an enzyme implicated in the DNA damage response 

mechanisms by promoting repair of single-strand breaks and base excision sites. Depletion of the 

activity of this protein is regarded as a possible anticancer strategy [104,105]. In particular, the 

inhibition of PARP-1 activity has been extensively studied as a very promising strategy in the 

treatment of ovarian cancer with BRCA genes mutations, leading to the clinical approval of 

olaparib in 2014 by the European Union and US Food and Drug Administration [105,106]. 

Another strategy to impair DNA metabolism involves inhibition of Topoisomerase I and II 

functioning. These are ubiquitous nuclear enzymes able to cleave the phosphodiester DNA bond 

for the regulation of its topology [107]. Compound 53 was demonstrated to act on multiple targets: 

aside from TrxR inhibition, PARP-1 and Topoisomerases I and II inhibitory activity were also 

observed [108,109]. The silver carbene showed preferential activity against cisplatin-resistant 

A2780 cells and caused cell death by apoptosis. Moreover, it selectively inhibited glycolysis in 

tumour cells and was in general significantly less active towards non-cancerous cells. In vivo anti-

tumour activity against cells of intraperitoneally implanted hollow fibres was found, but no 

antiproliferative effects for subcutaneously implanted hollow fibres were highlighted. A very recent 

work reported that the two cytotoxic gold dicarbenes 54 and 55 elicited good Topoisomerases 

inhibition and impairment of microtubules dynamics [110]. Docking studies have been used to 

evaluate the ligand abilities of the investigated complexes towards Topoisomerase I, II and 

tubulin. Experiments confirmed that 54 and 55 can inhibit Toposiomerases and act as tubulin 

polimerization inhibitor and microtubule stabilising agent, respectively. It was also shown that 54 

causes MDA-MB-231 epithelial, human breast cancer cell death through a ROS-dependent 

mitochondrial mediated intrinsic apoptotic pathway. Results of MDA-MB-231 cell cycle analysis 

after treatment with the same compound also pointed towards a mechanism of action involving 

inhibition of topoisomerases and tubulin polymerisation. 

More recently, the gold(I) NHC compounds 56-62 have been tested for their antileishmanial 

activity and found to inhibit enzymes regarded as important for anticancer strategies such as 

thymidine phosphorylase, β-glucuronidase and xanthine oxidase [111]. Later investigations were 

extended to the gold(I) dicarbene 63 and gold(III) complexes of the type [gold(III)(NHC)2X2]BF4 

64-71 [84]. The panel of carbenes has been tested for anti-inflammatory properties, inhibition of 
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enzymes involved in metabolism (α-glucosidase; β-glucuronidase) and antileishmanial activity. 

These compounds have usually high cytotoxicity and dependence on the NHC substituents is 

observed but general trends seem difficult to establish. It is interesting to notice that only the 

gold(III) complexes are α-glucosidase and β-glucuronidase inhibitors. Recently, a target 

identification approach was adopted for C^N^C cyclometalated gold(III) NHC complexes [112]. 

The chemical probe 72 was built from previously reported compounds [113]: one N-alkyl chain 

was functionalized with a diazirine unit able to bind to interacting proteins upon irradiation; the 

other alkyl chain had a clickable alkynyl moiety to bind to a fluorescent reporter in vitro. This 

strategy allowed the identification of six bound intracellular proteins regarded as anticancer 

targets, namely mitochondria heat shock protein (HSP60), vimentin (VIM), nucleoside 

diphosphate kinase A (NDKA), nucleophosmin (NPM), nuclease-sensitive element-binding 

protein (Y box binding protein, YB-1), and peroxiredoxin 1 (PRDX1). The most active 

unfunctionalized compound 73 was found to compete with the probe for the binding to these 

proteins. Moreover, it was employed to demonstrate that the function of HSP60, VIM, NPM and 

YB-1 in HeLa cells was disrupted, justifying the observed anti-cancer effects, and confirming the 

consistency of the identified multiple targets. 

In light of the correlation discovered between inflammation and cancer, the dinuclear silver 

complex 74 was investigated for its antiproliferative activity against prostate cancer cells and anti-

inflammatory properties [114]. The complex is more cytotoxic towards HCT116 human colon 

cancer cells than human fibroblasts or prostate cancer cells and triggers apoptosis through the 

mitochondrial-dependent intrinsic pathway. Additionally, it suppresses the production of pro-

inflammatory proteins such as IL-1 and TNF-α in human macrophages and inhibited 

cyclooxygenases (COX) in cell-free assays. 

 

4. Nucleic acids as targets 

4.1 Duplex DNA  

Since the early studies on cisplatin, DNA has been considered a primary target for metal 

anticancer drugs [115]. For cisplatin the DNA binding type is covalent, it alters DNA functioning 

and replication, leading to cell death [116]. Similarly to cisplatin and other platinum-based 

chemotherapeutic agents, some NHCs can covalently bind to DNA [117]. Still, to the best of our 

knowledge, detailed studies on the binding of coinage NHCs to DNA are not abundant. Usually, 

group 11 complexes binding to DNA is mediated by non-covalent interactions and the focus of 

this paragraph will be on this type of binding. Non-covalent binding of metal NHCs with natural 

double-stranded DNA can be classified into two major binding modes: groove binding and 
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intercalation [118]. Classical groove binders are crescent-shaped molecules whose shape 

matches with the groove curvature of the helix [119]. Conversely, intercalation involves the 

insertion of planar aromatic moieties between the nucleobases of DNA: as a result, the helix 

elongates and unwinds [120]. As already discussed above, silver(I) and gold(I) NHCs 

antiproliferative effects are commonly related to antimitochondrial and protein inhibiting activity. 

Most of the compounds reported here are engaging both genomic and non-genomic targets which 

may be significant for the anticancer properties. To drive the affinity towards polynucleotides, 

appropriate ligands may be engineered. If this is not the case and the molecular structure is not 

adequate, calf thymus DNA (ctDNA) binding test will accordingly show low affinity [121,122].  

4.1.1 Silver NHCs  The benzotriazole functionalized Ag(I)-NHC 75 (Figure10) was found 

to affect the migration pattern of pBR322 plasmid DNA and docking test suggested that this 

compound may accommodate in the DNA groove [123]. Despite this latter result means that 

groove-binding species deserve interest, intercalation is known to be the most effective non-

covalent mode of action to produce DNA damage. The length of alkyl chain substituents and the 

presence of aromatic residues can have significant repercussions on parameters such as 

hydrophobicity and planarity and, thus, on DNA interaction and intercalation ability. Haque and 

co-workers worked on the Ag(I)NHC complexes 76-79 from benzimidazolium salts; they were 

found to bind Aedes albopictus DNA (AaDNA) via intercalation, being the compound 76 bearing 

an additional benzyl group the one which produces the higher helix elongation [124]. A similar 

trend was found by the same research group by testing a series of new nitrile-functionalized 

benzimidazol-2-ylidenes and their Ag(I) and Hg(II) complexes. The most effective complexes, 

which intercalate into Escherichia coli genomic DNA (gDNA), are the mono and dinuclear benzyl-

containing Ag(I) compounds 80 and 81; 81 also efficiently cleaved supercoiled DNA form into 

linear form in the presence and absence of oxidizing agent [125]. The same holds for a series of 

mononuclear and binuclear Ag(I)NHC hexafluorophosphate complexes with complex 82 (the 

most extended one as for aromatic system) which exhibited the stronger Aa-DNA intercalation 

and the higher larvicidal effect [126].  

4.1.2 Gold NHCs  However, the addition of intercalating moieties do not always produce 

the desired effect: the acridine-decorated cyclometalated gold(III)-NHCs 83 showed high levels 

of ctDNA stabilisation suggestive of intercalation; on the other hand, the lack of a correlation 

between the cytotoxicity data and the interaction with double stranded DNA may suggest that the 

addition of the acridine moiety onto this scaffold did not result in improved DNA targeting [127]. 
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Figure 10. Chemical structures of coinage metal NHCs directed to duplex DNA. 

 

On the whole, DNA may not be the only target for these compounds. In 2014, Ott and co-workers 

reported the design of bifunctional gold(I) NHCs able to interact with both TrxR and DNA [128]. 

This was achieved through functionalization of the NHC with naphtalimide moieties (compounds 

84-87), a well-known class of intercalating agents also investigated as potential anticancer drugs. 
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Complexes 84 and 87 are submicromolar TrxR inhibitors and efficient intercalators which stabilise 

the DNA double helix. Increased cytotoxicity against HT-29 colon adenocarcinoma and MCF-7 

breast cancer cells was achieved for these series compared to the imidazolium salt precursors.  

4.1.3 Comparison between silver and gold DNA binding modes Some of us recently 

investigated the DNA binding features of the anthracenyl functionalized gold(I) and silver(I) NHCs 

88-89 together with their TrxR inhibition [129]. Interestingly, he carbenes differ in their DNA 

binding features: the gold(I) NHC 88 appears to interact mainly with the groove, while the silver(I) 

carbene 89 is a good intercalator, strongly stabilising the DNA double helix. Moreover, the silver 

carbene is a more potent TrxR inhibitor and displays an increased cellular uptake if compared to 

the gold analogue and cisplatin. However, the lack of significantly increased cytotoxicity may 

indicate that inactivation mechanisms occurring inside the cells. Fluorescence microscopy and 

cellular distribution studies corroborate the idea that both DNA and TrxR could play a role in the 

observed antiproliferative activity. On the basis of these promising results, gold(I) and silver(I) 

complexes of bis(1-(anthracen-9-ylmethyl)-3-ethylimidazol-2-ylidene) (90, 91) were analysed in 

their ability to interact with biosubstrates [130]. A multi-technique study confirmed the significant 

differences in the binding features between Ag(I) and Au(I) compounds. The gold complex 90 

covalently binds BSA but is scarcely interacting with polynucleotides and G-quadruplexes. 

Conversely, for the silver analogue 91 the binding to BSA is weak but it strongly/selectively 

interacts with double strands by a complex mechanism where intercalation plays the major role, 

but groove binding is also operative. Che and co-workers demonstrated that the pincer C^N^C 

2,6-diphenyl-pyridine ligand led to very stable gold(III) NHCs, not undergoing reduction even in 

the presence of reducing thiols (see compound 92) [131]. It was also shown that not only the 

gold(III) NHC 92 was an intercalating agent, but acted as a Topoisomerase poison. Indeed, it 

could stabilise the adduct between DNA and Topoisomerase I hampering its capacity to relax 

supercoiled DNA and could induce Topo I-mediated DNA strand breaks [132]. The compound 

also displayed promising in vitro and in vivo anticancer activity. Tacke and colleagues developed 

the silver acetate NHC 93 which was found to be a DNA and BSA binder able to overcome 

chemotherapeutic drug-induced resistance; unfortunately, when tested in vivo, it showed high 

toxicity and no useful therapeutic range was found [133].  

