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 Metal–ligand complexes play a central role in medicinal chemistry due to their unique 

coordination properties, tunable reactivity, and ability to target specific biomolecules. This 

paper explores the structural design, biological mechanisms, and therapeutic applications 

of metal-based complexes, particularly in the areas of anticancer, antimicrobial, and anti-

inflammatory drug development. Special focus is placed on platinum, ruthenium, copper, 

and gold complexes, as well as bioinorganic principles governing metal–ligand 

interactions. Advances in ligand engineering, including bidentate, polydentate, and 

macrocyclic systems, are discussed in relation to pharmacokinetics and targeted delivery. 

This study underscores the importance of metal coordination chemistry in modern 

therapeutics and provides insights into future research directions. 
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INTRODUCTION 

The role of metal ions in biological systems has long intrigued chemists and pharmacologists. 

Essential trace metals such as zinc, iron, and copper are involved in enzymatic catalysis and cellular 

signaling, while toxic metals can disrupt biological function through redox cycling or covalent 
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bonding [1][2]. Leveraging this dual nature, medicinal chemists have developed metal–ligand 

complexes that exploit the coordination chemistry of metals for therapeutic purposes. 

Platinum-based complexes such as cisplatin have revolutionized cancer therapy, while emerging 

complexes of ruthenium, gold, and gallium are under investigation for treating microbial infections, 

inflammatory disorders, and neurodegenerative diseases [3][4]. Metal–ligand interactions enable 

selective binding to nucleic acids, proteins, and enzymes, offering opportunities for drug design with 

high specificity and potency [5]. 

1. Fundamentals of Metal–Ligand Coordination in Biology 

Metal–ligand coordination chemistry forms the backbone of bioinorganic interactions that govern a 

multitude of biochemical and pharmacological processes. At the molecular level, coordinate covalent 

bonds are formed when a metal ion accepts electron pairs from surrounding ligands—typica l ly 

organic molecules or ions possessing lone pairs on donor atoms such as nitrogen, oxygen, or sulfur. 

These interactions give rise to metal complexes with defined geometries and physicochemica l 

properties that can be tuned for therapeutic activity [6]. 

Central to understanding the stability and reactivity of these complexes is Ligand Field Theory (LFT), 

which builds on Crystal Field Theory (CFT) by incorporating covalent bonding aspects. LFT explains 

how d-orbital splitting, resulting from interactions with surrounding ligands, influences the electronic 

configuration and spectroscopic behavior of transition metal complexes. In biological systems, this 

is particularly important for metalloenzymes, where ligand fields modulate redox potentials and 

reaction pathways critical for catalysis and electron transport. 

The Hard and Soft Acids and Bases (HSAB) principle, introduced by Pearson, further enhances the 

understanding of metal–ligand compatibility in biological contexts. According to HSAB theory, 

“hard” acids (e.g., Al³⁺, Fe³⁺) preferentially bind to “hard” bases (e.g., O²⁻, OH⁻), while “soft” acids 

(e.g., Pt²⁺, Au⁺) favor “soft” bases (e.g., sulfur-, selenium-containing ligands). This concept is crucial 

in medicinal chemistry, as it underlies the selectivity of metal-based drugs for biomolecular targets. 

For example, the preferential binding of platinum(II) to soft donor atoms in guanine residues of DNA 

explains the cytotoxicity of cisplatin [7]. 

Another important factor in coordination chemistry is the chelate effect, which describes the enhanced 

stability of metal complexes formed with multidentate ligands (chelators) compared to those with 

equivalent monodentate ligands. The entropic advantage gained from forming ring structures around 

the metal center results in increased thermodynamic stability, lower dissociation rates, and improved 

bioavailability in physiological media. Chelating agents like EDTA and DTPA are widely used in 

both therapeutic and diagnostic settings, underscoring the clinical relevance of this principle [8]. 

These foundational theories provide a critical framework for understanding how metal–ligand 

complexes function in biological systems and how they can be designed and manipulated for 

medicinal applications. 
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2. Platinum and Ruthenium Complexes in Cancer Therapy 

The discovery of cisplatin, a platinum(II)-based coordination compound, marked a watershed 

moment in the application of metal–ligand complexes in oncology. Approved for clinical use in the 

1970s, cisplatin remains a first-line chemotherapeutic agent for a variety of cancers includ ing 

testicular, ovarian, and bladder cancers. Its mechanism of action involves activation via aquation in 

the intracellular environment, where chloride ligands are replaced by water molecules due to the 

lower intracellular chloride concentration. The activated complex then binds to purine bases 

(primarily guanine) in DNA, forming intrastrand and interstrand crosslinks that distort the DNA helix, 

inhibit replication and transcription, and trigger apoptosis in cancer cells [9]. 

