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Agro-Derived Nanomaterials via Green Synthesis for Preventive Health and Disease Control: Mechanistic Insights and Challenges
Abstract
The rising global burden of infectious diseases, antimicrobial resistance (AMR), and the need for safer alternatives to synthetic health protective materials have driven intense research into bioactive nanomaterials. Agriculturally based nanomaterials (ABNMs), such as AgNPs, CuNPs, ZnO, nanocellulose, and biochar, are enriched with phytochemical residues or organic functional groups, further enhancing their biological potency. This study aims to provide a comprehensive understanding of how agricultural resources can be strategically leveraged to produce nanomaterials that are viable for various health security strategies. The general mechanism of ABNMs preparation includes chelation of metal ions by phytochemicals, redox-driven nucleation of metal atoms, growth and coalescence of nanocrystals, and surface passivation by biomolecular residues. These findings identify the recent multifunctional applications of ABNMs in one health approaches. They have been applied in disease prevention and the protection of plant crops, the environment, animals, and humans, through mechanisms such as antimicrobial activity, immunomodulation, targeted delivery of bioactive compounds, hormetic physiological stimulation, and environmental detoxification. However, critical challenges remain. Reports on in vivo safety, long-term ecotoxicological impacts, and interactions with soil microbiota are limited. Therefore, we underscore the necessity of comprehensive life-cycle assessments, environmental fate studies, and dose-response toxicological evaluations to balance the technological advantages of agro-derived nanomaterials with environmental and health safety considerations. Addressing the identified limitations, especially those related to reproducibility, scalability, and comprehensive toxicity evaluation, will be fundamental to unlocking their full potential in one health approaches. 
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1. Introduction
Agricultural systems generate a diverse range of biological materials, including leaves, bark, fruit peels, seeds, husks, stems, root extracts, plant exudates, and agro-processing residues, which are rich in secondary metabolites, polysaccharides, proteins, alkaloids, and phenolic compounds. Over the past decade, these biomolecules have become essential precursors for the synthesis of agriculturally based nanomaterials (ABNMs) via green or biogenic processes. Unlike conventional chemical or physical nanoparticle fabrication methods, agricultural resources offer intrinsic reducing and stabilizing agents, operate under mild reaction conditions, align with the principles of the circular economy, and promote sustainable development (John et al., 2025; Priya et al., 2023). As a result, ABNMs have emerged as a promising class of nanomaterials with significant applications in disease prevention, spanning biomedical, pharmaceutical, food packaging, agricultural protection, and environmental health contexts (Adetunji et al., 2021; Ahmed et al., 2021; Kheiriabad et al., 2024; Pathakoti et al., 2019).
The rising global burden of infectious diseases, antimicrobial resistance (AMR), and the need for safer alternatives to synthetic antimicrobials have driven intense research into bioactive nanomaterials (Iqbal et al., 2026; Mmbando et al., 2025; Rahman et al., 2024). Nanoparticles synthesized from agricultural feedstocks, such as plant-mediated silver nanoparticles, zinc oxide nanoparticles derived from crop residues, nanocellulose from agricultural fibers, or carbon-based nanomaterials derived from husks and fruit peels, have demonstrated broad-spectrum antibacterial, antiviral, antifungal, antiparasitic, and immunomodulatory activities (Murugan et al., 2025). These properties stem from physicochemical characteristics, such as high surface-area-to-volume ratios, unique surface chemistries, the generation of reactive oxygen species (ROS), ion release, and surface interactions with microbial membranes (Agarwalla et al., 2023; Díez-Pascual, 2020; Harish et al., 2022). Notably, many ABNMs are enriched with phytochemical residues or organic functional groups, which further enhance their biological potency. Research over the last several years has indicated that ABNMs can inhibit Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, fungal pathogens such as Candida spp., and phytopathogens including Fusarium, Alternaria, and Xanthomonas (Gandhi et al., 2018; Rotimi et al., 2019; Ruangtong et al., 2020). In the biomedical sector, they are being explored for wound healing, disease prophylaxis, vaccine adjuvant development, food preservation, and antimicrobial coatings (Adetunji et al., 2021; Banerjee et al., 2021). In agriculture, ABNMs are utilized for seed protection, nano-enabled pesticide delivery, suppression of soil pathogens, and enhancement of crop disease resistance (Javaid et al., 2024). Their versatility derives from the ability to tune particle size, morphology, crystallinity, surface charge, and composition by simply altering the agricultural biomass source or synthesis conditions (Barhoum et al., 2020).
However, regulatory frameworks for biogenic nanoparticles are still emerging, and most applications remain at the laboratory scale, with few translational or commercialized examples. Nevertheless, the field is advancing rapidly due to the convergence of sustainable nanotechnology, biomaterial valorization, plant chemistry, and infectious-disease research. Studies emphasize the promise of biogenic and ABNMs for biomedical and agricultural applications, underscoring their antimicrobial potency, lower toxicity compared to chemically synthesized analogues, and environmental benefits (Adetunji et al., 2021; Törős et al., 2025). Other recent studies highlight their ability to modulate immune responses, act as antiviral agents, and provide new avenues for tackling antimicrobial resistance. Given the urgent need for sustainable and potent disease-prevention technologies, a focused and integrative review is timely. This article synthesizes current knowledge on agriculturally derived nanomaterials, emphasizing green synthesis routes, mechanistic pathways underlying antimicrobial and antiviral activity, biomedical and agricultural applications, safety and environmental considerations, and translational and regulatory challenges. By consolidating these domains, we aim to provide a comprehensive understanding of how agricultural resources can be strategically leveraged to produce nanomaterials for applications in One Health strategies.
2. Diseases, Causes, and Transmission Pathways
The efficacy of agriculturally based nanomaterials in disease prevention is significantly influenced by the nature of the diseases, their impacts, and the approaches used to address them sustainably (Fu et al., 2020). Diseases are broadly defined as any condition that impairs normal functioning and are primarily classified as infectious or non-infectious (Mba & Nweze, 2022). Communicable diseases are caused by pathogenic microorganisms, including bacteria, viruses, fungi, and parasites, and can be transmitted directly or indirectly from one organism to another (Meena et al., 2019; Paul, 2024). Non-infectious diseases, on the other hand, arise from genetic, physiological, environmental, or lifestyle factors and are not contagious. 
The impact of diseases on health systems, agriculture, and economies is profound and multifaceted (Rich & Perry, 2011; Smith et al., 2019). Infectious diseases can overwhelm health systems, as seen during the COVID-19 pandemic, requiring significant resources for treatment, quarantine, and vaccination (Akande & Akande, 2020; Filip et al., 2022). Non-infectious diseases, such as cardiovascular diseases and cancers, also place a substantial burden on healthcare infrastructure (Farringtonargue, 2012). In agriculture, both infectious and non-infectious diseases lead to significant crop and livestock losses, threatening food security and livelihoods (Yasmin et al., 2024). Economically, diseases can trigger market instability, reduce productivity, and increase healthcare costs (Benatar et al., 2013). For instance, outbreaks of zoonotic diseases can disrupt international trade and tourism, leading to severe economic repercussions (Banik & Basu, 2025).
