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Fig. 1. Fungi-mediated synthesis of multimetallic nanoparticles (MMNPs) via extracellular and intracellular
pathways. In the extracellular route, enzymes, proteins, and secondary metabolites secreted by fungi into the
surrounding medium function as reducing, stabilizing, and capping agents, thereby facilitating the formation of
MMNPs. In the intracellular approach, metal ions are bioaccumulated within fungal cells, where enzymatic and

metabolic processes drive their reduction and subsequent MMNP formation. The synthesized nanoparticles are
then recovered from the fungal biomass.
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Table 1. Fungi-mediated synthesis of multimetallic nanoparticles (MMNPS): structural configurations,

key physicochemical properties, and their applications in biomedicine, agriculture, environmental
remediation, and catalysis.
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ABSTRACT

Fungal nanotechnology is a novel and sustainable biological approach for the synthesis of metallic, mineral, and
bimetallic nanoparticles, with growing importance in sustainable agriculture and related industries. In this approach,
fungi employ specific biochemical mechanisms, including reducing enzymes, secondary metabolites, and
proteinaceous compounds, to reduce metal ions and form nanoparticles with high stability and biocompatibility.
Fungal nanoparticle synthesis occurs through both intracellular and extracellular pathways, with the extracellular route
receiving greater attention due to its higher yield and easier recovery. The fungal species, culture conditions, pH,
temperature, and the type of metal or bimetallic precursor significantly influence the size, shape, and physicochemical
properties of the nanoparticles. These biogenic nanoparticles have wide applications in environmental remediation,
the production of nano fertilizers and smart pesticides, drug delivery, and the enhancement of plant resistance to biotic
and abiotic stresses. Despite these advantages, challenges related to industrial scalability, quality control, and
environmental risk assessment remain and require further investigation. Overall, fungal nanotechnology offers
promising prospects for food security, environmental protection, and the development of a sustainable bio based
economy.
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