Despite its efficacy, cisplatin suffers from dose-limiting nephrotoxicity, acquired resistance, and 

limited activity against certain tumor types. These limitations have spurred the development of 

second-generation platinum drugs, such as carboplatin and oxaliplatin, which exhibit modified 

coordination environments to enhance pharmacological profiles. Carboplatin contains a bidentate 

cyclobutane-dicarboxylate ligand, which reduces aquation rates and minimizes off-target toxicity. 

Oxaliplatin, characterized by a 1,2-diaminocyclohexane (DACH) carrier ligand and an oxalate 

leaving group, shows greater efficacy against colorectal and cisplatin-resistant tumors due to its 

ability to evade DNA repair pathways [10]. 

Parallel to the success of platinum compounds, ruthenium complexes have emerged as promising 

alternatives due to their unique redox and ligand-exchange properties. Unlike platinum(II), 

ruthenium(III) compounds exhibit prodrug-like behavior, being reduced to their more reactive Ru(II) 

form in the hypoxic and acidic environment of solid tumors. This selective activation minimizes 

systemic toxicity. Ru(II)-arene complexes, such as RAPTA-C and NAMI-A, demonstrate distinct 

modes of action including protein inhibition, antiangiogenic activity, and interference with metastasis 

rather than direct DNA damage. These mechanisms, combined with enhanced cellular uptake and 

lower toxicity profiles, have positioned ruthenium complexes as leading candidates in the 

development of next-generation metallodrugs [11]. 

The evolution from cisplatin to rationally designed platinum and ruthenium complexes illustrates the 

power of coordination chemistry in crafting anticancer agents with improved efficacy, selectivity, 

and safety. 

3. Antimicrobial and Antiviral Metal Complexes 

The rise of multidrug-resistant pathogens has intensified the search for novel antimicrobial and 

antiviral agents. Among the most promising strategies is the development of metal–ligand complexes 

that disrupt microbial functions through unique mechanisms not easily circumvented by conventiona l 

resistance pathways. Copper(II) and silver(I) complexes have long demonstrated potent antimicrob ia l 

activity, primarily through interactions with microbial membranes, proteins, and nucleic acids. 

Cu(II) complexes, for example, exert bactericidal effects by binding to phospholipid head groups and 

permeabilizing cell membranes, thereby inducing leakage of intracellular components. Additiona lly, 
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copper can undergo Fenton-like reactions, generating hydroxyl radicals that damage DNA, proteins, 

and lipids [12]. Similarly, Ag(I) complexes interfere with bacterial respiration by inactivating thiol-

containing enzymes and disrupting DNA replication. These mechanisms are particularly effective 

against both Gram-positive and Gram-negative bacteria, and silver complexes are frequently 

employed in topical wound care and coatings for medical devices due to their broad-spectrum efficacy 

and low resistance rates. 

Gold(I) and gold(III) complexes, most notably auranofin, have shown significant potential beyond 

their traditional anti-arthritic applications. Auranofin inhibits thioredoxin reductase, a key enzyme in 

maintaining intracellular redox homeostasis in pathogens. This inhibition leads to oxidative stress 

and cell death in Mycobacterium tuberculosis and HIV-infected cells, positioning gold complexes as 

promising leads in anti-tuberculosis and anti-HIV therapy [13]. Furthermore, gold-based agents 

exhibit synergy with existing antibiotics, enhancing their efficacy against resistant strains and 

reducing required dosages. 

Another emerging frontier in this field is the use of metal–ligand complexes to inhibit biofilm 

formation, a major challenge in chronic infections and medical device-related infections. Complexes 

of copper, iron, and silver have been shown to prevent microbial adhesion and matrix synthesis, 

effectively disrupting established biofilms. This is often accompanied by metal-induced reactive 

oxygen species (ROS) generation, which compromises biofilm integrity and promotes bacterial 

eradication [14]. 

Antimicrobial and antiviral metal complexes represent a multi-modal strategy to combat infect ious 

diseases. Their ability to target membranes, enzymes, DNA, and oxidative pathways makes them 

powerful tools in the fight against microbial resistance and chronic infections. 

