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INTRODUCTION

Fungal-mediated biosynthesis offers an eco-friendly approach to producing silver nanoparticles (AgNPs), exploiting fungal enzymes, proteins,
polysaccharides, and secondary metabolites as reducing and stabilizing agents. Despite extensive research, the molecular mechanisms of AgNPs formation
remain poorly understood. Proposed pathways include nitrate reductase-, oxidoreductase-, superoxide-, and metabolite-mediated mechanisms. This review
examines the biomolecular drivers and process parameters influencing AgNPs yield, size, and stability, while highlighting key knowledge gaps in mechanistic

understanding, omics-based approaches, and experimental standardization. Overall, fungal AgNPs biosynthesis appears to result from the combined action of
multiple biomolecular components rather than a single universal mechanism.
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MICROBIAL PLATFORMS FOR SILVER NANOPARTICLES
BIOSYNTHESIS

Bacteria and fungi are among the most widely used microorganisms for AGNPs Rhizops som. Fusarium sop.
biosynthesis. Bacteria offer rapid growth and allow relatively good control over
nanoparticle size, shape, and morphology. Fungi, however, are particularly
attractive due to their high biomass production and ability to secrete large
amounts of extracellular proteins, enzymes, and metabolites involved in silver
reduction and nanoparticle stabilization. Compared with bacterial and plant-
based systems, fungal biosynthesis can provide higher nanoparticle yields and Cladosporimsop. | AT s o
simplified downstream processing due to its predominantly extracellular
nature. The broad diversity of fungal species (Figure 1) and their efficient
production of extracellular biomolecules also make fungal systems promising

for scalable and industrial AgGNPs production [1]. Penicillium spp.

Figure 1. Most commonly used fungi species for extracellular biosynthesis of
AgNPs.

MECHANISTIC PATHWAYS OF SILVER ION REDUCTION

Fungal-mediated AgNPs biosynthesis involves several proposed pathways that may operate simultaneously or synergistically, depending on the fungal species,
secretome composition, and environmental conditions. The main mechanisms include enzyme-driven reduction, reactive oxygen species (ROS)-mediated
reduction, and metabolite-driven redox processes. However, their individual contributions remain incompletely resolved. Nitrate reductase-dependent
mechanism: Nitrate reductase may transfer electrons from NAD(P)H to Ag*, reducing it to elemental silver (Ag°), potentially through extracellular quinone
electron mediators. Correlations between nitrate reductase activity and AgNPs formation provide indirect support, although direct evidence remains limited.
Superoxide-mediated reduction (Figure 2): Extracellular superoxide (O,*") generated during fungal metabolism may reduce Ag* to Ag°. Its contribution may vary
among fungal species, while competing reactions such as dismutation to H,0, can influence the overall redox balance and nanoparticle stability. Metabolite-
driven pathways: Phenolics, flavonoids, and other redox-active metabolites can donate electrons to Ag* while also contributing to nanoparticle capping and
stabilization (Figure 3). Functional groups such as hydroxyl, carboxyl, and amine groups may participate in reduction and surface binding. Overall, current
evidence suggests that AgNPs formation is likely governed by the combined action of multiple enzymes, ROS, and extracellular metabolites rather than a single
universal pathway [2].
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Figure 2. Proposed mechanism of extracellular AgNPs biosynthesis by Fusarium Figure 3. Proposed metabolite-mediated mechanism of silver nanoparticle biosynthesis by
oxysporum, involving NAD(P)H oxidase-mediated generation of superoxide radicals (ROS). Trichoderma spp.

CONCLUSIONS AND FUTURE PERSPECTIVE

Fungal-mediated biosynthesis provides a sustainable route for AgNPs production through the combined activity of
enzymes, proteins, polysaccharides, and secondary metabolites. Evidence indicates that no single biomolecule
acts as a universal driver, with contributions depending on fungal species and cultivation conditions. Limited
mechanistic understanding and lack of standardization remain major barriers to reproducible and scalable
production. Future research should integrate multi-omics, biochemical validation, and process optimization to

better control AgNPs properties. Combining mechanistic knowledge with standardized processes and machine
learning-based optimization could facilitate the transition from laboratory-scale synthesis to industrial production,
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enabling sustainable AgNPs applications in biomedicine, environmental technologies, and advanced materials.
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