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ABSTRACT
Polymer–metal complex composites have emerged as a dynamic class of hybrid materials that merge the structural versatility of polymers with the functional tunability of metal coordination compounds. This review provides a comprehensive overview of recent developments in the design, synthesis, and application of such composites, with a special emphasis on the use of natural and bio-based ligands. Various preparation techniques including solution casting, in situ complexation, melt blending, electrospinning, and sol gel methods are discussed, highlighting their influence on composite morphology and performance. The integration of metal complexes into polymer matrices has been shown to significantly enhance mechanical, thermal, barrier, catalytic, and biological properties, enabling advanced applications in fields such as biomedicine, packaging, catalysis, and environmental remediation. However, several challenges persist, including poor dispersion, interfacial incompatibility, thermal instability of ligands, and metal ion leaching. Emerging strategies such as surface functionalization, reactive processing, and the incorporation of metal–organic frameworks (MOFs) and smart ligands are actively addressing these limitations. The review also compares natural versus synthetic ligands, evaluating their coordination behavior, environmental compatibility, and functional outcomes. Recent innovations in stimuli-responsive systems, nanostructuring, and green processing are paving the way for next-generation polymer–metal composites with enhanced multifunctionality and sustainability. 
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 INTRODUCTION
Polymer–metal complex composites represent a rapidly growing area in materials science, combining the structural flexibility of polymers with the functional versatility of coordination chemistry. The integration of metal complexes into polymer matrices enables the development of multifunctional materials with enhanced thermal, mechanical, optical, barrier, and biological properties[1]. These composites are widely explored for applications in biomedical devices, catalysis, electronics, active packaging, and environmental remediation. By coordinating metal ions with synthetic or natural ligands like EDTA, tannic acid, or flavonoids, their physicochemical and biofunctional characteristics can be precisely tuned. Despite these advantages, challenges such as poor dispersion, interfacial incompatibility, and metal ion leaching often limit performance and stability. Recent progress in processing methods including electrospinning, reactive extrusion, and surface functionalization has significantly improved the uniform distribution and retention of metal complexes in polymer matrices[2,3]. Additionally, the emergence of nanocomposites incorporating metal–organic frameworks (MOFs), graphene–metal complexes, and bioinspired ligands has opened new directions for high-performance and sustainable systems. This review provides an overview of the current developments, key properties and applications of polymer–metal complex composites, emphasizing their potential in next-generation smart and eco-friendly materials[4].
Ligands 
A ligand is a molecule or ion that binds to a metal ion to form a coordination complex. Ligands do this by donating one or more pairs of electrons to the metal, typically through atoms like oxygen, nitrogen, or sulfur[5]. This interaction forms a coordinate (dative) bond, where both electrons in the bond come from the ligand. Synthetic ligands are man-made molecules specifically designed to bind metal ions and form stable coordination complexes. They are engineered in the laboratory with precise molecular structures, denticity (number of donor atoms), and functional groups to achieve desired chemical or physical properties. Synthetic ligands often offer higher stability, predictability, and versatility than natural ligands[6]. Natural ligands used in polymer–metal complex systems are predominantly derived from plant-based polyphenols, flavonoids, alkaloids, and organic acids, which possess abundant electron-donating functional groups such as hydroxyl (–OH), carboxyl (–COOH), and carbonyl (C=O) groups[7]. Common sources include tannins from tree bark and fruits, gallic acid and ellagic acid from berries and tea, curcumin from turmeric, catechins from green tea, and quercetin from onions and apples. These ligands typically exhibit bidentate or multidentate coordination modes, allowing them to chelate metal ions like Fe³⁺, Cu²⁺, Zn²⁺, and Ag⁺ with high stability[8]. Based on their electron-donating ability and coordination behavior, they are classified as neutral ligands (e.g., curcumin), anionic ligands (e.g., gallic acid, tannic acid), or zwitterionic ligands (e.g., amino acids). Their natural origin not only ensures biocompatibility and biodegradability but also introduces intrinsic antioxidant, antimicrobial, and UV-absorbing properties to the resulting metal–polymer complexes, making them suitable for biomedical, food packaging, and catalytic applications. The table: 1 gives the comparison and natural and synthetic ligands[9].
Table:1 Comparison natural and synthetic ligands[10,11]
	Feature
	Natural Ligands
	Synthetic Ligands

