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Abstract 

The outbreak of the COVID-19 pandemic has triggered the strong and urgent need of finding new 

effective drugs against the SARS-CoV-2 virus. Despite the intense efforts made by the international 

scientific community in the course of the last two years and some initial success, this issue remains 

absolutely open. Metal-based agents form a class of substances possessing a large variety of 

chemical structures and reactivities that may result in innovative and unprecedented modes of 

action. This class of substances merits to be explored in the search of effective antiviral agents. In 

this short review, we offer some examples of the possible role of metal-based drugs as prospective 

anti-COVID-19 agents. Particular attention is paid to a few established gold and bismuth 

compounds that looked very promising in some preliminary tests of antiviral efficacy. In addition, 

we illustrate a systematic strategy proposed very recently by Ott et al. for the rational discovery of 

promising antiviral drug candidates within relatively large libraries of metal compounds. Notably, 

implementation of this strategy has already resulted in the identification of a few metal compounds 

endowed with interesting features suitable for further pharmacologic development. Overall, we aim 

to underscore the valuable role that medicinal inorganic chemistry may play in the search and 

discovery of new anti-COVID-19 drugs. 
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1. Metal substances as a rich source of drugs 

Metals and, in general, inorganic compounds have been used for medicinal purposes for centuries 

[1]; this mostly occurred on an empirical basis until the end of the 19th and the beginning of the 20th 

century. This latter period coincides, indeed, with the first steps of modern pharmacology. At that 

time, metal salts and some metal- or metalloid-based substances, that were already part of the 

available therapeutic arsenal, started to be systematically investigated for potential application 

against several diseases, in particular bacterial and parasitic ones [2–6]. As a result of those 

pioneering studies, many inorganic molecules entered therapeutic protocols and have played 

afterward, at least for a few decades, a pivotal role in the medical treatment of infections. It is 

emblematic and historically important the case of the discovery of Salvarsan® by the Nobel laureate 

Paul Ehrlich (1910) for the treatment of syphilis and, two years later, of the more soluble 

Neosalvarsan® (1912). Until this discovery, syphilis often represented a deadly infection that was 

mainly treated with mercury and potassium salts (e.g. KI), with quite poor clinical results [5]. 

Alongside, bismuth-based molecules were also used for the treatment of syphilis because of the 

lower toxicity of bismuth compounds compared with arsenicals. Similarly, in more recent times, a 

few infections caused by Entamoeba histolytica (amebiasis) or Trichomonas vaginalis have been 

treated with organoarsenical compounds [5]. These observations altogether underline the significant 

role of metal compounds in the early times of modern pharmacology. 

Later on, in 1965, the discovery and the subsequent FDA approval (1978) of cisplatin, represented 

the beginning of a new era in the treatment and management of cancer where metal compounds still 

play a central role [7–9]. Indeed, following the huge clinical success of this small platinum 

inorganic drug, the international research community started to investigate several different 

transition metals for the synthesis and the evaluation of novel and improved drug candidates for the 

treatment of various types of cancers [6,10,11]. In fact, despite the large clinical success of 

cisplatin-based treatment protocols, anticancer Pt compounds are generally accompanied by the 



occurrence of severe side effects for the patients as well as the frequent insurgence of resistance 

phenomena [12]. Nephrotoxicity, hepatotoxicity, ototoxicity, cardiotoxicity, nausea and vomiting, 

diarrhoea, and alopecia are only some of the negative side effects which often emerge after cisplatin 

administration; similarly, the treatment, especially when prolonged, can become ineffective due to 

acquired resistance [12]. In this frame, the second and third-generation platinum anticancer drugs, 

i.e., carboplatin and oxaliplatin, were developed with subsequent worldwide approval in 1989 and 

2001 respectively [13]. 

 

Figure 1. 

 

The two latter drugs were basically developed as cisplatin analogues, but are characterized by a 

greater tolerability owing to their relatively small but functionally relevant structural differences 

[13,14]. While cisplatin and carboplatin possess pharmacological profiles that are substantially 

superimposable, oxaliplatin is instead used, almost exclusively, to treat colorectal cancer for which 

it is far more efficacious than cisplatin and carboplatin [13,15]. This significant difference in terms 

of therapeutic actions is unlikely to depend on the interaction with a single biological target. At 

variance, most probably, while DNA remains a biologically relevant target for the anticancer 

profiles of all three Pt drugs, in the case of oxaliplatin, additional mechanisms and additional targets 

are most likely operative. Notably, a recent paper by Lippard and coworkers pointed out that in this 

latter case, induction of ribosome biogenesis stress is functionally relevant for oxaliplatin, but not 

for cisplatin, in order to trigger cancer cell death [16]. In this context, it can be affirmed that even 

small changes in the ligands coordinated to the metal ions may have a large impact on the 

mechanism of anticancer platinum metallodrugs [17]. Beyond platinum, several transition metals 

and metalloids have been exploited in the last decades in an attempt to obtain improved inorganic 

drugs. Among them, some ruthenium, gold, titanium, copper, iridium, bismuth, arsenic or tellurium 

compounds revealed promising medicinal properties and are the subject of further studies 



[6,11,16,18]. Figure 2 reports some of these important inorganic drugs that are currently used to 

treat a variety of diseases, additional ones can be seen e.g. in chapters 1 and 4 in this book. 