Microbial contamination in food and water systems is a significant cause of disease outbreaks worldwide (Rath, 2021). Contamination can occur at various stages, from agricultural production to processing, distribution, and storage (Kumar et al., 2020). Inadequate sanitation and hygiene practices, particularly in developing countries, contribute to the spread of waterborne diseases such as cholera, typhoid fever, and dysentery (Ashbolt, 2004). Foodborne illnesses, including salmonellosis, E. coli infections, and listeriosis, are often linked to contaminated produce, meat, and dairy products (Gourama, 2020). Suboptimal storage conditions, particularly poor regulation of temperature and relative humidity, create favorable environments for spoilage microorganisms and mycotoxin-producing fungi to proliferate, thereby increasing food safety risks (Mannaa & Kim, 2017). In agricultural systems, the inappropriate application of pesticides and fertilizers can disrupt beneficial soil microbial communities, weakening natural disease-suppression mechanisms and increasing crop vulnerability to pathogenic infections (Baweja et al., 2020). Additionally, the growing prevalence of antimicrobial resistance (AMR) in agricultural settings has been strongly associated with excessive antibiotic use in livestock production. This practice facilitates the transmission of resistant bacteria to humans through food products, environmental dissemination, and direct contact (Endale et al., 2023; Hazards et al., 2021).
Cross-species transmission remains a central concern in disease ecology, as zoonotic pathogens, capable of spreading from animals to humans, account for a substantial proportion of newly emerging infectious diseases globally (Mackenzie et al., 2007). Intensified livestock production systems and increased human–animal interactions significantly elevate the likelihood of zoonotic spillover events. These risks are further amplified by wildlife trade, habitat encroachment, and ecosystem disruption, which expose human populations to previously unencountered pathogens (Magouras et al., 2020). Environmental contamination also plays a critical role in accelerating the development of AMR and disease transmission. Pollutants such as heavy metals, agricultural runoff, and industrial effluents contaminate aquatic ecosystems, creating selective pressures that favor the emergence and persistence of antimicrobial-resistant microorganisms (Endale et al., 2023). 
Addressing the shortcomings of conventional disease prevention strategies requires an integrated, multi-disciplinary approach that combines technological innovation, sustainable agricultural practices, and supportive policy frameworks (Rawal & Acharya, 2024). Notably, conventional interventions such as broad-spectrum antibiotics and synthetic agrochemicals often result in unintended environmental degradation and the development of microbial resistance (Oladunjoye et al., 2022). In contrast, emerging technologies, particularly nanotechnology, offer precision-based disease prevention and control strategies with reduced off-target effects. The strategic integration of nanotechnology into sustainable agricultural and health systems represents a promising avenue for mitigating disease risks, enhancing biosecurity, and promoting long-term environmental, economic, and public health resilience.
3. Green and Biogenic Synthesis of Nanomaterials from Agricultural Feedstocks
Green synthesis of nanomaterials using agricultural substrates hinges on the capacity of biomolecules to convert metal ions or precursor compounds into stable nanoparticles under environmentally benign conditions (El-Hussein et al., 2024). In contrast to conventional chemical reduction, which often requires toxic reagents such as hydrazine and sodium borohydride, high-energy inputs, and controlled atmospheres, agriculturally mediated synthesis is typically performed in aqueous media at low temperatures and ambient pressure (Nasrollahzadeh et al., 2019; Zamani et al., 2019). Extracts obtained from leaves, fruit peels, seeds, or agro-processing residues serve as reducing agents to initiate the conversion of metal ions to zero-valent or oxide forms and capping agents to stabilize emerging nanocrystals and prevent aggregation (Javed et al., 2020).
As shown in Figure 1, the general mechanism includes chelation of metal ions by phytochemicals, redox-driven nucleation of metal atoms, growth and coalescence of nanocrystals, and surface passivation by biomolecular residues (Tiwari et al., 2024). Biomolecules such as phenolics, tannins, and reducing sugars are particularly active in redox processes, while proteins and polysaccharides confer steric and electrostatic stabilization (Xiao et al., 2023). Reaction parameters, including pH, precursor concentration, extract composition, incubation time, and temperature, strongly influence the nucleation–growth balance, particle morphology, and overall biological activity of the resulting nanomaterials (Hachem et al., 2022; Thanh et al., 2014). The use of abundant agri-waste for the synthesis of nanomaterials promotes cost-effectiveness, tailored particle features, diversity, sustainability, and bio-functionality of nanomaterials (Ranganathan et al., 2020; Verma et al., 2025). Chelation stabilizes the metal ions in solution. It positions phytochemicals close enough to donate electrons during the reduction step, as well as controlling reaction kinetics and influences nanoparticle size (Gebre, 2023; Kaur et al., 2024) Chelation happens when the functional groups (–OH, –COOH, –NH₂, –C=O) in phytochemicals such as, polyphenols (flavonoids, tannins), organic acids (citric, malic acids), alkaloids, proteins, amino acids and sugars, from agricultural extracts (leaves, peels, seeds, roots, etc.) bind (chelate) with positively charged metal ions (e.g., Zn²⁺, Fe³⁺, Ni²⁺, Ag⁺, Au³⁺) (Jacob et al., 2024; Nobahar et al., 2021). For example, flavonoids donate electrons from their hydroxyl groups and bind to Fe³⁺ to form a metal–ligand complex in stepwise reactions involving deprotonation of the hydroxyl group and coordination with Fe3+. Redox-driven nucleation of metal atoms determines particle size distribution. Fast nucleation leads to small nanoparticles, while slow nucleation yields larger, polydisperse particles (Zhang et al., 2012). After chelation, phytochemicals, such as polyphenols (catechins, gallic acid), vitamin C (ascorbic acid), and sugars (glucose, fructose), act as reducing agents, converting metal ions (Mn⁺) into neutral atoms (M⁰) via electron donation (Abbasi et al., 2014; Ovais et al., 2018). Once enough M⁰ atoms form, they cluster together to form nuclei.
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Figure 1: Mechanism of Green Synthesis of Nanomaterials
Growth and coalescence of nanocrystals determine the shape (spherical, cubic, rod-like) and crystallinity of the final nanomaterial. These could be influenced by factors like phytochemical concentration, temperature, pH, and metal ion concentration (Cozzoli & Manna, 2007). After the initial formation of nuclei, more metal atoms deposit on these nuclei, leading to crystal growth (incremental deposition) and coalescence (small nanoparticles merging into larger crystallites) (Wen, 2020). However, plant biomolecules regulate growth rate, particle morphology, and crystal plane orientation (De Yoreo, 2010). Surface passivation prevents agglomeration (nanoparticles stay separate), provides colloidal stability, may introduce functional groups for catalytic or sensing activity, influences nanoparticle charge (zeta potential), enhances biocompatibility, and reduces toxicity (Guerrini et al., 2018). Phytochemicals not only reduce metal ions, but they also adsorb onto nanoparticle surfaces through biomolecular compounds, like proteins, polysaccharides, phenolic compounds, and amino acids. These molecules stay attached as a capping or stabilizing layer (Elshafie et al., 2023). Therefore, strongly influencing reactivity, dispersibility in water, photocatalytic and antimicrobial performance, as well as magnetic properties in the case of ferrites.
4. Phytochemicals and Biomolecules from Agricultural Materials