 

4.2 RNA binding   

Note that, among the already limited literature on mechanistic studies for silver and gold NHCs 

binding to polynucleotides, DNA is the only considered species. To the best of our knowledge 

RNA is neglected, even if also this nucleic acid may play a crucial role in anticancer strategies 
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[134,135]. There are only a few exceptions. Some tests by the group of Haque on the interaction 

with a plasmid DNA/RNA mixture of Ag(I)-NHCs 94-96 by electrophoresis are available, which 

seem to indicate that the interaction does indeed occur [136]. Also, in our recent work on 90 and 

91 already cited above, we also analysed their binding to the synthetic RNA polynucleotides 

poly(rA), poly(rA)poly(rU) and poly(rA)2poly(rU) as representative models for single-, double- and 

triple-stranded helices [130] demonstrating that the Ag(I)-NHC shows high affinity for RNAs but 

in the double-strand form only. 

 

4.3 Copper NHCs and DNA fragmentation   

Some metal complexes can act as artificial nucleases able to cleave the phosphodiester bond of 

DNA causing its fragmentation and degradation [137–139]. Compound 97, one of the few 

copper(I) NHCs investigated for their anticancer potentialities, was cytotoxic in the submicromolar 

range against various cancer cell lines and could convert the supercoiled plasmid pcDNA4TO 

into its open circular form under aerobic conditions [140]. Additional experiments under suitable 

conditions indicate that the complex acts as a Fenton-type reagent activating oxygen with the 

formation of hydrogen peroxide. Notably, the nuclease activity was not observed for the 

corresponding homoleptic dicarbene nor silver(I) or palladium(II) NHCs, highlighting the 

importance of the copper centre peculiar redox properties. Srivastava and co-workers reported 

some gel electrophoresis experiments showing that gold(I) imidazol- and benzimidazole-ylidenes 

with aromatic substituents were able to cause fragmentation of DNA extracted from U373 

glioblastoma cell line [141]. Compound 98, the only with a benzimidazol-ylidene ligand, was the 

most effective. The already mentioned complexes 76-79 also displayed DNA cleaving features 

as shown by gel electrophoresis experiments with plasmid DNA [124].  

 

4.4 G-quadruplexes  

G-quadruplexes (G4) are non-canonical DNA (or RNA) secondary structures characterized by 

guanine tetrads held together by hydrogen bonds. Their conformations can be classified 

according to the relative orientations of the four strands involved in the G4 and to the conformation 

of the residues not involved in the tetrad [142]. These conformations are enriched in key regions 

of the genome including telomeres and regulatory regions [143–145]. As knowledge on these 

secondary structures is gained and progress in mapping their location in the genome proceeds, 

many reports also revealed that the ability to stabilise G4s could be advantageously exploited for 

the development of compounds with improved antitumor activity [145,146]. For these reasons, 

many efforts have been paid for the development of G4 stabilisers or of species able to induce 
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G4 folding. In this sense, good G4 binders should feature extended planar aromatic moieties able 

to stack on the external G-tetrad and charged structures together with H-bond acceptors [147]. 

The metal centre acts as a charge withdrawing group enhancing the π interaction and can 

substitute monovalent cations bound to the nucleotide. There are only a few examples of covalent 

bound metal complexes, whereas in most cases the metal centre plays a structural role [148,149]. 

Among the many compounds synthesized, two organic G4 binders are currently in clinical trials 

for the treatment of human cancers [150,151]. It is relevant to mention that stabilising telomeric 

G4s was related to antitelomerase activity [147]. The enzyme telomerase is active in most of the 

tumour cells and, being responsible for the elongation of telomeric regions, plays an important 

role in the indefinite proliferation of cancer cells. Interestingly, it was pointed out that also 

auranofin attenuates the activity of telomerase in selected breast cancer cells through a ROS 

dependent pathway [152]. Casini and co-workers reported on the antiproliferative activity and G4 

binding features of a series of caffeine-based and benzimidazolylidene NHC complexes including 

99-105 (Figure 11) [153]. The most interesting ones are 99 and 105. Nonetheless, 105 is poorly 

selective concerning its potent antiproliferative activity against cancer and healthy cells and its 

strong interaction with DNA irrespective of its secondary structure. On the other hand, the 

xanthine dicarbene 99 (Figure 12) exhibits strong and selective stabilisation of G4 also in the 

presence of an excess of duplex DNA [153,154]. Moreover, it discriminated between different 

cancer cells, and, despite its cytotoxicity in the micromolar range towards ovarian cancer cells, 

toxic effects in kidney and liver tissues were observed only after incubation with a concentration 

of 99 as high as 100 µM [153].  
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Figure 11. Chemical structures of metal NHCs directed to G-quadruplex DNA.  

 

The gold dicarbene was crystallized with the telomeric G4 Tel23 leading to the resolution of the 

first crystal structure of this type (Figure 12a) [155]. Up to three gold complexes are bound to the 

telomeric structure with the gold atom at a short distance from nitrogen or carbon of the pyrimidine 

ring of the guanine (Figure 12b). Investigations in solution revealed that the binding interaction 

takes place through multiple cooperative reaction steps and the complex induced a transition in 

the quadruplex conformation from hybrid to antiparallel which is quantitative at gold-to-DNA molar 

ratios higher than 3 [156]. Also, a preformed adduct 99/Tel23 is able to inhibit the activity of 

telomerase in a cell-free assay. A recent update consisted in the comparative investigation of the 

binding modes and free energy landscapes of 99 and 104 with two selected human G4 
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sequences through combined metadynamics and fluorescence resonance energy transfer 

(FRET) melting experiments. The theoretical results are in line with experimentally-derived data 

and can be important for the rational design of G4 binders [157]. A subsequent study on the 

similar compounds 106-109 allowed drawing of some structure-activity relationships [158]: 

substitution of the N1 nitrogen of the 9-methylcaffeine ring with more sterically demanding groups 

negatively affected G4 stabilisation activity being still 99 the most effective of the series. However, 

complexes 106 and 108 still exhibited selectivity for G4s over DNA double helix. On the other 

hand, the more sterically hindered complexes 107 and 108 acquired cytotoxicity towards the 

investigated cell lines which were not sensitive to 99 or 106. Substitution of the second NHC 

ligand with an alkynyl to obtain compounds 110-112 resulted in a loss of G4 stabilisation. Among 

another series of alkynyl NHC, complex 113 was the only one exhibiting a significant stabilisation 

of hTelo and C-Kit1 (a human telomeric and promoter sequence respectively) [159]. However, 

the effect was still lower than the reference compound 99. 

 

Figure 12. a) Representation of the crystal structure of 99/Tel23, reproduced from PDB 5CCW, see also 
reference [155]; b) top view of 99/Tel23 5-5’ binding site reprinted with permission from ref [155]; c) top 

view of the 3’-end guanine tetrad of the Tel24 G4 with the stacked 25 complex spread over four 
crystallographic positions; d) detail of the binding site of 25/Tel24 between two stacked Tel24 molecules, 

only one crystallographic position is shown. Potassium ions are shown in purple. 
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A recent work by some of us provided structural information on the adduct between the already 

mentioned dicarbene 25 and a telomeric G4 [160]. ESI-MS, circular dichroism (CD) and UV-Vis 

measurements revealed that, at variance, with the case of the caffeine NHC 99 the binding 

stoichiometry is 1 with no observed significant conformational changes or G4 stabilising effects. 

The crystal structure of the 25/Tel24 adduct was solved thanks to the combination of x-ray 

diffraction analysis and quantum mechanics/molecular mechanics (QM/MM) level of theoretical 

calculations (Figure 12c). Overall, results suggest an entropy-driven modest interaction, 

characterized by a high degree of freedom of the complex in the binding site. Probably, the steric 

demanding alkylic substituents of the NHC hamper the formation of adducts with higher gold-to-

G4 molar ratios. Notably, the position of the gold atom at a short distance from the N1 guanine 

nitrogen recalls what already found in the crystal structure obtained for Tel23 adduct with 99 (see 

Figure 12 panels b and d). This recurrent binding feature could be important for the rational design 

of Au-NHC G4 binders.  

Bochmann and coworkers reported the preparation of pyrazine based C^N^C Au(III) complexes 

including the two compounds 114 and 115 with NHC ligands [161]. Compound 114 showed the 

most potent antiproliferative activity against various cancer cell lines and an increased uptake if 

compared to 115. Remarkably, the whole structure was retained for at least 6 days in the 

presence of GSH, with no observed reduction or NHC hydrolysis, suggesting that its biological 

activity is due to non-covalent supramolecular interactions. Both carbenes are strong DNA G4s 

and i-motifs stabilisers and, to a lower extent, also double-stranded DNA stability is increased 

upon binding. Notably, this is the first report of gold compounds/i-motifs interaction. Moreover, 

114 is the first compound whose ability to stabilise MDM2-p53 protein-protein interaction was 

evidenced. Further developments involved the preparation of dinuclear bioconjugate species 

[162]. While bioconjugation with biotin or 17α-ethynylestradiol as in compounds 116 and 117 

increased cellular uptake, it diminished the ability of G4 stabilisation and was accompanied by a 

lower antiproliferative activity against cancer cells. On the other hand, the presence of a second 

metal centre (compound 118) did not dramatically impact the affinity for G4s but negatively 

affected cellular uptake. 

 

5. Conclusions 

Given the drawbacks of cisplatin and following the continuous search of more effective and less 

toxic drugs, metal N-heterocyclic carbenes have attracted growing interest among the scientific 

community and several papers highlight their potential as new anticancer compounds. In our 
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opinion, the main peculiar feature which makes them extremely attractive is represented by their 

multimodal action. In this review, only focused on the main coinage metal-NHCs, the most 

important modes-of-action are presented and discussed, involving mitochondria, enzymes 

belonging to the cellular redox cascade, and nucleic acids. 

Mainly, beyond the nature of the metal centre and its characteristic reactivity, the overall chemical 

structure can affect the biological behaviour of each metal-NHC class, making them for example 

more prone to penetrate the mitochondrial membrane instead of reacting with nucleic acids. In 

fact, the activity on mitochondria is strongly related to the interaction with the outer membrane of 

this biosubstrate. Therefore, the correct balance between hydrophobicity and hydrophilicity needs 

to be respected and fulfilment of optimal LogPow values should be taken into account [66] jointly 

to the evaluation of the net charge of the molecule. To this regard, neutral molecules were found 

to target mitochondria well [68], but positively charged species seem to be more selective for 

cancer cells [49]. Charged and lipophilic complexes may show an increased mitochondrial and 

cellular accumulation which explained their more potent cytotoxicity compared to the neutral 

complexes. On the other hand, TrxR inhibition efficiency seems to be directly correlated with the 

presence of labile ligands on the molecule [75,92,93]. Also, a labile ligand favours in the case of 

gold carbenes the binding to the selenocysteine with extensive metalation degree [76]. 