 

Figure 2. 

 

In the last years, a number of reasons have prompted a renewed interest in inorganic medicinal 

chemistry. Prior to then, the development of modern synthetic techniques in organic chemistry 

during the 20th century, and the discovery of important organic drugs (e.g. Penicillins, Zidovudine) 

had impacted significantly and positively the clinical treatment of diseases, contributing to a 

substantial decrease in the overall interest for inorganic drugs. However, in some therapeutic areas 

such as that of antibacterial agents, quite rapidly, the reduced rate of discovery of new organic 

drugs, and the insurgence of bacterial resistance, determined the need for novel drugs and triggered 

the development of innovative drug discovery strategies [1,2,19]. Among the various strategies that 

have been developed, a reliable and effective one is represented by the reappraisal of approved or 

established inorganic drugs [1,20,21]. This trend has been further spurred in recent times by the 

emergence of modern omics technologies capable of providing in-depth insights into the 

mechanism of action of new metal-based compounds [22–25]. In turn, these innovative methods 

have allowed researchers to approach the drug design issue using a mechanism-oriented approach. 

Similarly, this increasing knowledge concerning the relevant pathways for the pharmacological 

activity of inorganic drugs can be conveniently applied in the frame of the “drug repurposing” 

strategy [1]. 

The latter approach, which relies on the use of established/already approved drugs for a therapeutic 

indication different from the original one, is suitable in all the fields of medicine but may become 

fundamental in a few selected cases. Specifically, it may be conveniently exploited for the 

implementation of treatments against neglected diseases (see also chapter 7 which describes 

advances in metal-based agents to treat neglected diseases) as well as diseases for which new drugs 



are highly needed owing to their huge social and economic impact at a global level. Examples of 

the first case are tropical or endemic diseases that represent a major health problem in some 

countries (Africa, Asia, and Latin America in particular). In this frame, the use of already FDA 

approved drugs represents a suitable option, because of the need for drugs that are quickly available 

and at a low cost. Moreover, the repurposed drugs are safe since they have already been extensively 

studied and approved for different clinical applications. The second case typically refers to diseases 

that have a high impact worldwide and are among the first causes of death, such as cancer. 

Additionally, drug repurposing may turn extremely important in the case of sudden and unexpected 

sanitary emergencies where the fast introduction of effective drugs in clinical settings is absolutely 

needed [20,26]. 

This latter situation is clearly exemplified by the COVID-19 pandemic as discussed below. This 

chapter, which builds on the comprehensive findings showcased in chapter 4, is specifically aimed 

at demonstrating how the field of metal-based drugs may offer a valid contribution to the search and 

identification of novel and effective substances capable of fighting this sudden, unexpected and 

severe viral disease. 

 

2. The COVID-19 disease: some general remarks 

Between the end of 2019 and the beginning of 2020, in Wuhan, China, a new virus belonging to the 

coronavirus family suddenly appeared and rapidly began to spread worldwide. The associated 

disease was soon qualified as a global pandemic health emergency. The causative pathogen was 

described by the International Committee on Taxonomy of Viruses as the severe acute respiratory 

syndrome coronavirus-2 (SARS-CoV-2). SARS-CoV-2 caused an outbreak of unprecedented viral 

pneumonia in the Hubei area. Despite many attempts to contain its spreading, this novel 

coronavirus, due to the very high transmission rate, broke the borders of that area rapidly. In 



February 2020, the disease was announced as COVID-2019 by the World Health Organization 

(WHO) [26]. Looking at the WHO reports (see for further details https://www.who.int/), the 

dramatic impact of the COVID-19 is evident. For instance, estimates suggest that the number of 

global deaths attributable to the COVID-19 pandemic by the end of 2020 was already, at least, 3 

million. Nowadays, with the development of successful vaccines, we have effective weapons 

against the SARS-CoV-2; yet, the virus is continuing to significantly impact health systems in 

several countries worldwide. In addition, the continuous spreading of the virus causes its mutation 

in new variants for which the vaccines, based on the original SARS-CoV-2 virus that emerged in 

Wuhan (China), may be less effective (e.g. Omicron) [27]. 

