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Abstract

The green synthesis of Cu, Ag, and Au nanocomposites is a sustainable alternative to traditional
chemical methods. It offers better biocompatibility and reduces environmental toxicity. This narrative
review highlights recent advances in plant mediated, microbial, and biomolecule-assisted synthesis
routes that serve as natural reducing and stabilizing systems for producing multifunctional metal
nanocomposites. Emphasis is placed on how the structural, optical, and antimicrobial properties of these
nanomaterials are influenced by eco-friendly synthesis conditions. Their biomedical applications
including antimicrobial therapies, drug delivery, imaging, cancer theranostics, and wound healing are
critically examined to show how green-engineered nanocomposites outperform many chemically
synthesized counterparts in safety and therapeutic potential. The review also outlines existing challenges
such as scalability, stability, and standardization of biological extract-based synthesis, while identifying
future opportunities for integrating green nanotechnology with advanced biomedical platforms. Overall,
this work underscores the promise of environmentally benign synthesis strategies in enabling next-
generation metal nanocomposites for healthcare.
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1. Introduction

Metal nanocomposites based on copper (Cu), silver (Ag), and gold (Au) represent a central class of
functional nanomaterials owing to their size-dependent electronic, optical, and catalytic properties and
their proven relevance in biomedical science. At the nanoscale, these metals exhibit phenomena such as
localized surface plasmon resonance (LSPR), enhanced surface reactivity, and tunable redox behavior,
which collectively enable applications ranging from antimicrobial coatings to molecular imaging and
cancer theranostics [1], [2]. Traditionally, research has focused on monometallic nanoparticles; however,
increasing attention has shifted toward bimetallic, trimetallic, and more complex polymetallic
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nanocomposites, in which intermetallic coupling, lattice strain, and electronic hybridization generate
synergistic effects unattainable in single-metal systems [3], [4].

Concurrently, the environmental and biological drawbacks of conventional physical and chemical
synthesis routes—often involving toxic reducing agents, organic solvents, and high-energy inputs—have
motivated the development of green synthesis strategies. These approaches exploit plant extracts,
microorganisms, and isolated biomolecules as natural reducing, stabilizing, and sometimes structure-
directing agents, enabling nanoparticle formation under mild, aqueous conditions [5], [6]. Beyond their
ecological advantages, biologically derived capping layers frequently impart improved colloidal
stability, lower nonspecific cytotoxicity, and enhanced biointerfacing, features that are crucial for
translational biomedical use [7].

In green synthesis, complex mixtures of polyphenols, flavonoids, terpenoids, proteins, and
polysaccharides govern metal-ion reduction kinetics and crystal growth, thereby controlling particle size,
morphology, surface charge, and, in multimetallic systems, alloying or core—shell architecture [8]. For
monometallic Cu, Ag, and Au nanoparticles, these biomolecules modulate nucleation density and
oxidation state stabilization, whereas in bimetallic and trimetallic systems they influence differential
reduction potentials and interfacial diffusion, determining whether homogeneous alloys, gradient
structures, or heterojunctions are obtained [9], [10]. Such structural distinctions directly affect LSPR
behavior, ion-release profiles, catalytic activity, and photothermal conversion efficiency, all of which are
central to antimicrobial efficacy, drug-delivery performance, and imaging sensitivity [11].

From a biomedical standpoint, compositional complexity provides a route to multifunctionality. Ag and
Cu contribute strong antimicrobial and redox-mediated cytotoxic effects, while Au offers chemical
inertness and highly tunable optical absorption in the visible and near-infrared regions [12]. In bimetallic
Ag-Au or Cu-Ag systems, plasmonic coupling and modified surface energetics can enhance reactive
oxygen species generation and photothermal response, leading to superior bactericidal and anticancer
activity compared with monometallic counterparts [13]. Trimetallic and polymetallic architectures
further integrate multiple functionalities—such as simultaneous imaging contrast, drug carriage, and
therapeutic action—within a single nanoplatform, an attribute of particular relevance for theranostic
applications [14], [15].

Despite this promise, green-synthesized multimetallic nanocomposites face unresolved challenges
related to reproducibility of biological extracts, control over metal distribution and phase purity, long-
term physicochemical stability, and scale-up under good manufacturing practice conditions [6], [16]. A
systematic evaluation of synthesis routes, structural characterization, and application-specific
performance is therefore essential for rational design and clinical translation.

