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ABSTRACT

Fungi are emerging as efficient biological nanofactories for the sustainable production of nanoparticles because of
their high biomass yield, ease of cultivation, and remarkable metabolic versatility. Fungal systems can synthesize
nanoparticles through both intracellular and extracellular pathways, with extracellular synthesis being particularly
advantageous for large-scale production and downstream recovery. Secreted enzymes, proteins, organic acids, and
other biomolecules act as reducing, stabilizing, and capping agents, facilitating controlled nanoparticle formation
and improving stability. Compared with conventional chemical methods, fungal-mediated synthesis offers
environmentally friendly, cost-effective, and biocompatible alternatives. These advantages highlight fungi as
promising platforms for scalable nanoparticle production for biomedical, catalytic, agricultural, and environmental

applications.

KEYWORDS: Enzymes, Nanoparticle, Biomedical.

1. INTRODUCTION

Fungi have emerged as one of the most promising biological systems for the green synthesis of nanoparticles. As
eukaryotic microorganisms, fungi possess remarkable metabolic diversity and produce a wide range of bioactive
compounds that facilitate the reduction and stabilization of metal ions into nanoparticles. In recent years, fungal-
mediated nanoparticle synthesis has gained significant attention as a sustainable alternative to conventional physical
and chemical methods due to its eco-friendly nature, cost-effectiveness, and scalability. Various fungal species,
including Aspergillus, Fusarium, Penicillium, Trichoderma, Alternaria, and Rhizopus, have demonstrated the ability to

synthesize metallic and metal oxide nanoparticles with controlled size and morphology.™*
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The growing interest in fungi as biological nanofactories is primarily attributed to several unique advantages, including
high biomass production, simple cultivation requirements, large-scale feasibility, and the secretion of substantial
quantities of extracellular enzymes and proteins. These characteristics make fungi particularly attractive for industrial

nanoparticle production and green nanotechnology applications.

2. Fungi as Biological Nanofactories

Fungi function as natural nanofactories by converting metal ions into nanoparticles through enzymatic and non-
enzymatic biochemical processes. During nanoparticle synthesis, fungal cells or their extracellular metabolites interact
with metal ions and facilitate their reduction into elemental metallic forms. The resulting nanoparticles are
subsequently stabilized by fungal proteins, polysaccharides, and other biomolecules that act as natural capping
agents.[

Nanoparticle synthesis by fungi can occur either intracellularly, where particles are formed within fungal cells, or
extracellularly, where secreted enzymes and metabolites mediate nanoparticle formation outside the cells. Extracellular
synthesis is particularly advantageous because it simplifies nanoparticle recovery and purification, making fungal
systems highly suitable for commercial-scale production.

3. High Biomass Yield

One of the most significant advantages of fungi in nanoparticle synthesis is their ability to produce large amounts of
biomass within a relatively short period. Compared with many bacterial systems, fungi can generate extensive mycelial
networks that provide a greater surface area for interaction with metal ions.”™ The filamentous growth pattern of fungi
results in abundant biomass accumulation, allowing greater production of enzymes, proteins, and metabolites involved
in nanoparticle formation. High biomass availability directly contributes to increased nanoparticle yield and improved
synthesis efficiency.

Large-scale fungal cultivation can produce substantial quantities of biological material using inexpensive growth
media. This characteristic is particularly important for industrial nanoparticle production, where high productivity is
required to achieve economic feasibility. The ability to generate large biomass volumes enables fungi to synthesize
nanoparticles in greater quantities than many other biological systems.!®)

Additionally, fungal biomass can tolerate relatively high concentrations of metal ions, allowing efficient nanoparticle
production even under metal-rich conditions. This enhanced metal tolerance further contributes to higher nanoparticle

yields and improved process efficiency.

4. Ease of Cultivation

Another major advantage of fungi is their simplicity of cultivation. Most fungal species can be grown using
inexpensive nutrient sources and require relatively uncomplicated laboratory or industrial cultivation conditions. Fungi
are capable of growing on a wide variety of substrates, including agricultural residues, food-processing waste, plant
biomass, and other low-cost organic materials.[”? This versatility reduces production costs and supports sustainable
resource utilization. The use of renewable and waste-derived substrates aligns with the principles of green chemistry

and circular bioeconomy.
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Unlike many microorganisms that require highly controlled growth conditions, fungi generally exhibit considerable
tolerance to variations in pH, temperature, and nutrient availability. Their adaptability simplifies cultivation procedures
and reduces operational complexity. Fungal cultures can be maintained using standard fermentation techniques that are
already well established in biotechnology industries. Existing industrial fermentation infrastructure can therefore be
adapted for nanoparticle production without substantial additional investment. This ease of cultivation facilitates large-

scale manufacturing and supports the commercialization of fungal-mediated nanoparticle synthesis.®

Furthermore, fungal cultures often require less stringent sterile conditions compared with bacterial systems, reducing
contamination risks and lowering production costs. Their robust growth characteristics make fungi attractive candidates

for industrial nanobiotechnology applications.

