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A Review on Metal Complexes and their Anti-Cancer Activities: Recent Advances From In vivo Studies (2017–2023)


Abstract-Transition metal complexes represent a distinct class of anticancer agents that leverage redox activity, coordination versatility, and structural diversity to target cancer through mechanisms often inaccessible to organic drugs. Since the clinical introduction of cisplatin, metal-based complexes have emerged as a cornerstone of cancer chemotherapy, offering diverse mechanisms of action that extend far beyond conventional organic therapeutics. While platinum drugs remain widely used, their clinical utility is often limited by severe systemic toxicity, intrinsic or acquired resistance, and a narrow spectrum of efficacy. Consequently, significant research efforts have focused on alternative metallodrugs based on ruthenium, gold, copper, iridium, and osmium—metals that exploit unique redox, coordination, and photophysical properties to target cancer cells with improved selectivity and novel mechanisms. Despite numerous in vitro studies highlighting the promise of these complexes, only a fraction have demonstrated robust efficacy in in vivo models—essential for bridging the translational gap to clinical application. This review critically evaluates recent advances (2017–2023) in the in vivo antitumor activity of non-platinum and next-generation platinum complexes, with emphasis on tumor growth inhibition (e.g., up to 75% reduction in xenograft mass), survival benefit (e.g., median survival extended from 18 to 27 days in orthotopic glioblastoma), and toxicity profiles in murine and zebrafish models. We highlight structurally innovative agents—such as jatrorrhizine–platinum conjugates, coumarin–ruthenium hybrids, N-heterocyclic carbene–gold complexes, thiosemicarbazone–copper derivatives, and cyclometalated iridium/osmium systems—that overcome cisplatin resistance, induce mitochondrial dysfunction, trigger immunogenic cell death, or enable photodynamic therapy. Special attention is given to complexes that have progressed to clinical trials (e.g., NAMI-A, KP1339, TLD1433, Casiopeínas®) and those exhibiting theranostic potential. By synthesizing in vivo evidence across metal classes, this review underscores the therapeutic viability of metallodrugs beyond platinum, while acknowledging persistent challenges—including inconsistent preclinical methodologies, limited pharmacokinetic data, and poor scalability—that hinder clinical translation. The review advocates for community-wide adoption of standardized in vivo protocols (e.g., uniform animal models, dosing regimens, and efficacy endpoints) to enhance reproducibility and accelerate the development of metallodrugs from bench to bedside.
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1. 
2. INTRODUCTION
Cancer remains one of the leading causes of global morbidity and mortality, accounting for approximately one in six deaths worldwide [1,2]. It arises from the uncontrolled proliferation of genetically altered cells that evade normal regulatory mechanisms governing cell division, differentiation, and apoptosis. This pathological transformation is often driven by cumulative mutations in oncogenes and tumor suppressor genes, triggered by a complex interplay of environmental carcinogens, including chemical agents (e.g., tobacco smoke, aflatoxins, arsenic), physical factors (e.g., ultraviolet and ionizing radiation), and inherited genetic predispositions [3–9]. Depending on tumor type, stage, and molecular profile, therapeutic strategies range from conventional modalities, such as surgical resection, radiotherapy, and cytotoxic chemotherapy, to more sophisticated approaches, including immunotherapy, hormonal therapy, gene editing, targeted molecular inhibitors, and photodynamic therapy (PDT) [10-16].
	
Among chemotherapeutic agents, metallodrugs have emerged as a pivotal class of anticancer therapeutics due to their unique physicochemical properties and diverse mechanisms of biological action [17-25]. The landmark discovery of cisplatin in the 1960s by Rosenberg and colleagues [26-29] revolutionized oncology and catalyzed the field of medicinal inorganic chemistry. Cisplatin, along with its clinically approved derivatives carboplatin and oxaliplatin, forms the cornerstone of platinum-based chemotherapy, effectively treating testicular, ovarian, lung, bladder, and other solid tumors [30-s34]. Despite their clinical success, platinum-based drugs, particularly cisplatin, are burdened by significant drawbacks that limit their therapeutic utility. These include severe dose-limiting toxicities such as nephrotoxicity, neurotoxicity, and ototoxicity, which often necessitate dose reduction or treatment discontinuation. Moreover, both intrinsic and acquired resistance mechanisms frequently compromise efficacy; these involve reduced cellular drug uptake, enhanced detoxification by glutathione, increased DNA repair (e.g., via nucleotide excision repair), and inactivation of apoptotic pathways. Consequently, many tumors—especially those that are metastatic or recurrent- exhibit poor response rates. These challenges underscore the urgent need for alternative metallodrugs with improved safety profiles, broader mechanisms of action, and the ability to circumvent classical resistance pathways. These agents primarily exert cytotoxicity through covalent binding to nuclear DNA, forming intra- and inter-strand crosslinks that disrupt replication and transcription, ultimately triggering apoptosis [30–33].
Despite their clinical success, platinum drugs are burdened by significant limitations: dose-limiting toxicities (e.g., nephrotoxicity, neurotoxicity, ototoxicity), intrinsic or acquired resistance mechanisms, and an inability to target certain refractory or metastatic cancers [34]. These challenges have spurred intensive research into non-platinum metallodrugs with improved selectivity, reduced off-target effects, and activity against resistant phenotypes [26,38].  While most non-platinum metallodrugs, such as Ru(III) complex KP1339, Au(I) NHC complexes, and Cu-based Casiopeínas® remain in preclinical or early clinical development, they show promising in vivo efficacy and novel mechanisms of action. Transition metals, particularly ruthenium (Ru), gold (Au), copper (Cu), iridium (Ir), and osmium (Os)—offer compelling alternatives due to their versatile coordination geometries, tunable redox properties, and capacity to interact with a broad spectrum of biological targets beyond DNA [26,39,40].
The biological activity of metal complexes is dictated not only by the central metal ion but also by its surrounding ligands, which modulate solubility, lipophilicity, stability, and target affinity. Unlike purely organic molecules, metallodrugs can engage in multiple modes of action simultaneously—such as redox cycling, protein inhibition, mitochondrial disruption, and immunomodulation—thereby circumventing classical resistance pathways [17–27]. For instance, copper complexes and arsenic trioxide (ATO) induce cancer cell death via reactive oxygen species (ROS)-mediated oxidative stress, damaging DNA and impairing mitochondrial function [32,35].  These findings originate primarily from in vitro studies. However, Casiopeínas® and HSA-Pt-28 have demonstrated corresponding in vivo efficacy in murine xenograft models, confirming ROS induction, mitochondrial dysfunction, and VEGF suppression in living systems. 
Similarly, gold-based compounds and certain platinum derivatives exhibit anti-angiogenic properties by suppressing vascular endothelial growth factor (VEGF) signaling, thereby starving tumors of their blood supply [36].
Ruthenium complexes, in particular, have garnered substantial interest due to their activation-by-reduction mechanism—wherein relatively inert Ru(III) prodrugs are reduced to more reactive Ru(II) species in the hypoxic tumor microenvironment—mimicking iron metabolism and enabling selective accumulation in malignant tissues [40,46]. This property, combined with lower systemic toxicity and anti-metastatic activity, positions Ru complexes as promising candidates for treating aggressive or disseminated cancers [41,43–45]. Notably, clinical-stage agents such as NAMI-A, KP1019, and the photosensitizer TLD1433 have demonstrated tolerable safety profiles and mechanistic novelty in human trials [43–45,120].
Gold complexes, historically used in rheumatoid arthritis (e.g., auranofin), have re-emerged as potent anticancer agents due to their high affinity for thiol-containing biomolecules, particularly thioredoxin reductase (TrxR)—a key enzyme in redox homeostasis often overexpressed in cancer cells [149,150]. By inhibiting TrxR, Au(I/III) complexes disrupt redox balance, induce endoplasmic reticulum (ER) stress, and trigger caspase-dependent apoptosis [22,151]. Meanwhile, copper, an essential trace element involved in angiogenesis and mitochondrial respiration, is frequently elevated in tumors, making it both a metabolic vulnerability and a strategic vehicle for drug delivery [47,48]. Copper-based complexes like the Casiopeínas® have progressed to clinical evaluation, demonstrating efficacy in diverse malignancies [47,275–277].
More recently, third-row transition metals—iridium and osmium—have entered the anticancer arena with distinctive photophysical, redox, and kinetic properties. Iridium(III) complexes can localize to mitochondria, induce ferroptosis, and function as luminescent probes or photoactivated therapeutics [234–238]. Osmium complexes, though less explored, show no cross-resistance with cisplatin and can target ER stress pathways even in TP53-mutant cancers, suggesting potential for treating genetically complex tumors [17,263–265].
Despite the abundance of in vitro data on novel metallodrugs, a critical translational gap persists: only a minority have been validated in in vivo models, and fewer still have advanced to clinical trials. In vitro cytotoxicity often fails to predict in vivo efficacy due to complexities in pharmacokinetics, biodistribution, metabolism, and tumor microenvironment interactions [32,38]. Consequently, there is an urgent need to prioritize in vivo evaluation early in the drug development pipeline.
This review focuses specifically on metal complexes of Pt, Ru, Au, Cu, Ir, and Os that have demonstrated significant antitumor activity in animal models between 2017 and 2023. Significant antitumor activity refers to ≥40% tumor growth inhibition, ≥25% increase in median survival, or complete/partial tumor regression in murine or zebrafish models, relative to untreated controls, without severe weight loss or organ toxicity—criteria commonly used to prioritize lead candidates for further development. By critically analyzing their in vivo performance, mechanisms of action, and structure–activity relationships, we aim to highlight the most promising candidates and underscore the importance of robust preclinical validation in advancing metallodrugs toward clinical reality.
3. METHODS AND MATERIALS
3.1. Literature Search Strategy
A systematic literature search was conducted using major scientific databases, including PubMed, Web of Science, Scopus, and Google Scholar. Search terms combined metal-specific keywords (platinum, ruthenium, gold, copper, iridium, osmium) with therapeutic descriptors (“anticancer,” “antitumor,” “in vivo,” “xenograft,” “mouse model,” “animal study”) and temporal filters (2017–2023). Only peer-reviewed original research articles reporting quantitative in vivo anti-tumor data (e.g., tumor volume, inhibition rate, survival time, toxicity markers) in murine or zebrafish models were included.