	Origin
	Plant, microbial, animal sources
	Laboratory-synthesized compounds

	Examples
	Tannic acid, curcumin, gallic acid
	EDTA, bipyridine, Schiff bases

	Coordination
	Multi-dentate, via –OH, –COOH, –NH₂
	Customizable mono-/multi-dentate

	Bioactivity
	High (antioxidant, antimicrobial)
	Low (unless functionalized)

	Environmental Impact
	Biodegradable, eco-friendly
	Non-biodegradable, sometimes toxic

	Stability
	Moderate (may degrade thermally)
	High thermal/chemical stability

	Applications
	Biomedical, packaging, green materials
	Catalysis, sensing, industrial materials













Classification of Ligands
Ligands employed in polymer–metal complex composites can be systematically categorized into four major classes natural, synthetic, biopolymeric, and drug-based based on their origin, structural characteristics, and functional relevance to target applications. Figure 1 displays flow chart of types of ligans[12].
· Natural ligands encompass bio-derived molecules such as amino acids, short peptides, polyphenols (e.g., tannic acid, gallic acid), chlorophyll derivatives, and vitamins. These ligands are sourced from plants, microbes, or animal tissues and are favored for their eco-compatibility, intrinsic biocompatibility, and availability of functional groups (–OH, –COOH, –NH₂) that readily participate in metal coordination. They not only stabilize the metal centers but also impart antioxidant or antimicrobial properties. Table 2. provides natural ligands, their metal complexes, coordination properties, and potential applications[13].
· Synthetic ligands include structurally engineered molecules like Schiff bases, phosphines, crown ethers, and porphyrins, which are either chemically synthesized or modified from natural templates[14]. These ligands offer superior control over coordination geometry, electronic distribution, and stability of metal complexes. Their tunable steric and electronic environments enable precise modulation of catalytic activity, redox potential, and metal selectivity, which is essential in electronics, catalysis, and sensor applications[15].
· Biopolymeric ligands consist of high-molecular-weight natural polymers such as chitosan, alginate, pectin, silk fibroin, gelatin, and cellulose derivatives. These macromolecular ligands provide multiple coordination sites along their backbone, supporting chelation with multivalent metal ions. Besides coordinating capability, they contribute significantly to the mechanical integrity, film-forming ability, and biodegradability of the composites[16].
· Drug-based ligands represent a class of bioactive small molecules including quercetin, curcumin, isatin, and ciprofloxacin, which not only coordinate with metal ions but also impart therapeutic functionalities. These ligands are widely applied in biomedical composites due to their pharmacological properties such as antimicrobial, anticancer, or anti-inflammatory effects coupled with the controlled metal ion release behavior that enhances their efficacy in localized therapy or bioactive coatings[17].
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Figure:1 Flow chart of types of ligands
Table: 2 Summary of natural compound or extract–metal ion complexes, showing their metal charge states, coordination behaviors, resulting physicochemical properties, and potential applications [ 18-48]
	Natural Compound / Extract
	Chemical Formula
	Metal Ion (Charge)
	Coordination Behavior
	Denticity
	Properties
	Applications

	Curcumin (Turmeric)
	C₂₁H₂₀O₆
	Cu(II), Zn(II), Fe(III), Ni(II)
	Electron donor via β-diketone & phenolic –OH
	Bidentate
	Enhanced stability, bioavailability, DNA binding
	Anticancer, antioxidant, antimicrobial

	Quercetin (Onion, tea, peels)
	C₁₅H₁₀O₇
	Cu(II), Zn(II), Co(II), Fe(III)
	Polyphenolic donor, strong chelator
	Bidentate to tridentate
	High ROS scavenging, metal ion chelation
	Antioxidant, anti-inflammatory, enzyme inhibition

	Catechin (Green tea)
	C₁₅H₁₄O₆
	Fe(III), Cu(II)
	Electron donor via hydroxyl groups
	Bidentate
	Redox-active complexes, radical scavenging
	Antioxidant, neuroprotective

