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Abstract
Sericulture is an important agro-based sector that creates the environmentally friendly silk material that sustains rural livelihoods. Recent developments in nanotechnology, especially the use of metal nanoparticles, have shown great promise for enhancing sericulture in a number of areas. The distinct physicochemical characteristics of metal nanoparticles, including copper, iron oxide, titanium dioxide, gold, silver, and zinc, increase nutritional absorption, improves mulberry development by improving nutrient uptake and crop output, boosts silkworm health by inhibiting bacterial, fungal, and viral infections and confer antimicrobial resistance against infections. Their integration has demonstrated significant advantages in silk fibre modification by enhancing tensile strength, antibacterial qualities. Additionally, by controlling silk protein production through molecular pathways, increasing feed efficiency and extending the shelf life of mulberry leaves. The use of nano-sensors and nano-seed coatings enhances precision sericulture even more by tracking environmental conditions, identifying infections, and enhancing the seed viability. All these developments show that nanotechnology helps in sustainable sericulture by improving output, silk quality and resistance to disease.
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Introduction
[bookmark: _Hlk206361119]Sericulture is an agriculturally based labor intensive environmentally friendly cottage industry that combines the activities of both agricultural (sericulture) and industrial sectors. Sericulture is considered as an important area in uplifting the economic future of rural communities by offering steady employment at different levels like growing food plants, raising silkworms, spinning, twisting, dyeing, and weaving etc., and additional revenue to economically disadvantaged groups (Brahma et al., 2019), comparing to other agricultural income crops in the nation, sericulture has the highest benefit-cost ratio (Kaman et al., 2023). The larval nutrition determines the production of silk and the nutritional value of mulberry leaves is crucial for producing high-quality cocoons (Legay, 1958). It has been found that adding complimentary substance to mulberry leaves improved the larvae growth and post-cocoon traits (Etebari, 2002; Etebari & Fazilati, 2003). Mulberry (Morus alba L.) is a perennial species characterised by deep roots, rapid growth, and substantial biomass production. Its foliage serves as the exclusive adequate nourishment for the mulberry silkworm. The quality and quantity of these leaves significantly affect the growth and development of silkworm larvae, as well as cocoon yield, rendering the quality of mulberry leaves a pivotal element in the success of the sericulture industry and its economic sustainability (Choudhury et al., 1991).  The quality of mulberry leaves is influenced by various factors, including cultivar, agricultural practices, and both biotic and abiotic elements.
Nanotechnology is rapidly progressing, providing innovative options to enhance nutrition and transform agriculture. It has gained significant attention, focussing on tiny entities known as nanoparticles, generally ranging from 1 to 100 nanometres in size, composed of carbon, metals, metal oxides, or organic substances (Hasan, 2015). Nanotechnology is employed to minimise the depletion of mobile nutrients, to formulate slow-release fertilisers or nutrients to enhance the availability of inadequately accessible of nutrients. Nano-fertilizers enhance crop yield and quality by increasing nutrient usage efficiency, lowering production costs helps in promoting agricultural sustainability (Kah et al., 2018). Nano-particles are typically characterised as particulate substances possessing at least one dimension measuring less than 100 nm (Khan et al., 2019). It exhibits unique physical, chemical and biological properties in contrast to their larger-scale counterparts. This phenomenon results from their relatively greater surface area-to-volume ratio, increased reactivity or stability in chemical processes, enhanced mechanical strength, and other aspects(Khan et al., 2019).This review aims to clarify the influence of nanoparticles on the growth and development of mulberry trees and silkworms. The use of nanomaterials in sericulture is novel so, it is essential to investigate their impact on silkworms and silk concerning the enhancement of fecundity, survival rates, pest management, and illness prevention. 
Metal nanoparticles
Metal nanoparticles exhibit a high surface-to-volume ratio and demonstrate antibacterial capabilities by interacting with cellular membranes, hence affecting cell wall integrity of micro-organisms (Atique Ullah et al., 2017; Abbaszadegan et al., 2015). A wide variety of nanomaterials, including as copper, zinc, titanium, magnesium, gold, and silver nanoparticles, have shown considerable antimicrobial activity against viruses, bacteria, and other eukaryotic microorganisms, showing a remarkable ability to protect against pathogen-related diseases (Castro et al., 2017)and it is also utilised to boost the bioavailability and efficacy of nutrients, promoting absorption and physiological utilisation in silkworms to promote silk production (Zhang et al.,  2025). 
Table 1 : Physical and Chemical Properties of Different Nanoparticles