3.2. Inclusion and Exclusion Criteria
Studies were included if they: (i) reported synthesis and characterization of a novel metal complex based on Pt, Ru, Au, Cu, Ir, or Os; (ii) provided in vitro cytotoxicity data (e.g., IC₅₀) in human cancer cell lines; and (iii) evaluated in vivo efficacy in xenograft, syngeneic, or genetically engineered animal models with clear dosing, route of administration, and ethical approval. Studies lacking control groups, using only in vitro models, or reporting non-cancer applications (e.g., antimicrobial, imaging) were excluded.
3.3. Data Extraction and Comparative Analysis
Key data were extracted into standardized tables, including: metal center, ligand type, cancer model, dosing regimen, tumor inhibition rate (%), median survival, and toxicity indicators (e.g., body weight loss, organ histopathology, serum biomarkers). Where possible, direct comparisons with cisplatin or clinical standards were noted. Mechanistic insights (e.g., ROS induction, DNA binding, TrxR inhibition) were cross-referenced with in vivo outcomes to assess translational relevance. Mechanistic in vitro data (ROS induction, TrxR inhibition) were cross-referenced with in vivo efficacy (tumor inhibition, survival) to identify consistent biological pathways. No formal weighting or scoring system was used; translational relevance was assessed qualitatively by concordance between in vitro mechanisms and in vivo phenotypic outcomes. 
4. RESULTS AND DISCUSSION
4.1.   General Mechanisms of Action of Anticancer Metal Complexes
The therapeutic efficacy of metal-based anticancer agents arises from their ability to engage with a diverse array of biological targets through multiple, often synergistic, molecular mechanisms. Unlike conventional organic chemotherapeutics, which typically operate via a single dominant pathway, metallodrugs exploit the unique redox, coordination, and structural properties of metal centers to disrupt critical cellular processes in malignant cells [17–27]. Redox activity is prominent in Cu(I/II) and Ru(II/III) complexes; coordination versatility characterizes Au(I/III), and Pt(II) species; and structural DNA intercalation is typical of planar Ru(II), Ir(III), and Os(II/VI) polypyridyl or cyclometalated complexes.   
These mechanisms include, but are not limited to, DNA binding and structural distortion, induction of oxidative stress via reactive oxygen species (ROS) generation, mitochondrial dysfunction, inhibition of key enzymes (e.g., thioredoxin reductase), anti-angiogenic signaling, and modulation of the tumor microenvironment [30–36].
One of the most well-established mechanisms involves direct interaction with nuclear DNA. Platinum-based agents such as cisplatin, carboplatin, and oxaliplatin exert their cytotoxic effects primarily through covalent coordination to purine bases—particularly the N7 position of guanine—resulting in intra- and inter-strand crosslinks that impede DNA replication and transcription [30–33]. These DNA adducts are recognized as damage by cellular surveillance systems, triggering p53-mediated cell cycle arrest and intrinsic apoptosis. However, this mechanism is also associated with significant off-target toxicity and is frequently compromised in resistant tumors due to enhanced DNA repair or reduced drug accumulation [34]. The p53-mediated apoptotic pathway is not universally activated; many tumors harbor TP53 mutations or inactivating alterations that impair this response, rendering them resistant to DNA-damaging agents like cisplatin. Consequently, p53-deficient cancers often rely on alternative cell death mechanisms or exhibit intrinsic chemoresistance.
Beyond platinum, other transition metal complexes also target nucleic acids, albeit through distinct binding modalities. Ruthenium(II/III) and iridium(III) polypyridyl complexes, for instance, often intercalate between DNA base pairs or bind within the minor groove via planar aromatic ligands, thereby inducing conformational changes that interfere with topoisomerase function or transcription factor binding [42,129,142]. Similarly, osmium(VI) nitrido complexes have been shown to both covalently bind and intercalate into DNA, leading to double-strand breaks and G2/M phase arrest [265].
A second major pathway involves the induction of oxidative stress. Metal ions with accessible redox states—such as Cu(I/II), Fe(II/III), and Ru(II/III)—can catalyze Fenton- or Haber–Weiss–type reactions, converting endogenous hydrogen peroxide into highly reactive hydroxyl radicals [32,35]. This ROS burst overwhelms the antioxidant defenses of cancer cells (which often already operate under elevated basal oxidative stress), resulting in lipid peroxidation, protein misfolding, and mitochondrial membrane depolarization [32,35,236]. Arsenic trioxide (ATO) is included as a benchmark redox-active agent that induces ROS-mediated apoptosis, illustrating how non-transition metals can exploit oxidative stress for anticancer effects. Though not a transition metal, ATO exemplifies this mechanism in the successful treatment of acute promyelocytic leukemia [35]. Copper-based complexes, including the clinical-stage Casiopeínas®, similarly exploit the elevated copper demand of tumors to selectively induce ROS-mediated apoptosis [47,48].
Mitochondria represent another critical target. Many gold(I/III) and iridium(III) complexes accumulate preferentially in the mitochondrial matrix due to their lipophilic cationic nature and the negative mitochondrial membrane potential [22,151,234]. Once internalized, they disrupt electron transport chain function, uncouple oxidative phosphorylation, and promote cytochrome c release, thereby activating caspase-dependent apoptotic cascades [22,234,170]. Among gold complexes, NHC–Au(I) conjugates (e.g., oleanolic acid–Au), phosphine-based cyclic Au(I) trimers/tetramers, isoquinoline–Au(III) derivatives, and dinuclear orthometallated Au(I/III) systems have demonstrated in vivo efficacy in murine tumor models. In contrast, many Schiff base–Au(III) and simple phosphine–Au(I) complexes have only been evaluated in vitro. Such induces endoplasmic reticulum (ER) stress by inhibiting thioredoxin reductase (TrxR)—a selenocysteine-containing enzyme overexpressed in many cancers, leading to unfolded protein response (UPR) activation and non-canonical cell death pathways [22,150,168].
Furthermore, several metallodrugs exhibit anti-angiogenic properties. By suppressing the expression or signaling of vascular endothelial growth factor (VEGF), compounds such as certain platinum and gold derivatives can inhibit neovascularization, thereby limiting tumor growth and metastasis [36]. For example, a human serum albumin–conjugated Pt(II) complex (HSA-Pt-28) was shown to block the HIF-1α/VEGF axis in the tumor microenvironment, significantly reducing tumor vascularization in vivo [96].
An emerging mechanism involves immunogenic cell death (ICD), wherein metallodrugs trigger the exposure of damage-associated molecular patterns (DAMPs)—such as calreticulin on the cell surface and ATP release—that recruit dendritic cells and activate antitumor immunity [105,108]. This immunomodulatory capacity positions certain metallodrugs not only as cytotoxic agents but also as potential adjuvants for combination with checkpoint inhibitors.