Agricultural biomass, comprising plant extracts, fruit and vegetable peels, leaves, bark, seeds, roots, stems, husks, shells, crop residues, and agro-industrial waste, provides a chemically rich platform for synthesizing nanomaterials through green, biogenic, and sustainable approaches (Bhargava et al., 2024; Nguyen, 2017). These biologically mediated processes rely on the intrinsic reducing, stabilizing, and capping capabilities of phytochemicals and biomolecules naturally present in agricultural materials, including flavonoids, tannins, alkaloids, terpenoids, amino acids, sugars, organic acids, and enzymes (Acharya et al., 2025; Elshafie et al., 2023) (Figure 2).
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Figure 2: Phytochemicals and Biomolecules from Agricultural Materials
5. Synthesis Routes of Agriculturally Derived Nanomaterial
5.1 Use of Plant Extracts, Phytochemicals, Agro-Industrial Waste, and Crop Residues
Plant organs, such as leaves, bark, and flowers (Figure 3), are a rich source of phenolic compounds, flavonoids, terpenoids, and alkaloids, which play critical roles in nanoparticle formation. Leaf extracts, such as those from Moringa, Azadirachta indica (neem), Ocimum sanctum, and Camellia sinensis have been extensively employed to synthesize silver (Ag), gold (Au), copper (Cu), iron oxide (Fe₃O₄), zinc oxide (ZnO), and titanium dioxide (TiO₂) nanoparticles (Anupong et al., 2023; Gandhi et al., 2018; Gupta et al., 2025; Ibrahim, 2015; Rigopoulos et al., 2019; Rotimi et al., 2019; Ruangtong et al., 2020; Saod et al., 2022). Bark and flower extracts similarly yield metal nanoparticles, often producing unique morphologies due to their distinctive phytochemical profiles (Kuppusamy et al., 2016). Citrus peels (orange, lemon, grapefruit), banana peels, pomegranate husks, and mango peels are rich in citric acid, pectin, polyphenols, and vitamins that facilitate rapid reduction of metal precursors (Suhag et al., 2023). These wastes also exhibit strong stabilizing properties, yielding well-dispersed nanoparticles with enhanced antimicrobial activity (Kumar et al., 2020). Seeds from papaya, grape, and jackfruit have also been used in nanoparticle synthesis (Patra et al., 2024). Starches and sugars in root crops like cassava, potato, and sweet potato can act as mild reducing agents and steric stabilizers. Their high polysaccharide content produces nanoparticles with smooth surfaces and uniform size distributions (Chang et al., 2017; Plucinski et al., 2021).
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Figure 3: Nanoparticles from Plant Extracts, Phytochemicals, Agro-Industrial Waste, and Crop Residues
Agro-industrial waste streams are abundant and inexpensive sources of biomolecules suitable for the generation of nanomaterials (Nath et al., 2023). These include waste from fruit processing industries, vegetable markets, sugar mills, timber operations, and grain agriculture. Several recent works highlight the potential of agro-waste to yield high-value nanomaterials for environmental and biomedical applications (Anupong et al., 2023; Gandhi et al., 2018; Gupta et al., 2025; Ibrahim, 2015; Rigopoulos et al., 2019; Rotimi et al., 2019; Ruangtong et al., 2020; Saod et al., 2022). Rice husk, coconut husk, wheat bran, and corncob fibres contain high silica or carbon content, enabling the synthesis of silica nanoparticles, carbon dots, or activated carbon nanomaterials (Chakroborty et al., 2023). Also, coconut, groundnut, and walnut shell wastes are pyrolyzed to form biochar, which is then converted into carbon-based nanomaterials or nanocomposites with unique adsorptive and antimicrobial properties (Aslam et al., 2025; Devi et al., 2024). Fruit processing wastes, such as pulp residues and discarded fruit matter from juice industries (mango, papaya, apple, citrus), contain abundant polyphenols and organic acids. These compounds are particularly effective in stabilizing metal nanoparticles during aqueous or hydrothermal synthesis. Sugarcane bagasse is a lignocellulosic biomass widely used to produce nanocellulose, carbon nanostructures, and metal oxide nanocomposites (Mohammed et al., 2024). Molasses, rich in sugars and organic acids, has also been used as a reducing medium for synthesizing metal nanoparticles (Manjari et al., 2020).
5.2 Biogenic Synthesis Using Microbial Systems Associated with Agriculture
Agricultural environments host diverse microbial communities, bacteria, fungi, and yeasts that possess enzymatic machinery capable of nanoparticle biosynthesis (Figure 4). These biological systems reduce metal ions intracellularly or extracellularly, producing nanoparticles that are often highly uniform and exhibit distinctive surface coatings composed of biomacromolecules. Soil bacteria, such as Bacillus, Pseudomonas, and Rhizobium spp., can produce metal nanoparticles via enzymatic reduction (Ali et al., 2019; Iravani & Varma, 2020). The cell walls and secreted proteins stabilize the nanoparticles, preventing aggregation. Filamentous fungi (e.g., Aspergillus, Trichoderma, Penicillium) are widely used due to their high metal tolerance and large biomass (Narayanan & Sakthivel, 2010).
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Figure 4: Biological Materials in Nanoparticle Preparation
Their extracellular metabolites support rapid metal ion reduction and nanoparticle stabilization, yielding monodisperse metal and metal oxide nanoparticles (Iravani & Varma, 2020). Yeasts and microalgae from agricultural wastewaters and irrigation channels also facilitate nanoparticle biosynthesis via enzymatic pathways, sometimes incorporating biomineralization mechanisms (Hulkoti & Taranath, 2014).
5.3 Carbon-Based Nanomaterials from Biomass
Carbon nanomaterials, such as carbon dots (CDs), graphene-like sheets, carbon nanotube-like structures, and biochar-derived nanoparticles, are increasingly synthesized from agricultural waste (Al Hunaiti et al., 2025; Zulfiqar et al., 2024). Biomass rich in lignin, cellulose, and hemicellulose (rice husk, coconut shell, sugarcane bagasse) undergoes pyrolysis, hydrothermal carbonization, or laser ablation to produce these materials (Ashour et al., 2025; Chand et al., 2025; Tohamy et al., 2025). Carbon dots derived from fruit peels or vegetable waste often retain surface functional groups (–OH, –COOH), which enhance their water solubility and make them suitable for antimicrobial, antioxidant, and biosensing applications.
5.4 Nanocellulose Extraction from Agricultural Fibers
Agricultural fibers such as sugarcane bagasse, cotton linters, wheat straw, jute, and banana fibers are excellent sources of nanocellulose, specifically cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs). Acid hydrolysis, mechanical fibrillation, enzymatic digestion, or TEMPO-mediated oxidation is used to isolate nanoscale cellulose structures with high crystallinity and tensile strength (Gamelas et al., 2015; Isogai et al., 2011; Li et al., 2015; Rohaizu & Wanrosli, 2017). Nanocellulose has been incorporated into hydrogels, films, antimicrobial composites, packaging materials, and wound dressings. Its biodegradability, non-toxicity, and adaptability make it a valuable platform for disease-prevention technologies (Shaji et al., 2025; Vasile et al., 2025).
5.5 Metal and Metal Oxide Nanoparticles from Agricultural Extracts
Among all synthesized nanomaterials from agricultural extracts (Figure 4), silver nanoparticles are the most extensively studied due to their potent and broad-spectrum antimicrobial properties. Plant-mediated AgNPs often exhibit enhanced biological activity because of phytochemical surface residues (Anupong et al. 2023, Gupta et al. 2025). Although less potent as antimicrobials compared to AgNPs, AuNPs synthesized using plant extracts are valued for their stability, biocompatibility, and tunable shapes (spheres, rods, stars), which enable them to excel in sensing, imaging, and drug delivery applications (Rotimi et al. 2019). ZnO nanoparticles are widely synthesized using agricultural extracts from leaves, peels, and roots (Ruangtong et al. 2020). Their antimicrobial performance is attributed to ROS generation, zinc ion release, and membrane interactions. ZnO NPs also exhibit UV-blocking properties, making them suitable for active packaging and protective films.
Cu-based nanoparticles synthesized from agro-waste extracts deliver vigorous antimicrobial activity at a lower cost compared to silver. Their applications range from antifungal agents to agricultural nanofungicides (Aswini et al., 2024). Iron oxide nanoparticles derived from plant extracts are widely used in magnetic separation, antimicrobial formulations, biosensing, and targeted drug delivery (Tyagi et al., 2021). TiO₂ nanoparticles synthesized from agricultural extracts emphasize photocatalytic antimicrobial activity, especially under UV or visible light (Gandhi et al., 2018).