	Nanoparticles
	Properties
	References

	Silver
	Optical, Electrical, Catalytic and Antimicrobial properties
	Abbas et al., 2024

	Gold
	Interactive with visible light, reactive
	Syed & Ahmad, 2012

	Copper
	Ductile, very high thermal and electrical conductivity, highly flammable solids
	Tamilvanan et al., 2014

	Zinc
	Antibacterial, anti-corrosive, antifungal, UV filtering
	Singh & Nanda, 2013

	Titanium oxide
	Used as anenvironmental cleanup material, inhibits bacterial growth
	Tian et al., 2016

	Iron oxide
	Structural, magnetic, optical, rheological and phase transformation properties
	Baabu et al., 2022

	Zinc oxide
	Chemical and physical stability, high catalytic activity, effective antibacterial activity, as well as intensiveultraviolet (UV) and infrared (IR) adsorption
	Mohd Yusof et al., 2019

	Silicon dioxide
	Stability in the presence of temperature fluctuations, organic solvents, and acidic conditions
	Florek et al., 2017

	Graphene

	Lightweight, electricalconductivity, inexpensiveness and mechanical durability
	Singh et al., 2022

	CNT
	High electrical and thermal conductivity, tensile strength, flexible and elastic
	Popov, 2004

	Iron

	lower toxicity to organisms,
strong redox and adsorption abilities
	Zhu et al., 2019
Tang & Lo, 2013