Finally, the ligand environment surrounding the metal center plays a decisive role in modulating the mechanism and selectivity. Ligands can be engineered to enhance tumor targeting (e.g., via folate or peptide conjugation), enable photoactivation (as in Ru- or Ir-based PDT agents like TLD1433) [120], or facilitate prodrug activation under tumor-specific conditions (e.g., hypoxia-mediated reduction of Ru(III) to Ru(II)) [40,46]. This tunability underpins the versatility of metallodrugs and enables rational design strategies that transcend the limitations of classical chemotherapy. HSA-Pt-28, for example, overcomes cisplatin’s nephrotoxicity via albumin-mediated tumor targeting, while KP1339 circumvents resistance by exploiting transferrin uptake in iron-hungry tumors. Casiopeínas® induce ROS-mediated apoptosis independent of p53 status, and TLD1433 enables spatially controlled photodynamic killing, avoiding systemic toxicity of conventional chemotherapy.
In summary, the anticancer activity of metal complexes is rarely attributable to a single mechanism; rather, it emerges from a network of interconnected pathways that collectively overwhelm the adaptive capacity of malignant cells. This polypharmacological profile not only enhances therapeutic potency but also provides a robust framework for overcoming drug resistance—a persistent challenge in oncology.
4.2. Platinum-Based Complexes: Evolution and In Vivo Advances
Platinum-based coordination compounds represent the most clinically validated class of metallodrugs in oncology, with cisplatin, carboplatin, and oxaliplatin forming the backbone of chemotherapy regimens for a wide spectrum of solid tumors, including testicular, ovarian, colorectal, and non–non-small-cell lung carcinomas [34,55]. The serendipitous discovery of cisplatin’s antiproliferative activity by Rosenberg in 1965 [50] marked a paradigm shift in cancer therapeutics, establishing DNA as a viable pharmacological target and catalyzing decades of innovation in bioinorganic medicinal chemistry. Despite their therapeutic efficacy, first-generation platinum agents are plagued by severe dose-limiting toxicities—particularly nephrotoxicity, neurotoxicity, and ototoxicity—as well as intrinsic or acquired resistance mechanisms that substantially compromise long-term clinical outcomes [34,56]. These limitations have driven the rational design of next-generation Pt(II) and Pt(IV) complexes with improved pharmacokinetic profiles, enhanced tumor selectivity, and the capacity to circumvent classical resistance pathways.
Second-generation analogs, such as carboplatin and oxaliplatin, were developed to mitigate cisplatin-associated adverse effects through strategic ligand substitution. Carboplatin replaces the labile chloride ligands with a chelating cyclobutane-1,1-dicarboxylate group, resulting in slower aquation kinetics, reduced reactivity with renal nucleophiles, and a markedly improved safety profile—albeit with modestly diminished potency [58–60]. Oxaliplatin, featuring a bulky (1R,2R)-diaminocyclohexane (DACH) carrier ligand, exhibits unique activity in cisplatin-resistant models and is the cornerstone of treatment for metastatic colorectal cancer, largely due to its ability to form bulkier DNA adducts that evade nucleotide excision repair [34,61,62]. Nedaplatin, another second-generation derivative bearing a glycolate leaving group, demonstrates comparable efficacy to carboplatin with further reductions in hematological and renal toxicity [63,64].  Carboplatin shows ~50–70% lower nephrotoxicity than cisplatin in ovarian and lung cancer patients, with comparable response rates (e.g., 60–70% in ovarian cancer). Nedaplatin demonstrates a 30–40% reduction in severe renal toxicity versus cisplatin in head and neck or testicular cancer trials, while maintaining similar tumor response rates (≈55–65%). These improvements were observed in randomized Phase II/III trials involving hundreds of patients, where carboplatin and nedaplatin allowed higher cumulative dosing with fewer dose-limiting toxicities.
Third-generation agents, including lobaplatin and heptaplatin, aim to further refine therapeutic indices. Lobaplatin, bearing a lactic acid leaving group and a 1,2-bis(aminomethyl)cyclobutane chelator, exhibits antitumor activity against small-cell lung cancer and demonstrates modulation of c-myc oncogene expression [65,66]. Heptaplatin combines enhanced aqueous stability with activity in cisplatin-resistant cell lines, underscoring the continued viability of structural optimization within the Pt(II) scaffold [56,65].
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Figure 1: Clinically approved platinum anti-cancer drugs.
Beyond incremental ligand modifications, recent years have witnessed the emergence of structurally innovative Pt(II) complexes designed to engage non-canonical mechanisms of action while retaining potent in vivo efficacy. Notably, quinoline–coumarin hybrid ligands have been employed to enhance cellular uptake and mitochondrial targeting. Qin et al. reported a series of organoplatinum(II) complexes exhibiting nanomolar cytotoxicity against cisplatin-resistant A549/DDP lung adenocarcinoma and HeLa cervical carcinoma cells, with minimal effects on noncancerous HL-7702 hepatocytes (IC₅₀ > 150 μM) [71]. The lead compound, Pt-1, induced mitochondrial membrane depolarization and caspase-dependent apoptosis, and at a dose of 2.0 mg/kg (administered every 2 days), inhibited HeLa xenograft growth in nude mice by 42.7%—outperforming equimolar cisplatin without inducing significant weight loss or organ toxicity [71].
Similarly, Ruiz et al. developed a hydroxyquinoline-based Pt(II) complex, [PtCl(8-O-quinoline)(DMSO)] (Pt-2), which demonstrated superior cytotoxicity over cisplatin in human osteosarcoma (MG-63) 3D multicellular spheroids—a model that better recapitulates tumor microarchitecture and drug penetration barriers [72]. In vivo, Pt-2 reduced tumor volume to 989 ± 68 mm³ in a murine xenograft model without perturbing hepatic or renal function, and its mechanism was linked to robust ROS generation and G2/M cell cycle arrest [72].
Further innovation is exemplified by Pt(II) complexes incorporating jatrorrhizine, a natural isoquinoline alkaloid with inherent bioactivity. Qin et al. synthesized luminescent Pt(II) derivatives of jatrorrhizine, with Pt-4 displaying exceptional selectivity for HeLa cells (IC₅₀ = 1.00 ± 0.17 nM) versus normal HL-7702 cells (IC₅₀ > 150 μM) [74]. Pt-4 arrested the cell cycle at G1 phase, induced mitochondrial and nuclear DNA damage, and potently inhibited telomerase activity. In nude mice bearing HeLa xenografts, Pt-4 achieved a 48.8% tumor inhibition rate—surpassing cisplatin (35.2%)—highlighting the therapeutic promise of natural product–metal hybrids [74].
More recently, Zhang et al. engineered HSA-Pt-28, a human serum albumin (HSA)-conjugated Pt(II) complex that leverages the enhanced permeability and retention (EPR) effect for tumor-selective delivery [96]. This construct exhibited low cytotoxicity against normal WI-38 fibroblasts (IC₅₀ = 43.17 μM) but potent activity against SK-N-MC neuroepithelioma and HCT116 colorectal carcinoma cells. In vivo, HSA-Pt-28 produced a 1.3-fold greater tumor growth inhibition than its unconjugated counterpart in SK-N-MC xenografts. Mechanistically, it activated the ROS-mediated mitochondrial apoptotic pathway and suppressed tumor angiogenesis by inhibiting the HIF-1α/VEGF axis within the tumor microenvironment—demonstrating a rare dual cytotoxic and anti-angiogenic profile [96]. Consider Table 1 below