Although organometallic NHCs are not known as molecules which show high affinity for nucleic 

acids, a rationale design with appropriate ligands, i.e. extended aromatic/planar residues could 

be the key to trigger their reactivity also against the genomic targets. For example, recent proof-

of-principle studies on metal NHCs showed that this class of compounds is able to target several 

canonical and non-canonical DNA secondary structures. The intercalative binding with the 

double-stranded natural DNA helix [128,132] or favouring the sitting-atop binding to G-tetrads (in 

the case of G4s) favoured by geometrically constrained molecules are two main examples of such 

reactivity [153,155]. 

From the point of view of the metal centres, a different behaviour of Au(III) complexes from Au(I) 

ones is only observed when the Au(III) centre is stabilized by cyclometalated ligands. In this case, 

Au(III) compounds will exert their activity through supramolecular interactions more than through 

ligand exchange reactions [132,163]. When the reactivity of Ag(I)NHCs involves ligand exchange 

reactions this becomes comparable with the one of the Au(I) analogues but, depending on the 

binding group, Ag(I) species are more prone to metal centre loss [90]. On the other hand, 

significant variations in cellular responses are also observed between Au(I) and Ag(I) carbenes 

bearing the same NHC [72] and, in particular in the case of nucleic acids, different binding modes 

are observed depending on the metal centre [129,130]. Ag(I) NHCs are often cited as for their 
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antiproliferative properties, whilst the mechanistic aspects of their binding to the different 

biosubstrates is much less often analysed. Cu(II)NHCs have sometimes encountered stability 

issues but may still deserve high interest, also based on the Cu(II)/Cu(I) redox behaviour and 

endogenous nature of the metal centre.  

The complete description of the mechanism responsible for the anticancer activity of metal 

complexes is a matter of major complexity. Even the mechanism of the forefather anticancer 

complex cisplatin is still largely unknown: the commonly accepted idea involving nuclear DNA 

platination as the only cause of apoptotic stimuli is now starting to be seen as an oversimplification 

[164]. Indeed, only a small part of platinum reaches the nucleus and the contribution of targets in 

other cellular compartments to the degree of responsiveness to the treatment are being taken 

into account [164,165]. As a matter of fact, there is now a paradigm shift from the idea of single-

targeting to the one multitargeting metal complexes, and metal-NHCs behaviour perfectly fits with 

this “enlarged paradigm” where an important role has been devoted also to the reactivity with the 

cellular proteome. This idea applies both in the design of new complexes which are directed 

towards multifunctional components [166] and in the investigation of the effects of existing drugs 

which are found to be the results of the interplay of multiple activated pathways [167,168]. 
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LIST of ABBREVIATIONS 

ΔΨm   transmembrane potential 
AaDNA Aedes albopictus DNA  
AIF  apoptosis inducing factor 
ATP  adenosine triphosphate 
BIAM   biotinylated iodoacetamide (switch assay)  
Bz  benzyl 
BSA   bovine serum albumin 
CD45   antigen also known as PTPRC  
COX  cyclooxigenase 
ctDNA  calf thymus DNA 
Cys  cysteine 
DFT  density-functional theory  
DLC   delocalized lipophilic cation 
ESI-MS  electrospray ionization-mass spectrometry  
FAD    flavin adenine dinucleotide  
G4  G-quadruplex, guanine-quadruplex (DNA form) 
gDNA  Escherichia coli genomic DNA 
GPX  glutathione peroxidase 
GR  glutathione reductase 
GSH   glutathione  
HSP60  heat shock protein 
ICP-MS  inductively coupled plasma mass spectrometry 
IL-1   proinflammatory protein 
LogPow  logarithm of the partition coefficient between octanol and water for a species 
LYP   lymphoid tyrosine phosphatase 
MMP  mitochondrial membrane permeabilization 
MOMP  mitochondrial outer membrane permeabilization 
MPT   membrane permeabilization transition 
MS   mass spectrometry  
NDKA   nucleoside diphosphate kinase A 
NHC   N-heterocyclic carbenic ligand 
NPM    nucleophosmin protein 
PARP-1 zinc finger protein poly[ADP-ribose] polymerase-1  
PEP   phosphoenolpyruvate 
PET    positron emission tomography 
Ph   phenyl 
PRDX1  peroxiredoxin 1 protein 
PTP   protein tyrosine phosphatase  
PTP-PEST protein tyrosine phosphatase belonging to the PEP family 
PTPRC protein tyrosine phosphatase, receptor type, C 
ROS   reactive oxygen species 
Sec   selenocysteine 
TNF-α   proinflammatory protein 
TrxR   thioredoxin reductase 
VIM   vimentin protein  
YB-1   nuclease-sensitive element binding protein, Y box binding protein 

 



28 
 

 
Bibliography 

[1] W.H. Chen, G.F. Luo, X.Z. Zhang, Recent Advances in Subcellular Targeted Cancer 
Therapy Based on Functional Materials, Adv. Mater. 31 (2019) 1–39. 
doi:10.1002/adma.201802725. 

[2] D. Wang, S.J. Lippard, Cellular processing of platinum anticancer drugs, Nat. Rev. Drug 
Discov. 4 (2005) 307–320. doi:10.1038/nrd1691. 

[3] L. Galluzzi, I. Vitale, J. Michels, C. Brenner, G. Szabadkai, A. Harel-Bellan, M. Castedo, 
G. Kroemer, Systems biology of cisplatin resistance: Past, present and future, Cell Death 
Dis. 5 (2014) 1–18. doi:10.1038/cddis.2013.428. 

[4] J. Reedijk, P.H.M. Lohman, Cisplatin: Synthesis, antitumour activity and mechanism of 
action, Pharm. Weekbl. Sci. Ed. 7 (1985) 173–180. doi:10.1007/BF02307573. 

[5] R. Bondi, T. Biver, L. Dalla Via, F. Guarra, M. Hyeraci, C. Sissi, L. Labella, F. Marchetti, S. 
Samaritani, DNA interaction of a fluorescent, cytotoxic pyridinimino platinum(II) complex, 
J. Inorg. Biochem. 202 (2020) 110874. doi:10.1016/j.jinorgbio.2019.110874. 

[6] A. Jain, Multifunctional, heterometallic ruthenium-platinum complexes with medicinal 
applications, Coord. Chem. Rev. (2019). doi:10.1016/j.ccr.2019.213067. 

[7] O. Domarco, C. Kieler, C. Pirker, C. Dinhof, B. Englinger, J.M. Reisecker, G. Timelthaler, 
M.D. García, C. Peinador, B.K. Keppler, W. Berger, A. Terenzi, Subcellular Duplex DNA 
and G-Quadruplex Interaction Profiling of a Hexagonal PtII Metallacycle, Angew. Chemie - 
Int. Ed. 58 (2019) 8007–8012. doi:10.1002/anie.201900934. 

[8] E. Morel, C. Beauvineau, D. Naud-Martin, C. Landras-Guetta, D. Verga, D. Ghosh, S. 
Achelle, F. Mahuteau-Betzer, S. Bombard, M.P. Teulade-Fichou, Selectivity of Terpyridine 
Platinum Anticancer Drugs for G-quadruplex DNA, Molecules. 24 (2019) 404. 
doi:10.3390/molecules24030404. 

[9] E. Meggers, Targeting proteins with metal complexes, Chem. Commun. (2009) 1001–
1010. doi:10.1039/b813568a. 

[10] B. Shannan, A. Watters, Q. Chen, S. Mollin, M. Dörr, E. Meggers, X. Xu, P.A. Gimotty, M. 
Perego, L. Li, J. Benci, C. Krepler, P. Brafford, J. Zhang, Z. Wei, G. Zhang, Q. Liu, X. Yin, 
K.L. Nathanson, M. Herlyn, A. Vultur, PIM kinases as therapeutic targets against 
advanced melanoma, Oncotarget. 7 (2016) 54897–54912. 
doi:10.18632/oncotarget.10703. 

[11] Y. Yamada, Satrialdi, M. Hibino, D. Sasaki, J. Abe, H. Harashima, Power of mitochondrial 
drug delivery systems to produce innovative nanomedicines, Adv. Drug Deliv. Rev. 
(2020). doi:10.1016/j.addr.2020.09.010. 

[12] K. Qiu, Y. Chen, T.W. Rees, L. Ji, H. Chao, Organelle-targeting metal complexes: From 
molecular design to bio-applications, Coord. Chem. Rev. 378 (2019) 66–86. 
doi:10.1016/j.ccr.2017.10.022. 

[13] I. Ott, Metal N-heterocyclic carbene complexes in medicinal chemistry, 1st ed., Elsevier 
Inc., 2020. doi:10.1016/bs.adioch.2019.10.008. 

[14] C. Boehme, G. Frenking, Electronic Structure of Stable Carbenes, Silylenes, and 
Germylenes, J. Am. Chem. Soc. 118 (1996) 2039–2046. doi:10.1021/ja9527075. 

[15] W. Niu, X. Chen, W. Tan, A.S. Veige, N-Heterocyclic Carbene-Gold(I) Complexes 
Conjugated to a Leukemia-Specific DNA Aptamer for Targeted Drug Delivery., Angew. 
Chem. Int. Ed. Engl. 55 (2016) 8889–93. doi:10.1002/anie.201602702. 

[16] F. Cisnetti, A. Gautier, Metal/N-heterocyclic carbene complexes: Opportunities for the 
development of anticancer metallodrugs, Angew. Chemie - Int. Ed. 52 (2013) 11976–
11978. doi:10.1002/anie.201306682. 

[17] D.J. Nelson, S.P. Nolan, D.J. Nelson, S.P. Nolan, Quantifying and understanding the 



29 
 

electronic properties of N -heterocyclic carbenes, (2013). doi:10.1039/c3cs60146c. 
[18] T. Scattolin, S.P. Nolan, Synthetic Routes to Late Transition Metal–NHC Complexes, 

Trends Chem. 2 (2020) 721–736. doi:10.1016/j.trechm.2020.06.001. 
[19] C. Romain, S. Bellemin-Laponnaz, S. Dagorne, Recent progress on NHC-stabilized early 

transition metal (group 3–7) complexes: Synthesis and applications, Coord. Chem. Rev. 
422 (2020) 213411. doi:10.1016/j.ccr.2020.213411. 