Fever, cough, headache, exhaustion, breathing difficulty, loss of smell and loss of taste are some of 

the symptoms of COVID-19. Symptoms may appear one to fourteen days following the viral 

contact. However, around a third of the infected people show no signs or symptoms. The majority 

(81%) of those who manifest symptoms noticeable enough to be classified as patients have mild to 

moderate symptoms (up to mild pneumonia), whereas 14% have severe symptoms (dyspnea, 

hypoxia, or more than 50% lung involvement on imaging), and 5% have critical symptoms 

(respiratory failure, shock, or multiorgan dysfunction) [28]. Older and immune-compromised 

people are at a greater risk of developing severe forms of this disease. Some people continue to 

experience a range of effects for months after recovery (the so-called “long COVID”), and 

significant damage to organs has been observed. Multi-year studies are underway to further 

investigate the long-term effects of the disease. 

The SARS-CoV-2 virus is spread through the air when droplets and minute airborne particles 

harboring the virus are inhaled. When people are close together, the risk of transmission is greatest; 

nonetheless, transmission can occur across longer distances, especially indoors. Transmission also 

occurs if contaminated fluids are splashed or sprayed into an individual's eyes, nose, or mouth, or 

via contaminated surfaces. Even if they do not exhibit symptoms, people might be contagious for up 

to 20 days and spread the virus. 



Various COVID-19 testing methods are available to diagnose the disease. The standard diagnostic 

method directly detects the virus's nucleic acid by real-time reverse transcription polymerase chain 

reaction (rRT-PCR). 

Several effective COVID-19 vaccines have been licensed and disseminated in nations where major 

immunization campaigns have taken place. Physical or social separation, quarantining, ventilation 

of indoor spaces, covering coughs and sneezes, hand washing, and keeping unclean hands away 

from the face are some more preventive strategies. In public places, the use of face masks or 

coverings has been advocated to reduce the risk of transmission. While medications to suppress the 

virus are being developed, the primary treatment remains symptomatic. Treatment of symptoms, 

supportive care, isolation, and experimental techniques are all part of disease management. 

Already a lot of information has been garnered concerning the SARS-CoV-2 virus, the causative 

agent of COVID-19 disease. The SARS-CoV-2 virus is a single-stranded RNA virus. It belongs to a 

family of so-called coronaviruses, being part of the Coronaviridae family (order Nidovirales). The 

four genera of this subfamily are Alpha, Beta, Delta, and Gamma-Coronaviruses (CoVs). The 

sequence of SARS-CoV-2 is 96% identical to that of the bats’ coronavirus. This evidence is the 

basis of the assumption that bats are the main reservoir for this virus. SARS-CoV-2 may cause a 

severe respiratory tract disease that, especially in the presence of comorbidities, may lead to critical 

symptoms and a poor prognosis [26,29]. 

 

Figure 3. 

 

As also outlined in chapter 4, the infection process of SARS-CoV-2 toward human cells (host) 

occurs through virus binding to the cell surface protein angiotensin-converting enzyme 2 (ACE2) 

that is mediated by the Receptor Binding Domain (RBD) of its spike (S) glycoprotein (Figure 3). 



Furthermore, the cellular transmembrane serine protease 2 (TMPRSS2) is essential for triggering 

the S glycoprotein. Virus entry in the host cell may also depend on the endosomal/lysosomal 

cysteine proteases cathepsin B and L (CTSB, CTSL), though their activity seems not to be 

indispensable. Recently, it was found that furin protease plays a role in the infection process. 

Indeed, SARS-CoV-2 contains a furin cleavage site in the S protein that is unusual for 

coronaviruses, and the cellular receptor neuropilin-1 (NRP1, which binds furin-cleaved substrates) 

potentiates SARS-CoV-2 infectivity toward the central nervous system. Additionally, SARS-CoV-2 

is capable of exploiting the putative alternative receptor CD147 (expressed in high levels in the 

brain) to infect the central nervous system [30–33]. 

Retrospectively, one can assess that other coronaviruses have earlier caused outbreaks of fatal 

human pneumonia. Examples are the severe acute respiratory syndrome coronavirus (SARS-CoV) 

and the Middle East Respiratory Syndrome Coronavirus (MERS-CoV). The SARS-CoV infection 

emerged in the Chinese province of Guangdong in 2003 spreading to other countries and infecting 

more than 8000 people with more than 700 deaths [34]. At variance, the so-called MERS-CoV 

spread from the Middle East in 2012, reaching other countries. Based on official data, MERS-CoV 

infected about 2500 people, making more than 800 victims [34]. The fatality rate for SARS-CoV 

was lower compared with MERS-CoV being respectively estimated to be 10% and 35% [35]. The 

viral components of the coronaviruses, even in the case of SARS-CoV-2, represent suitable 

druggable targets for virus inactivation and for the development of effective therapies against the 

COVID-19 disease [36]. 

Notably, no effective drugs were available to treat COVID-19 at the time of its appearance. 