Table 1: Examples of the Anti-Cancer Activity of Platinum (II) Compounds.
	Structure of platinum (II) compounds
	In vitro activity
	In vivo activity
	Mechanism of action

	Qin et al. 2019[71]

	Organoplatinum (II) compounds demonstrated apoptosis in A549/DDP and HeLa cells.

	Inhibited the growth of HeLa xenograft in mice at 2.0 mg/kg per 2 days.
	Apoptosis induction via the mitochondrial-dependent pathway.

	
[image: ]  Ruiz et al. 2019[72]
	Quinoline-platinum complexes exhibited cytotoxic death in cisplatin-resistant human osteosarcoma cell MG-63.
	Inhibited the growth of human osteosarcoma xenografted tumor in mice.
	Induced production of ROS and apoptosis induction.

	




Qin et al. 2019[74] 
	The jatrorrhizine Pt(II) complex Pt-4 revealed better selectivity for HeLa cells.

	Inhibited the growth of HeLa tumor-xenograft in male nude mice (pathogen-free BALB/C) more efficiently than cisplatin.
	Pt-4 induced apoptosis included inhibition of telomerase, mitochondrial disruption, damage of DNA, and arrested cell cycle in G1phase.
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Zhang et al. 2023[96]
	The HSA-Pt-28 displayed the best anti-cancer activities against SK-N-MC, HCT116, and Ketr-3 with the IC50 values of 0.58, 1.38, and 1.52 μM, respectively, but exhibited low cytotoxic activity against normal cells (WI-38) IC50 of 43.17 μM.
	Administration of HSA-Pt-28 in a tumor model of SK-N-MC xenograft displayed a 1.3 times higher inhibition rate in vivo than Pt-28.
	Apoptosis induction through the activation of the ROS-facilitated mitochondrial apoptotic path prevented tumor angiogenesis in the TME by blocking the HIF-1α/VEGF signaling pathway.




Collectively, these advances illustrate a strategic evolution in platinum drug design: from purely DNA-damaging agents to multifunctional therapeutics capable of targeting mitochondria, modulating redox homeostasis, inhibiting angiogenesis, and overcoming resistance. Critically, the inclusion of rigorous in vivo validation—spanning xenograft models, toxicity profiling, and mechanistic corroboration—ensures translational relevance. As the field progresses, the integration of biomolecule conjugation, natural product pharmacophores, and tumor-microenvironment-responsive design will likely yield platinum complexes with enhanced therapeutic windows and broader clinical applicability.