[20] Z. Huaizhi, N. Yuantao, China’s ancient gold drugs, Gold Bull. 34 (2001) 24–29. 
doi:10.1007/BF03214805. 

[21] G.J. Higby, Gold in medicine, Gold Bull. 15 (1982) 130–140. doi:10.1007/BF03214618. 
[22] B.M. Sutton, Gold compounds for rheumatoid arthritis, Gold Bull. 19 (1986) 15–16. 

doi:10.1007/BF03214639. 
[23] W.F. Kean, F. Forestier, Y. Kassam, W.W. Buchanan, P.J. Rooney, The history of gold 

therapy in rheumatoid disease, Semin. Arthritis Rheum. 14 (1985) 180–186. 
doi:10.1016/0049-0172(85)90037-X. 

[24] G. Faa, C. Gerosa, D. Fanni, J.I. Lachowicz, V.M. Nurchi, Gold - Old Drug with New 
Potentials, Curr. Med. Chem. 25 (2017) 75–84. 
doi:10.2174/0929867324666170330091438. 

[25] C. Yeo, K. Ooi, E. Tiekink, Gold-Based Medicine: A Paradigm Shift in Anti-Cancer 
Therapy?, Molecules. 23 (2018) 1410. doi:10.3390/molecules23061410. 

[26] A. Casini, A. Vessières, S.M. Meier-Menches, eds., Metal-based Anticancer Agents, 
Royal Society of Chemistry, Cambridge, 2019. doi:10.1039/9781788016452. 

[27] W.R. Hill, Argyria;the pharmacology of silver, Baltimore, 1939. 
[28] S. Medici, M. Peana, V.M. Nurchi, M.A. Zoroddu, Medical Uses of Silver: History, Myths, 

and Scientific Evidence, J. Med. Chem. 62 (2019) 5923–5943. 
doi:10.1021/acs.jmedchem.8b01439. 

[29] J.S. Möhler, W. Sim, M.A.T. Blaskovich, M.A. Cooper, Z.M. Ziora, Silver bullets: A new 
lustre on an old antimicrobial agent, Biotechnol. Adv. 36 (2018) 1391–1411. 
doi:10.1016/j.biotechadv.2018.05.004. 

[30] S.L. Percival, P.G. Bowler, D. Russell, Bacterial resistance to silver in wound care, J. 
Hosp. Infect. 60 (2005) 1–7. doi:10.1016/j.jhin.2004.11.014. 

[31] S. Medici, M. Peana, G. Crisponi, V.M. Nurchi, J.I. Lachowicz, M. Remelli, M.A. Zoroddu, 
Silver coordination compounds: A new horizon in medicine, Coord. Chem. Rev. 327–328 
(2016) 349–359. doi:10.1016/j.ccr.2016.05.015. 

[32] X. Liang, S. Luan, Z. Yin, M. He, C. He, L. Yin, Y. Zou, Z. Yuan, L. Li, X. Song, C. Lv, W. 
Zhang, Recent advances in the medical use of silver complex, Eur. J. Med. Chem. 157 
(2018) 62–80. doi:10.1016/j.ejmech.2018.07.057. 

[33] C. Santini, M. Pellei, V. Gandin, M. Porchia, F. Tisato, C. Marzano, Advances in copper 
complexes as anticancer agents, Chem. Rev. 114 (2014) 815–862. 
doi:10.1021/cr400135x. 

[34] M. Wehbe, A.W.Y. Leung, M.J. Abrams, C. Orvig, M.B. Bally, A Perspective-can copper 
complexes be developed as a novel class of therapeutics?, Dalt. Trans. 46 (2017) 10758–
10773. doi:10.1039/c7dt01955f. 

[35] M. Pellei, V. Gandin, M. Marinelli, A. Orsetti, F. Del Bello, C. Santini, C. Marzano, Novel 
triazolium based 11th group NHCs: Synthesis, characterization and cellular response 
mechanisms, Dalt. Trans. 44 (2015) 21041–21052. doi:10.1039/c5dt02934a. 

[36] N.K. Singh, A.A. Kumbhar, Y.R. Pokharel, P.N. Yadav, Anticancer potency of copper(II) 
complexes of thiosemicarbazones, J. Inorg. Biochem. 210 (2020) 111134. 
doi:10.1016/j.jinorgbio.2020.111134. 

[37] S. Tardito, L. Marchio, Copper Compounds in Anticancer Strategies, Curr. Med. Chem. 16 
(2009) 1325–1348. doi:10.2174/092986709787846532. 



30 
 

[38] M. Zhang, C. Saint-Germain, G. He, R.W.-Y. Sun, Drug Delivery Systems For Anti-Cancer 
Active Complexes of Some Coinage Metals, Curr. Med. Chem. 25 (2018) 493–505. 
doi:10.2174/0929867324666170511152441. 

[39] S. Vyas, E. Zaganjor, M.C. Haigis, Mitochondria and Cancer, Cell. 166 (2016) 555–566. 
doi:10.1016/j.cell.2016.07.002. 

[40] F.J. Bock, S.W.G. Tait, Mitochondria as multifaceted regulators of cell death, Nat. Rev. 
Mol. Cell Biol. 21 (2020) 85–100. doi:10.1038/s41580-019-0173-8. 

[41] S. Xiong, T. Mu, G. Wang, X. Jiang, Mitochondria-mediated apoptosis in mammals, 
Protein Cell. 5 (2014) 737–749. doi:10.1007/s13238-014-0089-1. 

[42] J.S. Armstrong, The role of the mitochondrial permeability transition in cell death, 
Mitochondrion. 6 (2006) 225–234. doi:10.1016/j.mito.2006.07.006. 

[43] P.E. Porporato, N. Filigheddu, J.M.B.S. Pedro, G. Kroemer, L. Galluzzi, Mitochondrial 
metabolism and cancer, Cell Res. 28 (2018) 265–280. doi:10.1038/cr.2017.155. 

[44] K. Machida, Y. Ohta, H. Osada, Suppression of apoptosis by cyclophilin D via stabilization 
of hexokinase II mitochondrial binding in cancer cells, J. Biol. Chem. 281 (2006) 14314–
14320. doi:10.1074/jbc.M513297200. 

[45] S. Fulda, L. Galluzzi, G. Kroemer, Targeting mitochondria for cancer therapy, Nat. Rev. 
Drug Discov. 9 (2010) 447–464. doi:10.1038/nrd3137. 

[46] P.J. Barnard, S.J. Berners-Price, Targeting the mitochondrial cell death pathway with gold 
compounds, Coord. Chem. Rev. 251 (2007) 1889–1902. doi:10.1016/j.ccr.2007.04.006. 

[47] K. Hientz, A. Mohr, D. Bhakta-Guha, T. Efferth, The role of p53 in cancer drug resistance 
and targeted chemotherapy, Oncotarget. 8 (2017) 8921–8946. 
doi:10.18632/oncotarget.13475. 

[48] A.J. Levine, P53, the Cellular Gatekeeper for Growth and Division, Cell. 88 (1997) 323–
331. doi:10.1016/S0092-8674(00)81871-1. 

[49] M.M. Jellicoe, S.J. Nichols, B.A. Callus, M. V. Baker, P.J. Barnard, S.J. Berners-Price, J. 
Whelan, G.C. Yeoh, A. Filipovska, Bioenergetic differences selectively sensitize 
tumorigenic liver progenitor cells to a new gold(I) compound, Carcinogenesis. 29 (2008) 
1124–1133. doi:10.1093/carcin/bgn093. 

[50] J.S. Modica-Napolitano, J.R. Aprille, Delocalized lipophilic cations selectively target the 
mitochondria of carcinoma cells, Adv. Drug Deliv. Rev. 49 (2001) 63–70. 
doi:10.1016/S0169-409X(01)00125-9. 

[51] A. Erxleben, Mitochondria-Targeting Anticancer Metal Complexes, Curr. Med. Chem. 26 
(2018) 694–728. doi:10.2174/0929867325666180307112029. 

[52] S. Kim, H.Y. Nam, J. Lee, J. Seo, Mitochondrion-Targeting Peptides and 
Peptidomimetics: Recent Progress and Design Principles, Biochemistry. (2019) 
acs.biochem.9b00857. doi:10.1021/acs.biochem.9b00857. 

[53] C.S. Burke, A. Byrne, T.E. Keyes, Highly Selective Mitochondrial Targeting by a 
Ruthenium(II) Peptide Conjugate: Imaging and Photoinduced Damage of Mitochondrial 
DNA, Angew. Chemie - Int. Ed. 57 (2018) 12420–12424. doi:10.1002/anie.201806002. 

[54] W.M. Anderson, D.L. Delinck, L. Benninger, J.M. Wood, S.T. Smiley, L.B. Chen, Cytotoxic 
effect of thiacarbocyanine dyes on human colon carcinoma cells and inhibition of bovine 
heart mitochondrial NADH-ubiquinone reductase activity via a rotenone-type mechanism 
by two of the dyes, Biochem. Pharmacol. 45 (1993) 691–696. doi:10.1016/0006-
2952(93)90144-L. 

[55] J.S. Modica-Napolitano, M.J. Weiss, L.B. Chen, J.R. Aprille, Rhodamine 123 inhibits 
bioenergetic function in isolated rat liver mitochondria, Biochem. Biophys. Res. Commun. 
118 (1984) 717–723. doi:10.1016/0006-291X(84)91453-0. 

[56] J.A. Jara, V. Castro-Castillo, J. Saavedra-Olavarría, L. Peredo, M. Pavanni, F. Jaña, M.E. 
Letelier, E. Parra, M.I. Becker, A. Morello, U. Kemmerling, J.D. Maya, J. Ferreira, 



31 
 

Antiproliferative and uncoupling effects of delocalized, lipophilic, cationic gallic acid 
derivatives on cancer cell lines. Validation in vivo in singenic mice, J. Med. Chem. 57 
(2014) 2440–2454. doi:10.1021/jm500174v. 

[57] M. Bian, R. Fan, S. Zhao, W. Liu, Targeting the Thioredoxin System as a Strategy for 
Cancer Therapy, J. Med. Chem. 62 (2019) 7309–7321. 
doi:10.1021/acs.jmedchem.8b01595. 

[58] K. Fritz-Wolf, S. Kehr, M. Stumpf, S. Rahlfs, K. Becker, Crystal structure of the human 
thioredoxin reductase–thioredoxin complex, Nat. Commun. 2 (2011) 383. 
doi:10.1038/ncomms1382. 