5.6 Hybrid and Nanocomposite Materials
Agricultural feedstocks enable the synthesis of multifunctional nanocomposites by combining metal nanoparticles with biopolymers such as starch, chitosan, pectin, and cellulose. Examples include: AgNP-containing nanocellulose films for wound care and food packaging; ZnO-containing pectin nanocomposites; carbon–metal nanocomposites for antimicrobial coatings; biopolymer-stabilized nanopesticide formulations for crop protection (Al Hunaiti et al., 2025; Aswini et al., 2024; Zulfiqar et al., 2024). Nanocomposites often exhibit synergistic effects, enhancing stability, mechanical properties, and antimicrobial activity.
6. Basic Methods in Synthesising ABNMs
Various interesting methods have been employed to synthesize nanomaterials with biological relevance. These methods are usually selected based on the expected product quality and the advantages of each technique. Figure 5 depicts the various methods.
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Figure 5: Basic Methods Employed for Synthesising Agro-Nanomaterials
6.1 Acid Hydrolysis
Acid hydrolysis is a chemical method used to selectively cleave the amorphous regions of lignocellulosic biomass, leaving behind highly crystalline nanostructures such as cellulose nanocrystals (CNCs) (Habibi et al., 2010). Strong mineral acids (commonly sulfuric or hydrochloric acid) penetrate the cellulose fibers, hydrolyzing glycosidic bonds in less-ordered domains while preserving crystalline segments (Klemm et al., 2011). Although this method produces nanomaterials with high crystallinity and uniform dimensions, it often introduces surface sulfate or chloride groups and generates acidic waste streams that require careful neutralization and disposal (Gamelas et al., 2015).
6.2 Enzymatic Digestion
Enzymatic digestion employs cellulolytic enzymes (e.g., endoglucanases and cellobiohydrolases) to degrade cellulose fibers under mild, environmentally benign conditions (Pääkkö et al., 2007). The enzymes preferentially act on amorphous regions of cellulose, facilitating fibril separation while minimizing structural damage to crystalline domains (Brinchi et al., 2013). This method is considered highly sustainable but is limited by enzyme cost, longer processing times, and sensitivity to reaction conditions such as pH and temperature (Li et al., 2015).
6.3 Hydrothermal Carbonization
Hydrothermal carbonization (HTC) is a wet-chemical conversion technique conducted at moderate temperatures (180–250 °C) and autogenous pressures, making it particularly suitable for moisture-rich agricultural residues (Titirici & Antonietti, 2010). During HTC, biomass undergoes dehydration, decarboxylation, and polymerization reactions, yielding hydrochar nanoparticles with oxygen-containing functional groups (Sevilla & Fuertes, 2009). This method allows precise control over particle morphology and surface chemistry without the need for prior drying of feedstocks (Tohamy et al., 2025). ABNMs produced via HTC are increasingly explored for energy storage, pollutant adsorption, and controlled nutrient delivery in sustainable agriculture.
6.4 Ionic Gelation
Ionic gelation is a mild, solvent-free technique commonly employed for the synthesis of biopolymer-based nanomaterials, particularly those derived from agro-resources such as chitosan, alginate, pectin, and carrageenan (Rinaudo, 2006). The process involves electrostatic interactions between oppositely charged biopolymers and multivalent counter-ions (e.g., Ca²⁺, Zn²⁺, or tripolyphosphate), leading to spontaneous nanoparticle formation under ambient conditions (Calvo et al., 1997). In ABNMs applications, ionic gelation enables the encapsulation of bioactive compounds, nutrients, or antimicrobial agents, facilitating controlled release and enhanced stability (Rinaudo, 2006). The simplicity, low energy requirement, and avoidance of toxic reagents make ionic gelation highly attractive for sustainable agricultural, food, and biomedical nanotechnology.
6.5 Laser Ablation
Laser ablation is a physical, top-down synthesis approach in which high-energy laser pulses irradiate a solid agro-derived precursor or a target immersed in a liquid medium, leading to the formation of nanoparticles through rapid vaporization and condensation (Zhang et al., 2017). When applied to ABNMs synthesis, laser ablation offers the advantage of producing ultra-pure nanomaterials without the use of chemical reducing agents or stabilizers (Amendola & Meneghetti, 2009). The size and crystallinity of the nanoparticles can be tuned by adjusting laser wavelength, pulse duration, and surrounding medium (Chand et al., 2025). Although scalability remains a challenge, this technique is valuable for producing well-defined nanomaterials for biomedical and environmental applications.
6.6 Mechanical Fibrillation
Mechanical fibrillation relies on intense physical forces, such as high-pressure homogenization, grinding, or ultrasonication, to delaminate cellulose fibers into nanoscale fibrils (Siró & Plackett, 2010). This approach preserves the native chemical structure of cellulose while producing cellulose nanofibrils (CNFs) with high aspect ratios and entangled morphologies (Nechyporchuk et al., 2016). However, the method is energy-intensive and often requires pretreatment steps to reduce energy consumption and improve fibrillation efficiency (Isogai et al., 2011).
6.7 Pyrolysis
Pyrolysis is a thermochemical conversion process in which agricultural biomass is decomposed at elevated temperatures (typically 300–800 °C) under an oxygen-limited or inert atmosphere (Joseph, 2015). In ABNMs synthesis, pyrolysis is primarily used to generate biochar and carbon-based nanomaterials with high surface area, tunable porosity, and abundant surface functional groups (Verma et al., 2023). Feedstock composition (e.g., lignin, cellulose, and hemicellulose content) and operational parameters, such as heating rate and residence time, strongly influence the physicochemical properties of the resulting nanomaterials (Ashour et al., 2025). Pyrolysis-derived ABNMs have found extensive use in environmental remediation, catalysis, and soil amendment due to their stability and adsorption capacity.
6.8 TEMPO-mediated Oxidation
TEMPO-mediated oxidation is a selective chemical modification technique that converts primary hydroxyl groups on cellulose into carboxylate groups using a TEMPO/NaBr/NaClO catalytic system (Isogai et al., 2011). This surface functionalization introduces electrostatic repulsion between fibrils, enabling efficient individualization of cellulose nanofibrils with reduced mechanical energy input (Isogai, 2020). The resulting nanomaterials exhibit enhanced dispersibility, reactivity, and suitability for biomedical and environmental applications, though careful control of reaction conditions is required to avoid excessive depolymerization (Rohaizu & Wanrosli, 2017).
7.0 Some Recent ABNMs for Disease Prevention
The studies represented in Table 1 collectively demonstrate the growing versatility of agriculturally derived materials as sustainable precursors for nanoparticle synthesis, with applications spanning antimicrobial therapy, antimalarial interventions, photocatalytic degradation of pollutants, and environmental remediation. Silver nanoparticles (AgNPs) remain the most frequently synthesized nanomaterials, mainly due to their broad-spectrum antimicrobial efficacy against Gram-positive and Gram-negative bacteria, fungi, and parasites. Extracts from Euphorbia cotinifolia, Artemisia spp., banana peels, citrus peels, green tea, and Curcuma longa consistently produced AgNPs capable of inhibiting pathogens such as Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, and Plasmodium falciparum (Anupong et al., 2023; Gandhi et al., 2018; Gupta et al., 2025; Ibrahim, 2015; Rigopoulos et al., 2019; Rotimi et al., 2019; Ruangtong et al., 2020; Saod et al., 2022). The repeated selection of AgNPs reflects both their well-established biocidal mechanisms, such as membrane disruption, reactive oxygen species (ROS) generation, and enzyme inhibition, and the ease with which plant phytochemicals can reduce Ag⁺ ions under mild conditions.
Table 1: Some Agro Materials Employed in Synthesizing NPs, and Their Applications
	Agricultural Materials
	Nanoparticle
	Synthesis Method
	Target pathogens
	Application
	References