4.3. Ruthenium Complexes: The Leading Non-Platinum Alternative
Ruthenium-based metallodrugs have emerged as the most advanced non-platinum candidates in anticancer drug development, distinguished by their unique biochemical behavior, favorable toxicity profiles, and demonstrated efficacy in preclinical and early clinical trials [40,41,45]. Ruthenium is considered the most advanced non-platinum metallodrug due to its favorable toxicity profile, tumor-selective activation via reduction in hypoxic environments, ability to mimic iron for targeted uptake, and the clinical progression of multiple agents (NAMI-A, KP1339, TLD1433) through Phase I/II trials, demonstrating both safety and mechanistic novelty. Their therapeutic promise stems largely from three interrelated properties: (i) activation-by-reduction in the hypoxic tumor microenvironment, (ii) mimicry of iron to hijack endogenous metal transport systems, and (iii) reduced systemic toxicity compared to platinum agents—collectively enabling selective tumor accumulation and reduced off-target damage [40,46,117].
Under physiological conditions, ruthenium exists predominantly in two oxidation states: Ru(III) (d⁵, paramagnetic) and Ru(II) (d⁶, diamagnetic). Ru(III) complexes function as prodrugs, remaining relatively inert in the normoxic bloodstream but undergoing reductive activation to more reactive Ru(II) species in the hypoxic and reducing milieu of solid tumors [40,46]. This redox-selective activation confers tumor specificity and minimizes collateral damage to healthy tissues. Furthermore, due to its similar ionic radius and charge density to Fe(III), Ru(III) can exploit transferrin- and ferritin-mediated uptake pathways, facilitating preferential accumulation in malignant cells that exhibit elevated iron demand [40,117]. These attributes underpin the significantly lower nephro-, neuro-, and myelotoxicity observed with ruthenium agents compared to cisplatin [41,45].
Three ruthenium complexes have progressed to human trials, underscoring their translational viability (Figure 2). NAMI-A ([ImH][trans-RuCl₄(DMSO)(Im)], Im = imidazole) demonstrated potent anti-metastatic activity with minimal cytotoxicity, distinguishing it from conventional DNA-damaging agents [43,45]. Although it showed limited efficacy against primary tumors, its ability to inhibit invasion and angiogenesis validated ruthenium’s capacity for non-cytotoxic anticancer mechanisms [117]. In contrast, KP1019 (trans-RuCl₄(Ind)₂, Ind = indazole) and its water-soluble sodium salt KP1339 (NKP-1339) exhibited direct antiproliferative activity, particularly in cisplatin-resistant and colorectal cancer models, and completed Phase I trials with manageable toxicity [44,45,119]. Most recently, TLD1433, a Ru(II) polypyridyl photosensitizer, entered Phase Ib/IIa trials for intravesical photodynamic therapy (PDT) of non-muscle-invasive bladder cancer. Upon visible light irradiation, TLD1433 generates cytotoxic singlet oxygen, achieving tumor-selective ablation with high biocompatibility [120].
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Figure 2: Ruthenium-based anti-cancer drugs under clinical trial
Beyond clinical-stage agents, numerous Ru complexes have demonstrated compelling in vivo efficacy between 2017 and 2023. Benzimidazole-based Ru(III) complexes, such as [RuCl(AMBI)(H₂O)₃]Cl₂ (Ru-1), exhibited potent activity against HCT-116 colon carcinoma (IC₅₀ = 18.08 μg/mL) and MCF-7 breast cancer cells, with in vivo suppression of Ehrlich ascites carcinoma (EAC) in mice and minimal renal toxicity [129]. Similarly, Ru-3, a Ru(III)-DMSO complex with a 2-aminophenylbenzimidazole ligand, induced apoptosis in EAC-bearing mice via upregulation of Bax and caspase-3, downregulation of Bcl-2, and enhancement of antioxidant enzymes like superoxide dismutase (SOD), indicating modulation of oxidative stress [130].
Coumarin-functionalized Ru(II) complexes have also shown promise. Ru-4, bearing a 7-fluoro-3-(2′-benzimidazolyl)coumarin ligand, displayed exceptional cytotoxicity against NCI-H460 lung cancer cells (IC₅₀ = 0.30 ± 0.02 μM) and achieved a 61% tumor inhibition rate in xenograft models—far exceeding cisplatin (25%)—through DNA damage, S-phase protein downregulation, and telomerase inhibition [42].
CO-releasing molecules (CO-RMs) represent a novel therapeutic strategy, leveraging carbon monoxide’s anti-inflammatory and antiproliferative effects. Ru-based CO-RMs have demonstrated in vivo efficacy in murine models of lung adenocarcinoma and leukemia, and in vivo studies also show they mitigate cisplatin-induced nephrotoxicity, highlighting their dual therapeutic and protective roles [131]. Additionally, acylthiourea Ru(II)-p-cymene derivatives enhanced cellular uptake via hydrophobic interactions and demonstrated in vivo tumor suppression in EAC models with low systemic toxicity [137]. N-heterocyclic carbene (NHC) Ru complexes, known for their stability and tunable electronics, have also exhibited potent activity; for instance, Ru-Fc, a Ru-ferrocene bimetallic agent, suppressed intersegmental vessel formation in zebrafish embryos and induced necroptotic cell death via ROS, mitochondrial dysfunction, and ER stress [145].



Table 2: Examples of Anti-Cancer Activity of Ruthenium Compounds
	Structure of ruthenium compounds
	In vitro activity
	In vivo activity
	Mechanism of action

	[image: ]
Sahyon et al. 2018[124]
	The Ru(III) complex Ru-1 exhibited excellent anti-cancer activity against HCT-116 cells that was almost as strong as cisplatin.
	Reduced the growth of EAC-bearing female mice with minimal toxicity to the kidney.
	Lower DNA replication of cancer cells owing to their DNA interaction. The accumulation in G2/M indicated that Ru-1 interacts with DNA, preventing cancer cells from entering a new cell cycle.
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Elsayed et al. 2020[130]
	Cytotoxic against many human cancer cell lines, like MCF7, Caco2.
	In the EAC mouse model, cancer cell proliferation in the liver is induced by the induction of apoptosis. Enhancement of Bax and Caspase 3 levels and reduction of Bcl2 in the liver of treated EAC mice and vice versa.
	Treatment with Ru(III) compound induced apoptosis and arrested the cell cycle in the G2/M phase.
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Manikandan et al. 2022[145]
	Exhibited excellent anti-cancer activity against the A2780 cell lines.
	Ru-Fc was found to suppress the formation of SIVP in zebrafish embryos.
	The Ru-Fc is attached to nucleophilic biomolecules and produces ROS, causing mitochondrial dysfunction as well as inducing ER stress, resulting in poly (ADP-ribose) polymerase facilitated necroptotic cell death.
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Qin et al. 2019[42]
	
Exhibited apoptosis in NCI-H460 cells.

	
Reduced the growth of the NCI-H460 xenografted tumor in a mouse model.

	
Induction of apoptosis via inhibition of telomerase, damage of DNA, cell-cycle distribution, and downregulation of S-phase proteins.