5. Secretion of Extracellular Enzymes:

The secretion of large quantities of extracellular enzymes is perhaps the most important advantage of fungi in
nanoparticle production. Fungi are well known for their exceptional capacity to release enzymes into the surrounding
environment, a characteristic that distinguishes them from many other microorganisms. Extracellular enzymes such as
nitrate reductase, lignin peroxidase, manganese peroxidase, laccase, cellulase, xylanase, and various oxidoreductases
play crucial roles in nanoparticle biosynthesis. These enzymes facilitate the reduction of metal ions into their elemental

forms through electron transfer reactions.™

When metal ions are introduced into fungal culture filtrates, the secreted enzymes interact directly with the ions and
initiate reduction processes. As a result, nanoparticles can be synthesized extracellularly without requiring direct

contact with living fungal cells. This extracellular synthesis approach offers several important benefits:

Simplified Nanoparticle Recovery
Since nanoparticles are formed outside fungal cells, they can be easily separated from the reaction medium through
filtration, centrifugation, or sedimentation. This eliminates the need for cell disruption procedures that are often

necessary in intracellular synthesis methods.

Higher Production Efficiency
The continuous secretion of extracellular enzymes allows sustained nanoparticle synthesis over extended periods. The

abundance of reducing enzymes contributes to higher conversion rates and increased nanoparticle yields.

Reduced Downstream Processing
Extracellular synthesis significantly reduces purification complexity. Nanoparticles produced outside the cells are

generally easier to isolate and process, resulting in lower production costs and improved scalability.

Enhanced Process Control
The extracellular environment allows better control over reaction conditions such as pH, temperature, metal ion
concentration, and incubation time. This improved control facilitates the production of nanoparticles with desired size

distributions and morphologies.
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Natural Capping and Stabilization of Nanoparticles
In addition to secreting reducing enzymes, fungi produce a variety of proteins, polysaccharides, amino acids, and
secondary metabolites that act as natural stabilizing agents. These biomolecules adsorb onto nanoparticle surfaces and

prevent aggregation by providing steric and electrostatic stabilization.

The natural capping process offers several advantages. It enhances nanoparticle stability, prolongs shelf life, improves
dispersibility, and reduces the need for synthetic stabilizing chemicals. Furthermore, biologically capped nanoparticles
often exhibit improved biocompatibility, making them suitable for biomedical applications such as drug delivery,
antimicrobial therapy, and diagnostic imaging.*>*? The presence of fungal biomolecules on nanoparticle surfaces may
also introduce functional groups that facilitate further chemical modification and enhance application-specific

performance.

6. Scalability and Industrial Potential

The combination of high biomass production, simple cultivation methods, and efficient extracellular synthesis makes
fungi particularly suitable for industrial-scale nanoparticle manufacturing. Fungal fermentation technologies are already
extensively used in pharmaceutical, food, enzyme, and biotechnology industries. This existing expertise provides a
strong foundation for scaling up fungal nanoparticle production processes.™!

Large bioreactors can support the cultivation of fungal biomass and the production of extracellular enzymes under
controlled conditions. Because fungal synthesis does not require expensive equipment, high temperatures, or toxic
chemicals, production costs can be substantially lower than those associated with conventional nanoparticle synthesis
methods. Moreover, fungal systems can utilize renewable agricultural waste materials as growth substrates, further

enhancing the economic and environmental sustainability of nanoparticle production.

7. Environmental and Economic Benefits

Fungal-mediated nanoparticle synthesis offers numerous environmental advantages. The process operates under mild
reaction conditions and minimizes the use of hazardous chemicals, thereby reducing environmental pollution and health
risks. Lower energy requirements contribute to reduced carbon emissions and improved sustainability. From an
economic perspective, inexpensive cultivation media, high nanoparticle yields, simplified purification procedures, and
reduced chemical consumption collectively lower production costs.'*! These factors increase the commercial

attractiveness of fungal nanotechnology and support the development of sustainable industrial applications.

8. Applications of Fungal-Synthesized Nanoparticles

Nanoparticles produced by fungi have demonstrated applications across diverse sectors. Silver nanoparticles
synthesized by fungi exhibit strong antimicrobial activity and are used in wound healing, medical coatings, and water
treatment systems. Gold nanoparticles have applications in drug delivery, biosensing, imaging, and cancer therapeutics.
Metal oxide nanoparticles such as zinc oxide, titanium dioxide, and iron oxide synthesized by fungal systems are
employed in catalysis, environmental remediation, agriculture, cosmetics, and energy-related technologies.**®

The unique biological capping provided by fungal metabolites often enhances the functional properties of these

nanoparticles, increasing their suitability for advanced technological and biomedical applications.
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9. CONCLUSION

Fungi represent highly efficient biological nanofactories for sustainable nanoparticle production. Their ability to
generate large quantities of biomass, grow under simple and inexpensive cultivation conditions, and secrete substantial
amounts of extracellular enzymes makes them exceptionally advantageous for green nanoparticle synthesis. High
biomass yield contributes to increased nanoparticle productivity, while ease of cultivation supports cost-effective and
scalable manufacturing processes. Most importantly, the secretion of extracellular enzymes enables efficient reduction
of metal ions and facilitates extracellular nanoparticle synthesis, simplifying recovery and purification. Combined with
their natural capping and stabilization capabilities, these characteristics make fungi one of the most promising
biological systems for environmentally friendly nanoparticle production. As research continues to advance, fungal
nanotechnology is expected to play a critical role in the development of sustainable nanomaterials for biomedical,

environmental, agricultural, and industrial applications.
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