	Chlorogenic acid (Coffee, berries)
	C₁₆H₁₈O₉
	Co(II), Mg(II), Mn(II), Ni(II), Sr(II)
	Donor via carboxyl and phenol
	Tridentate
	Enzyme inhibition, α-amylase/α-glucosidase
	Antidiabetic, antibacterial

	Gallic acid (Gallnuts, tea)
	C₇H₆O₅
	Ca(II), Cu(II), Zn(III), Cr(III), Se(IV)
	Donor via 3 phenolic –OH
	Tridentate
	Chelation, ROS modulation
	Antioxidant, wound healing, anticancer

	Aloe vera extract
	C₁₀H₁₆O₁₀ₙ (polysaccharides)
	Cu(II), Zn(II), Fe(II)
	Donor from sugars, carboxyls
	Variable (mono–tridentate)
	Green reducing/capping agent
	Antibacterial, wound healing, larvicidal

	Flavonoids (mixed)
	C₁₅H₁₂O₆ (general)
	Mn(II), Zn(II), Co(II), Ni(II)
	π–donor ligands with OH and C=O
	Bidentate to tetradentate
	Metal-ligand charge transfer
	Antiviral, anticancer, enzyme inhibition

	Tannic acid (Oak bark, tea)
	C₇₆H₅₂O₄₆
	Fe(II), Co(II)
	Polyphenolic donor, strong chelator
	Polydentate
	Crosslinking, precipitation, protein binding
	Antimicrobial, water purification

	Lignin derivatives
	C₉H₁₀O₂ (phenylpropanoid unit)
	Fe(III), Cu(II)
	Aromatic alcohol donor
	Polydentate
	Biodegradable, electron transfer
	Adsorption, catalysis, antimicrobial

	Caffeic acid (Coffee, fruits)
	C₉H₈O₄
	Cu(II), Pb, Mg
	Phenolic/π-conjugated donor
	Bidentate
	Radical neutralization
	Antioxidant, cytotoxicity

	Berberine (Berberis)
	C₂₀H₁₈NO₄⁺
	Zn(II), Cu(II)
	Nitrogen-containing donor
	Bidentate
	Intercalates DNA, enhances bioactivity
	Antibacterial, anticancer

	Rutin (Citrus peel)
	C₂₇H₃₀O₁₆
	Zn(II), Cu(II), Ni(II), Zr(II)
	Polyphenolic –OH donor
	Bidentate
	Improved pharmacological action
	Antidiabetic, antioxidant

	Eugenol (Clove oil)
	C₁₀H₁₂O₂
	Co(II), Fe(II), Ni(II)
	Electron-rich phenol and ether
	Monodentate to bidentate
	Lipophilic complexes, bioactive
	Antifungal, analgesic

	Emodin (Aloe, rhubarb)
	C₁₅H₁₀O₅
	Cu(II), Fe(II), Mn(II)
	π-conjugated + phenolic OH
	Bidentate
	DNA damage, antiproliferative
	Anticancer, anti-inflammatory

	Asiatic acid (Centella asiatica)
	C₃₀H₄₈O₅
	Cu(II), Zn(II)
	Carboxyl donor, steroid-like
	Bidentate
	Bio-scaffold, wound healing
	Anti-aging, skin regeneration

	Thymol (Thyme oil)
	C₁₀H₁₄O
	Cu(II), Zn(II)
	Phenolic donor
	Monodentate
	ROS induction, permeability
	Antibacterial, antifungal

	Apigenin (Chamomile, parsley)
	C₁₅H₁₀O₅
	Fe(III), Cu(II)
	OH/C=O donor
	Bidentate
	Enhanced cytotoxicity
	Anticancer, neuroprotective

	Resveratrol (Red wine, grapes)
	C₁₄H₁₂O₃
	Cu(I)
	Phenolic donor, π-system
	Bidentate
	DNA protection, ROS scavenging
	Antioxidant, anticancer

	Piperine (Black pepper)
	C₁₇H₁₉NO₃
	Zn(II)
	π-electron rich alkaloid
	Bidentate
	Drug bioenhancer
	Antimicrobial, solubility enhancer

	Betulinic acid (Birch bark)
	C₃₀H₄₈O₃
	Cu(II), Zn(II)
	Carboxyl donor, pentacyclic structure
	Bidentate
	Induces apoptosis
	Antiviral, anticancer