Unlike platinum drugs, ruthenium complexes often operate through non-genotoxic pathways (Table 2). Many induce endoplasmic reticulum (ER) stress, triggering the unfolded protein response and caspase-12–mediated apoptosis [145]. Others inhibit metastasis by suppressing matrix metalloproteinases (MMPs) and cell adhesion molecules, as seen with NAMI-A [117]. Anti-angiogenic effects—mediated through inhibition of VEGF signaling and endothelial cell proliferation—further distinguish Ru agents as multimodal therapeutics [41,125]. These diverse mechanisms not only enhance efficacy but also circumvent classical resistance pathways, positioning ruthenium complexes as versatile platforms for next-generation metallodrugs.
4.4. Gold Complexes: From Arthritis to Oncology
Gold-based metallodrugs, historically employed in the treatment of rheumatoid arthritis (e.g., auranofin), have experienced a renaissance in oncology due to their potent and selective cytotoxicity against a broad spectrum of cancer cells, including those resistant to platinum-based chemotherapy [149,150]. Gold exhibits two principal oxidation states relevant to medicinal chemistry: Au(I) and Au(III). While Au(III) is isoelectronic with Pt(II) and typically adopts square-planar geometry, it is prone to reduction under physiological conditions, limiting its stability in vivo [151]. Strategies to enhance stability include chelating CN or NN ligands, cyclometalation, and incorporation of electron-donating or sterically bulky groups that kinetically stabilize the Au(III) center against reduction. In contrast, Au(I) complexes—often linear, two-coordinate species stabilized by soft ligands such as phosphines or N-heterocyclic carbenes (NHCs)—display greater kinetic inertness and favorable pharmacokinetic profiles, making them more amenable to biological applications [22,151,159]. The divergent behavior of Au(I) and Au(III) complexes stems from their distinct redox stability and ligand exchange kinetics. Au(III) complexes, although highly reactive toward biological nucleophiles, are susceptible to rapid reduction to Au(I) or even metallic Au(0) in the reducing intracellular milieu, complicating mechanistic interpretation and limiting bioavailability [151,174]. Au(I) complexes, by contrast, resist reduction and preferentially target sulfur-rich biomolecules, particularly thiol- and selenol-containing proteins, thereby disrupting redox homeostasis—a hallmark exploited in their anticancer activity [22,150,168].
A primary molecular target of gold complexes is thioredoxin reductase (TrxR), a selenocysteine-dependent enzyme overexpressed in many cancers and essential for maintaining cellular redox balance, DNA synthesis, and apoptosis regulation [22,150,168]. Inhibition of TrxR by Au(I) complexes triggers accumulation of reactive oxygen species (ROS), endoplasmic reticulum (ER) stress, and intrinsic apoptosis [22,170]. Additionally, several gold complexes selectively accumulate in mitochondria due to their lipophilic cationic character, where they disrupt electron transport, depolarize the mitochondrial membrane, and induce cytochrome c release, further amplifying apoptotic signaling [170,177].
Recent years have seen the emergence of in vivo-active gold complexes with refined architectures. Phosphine–Au(I) derivatives, such as cyclic trimers and tetramers containing P–Au–P motifs, demonstrated significant tumor growth inhibition in murine melanoma and prostate cancer models with minimal systemic toxicity [155,167]. NHC–Au(I) complexes, prized for their tunable sterics and electronics, exhibited nanomolar cytotoxicity and robust in vivo efficacy; for example, an oleanolic acid–conjugated NHC–Au(I) complex suppressed ovarian tumor xenografts by inhibiting TrxR and activating ROS-mediated ER stress [161,170].
Hybrid gold–natural product conjugates represent another promising strategy. Gold(III) complexes bearing isoquinoline alkaloid ligands showed potent activity against cisplatin-resistant A549/DDP lung cancer cells and reduced tumor burden in nude mice without weight loss, highlighting their potential in resistant malignancies [174]. Dinuclear Au(I)/Au(III) systems, featuring orthometallated triphenylphosphine sulfide ligands, demonstrated enhanced cellular uptake and ROS-dependent cytotoxicity, achieving significant tumor regression in 4T1 murine breast cancer models [175,176].
Despite their promise, the clinical translation of gold complexes faces significant hurdles. Speciation—the transformation of the administered complex into multiple metabolites in biological media—complicates pharmacokinetic and mechanistic studies [151,178]. Ligand lability, particularly in Au(III) systems, can lead to premature decomposition or nonspecific binding, reducing target selectivity [151]. Moreover, the potential for off-target interactions with serum proteins and glutathione necessitates careful ligand design to balance stability and reactivity [157,162]. Gold complexes represent a versatile and mechanistically distinct class of metallodrugs with validated in vivo efficacy. Strategic ligand engineering—particularly through NHCs, natural product hybrids, and multinuclear architectures—offers a path toward overcoming stability and selectivity challenges, positioning gold as a compelling candidate for next-generation anticancer therapy.