However, based on the information at the molecular level concerning the mechanisms involved in 

the viral infection that was quickly obtained, it was possible to identify a few viral proteins that are 

validated druggable targets. Thanks to this information since the very beginning of the pandemic, 

several approved drugs were screened and evaluated. Some of them entered clinical trials and were 

immediately tested in COVID-19 patients [37]. In any case, as suggested by WHO, curative drugs 



have not been discovered yet and novel and effective antiviral agents are absolutely needed 

worldwide [38]. We are convinced that inorganic drugs may offer important opportunities to reach 

this goal. Accordingly, some of the efforts sustained by the medicinal inorganic chemistry 

community in this direction are illustrated in the following sections. 

 

3. Metal compounds as potential anti-COVID-19 agents: a few 

remarkable examples 

As previously noted, medication repurposing, i.e., the use of pharmaceuticals that are already in 

clinical use for a different therapeutic indication, is a straightforward strategy to make active drugs 

safely and easily available to clinicians for COVID-19 treatment. Accordingly, at the onset of the 

pandemic, intensive research was conducted on libraries of FDA-approved medications, and a few 

potential candidates for drug repurposing against COVID-19 were identified (e.g. Tocilizumab, 

Chloroquine, Remdesivir) [39–41]. We believe that important opportunities for the discovery of 

new and effective anti-COVID-19 agents may also arise from the repurposing as well as de novo 

testing of metal-based compounds. Indeed, metal-based compounds offer advantages over organic 

compounds in terms of their structural diversity and wide ranging reactivities that may well 

translate into drugs with innovative and unprecedented modes of antiviral action. Already, a number 

of studies, though not systematic, have been conducted on metal-based compounds as potential 

agents against SARS-CoV-2 and other viruses; these studies are comprehensively summarised in 

chapter 4. In this chapter, we highlight a systematic strategy for the rational discovery of promising 

antiviral drug candidates within relatively large libraries of metal compounds. We include 

reference, in particular, to the following metal compounds: auranofin, silver sulfadiazine, the cobalt 

compound [Co(acacen)(NH3)2]Cl, and a few related bismuth compounds. While the first three 



complexes are also reviewed in chapter 4, we refer to them here also to emphasize the merits of 

exploiting metal-based drugs as an alternative source to organic drugs for COVID-19 treatment. 

 
3.1. Auranofin 

Undoubtedly, one of the most promising candidates for COVID-19 treatment is auranofin, a linear 

gold(I) complex containing triethylphosphine and tetracetylthioglucose as coordinating ligands (its 

chemical structure is shown in Figure 2A). Auranofin is a gold drug approved by the FDA in 1985 

for the treatment of severe forms of rheumatoid arthritis [37]. This drug was soon proposed for 

screening against SARS-CoV-2 owing to its intriguing pharmacological features [42]. First of all, 

regarding its therapeutic profile as an anti-arthritic agent, it displays a high tolerance and a 

relatively low systemic toxicity [43,44]. It is well accepted that its mechanism of action mainly 

involves the inhibition of the key redox enzyme thioredoxin reductase (TrxR), a selenoenzyme that 

is responsible for the entire cellular redox balance [45]. This feature, likewise, plays a key role for 

auranofin’s activity against the SARS-CoV-2 infection. In fact, Kumar and co-workers recently 

demonstrated that TrxR inhibition in cells infected with virions of the CoV family down-regulates, 

in turn, the synthesis of key proteins of SARS-CoV-2 [46–48]. Hence, auranofin could indeed be 

considered as a promising candidate to treat this infection. Furthermore, regarding its general 

antiviral properties as outlined in chapter 4, auranofin has previously displayed efficacy against the 

HIV, [49] being tested in clinical trials as an antiretroviral agent [50]. 

Notably, the potential activity of auranofin toward the SARS-CoV-2 virus was rapidly confirmed in 

a study conducted on human hepatocellular carcinoma derived cell line (Huh7) [51]. In this study, 

auranofin was found to inhibit the replication of the virus by 95% after 48 h at low µM 

concentration, whilst it was well tolerated by the tested cells. In addition, auranofin proved to be 

able to reduce the inflammation in the same panel of cells by decreasing the expression, promoted 

by the SARS-CoV-2 infection, of the cytokine IL-6. This occurrence is important because the 

infection typically promotes an over-expression of the mRNA of IL-6 which results in diffuse lung 



inflammation [51]. Noteworthy, in a different study, auranofin also proved to inhibit the interaction 

between the active center of the ACE2 enzyme and the spike protein of the virus, which, as 

mentioned above, is a central pivot for the access of the virus into the cell [52]. In addition, 

auranofin was also reported to potently inhibit the papain-like protein (PLpro) of SARS-CoV-1 and 

SARS-CoV-2, a key enzyme for the replication of the virus [52]. In summary, these results, also 

taking into account the additional anti-viral properties associated with auranofin outlined in chapter 

4, strongly support the potential role of auranofin in the treatment of COVID-19 infection [37] and 

therefore warrant further experimentation. 