	Silymarin (Milk thistle)
	C₂₅H₂₂O₁₀ (silybin)
	Cu(II), Zn(II), Fe(III)
	Polyphenol + flavonol donors
	Bidentate
	ROS neutralization
	Hepatoprotective, antioxidant

	Isatin (Indole alkaloid)
	C₈H₅NO₂
	Cu(II), Ni(II), Co(II)
	C=O and N donor
	Bidentate
	Enzyme inhibition, DNA intercalation
	Antiviral, anticancer

	Hesperidin (Citrus fruits)
	C₂₈H₃₄O₁₅
	Cu(II), Zn(II)
	Polyhydroxyl donor
	Bidentate
	Redox modulation
	Antidiabetic, antioxidant

	Cinnamic acid (Cinnamon)
	C₉H₈O₂
	Zn(II), Cd(II), Hg(I)
	Carboxylate and π-electron donor
	Monodentate to bidentate
	Complex stability, redox activity
	Antioxidant, antibacterial

	Kaempferol (Broccoli, tea)
	C₁₅H₁₀O₆
	Ru(II)
	OH and C=O donor
	Bidentate
	Chelation via phenol groups
	Antioxidant, anticancer

	Gingerol (Ginger)
	C₁₇H₂₆O₄
	Ag(II), Au(II), Cu(II)
	Phenolic OH, ketone donor
	Bidentate
	Bioavailability, wound repair
	Anticancer

	Myricetin (Berries, tea)
	C₁₅H₁₀O₈
	Zn(II), Fe(III)
	Multiple OH donors
	Tridentate
	Improves ROS scavenging
	Antioxidant, anticancer

	Vanillin (Vanilla bean)
	C₈H₈O₃
	Cu(II), Zn(II), Fe(II)
	Aldehyde/Schiff base formation
	Bidentate (via Schiff base)
	Schiff base-metal complexation
	Antioxidant, antimicrobial

	Alizarin (Madder root)
	C₁₄H₈O₄
	Cu(II), Zn(II), Fe(III)
	Anthraquinone + OH donor
	Bidentate
	DNA intercalation, π-stacking
	Textile dye, antifungal, anticancer

	Luteolin (Celery, thyme)
	C₁₅H₁₀O₆
	Fe(III), Al(III), Cu(II)
	Polyhydroxy flavone
	Bidentate
	Enhances brain-targeted delivery
	Neuroprotective, antioxidant

	Baicalein (Scutellaria root)
	C₁₅H₁₀O₅
	Cu(II)
	Phenolic groups
	Bidentate
	Mitochondrial disruption
	Antioxidant

	Tea polyphenols (Camellia sinensis)
	C₁₅H₁₄O₆ (general)
	Ag(I), Au(III), Cu(II)
	Reducing agent + OH donors
	Polydentate
	Reduces/stabilizes metals
	Anticancer, green nanoparticle synthesis