[59] P. Nguyen, R.T. Awwad, D.D.K. Smart, D.R. Spitz, D. Gius, Thioredoxin reductase as a 
novel molecular target for cancer therapy, Cancer Lett. 236 (2006) 164–174. 
doi:10.1016/j.canlet.2005.04.028. 

[60] V. Scalcon, A. Bindoli, M.P. Rigobello, Significance of the mitochondrial thioredoxin 
reductase in cancer cells: An update on role, targets and inhibitors, Free Radic. Biol. Med. 
127 (2018) 62–79. doi:10.1016/j.freeradbiomed.2018.03.043. 

[61] S. Urig, K. Becker, On the potential of thioredoxin reductase inhibitors for cancer therapy, 
Semin. Cancer Biol. 16 (2006) 452–465. doi:10.1016/J.SEMCANCER.2006.09.004. 

[62] C. Gabbiani, G. Mastrobuoni, F. Sorrentino, B. Dani, M.P. Rigobello, A. Bindoli, M.A. 
Cinellu, G. Pieraccini, L. Messori, A. Casini, Thioredoxin reductase, an emerging target for 
anticancer metallodrugs. Enzyme inhibition by cytotoxic gold(iii) compounds studied with 
combined mass spectrometry and biochemical assays, Medchemcomm. 2 (2011) 50–54. 
doi:10.1039/c0md00181c. 

[63] A. Bindoli, M.P. Rigobello, G. Scutari, C. Gabbiani, A. Casini, L. Messori, Thioredoxin 
reductase: A target for gold compounds acting as potential anticancer drugs, Coord. 
Chem. Rev. 253 (2009) 1692–1707. doi:10.1016/j.ccr.2009.02.026. 

[64] P.J. Barnard, M. V. Baker, S.J. Berners-Price, B.W. Skelton, A.H. White, Dinuclear gold(i) 
complexes of bridging bidentate carbene ligands: Synthesis, structure and spectroscopic 
characterisation, J. Chem. Soc. Dalt. Trans. 40 (2004) 10381038–10471047. 
doi:10.1039/b316804b. 

[65] P.J. Barnard, M. V. Baker, S.J. Berners-Price, D.A. Day, Mitochondrial permeability 
transition induced by dinuclear gold(I)–carbene complexes: potential new 
antimitochondrial antitumour agents, J. Inorg. Biochem. 98 (2004) 1642–1647. 
doi:10.1016/J.JINORGBIO.2004.05.011. 

[66] M. V. Baker, P.J. Barnard, S.J. Berners-Price, S.K. Brayshaw, J.L. Hickey, B.W. Skelton, 
A.H. White, Cationic, linear Au(I) N-heterocyclic carbene complexes: Synthesis, structure 
and anti-mitochondrial activity, Dalt. Trans. 30 (2006) 3708–3715. doi:10.1039/b602560a. 

[67] J.L. Hickey, R.A. Ruhayel, P.J. Barnard, M. V Baker, S.J. Berners-Price, A. Filipovska, 
Mitochondria-Targeted Chemotherapeutics: The Rational Design of Gold(I) N-Heterocyclic 
Carbene Complexes That Are Selectively Toxic to Cancer Cells and Target Protein 
Selenols in Preference to Thiols, J. Am. Chem. Soc. 130 (2008) 12570–12571. 
doi:10.1021/ja804027j. 

[68] H. Ibrahim, C. Gibard, C. Hesling, R. Guillot, L. Morel, A. Gautier, F. Cisnetti, ‘Auto-click’ 
functionalization for diversified copper(i) and gold(i) NHCs, J. Chem. Soc. Dalt. Trans. 43 
(2014) 6981–6989. doi:10.1039/c4dt00429a. 

[69] S. Sen, Y. Li, V. Lynch, K. Arumugam, J.L. Sessler, J.F. Arambula, Expanding the 
biological utility of bis-NHC gold(i) complexes through post synthetic carbamate 
conjugation, Chem. Commun. 55 (2019) 10627–10630. doi:10.1039/c9cc05635a. 

[70] S.R. Jean, D. V. Tulumello, C. Riganti, S.U. Liyanage, A.D. Schimmer, S.O. Kelley, 
Mitochondrial Targeting of Doxorubicin Eliminates Nuclear Effects Associated with 
Cardiotoxicity, ACS Chem. Biol. 10 (2015) 2007–2015. doi:10.1021/acschembio.5b00268. 



32 
 

[71] L. Eloy, A.S. Jarrousse, M.L. Teyssot, A. Gautier, L. Morel, C. Jolivalt, T. Cresteil, S. 
Roland, Anticancer Activity of Silver-N-Heterocyclic Carbene Complexes: Caspase-
Independent Induction of Apoptosis via Mitochondrial Apoptosis-Inducing Factor (AIF), 
ChemMedChem. 7 (2012) 805–814. doi:10.1002/cmdc.201200055. 

[72] Y. Li, G.F. Liu, C.P. Tan, L.N. Ji, Z.W. Mao, Antitumor properties and mechanisms of 
mitochondria-targeted Ag(i) and Au(i) complexes containing N-heterocyclic carbenes 
derived from cyclophanes, Metallomics. 6 (2014) 1460–1468. doi:10.1039/c4mt00046c. 

[73] M.G. Karaaslan, A. Aktaş, C. Gürses, Y. Gök, B. Ateş, Chemistry, structure, and biological 
roles of Au-NHC complexes as TrxR inhibitors, Bioorg. Chem. 95 (2020) 103552. 
doi:10.1016/j.bioorg.2019.103552. 

[74] Y. Ouyang, Y. Peng, J. Li, A. Holmgren, J. Lu, Modulation of thiol-dependent redox 
system by metal ions: Via thioredoxin and glutaredoxin systems, Metallomics. 10 (2018) 
218–228. doi:10.1039/c7mt00327g. 

[75] R. Rubbiani, S. Can, I. Kitanovic, H. Alborzinia, M. Stefanopoulou, M. Kokoschka, S. 
Mönchgesang, W.S. Sheldrick, S. Wölfl, I. Ott, Comparative in Vitro Evaluation of N-
Heterocyclic Carbene Gold(I) Complexes of the Benzimidazolylidene Type, J. Med. 
Chem. 54 (2011) 8646–8657. doi:10.1021/jm201220n. 

[76] A. Pratesi, C. Gabbiani, E. Michelucci, M. Ginanneschi, A.M. Papini, R. Rubbiani, I. Ott, L. 
Messori, Insights on the mechanism of thioredoxin reductase inhibition by Gold N-
heterocyclic carbene compounds using the synthetic linear Selenocysteine containing C-
terminal peptide hTrxR(488-499): An ESI-MS investigation, J. Inorg. Biochem. 136 (2014) 
161–169. doi:10.1016/J.JINORGBIO.2014.01.009. 

[77] A. Pratesi, C. Gabbiani, M. Ginanneschi, L. Messori, Reactions of medicinally relevant 
gold compounds with the C-terminal motif of thioredoxin reductase elucidated by MS 
analysis, Chem. Commun. 46 (2010) 7001–7003. doi:10.1039/c0cc01465f. 

[78] P. Holenya, S. Can, R. Rubbiani, H. Alborzinia, A. Jünger, X. Cheng, I. Ott, S. Wölfl, 
Detailed analysis of pro-apoptotic signaling and metabolic adaptation triggered by a N-
heterocyclic carbene-gold(I) complex, Metallomics. 6 (2014) 1591–1601. 
doi:10.1039/c4mt00075g. 

[79] R. Rubbiani, E. Schuh, A. Meyer, J. Lemke, J. Wimberg, N. Metzler-Nolte, F. Meyer, F. 
Mohr, I. Ott, TrxR inhibition and antiproliferative activities of structurally diverse gold N-
heterocyclic carbene complexes, Medchemcomm. 4 (2013) 942–948. 
doi:10.1039/c3md00076a. 

[80] H. Sivaram, J. Tan, H.V. Huynh, Syntheses, characterizations, and a preliminary 
comparative cytotoxicity study of gold(I) and gold(III) complexes bearing benzimidazole- 
and pyrazole-derived N-heterocyclic carbenes, Organometallics. 31 (2012) 5875–5883. 
doi:10.1021/om300444c. 

[81] J. Lemke, A. Pinto, P. Niehoff, V. Vasylyeva, N. Metzler-Nolte, Synthesis, structural 
characterisation and anti-proliferative activity of NHC gold amino acid and peptide 
conjugates, Dalt. Trans. (2009) 7063. doi:10.1039/b906140a. 

[82] W. Liu, K. Bensdorf, M. Proetto, U. Abram, A. Hagenbach, R. Gust, NHC gold halide 
complexes derived from 4,5-diarylimidazoles: Synthesis, structural analysis, and 
pharmacological investigations as potential antitumor agents, J. Med. Chem. 54 (2011) 
8605–8615. doi:10.1021/jm201156x. 

[83] W. Liu, K. Bensdorf, M. Proetto, A. Hagenbach, U. Abram, R. Gust, Synthesis, 
characterization, and in vitro studies of bis[1,3-diethyl-4,5- diarylimidazol-2-
ylidene]gold(I/III) complexes, J. Med. Chem. 55 (2012) 3713–3724. 
doi:10.1021/jm3000196. 

[84] A.M. Al-Majid, M.I. Choudhary, S. Yousuf, A. Jabeen, R. Imad, K. Javeed, N.N. Shaikh, A. 
Collado, E. Sioriki, F. Nahra, S.P. Nolan, In vitro Biological Activities of Gold(I) and 



33 
 

Gold(III) Bis(N-Heterocyclic Carbene) Complexes, Chem. Sel. 2 (2017) 5316–5320. 
doi:10.1002/slct.201700795. 

[85] F. Guarra, A. Terenzi, C. Pirker, R. Passannante, D. Baier, E. Zangrando, V. Gómez-
Vallejo, T. Biver, C. Gabbiani, W. Berger, J. Llop, L. Salassa, 124I Radiolabeling of a 
AuIII-NHC Complex for In Vivo Biodistribution Studies, Angew. Chemie - Int. Ed. 59 
(2020) 17130–17136. doi:10.1002/anie.202008046. 

[86] L. Messori, L. Marchetti, L. Massai, F. Scaletti, A. Guerri, I. Landini, S. Nobili, G. Perrone, 
E. Mini, P. Leoni, M. Pasquali, C. Gabbiani, Chemistry and biology of two novel gold(I) 
carbene complexes as prospective anticancer agents, Inorg. Chem. 53 (2014) 2396–
2403. doi:10.1021/ic401731a. 