Nanoparticles in mulberry cultivation
Nowadays, nanotechnology is being widely employed in modern agriculture to enhance precision farming through the use of nano-particles (Duhan et al., 2017). Measuring 1-100 nm, they have a greater surface area, which improves their penetration efficacy when applied through foliar spray, compared to traditional chemical nutrients, through controlled release of nutrients in accordance with the crop requirements. The foliar application of nano-fertilizers promotes rapid absorption and utilisation for meeting most of the nutrient needs (Kannihalli et al., 2024).
The Mulberry foliage crop shows favourable reactions to the timely application of foliar sprays (Geetha et al., 2016) so, the foliar application of the nano-nutrients can enhance the fast uptake of nutrients by plants (Qureshi et al., 2018). Because silk production is reliant upon larval nutrition and the nutritional composition of mulberry leaves, ultimately influencing the yield of high-quality cocoons(Etebari & Matindoost, 2005). Combination of 100% phosphorous, potassium and 60% Nitrogen (Recommended Dosage of Fertilizers) soil treatment, supplemented with a nano N foliar spray at 4 ml/L, yielded superior outcomes in terms of larval period, larval weight, effective rearing rate, cocoon quantity and weight, cocoon characteristics, and reeling parameters of the mulberry silkworm (Goutam et al., 2023). Morphological characteristics such as sprouting percentage, number of leaves (52.73%), plant biomass (37.20% and 90.24% increase of shoot and root biomass over control, respectively), root attributes (34% increase in root length), and first leaf appearance period were all improved by iron oxide nanoparticles at 10 mg/kg in soil besides it also increased sugar and chlorophyll levels by 15% and 42% over control, respectively (Haydar et al., 2024).
The specialised delivery technique improves nutrient utilisation by facilitating the penetration of nano nitrogen through the leaf surface into the plant's metabolic pathways (Qureshi et al., 2018). The application of 50% nitrogen, 25% farmyard manure, and foliar sprays of nano nitrogen at 0.40% and nano iron at 1000 mg/L resulted in enhanced plant height (124.18 cm), number of shoots (24.80), number of leaves (22.86), leaf yield (8.69 t/ha/crop), protein content (37.55%), crude fibre (14.22%), chlorophyll content (47.13 SPAD), net returns per hectare (Rs. 62,687), and benefit-to-cost ratio (2.39). Nano nitrogen and iron fertilisers improved nitrogen utilisation by 22–65% compared to conventional fertilisers. Foliar nano nitrogen and iron fertiliser enhanced leaf quality and growth while reducing conventional urea fertiliser usage by 50% (Bondade, 2021). At 6 g/l, Nano N: P: K (19:19:19) proved to be the most effective treatment. When compared to all other treatments, it showed improved results with increased readings for leaf chlorophyll (SPAD value of 39.98), total sugars (15.86%), soluble proteins (13.76%), and leaf yield (747.94 g/plant) (Kannihalli et al., 2024). When compared to other treatments, the foliar application of nano zinc oxide at 500 ppm produced the highest benefit-to-cost ratio as well as the highest plant growth and production characteristics (Uma et al., 2019).
Enhancing the post-harvest shelf life of mulberry leaves
Post harvest preservation of Morus alba leaves is a challenging factor as decrease in concentration of essential metabolites that needed for silk gland development takes place. Decrease in chlorophyll, protein, sugar concentration and increase in accumulation of free radicals and Reactive oxygen species (ROS) takes place at post-harvest stage of preservation, putting negative impact on larval development indicated by high mortality rate (Das & Mandal, 2020). Wilting, discolouration, senescence, high respiration rate, decay and microbial growth are the main cause which limits postharvest extension of shelf life (Noroozlo et al., 2019). Excessive ROS accumulation causes cellular damage, evident by degradation of pigment, proteins, lipids, carbohydrates and even nucleic acid present in the leaves (Das & Roychoudhury, 2014).
Silver nitrate and nano-silver solution enhance antioxidant activity and reduce harmful effects of free radicals and ROS, making it an effective preservative. Nano-silver solution effectively retains primary metabolites like pigments, proteins, and sugar on the upper site, with no significant difference compared to silver nitrate. Nano-silver preserved leaves had a positive impact on silkworm larvae, with similar growth rates, cocoon weight, shell weight, and rearing rates to fresh leaves (Das & Mandal, 2020).
Nano seed coating
For crop protection and development, agriculture uses seed coating technology. Som and soalu seeds are viable or short-lived since most non-mulberry silkworm host plants reproduce sexually. 
Due to their permeability, small size, and vast surface area, nanoparticles and nanofibers increase water intake and nutrient absorption, improving seed mechanical properties, germination, and vigour index. Systematic hormone and enzyme release from nano materials improves crop growth and seed viability. Nano materials shield seeds from pests, illnesses, dryness, and salt. It also helps in controlled release of active compounds guarantees seeds receive nutrients throughout time, increasing plant growth (Zaim et al., 2023).