	Banana peel extract
	AgNPs
	50 ml of Aqueous AgNO3 (1 mM) + 1 ml of BPE (equivalent to 6.8 mg dry weight) and incubated in the dark at 30 °C under static conditions.
	-
	Antimicrobial activity
	Ibrahim (2015)

	Momordica charantia leaf aqueous extract
	TiO2NPs
	-
	Anopheles Stephensi Liston, Plasmodium falciparum
	Antimalarial activity
	Gandhi et al. (2018)

	Callistemon citrinus (C. citrinus) seed extract
	AuNPs
	12.5 mL of extract was added to 90 mL of Gold (III) Chloride solution (0.001M), followed by incubation for 6h with continuous stirring in the dark.
	Plasmodial parasite
	Antimalarial activity
	Rotimi et al. (2019)

	Banana peel extract
	AgNPs
	Silver nitrate (AgNO3) and BPE concentrations (0.25-2.25 mM, 0.2-1.96 % v/v, respectively), incubation period (24-120 h)
	Escherichia coli and Staphylococcus aureus
	Antibacterial and antioxidant activities
	Rigopoulos et al. (2019)

	 Artemisia species (A. abrotanum and A. arborescens)
	AgNPs
	100 mL of the hydroalcoholic extracts were diluted to 500 mL with milliQ water and slowly added to a 500 mL water solution of AgNO3 (340 mg) to reach a final molarity of 2 mM, under magnetic stirring at room temperature.
	Plasmodium falciparum
	Antimalarial activity
	Avitabile et al. (2020)

	Banana peel crude extract
	ZnONPs
	100 mL of plant extract was added to 50 mL of zinc acetate solution (0.2 M) and stirred for 1 h using a magnetic stirrer.
	Bacillus subtilis, Staphylococcus epidermidis, Escherichia coli
Skin cancer cell, colorectal cancer cell, and liver cancer cell
	Antibacterial and anticancer activities
	Ruangtong et al. (2020)

	Spinacia oleracea (spinach) leaf and Musa acuminata (banana) peel extract
	FeNPs
	SLE-FeNPs: 0.1 M FeCl3 solution mixed with aqueous SLE in a 2:1 volume ratio at 60°C for 30 minutes with continuous magnetic stirring till the appearance of black colour. BPE-FeNPs: 0.1 M FeCl3 solution mixed with aqueous BPE (supernatant at ambient temperature), hand-shaken for 1 minute, and allowed to sit at room temperature for 1 hour.
	Bacillus subtilis, Escherichia coli
	Antibacterial activity
	Tyagi et al. (2021)

	Monsonia burkeana plant extract
	ZnFe2O4NPs
	Hydrothermal
	Methylene blue and sulfisoxazole
	Photocatalytic activity
	Makofane et al. (2021)