This review provides a critical and integrated account of recent advances (2015-2024) in the green
synthesis of mono-, bi-, tri- and polymetallic Cu, Ag, and Au nanocomposites. Emphasis is placed on (i)
eco-friendly fabrication strategies and their mechanistic basis, (ii) physicochemical characterization
techniques required to elucidate composition and structure, and (iii) the impact of these features on key
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biomedical applications, including antimicrobial therapy, drug delivery, imaging, cancer theranostics,
and wound healing.

2. Green Synthesis of Mono-, Bi-, Tri- and Polymetallic Cu, Ag, and Au Nanocomposites

Green synthesis routes can be broadly classified into plant-mediated, microbial, and biomolecule-
assisted methods. In plant-based systems, aqueous extracts rich in phenolics and reducing sugars rapidly
convert metal salts (e.g., AgNOs, HAuCls, CuSOs.) into zero-valent nanoparticles, while simultaneously
adsorbing onto the surface as stabilizing ligands [5], [8]. Microbial synthesis relies on enzymatic
reduction and extracellular polymeric substances, enabling controlled growth and, in some cases,
intracellular templating [17]. Purified biomolecules such as proteins, polysaccharides, and amino acids
allow more defined reaction environments and facilitate reproducible surface functionalization [7].

For monometallic nanoparticles, reduction kinetics and ligand binding determine particle size and
oxidation stability, particularly critical for Cu, which is prone to surface oxidation [18]. In bimetallic and
trimetallic systems, sequential or simultaneous reduction strategies are employed. Co-reduction often
yields alloyed structures when reduction potentials are sufficiently close (e.g., Ag—Au), whereas seed-
mediated growth or differential reduction rates can produce core—shell or heterostructured architectures
(e.g., Au core with Ag or Cu shell) [9], [13]. Polymetallic nanocomposites extend these concepts, though
controlling phase segregation and uniform elemental distribution remains challenging [14].

Table 1. Representative green synthesis strategies for mono-, bi-, tri- and polymetallic Cu, Ag, and
Au nanocomposites (2015-2024).

System type Biological Typical conditions | Structural outcome Key
reducing/capping refs
agents

Monometallic ~ Ag, | Plant polyphenols, | Aqueous, 25-80 °C, | Spherical/anisotropic [5],

Au, Cu microbial enzymes, | pH 5-9 NPs, 5-100 nm [7],
proteins [18]

Bimetallic (Ag-Au, | Mixed One-pot co- | Alloy or  core-shell | [9],

Cu-Ag, Au—Cu) phytochemicals, reduction or seed- | structures [13]
polysaccharides mediated

Trimetallic (Ag—Au— | Enzyme-rich Sequential or | Alloyed or gradient | [14],

Cu) extracts, protein | simultaneous heterostructures [15]
templates reduction

Polymetallic (>3 | Complex plant or | Controlled Multiphase or  hybrid | [15],

metals) microbial matrices | stoichiometry, mild | nanocomposites [16]

heating
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The biological environment not only governs particle formation but also introduces surface functional
groups that influence colloidal stability, protein corona formation, and cellular uptake, thereby linking
synthesis conditions directly to biomedical performance [7], [11].

3. Physicochemical Characterization of Green-Synthesized Cu, Ag, and Au Nanocomposites
Rigorous physicochemical characterization is essential to establish structure—property—function
relationships in green-synthesized mono-, bi-, tri- and polymetallic nanocomposites. The coexistence of
multiple metals and biologically derived surface ligands requires complementary analytical techniques
to confirm phase purity, crystallinity, elemental distribution, surface chemistry, and colloidal stability.
UV-visible spectroscopy is routinely employed to monitor nanoparticle formation through LSPR bands,
with monometallic Ag and Au displaying characteristic absorptions near 400 and 520 nm, respectively,
while Cu exhibits broader features in the 560-580 nm region [12]. In bimetallic and trimetallic systems,
peak shifting and broadening indicate plasmonic coupling and alloy formation [13]. X-ray diffraction
(XRD) provides phase identification and crystallite size estimation, where lattice parameter shifts
relative to pure metals reveal alloying and interfacial strain in multimetallic structures [9], [14].
Transmission electron microscopy (TEM) and high-resolution TEM elucidate particle morphology, size
distribution, and lattice fringes, enabling distinction between alloyed, core—shell, and heterostructured
architectures [10]. Energy-dispersive X-ray spectroscopy (EDX) and elemental mapping confirm
homogeneous or segregated metal distribution in bi- and polymetallic systems. Surface chemistry and
oxidation states are probed by Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS), which identify organic functional groups responsible for reduction and capping, as
well as the valence states of Cu, Ag, and Au [7], [18]. Dynamic light scattering (DLS) and zeta-potential
measurements assess hydrodynamic size and colloidal stability in physiological media, parameters
directly linked to in vivo circulation and cellular uptake [11].