PROCESSING METHODS OF POLYMER–METAL COMPLEX COMPOSITES
Recent years have witnessed significant progress in the development of polymer–metal complex composites, driven by advancements in ligand engineering, nanotechnology, and green processing techniques[49]. Researchers are increasingly utilizing bio-based ligands such as polyphenols (e.g., tannic acid, gallic acid), amino acids, and flavonoids to form stable metal complexes with enhanced biocompatibility and reduced toxicity, aligning with sustainable material goals. Innovations in in situ complexation during processing have improved the dispersion and interfacial bonding of metal complexes within polymer matrices, particularly in systems such as PLA, chitosan, PVA, and PEG. Electrospinning has emerged as a cutting-edge method for producing nanofiber mats with embedded metal complexes for applications in wound healing, catalysis, and filtration[50]. Additionally, metal–organic frameworks (MOFs) and graphene–metal hybrids have been incorporated into polymers to create multifunctional composites with high surface area, controlled porosity, and tunable electrical, thermal, or antimicrobial properties. Recent studies have also reported stimuli-responsive composites that alter their behavior in response to pH, light, or temperature, opening new possibilities for smart biomedical devices and sensors. Furthermore, the application of reactive extrusion, supercritical CO₂-assisted processing, and machine learning-guided material design are advancing the scalability and performance predictability of these composites[51]. Collectively, these innovations are transforming polymer–metal complex systems from academic curiosity to versatile platforms for environmental, biomedical, packaging, and electronic applications.
PROPERTIES OF POLYMER METAL COMPLEX COMPOSITES
Polymer–metal complex composites show a wide range of useful properties. Their biological properties include strong antimicrobial, antioxidant, anti-inflammatory, and anticancer effects. These arise from interactions between metal ions such as Ag⁺, Zn²⁺, Cu²⁺, and Fe³⁺ with natural ligands like tannic acid and quercetin. Such interactions enhance cell compatibility and support wound healing and tissue regeneration. The mechanical properties are improved through metal-ion coordination, which increases tensile strength, stiffness, and structural stability. The incorporation of biocompatible plasticizers such as vegetable oils, glycerol or polyethylene glycol that balance rigid and flexible phases within the composite[52]. The thermal properties are also enhanced due to stable metal–ligand bonds that raise glass transition and decomposition temperatures, improving heat resistance and flame retardancy. Nevertheless, excessive metal loading may result in residual inorganic ash and reduced melt processability. These limitations can be addressed through the incorporation of green compatibilizers or synergistic nano-reinforcements, such as clay, lignin, or biogenic silica, to maintain thermal benefits while ensuring processing efficiency and material homogeneity. These composites have better barrier properties, reducing gas and moisture permeability and providing UV protection.  Complexes such as gallic acid–Fe³⁺ and tannic acid–Cu²⁺ integrated into poly(vinyl alcohol) or polysaccharide-based systems have demonstrated substantial reductions in water vapor transmission rates (WVTR), often exceeding 30–40%, while also imparting UV-shielding and oxidative stability. This type of composites also have excellent catalytic properties, effectively supporting photocatalysis, pollutant degradation, and biosensing[53]. 
APPLICATIONS OF METAL COMPLEXES IN POLYMER COMPOSITES
Biomedical Applications
Polymer–metal complex composites represent a rapidly advancing class of materials in biomedical engineering, offering multifunctionality for wound healing, tissue regeneration, antimicrobial coatings, and controlled drug delivery. The coordination of bioactive metal ions such as Ag⁺, Cu²⁺, Zn²⁺, Fe³⁺, and Ca²⁺ with biocompatible polymers particularly natural and semi-synthetic matrices like chitosan and poly(vinyl alcohol) in combination with polyphenolic ligands including curcumin and tannic acid, has been shown to impart superior antibacterial, anti-inflammatory, and antioxidant activities[54]. These multifunctional attributes support key physiological processes such as cellular adhesion, migration, proliferation, and hemostasis, thereby enhancing epithelial closure and tissue remodeling. Structurally, these composites enable a tunable release of metal ions, allowing localized therapeutic action while minimizing systemic cytotoxicity. Recent developments in nanoscale engineering have further improved their bioavailability, degradation kinetics, and responsiveness to physiological stimuli such as pH and enzymatic activity. In bone tissue engineering, Fe³⁺- and Ca²⁺-based coordination systems have demonstrated enhanced osteoinductive potential by stimulating alkaline phosphatase expression, collagen matrix deposition, and mineralized nodule formation. Collectively, these advances establish polymer–metal complexes as highly promising candidates for next-generation regenerative therapies and implantable biomedical devices[55].
Food Packaging and Preservation