[87] N. Estrada-Ortiz, F. Guarra, I.A.M. de Graaf, L. Marchetti, M.H. de Jager, G.M.M. 
Groothuis, C. Gabbiani, A. Casini, Anticancer Gold N-Heterocyclic Carbene Complexes: A 
Comparative in vitro and ex vivo Study, ChemMedChem. 12 (2017) 1429–1435. 

[88] F. Magherini, T. Fiaschi, E. Valocchia, M. Becatti, A. Pratesi, T. Marzo, L. Massai, C. 
Gabbiani, I. Landini, S. Nobili, E. Mini, L. Messori, A. Modesti, T. Gamberi, 
Antiproliferative effects of two gold(I)-N-heterocyclic carbene complexes in A2780 human 
ovarian cancer cells: a comparative proteomic study, Oncotarget. 9 (2018) 28042–28068. 
doi:10.18632/oncotarget.25556. 

[89] A. Citta, E. Schuh, F. Mohr, A. Folda, M.L. Massimino, A. Bindoli, A. Casini, M.P. 
Rigobello, Fluorescent silver(i) and gold(i)-N-heterocyclic carbene complexes with 
cytotoxic properties: Mechanistic insights, Metallomics. 5 (2013) 1006–1015. 
doi:10.1039/c3mt20260g. 

[90] M.G. Fabbrini, D. Cirri, A. Pratesi, L. Ciofi, T. Marzo, A. Guerri, S. Nistri, A. Dell’Accio, T. 
Gamberi, M. Severi, A. Bencini, L. Messori, A Fluorescent Silver(I) Carbene Complex with 
Anticancer Properties: Synthesis, Characterization, and Biological Studies, 
ChemMedChem. 14 (2019) 182–188. doi:10.1002/cmdc.201800672. 

[91] T. Zou, C.T. Lum, C.-N. Lok, W.-P. To, K.-H. Low, C.-M. Che, A Binuclear Gold(I) 
Complex with Mixed Bridging Diphosphine and Bis(N-Heterocyclic Carbene) Ligands 
Shows Favorable Thiol Reactivity and Inhibits Tumor Growth and Angiogenesis In Vivo, 
Angew. Chemie Int. Ed. 53 (2014) 5810–5814. doi:10.1002/anie.201400142. 

[92] Ö. Karaca, V. Scalcon, S.M. Meier-Menches, R. Bonsignore, J.M.J.L. Brouwer, F. Tonolo, 
A. Folda, M.P. Rigobello, F.E. Kühn, A. Casini, Characterization of Hydrophilic Gold(I) N-
Heterocyclic Carbene (NHC) Complexes as Potent TrxR Inhibitors Using Biochemical and 
Mass Spectrometric Approaches, Inorg. Chem. 56 (2017) 14237–14250. 
doi:10.1021/acs.inorgchem.7b02345. 

[93] C. Schmidt, L. Albrecht, S. Balasupramaniam, R. Misgeld, B. Karge, M. Brönstrup, A. 
Prokop, K. Baumann, S. Reichl, I. Ott, A gold(I) biscarbene complex with improved activity 
as a TrxR inhibitor and cytotoxic drug: Comparative studies with different gold 
metallodrugs, Metallomics. 11 (2019) 533–545. doi:10.1039/c8mt00306h. 

[94] L. Tabrizi, J. Romanova, Antiproliferative Activity of Gold(I) N‐Heterocyclic Carbene and 
Triphenylphosphine Complexes with Ibuprofen Derivatives as Effective Enzyme Inhibitors, 
Appl. Organomet. Chem. 34 (2020). doi:10.1002/aoc.5618. 

[95] J. Fernández-Gallardo, B.T. Elie, M. Sanaú, M. Contel, Versatile synthesis of cationic N-
heterocyclic carbene-gold(I) complexes containing a second ancillary ligand. Design of 
heterobimetallic ruthenium-gold anticancer agents, Chem. Commun. 52 (2016) 3155–
3158. doi:10.1039/c5cc09718e. 

[96] J.F. Arambula, R. McCall, K.J. Sidoran, D. Magda, N.A. Mitchell, C.W. Bielawski, V.M. 
Lynch, J.L. Sessler, K. Arumugam, Targeting antioxidant pathways with ferrocenylated N-
heterocyclic carbene supported gold(I) complexes in A549 lung cancer cells, Chem. Sci. 7 
(2016) 1245–1256. doi:10.1039/c5sc03519h. 



34 
 

[97] T. Zou, C.T. Lum, S.S.Y. Chui, C.M. Che, Gold(III) complexes containing N-heterocyclic 
carbene ligands: Thiol “switch-on” fluorescent probes and anti-cancer agents, Angew. 
Chemie - Int. Ed. 52 (2013) 2930–2933. doi:10.1002/anie.201209787. 

[98] M. Pellei, V. Gandin, M. Marinelli, C. Marzano, M. Yousufuddin, H.V.R. Dias, C. Santini, 
Synthesis and biological activity of ester- and amide-functionalized imidazolium salts and 
related water-soluble coinage metal N-heterocyclic carbene complexes, Inorg. Chem. 51 
(2012) 9873–9882. doi:10.1021/ic3013188. 

[99] V. Gandin, M. Pellei, M. Marinelli, C. Marzano, A. Dolmella, M. Giorgetti, C. Santini, 
Synthesis and in vitro antitumor activity of water soluble sulfonate- and ester-
functionalized silver(I) N-heterocyclic carbene complexes, J. Inorg. Biochem. 129 (2013) 
135–144. doi:10.1016/j.jinorgbio.2013.09.011. 

[100] A. Hecel, P. Kolkowska, K. Krzywoszynska, A. Szebesczyk, M. Rowinska-Zyrek, H. 
Kozlowski, Ag+ Complexes as Potential Therapeutic Agents in Medicine and Pharmacy, 
Curr. Med. Chem. 26 (2019) 624–647. doi:10.2174/0929867324666170920125943. 

[101] N.A. Johnson, M.R. Southerland, W.J. Youngs, Recent Developments in the Medicinal 
Applications of Silver-NHC Complexes and Imidazolium Salts, Molecules. 22 (2017) 1263. 
doi:10.3390/molecules22081263. 

[102] D. Krishnamurthy, M.R. Karver, E. Fiorillo, V. Orrú, S.M. Stanford, N. Bottini, A.M. Barrios, 
Gold(I)-mediated inhibition of protein tyrosine phosphatases: A detailed in vitro and 
cellular study, J. Med. Chem. 51 (2008) 4790–4795. doi:10.1021/jm800101w. 

[103] R. Rubbiani, L. Salassa, A. De Almeida, A. Casini, I. Ott, Cytotoxic gold(I) N-heterocyclic 
carbene complexes with phosphane ligands as potent enzyme inhibitors, 
ChemMedChem. 9 (2014) 1205–1210. doi:10.1002/cmdc.201400056. 

[104] F. Mendes, M. Groessl, A.A. Nazarov, Y.O. Tsybin, G. Sava, I. Santos, P.J. Dyson, A. 
Casini, Metal-based inhibition of poly(ADP-ribose) polymerase-the guardian angel of 
DNA, J. Med. Chem. 54 (2011) 2196–2206. doi:10.1021/jm2000135. 

[105] Y.Q. Wang, P.Y. Wang, Y.T. Wang, G.F. Yang, A. Zhang, Z.H. Miao, An update on 
poly(ADP-ribose)polymerase-1 (PARP-1) inhibitors: Opportunities and challenges in 
cancer therapy, J. Med. Chem. 59 (2016) 9575–9598. 
doi:10.1021/acs.jmedchem.6b00055. 

[106] B. Kaufman, R. Shapira-Frommer, R.K. Schmutzler, M.W. Audeh, M. Friedlander, J. 
Balmaña, G. Mitchell, G. Fried, S.M. Stemmer, A. Hubert, O. Rosengarten, M. Steiner, N. 
Loman, K. Bowen, A. Fielding, S.M. Domchek, Olaparib monotherapy in patients with 
advanced cancer and a germline BRCA1/2 mutation, J. Clin. Oncol. 33 (2015) 244–250. 
doi:10.1200/JCO.2014.56.2728. 

[107] E. Baglini, S. Salerno, E. Barresi, M. Robello, F. Da Settimo, S. Taliani, A.M. Marini, 
Multiple Topoisomerase I (TopoI), Topoisomerase II (TopoII) and Tyrosyl-DNA 
Phosphodiesterase (TDP) inhibitors in the development of anticancer drugs, Eur. J. 
Pharm. Sci. 156 (2021) 105594. doi:10.1016/j.ejps.2020.105594. 

[108] S.J. Allison, M. Sadiq, E. Baronou, P.A. Cooper, C. Dunnill, N.T. Georgopoulos, A. Latif, 
S. Shepherd, S.D. Shnyder, I.J. Stratford, R.T. Wheelhouse, C.E. Willans, R.M. Phillips, 
Preclinical anti-cancer activity and multiple mechanisms of action of a cationic silver 
complex bearing N-heterocyclic carbene ligands, Cancer Lett. 403 (2017) 98–107. 
doi:10.1016/J.CANLET.2017.04.041. 

[109] S.J. Allison, M. Sadiq, E. Baronou, P.A. Cooper, C. Dunnill, N.T. Georgopoulos, A. Latif, 
S. Shepherd, S.D. Shnyder, I.J. Stratford, R.T. Wheelhouse, C.E. Willans, R.M. Phillips, 
Corrigendum to “Preclinical anti-cancer activity and multiple mechanisms of action of a 
cationic silver complex bearing N-heterocyclic carbene ligands” [Canc. Lett. 403 (2017) 
98–107], Cancer Lett. 431 (2018) 247. doi:10.1016/J.CANLET.2018.06.022. 

[110] D. Iacopetta, C. Rosano, M. Sirignano, A. Mariconda, J. Ceramella, M. Ponassi, C. 



35 
 

Saturnino, M.S. Sinicropi, P. Longo, Is the way to fight cancer paved with gold? Metal-
based carbene complexes with multiple and fascinating biological features, 
Pharmaceuticals. 13 (2020). doi:10.3390/ph13050091. 

[111] A.M. Al-Majid, S. Yousuf, M.I. Choudhary, F. Nahra, S.P. Nolan, Gold-NHC complexes as 
potent bioactive compounds, Chem. Sel. 1 (2016) 76–80. doi:10.1002/slct.201600009. 

[112] S.K. Fung, T. Zou, B. Cao, P.Y. Lee, Y.M.E. Fung, D. Hu, C.N. Lok, C.M. Che, 
Cyclometalated Gold(III) Complexes Containing N-Heterocyclic Carbene Ligands Engage 
Multiple Anti-Cancer Molecular Targets, Angew. Chemie - Int. Ed. 56 (2017) 3892–3896. 
doi:10.1002/anie.201612583. 