4. Ligand Design and Targeted Delivery Mechanisms 

The efficacy and selectivity of metal-based therapeutics in medicinal chemistry are critica lly 

dependent on the design of the coordinating ligands, which dictate not only the physicochemica l 

properties of the resulting metal complex but also its biological activity, solubility, and target 

specificity. Two major classes of ligands—bidentate and macrocyclic ligands—have garnered 

particular interest for enhancing the selectivity and stability of metal–ligand complexes. 

Bidentate ligands, such as ethylenediamine or 1,10-phenanthroline, can chelate the metal center 

through two donor atoms, forming stable five- or six-membered rings. These structures improve 

kinetic and thermodynamic stability in biological environments, limiting premature ligand 

dissociation. Macrocyclic ligands, including porphyrins, crown ethers, and cyclams, offer even 

greater stability due to the macrocyclic effect, which results from preorganized donor atoms and 

constrained geometry. These ligands are often used to stabilize reactive metal centers and enhance 

bioavailability by reducing hydrolysis or exchange with endogenous biomolecules [15]. 

To improve pharmacokinetics, solubility, and targeted delivery, modern coordination compounds 

often incorporate bioconjugation strategies. PEGylation, the attachment of polyethylene glycol 
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chains, increases hydrophilicity, reduces immunogenicity, and prolongs circulation half-life by 

evading renal clearance and opsonization. Meanwhile, liposomal encapsulation offers a means of 

packaging hydrophobic or reactive complexes within biocompatible vesicles, facilitating enhanced 

permeability and retention (EPR) in tumors. Prodrug strategies have also been employed, wherein 

metal complexes remain inert in circulation but are activated by intracellular conditions (e.g., low 

pH, high glutathione concentration), improving site-specific drug release and reducing systemic 

toxicity [16]. 

Metal–ligand complexes are being increasingly engineered to function as enzyme inhibitors or redox 

modulators, exploiting the unique electronic properties of transition metals. For example, gold and 

copper complexes have been designed to inhibit thiol-dependent enzymes such as thioredoxin 

reductase and glutathione reductase, which are overexpressed in cancer cells. These complexes often 

function via ligand-assisted binding or irreversible oxidation of active site cysteines, inducing 

oxidative stress and cell death. In other systems, redox-active metals like iron and ruthenium 

participate in catalytic cycles that generate ROS or interfere with mitochondrial respiration, 

selectively targeting diseased cells while sparing healthy tissue [17]. 

Thus, ligand architecture and delivery technology are essential tools in tuning the performance of 

metal-based drugs. By optimizing ligand-metal interactions and incorporating advanced delivery 

systems, researchers can improve therapeutic outcomes and broaden the clinical utility of 

coordination compounds. 

5. Pharmacokinetics and Toxicity Considerations 

A critical aspect in the clinical development of metal–ligand complexes is their pharmacokine t ic 

behavior, which governs absorption, distribution, metabolism, and excretion (ADME) profiles. 

Unlike small-molecule drugs, metal complexes often exhibit unique challenges due to their size, 

coordination geometry, and potential for redox reactivity. The solubility and stability of the complex 

in aqueous and physiological media directly affect its bioavailability and therapeutic index. 

Hydrophilic ligands improve circulation half-life and reduce aggregation, while hydrophobic 

moieties may enhance cellular uptake but risk nonspecific accumulation [18]. 

Organ-specific accumulation is another key determinant of both efficacy and toxicity. For instance, 

platinum-based drugs like cisplatin are preferentially taken up by renal tubular cells, leading to 

nephrotoxicity. Similarly, gallium and gold complexes often accumulate in the liver, necessitating 

caution in patients with hepatic impairment. Targeted delivery strategies, such as ligand 

modifications or encapsulation, aim to direct these compounds toward diseased tissues (e.g., tumors, 

infected sites) while minimizing off-target distribution. 

Upon administration, metal complexes may undergo ligand exchange, reduction/oxidation, or 

interaction with biomolecules. One major route of metabolism involves binding to endogenous 

metalloproteins such as albumin, ceruloplasmin, and transferrin. These interactions can serve as both 

transport and detoxification mechanisms but may also inactivate the drug or alter its 
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pharmacodynamics. Additionally, intracellular glutathione and metallothionein can sequester metal 

ions, modulate redox states, and mediate detoxification. However, excessive binding can reduce 

therapeutic efficacy or cause undesired retention in tissues [18]. 