 

3.2. Silver sulfadiazine 

In the frame of metal-based drug repositioning, some attempts have also been made to assess the 

potential of silver in the treatment of SARS-CoV-2 infection. Indeed, the antibacterial properties of 

silver have been known for a long time [53]. For example, the commercially available drug silver 

sulfadiazine (brand name SOFARGEN®) associates the activity of the silver ion with the 

antibacterial activity of the sulfadiazine drug and this combination is commonly used as a topical 

antimicrobial [54]. In contrast, the antiviral activity of this class of compounds has not been studied 

as much as their antimicrobial properties. However, silver sulfadiazine had been previously 

demonstrated to manifest  antiviral activity against HIV and the herpesvirus [55,56]. As for the 

SARS-CoV-2 infection, silver nanoparticles were confirmed to have antiviral activity against this 

virus [57]. Moreover, research demonstrated the ability of three silver-based compounds (namely 

silver nitrate, silver sulfadiazine and Ag-3) (Figure 4) to inhibit PLpro at µM concentration. In 

particular, all the three species displayed IC50 values in the µM range against SARS-CoV-2 PLpro, 

whereas their activity was lower against SARS-CoV PLpro, proving the selectivity of these 

compounds for the SARS-CoV-2 PLpro enzyme. Noteworthy, Ag-3 displayed a strong inhibitory 

activity (in the µM range) against SARS-CoV-2. For these three compounds it has been postulated 



that their activity might be directly linked to the presence of the silver(I) ion itself, as suggested by 

the fact that silver nitrate has a similar activity to the other two compounds [58]. 

 

Figure 4. 

 

3.3. [Co(acacen)(NH3)2]Cl 

Another druggable target of the virus is the SARS-CoV-2 main protease (Mpro) (also called 3CLpro) 

[59–65], against which cobalt-containing compounds have been explored. Indeed, reports have 

suggested that some regions of this protein might be blocked  through the interaction of cobalt(III)-

cations with its histidine and cysteine residues, ultimately deactivating the protease [59]. In 

particular, among all the histidine residues of the protein, His41 represents an interesting target as 

metal-ion binding to its imidazole side chain might disrupt the H-bonds of the protein, thus 

deactivating the enzyme [65]. One candidate that was proposed for this purpose is 

[Co(acacen)(NH3)2]Cl (Figure 5), which was also reported to be able to inhibit other proteases by 

targeting the imidazole ring on the His side chain [66,67]. In fact, if an excess of 

[Co(acacen)(NH3)2]Cl is used, the binding to at least three histidine residues could be observed [65]. 

Consequently, similarly to another study of Co(III) binding to the myoglobin protein [68], the 

binding of the metal compound to this large number of histidines might render the surface of the 

protein more hydrophilic, thus resulting in its unfolding. In the same way, copper(II) chelates, due 

to their ability to inhibit a thrombin protease have also been explored for this purpose [69]. Indeed, 

some complexes were proved to be able to dock to His41 and Cys145 amino acid residues of the 

Mpro protein [65]. In particular, [(meta-amidinosalicylidene-l-alaninato)copper(II)]Cl (Figure 5) was 

successfully docked near His41 and it is possible that little motions of the protein might allow the 



binding of Cu(II) to the Cys145 thiolate, thus disrupting the protein functionality. Other less bulky 

analogues were also docked into the Cys145 site and the results led to similar consideration [65]. 

 

Figure 5. 

 

3.4. Bismuth compounds 

Bismuth compounds form another class of drugs with promising properties against the SARS-CoV-

2 virus. Indeed, in studies conducted against SARS-CoV, some of them proved to be able to inhibit 

the protease and helicase catalytic activities of the virus, which are vital for its life [70–72]. 

Noteworthy, a panel of compounds endowed with N,O-containing polydentate ligands showed 

potent inhibitory activity against helicase ATPase (IC50 in the range of µM) (figure 6) [71]. By 

comparing the activity of these compounds, it was possible to conclude that the bismuth center 

plays a crucial role in their activity. Notably, among all the tested complexes, the porphyrin ones 

turned out to be the most potent in inhibiting the activity of helicase [71]. Regarding the SARS-

CoV-2 infection, some bismuth complexes that are currently used in clinical practice, i.e., bismuth 

citrate, ranitidine bismuth citrate and bismuth potassium citrate (their chemical structures, together 

with additional bismuth-based compounds, are shown in Figure 6. Also, Figure 2 shows the 

chemical structure of the stable dinuclear unit of the so-called bismuth potassium subcitrate, were 

evaluated for their inhibitory capabilities against the NTPase and RNA helicase activities of non-

structural nsp13 protein, a fundamental protein for the replication of SARS-CoV-2 [73]. In addition, 

the activity of ranitidine bismuth citrate, Figure 6, was investigated both in vitro and in vivo, with 

very promising results in both cases. On the one hand, in the in vitro tests, not only did it display a 

low toxicity and high selectivity, but also turned able to inhibit the viral helicases [74]. This finding 

validated previous reports on the relevance of this protein as a target for the virus and on the 



capability of this complex to target it [43,75]. On the other hand, in the animal model investigated, 

it drastically reduced the replication of the virus, which ultimately results in a diminished viral load 

on the pulmonary system of the tested animals [74]. Furthermore, although these complexes haven’t 

been studied in clinical trials so far, a report showed that administration of bismuth subsalicylate 

was able to improve the conditions of a patient with Crohn’s disease whose conditions had been 

worsened by the SARS-CoV-2 infection. In particular, this therapy markedly diminished the cough 

and diarrhoea of the patient and improved their appetite [76]. 