[113] J.J. Yan, A.L.F. Chow, C.H. Leung, R.W.Y. Sun, D.L. Ma, C.M. Che, Cyclometalated 
gold(III) complexes with N-heterocyclic carbene ligands as topoisomerase i poisons, 
Chem. Commun. 46 (2010) 3893–3895. doi:10.1039/c001216e. 

[114] M.A. Iqbal, M.I. Umar, R.A. Haque, M.B. Khadeer Ahamed, M.Z. Bin Asmawi, A.M.S.A. 
Majid, Macrophage and colon tumor cells as targets for a binuclear silver(I) N-heterocyclic 
carbene complex, an anti-inflammatory and apoptosis mediator, J. Inorg. Biochem. 146 
(2015) 1–13. doi:10.1016/J.JINORGBIO.2015.02.001. 

[115] S. Ziliotto, O. Ogle, K.M. Taylor, Targeting zinc(II) signalling to prevent cancer, in: A. 
Sigel, H. Sigel, E. Freisinger, R.K.O. Sigel (Eds.), Met. Dev. Action Anticancer Agents, De 
Gruyter, Berlin, Boston, 2018: pp. 507–529. doi:10.1515/9783110470734-017. 

[116] S.M. Cohen, S.J. Lippard, Cisplatin: From DNA damage to cancer chemotherapy, Prog. 
Nucleic Acid Res. Mol. Biol. 67 (2001) 93–130. doi:10.1016/S0079-6603(01)67026-0. 

[117] Ö. Karaca, S.M. Meier-Menches, A. Casini, F.E. Kühn, On the binding modes of metal 
NHC complexes with DNA secondary structures: Implications for therapy and imaging, 
Chem. Commun. 53 (2017) 8249–8260. doi:10.1039/c7cc03074f. 

[118] A. Kellett, Z. Molphy, C. Slator, V. McKee, N.P. Farrell, Molecular methods for 
assessment of non-covalent metallodrug-DNA interactions, Chem. Soc. Rev. 48 (2019) 
971–988. doi:10.1039/c8cs00157j. 

[119] Y. Yang, Y. Lu, Q.-Y. Wu, H.-Y. Hu, Y.-H. Chen, W.-L. Liu, Evidence of ATP assay as an 
appropriate alternative of MTT assay for cytotoxicity of secondary effluents from WWTPs, 
Ecotoxicol. Environ. Saf. 122 (2015) 490–496. doi:10.1016/J.ECOENV.2015.09.006. 

[120] L.S. Lerman, Structural considerations in the interaction of DNA and acridines, J. Mol. 
Biol. 3 (1961) 18–30. doi:10.1016/S0022-2836(61)80004-1. 

[121] O. Sanchez, S. González, M. Fernández, A.R. Higuera-Padilla, Y. Leon, D. Coll, A. Vidal, 
P. Taylor, I. Urdanibia, M.C. Goite, W. Castro, Novel silver(I)- and gold(I)-N-heterocyclic 
carbene complexes. Synthesis, characterization and evaluation of biological activity 
against tumor cells, Inorganica Chim. Acta. 437 (2015) 143–151. 
doi:10.1016/j.ica.2015.08.017. 

[122] O. Sánchez, S. González, Á.R. Higuera-Padilla, Y. León, D. Coll, M. Fernández, P. 
Taylor, I. Urdanibia, H.R. Rangel, J.T. Ortega, W. Castro, M.C. Goite, Remarkable in vitro 
anti-HIV activity of new silver(I)- and gold(I)-N-heterocyclic carbene complexes. 
Synthesis, DNA binding and biological evaluation, Polyhedron. 110 (2016) 14–23. 
doi:10.1016/j.poly.2016.02.012. 

[123] G. Onar, M.O. Karataş, S. Balcıoğlu, T.T. Tok, C. Gürses, I. Kılıç-Cıkla, N. Özdemir, B. 
Ateş, B. Alıcı, Benzotriazole functionalized N-heterocyclic carbene–silver(I) complexes: 
Synthesis, cytotoxicity, antimicrobial, DNA binding, and molecular docking studies, 
Polyhedron. 153 (2018) 31–40. doi:10.1016/j.poly.2018.06.052. 

[124] P.O. Asekunowo, R.A. Haque, M.R. Razali, S.W. Avicor, M.F.F. Wajidi, Dose-, time-and 
lipophilicity-dependent silver(I)–N-heterocyclic carbene complexes: Synthesis, 
characterization and interaction with plasmid and Aedes albopictus DNA, Appl. 
Organomet. Chem. 31 (2017) 1–15. doi:10.1002/aoc.3655. 



36 
 

[125] R.A. Haque, S. Budagumpi, S.Y. Choo, M.K. Choong, B.E. Lokesh, K. Sudesh, Nitrile-
functionalized Hg(II)- and Ag(I)-N-heterocyclic carbene complexes: Synthesis, crystal 
structures, nuclease and DNA binding activities, Appl. Organomet. Chem. 26 (2012) 689–
700. doi:10.1002/aoc.2912. 

[126] P.O. Asekunowo, R.A. Haque, M.R. Razali, S.W. Avicor, M.F.F. Wajidi, Synthesis and 
characterization of nitrile functionalized silver(I)-N-heterocyclic carbene complexes: DNA 
binding, cleavage studies, antibacterial properties and mosquitocidal activity against the 
dengue vector, Aedes albopictus, Eur. J. Med. Chem. 150 (2018) 601–615. 
doi:10.1016/j.ejmech.2018.03.029. 

[127] M.R.M. Williams, B. Bertrand, J. Fernandez-Cestau, Z.A.E. Waller, M.A. O’connell, M. 
Searcey, M. Bochmann, Acridine-decorated cyclometallated gold(III) complexes: 
Synthesis and anti-tumour investigations, Dalt. Trans. 47 (2018) 13523–13534. 
doi:10.1039/c8dt02507j. 

[128] A. Meyer, L. Oehninger, Y. Geldmacher, H. Alborzinia, S. Wölfl, W.S. Sheldrick, I. Ott, 
Gold(I) N-heterocyclic carbene complexes with naphthalimide ligands as combined 
thioredoxin reductase inhibitors and DNA intercalators, ChemMedChem. 9 (2014) 1794–
1800. doi:10.1002/cmdc.201402049. 

[129] F. Guarra, N. Busto, A. Guerri, L. Marchetti, T. Marzo, B. García, T. Biver, C. Gabbiani, 
Cytotoxic Ag(I) and Au(I) NHC-carbenes bind DNA and show TrxR inhibition, J. Inorg. 
Biochem. 205 (2020) 110998. doi:10.1016/J.JINORGBIO.2020.110998. 

[130] F. Binacchi, F. Guarra, D. Cirri, T. Marzo, A. Pratesi, L. Messori, C. Gabbiani, T. Biver, On 
the Different Mode of Action of Au(I)/Ag(I)-NHC Bis-Anthracenyl Complexes Towards 
Selected Target Biomolecules, Molecules. 25 (2020) 5446. 
doi:10.3390/molecules25225446. 

[131] T. Zou, C.T. Lum, C.N. Lok, J.J. Zhang, C.M. Che, Chemical biology of anticancer gold(III) 
and gold(i) complexes, Chem. Soc. Rev. 44 (2015) 8786–8801. doi:10.1039/c5cs00132c. 

[132] J.J. Yan, A.L.F. Chow, C.H. Leung, R.W.Y. Sun, D.L. Ma, C.M. Che, Cyclometalated 
gold(III) complexes with N-heterocyclic carbene ligands as topoisomerase i poisons, 
Chem. Commun. 46 (2010) 3893–3895. doi:10.1039/c001216e. 

[133] I. Fichtner, J. Cinatl, M. Michaelis, L. C. Sanders, R. Hilger, B. N. Kennedy, A. L. 
Reynolds, F. Hackenberg, G. Lally, S. J. Quinn, I. McRae, M. Tacke, In Vitro and In Vivo 
Investigations into the Carbene Silver Acetate Anticancer Drug Candidate SBC1, Lett. 
Drug Des. Discov. 9 (2012) 815–822. doi:10.2174/157018012803307987. 

[134] J. Desterro, P. Bak-Gordon, M. Carmo-Fonseca, Targeting mRNA processing as an 
anticancer strategy, Nat. Rev. Drug Discov. 19 (2020) 112–129. doi:10.1038/s41573-019-
0042-3. 

[135] F. Arjmand, Z. Afsan, S. Sharma, S. Parveen, I. Yousuf, S. Sartaj, H.R. Siddique, S. 
Tabassum, Recent advances in metallodrug-like molecules targeting non-coding RNAs in 
cancer chemotherapy, Coord. Chem. Rev. 387 (2019) 47–59. 
doi:10.1016/j.ccr.2019.02.015. 

[136] P.O. Asekunowo, R.A. Haque, Counterion-induced modulation in biochemical properties 
of nitrile functionalized silver(I)-N-heterocyclic carbene complexes, J. Coord. Chem. 67 
(2014) 3649–3663. doi:10.1080/00958972.2014.971405. 

[137] Z. Yu, J.A. Cowan, Metal complexes promoting catalytic cleavage of nucleic acids — 
biochemical tools and therapeutics, Curr. Opin. Chem. Biol. 43 (2018) 37–42. 
doi:10.1016/j.cbpa.2017.10.029. 

[138] N. Castilho, P. Gabriel, T.P. Camargo, A. Neves, H. Terenzi, Targeting an Artificial Metal 
Nuclease to DNA by a Simple Chemical Modification and Its Drastic Effect on Catalysis, 
ACS Med. Chem. Lett. 11 (2020) 286–291. doi:10.1021/acsmedchemlett.9b00289. 

[139] D.S. Sigman, A. Mazumder, D.M. Perrin, Chemical Nucleases, Chem. Rev. 93 (1993) 



37 
 

2295–2316. doi:10.1021/cr00022a011. 
[140] M.L. Teyssot, A.S. Jarrousse, A. Chevry, A. De Haze, C. Beaudoin, M. Manin, S.P. 

Nolanilvia, Díez-González, L. Morel, A. Gautier, Toxicity of copper(I)-NHC complexes 
against human tumor cells: Induction of cell cycle arrest, apoptosis, and DNA cleavage, 
Chem. - A Eur. J. 15 (2009) 314–318. doi:10.1002/chem.200801992. 

[141] C. Huerta-Aguilar, J.M. Talamantes Gõmez, P. Thangarasu, I. Camacho-Arroyo, A. 
González-Arenas, J. Narayanan, R. Srivastava, Synthesis, structural and spectral 
properties of Au complexes: Luminescence properties and their non-covalent DNA 
binding studies, Appl. Organomet. Chem. 27 (2013) 578–587. doi:10.1002/aoc.3035. 