Given these complexities, a major goal in drug design is to reduce systemic toxicity, particular ly 

nephrotoxicity and hepatotoxicity. Strategies include: 

Designing ligands that are selectively activated in diseased environments (e.g., tumor pH or hypoxia)  

Incorporating biodegradable or cleavable bonds to facilitate safe elimination 

Using non-covalent delivery systems (e.g., liposomes, nanoparticles) to prevent premature release 

Employing low-dose combination therapies to reduce total metal exposure while enhancing 

synergistic efficacy 

Recent innovations include prodrug approaches, where the complex remains inert in systemic 

circulation but becomes activated at the target site, and enzyme-responsive ligands, which selective ly 

cleave in the presence of disease-specific enzymes. 

In conclusion, understanding and optimizing the pharmacokinetic and toxicological profiles of metal–

ligand complexes is essential for their safe and effective therapeutic application. A rational balance 

between stability, bioavailability, and clearance can significantly enhance clinical outcomes and 

minimize adverse effects. 

6. Future Directions and Nanomedicine Integration 

The integration of metal–ligand complexes into nanomedicine platforms is reshaping the future of 

medicinal chemistry by enhancing drug delivery, targeting precision, and therapeutic monitoring. The 

conjugation of metal complexes to nanoparticles (NPs) offers several pharmacological advantages, 

including improved solubility, controlled release, prolonged circulation time, and selective 

accumulation at disease sites via passive or active targeting mechanisms. Nanocarriers such as gold 

nanoparticles (AuNPs), liposomes, dendrimers, and mesoporous silica nanoparticles have been 

functionalized with metal–ligand complexes to treat cancers, infections, and inflammatory conditions 

with reduced systemic toxicity [20]. 

These platforms can be engineered with surface ligands (e.g., folate, transferrin, antibodies) that 

recognize and bind to overexpressed receptors on target cells, enabling site-specific delivery of 

cytotoxic metal complexes. Moreover, encapsulation of labile metal complexes within NPs enhances 

their stability in physiological environments and prevents premature degradation or interaction with 

off-target biomolecules. 

Another significant advancement is the development of dual-functional or theranostic metal–ligand 

complexes, which combine diagnostic imaging and therapeutic capabilities in a single molecular 

entity. For instance, gadolinium(III)-based complexes have been used as MRI contrast agents, while 
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radiometal- labeled chelates (e.g., ^99mTc, ^177Lu) allow real-time tracking of drug distribution via 

PET or SPECT imaging. Simultaneously, the metal center may retain cytotoxic or enzyme-inhibitory 

activity, enabling imaging-guided therapy. Such agents support personalized medicine by facilita t ing 

dosage optimization and early assessment of therapeutic response. 

The application of machine learning (ML) and artificial intelligence (AI) is revolutionizing the 

discovery and design of metal–ligand complexes. Algorithms trained on experimental and 

computational datasets can predict metal–ligand stability, binding affinity, redox potential, and 

toxicity, significantly accelerating the identification of lead compounds. Virtual screening of ligand 

libraries for metal-binding motifs, combined with in silico modeling of ADMET (absorption, 

distribution, metabolism, excretion, toxicity) profiles, offers a data-driven approach to drug design. 

This is particularly valuable given the near-infinite combinations of metals, ligands, oxidation states, 

and geometries available in coordination chemistry. 

Figures and Charts 

 

• Figure 1: Molecular diagram – Square planar structure of cisplatin and its DNA 

binding 
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Figure 2: Bar Chart – Cytotoxicity comparison of Pt, Ru, and Au complexes across cancer cell 

lines 

 
Figure 3: Pie Chart – Distribution of metal complexes in clinical development by therapeutic 

area 

 
Figure 4: Line Graph – Ligand field strength vs. biological stability of complexes 
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Figure 5: Heatmap – Antibacterial efficacy of metal complexes against Gram-positive and 

Gram-negative strains 

Summary 

Metal–ligand complexes represent a growing frontier in drug discovery and therapeutic innovation. 

Their structural versatility and selective reactivity make them valuable tools for treating diseases that 

resist traditional small-molecule drugs. Coordination compounds of platinum, ruthenium, copper, and 

gold have demonstrated clinical and preclinical efficacy in treating cancers, infections, and 

inflammatory disorders. Challenges remain in balancing efficacy with toxicity, but advances in ligand 

engineering, delivery systems, and nanomedicine are steadily enhancing the therapeutic index of 

metal-based drugs. As computational tools and bioinorganic insights deepen, metal–ligand 

complexes will likely shape the next generation of targeted, personalized therapies. 
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