	 Orange peel waste
	SeNPs
	Peel extract (10 mL) was added to 90 mL of 2 mM Na2SeO3, mixed thoroughly, and incubated on a rotary shaker in the dark for 3 h to obtain a homogeneous mixture. The generated Se-NPs were then separated and purified using D.W. and centrifugation.
	S. aureus, Pseudomonas aeruginosa, E. coli, K. pneumonia
	Antibacterial and antibiofilm
	Salem et al. (2022)

	Green tea
	MnONPs
	Green tea extract (10 mL, 100 µg/mL in distilled water) was mixed with 100 mL of 0.1 M MnSO4 stock.
	Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa 
	Antibacterial activity
	Saod et al. (2022)

	Curcuma longa 
	AgNPs, ZnONPs 
	25 ml of 0.2 M ethanolic solution of AgNO3 was added to 75 ml of curcumin ethanolic extract under vigorous stirring and reflux at 60 °C with the addition of 10 g PVP 40[image: [thin space (1/6-em)]]000
	Klebsiella pneumonia, Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli, Proteus vulgaris, Staphylococcus aureus, Enterococcus faecalis Acinetobacter baumannii 
	Antibacterial bioassay
	El-Kattan et al. (2022)

	Origanum majorana 
	ZnO NPs 
	10 mL of aqueous leaf extract was added to 90 mL AgNO3 solution (1 mM) and heated to 70°C over a magnetic stirrer for 1 h 
	E. coli, Klebsiella pneumoniae, Acinetobacter baumannii, Salmonella typhimurium, Enterobacter cloacae, Pseudomonas aeruginosa 
	Antimicrobial proficiency
	Yassin et al. (2022)

	Green tea 
	AgNPs 
	-
	Brevibacterium luteolum, Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli,
	Antimicrobial Bioassay
	Hassan Afandy et al. (2023)

	Ginger and garlic root 
	TiO2NPs 
	Various proportions of ginger and garlic were added to 0.1 M (50 mL) titanium ethoxide (Ti4(OCH2CH3)16 ) with stirring, the pH was adjusted to 12 with 2.0 M NaOH, and the mixture was stirred for 2 h at 90 °C until precipitates formed.
	Staphylococcus aureus 
	Antibacterial assessment
	Ul-Hamid et al. (2023)

	Sargassum tenerrimum, a marine seaweed crude extract
	AgNPs
	25 mL of extract was mixed with 75 mL of 1 mM AgNO3 solution, stirred continuously with a magnetic stirrer for 4 h in a dark room at 37 °C.  The solution changed from dark green to a golden yellow Ag nanoparticles
	P. falciparum, P. berghei
	Antimalarial activity
	Veeragoni et al. (2023)

	Banana peel and date seed extracts
	ZnONPs
	95 mL of zinc acetate dihydrate solution (0.01 M) was mixed with 5 mL of each extract separately. Both mixtures were heated with continuous shaking until a color change and powdery precipitates appeared (70 °C, 1 h), and dried at 60 °C overnight to obtain dry powder
	Staphylococus aueus,  Bacillus subtilis, Escherichia coli, Salmonella enteritidis
	Antimicrobial activity
	Hussien (2023)

	Orange peel aqueous extract
	CoNPs
	About 90 mL of freshly prepared aqueous extract was blended with 10 mL of freshly prepared 1M Co(NO3)2, heated for 90 min at 60 °C, and kept undisturbed at room temperature overnight.
	Escherichia coli, Staphylococcus aureus, Bacillus subtilis, Klebsiella pneumoniae, Aspergillus niger
	Antimicrobial and antioxidant activities
	Anupong et al. (2023)

	Leaf extracts of Euphorbia cotinifolia
	AgNPs
	1 ml of extract (0.01 mg/ml) is mixed with 90 ml of aqueous AgNO3 (1 mM), diluted to 100 ml with 20 mM Tris–HCl buffer (pH 8), and incubated at room temperature.
	P. falciparum
	Antimalarial activity
	Tiwari et al. (2024)

	Carica papaya leaf extract 
	ZnO-CuO Nanocomposite
	Sample A: 5 g zinc acetate dissolved in 20 ml of distilled water (DDW), with the addition of 20 ml of leaf extract solution. Sample B: 5 g copper acetate dissolved in 20 ml distilled water (DDW), with the addition of 20 ml leaf extract. A and B are mixed thoroughly using magnetic stirring for 2 h at room temperature, heated in a hot-air oven at 120 °C for 24 h, and centrifuged at 5000 rpm for 15 min.
	Staphy lococcus aureus, Klebsiella pneumoniae
	Antimicrobial activity
	Aswini et al. (2024)

	
	
	
	Methylene blue dye
	Photocatalytic activity
	

	Azadirachta indica 
	AgNPs
	-
	Sclerotinia sclerotiorum and Colletotrichum falcatum, C. gloeosporioides, R. solani 
	Antifungal analysis
	Singh et al. (2024)

	Citrullus lanatus 
	ZnONPs 
	30 mL of the C. lanatus filtrate was mixed with 30 mL of 1 mM ZnSO4·7H2O, and the mixture was gently shaken until a solution formed. The pH was adjusted to 12 with 1 mM NaOH, and the mixture was centrifuged at 3000 rpm for 5 min.
	Pseudomonas spp., Klebsiella spp., Methicillin-resistant Staphylococcus aureus, E. coli, Proteus spp., Yersinia spp., Providencia spp., Morganella spp
	Antibacterial Activity
	Hayat et al. (2024)

	Eucalyptus globulus leaves and sugar cane bagasse
	Fe3O4/SCB/ biochar
	Co-precipitation
	Ciprofloxacin
	Photocatalytic degradation
	Zulfiqar et al. (2024)

	Organic plant extract (Telia)
	TiO2-NiFe2O4-Chitosan Composite
	Co-precipitation
	Xylene, toluene, 1-methyl naphthalene, and methyl blue dye
	Photocatalytic degradation
	Al Hunaiti et al. (2025)

	Citrus sinensis fruit peel extract
	AgNPs
	20 ml of citrus peel extract was added to 100 ml of silver nitrate solution (1 mM) in a 250 ml volumetric flask, and the mixture was stirred for 15 min at room temperature using a magnetic stirrer.
	staphylococcus aureus, Bacillus subtilis, Escherichiacoli, Salmonella typhi
	Antimicrobial and anticancer activity against breast and lung cancer
	Gupta et al. (2025)