Polymer–metal complex systems have garnered significant attention in food packaging applications due to their synergistic barrier, antimicrobial, and antioxidant functionalities. The coordination of metal ions with bioactive ligands, particularly natural polyphenols, results in matrices capable of reducing oxygen and moisture permeability, thereby retarding lipid oxidation and microbial proliferation. These active packaging systems create an inhospitable environment for spoilage organisms by facilitating the gradual and localized release of metal ions, which disrupt microbial cell membranes and interfere with enzymatic activity. Incorporation of such complexes into biodegradable polymer films, such as polylactic acid, poly(vinyl alcohol), enhances their physicochemical stability while maintaining transparency and flexibility essential for food contact applications[56]. Moreover, the integration of pH-sensitive metal–ligand interactions into packaging films enables the development of intelligent packaging systems that visually indicate spoilage through distinct colorimetric shifts. This dual-functionality not only prolongs shelf life but also enhances consumer safety and product traceability. As a result, polymer–metal complexes represent a promising strategy for the next generation of sustainable, smart food packaging technologies.
Environmental Remediation
Polymer–metal complex composites exhibit considerable potential in environmental remediation, particularly in advanced wastewater treatment and the catalytic degradation of organic contaminants. The integration of redox-active metal ions such as Fe³⁺, Cu²⁺, and Mn²⁺ within polymeric matrices coordinated with phenolic ligands such as catechin, gallic acid, or tannic acid confers intrinsic catalytic activity analogous to natural peroxidases or Fenton-type systems[57]. These coordination complexes enable the activation of hydrogen peroxide or persulfate to generate reactive oxygen species (ROS), such as hydroxyl or sulfate radicals, which drive the efficient oxidative decomposition of persistent contaminants including azo dyes, endocrine disruptors, and pharmaceutical residues[58]. The polymeric immobilization of metal complexes not only enhances catalytic efficiency but also significantly reduces metal ion leaching, and promoting controlled electron transfer. This structural confinement also improves accessibility to active sites, resulting in higher turnover frequency and operational robustness under variable pH and pollutant concentrations. Furthermore, the electron-donating functionality of natural ligands contributes to sustainable redox cycling and enhances complexation stability, enabling prolonged catalytic lifespans. These polymer–metal hybrids thus function as heterogeneous, recyclable catalysts with high substrate selectivity and minimal secondary pollution[59].
Electronics and Sensors
Polymer–metal complex systems are increasingly being explored for applications in flexible electronics, electrochemical sensors, and energy storage devices, owing to their intrinsic redox activity, tunable conductivity, and functional surface chemistry. The incorporation of transition metal ions such as Fe³⁺ or Cu²⁺ into polymer matrices, coordinated through natural polyphenolic ligands, facilitates efficient charge transfer and electron mobility, critical for signal transduction in sensing applications. These materials can be engineered into flexible and stretchable films that respond to environmental stimuli such as humidity, glucose concentration, or volatile organic compounds, with the redox-active metal centers serving as the transducing elements[60]. Natural ligands enhance metal dispersion and interfacial compatibility, contributing to improved electrochemical stability and reproducibility. Moreover, coordination-induced doping has been shown to modulate the dielectric, thermal, and conductivity profiles of the polymer matrix, enabling their integration into energy storage systems such as capacitors and supercapacitors. These modifications also enhance the structural integrity and cycling performance under operational stress. The structural versatility and multifunctionality of polymer–metal complexes thus make them ideal candidates for next-generation wearable sensors, bioelectronic interfaces, and smart energy devices[61].
Catalysis and Smart Coatings
Polymer–metal complex composites are increasingly utilized in multifunctional coating technologies, offering integrated anticorrosive, antimicrobial, catalytic, and self-responsive properties. Coordination networks formed between metal ions such as Fe³⁺ and bio-derived ligands like tannic acid impart durable adhesion, UV shielding, and self-healing characteristics, while simultaneously inhibiting oxidative degradation and corrosion. These coatings are particularly effective in metal surface protection, biomedical implants, and packaging applications where environmental resilience is essential[62]. In catalytic systems, the redox-active nature of the metal centers enables enzyme-mimetic activity, supporting selective oxidation, reduction, or hydrolysis reactions relevant to biosensing and green synthetic chemistry. Smart coatings that use dynamic metal–ligand coordination can respond to environmental changes, such as pH, temperature, or redox conditions. These triggers enable controlled release of active substances (cargo), adaptive surface wettability, and antimicrobial activation[63].
Conclusion 
Polymer–metal complex composites represent a promising class of hybrid materials that synergistically combine the processability and flexibility of polymers with the unique functionalities of metal complexes, such as catalytic activity, antimicrobial behavior, electrical conductivity, and structural reinforcement. Recent advances have demonstrated the potential of both natural and synthetic ligands to coordinate metal ions and impart tailored properties to biocompatible or high-performance polymer matrices. However, challenges related to thermal stability, dispersion, interfacial compatibility, leaching, and scalability still limit their widespread application. Overcoming these obstacles through advanced ligand engineering, surface modification, and green processing techniques can significantly enhance composite performance and durability.
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