4.5. Copper Complexes: Leveraging Endogenous Metal Biology
6.1. Copper in Cancer Biology: Angiogenesis and Redox Signaling
Copper is an essential trace element that serves as a cofactor for critical enzymes involved in mitochondrial respiration (cytochrome c oxidase), antioxidant defense (superoxide dismutase), and extracellular matrix remodeling (lysyl oxidase) [179,180]. In cancer, copper levels are frequently elevated in serum and tumor tissues, where it plays a pivotal role in angiogenesis—primarily through upregulation of vascular endothelial growth factor (VEGF)—and redox signaling that supports proliferation and metastasis [47,48]. This dysregulated copper homeostasis presents a metabolic vulnerability exploitable for therapeutic intervention.
6.2. Design Principles: Exploiting Elevated Tumor Copper Demand
Rational design of copper-based anticancer agents capitalizes on the heightened copper avidity of malignant cells. By coordinating redox-active Cu(I/II) centers with bioactive ligands—such as thiosemicarbazones (TSCs), Schiff bases, or phenanthrolines—researchers engineer complexes that undergo intracellular redox cycling, generating cytotoxic reactive oxygen species (ROS) while simultaneously disrupting copper-dependent pathways [47,181]. These complexes often exhibit selective uptake via copper transporters (e.g., CTR1), enhancing tumor specificity.
6.3. Notable In Vivo–Active Cu Complexes
The Casiopeínas® family represents the most advanced copper-based metallodrugs, with Casiopeína II-gly and III having entered clinical trials for cervical, breast, and head/neck cancers [275–277]. These [Cu(II)(N–N)(Gly)]⁺ complexes (N–N = diimine; Gly = glycine) induce DNA cleavage, ROS accumulation, and mitochondrial dysfunction. Beyond Casiopeínas®, thiosemicarbazone-derived Cu complexes (e.g., Cu-5) demonstrate exceptional potency—up to 3,480-fold greater than cisplatin in pancreatic (BxPC3, PSN1) and colon (HCT-15) cancer cells—and achieve 75% tumor mass reduction in HCT-15 xenografts without body weight loss [181]. Schiff base Cu(II) complexes also exhibit strong in vivo efficacy in 3D spheroid and murine models, with mechanisms involving proteasome inhibition and lysosomal membrane permeabilization [278].
6.4. Theranostic Potential
Copper’s favorable nuclear properties (e.g., ⁶⁴Cu for positron emission tomography) and the intrinsic luminescence of certain Cu(I) complexes enable theranostic applications. Luminescent Cu-phenanthroline derivatives allow real-time tracking of cellular uptake and subcellular localization, while ⁶⁴Cu-labeled complexes facilitate non-invasive PET imaging of tumor biodistribution—integrating diagnosis, treatment monitoring, and therapy within a single agent [181].
4.6. Iridium and Osmium: Emerging Third-Row Transition Metals
Iridium (Ir) and osmium (Os)—third-row transition metals in the platinum group—have garnered increasing attention in medicinal inorganic chemistry due to their distinct redox behavior, rich photophysics, and unique mechanisms of anticancer action that often circumvent platinum-associated resistance [49,234,258]. Unlike first- and second-row congeners, Ir and Os exhibit higher ligand field stabilization energies, slower ligand exchange kinetics, and access to multiple oxidation states under physiological conditions, enabling fine-tuned modulation of reactivity, stability, and subcellular targeting [49,235,260].
7.1. Distinct Redox Behavior and Photophysical Properties
Both Ir(III) and Os(II/VI) complexes display strong spin–orbit coupling, facilitating efficient intersystem crossing and long-lived triplet excited states. These properties underpin their utility in photodynamic therapy (PDT) and luminescent cellular imaging [234,238,263]. Moreover, their resistance to hydrolysis and redox-triggered activation in the tumor microenvironment enhances in vivo stability and selectivity. Importantly, neither Ir nor Os exhibits cross-resistance with cisplatin, making them particularly valuable for treating refractory malignancies [17,264].
7.2. Iridium Complexes
Iridium(III) complexes predominantly localize to mitochondria due to their lipophilic cationic nature and the negative mitochondrial membrane potential. Once internalized, they disrupt oxidative phosphorylation, induce mitochondrial membrane depolarization, and trigger caspase-dependent apoptosis [234,238]. Notably, certain cyclometalated Ir(III) complexes induce ferroptosis, an iron-dependent, non-apoptotic form of regulated cell death characterized by lethal lipid peroxidation, primarily by depleting intracellular glutathione (GSH) and inactivating glutathione peroxidase 4 (GPX4) [236]. However, the redox activity of these complexes also raises important stability considerations. In the oxidizing milieu of the tumor microenvironment or under elevated reactive oxygen species (ROS) conditions, Ir(III) centers may undergo uncontrolled oxidation to Ir(IV), potentially altering their reactivity, ligand integrity, and biological activity. Unlike more robust Ru(II/III) or Os(II/VI) systems, Ir(III) complexes can exhibit variable stability depending on ligand framework, with cyclometalating ligands generally enhancing kinetic inertness but not fully preventing oxidative degradation. Such redox-driven speciation may lead to premature decomposition, reduced target specificity, or generation of off-pathway metabolites, thereby complicating structure–activity interpretations. Although the ferroptosis-inducing activity of these complexes is well-documented in cellular models, few studies address their behavior under physiologically relevant oxidative stress or in vivo redox conditions. Future work should include stability assays in oxidizing environments (H₂O₂ exposure or GSH/GSSG buffers) and speciation analysis in tumor tissues to confirm that the administered Ir(III) complex, not an oxidized derivative, mediates the observed biological effects. Understanding these redox dynamics is crucial for the rational design of Ir-based agents with predictable mechanisms and improved translational potential.
A major advance lies in their application as photoactivated anticancer agents. For instance, the coumarin-functionalized, cyclometalated Ir(III) complex Ir-10 remains inert in the dark toward normal cells but, upon visible-light irradiation, generates cytotoxic singlet oxygen and exhibits potent activity against sorafenib- and cisplatin-resistant cancer cells, with excellent in vivo biocompatibility and tumor-selective ablation [238]. This dual functionality—combining imaging, therapy, and external spatiotemporal control—exemplifies the theranostic potential of Ir complexes.
7.3. Osmium Complexes
Osmium complexes have been less explored but demonstrate remarkable biological profiles. The Os(VI) nitrido core ([Os≡N]³⁺) is a stable, linear motif with high electrophilicity, enabling covalent DNA binding and intercalation [263,265]. Complexes such as Os-1 and Os-2—bearing phenanthroline or terpyridine ligands—show potent in vitro cytotoxicity against glioblastoma. In intracranial xenograft models, Os-2 significantly extended median survival (27 days vs. 21 days for Os-1 and 18 days for control), underscoring the critical influence of ligand architecture on in vivo efficacy, despite Os-1 being more potent in vitro [263].
Cyclometalated Os(II) systems (e.g., Os-3, Os-4) feature enhanced lipophilicity and cellular uptake. These complexes activate the endoplasmic reticulum (ER) stress pathway, leading to phosphorylation of eukaryotic initiation factor 2α (eIF2α) and inhibition of protein synthesis. Crucially, their activity is unaffected by TP53 mutation status—a common resistance mechanism in cancer—and they remain effective in cisplatin-resistant models [264]. Furthermore, osmium substitution reduces susceptibility to efflux by ATP-binding cassette transporters (e.g., ABCB1), enhancing intracellular retention [264].
The Os(VI) Schiff base complex Os-5 exhibits broad-spectrum activity (IC₅₀ = 2.8–8.4 µM across HeLa, A549, HepG2, and others) and retains potency against cisplatin-resistant A549/DDP cells (IC₅₀ = 13.8 µM). In vivo, Os-5 achieved a 48.9% tumor inhibition rate in HepG2 xenografts—comparable to cisplatin (56.8%)—without causing weight loss or systemic toxicity [265].
7.4. Comparative In Vivo Survival and Tumor Inhibition Data
Direct in vivo comparisons are limited but revealing. In murine 3LL lung cancer models, Os-3 and Os-4 outperformed their Ru analogs in tumor growth suppression, attributed to enhanced eIF2α phosphorylation and evasion of efflux pumps [264]. In CT26 colon carcinoma–bearing BALB/c mice, Os-9-PDT reduced tumor volume by 4.67-fold versus control, with no observable toxicity, highlighting the efficacy of osmium-based phototherapeutics [265]. While no Ir or Os complex has yet entered clinical trials, their consistent in vivo efficacy, multimodal mechanisms (mitochondrial disruption, ER stress, ferroptosis, PDT), and activity in genetically complex or resistant tumors position them as compelling candidates for next-generation metallodrugs.