In contrast, metal oxide nanoparticles, including ZnO, TiO₂, MnO, Fe₃O₄, Co, and composite ferrites (e.g., ZnFe₂O₄, TiO₂–NiFe₂O₄–chitosan), are more frequently associated with photocatalytic and environmental applications (Gandhi et al., 2018; Ruangtong et al., 2020; Saod et al., 2022; Yassin et al., 2022). These materials demonstrate dual functionality: antimicrobial activity and degradation of organic contaminants, including methylene blue, sulfisoxazole, ciprofloxacin, xylene, and toluene. The inclusion of ferrite-based and composite systems highlights a strategic move toward materials that combine photocatalytic activity with magnetic separability, improving post-treatment recovery and reusability. The consistent success of peel- and waste-derived extracts suggests that waste valorization is a central driver of green nanotechnology, aligning nanoparticle synthesis with circular economy principles. Notably, variations in synthesis parameters, such as extract volume, metal salt concentration, pH, temperature, and incubation time, are shown to influence biological performance. For instance, prolonged incubation or alkaline conditions often enhance nanoparticle crystallinity and antimicrobial efficacy, whereas milder conditions favor smaller particle sizes and improved dispersion.
According to Table 1, several studies focus on antimalarial activity, particularly against Plasmodium falciparum and mosquito vectors such as Anopheles stephensi. Gold nanoparticles (AuNPs) synthesized using Callistemon citrinus seed extract and AgNPs derived from Artemisia species demonstrate the potential of biogenic nanomaterials for the management of parasitic diseases (Avitabile et al., 2020; Gandhi et al., 2018; Hayat et al., 2024; Rotimi et al., 2019; Salem et al., 2022). These findings are particularly relevant in regions with high malaria burden, where plant-derived nanomaterials may offer cost-effective and locally sourced alternatives to conventional therapeutics. In addition, anticancer activity reported for ZnO nanoparticles synthesized from banana peel extract indicates that agriculturally derived nanomaterials may extend beyond antimicrobial roles into preventive and therapeutic biomedical applications, including oncology (Ruangtong et al., 2020). Photocatalytic studies employing ZnFe₂O₄, Fe₃O₄/biochar composites, and TiO₂-based hybrids emphasize the importance of nanocomposite engineering (Al Hunaiti et al., 2025; Aswini et al., 2024; Makofane et al., 2021). The incorporation of biochar, chitosan, or ferrite phases improves charge separation, adsorption capacity, and light utilization. Such multifunctional systems are up-and-coming for simultaneous pathogen inactivation and pollutant degradation, contributing to environmental disease prevention.
8. Mechanisms of Action of Agriculturally Based Nanomaterials in Health Security
Agriculturally derived nanomaterials exhibit unique physicochemical properties, such as high surface area, nanoscale reactivity, biocompatibility, and tunable surface functional groups that enable multiple modes of biological interaction (Agarwalla et al., 2023; Díez-Pascual, 2020; Harish et al., 2022). These attributes underpin their potential as potent disease-preventive agents in plant, animal, and human health (Murugan et al., 2025). The mechanisms by which nanomaterials exert protective effects can be broadly categorized into antimicrobial activity, immunomodulation, targeted delivery of bioactive compounds, hormetic physiological stimulation, and environmental detoxification. According to Howard et al. (2020), these mechanisms vary depending on their composition, synthesis route, surface chemistry, and target organism.
8.1 Targeted Delivery of Bioactive Compounds
Figure 6 shows certain qualities of agriculturally derived nanomaterials, driven by their nanoscale architecture and tunable surface functionalization. These qualities enable them to serve as controlled and targeted delivery systems for antimicrobial agents, nutrients, plant hormones, and therapeutic molecules (Bekah et al., 2025; Karnwal et al., 2024). For example, nanoencapsulated phyto-compounds derived from agricultural waste streams can be targeted to diseased tissues in plants or animals, improving therapeutic efficiency while minimizing environmental impact (Farid, 2025).
8.2 Antimicrobial and Antipathogenic Activity
Agriculturally based nanomaterials synthesized from plant extracts, polysaccharides, proteins, and agricultural waste often contain bioactive phytochemicals that confer strong antimicrobial properties (Li et al., 2023; Sharmin et al., 2021). These nanostructures inhibit pathogenic bacteria, fungi, and viruses through several further mechanisms, as shown in Figure 6. These mechanisms can be explained according to (Miller et al., 2015; Modi et al., 2023).
· Cell membrane disruption: Nanoparticles can adsorb to microbial cell walls, destabilizing membranes, inducing pore formation, and leading to leakage of intracellular contents.
· Generation of reactive oxygen species (ROS): Some nanomaterials catalyze ROS generation, leading to oxidative damage to nucleic acids, proteins, and lipids.
· Enzyme inactivation: Metal and metal-oxide nanoparticles interfere with microbial metabolic enzymes by binding to thiol groups or displacing essential metal ions.
· Inhibition of replication: Nanoparticles may bind to microbial DNA or RNA, preventing replication and transcription.
Many agriculturally derived nanomaterials exhibit synergistic antimicrobial effects that often outperform chemically synthesized counterparts because they contain additional biomolecules, such as polyphenols, flavonoids, and lignin fragments (Lizundia et al., 2021).
8.3 Immunomodulation and Enhancement of Host Defense Systems
Nanomaterials derived from natural agro-resources can modulate innate and adaptive immune responses in plants and animals (Bentrad, 2025). For example, they serve as priming defense pathways in plants, triggering systemic acquired resistance (SAR) and inducing defense-related enzymes such as peroxidases and phenylalanine ammonia lyase (Hönig et al., 2023). In animal systems, they could stimulate cytokine and chemokine production to strengthen immunological surveillance (Liu et al., 2022). In addition, when used in vaccines or prophylactic formulations, biocompatible nanomaterials improve antigen stability, uptake, and immune activation (Vilgelm & Richmond, 2019). These immune-modulating functions make agriculturally based nanomaterials promising for both preventive therapeutics and crop protection.
[image: ]
Figure 6: Mechanisms of Agro-Nanomaterials Actions in Health Security