Recently published results presented noticeable preclinical anti-SARS-CoV-2 efficacy of a cocktail 

therapy consisting of clinically used bismuth-based drugs, e.g., colloidal bismuth subcitrate or 

bismuth subsalicylate, and N-acetyl-L-cysteine [77]. 

 

Figure 6. 

 

4. Toward a more systematic approach in the search for metal-based 

drugs for COVID-19 disease 

The examples described above provide solid evidence that metal compounds may play an important 

role in the medical treatment of COVID-19 and, as such, should be intensely investigated in the 

search for new antiviral agents. However, more systematic and more effective drug discovery 

strategies in the field of metal-based drugs need to be implemented. 

In this regard, we highlight a seminal study by Ott et al. in an attempt to define a more rational 

approach for the identification of metal-based substances that might manifest important antiviral 

actions and might be suitable for further pharmaceutical development [58]. 

 

Notably, the strategy proposed by Ott and coworkers includes the following steps: 



i) selection of metallodrugs for the screening; 

ii) assessment of metal compounds as inhibitors of the interaction between the S protein 

and the ACE2 receptor; 

iii) assessment of metal compounds as inhibitors of the papain-like protease; 

iv) assessment of metal compounds as anti-SARS-Cov-2 agents. 

 

It is evident that this strategy is grounded on the concept that the spike protein and the papain-like 

protease are primary druggable targets for the development of new antiviral substances. The details 

of each step of this strategy are illustrated below. 

 

4.1. Selection of metallodrugs for the screening 

Ott et al. exploited an extensive library of metal compounds, featuring large chemical diversity, in 

their study, supported by the participation of many European laboratories with specific expertise in 

the field of inorganic synthesis and metal-based drugs. Indeed, about ten distinct laboratories took 

part in this effort. More specifically, the panel of studied metal compounds included 93 

mononuclear compounds and 11 polyoxometalates (POMs). The mononuclear complexes contained 

many different transition metals, mainly Au, Ru and Fe, but also Rh, Ag, Pt, Pd, Ti and others, as 

already discussed in chapter 4. Some of the compounds included in the panel as potential anti-

SARS-CoV-2 agents were polyoxometalates (POMs) bearing metal or metalloid centers such as As, 

Co, Pb, Sn, W, and Ge among others. Basically, this family of metal-oxide cluster compounds is 

featured by a wide range of structures that have been reported as to provide effective anticancer, 

antiviral and antibacterial agents (see figure 7) [78–83]. Specifically, their proven ability to inhibit 

viral replication are relevant for our purposes here [84–86]. Indeed, the possible recognition of the S 

protein of coronavirus by polyoxometalates has been recently highlighted [87]. 

 

Figure 7. 



 

4.2. Assessment of metal compounds as inhibitors of the interaction between the 

S protein and the ACE2 receptor 

This step concerns the screening of the panel compounds for their ability to inhibit the interaction of 

the spike protein with the Angiotensin-Converting Enzyme-2 (ACE2) receptor; the observation of a 

strong inhibition may well be predictive of potent antiviral activity. As described in detail in section 

2, the S protein plays a key role in the early phases of infection; it primarily mediates virus entry 

into the host. This viral protein is capable of binding toward the ACE2 on the cell membrane of the 

host. These considerations clearly delineate the S protein as an exploitable druggable target to block 

the entry of the virus and, as a consequence, the infection cascade [88–91]. Furthermore, the S1 

subunit of the S protein is featured by the presence of the so-called receptor-binding domain (RBD). 

This domain is capable of tightly binding the N-terminal helix of ACE2 in turn allowing the viral 

attachment. Noteworthy, the receptor-binding domain contains nine cysteine residues forming four 

disulphide bonds [92] representing exploitable targets for metallodrugs or metal fragments, 

preventing the cellular entry of SARS-CoV-2. 

The ELISA test was the reference method by which the panel of inorganic drugs was assessed for 

their ability to impair the S/ACE2 recognition and the associated binding process. Overall, the 

mononuclear complexes were inactive or only scarcely active in these tests. Indeed, an inhibition 

ranging from 25 to 50% was reported only in a small number of tested molecules including some 

gold, ruthenium, iron and platinum-based complexes (e.g. cisplatin). In this frame, the only 

exception was titanocene dichloride, characterized by an inhibition percentage of about 69%. 