4.7. Critical Analysis and Comparative Assessment
Recent in vivo studies (2017–2023) reveal marked differences in therapeutic profiles across metal classes. Platinum complexes such as Pt-4 (jatrorrhizine-based) and HSA-Pt-28 achieved tumor inhibition rates of 48.8% and ~60%, respectively, in HeLa and SK-N-MC xenografts, outperforming cisplatin while sparing renal and hepatic function [74,96]. Ruthenium complexes like Ru-4 (coumarin-benzimidazole) demonstrated 61% inhibition in NCI-H460 lung tumors—more than double cisplatin’s effect—without systemic toxicity [42]. Gold(III) analogs and Casiopeína III showed 48–75% tumor mass reduction in resistant models, notably with negligible weight loss [174,275–277]. Osmium nitrido complex Os-5 matched cisplatin’s efficacy (48.9% vs. 56.8%) in HepG2 xenografts but with lower toxicity [265], while Os-2 extended median survival to 27 days in orthotopic glioblastoma models versus 18 days for controls [263]. Iridium PDT agent Ir-10 and Os-9-PDT exhibited tumor volume reductions by >4.5-fold in phototherapeutic settings, highlighting the advantage of spatiotemporal control [238,265].
Efficacy correlates strongly with ligand architecture and metal redox state. Electron-donating or extended π-systems-such as coumarin, quinoline, and benzimidazole, enhance DNA intercalation and cellular uptake, thereby improving cytotoxic potency. However, the biological performance of metallodrugs is not solely determined by their initial structure; it is profoundly influenced by dynamic interactions with the tumor microenvironment. Subtle changes in pH, redox potential, or biomolecule abundance can significantly perturb the speciation of metal complexes. For instance, the mildly acidic extracellular pH of tumors may accelerate ligand hydrolysis in Pt(IV) or Ru(III) prodrugs, triggering premature activation. Conversely, the highly reducing intracellular milieu (elevated glutathione, ascorbate) can reduce Au(III) to Au(I) or Ru(III) to Ru(II), altering target selectivity and mechanism of action. Moreover, abundant serum proteins (e.g., albumin, transferrin) or metallothioneins can sequester metal centers or displace labile ligands, leading to off-target effects or deactivation. These transformations often result in multiple coexisting species in vivo, only some of which may be therapeutically active. As such, apparent structure–activity relationships derived from in vitro assays under controlled buffer conditions may poorly reflect in vivo behavior. Future design strategies must therefore incorporate stability profiling under physiologically relevant conditions across gradients of pH, redox potential, and protein concentration to ensure that the administered complex, or a predictable metabolite, reaches its intended target in an active form.
Cyclometalation in Ir(III) and Os(II) improves lipophilicity and mitochondrial targeting, while N-heterocyclic carbene (NHC) ligands in Au(I) and Ru(II) complexes confer stability and TrxR inhibition. Notably, subtle changes—such as fluorination in Ru-4 or alkyl chain length in Pt-4—dramatically alter selectivity and potency, underscoring the sensitivity of SAR to minor structural perturbations [42,74].
Despite promising murine data, few metallodrugs advance due to poor scalability, undefined mechanisms, and inadequate ADME (absorption, distribution, metabolism, excretion) profiling. Many complexes decompose in serum or undergo uncontrolled speciation, rendering in vitro–in vivo correlations unreliable [151,178].
Critical gaps persist in understanding metal complex metabolism. Few studies report tissue distribution, clearance kinetics, or active metabolite identification. Without radiolabeling (e.g., ⁶⁴Cu-PET) or mass spectrometry–based tracking, biodistribution remains inferred, hindering rational optimization for human use.

4.8. Future Perspectives and Translational Roadmap
The translational potential of metallodrugs remains hampered by inconsistent in vivo methodologies. Variability in animal models (e.g., immunocompromised vs. immunocompetent, orthotopic vs. subcutaneous), dosing regimens, administration routes, and endpoint definitions (tumor volume vs. survival vs. metastasis burden) impedes cross-study comparisons and reliable SAR extrapolation. Community-wide adoption of standardized preclinical protocols—aligned with FDA/EMA guidance—will enhance reproducibility and predictive validity.
9.2. Rational Design: Targeting, Stimuli-Responsiveness, and Combination Therapy
Next-generation metallodrugs must integrate rational design principles to improve selectivity and efficacy. Tumor-targeting strategies include conjugation to ligands (e.g., folate, peptides) or biomacromolecules (e.g., albumin, antibodies) that exploit overexpressed receptors or the enhanced permeability and retention (EPR) effect. Stimuli-responsive systems—activated by tumor-specific cues such as hypoxia (Ru(III)→Ru(II)), light (Ir/Os-PDT), or elevated ROS (Cu complexes)—offer spatiotemporal control. Furthermore, synergistic combinations with immunotherapy, PARP inhibitors, or conventional chemotherapeutics may overcome resistance and amplify immunogenic cell death.
Artificial intelligence and machine learning (AI/ML) can accelerate metallodrug discovery by predicting ADMET properties, redox stability, and target engagement from structural descriptors. Coupled with high-throughput in vivo platforms—such as zebrafish xenografts, patient-derived organoids, or murine avatar models—these tools enable rapid triage of lead candidates beyond simplistic in vitro cytotoxicity.
Advancing metallodrugs into humans demands robust IND-enabling packages: comprehensive pharmacokinetics, tissue biodistribution, metabolite identification, genotoxicity, and repeat-dose toxicology in two species. Crucially, speciation studies must define the active form(s) in vivo. Manufacturing under Good Manufacturing Practice (GMP) and rigorous characterization of metal–ligand stability in physiological matrices are non-negotiable for regulatory approval. Only through such integrated, discipline-bridging efforts can the promise of metallodrugs be fully realized in the clinic.

5. CONCLUSION
The period 2017–2023 has witnessed significant in vivo advances in metal-based anticancer agents beyond platinum. Platinum(II/IV) complexes—functionalized with quinoline, jatrorrhizine, or human serum albumin—demonstrated enhanced tumor selectivity, mitochondrial targeting, and anti-angiogenic activity, often surpassing cisplatin in efficacy while reducing systemic toxicity. Ruthenium complexes, particularly coumarin- and benzimidazole-based derivatives, achieved tumor inhibition rates up to 61% in xenograft models and exhibited unique anti-metastatic and ER stress–inducing properties. Gold(I/III) complexes, especially NHC- and natural product–conjugated systems, effectively inhibited thioredoxin reductase and showed potent activity in resistant models with minimal off-target effects. Copper-based agents, notably Casiopeínas® and thiosemicarbazone derivatives, leveraged endogenous copper biology to induce ROS-mediated apoptosis, with one complex reducing tumor mass by 75% in colon cancer models. Iridium and osmium complexes—though preclinical—displayed compelling multimodal mechanisms, including photodynamic cytotoxicity, ferroptosis induction, and activity in TP53-mutant or cisplatin-resistant settings, with osmium nitrido complexes matching cisplatin’s tumor inhibition while avoiding cross-resistance.
Collectively, these findings reaffirm the therapeutic promise of non-platinum metallodrugs as versatile, mechanism-diverse alternatives capable of addressing key limitations of conventional chemotherapy. However, the persistent gap between in vitro potency and in vivo efficacy underscores a critical need: in vivo validation must be integrated early in the drug discovery pipeline. Robust animal studies—not merely as a final checkpoint but as a guiding tool for rational design—are essential to accelerate the translation of metallodrugs from bench to bedside.
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