Table 2. Principal characterization techniques and information obtained for green-synthesized
mono- and multimetallic nanocomposites.

Technique Information obtained Biomedical relevance Refs
UV-Vis LSPR, alloy formation Imaging, photothermal efficiency | [12], [13]
XRD Phase, crystallinity, alloying | Stability, catalytic activity [9], [14]
TEM/HRTEM | Size, morphology, lattice Cellular uptake, toxicity [10]
SEM/EDX Surface and composition Coating uniformity [15]
FTIR Capping ligands Biocompatibility [7]

XPS Oxidation states Redox activity, safety [18]
DLS/Zeta Hydrodynamic size, charge | Circulation, aggregation [11]
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4. Biomedical Applications

4.1 Antimicrobial and Wound-Healing Applications

Ag and Cu nanocomposites exhibit strong broad-spectrum antimicrobial activity via membrane
disruption, ion release, and reactive oxygen species generation [1], [12]. Green-synthesized bimetallic
and trimetallic systems demonstrate synergistic effects, often achieving lower minimum inhibitory
concentrations than monometallic analogues due to enhanced redox cycling and plasmon-mediated
photothermal action [13], [19]. In wound-healing models, biologically capped Ag-Au and Cu-Ag
nanocomposites accelerate re-epithelialization and suppress biofilm formation while minimizing
inflammatory responses [20].

4.2 Drug Delivery and Imaging

Au-based nanocomposites provide inert, optically tunable cores for drug loading and imaging. Plant-
capped Au and Ag-Au nanoparticles enable high drug-loading efficiencies and pH-responsive release,
while maintaining low hemolytic activity [7], [21]. Multimetallic systems further allow integration of
contrast and therapeutic functions, supporting multimodal imaging and photothermal-assisted
chemotherapy [14], [22].

4.3 Cancer Theranostics

Plasmonic heating and ROS generation by Ag—Au and Cu-containing nanocomposites have been
exploited for photothermal and photodynamic therapy. Trimetallic and polymetallic constructs exhibit
enhanced near-infrared absorption and improved tumor ablation compared with monometallic
counterparts, attributable to electronic coupling and interfacial charge transfer [10], [15], [23].

Table 3. Representative biomedical applications of green-synthesized mono- and multimetallic
nanocomposites.

Application System type Key performance outcome Refs

Antimicrobial | Ag, Cu, Ag-Au Low MIC, antibiofilm [1], [13],
[19]

Wound Ag-Au, Cu-Ag Accelerated closure, reduced | [20]

healing inflammation

Drug delivery | Au, Ag-Au High loading, controlled release [7], [21]

Imaging/PTT | Au, Ag-Au, | Enhanced NIR absorption, contrast [14], [22]

trimetallic
Cancer therapy | Bi- and trimetallic Synergistic PTT/PDT, tumor regression [10], [23]

5. Challenges and Future Perspectives

Despite rapid progress, several barriers impede translation. Variability in biological extract composition
leads to batch-to-batch differences in particle size and alloying behavior, complicating reproducibility
and regulatory approval [6]. Oxidation and long-term stability of Cu-containing systems remain
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concerns, particularly for storage and in vivo use [18]. Scalable, continuous-flow green synthesis and
standardized physicochemical characterization protocols are needed to ensure consistent quality. Future
research should focus on mechanistic control of multimetallic nucleation, surface-ligand engineering for
targeted delivery, and systematic in vivo toxicological studies to establish safety profiles.
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