[142] S. Burge, G.N. Parkinson, P. Hazel, A.K. Todd, S. Neidle, Quadruplex DNA: Sequence, 
topology and structure, Nucleic Acids Res. 34 (2006) 5402–5415. doi:10.1093/nar/gkl655. 

[143] R. Vilar, Nucleic acid quadruplexes and metallo-drugs, in: A. Sigel, H. Sigel, E. Freisinger, 
R.K.O. Sigel (Eds.), Met. Dev. Action Anticancer Agents, De Gruyter, Berlin, Boston, 
2018: pp. 325–349. doi:10.1515/9783110470734-012. 

[144] R. Hänsel-Hertsch, M. Di Antonio, S. Balasubramanian, DNA G-quadruplexes in the 
human genome: detection, functions and therapeutic potential, Nat. Rev. Mol. Cell Biol. 
18 (2017) 279–284. doi:10.1038/nrm.2017.3. 

[145] Q. Cao, Y. Li, E. Freisinger, P.Z. Qin, R.K.O. Sigel, Z.-W. Mao, G-quadruplex DNA 
targeted metal complexes acting as potential anticancer drugs, Inorg. Chem. Front. 4 
(2017) 10–32. doi:10.1039/C6QI00300A. 

[146] S. Asamitsu, S. Obata, Z. Yu, T. Bando, H. Sugiyama, S. Asamitsu, S. Obata, Z. Yu, T. 
Bando, H. Sugiyama, Recent Progress of Targeted G-Quadruplex-Preferred Ligands 
Toward Cancer Therapy, Molecules. 24 (2019) 429. doi:10.3390/molecules24030429. 

[147] B. Maji, S. Bhattacharya, Advances in the molecular design of potential anticancer agents 
via targeting of human telomeric DNA, Chem. Commun. 50 (2014) 6422–6438. 
doi:10.1039/c4cc00611a. 

[148] Q. Cao, Y. Li, E. Freisinger, P.Z. Qin, R.K.O. Sigel, Z.-W. Mao, G-quadruplex DNA 
targeted metal complexes acting as potential anticancer drugs, Inorg. Chem. Front. 4 
(2017) 10–32. doi:10.1039/C6QI00300A. 

[149] S. Neidle, Quadruplex nucleic acids as targets for anticancer therapeutics, Nat. Rev. 
Chem. 1 (2017) 0041. doi:10.1038/s41570-017-0041. 

[150] H. Xu, M. Di Antonio, S. McKinney, V. Mathew, B. Ho, N.J. O’Neil, N. Dos Santos, J. 
Silvester, V. Wei, J. Garcia, F. Kabeer, D. Lai, P. Soriano, J. Banáth, D.S. Chiu, D. Yap, 
D.D. Le, F.B. Ye, A. Zhang, K. Thu, J. Soong, S.-C. Lin, A.H.C. Tsai, T. Osako, T. Algara, 
D.N. Saunders, J. Wong, J. Xian, M.B. Bally, J.D. Brenton, G.W. Brown, S.P. Shah, D. 
Cescon, T.W. Mak, C. Caldas, P.C. Stirling, P. Hieter, S. Balasubramanian, S. Aparicio, 
CX-5461 is a DNA G-quadruplex stabilizer with selective lethality in BRCA1/2 deficient 
tumours., Nat. Commun. 8 (2017) 14432. doi:10.1038/ncomms14432. 

[151] D. Drygin, A. Siddiqui-Jain, S. O’Brien, M. Schwaebe, A. Lin, J. Bliesath, C.B. Ho, C. 
Proffitt, K. Trent, J.P. Whitten, J.K.C. Lim, D. Von Hoff, K. Anderes, W.G. Rice, Anticancer 
Activity of CX-3543: A Direct Inhibitor of rRNA Biogenesis, Cancer Res. 69 (2009) 7653–
7661. doi:10.1158/0008-5472.CAN-09-1304. 

[152] N.-H. Kim, H.J. Park, M.-K. Oh, I.-S. Kim, Antiproliferative effect of gold(I) compound 
auranofin through inhibition of STAT3 and telomerase activity in MDA-MB 231 human 
breast cancer cells., BMB Rep. 46 (2013) 59–64. doi:10.5483/bmbrep.2013.46.1.123. 

[153] B. Bertrand, L. Stefan, M. Pirrotta, D. Monchaud, E. Bodio, P. Richard, P. Le Gendre, E. 
Warmerdam, M.H. De Jager, G.M.M. Groothuis, M. Picquet, A. Casini, Caffeine-based 
gold(I) N-heterocyclic carbenes as possible anticancer agents: Synthesis and biological 
properties, Inorg. Chem. 53 (2014) 2296–2303. doi:10.1021/ic403011h. 

[154] L. Stefan, B. Bertrand, P. Richard, P. Le Gendre, F. Denat, M. Picquet, D. Monchaud, 



38 
 

Assessing the Differential Affinity of Small Molecules for Noncanonical DNA Structures, 
ChemBioChem. 13 (2012) 1905–1912. doi:10.1002/cbic.201200396. 

[155] C. Bazzicalupi, M. Ferraroni, F. Papi, L. Massai, B. Bertrand, L. Messori, P. Gratteri, A. 
Casini, Determinants for Tight and Selective Binding of a Medicinal Dicarbene Gold(I) 
Complex to a Telomeric DNA G-Quadruplex: a Joint ESI MS and XRD Investigation, 
Angew. Chemie Int. Ed. 55 (2016) 4256–4259. doi:10.1002/anie.201511999. 

[156] F. Papi, C. Bazzicalupi, M. Ferraroni, L. Massai, B. Bertrand, P. Gratteri, D. Colangelo, L. 
Messori, [Au(9-methylcaffein-8-ylidene)2]+/DNA Tel23 System: Solution, Computational, 
and Biological Studies, Chem. - A Eur. J. 23 (2017) 13784–13791. 
doi:10.1002/chem.201702854. 

[157] D. Wragg, A. de Almeida, R. Bonsignore, F.E. Kühn, S. Leoni, A. Casini, On the 
Mechanism of Gold/NHC Compounds Binding to DNA G-Quadruplexes: Combined 
Metadynamics and Biophysical Methods, Angew. Chemie Int. Ed. 57 (2018) 14524–
14528. doi:10.1002/anie.201805727. 

[158] S.M. Meier-Menches, B. Aikman, D. Döllerer, W.T. Klooster, S.J. Coles, N. Santi, L. Luk, 
A. Casini, R. Bonsignore, Comparative biological evaluation and G-quadruplex interaction 
studies of two new families of organometallic gold(I) complexes featuring N-heterocyclic 
carbene and alkynyl ligands, J. Inorg. Biochem. 202 (2020) 110844. 
doi:10.1016/j.jinorgbio.2019.110844. 

[159] J. Oberkofler, B. Aikman, R. Bonsignore, A. Pöthig, J. Platts, A. Casini, F.E. Kühn, 
Exploring the Reactivity and Biological Effects of Heteroleptic N-Heterocyclic Carbene 
Gold(I)-Alkynyl Complexes, Eur. J. Inorg. Chem. 2020 (2020) 1040–1051. 
doi:10.1002/ejic.201901043. 

[160] F. Guarra, T. Marzo, M. Ferraroni, F. Papi, C. Bazzicalupi, P. Gratteri, G. Pescitelli, L. 
Messori, T. Biver, C. Gabbiani, Interaction of a gold(I) dicarbene anticancer drug with 
human telomeric DNA G-quadruplex: solution and computationally aided X-ray diffraction 
analysis, Dalt. Trans. 47 (2018) 16132–16138. doi:10.1039/c8dt03607a. 

[161] B. Bertrand, J. Fernandez-Cestau, J. Angulo, M.M.D. Cominetti, Z.A.E. Waller, M. 
Searcey, M.A. O’Connell, M. Bochmann, Cytotoxicity of Pyrazine-Based Cyclometalated 
(C^Npz^C)Au(III) Carbene Complexes: Impact of the Nature of the Ancillary Ligand on the 
Biological Properties, Inorg. Chem. 56 (2017) 5728–5740. 
doi:10.1021/acs.inorgchem.7b00339. 

[162] B. Bertrand, M.A. O’Connell, Z.A.E. Waller, M. Bochmann, A Gold(III) Pincer Ligand 
Scaffold for the Synthesis of Binuclear and Bioconjugated Complexes: Synthesis and 
Anticancer Potential, Chem. - A Eur. J. 24 (2018) 3613–3622. 
doi:10.1002/chem.201705902. 

[163] B. Bertrand, J. Fernandez-Cestau, J. Angulo, M.M.D. Cominetti, Z.A.E. Waller, M. 
Searcey, M.A. O’Connell, M. Bochmann, Cytotoxicity of Pyrazine-Based Cyclometalated 
(C^N pz ^C)Au(III) Carbene Complexes: Impact of the Nature of the Ancillary Ligand on 
the Biological Properties, Inorg. Chem. 56 (2017) 5728–5740. 
doi:10.1021/acs.inorgchem.7b00339. 

[164] A. Bergamo, P.J. Dyson, G. Sava, The mechanism of tumour cell death by metal-based 
anticancer drugs is not only a matter of DNA interactions, Coord. Chem. Rev. 360 (2018) 
17–33. doi:10.1016/j.ccr.2018.01.009. 

[165] A. Casini, J. Reedijk, Interactions of anticancer Pt compounds with proteins: An 
overlooked topic in medicinal inorganic chemistry?, Chem. Sci. 3 (2012) 3135–3144. 
doi:10.1039/c2sc20627g. 

[166] R.G. Kenny, C.J. Marmion, Toward Multi-Targeted Platinum and Ruthenium Drugs - A 
New Paradigm in Cancer Drug Treatment Regimens?, Chem. Rev. 119 (2019) 1058–
1137. doi:10.1021/acs.chemrev.8b00271. 



39 
 

[167] E. Alessio, L. Messori, NAMI-A and KP1019/1339, Two Iconic Ruthenium Anticancer Drug 
Candidates Face-to-Face: A Case Story in Medicinal Inorganic Chemistry, Molecules. 24 
(2019). doi:10.3390/molecules24101995. 

[168] B. Englinger, C. Pirker, P. Heffeter, A. Terenzi, C.R. Kowol, B.K. Keppler, W. Berger, 
Metal drugs and the anticancer immune response, Chem. Rev. 119 (2019) 1519–1624. 
doi:10.1021/acs.chemrev.8b00396. 

 