Nano-sensors in sericulture industry

The integration of nano-sensors into sericulture represents another significant advancement facilitated by nanotechnology (Biswas et al., 2010). It is used to monitor the temperature, humidity and light intensity levels within silkworm rearing facilities (Narzary et al., 2022) by helping farmers to maintain optimum environmental conditions for optimum growth and development of silkworms(Dar et al., 2020), in pest management by detecting specific Volatile Organic compounds (VOCs) emitted by pests or pathogens, nano-sensors can provide early warning signs of pest outbreaks (Goswami & Bandyopadhyay, 2012). 
Nanoparticles on growth and development of silkworm
[bookmark: _Hlk206252500]The feed efficacy was enhanced when MR2 mulberry leaves were supplemented with 25% silver nanoparticles, which also considerably improved the length, width, and weight of the larvae and cocoons (Prabu et al., 2012). AgNPs (100 mg/L) exhibited enhanced antibacterial action without toxicity to larvae, potentially promoting their growth and development (Qu et al., 2021). The administration of commercial AgNPs and Spirulina has markedly enhanced food intake, utilisation and improved cocoon characteristics by maintaining a balance in gut microbiota. Consequently, it was concluded that silkworm larvae nourished with commercial AgNPs and Spirulina positively affect the energy and economic parameters of B. mori (Dharanipriya, 2019). Silver nanoparticles have been administered to fifth instar larvae at doses of 1, 10, and 100 ppm. The highest larval weight was recorded in the 1ppm treatment, but the peak pupal weight occurred in the 100ppm. Moreover, the weights of the cocoon and shell were significantly increased in all treated concentrations compared to the control. Additionally, the cocoon and shell weights were moderately elevated in all treated concentrations compared to control group (Pandiarajan et al., 2016) and at AgNPs (100 μg mL–1) incorporation in supplementary diets significantly increased the larval weight and the antioxidant potential (Gad, 2020).
AgNPs at low concentrations (<400 mg/L) enhanced B. mori growth and cocoon weights. By controlling protein metabolism and metabolic pathways in B. mori, AgNPs 1600 mg/L reduced resistance to oxidative stress, impacted cell apoptosis, and caused cell necrosis (Meng et al., 2017). The biosynthesized AgNPs increased the feeding efficiency and improved the body weight and shell weight of B. mori larvae, pupae, and cocoons (Surendra et al., 2023). By increasing feed efficiency, AgNPs at a concentration of 10 μg/ml improved survival, larval and pupal weights, and cocoon and shell weights. Additionally, the cocoon length increased by about 13.90% as compared to the control, indicating the beneficial benefits of the 10 μg/mL  AgNPs treatments (Some et al., 2019)
[bookmark: _Hlk206582074]TiO2 nanoparticles (NPs) can improve feed efficiency and promote silk protein synthesis in the silkworm (Tian et al., 2016). The amount of ingested food increased by 16.36%, the quantity of consumed food increased by 3.31%, the instar duration was prolonged by 6.77 hours, and the body mass of mature individuals were elevated. The cocoon shell weight increased by 9.80%, the silkworm mass increased by 11.41%, and the cocoon shell ratio improved by 3.54% as a result of TiO2 nanoparticle fortification. At low concentrations, TiO2 nanoparticles are non-toxic and