8.4 Hormetic Effects and Physiological Stimulation
Specific agriculturally based nanomaterials have been reported to enhance physiological processes in low concentrations, triggering hormesis, a beneficial biological response to mild stress (Erofeeva, 2025). They can do so by enhancing antioxidant activity, upregulating stress-response genes, improving photosynthetic efficiency and nutrient uptake in plants, and promoting wound healing and tissue regeneration in animals (Iavicoli et al., 2018). Such physiological enhancements strengthen overall resilience, thereby reducing susceptibility to diseases.
8.5 Environmental Detoxification and Disease Prevention
Agriculturally sourced nanomaterials can also prevent disease indirectly by remediating harmful environmental factors. Their high reactivity and surface chemistry allow them to adsorb or degrade toxins, such as mycotoxins, pesticides, or heavy metals; reduce pathogen prevalence by altering environmental microbial communities; purify water and soil, thereby eliminating disease vectors and contaminants that can compromise plant or animal health (Lin et al., 2024; Rajput et al., 2018; Roy et al., 2022; Zhang et al., 2020). Through environmental detoxification, these nanomaterials contribute to improved ecosystem health, which in turn minimizes disease pressures across agricultural and food systems (Dong et al., 2023). In methods such as adsorption, ABNMs are used as adsorbents to remove pollutants as adsorbates. Another prominent method for environmental remediation is catalysis under light irradiation, which employs nanomaterials as photocatalysts to remove contaminants (Al Hunaiti et al., 2025; Aswini et al., 2024; Zulfiqar et al., 2024).
8.6 Multifactorial and Synergistic Mechanisms
Most agriculturally derived nanomaterials function through multiple pathways, offering synergistic and multi-target disease-prevention effects (Li et al., 2025; Xi et al., 2025). For instance, a plant-extract-synthesized silver nanoparticle may simultaneously display antimicrobial properties, induce immune responses, and enhance antioxidant activity (Chen et al., 2019; Dilshad et al., 2020). This multi-mechanism functionality strengthens their overall potency and makes them ideal candidates for integrated disease management strategies.
8.7 Toxicological Effects of Agro-Derived Nanomaterials
Despite the perception that ABNMs are inherently safer than those produced by conventional chemical methods, toxicological concerns persist for both biological systems and environmental compartments. Even when plant extracts or microbial processes mediate synthesis, metallic and metal-oxide NPs, such as silver (AgNPs) and zinc oxide (ZnO NPs), can induce oxidative stress, cellular damage, and histopathological changes in aquatic and terrestrial organisms at sufficiently high concentrations. For instance, green synthesized AgNPs have been shown to cause significant oxidative damage and altered epidermal functioning in adult zebrafish, compromising integumentary defense mechanisms vital for osmoregulation and survival in aquatic environments. Such effects are consistent with broader findings that nanomaterials can elicit reactive oxygen species (ROS) formation, immune disruption, and cellular impairment in non-target species, including shifts in antioxidant enzyme activities and damage to critical tissues such as gills and liver (Okuthe & Siguba, 2025). Moreover, genotoxicity, such as DNA damage and chromosomal aberrations, remains a documented risk associated with exposure to engineered nanomaterials, even those synthesized through green routes, highlighting that environmentally friendly synthesis does not automatically eliminate biological hazards without careful evaluation of nanoparticle fate and transformation in ecosystems (Okus et al., 2025).
At higher biological scales, toxic responses also extend to mammals, and potentially to humans, when exposure doses exceed safe thresholds. Studies involving rodents have shown that exposure to green-synthesized AgNPs at elevated levels (>50 ppm) can lead to behavioral impairment (e.g., memory dysfunction), altered redox balances in key organs (liver, kidney, spleen, brain), and increased oxidative stress markers, indicating systemic toxicity beyond microbial targets (e.g., hippocampal oxidative damage)(Tarbali et al., 2022). Environmental release of nanoparticles can likewise disrupt ecological communities by affecting beneficial soil and aquatic microorganisms that play pivotal roles in nutrient cycling and ecosystem function. For example, ZnO NPs released into aquatic systems have been associated with impaired algal photosynthesis and detrimental effects on soil microbiota due to ion release and oxidative stress pathways, illustrating that long-term accumulation of even “eco-friendly” nanomaterials can extend toxicological footprints beyond initial remediation goals if not carefully controlled and assessed (Ferdush et al., 2025).
11. Conclusion
Agriculturally derived nanomaterials represent a rapidly advancing, up-and-coming class of bio-derived technologies with the capacity to transform disease prevention across multiple sectors. Their unique combination of nanoscale properties, inherent bioactivity, sustainability, and biocompatibility positions them at the frontier of innovative solutions for plant protection, animal health, human medicine, food safety, and environmental remediation. Through green, resource-efficient synthesis pathways, these nanomaterials offer multifunctional capabilities, ranging from antimicrobial and immunomodulatory activities to targeted delivery of therapeutic and nutraceutical agents, collectively supporting integrated One Health approaches. Despite significant progress, several limitations impede the full-scale implementation of agriculturally sourced nanomaterials. Variability in biomass composition, challenges in synthesis standardization, concerns regarding long-term safety, and the absence of cohesive regulatory frameworks remain critical barriers. Addressing these gaps requires coordinated efforts in mechanistic research, toxicological studies, industrial-scale process development, and policy harmonization. The incorporation of emerging technologies, such as artificial intelligence, advanced characterization tools, and systems-level modelling, will be essential for guiding rational design and ensuring safe and effective deployment. Looking forward, agriculturally based nanomaterials offer transformative potential to advance global goals in health security, sustainable agriculture, food system resilience, and environmental quality.

9. Gaps and Limitations
Agriculturally derived nanomaterials offer multiple opportunities for sustainable and effective disease prevention across plant, animal, human, and environmental health domains. They utilize renewable resources, such as plant extracts, agricultural waste, and natural biopolymers, reducing dependence on non-renewable chemical precursors. Their synthesis typically involves low-toxicity reagents, minimal energy consumption, and reduced environmental footprint, aligning with green chemistry principles. Consequently, among other advantages, by enhancing efficiency and providing natural antimicrobial alternatives, agriculturally based nanomaterials can lower the need for chemical pesticides, synthetic fertilizers, and antibiotics. This reduction supports environmental health and mitigates concerns about antimicrobial resistance (AMR). However, despite their promising attributes, several limitations constrain their widespread adoption and translational scalability. Among them is their greater variation across plant type, environmental conditions, growth stage, and extraction methods. This variability impacts nanoparticle morphology, size distribution, surface chemistry, and reproducibility, thereby making standardization difficult. Also, long-term studies on exposure, biodegradation pathways, accumulation in food chains, and ecosystem impacts are scarce. The absence of robust data complicates risk assessment and raises concerns about unintended consequences. Therefore, given the significant opportunities offered by agriculturally based nanomaterials, their deployment must be guided by scientific evidence, careful risk assessment, and standardization.
10. Future Work
Future work should focus on refining biogenic synthesis methods to achieve greater control over nanoparticle size, shape, surface chemistry, and reproducibility. These improvements will help bridge the gap between laboratory synthesis and industrial-scale production. Furthermore, these findings underscore the need for comprehensive life-cycle assessments, environmental fate studies, and dose-response toxicological evaluations to balance the technological advantages of ABNMs with environmental and health safety considerations. Attention should be given to long-term ecotoxicological investigations, multi-generational exposure assessments in plants and animals, evaluation of nanoparticle accumulation and biodegradation pathways, and the development of predictive models for environmental fate and transport. Also, collaboration is essential to develop harmonized international standards for biogenic nanomaterials, establish guidelines for labelling, risk communication, and quality control, create regulatory pathways tailored to nanoscale products of biological origin, and promote transparent reporting and data-sharing frameworks. These measures will help build public trust and streamline commercialization.
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