At variance, better results were obtained with POMs; in seven cases, an inhibitory activity >50% of 

the S/ACE2 recognition process was observed. Based on these results, four compounds were 

selected for further studies as the best performers including titanocene dichloride (its chemical 

structure is shown in Figure 2G) and three POMs (POM-6, POM-7, POM-11 in Figure 7). 

 



4.3. Assessment of metal compounds as inhibitors of the papain-like protease 

Proteases are exploitable targets for the design and implementation of new antiviral agents. In fact, 

their impairment may lead to the blockade of the viral life and of the replication cycle without 

affecting the host. With a view to developing effective inorganic anti-SARS-CoV-2 agents, given 

the fact that the papain-like protease (PLpro) and the 3-chymotrypsin-like protease (3CLpro, even 

known as Mpro) are crucial for viral replication, these proteases are suitable targets for the design 

and testing of specific antiviral drugs against SARS-CoV-2 [93–95]. Interestingly, the sequence of 

SARS-CoV-2 PLpro is very similar (about 83%) to that of SARS-CoV which was responsible for the 

sudden outbreak of the SARS epidemic in 2003. The two viruses share domains of the papain-like 

protease that are very similar. Specifically, the two domains are known as the putative labile zinc-

binding domain and the catalytic cysteine cleavage domain, which bear druggable cysteines 

[52,94,96]. Notably, a number of panel compounds, in particular auranofin, aurothiomalate, a few 

triphenylphosphine gold compounds and many POMs, produced potent inhibition of this viral 

protease [52,58,97]. 

 

4.4. Assessment of metal compounds as anti-SARS-Cov-2 agents 

For the selection of suitable drug candidates against SARS-CoV-2, an important feature of the drug 

is that it is well tolerated by the host cells. In other words, the drug should possess a certain degree 

of selectivity toward the virus, so that the treatment impairs the viral infection and virus replication 

without causing undesirable side reactions and associated side effects. Accordingly, before the 

evaluation of the efficacy of a selected drug in SARS-CoV-2 infected cells, it is necessary to assess 

the effects (and toxic effects) of the selected molecule in suitable cell models such as Caco-2 and 

CaLu-3 cell lines [98]. Indeed, the best candidates for further drug development should be 

metallodrugs characterized by high tolerability and no significant toxic effects. Ott and coworkers 

reported that, among the investigated complexes, some mononuclear gold and titanium-based drugs, 

including aurothiomalate and titanocene dichloride, showed a suitable antiviral profile featured by 



good tolerability even at the highest tested doses (500 µM). Among POMs, some compounds were 

very toxic in the above cell models and, accordingly, were not suitable for further assessment, while 

other POMs were tolerated up to tested doses of 200 µM. Beyond the tolerability in cell lines, other 

aspects were evaluated including solubility. Putting together all these preliminary evaluations, some 

compounds showing no or reasonable toxic effects, a good capability to bind the viral targets and a 

suitable solubility profile were selected for the evaluation in SARS-CoV-2 infected Caco-2 cells. 

Upon combining all the results obtained, a small panel of drug candidates emerged containing 

titanocene dichloride (Figure 2C), one silver-based complex (Ag-3 in Figure 4) and a POM (POM-

11 in Figure 7) as well as aurothiomalate and three additional gold-based agents (Figure 8). 

 

Figure 8. 

 

For comparative purposes, Remdesivir was used as a reference in these tests because of its ability to 

impair viral replication at low micromolar doses. It is important to highlight the strategy delineated 

by Ott et al. features a smart and systematic approach for screening structurally diverse metal-based 

compounds. As a matter of fact, the screening of large panels of metallodrugs with established and 

reliable methods may conveniently support the selection of inorganic drugs endowed with both 

strong inhibitory profile toward the S/ACE2 recognition process and satisfactory tolerability and 

chemico-physical profile. Overall, at the end of the in-cell screening, it was possible to recognize 

three compounds as the most promising candidates, i.e., Au-12, Ag-3 and POM-11. All three 

featured antiviral activity falling in the range of µM. Beyond the selection of the above drug 

candidates, this investigation pointed out that, through systematic screening of a large panel of 

inorganic drugs featured by a wide chemical diversity, it is possible, using reliable methods, to 

select promising drug candidates against SARS-CoV-2 infection. This also makes clear that 

metallodrugs and, more in general, inorganic molecules may well be considered for the 



development of novel and effective agents against the virus, hopefully leading to novel and 

improved treatments for COVID-19 disease. 