promote cocoon production and protein synthesis by enhancing the feed efficiency of B. mori (Zhang et al., 2014). The transcription and expression levels of the fibroin light chain (Fib-L) gene increased after the administration of TiO2 nanoparticles, suggesting that TiO2 nanoparticles enhance fibroin synthesis. Relative to the control, the average protease activity in B. mori administered TiO2 NPs increased by 56.67%, and the transport of four key amino acids required for fibroin synthesis in the haemolymph significantly enhanced. The results indicate that TiO2 nanoparticles may improve the absorption and utilisation of amino acids from feed, so offering a unique approach to promote fibroin synthesis in      B. mori (Ni et al., 2015). Continuous feeding of low dosage of TiO2 NPs can enhance silkworm resistance (Wang et al., 2015).
The influence of TiO2 NPs on the protein kinase B (Akt)/Target of rapamycin (Tor) signalling pathway in the silk glands of silkworms is evidenced by the promotion of silk protein synthesis in these insects through feeding of TiO2NPs. The Akt/Tor signalling pathway is a crucial connection that integrates cellular responses to stress, growth factors, metabolites, nutrition and protein synthesis (Xue et al., 2018. The activities of three principal digestive enzymes in the midgut were evaluated the findings indicated that the activities of trehalose, protease, and lipase in the TiO2 NPs fed group were enhanced by 42.55%, 78.13%, and 33.33%, respectively, due to TiO2 NPs fortification (Zhang et al., 2014). Following treatment with TiO2 NPs, the triglyceride content decreased by 0.94-fold, while lipase activity, trehalose content, and total protein amount increased by 3.86-fold, 1.34-fold, and 1.21-fold, respectively these findings indicated that TiO2 nanoparticles improved nutritional metabolism, facilitated the metabolism of proteins, fats, and carbohydrates, and stimulated the insulin signalling system (Tian et al., 2016).  
[bookmark: _Hlk206253075]The activity of acid phosphatase, total lipid content and carbohydrates pointed to a highly significant increase by 0.1% by thymoquinone (Tq) and Chitosan (Chs) nanoparticles supplementation (Hassan et al., 2020). Nutritional fortification of riboflavin nanoparticles (60μg/ml) improved food conversion efficiency and significantly improved larval growth development by 28.98%, augmented silk gland weight by 111.39%, and elevated silk yield by 194.44% (Kamala & Karthikeyan, 2019). 
Mulberry leaves treated to certain substances, including nanoparticles, eventually affect economic factors such as silk yield, larval development, and cocoon characteristics (Kannihalli et al., 2024). Nanoparticles of Znic Oxide and Copper, each at 500 ppm, significantly enhanced larvae weight, total larval duration, effective rearing rate, fifth instar larval duration, silk productivity, and cocoon characteristics (Pramila et al., 2019). Sericin percentage decreased from 39.46% (control) to 21.92% at a 300-ppm concentration of green nano gold, but the fibroin percentage was 78.07%. It shows that green gold nanoparticles have the ability to alter fibroin protein and enhance the properties of cocoons and silk (Patil et al., 2017). The incorporation of Nikel-Urease into artificial feed could enhance the growth of silkworm larvae by 0.08 g/day and 0.1 cm/day in weight and length, respectively, in comparison to the control group (Zhang et al., 2025).

Nanoparticles against pathogen
Tq and Chs demonstrated their anti-inflammatory and antioxidant qualities by inhibiting harmful bacteria that infected B. mori larvae by adding Tq onto Chs nanoparticles may enhance the effects (Hassan et al., 2020).An inorganic metal called silver has long been used as an antibacterial to treat a variety of disorders (Sehnal et al., 2019). It is well known for its high toxicity against a variety of microorganisms, such as bacteria and fungi (Narayanan & Park, 2014).
At a dosage of 100 mg/L, could successfully prevent oak silkworm larvae from developing empty-gut disease (Qu et al., 2021). AgNPs from 0 to 50 µg/mL-controlled Flacherie and Sappe microbiological strains, including B. subtilis, S. aureus, E. coli, B. cereus, Aerobacter cloacae, and S. typhi, it also shown synergistic antibacterial action (Surendra et al., 2023). The bacterial growth was completely arrested within 2 h in the presence of 80 μg/ml of AgNPs, and it was noted that no growth was observed even on overnight incubation (Some et al., 2019). Flavonoid loaded silver nanoparticles (FLV-Ag NPs) effectively treated the S. aureus infections by inducing the expression of antimicrobial peptide genes, elevating oxidative enzyme levels, and enhancing the phagocytosis of S. aureus by silkworm larval haemocytes. The mechanism behind the antibacterial activity of FLV-Ag NPs involves the attachment of nanoparticles with insect fat body cells and a reactive oxygen species-mediated Toll pathway (Rajasekharreddy et al., 2017)
Large vacuolization in the gland lumen and sparseness of epithelial cells were signs of damage to the silk gland of the silkworm larvae fed mulberry leaves containing phoxim (Organophosphate pesticide) residue. It has been claimed that feeding the silkworm TiO2 NPs could reverse the harm that exposure to phoxim has produced (Li et al., 2014). It also improves larval survival rate and cocoon traits after BmNPV infection (Fometu et al., 2022). Titanium dioxide nanoparticles (TiO2 NPs) pre-treatment of silkworm larvae produced positive results in terms of enhancing silkworm immunity and reducing cytoplasmic polyhedrosis virus damage.  The findings showed that TiO2 NPs pre-treatment might activate the Janus kinase/signal transduction and transcription activation pathways (JAK/STAT) and PI3K-AKT immune signalling pathways in the silkworms’ midgut and prevent the growth of BmCPV (Zhao et al., 2020).
Nano-silica due to high surface free energy of amorphous nano silica acts as an activation site for severe distortion of the contour of the viral polyhedral surface resulting in the death of the viruses inside the silkworm haemolymph (Biswas et al., 2010). It is also effective in controlling the Grasserie disease at a concentration of 7μ (Goswami & Bandyopadhyay, 2012). Application of Poly (N-isopropyl acrylamide) (PNIPAM)  nanoparticle at a concentration of 0.4 and 0.6 mg/mL shows a significant decrease in microbial infestations (Aspergillus niger) of tasar silkworm (Verma et al., 2013).
Nanoparticles on silk fibres
Wrinkling, photo-induced ageing, microbial deformation and even disintegration, and issues with biocompatibility are still drawbacks of silk. Silk can acquire new characteristics by the immobilisation of nanomaterials. Silk fibroin fibres surfaces have been altered using a variety of functional nanomaterials, such as metal, inorganic nanoparticles, and quantum dots (Li et al., 2012). It has been observed that feeding silkworms nanomaterials including graphene, copper, titanium dioxide, and carbon nanotubes (CNTs) enhances the secondary structures and mechanical characteristics of silkworm silk (Wang et al., 2015). Nano-finished textiles are wrinkle-resistant, stain-proof, and have excellent liquid repellency (Kaman et al., 2023). 
TiO2 NPs at 0.03 g of 25 nm improved tensile strength, surface morphology and thermal stability of silk fibre and at a concentration of 0.09 g of 60 nm was effective against Pseudomonas aeruginosa at a zone of inhibition of 21.06 mm (Fometu et al., 2022). The silk yield increased by 43.30%, with an enhanced crystallinity (6.12%) and tensile strength (74.26 MPa) when mulberry leaves are treated with urease using nickel nanoparticles (NiNPs) (Zhang et al., 2025). Average cocoon filament length, reelability, and neatness were increased by 3.15, 17.57, and 1.72 %, respectively, whereas the cocoon filament size was decreased by 0.19 %in TiO2 NPs fortification 51 (Zhang et al., 2014).
Silver noble metals received interest towards silk fictionalization and are efficient against around 650 bacterial strains when employed as antibacterial agents. Nanosized silver particles on silk fibroin fibres would maximize the antibacterial effect for a minimum amount (Dubas et al., 2006). By feeding silk, glucose-coated silver nanoparticles (AgNPs) were biocompatible and efficiently assimilated. AgNP-fed larvae produced silk with better antibacterial characteristics and alternate secondary structures. Different AgNPs doses had positive and negative impacts on silk protein development and synthesis. Larvae consuming 0.02% and 0.20% AgNPs transfer more AgNPs to silk than those feeding 2.00%. Silk fibres had enhanced elongation, tensile strength, and mammalian cell compatibility. The right concentration of AgNPs in silkworm diets can boost silk protein production, mechanical characteristics, antibacterial capabilities, and Gram-negative bacteria inhibiting (Zhang et al., 2020). 
Gold Quantum Dots are known for their outstanding mechanical properties and for their application as a reinforcement material (Bacon et al., 2014).The impact of silkworm vascular injection of graphene quantum dots (GQDs) on silk mechanical properties Research suggests that 0.6 μg of GQDs absorbed by silkworms improves silk fibre crystallisation, perhaps leading to improved mechanical qualities (Ma et al., 2019).
Conclusion
The development of environmentally friendly synthesis techniques, precise delivery systems for nutrients and antimicrobials, and bio safety evaluations of nano-particles should be the main focus of future sericulture research. While functionalising silk fibres with nano particles can add value through antibacterial, UV-protective, and medicinal qualities, nano-sensors improve monitoring and illness management. In the sericulture sector, safe commercialisation and long-term adoption depend heavily on field-level validation and economical formulations.
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