 

 

5. Conclusions 

Metal-based drugs form an intriguing class of potential therapeutic agents with very interesting and 

attractive chemical and biological properties. Here we have tried to delineate the role that metal-

based drugs may play against COVID-19 on the ground of the available literature evidence from the 

very first empirical attempts to the design of more systematic drug discovery strategies. We have 

shown that metallodrugs, and more in general inorganic drugs, offer the chance to finely tune, 

through an appropriate molecular design approach, their chemico-physical profiles, their reactivity 

and thus their pharmacological profile. For instance, by varying the metal center it is possible to 

drive the reactivity toward selected biological substrates bearing residues with a greater affinity for 

that metal center. Similarly, it is possible to control the stability and the reactivity of the same metal 

center through the choice of proper ligands.  

Thus, the proposal to screen a panel of inorganic drugs in the search of candidates against SARS-

CoV-2 appears to be well supported, allowing to conveniently expand the “chemical space” for 

novel and improved antiviral agents. Accordingly, it is highly recommended that inorganic drugs 

are included in new drug discovery screening programs. 

In this frame, both the strategies relying on drug reprofiling or on the assessment of newly 

synthesized inorganic drugs are exploitable. From the first strategy, some interesting results have 

already emerged for the gold(I)-based compound auranofin. Similarly, bismuth-based drugs have 

been evaluated against SARS-CoV-2 with promising results. The design and the testing of newly 

synthesized molecules is inherently more complex. However, it may offer the interesting 

opportunity of synthesizing compounds in a rational manner because of the increasing information 



on the virus, available at the molecular level. Additionally, the inclusion of novel metallodrugs in 

large screening programs may offer the opportunity to further expand the chemical libraries, 

providing further opportunities for drug discovery. Noteworthy, even the problems associated with 

the systemic toxicity associated with the use of metals and metalloids may be overcome through the 

drug repurposing approach, thus using approved inorganic drugs, as well as through selecting newly 

synthesized compounds featured by the accomplishment of specific requirements in terms of 

selective reactivity toward the desired biological substrates and stability. Finally, considering that 

drugs for the treatment of COVID-19 patients are not for chronic use, it is reasonable to assess that 

long-term side effects might be avoided. This further contributes to the chance of widening the 

range of clinical applications for inorganic drugs [37]. 

 

6. Abbreviations 

3CLpro: 3-chymotrypsin-like protease 

ACE2: angiotensin-converting enzyme 2 

Caco-2: Immortalized human colorectal adenocarcinoma cells 

CaLu-3: Non-small-cell lung cancer cell line 

CoVs: Alpha, Beta, Delta, and Gamma-Coronaviruses 

CTSB: Cysteine proteases cathepsin B 

CTSL: Cysteine proteases cathepsin L 

ELISA: Enzyme-Linked Immunosorbent Assay 

MERS-CoV: Middle East Respiratory Syndrome Coronavirus 

Mpro: SARS-CoV-2 main protease 

NRP1: Cellular receptor neuropilin-1 

PLpro: Papain-like protein 

POMs: Polyoxometalates 



RBD: Receptor Binding Domain 

rRT-PCR: Real-time reverse transcription polymerase chain reaction 

S: Spike 

SARS-CoV: Severe acute respiratory syndrome coronavirus 

SARS-CoV-2: severe acute respiratory syndrome coronavirus-2 

TMPRSS2: Cellular transmembrane serine protease 2 

TrxR: thioredoxin reductase 

WHO: World Health Organization 
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Figure legends 

Figure 1. Chemical structures of the three worldwide-approved platinum drugs. 

 

Figure 2. Chemical structures of some relevant inorganic drugs: A) Auranofin; B) 

Chloro(triethylphosphine)gold(I); C) Bismuth(III) potassium subcitrate; D) sodium stibogluconate; 

E) AS101 (Ammonium trichloro(dioxoethylene-O,O')tellurate); F) Mixture of 3-amino-4-

hydroxyphenyl-As(III) compounds containing acyclic As3 and As5 species, known as Salvarsan; G) 

Titanocene dichloride; H) Boromycine; I) Tavaborole. 

 

Figure 3. Representation of the SARS-CoV-2 cross-section with key proteins (top) and schematic 

pathway of SARS-CoV-2 viral life cycle. The initial attachment of SARS-CoV-2 to the host cells 

involves the binding of the viral S glycoprotein on the cellular receptor, ACE2 proteins. Adapted 

from reference [30] under the terms of the Creative Commons Attribution License (CC BY). 

 

Figure 4. Structures of silver nitrate, silver sulfadiazine and Ag-3, as reported in ref. [58]. 

 

Figure 5. Molecular structures of [Co(acacen)(NH3)2]Cl and [(meta-amidinosalicylidene-l-

alaninato)copper(II)]Cl. 

 

Figure 6. Molecular structures of some relevant Bi-based compounds studied as anti SARS-CoV-2 

agents. 



Figure 7. Some relevant examples for polyoxometalates compounds with biological activity. 

Reproduced from reference [58] under the terms of the Creative Commons Attribution License (CC 

BY). 

 

Figure 8. Structures of aurothiomalate (Au-2), Au-12, Au-33, Au-34. 
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